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Preface to ASI Volume

This volume contains papers presented at the 46th Course of the International
School of Crystallography held at the Ettore Majorana Centre for Scientific Culture,
Erice, Sicily from 30 May to 8 June 2013. The Course on ‘The Future of Dynamic
Structural Science — Links to Energy and Environmental Security and Early
Detection of CBRN Agents’ was designated a NATO Advanced Study Institute
and the Directors of the Course acknowledge, with many thanks, the considerable
financial support provided by the NATO Science for Peace and Security
Programme.

The scientific program developed during the last years from our own researches and
the idea to combine crystallographic experts with those from various spectroscopies
was a bold decision, but it proved to be highly successful and the meeting was well
received by participants and lecturers from both scientific areas. The cross-fertilisation
of the fields has already spun off new international collaborations while this volume has
been in preparation, and we expect to see more of these emerging in the future, as well
as more meetings of this type in other countries and involving new participants,
especially those who were unable to join us this year in Sicily.

We believe the course was timely for both the crystallographic and spectro-
scopic communities with the exciting new developments in sources, detectors,
software and computational methodologies. Future time-resolved dynamic
structural research needs a strong collaborative and interdisciplinary effort to
achieve meaningful results and comprehensive analyses. These cannot be
achieved by any one grouping alone, and we are delighted to have been a catalyst
for new collaborations, and in particular to have brought the young scientists
from different scientific areas together with the senior international team leaders,
so that they too can appreciate the enormous value of the cross-disciplinary
fertilisation of research for mutual societal benefit and to be able to contribute
to its future.

Crystallography and spectroscopy are integrated across the sciences, and this
course brought together chemists, physicists and biologists to discuss the synergy
which exists in modern methods, and in particular the dynamic aspects that we are

vii



viii Preface to ASI Volume

beginning to address within time resolved research. It is impossible to cover major
diversity within one course, nor did we wish to become too focused in any one area,
and we believe we have achieved a good scientific balance through the lectures
presented, computer tutorials given by the lecturing staff to small groups of
participants and wide ranging discussions in the lecture hall, the poster sessions
and elsewhere throughout the course.

The crystallographic lectures covered both chemical and biological studies
ranging from slow through to faster timescales as the week progressed. Topics
covered included metastable species, linkage isomerism, dynamics under pressure in
both chemical and biological species, single crystal to single crystal transformations,
X-ray scattering from liquids, photo-excited species, magnetic properties, challenges
for studying irreversible reactions, how to study biological processes during which
radiation damage occurs, time resolved synchrotron experiments, use of pulsed
X-ray beams and mechanical choppers, X-ray coherent diffraction imaging, timing
tools and XFEL. Time-resolved spectroscopic techniques discussed included
Raman, XAFS, fluorescence spectroscopy, absorption and emission spectroscopy.
Approximately a third of the lecturers also gave demonstrations and/or workshops
for the relevant software in order to introduce the participants to the currently
available data analysis programs.

The course benefited greatly from additional financial support and sponsorship
from a number of organisations and companies; these were The International Union
of Crystallography (IUCr), The European Crystallographic Association (ECA),
PANalytical and OPCW (Organisation for the Prohibition of Chemical Weapons,
Nobel Peace Laureate 2013).

The planning and delivery of a complex course such as this depends on the
sustained efforts of many people, and we would like to thank all of our
lecturers for their time and dedication to the course in preparing lecture
notes beforehand, teaching to the students during the course and now prepar-
ing manuscripts for this volume. We thank the participants who came from all
over the world to join us in Erice and for their enthusiasm, oral presentations
and poster contributions to the course, and not least we thank the local
organisers and teams who worked so tirelessly on site to make the 46th course
a great success. The Directors would like, in particular, to acknowledge the
enormous support and leadership from the local organisers, Paola Spadon
from the University of Padua and Annalisa Guerri from the University of
Florence, and their indefatigable team of assistants, ‘the orange scarves’, who
worked on site to help everyone throughout the meeting. We thank John Irwin
and Erin Bolstad for incredible and invaluable IT support for the entire
meeting, before and beyond. Also we are most grateful to the Ettore Majorana
Centre and all the staff in Erice who run the centre and help in every practical
way to support the participants throughout the course. Last, but by no means
least, we thank Professor Sir Tom Blundell, Director of the International
School of Crystallography, for this rewarding opportunity to organise and
run the 46th Course in Erice this year.
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We would like to dedicate this volume to the memory of our great friend and
colleague for many years, Lodovico Riva di Sanseverino (1939-2010), who began
these Erice schools almost 40 years ago in 1974 and who worked tirelessly and with
a passion for crystallographic science throughout his long career.

Durham, UK Judith A.K. Howard
Bristol Hazel A. Sparkes
October 2013
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Chapter 1

Single Crystal and Powder Methods
for Structure Determination

of Metastable Species

Paul R. Raithby

1.1 Introduction

1.1.1 Background

X-ray crystallography as we know it has been in existence for 100 years, since the
publication of the paper by the Braggs in 1913, describing the Law that has been the
cornerstone of the subject ever since. For single-crystal crystallography the experi-
mental method relies on the measurement of a diffraction pattern, of discrete diffrac-
tion spots, and the interpretation of this pattern to provide a three-dimensional
representation of the crystal structure, showing the positions of the atoms and the
distances between them in the structure. Because, even now, the collection of a
complete data set takes between minutes and hours, the structure obtained is time
averaged over this period. Thus, the method is very good at providing the structure of
the starting materials for a reaction, or for obtaining the structure of a crystalline
reaction product, but it does not provide any information about how a solid-state
reaction (or chemical process) occurs. The object of this book is to show how it is
now becoming possible to introduce the dimension of time into the crystallographic
experiment, so that we can “watch chemistry happen” .

1.1.2 Timescales

In order to achieve the objective of watching chemistry happen we have to think a
little about the timescales on which various chemical processes happen and, there-
fore, what spectroscopic and diffraction probes would be suitable to investigate the

P.R. Raithby (<)
Department of Chemistry, University of Bath, Claverton Down, BA2 7AY Bath, UK
e-mail: p.r.raithby@bath.ac.uk

J.AK. Howard et al. (eds.), The Future of Dynamic Structural Science, 1
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Table 1.1 Timescales associated with some common spectroscopic techniques

Energy of excited Typical relaxation Typical linewidth

Technique state (Hz) time (s) (Hz)
NMR (solution) 10 10 107!
ESR (solution) 10'° 1073 10°
Rotational spectroscopy (gas phase) 10" 1074 10*
Vibrational spectroscopy (gas phase) 10'* 1078 108
Electronic spectroscopy (solution) 10'6 1078 108

structural changes. The timescales relating to some common spectroscopic tech-
niques are presented in Table 1.1. When considering any experiment there are, in
fact, four different times that we need to consider:

1. The time during which a single quantum of radiation or a particle interacts with a
molecule.

2. The lifetime of the excited state molecule generated in the activation process.

3. The lifetime that the species being probed must have for it to be seen as a distinct
species.

4. The total time of the experiment in which the species is observed.

The time taken for a quantum of radiation to interact with a molecule is
effectively the time that it takes for a photon to pass by the molecule, which is
usually slightly slower than the speed of light, and of the order of 10 '¢to 107" s.
This is a much shorter time than that required for a molecular vibration or a rotation
to take place, so each photon “sees” a molecule as a snapshot with the molecule
having a fixed electronic, vibrational and rotational state.

Most importantly in the context of this course, we must consider the total time
during which we measure our data. In diffraction experiments, whether it be an X-ray,
electron or neutron photon, it is diffracted in about 1078 s, so it sees an effectively
frozen structure, but, the experiment involves collecting data from many photons
and each sees a molecule at a different stage of vibration or transformation. Thus,
balancing the method of measurement against the timescale is very important.

1.2 Photocrystallography

1.2.1 The Principles

In this book, and particularly in this chapter, we are going to consider single-crystal
and powder X-ray crystallography as our primary methods for watching chemistry
happen. As you will probably be aware, there are certain restrictions if we want to
use single-crystal crystallography, that is, we must use single-crystals that give a
discrete diffraction pattern, and that must be retained throughout the experiment,
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Fig. 1.1 Energy plot showing the photoactivation process

because if crystallinity is lost, the discrete pattern is lost and the results cannot be
analysed. Thus, the reaction chemistry that can be carried out on a single crystal is
limited to the introduction of external “reagents” that do not destroy the crystal.
The introduction of reagents in solution is likely to degrade the crystal, so we are
limited to the use of solid-gas reactions or to the use of “light”, “pressure” or
“changes in temperature” to activate the chemical process.

We have chosen to use “light” because the area of photochemistry is already
well developed, particularly in solution, but this can readily be extended to the
solid-state. The combination of photochemistry and crystallography has led to the
development of the science of photocrystallography, defined by Philip Coppens,
one of the pioneers of the area as “Photocrystallography is the technique by which
the 3-dimensional “metastable” or “excited state” structures of molecules, within a
crystalline solid, are determined by crystallographic techniques when the materials
are activated by light” [1].

A factor in the choice of light as the activation source is that there are a wide
range of light sources available for the experiments, ranging from inexpensive
LEDs to high power pump-probe lasers worth thousands of dollars.

The lifetimes of the species activated by light may range from picoseconds to the
metastable (an activated species with an infinite lifetime provided that certain
external conditions such as temperature or illumination with light are maintained).
The possible outcomes of a photoactivation process are shown in Fig. 1.1. The
probing of excited singlet states, which generally have very short lifetimes, perhaps
of a few picoseconds remains the domain of time resolved spectroscopy and XAFS,
as we shall see in later presentations, while species with triplet lifetimes, of perhaps
microseconds, and above, may now be probed crystallographically. In this context,
the presence of a heavy metal, with its associated spin-orbit coupling, assists in the
relaxation of the selection rules that prohibit intersystem crossing, so long lived
triplet states become more accessible. Thus, transition metal complexes have been
among the first classes of system to be studied photocrystallographically.
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Fig. 1.2 Schematic energy diagram for a reversible metastable system

Experimentally, metastable species are the easiest to study because, upon
photoactivation, providing external conditions are maintained, they have infinite
lifetimes, and conventional single crystal X-ray diffraction methods can be used for
data collection, sometimes called the “steady state” methodology. The energy
profile illustrated in Fig. 1.2 shows the position of a reversible metastable state
where MS represents the local minimum.

1.2.2 Types of Solid-State Processes

There are two classes of solid-state process: (i) those that are reversible, where
molecules may be kept in an activated state by continuously pumping energy into
the system and, (ii) those that are irreversible, where a process may be started by
photoactivation and followed crystallographically until a photostable product is
reached. In this discussion we will concentrate on reversible processes leading to
the determination of the structure of metastable and “excited state” species but, for
completeness we will mention a couple of examples of photocrystallographic
studies on irreversible processes.

True homogeneous single-crystal-to-single-crystal reactions, in which there is a
100 % conversion from starting material to product remain rare [2]. It has been
suggested that the homogeneous or heterogeneous character of a solid-state photo-
chemical process can be influenced by the method of irradiation, for example in
solid-state [2 + 2] cycloaddition reactions [3]. Using wavelengths close to the
absorption maxima may favour heterogeneous transformations but using wave-
lengths that are in the absorption tail can favour homogeneous transformations or,
at least, delay crystal degradation [4].



1 Single Crystal and Powder Methods for Structure Determination. . . 5

Fig. 1.3 Photochemical [2 + 2] cycloaddition of coumarin-3-carboxylic acid
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Fig. 1.4 Photocrystallographic [2 + 2] cycloaddition

Photocrystallographic X-ray powder diffraction studies on coumarin-3-carboxylic
acid showed that over a 3 h period, when irradiated with a 150 W mercury lamp,
there was a regular and significant change to the powder pattern observed. The
[2 + 2] cycloaddition was confirmed by a single-crystal experiment (Fig. 1.3), with
the transformation occurring without significant loss of crystallinity [5]. More
recently, it has been shown that a novel unsymmetrical dibenzylidene acetone
(monothiophos-dba), containing two chemically different alkene moieties, undergoes
a selective photochemically-induced [2 + 2] cycloaddition solid-state transformation
in both the single crystal and the powder, as shown by X-ray diffraction methods
(Fig. 1.4) [6]. In the single crystal the rate constant for the cycloaddition reaction
was determined {k = (2.3 £ 0.1) x 10* s~ '}, with a 69 % conversion attained.

1.2.3 Reversible Metastable Systems

In order for single-crystal photocrystallographic experiments to be successful the
structural rearrangement under study must be significant enough that there is a
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noticeable change in the electron density difference map. Materials that undergo
solid-state isomerisation provide such changes and are therefore suitable for study
by these methods. On the other hand whilst enough movement is required to make
results clear, a major structural rearrangement is also not desirable as too much
movement would create strain within the crystal and in many cases will lead to
destruction the crystal lattice. In light of these considerations the process of linkage
isomerisation is ideal for photocrystallographic experiments, as in some cases the
change involved is moderate enough that the crystallinity of the sample is not
compromised. Linkage isomerism requires a small, ambidentate ligand that can be
made to change its mode of bonding to a transition metal centre by external
stimulation. A general example of the process is shown in Fig. 1.5.

There are a wide range of di-, tri- and tetra-atomic ligands that can undergo
isomerisation, including NO, NO,, N,, SO,, and DMSO, and a large volume of
work has been dedicated to the topic. For thermal and photoexcited isomerisations
many processes are reversible and can be controlled at low temperature, leading to
metastable linkage isomers that are ideal for study using “steady-state” methods [1, 7].

Photocrystallographic studies on metastable linkage isomers were pioneered by
Coppens who used lasers to photoactivate the crystals [8, 9, 10]. Since then other
methods of illumination have been used.

1.2.4 The Experimental Method

For steady-state photocrystallographic experiments a number of key steps are
required.

e From the UV absorption spectrum determines the appropriate wavelength for
irradiation (generally not the absorption maximum to avoid crystal degradation).

» Calculate the optical penetration depth from the absorption coefficient of the
crystal, and pick a crystal of optimum size — taking into account the intensity of
the X-ray source as well as the light source.

* On the diffractometer cool the crystal to an appropriate temperature (30—150 K).

¢ Carry out a standard, accurate low temperature data collection (the ground state
structure) which can be used to benchmark the photocrystallographic studies.



1 Single Crystal and Powder Methods for Structure Determination. .. 7

Fig. 1.6 An electron
density map showing the
regions of increased and
reduced electron density for
the conversion of a nitro
group into a nitrito group
upon photoactivation in a
single —crystal

¢ Once the ground state structure has been obtained, irradiate the crystal until an
appropriate percentage of molecules have been excited up into the metastable
state.

« Switch off illumination but maintain the low temperature.

e Collect a full set of accurate X-ray data using the same experimental procedures
as for the ground state (combined ground and metastable stable structures).

» Use combined data and refine using ground state coordinates — if additional
features are observed these normally corresponding to the metastable structure.
Depending on the level of excitation, subtract ground state structure, leaving
metastable structure.

» The temperature at which the experiment is run can then be varied in order to
maximise the percentage conversion to the metastable state structure.

An example of an electron density profile showing the reduction in electron
density for the N-bound NO, linkage isomer and the growth of the O-bound ONO
linkage isomer, in the complex Ni(Et,dien)(NO,), [11], is illustrated in Fig. 1.6.

While the initial photocrystallographic studies were carried out using lasers it has
since proved possible, in many cases, to activate molecules within single-crystals
using a set of LEDs of the appropriate wavelength, and a “ring” holding 6 LEDs that
fits onto the nozzle of a crystal cooling apparatus has proved effective and versatile
(Fig. 1.7), and eliminated many of the safety issues related to using a high power laser
[12]. The most spectacular success using this device has been the generation of the
metastable nitrito linkage isomer of Ni(dppe)(NO,)CI, with a reversible 100 %
conversion from the ground state nitro isomer [13].
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Fig. 1.7 Schematic of the LED ring and it positioned on the diffractometer

1.2.5 Metastable Complexes That Have Been Studied
by Photocrystallography

1.2.5.1 Nitrosyl Linkage Isomers

Following spectroscopic work by Hauser et al. [14], neutron diffraction studies by
Woike and co-workers determined that two metastable photoactivated existed for
sodium nitroprusside: MS1 and MS2 [15]. The exact nature of these photoexcited
states was the subject of debate, and when explanations involving electron-transfer
models [16] could not explain the surprising stability of MS1 and MS2 at low
temperature, the Coppens group proposed an explanation based on Isomerisation of
the nitrosyl ligand that better fitted the observations [9].

After irradiation with 488 nm laser light to excite the system to the MS1 state the
authors used steady-state crystallographic techniques to show that the ligand
reorganises from n'-NO (nitrosyl) in the ground state to a n'-ON (isonitrosyl)
arrangement (Fig. 1.8). Subsequent irradiation of a crystal with a 1,064 nm laser
produced the MS2 state. By interpreting the electron density difference map
between the MS2 and ground states, the authors concluded that MS2 is also the
result of isomerisation of the nitrosyl ligand, this time to a side-on bound n*-NO
isomer (Fig. 1.8). The MS1 isomerisation was identified by studying the anisotropic
temperature parameters for the metastable structure. When the ligand was modelled
in the nitrosyl arrangement the thermal parameters strongly differed from those
expected for a stable structure, but inversion of the oxygen and nitrogen atoms
yielded more physically acceptable parameters indicating that the ligand adopts the
isonitrosyl arrangement. Prior to this the n'-ON arrangement had not been
characterised by any crystallographic study, showing the importance of the method.

Coppens has also co-authored other investigations into nitrosyl linkage isomerism,
proving that isomerisation to MS1 and MS2 states are not exclusive to the iron
complex. Coinciding with the work on sodium nitroprusside, it was reported that the
complex K;[Ru(NO,),(OH)(NO)] is also excited to comparable nitrosyl MS1 and
MS2 metastable states, with structural results supporting the proposed 1'-ON
isonitrosyl model for MS1 [17]. In addition, in 1997 Coppens again employed
steady-state methods to show that the photoinduced metastable state of [Ni(NO)
(n°-Cp*)] involves isomerism to a side-on n>-NO bound entity similar to the sodium
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Fig. 1.8 Arrangement of the nitrosyl ligand in the ground and metastable states of sodium
nitroprusside

nitroprusside MS2 state [18]. In this work the first n°-NO entity for a Ni complex was
determined by the observation that the Ni-O distance is dramatically reduced in the
excited-state species to a value below that expected for a formal bond. Coupled with a
Ni-N bond distance still in the expected range, this was strong evidence that the ligand
had rearranged to a side-on n? bonding arrangement and excluded an explanation that
the ligand might take up a more traditional n' bent-nitrosyl arrangement.

1.2.5.2 Double Linkage Isomerism (NO and NO,)

Complexes containing more than one type of ambidentate ligand open up the
possibility for double linkage isomers, where both ligand types might convert to a
new binding mode on excitation. The first crystallographic study of double linkage
Isomerisation was conducted on [Ru(bpy),(NO)(NO,)](PFs) by the Coppens group
[19]. Excitation with light from an Ar" laser was found to cause oxygen transfer
between ligands, supported by a direct swop of the NO and NO, sites that could be
seen in the crystallographic data. On excitation at 200 K, structural changes
supporting only a nitro-nitrito conversion were observed that suggest a metastable
isomer with 1'-O-bound nitrite and N-bound nitrosyl ligands (MS200K). However,
on cooling to 90 K changes in the structure correspond to a double isomerisation of
nitro-nitrito and nitrosyl-isonitrosyl to generate another metastable state MS90 K,
containing the n'-O-bound nitrite and this time an O-bound nitrosyl. Supported by
density function theory (DFT) calculations that confirm these species to be local
energy minima on the potential energy surface, the authors proposed a mechanism
for oxygen transfer between ligands that relies on these isomerisations.

1.2.5.3 Dinitrogen and Sulphur Dioxide Linkage Isomers

Although considered fairly inert, dinitrogen is observed to bind to metal centres and
considering that nitrogen has many important biological and industrial applications
an understanding of its binding modes is of major importance. The first evidence for
a photoinduced n*-bound state of nitrogen was obtained by Coppens and co-authors
using steady-state techniques [20]. Irradiation of [Os(NH3)s(N 2)]2+ with laser light
produced a metastable state whose electron density difference map showed that
electron density reduces along the N-N bond for the ligand in the ground state.
At the same time an increase is observed along a perpendicular direction, indicating
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Fig. 1.9 The arrangement of the SO, ligand in the ground and metastable states of the
[Ru(NH3)4(H,0)(SO,)]** cation

rearrangement of the linear 1'-bound ligand to a side-on n-arrangement. DFT
calculations indicate this arrangement lies at a minimum on the potential energy
surface, confirming the likelihood of its existence.

Analogous to the nitrosyl isomerisations, metastable n'-O-bound (MS1) and
side-on n*-S,0-bound (MS2) arrangements for the sulphur dioxide ligand have
also been characterized using steady-state crystallographic methods. Photo-induced
conversion of the ground-state 1'-S-bound ligand to the MS2 state was charac-
terized both by early spectroscopic studies [21] and by the Coppens group [22] for a
selection of ruthenium sulphur dioxide complexes. Although DFT calculations
indicated a second energy minimum supporting the presence of a MS1-type state,
evidence of the n'-O-bound isomer could not be conclusively determined from the
data for any of the species. It took a later study by Bowes et al. [23] to conclusively
determine the existence of the sulphur dioxide MS1 state for a ruthenium complex.

After irradiation of [Ru(NH3)4(H20)(SOZ)]2+ at 13 K both the MS1 and MS2
states (Fig. 1.9) were identified in the resultant electron density difference map and,
with a calculated 36 % excitation level for MS1, the authors could characterise this
1'-O-bound arrangement for the first time in such a complex.

Subsequently Cole et al. have shown that the temperature at which the MS1 state in
[Ru(NH3)4(H20)(SOZ)]2+ is present may be dependent on the nature of the counter ion in
the crystal structure. At 120 K, for the cation with a camphorsulphonate anion, the MS1
metastable state has been shown to decay to the MS2 state with an estimated half-life of
3.4(8) h and a long-lived population of 2.9(4)% [24]. The same group has also studied
the effect of changing the ligand frans to the SO, group in the complex [25]. Replace-
ment of the #rans water ligand by pyridine, 3-chloropyridine and 4-chloropyridine leads
to the 58(3)% conversion to the MS2 state, for the pyridine case, and the decay process
from MS1 to MS2 has been shown to be first order with a non-zero asymptote.

1.2.5.4 Nitro/Nitrito Linkage Isomers

Complexes that undergo photoactivated linkage isomerism between the nitro, n'-NO,,
and nitrito, n'-ONO, form in single crystals have been used to investigate the factors
that favour the transformation, and both steric and kinetic factors have been taken into
account. As a result of studies aimed at improving photoconversion levels the first
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fully-reversible nitro — nitrito isomerism in the complex [Ni(dppe)(r'-NO,)Cl] upon
photoactivation with UV LED light at temperatures below 160 K has been reported
[13]. Photocrystallographic evidence for the 100 % conversion to the metastable
isomer [Ni(dppe)(n'-ONO)CI] was supported with data from solid-state Raman
spectroscopy experiments. Subsequently, the range of systems that display 100 %
reversible nitro — nitrito conversion has been extended to include two analogous
complexes involving bulky phosphine auxiliary ligands; [Ni(dppe)('-NO,),] and
[Ni(dcpe)(n'-NO,),]. Complementing these square-planar phosphino systems,
photoisomerisation in a series of octahedral nickel-nitro complexes containing
bidentate amine co-ligands has also been investigated [26]. In addition the interesting
behaviour of the tridentate amine complex [Ni(Etydien)(7'-NO,),] has been investi-
gated. This complex undergoes reversible nitro-nitrito linkage isomerism following
exposure to both UV light and heat [11], and similar behaviour has been observed in
[Pd(papaverine)(PPh;)(NO,)] on exposure to both of these stimuli [27]. These results
indicate that the nature of the surrounding crystalline environment has an effect on the
photochemical reaction, in-line with previous findings [28].
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Chapter 2

Raman Crystallography, the Missing Link
Between Biochemical Reactions

and Crystallography

Paul Carey

The goal of my presentations is to explain the contributions that Raman spectros-
copy can make to the understanding of dynamic processes in structural biology.
While most of my examples focus on enzymes, the principles we will develop apply
to many biomolecular systems. An outline of my talks is:

¢ Introduction to the Raman effect

* Raman microscopy

» How to obtain selectivity and specificity by using isotopes and Raman difference
spectroscopy

¢ The synergy between Raman and X-Ray crystallography

2.1 Basic Principles

Raman spectroscopy is a light-scattering technique that, for our purposes, relates to
the vibrational properties of molecules. Usually physics dictates that inelastic light
scattering between a photon and a molecule is a highly improbable event and that
Raman scattering is of very low intensity. For example, Raman intensity is orders of
magnitude below fluorescence intensity. Fortunately, developments in photonics
over the past 20-50 years (starting with lasers) have greatly improved our chances
of obtaining detectable Raman spectra. We will begin with the Raman spectrum of
water. If we focus a laser beam (continuous radiation in the visible spectrum) into
an optical cell containing water and, using a Raman spectrometer, analyze the
scattered light at right angles to the focal point, we will see an overwhelming
population of elastically scattered photons with exactly the same wavelength
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(i.e. energy) as the incident beam. However, a tiny fraction of the photons have
exchanged energy with the water molecules, and these give rise to the Raman
spectrum. When the intense elastically scattered photons have been removed by
optical filters, the Raman spectrometer [1, 2] reveals the Raman spectrum of water,
shown in Fig. 2.1.

As part of their quantum chemical make-up, the vibrational energy levels of the
water molecules are discrete (i.e. quantized). One vibration involves the stretching
of water’s O—H bonds and the molecule occupies one of the “rungs” of a vibrational
energy level ladder, seen in Fig. 2.2.

Most water molecules sit at the bottom rung — the vibrational ground state. In a
Raman scattering event the molecule is excited to its first vibrational excited state
and to conserve energy the photon gives up a quantum of energy equal to the
vibrational energy spacing. Thus, by measuring the difference in energy between
the photon before and after the scattering event, you can measure the vibrational
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Scheme 2.1 Three modes
of water vibrations
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energy level spacing of the target molecule. This is the basis of Raman
spectroscopy:

Raman measures the energies of molecular vibrations and since these are
exquisitely sensitive to molecular identity, conformational state and interac-
tions, the Raman spectrum is a source of chemical information.

A simple rule gives the number of independent vibrations for a given molecule.
For a non-linear molecule with N atoms the molecule will have 3N—6 vibrations.
Thus, water will have three vibrational modes. These are the symmetric and anti-
symmetric stretches and the bending mode shown in Scheme 2.1.

The Raman spectrum of water is shown in Fig. 2.1; as predicted, it has three
recognizable “peaks”. These are the intense doublet near 3,500 cm ™ ! , that is due to
the symmetric and anti-symmetric modes, and a weaker feature near 1,650 cm ™},
due to the H-O-H bending motion. The units encountered are usually cm ', which
represents 1/wavelength of the photons. The cm ™' unit is directly proportional to
the energy spacing of the rungs in the vibrational ladder
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Fig. 2.3 Raman difference spectrum of 50 mM guanosine triphosphate (GTP) in water. G* noted
in blue represent G ring mode vibrations from '* C and >N GTP. Triphosphate vibrational mode is
also labeled at 1,117 cm™!

The 3N—6 rule means a large biological molecule consisting of thousands of
atoms will have three times that number of vibrations. It is challenging to analyze
such a vast array of vibrational data! As explained below we use precise Raman
difference spectroscopy and the judicious use of isotope labeling to bring the
problem to within tractable bounds.

To complete the introduction we will repeat the experiment shown in Fig. 2.1 but
now introduce 50 millimolar guanosine triphosphate (GTP) into the optical cell
(Scheme 2.2).

The portion of the Raman spectrum between 200 and 1,800 cm ™!, the so-called
fingerprint region, is shown in Fig. 2.3. You can see many features due to the
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vibrations of the aqueous GTP. This illustrates an important rule. The Raman
spectrum of water is very weak and does not mask the Raman spectrum of the
biological solute. A big advantage in biochemistry! The Raman spectrum in
Fig. 2.3 shows several narrow features due to vibrations of the G ring modes.
These are minimally perturbed when the G ring changes its environment and can be
used to follow changes in population of the G rings. The triphosphate of GTP has an
intense vibration at 1,120 cm_l, and as we will see, this can be used to follow
reactions involving the triphosphate moiety. However, before we illustrate GTP
reactions, we have to describe the Raman microscope.

2.2 Raman Microscope [3, 4]

A crucial advance in bringing dynamic studies to structural biology was the devel-
opment of the Raman microscope. This has allowed us to follow enzyme kinetics,
with their accompanying conformational changes, in single crystals on the time
scale of 10’s of seconds. A schematic of a Raman microscope is shown in Fig. 2.4.

Crystals are usually grown in, or transferred to, hanging drops in a 24-well
plastic tray of the kind used by X-ray crystallographers. The tray is placed on the
microscope stage and the crystal in each drop can be viewed via a long focal length
objective and a video charge-coupled device (CCD) camera. A laser beam is
introduced on the microscope’s optical axis using a fiber optic, and the beam
focused on the crystal can be viewed on the computer monitor. This provides the
degree of experimental control needed since the crystals and focal spot are usually
too small (on the 10-100 s of micrometers scale) to be viewed by the naked eye.
In the next step the standard illuminating source is blocked and the back-scattered
laser light from the focal spot goes back through the microscope, and via optical
filters and a second fiber optic, is fed into a Raman spectrograph. The Raman
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Fig. 2.4 Raman microscope
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spectral image at the CCD photon-detector then appears on the computer monitor
providing the Raman spectrum associated with the focal spot in the crystal. The
focal volume is typically 20 pm in diameter and 30 pm in depth; these conditions
determine a minimal crystal dimension of 30 pm for optimal spectral quality. For
most systems it takes about 100 s to collect a complete data set, using 100 mW of
647.1 nm Kr" laser excitation at the sample. At these power levels the temperature
of the crystal increases by about 15 °C when it sits in a 5 pl bath. While undertaking
Raman difference spectroscopy, care has to be exercised to perturb the crystal as
little as possible when introducing the ligand into the liquid surrounding the crystal.
It is important to bear in mind that the intensity of Raman scattering may be
dependent on the relative orientations of the crystal axes and the laser beam, a
factor that can be used to facilitate the Raman difference method [5], but which can
also lead to uncontrolled changes in Raman intensity, if not taken into account [6].

A comparison between the conditions found in solution and in single crystals
demonstrates why superior Raman data are obtained from crystals:

e Concentration; depending on their molecular weight, proteins are usually in the
2-35 mM concentration range in crystals. In solution it is often difficult to
achieve concentrations in the 0.5—-1 mM range. Thus, crystals have an immediate
concentration advantage up to a factor of 70.

e Spectral background; in aqueous solution water contributes a Raman spectrum
that essentially forms a continuum in the fingerprint region. This is of weak
intensity but becomes an issue at low solute concentrations. In crystals, this
background decreases by an order of magnitude relative to the protein spectrum.
In addition, aggregated protein in solution leads to strong elastic Rayleigh
scattering which “bleeds over” into the Raman regime. Transparent crystals
show less Rayleigh scattering. Finally, most proteins have a weak luminescent
spectrum that helps obscure the Raman scattering. However, the luminescence is
minimal when using red excitation for the Raman spectrum and appears to be
partially quenched in crystals compared to solution.

* Resolution; in crystals, protein (and ligand) vibrational bandshapes narrow and a
better baseline resolution is achieved compared to solution. This we ascribe to
the damping of large scale protein vibrational motions in the crystal, due to
protein-protein contacts.

e Ligand concentration; in solution, for Raman difference studies, protein must be
greater than or equal to ligand concentration in order to avoid spectral interfer-
ence from unbound ligand. A crystal may be soaked with a ligand that is 5 mM or
more in the surrounding drop, which reaches 30 mM for the bound ligand in the
crystal (if this is the concentration of active sites). Unbound ligand concentration
in the crystal is typically 2 mM and gives only weak features at most. Thus,
interference from unbound ligand is less of a problem in the crystal compared to
solution studies.

Compared to solution studies, Raman crystallography has other advantages that
are not related to data quality. These include the ability to undertake competitive
inhibition experiments in the crystal, and the ability to quantitate the amount of
ligand in the crystal and thus the number of ligands present per protein unit.
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2.3 Raman Difference Spectroscopy
and the Use of Isotope Labeling

Continuing with the theme of GTP we will see how we are able to follow the Raman
spectrum of this molecule as it reacts in the active site of a very complex enzyme.
The latter copies a DNA sequence to make the corresponding RNA chain and is
called a RNA polymerase (RNAP). The enzyme has ~3,400 amino acids and binds
the DNA and RNA sequences seen in Scheme 2.3

As can be seen in Scheme 2.3, in the reaction GTP forms a covalent bond to a
cytidine at the 3’ end of the growing RNA chain. The complex has a molecular
weight of about 400,000 Daltons. Since there are approximately 40,000 atoms we
know the molecule must have approximately 3N or 120,000 vibrations. In order to
selectively observe the Raman spectrum of the GTP during the reaction we carry
out difference spectroscopy using the Raman microscope. First we obtain the
Raman spectrum of a single crystal of RNAP, then we inject GTP into the drop
surrounding the crystal. The GTP soaks into the crystal and the reaction occurs at
the enzyme’s active site. Then using software we subtract the two spectra. This
process is illustrated in Fig. 2.5.

As can be seen in Fig. 2.5 the two spectra appear virtually identical, but by
careful subtraction and intensity amplification we obtain the difference seen in trace
C). The GTP is fully labeled with '*C and °N isotopes and this shifts the vibrations
of the G ring vibrations to unique positions, removing possible confusion with the
unlabeled Gs in the DNA and RNA strands seen in Scheme 2.3. Assignments of
many of the features in the difference spectrum can be made using the Raman
spectrum of aqueous labeled GTP and the literature on the Raman spectra of
proteins and nucleic acids. Key assignments are:

« Ring vibrations from the labeled GTP depicted as *G in Fig. 2.5

» Stretching vibrations of the DNA and RNA backbones near 800 cm ™!, these are
sensitive to backbone conformation

« Amide group modes from the protein near 1,655 cm™', these monitor protein
secondary structure

« Triphosphate vibration from the GTP near 1,120 cm ™

All these features can be followed as a function of time to provide unique kinetic
data as the reaction occurs in the crystal. A cartoon of the kinetics for the addition of
one GTP to the chain is shown in Fig. 2.6.
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Figure 2.6 shows that GTP soaks into the crystal and the population remains
constant after 20 min. The RNA/DNA backbones change over about 1 h and this is
accompanied by a large reversible protein conformational change. The population
of the triphosphate decreases from 60 to 100 min showing that GTP incorporation is
occurring. There is a wealth of mechanistic information that we do not have space
to develop here but the salient feature is that it is possible to obtain detailed
molecular and kinetic information using the “Raman crystallographic™ approach
even for a very complex system.

2.4 Pros and Cons of Raman Crystallography

It can be applied to a wide range of protein and nucleic acid crystals. However, in
some case coloured co-factors may cause problems if they fluoresce.

Raman is much less operator friendly compared to X-ray or NMR. Considerable
patience is needed to acquire data and experience and skill are needed to interpret
the data. Interpretation of Raman data can be aided by isotopic substitutions and by
quantum mechanical calculations — for which software packages are available.

Raman and X-ray crystallography are a powerful synergistic combination.
However, sometimes they diverge!

The intrinsic time scale of Raman scattering is in the femto-second (10715 S)
range. Thus, the kind of line broadening effects seen in NMR is usually absent.
However, it takes 10s of seconds to acquire a Raman data set from a crystal,
limiting the study to slow reactions.

2.4.1 The Synergy Between Raman and X-Ray
Crystallography

X-ray structures can be an invaluable aid to interpreting data from Raman crystallo-
graphic experiments. In the RNAP experiments outlined above the structural data [7]
provide the background for understanding the Raman kinetic data. In turn, the kinetic
data shown in the cartoon, Fig. 2.6, tell the X-ray crystallographer the conditions,
in particular soak-in times, for trapping the most interesting reaction intermediates.
This approach has already borne fruit for an RNAP that catalyzes the initiation step
in RNA chain formation [8, 9]. The Raman kinetic data [8] were used to identify
the time domain for trapping reaction intermediates as catalysis is occurring [9].

While the importance of this approach cannot be overemphasized, the bad news
is that sometimes the X-ray/Raman relationship breaks down. As part of an
approach to understand the molecular basis of bacterial resistance to penicillin-
like compounds our group has carried out extensive single crystal experiments
following the reactions between clinical drugs and bacterial enzymes called
B-lactamases. The latter are produced by bacteria to hydrolyze incoming penicillin
and render it ineffective in killing the cells.
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Fig. 2.7 Time dependence of enamine peak height near 1,593 cm ™' (normalized to the amide I
band) for the E166A crystal with tazobactam soaking in

Tazobactam, a potential B-lactamase inhibitor, is shown in Scheme 2.4, where it
undergoes a complex reaction with the enzyme that involves a serine in the active
site. Our initial studies [10] used a simple mutant form of the enzyme, E166A,
chosen to trap the covalent intermediates shown in Scheme 2.4. The Raman
difference spectrum obtained by soaking tazobactam into a single crystal of
E166A SHV-1 B-lactamase showed the presence of a trans-enamine like species,
2b, in Scheme 2.4 that grew in with time and reached a plateau at about 20 min
(Fig. 2.7).

Our crystallographer colleagues reproduced our soak conditions and solved the
first “clean” structure of a complex with 100 % occupancy in the active site.
Fortunately the Raman interpretation was confirmed and the enzyme complex is
indeed a trans-enamine [11].

By studying the first round of crystal structures our X-ray colleagues could
design a more potent inhibitor with the expectation that could lead to compounds
with improved pharmacological properties [12]. However, the news is not always
good. Novel compounds have to block the normal form of enzyme (the so-called
wild type), lacking the E166A mutation, in bacterial cells. For wild-type enzyme,
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Fig. 2.8 Comparison of tazobactam reacting with CTX-M-9 in single crystal and in solution.
Imines and enamines are shown in Scheme 2.4

Raman studies detected some of the enamine and imine species seen in Scheme 2.4
(1a, 1b, 2a and 2b), when tazobactam was soaked into crystals of the WT SHV-1
B-lactamase [13, 14]. However, the crystallographers were not able to trap these
intermediates by flash freezing for detailed structural analysis. This is almost
certainly because the Raman data are collected at room temperature whereas the
for X-ray analysis the crystal is treated with a cryoprotectant and then frozen in
liquid nitrogen. We believe that the latter process perturbs the kinetic for acylation
and deacylation leading to the rapid hydrolysis of the intermediates.

It is likely that this situation occurs mostly for reaction schemes that are complex
involving large conformational changes of the substrate and that contain branch
points leading to a perturbation of intermediate populations. However, we have
recent data which suggest that an X-ray structure could lead to an erroneous
conclusion about which species is inhibiting the enzyme. In this instance the species
seen in the crystal is very different to that detected in solution and any modeling to
create a better inhibitor based on the crystal structure would not reflect the situation
for the reaction in solution.

The example is another f-lactamase reaction involving an enzyme recently
discovered in the clinic, namely CTX-M-9. This undergoes the reaction with
tazobactam seen in Scheme 2.4.

A recent advance in our lab is that we can rapidly mix enzyme and substrate in
aqueous solutions and trap the resulting intermediates by flash freezing. This
enables us to obtain the Raman spectra of intermediates at 25 milliseconds and
longer after mixing. Figure 2.8 compares the Raman spectra of the reaction in a



24 P. Carey

single crystal of the CTX-M enzyme after reacting with tazobactam, soaked in for
15 min, with the spectrum of a trapped intermediate 25 milliseconds after mixing in
solution. The spectra are strikingly disparate. In the crystal the intense band at
1,659 cm ™! is due to an imine (e.g., species la and 1b in Scheme 2.4) whereas the
species seen from the mix in aqueous solution is an enamine (species 2a and 2b in
Scheme 2.4), as evidenced by the intense peak at 1,593 cm™'. An X-ray structure of
the crystal form would not be a good starting point for drug design since it is likely
that in vivo CTX-M is blocked by the enamine and not the imine.
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Chapter 3
Structure and Dynamics from Time Resolved
Absorption and Raman Spectroscopy

Siva Umapathy, Khokan Roy, Surajit Kayal, Nilesh Rai,
and Ravi Kumar Venkatraman

3.1 Introduction

Spectroscopy is the study of interaction between electromagnetic radiations with
matter. To understand the architecture of atoms and molecules we use many spectro-
scopic techniques. For example, X-rays are used to determine the crystal structure of
molecules, while vibrational spectroscopy is used to study molecular structures.
When a photon is incident on a molecule, the electromagnetic field will distort
the charge (electron density) cloud around the molecule. In that process it can be
absorbed or scattered by the molecule giving rise to different spectroscopic processes.
When the frequency of the incident field v;, matches with the frequency of the
energetics of the molecule v,,, resonance is established and electromagnetic radiation
is absorbed. In UV-Visible spectroscopy the incident radiation promotes the molecule
from the ground electronic state to higher electronic states, providing information
about the electronic energy levels. The nature of chemical bonding in molecules can
be probed by infrared or Raman spectroscopy. The shape of the electronic absorption
band is associated with vibrational transitions coupled to the electronic excitation are
functions of equilibrium bond length. To understand the vibrational structure in the
electronic spectra of molecules we apply the Franck-Condon principle. It states that
as the nuclei are so much heavier than electrons, electronic transition takes place
much faster than the nuclei can respond [1]. During the electronic excitation the
initially stationary nuclei instantly experience a new force field. To adjust within the
new force field, the molecule starts to vibrate. The equilibrium separation in the
ground state becomes the turning point in the excited electronic state, this is known as
the vertical transition. The relative displacement of the electronic potential energy
determines the vibrational structure in the electronic spectrum, and the excited state
potential is normally more displaced than the ground state potential. The separation
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Fig. 3.1 Representation of electronic absorption and Franck-Condon principle

of the vibrational lines depends on the vibrational energies of the excited electronic
state. By applying quantum mechanics we can have more insight into the Franck-
Condon Principle. In quantum mechanics we say that during electronic transition
nuclei retain their initial dynamic state. This dynamic state is represented by
wavefunction . So the nuclear wavefunction does not change during electronic
transition. At normal temperature most of the molecules are in the lowest vibrational
state of the ground state potential energy function. The information about the
distribution of molecules can be obtained by Maxwell-Boltzmann distribution
formula [2]:

N
N ,AERT

=

o

(where N, N are the population in the ground state and excited state, AE is the
energy difference between the two energy states).

The V = 0 vibrational level in the ground electronic state has a maximum in the
centre, indicating the region of maximum probability. So after photo-excitation
the most probable transition occurs from the V = 0 vibrational level (Fig. 3.1 [3]).
The time taken for the electronic transition is of the order of 107! s, while the time
period for a vibration is around 10~ 12 s, which is 1000 times slower than the electronic
transition. As a consequence the internuclear distance does not change during the
absorption of light, hence the transition process can be represented by the vertical
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transition which is parallel to the potential energy axis, originating from the lower
potential curve to the upper curve. This essentially says that it is difficult to convert
rapidly electronic energy into vibrational kinetic energy and the most probable
transitions between different electronic and vibrational levels are those for which
the momentum and position of the nuclei do not change very much. The quantitative
form of the Franck-Condon principle can be obtained by applying quantum
mechanics through the transition dipole moment. The transition dipole moment
operator is a sum over all nuclei and electrons in the molecule:

H = —ezl_r,-+eZIZ,~ R[

(where the vectors are the distances from the centre of the charge of the molecule).

The intensity of the transition is proportional to the square modulus, Ip|?, of the
transition dipole moment. The overall state of the molecule consists of an electronic
part, ., and a vibrational part, y,. So according to Born-Oppenheimer approxi-
mation, the transition dipole moment factorizes as follows [4]:

Mg :/l//; l//:f{fezl. ri+eZ[ZiR1}l//s,- l//v,-dT
=—ey / i vy dtg / v, wdn +ed 7 / i wdr / v, R w,dr,

The second term on the right hand side is zero, due to the orthogonality of two
different electronic state. So the expression for the transition dipole moment
becomes

Hi = _eZi/ l//:f Ti l//s,dfs/ ll/t'f l//VidT"

= uxﬂ.\.S(Vﬁ Vj)

(where the matrix element p is the electronic-transition dipole moment operator.
S (vgvy) is the overlap integral between the vibrational states . in the lower
electronic state and the y, in the final electronic state).

From the above equation we can see that intensity of a transition depends on the
overlap integral also known as Franck-Condon Integral.

From the classical electromagnetic theory, the polarization induced in the matter
due to the external field is obtained by the vector sum of the individual induced
dipoles divided by the volume, this is called the polarization density. The relation
between the incident field strength and the polarization density (linear approxima-
tion) of the matter is given by the following equation,

P(v) = {e,(v) — 1}eE(v); & =€, +ic,

(where P — Polarization density of matter, £, — Relative permittivity/Dielectric
constant of the matter, e, — Permittivity of the vacuum, E — Electric field).
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The dielectric constant is a function of frequency of the electromagnetic
radiation and it is a complex function. The real function s;, gives dispersion while
the imaginary function 5;' gives the absorption of the matter as a function of
frequency as shown in Fig. 3.2. At different region of electromagnetic spectrum
like Microwave, IR and UV-VIS, different molecular motions like orientation,
distortion and electronic polarization respectively are in resonance [5]. In general,
electronic transitions of most of the organic molecules fall in the UV-VIS region of
electromagnetic spectrum. For a transition to be allowed there should be an
oscillating dipole moment corresponding to that of the molecular motion in reso-
nance with the frequency of the incident field of the electromagnetic radiation. This
is known as transition dipole moment.

3.1.1 Photophysical Processes [6]

During an electronic transition, the molecules nuclei positions are fixed, this is
because, the masses of the nuclei are heavier than those of the electrons; this is
known as the Franck-Condon principle. As a result of the Franck-Condon principle,
the higher vibrational levels of various modes of the singlet electronic excited state
are populated during an electronic transition. The higher vibrational level of the
singlet electronic excited states then relaxes back to the ground vibrational level of
the electronic excited state with the same multiplicity by Internal Conversion
(IC) or to a different multiplicity (triplet) by Inter System Crossing (ISC). Generally
emission starts from the lowest electronic excited state to the ground state and is
called Kasha’s rule [7], albeit there are some exceptions [8]. The lowest singlet
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electronic excited state relaxes to ground state, either radiatively by fluorescence or
non-radiatively by IC and similarly the triplet electronic excited state relaxes to
ground electronic state, either radiatively by phosphorescence or non-radiatively by
ISC as shown in the Fig. 3.3.

3.1.2 Photochemical Processes

Despite the photophysical processes, the excited state can take part in chemical
reactions, with reactions starting from either singlet or triplet excited state. In general
bimolecular photochemical reactions start from triplet states rather than from singlet
states, since triplet states are long-lived they undergo more effective collisions with
reactants to give products. Photochemical reactions are faster compared to thermal
reactions because the activation energy (E,) needed for the photochemical reactions
is much less than that required for thermal reactions and the enthalpy change of the
reactions becomes favourable as illustrated in Fig. 3.4, for hydrogen atom abstraction
reaction [9]. There are a range of photochemical reactions including, isomerisation
along >C=C< bond, Norrish type I and II reactions, etc. [10, 11].

3.1.3 Photoinduced Electron Transfer Reactions (PIET)

Electronic excitation of a molecule increases the Electron Affinity (EA) and
decreases the Ionisation Potential (IP) of the molecule as depicted in the Fig. 3.5.
Thus molecules in the excited state show enhanced reactivity towards electron
transfer reactions (redox reactions) which are known as PIET reactions [12, 13].
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3.2 Time Resolved Experiments

In many of the organic chemical reactions, the intermediates and the transient
species involved are short-lived and could not be detected by steady state spectros-
copy. However time resolved spectroscopy (TRS) can give us insight into the
electronic and structural aspects of the intermediates/transient species involved in
organic chemical reactions. Time resolved spectroscopy is basically a pump-probe
experiment [14], with the pump pulse initiating the reaction while the probe beam,
probes the intermediates/transient species formed during the course of the photo-
initiated chemical reaction. The pump pulse could initiate chemical reactions by
photolysis, radiolysis, temperature-jump, stopped-flow methods, etc. and then the
probe comes at various delays from the pump to give the time resolved information
of the probed species. In photolysis, both the pump and probe beam are light pulses,
typically on the ns-fs time scale. The pulse width of the pump and probe beam are
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chosen such that they are narrower than the events that need to be examined.
Depending upon the nature of the probe beam and detection method, they can be
classified as time resolved UV-VIS and IR absorption, time resolved Raman, time
resolved emission spectroscopy, etc.

Time resolved Raman and IR absorption spectroscopy give us insight into the
structure of the intermediate/transient species. Time resolved Raman spectroscopy
is a scattering technique. Since many of the bimolecular photochemical reactions
take place from triplet states, ns-TRS can be used to probe the intermediates/
transient species formed during the course of the photochemical processes.
ns-LASER flash photolysis (LFP) is an absorption technique used to elucidate the
electronic structure of the triplet states or the intermediate species which have a
lifetime in the range of few hundreds of ns to ps. ns-time resolved resonance Raman
spectroscopy (TR?s) is also a pump-probe technique, in which the pump beam
wavelength must be in resonance with steady-state UV-VIS absorption spectrum to
create a singlet electronic excited state population which then undergoes various
photophysical processes as shown in Fig. 3.3. In TR’s the probe beam must be in
resonance with a triplet-triplet/intermediate absorption spectrum obtained from
LFP. Resonance Raman enhances the Raman activity of certain modes by a factor
of up to 10° relative to that of the normal Raman. Thus combining LFP with TR®s
can give us both structural and electronic aspects of the triplet state/intermediate
species generated by photolysis, a schematic of TR?s is given in Fig. 3.6.

3.2.1 Experimental Setup

The third harmonic (355 nm) from GCR-250, operating at 10 Hz, spectra-physics is
used to pump the Optical Parametric Oscillator which can generate wavelengths
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from 410 to 709 nm with time resolution of a few ns and it is generally used as the
Raman probe. Similarly, either second harmonic (266 nm) or third harmonic
(355 nm) from INDI LASER, operating at 10 Hz, spectra-physics is generally
used as pump. The time delay between pump and probe pulses are controlled by
a delay generator from Stanford Research Systems, Inc. The pump and probe are
made collinear by using a dichroic mirror (pump wavelength) and a 90° scattering
geometry. In an LFP setup, either the third harmonic or second harmonic from a
DCR-11 is used as the pump, while a pulsed Xenon arc lamp which is synchronized
with a LASER pulse is used as a white light probe. The pump and probe are in
perpendicular excitation arrangement and the transmitted white light are dispersed
and focused on the exit slit of the Monochromator. The transmitted light intensities
are detected by a 5-stage photomultiplier tube (PMT). The signals from the PMT
are digitized by an oscilloscope which operates at 500 MSa/s and then stored onto a
CPU for further data processing.

3.3 TR? Spectroscopic Studies of Transients Involved
in the Photochemical Reactions

TR’ is a highly selective and sensitive probe for studying the structure of
the intermediates formed during photochemical reactions. Fluoranil (perfluoro-
p-benzoquinone) is of interest to photochemists because of its unique structure-
reactivity correlation. The photochemistry of fluoranil [15] involves various
intermediates, e.g. the excited state complex, ketyl radicals and radical anions,
the UV-VIS spectra for each of these are very different. The pump wavelength,
355 nm is in resonance with the ground state absorption spectrum and by
choosing the probe wavelength in resonance with the absorption spectrum of
the intermediates, TR®s can probe various intermediates formed during the
photolysis. The TR? spectra of the fluoranil triplet state in CH;CN and CHCl;
show considerable differences in their spectra which could be due to inversion of
the nn* and nn* triplet states with solvent polarity [15]. By choosing a probe
wavelength at 416 nm, which is in resonance with both ketyl radical and radical
anion of fluoranil, it is possible to probe the structure of those intermediates. The
TR? spectrum with a probe wavelength at 416 nm was compared with the RR and
FTIR spectra of the fluoranil radical anion (generated by chemical method) and
suggested that the observed TR’s bands are due to ketyl radical.

Another example of the study of reaction intermediates, occurs for the
menaquinone (2-methyl-1, 4-napthaquinone) radical anion [16] which is an active
intermediate in various biological redox reactions, and understanding the structure of
this intermediate will help in elucidating the mechanism of those processes. The TRs
of the napthoquinone and menaquinone triplet state and radical anion intermediates
have been carried out, [16] in order to examine the effect of asymmetric substitution
of the methyl group on the radical anion structure. The ab initio computational
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calculation suggests that there is more coupling of the C=C stretching modes with
C=0 modes. The assignment of the modes of these radical anions helps us to identify
the vibrational frequencies observed in Raman studies of photosynthetic systems.

3.3.1 Effects of Solvent on Photoinduced Geminate
Ion Recombination Process

The effects of solvent polarity on the fluoranil and durene (tetramethyl-benzene)
ion pair generated by photolysis was analysed by TR’s [17]. A change in the
vibrational frequencies with respect to solvent polarity was observed for C=C
stretching mode. In polar solvents the most intense band at 1,667 cm ™' corresponds
to that of the Solvent Separated Ion Pairs (SSIP) and a less intense band is due to
the contact ion pair (CIP). In moderate and non- polar solvents (binary solvent
mixture), three peaks corresponding to CIP, SSIP and the ketyl radical were
observed by curve fitting. As the polarity of the solvent decreases the intensity of
the band corresponding to SSIP decreases while that of CIP and ketyl increases.
This suggest that in polar solvents, the charges are stabilised by the solvent and
form solvated ions while in the non-polar solvents, the ion pairs formed are
stabilised through electrostatic attraction with the oppositely charged species.

3.3.2 Solvent Induced Structural Changes
in the Excited State

The effects of solvent polarity on the fluoranil triplet excited state were studied by
using TR’s [18], this resulted in Raman spectra which differed in the intensities of
certain vibrational frequencies [18]. Based on the experimental data and computa-
tional studies, it is concluded that in non-polar solvents the fluoranil triplet excited
state has a more distorted structure (chair form) while in polar solvents it achieves a
planar structure. The overtone progressions of the ring bending mode, the 418 cm ™"
peak and alternate intensities in non-polar solvents suggest that there is a double-
well potential, i.e. two chair forms of triplet fluoranil which could interconvert via a
planar structure.

3.4 Introduction to Stimulated Raman Spectroscopy

The vibrational spectral features of a molecule are closely related to its electronic
structure, so we have to know how the vibrational and electronic structures are
related. The simplest way to explain the vibrational energy is through a harmonic
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oscillator where the energy spacing hv, between the energy levels is fixed. But for
real molecules the vibrational potential energy is best explained by Morse potential
function given by equation

V=D,(1—e¢")’

(where D, is the dissociation energy; f is measure of curvature of the potential).
Both infrared and Raman spectroscopy probe vibrational energy levels in a
molecule. IR spectroscopy is an absorption technique while Raman is an inelastic
scattering phenomena. If a molecule is irradiated by monochromatic radiation by
frequency ®;, most of the radiation is scattered at frequency w; (Rayleigh scatter-
ing), some radiation is scattered inelastically at a frequency ®; F o,,, where o, is
the vibrational frequency of the molecule. Theoretically the intensity of the Raman
band between the energy levels li > and If > is given by the following equation

*

I = constant. Iy(vi F vf,-)4zm [apo] " [apa]ﬁ

where Io is the intensity of the incident radiation, Aol is the ])Gth element of the
Yy p
transition polarizability tensor).

3.4.1 Stimulated Raman Spectroscopy

As Raman scattering is a weak phenomena, the weak Raman signals are
overwhelmed by fluorescence background and the time resolution in normal
Raman scattering is of the order of picoseconds. So in order to achieve high time
and spectral resolution many non-linear spectroscopic technique has been developed.
Stimulated Raman spectroscopy is one of the third order nonlinear spectroscopic
techniques that can probe the dynamics of a molecule on an ultrafast time scale.
Here three ultrashort pulses interact with the material system to give vibrational
information.

3.4.2 Description of Stimulated Raman Spectroscopy (SRS)

In spontaneous Raman spectroscopy a monochromatic pump beam op is incident on
a sample and Stokes w, and anti-Stokes w,, photons are created. Stokes Raman is
accompanied by loss in photon energy of the incident pump beam, whereas a gain in
the photon energy is observed in anti-Stokes scattering. Stimulated Raman is a third
order (four wave mixing) process in which three ultrashort pulses interact with the
system giving a fourth signal field, this signal corresponds to the third order
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nonlinear susceptibility (x°) of the system. When three different electromagnetic
fields interact, there are 108 pairs of possible combinations, the phase matching
condition for SRS is given by following equation: [19]

Wsig = —Wp + Wpr + Wp

Here two electromagnetic fields are coming from the pump pulse and the
third field is from probe pulse. To observe any vibrational features the following
condition has to be satisfied:

Oy = O — Wp

(where o, corresponds to vibrational frequency in the molecular system).

Experimentally SRS is performed with two optical pulses, a Raman pump (wp)
and a white light continuum which is known as the probe (wp,). Interaction of the
two fields drives the molecular vibrations in the molecule, the third order interac-
tion of the pulses with the molecule can be understood from the energy level
diagram (Fig. 3.7). Simultaneous interaction of the pump and probe creates coher-
ence between vibrational levels a band c. In other-words a macroscopic polarization
is created which oscillates with frequency o, (frequency of vibration in the
molecular system).

In femtosecond broadband stimulated Raman spectroscopy [20, 21], the Raman
pump field is provided by a narrow bandwidth picosecond pulse and the Raman
probe by a femtosecond broadband white light continuum pulse, as broadband
white light allows simultaneous detection of a large range of frequencies. SRS is
a heterodyned technique which means that signal field is created along the probe
direction. Measurement of a probe spectrum with and without the Raman pump
followed by calculation of the pump-on:pump off ratio generates a Raman gain
spectrum and a Raman loss spectrum depending on the Stokes and anti-Stokes
region of the Raman probe with respect to Raman pump (Fig. 3.8). In the case of the
loss spectrum the peak intensity is ~1.5 times larger than in the gain spectrum. This
is termed as Ultrafast Raman Loss Spectroscopy (URLS) [22, 23], and has been
found to have more sensitivity than SRS.
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Fig. 3.8 Diagram representing gain and loss in stimulated Raman process

3.4.3 Description of Experimental System

Our laser system consist of a Ti:Sapphire regenerative amplifier (Spitfire, Spectra
Physics) seeded by a Mode-Locked Ti:Sapphire Laser (100 fs, 82 MHz, 9 nJ,
centered at 790 nm). It is pumped using a Nd:YVO, (Millenia) laser. The Ti:
Sapphire amplifier generates 100 fs, 2.2 mJ, 1 KHz, centred at 790 nm pulses,
1 m]J is used for pumping an Optical Parametric Amplifier (OPA), the residual is
divided into two parts, about 1 % is used for generating the white light continuum
probe, while the rest is used to pump TOPAS, which is used as an actinic pulse. The
output from the OPA is used to generate Raman Pump, the pico-second Raman
Pump Pulse is generated by passing through grating pair in 4f configuration. All
three beams are focused onto a 1 mm path length quartz cuvette. The sample was
flowing constantly to avoid any degradation of the sample.

3.5 Application: URLS of t-Stilbene in n-BuOH

The ultrafast photophysics of trans-stilbene is well studied, it has an excited state S;
life time of around 50 ps in n-BuOH, and after photoexcitation in the UV region
trans-stilbene isomerizes to the cis form on ultrafast time scale. However there were
not many studies on the IVR and vibrational cooling mechanism, by using URLS it
is possible to probe the structure of the transient molecule and the dynamics of the
individual modes that can give us information about the coupling between the
modes and the mechanism of the IVR process.



3 Structure and Dynamics from Time Resolved Absorption and Raman Spectroscopy 37

URLS SPECTRUM OF t-STILBENE IN n-BuOH
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Fig. 3.9 Transient URLS spectra of trans-Stilbene in n-BuOH

The URLS spectrum of trans-stilbene [24, 25] is recorded using the following
experimental conditions: a 4 mM solution of trans-Stilbene (Sigma Aldrich) was
prepared and the spectra was recorded using a 1 mm cuvette. The centre wavelength
of the Raman Pump was 600 nm which is in resonance with the excited state
absorption of trans-stilbene, and the energy used for the Raman Pump was 300 nJ
with a bandwidth of 0.72 nm. The actinic pump pulse energy was 2 pJ with
wavelength centered at 286 nm. The probe beam was dispersed in a spectrometer
and detected using a LN, cooled CCD detector. All the spectra shown were
obtained by subtracting the Raman pump off from Raman pump on condition.

3.5.1 Results

Figure 3.9 shows the transient URLS spectrum of trans-stilbene within 1,500 fs
in the 1,800-400 cm™'. Spectra at long delay was also recorded but is not shown
here. The peaks >1,300 cm ™' corresponds to C=C stretching frequency, the
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Fig. 3.11 Plot of peak position vs. time for the 1,560 cm™' mode

1,560 cm ™' peak corresponds to the ethyl C=C stretching frequency. Figure 3.10
shows the time dependent change in the intensity of the C=C stretching mode,
while the change in peak position of this mode with time is plotted in Fig. 3.11.
The variation in the peak intensity of 1,175 cm™' mode, which corresponds to
C(ph)-H bending motion, is plotted in Fig. 3.12, while Figs. 3.13 and 3.14 shows the
time dependent change in width and position of this mode. These preliminary
results suggest that Franck-Condon excited vibrational modes are coupled with
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Fig. 3.13 Plot of peak width vs. time for the 1,175 cm™' mode

other low frequency vibrations to induce coherence, which is likely to be solvent
dependent. The impacts of these observations are currently being explored.
However, these URLS results clearly demonstrate the ability of the technique to
study bond specific dynamics on photoexcitation.
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Fig. 3.14 Plot of peak position vs. time for the 1,175 cm ™' mode

3.6 Summary

We have demonstrated that time resolved Raman spectroscopy has the potential to
explore bond specific changes induced upon photoexcitation of molecular systems.
Interestingly, these changes can be correlated to electron density changes across a
bond and this could be correlated to the atomic charge density changes observed by
crystallographic studies.
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Chapter 4
Time and Space-Resolved Spectroscopy

Kenneth P. Ghiggino

4.1 Introduction

Spectroscopy is the study of the interaction between radiation and matter. While
spectroscopy has a long history, the failure of scientists to fully explain the nature of
the interactions between radiation and matter played a major role in the develop-
ment of quantum theory. For example, much of the understanding we have about
the electronic structure of molecules and their molecular size and shape, has been
learnt from a quantum theory interpretation of experimental spectroscopy.

Molecules have discrete energy states associated with their rotational and
vibrational motion and the arrangements of electrons and nuclei. The interaction
of the molecule with radiation of the appropriate frequency can result in a change of
its energy state with a consequent loss of specific energies from the incident
radiation spectrum. This is the basis of absorption spectroscopy. Once a molecule
has been promoted to an unstable higher energy state it will usually lose this energy
in a finite period of time that often leads to emission of a photon and can be studied
by emission spectroscopy. The frequencies at which molecules absorb and emit
radiation (the spectrum) is determined by the molecular energy level spacing and is
quite characteristic of the molecular structure and environment of the molecule.
Measurement of the lifetimes of the various energy states provides additional
information on the dynamics of the processes taking place and the time-scale of
the interactions with other species. The simultaneous study of both spectral and
temporal information of molecule-radiation interactions is called time-resolved
spectroscopy and has become an essential tool for many researchers across the
biological and physical sciences.

This article will primarily deal with the principles underlying changes in the
energy levels associated with the arrangements of electrons in a molecule and
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that involve interactions with radiation in the visible and ultraviolet regions of the
electromagnetic spectrum (called electronic spectroscopy). However, it should be
kept in mind that changes in other energy states of molecules, such as those
associated with rotational and vibrational motion, involve interactions with radia-
tion in other parts of the electromagnetic spectrum and can be studied using similar
principles.

4.2 Energy States and Spectroscopy

The energy states and time-scales associated with electronic energy changes in
molecules are depicted in the Jablonski diagram shown Fig. 4.1.

The lowest energy configuration of the molecule is usually one where the spins
of the electrons are paired (i.e. have opposite spin) in a molecular orbital and is
referred to as the ‘ground’ singlet state. Absorption of a photon of sufficient energy
will promote an electron to a higher energy molecular orbital called the first
‘excited’ singlet state. Following photo-excitation the molecules are often formed
with excess vibrational energy but in condensed phases this is dissipated rapidly

first '} .
. 1 Intersystem crossing (ISC)
excited 13
singlet k ca 10~ sec
state
l K ca 108 sec! first
v=0 v=n' excited
MW ———— 1
1SC triplet
k ca. 1013 sec’! state l
k 0- 10> sec!
NN ———
v=n" ISC v=0
abs
fluor
k ca 108 sec hosphorescence
102-107 sec!
lT v .
ground singlet state

Fig. 4.1 The energy relaxation processes occurring in molecules and approximate time-scales
following photo-excitation illustrated using a Jablonski diagram
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Fig. 4.2 The construction of emission intensity/spectra/time surfaces from fluorescence spectra
and fluorescence intensity decay information (/eft), and an experimental time-resolved emission
surface for the polymer poly(acenaphthalene) in solution (right)

(<107'? s) to the surroundings as heat by the process of vibrational relaxation.
Once the molecule is in the lowest vibrational energy level of the first singlet
excited state, the energy can be lost by the radiative process of fluorescence to
return to the ground state or, through an accompanying change in electron spin,
undergo the process of intersystem crossing to a triplet excited state where the spins
of the two electrons are unpaired (i.e. have the same spin). An alternative process of
internal conversion can relax the first excited singlet state to the ground state
non-radiatively. The relative magnitude of these processes is determined by the
rates for the various steps and these also determine the lifetimes of the electronic
energy states involved. Molecules that find themselves in a triplet excited state can
return to the ground state by the radiative process of phosphorescence or by a
non-radiative intersystem crossing process. Of course competing with these intra-
molecular photophysical pathways may be photochemical reactions or bimolecular
interactions between the same or different species if the sample concentrations
allow interactions during the excited state lifetimes (see [1]).

Each excited electronic state will have a characteristic lifetime (t) that will be
determined by the magnitudes of the various rates for the processes that deplete
the state. The time scales for these processes can range from femtoseconds (10~ s)
to seconds. Thus, if the initial excitation is by a short light pulse, the intensity of the
spectrum will change with time and if multiple states are formed and decay with
different rates all this information can be reflected in a multidimensional spectra/
time/intensity surface. The construction of such a surface for emission spectroscopy
is shown in Fig. 4.2 together with an experimental time-resolved fluorescence
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decay surface for the polymer poly(acenaphthalene) in solution. The latter figure
shows the temporal decay of fluorescence of the initially excited species with a
spectral maximum of approx. 330 nm and the grow-in with time of a new species
(an excited state dimer or ‘excimer’) with a fluorescence spectral maximum at
approx. 420 nm. Since each energy state has a characteristic absorption spectrum,
a corresponding absorption/wavelength/time surface can also be generated.
Such surfaces can provide all the spectral and dynamic information for the species
under study.

4.3 Time-Resolved Spectroscopy Techniques

Time-resolved absorption and emission spectroscopy are the two principal
techniques that can be applied to obtain information on the spectral and dynamic
information of molecules and are described below. However other techniques such
as NMR, EPR and radiation scattering methods may also be applied to investigate
dynamic behavior depending on the time-scale of the process and the sensitivity
required.

The advent of lasers as photo-excitation sources has allowed both high spectral
and temporal resolution to be achieved in time-resolved spectroscopy. A limitation
on the time-scale of the process that can be studied is the duration of the light pulse
that is used to excite the sample. Laser sources are available that can provide light
pulses of only a few femtoseconds duration enabling processes that occur on time
scales longer than this to be followed. However the time-response of light detectors
(such as photodiodes and photomultiplier tubes) and other electronic components
can impose limitations so that a variety of clever optical methods have been devised
to ensure optimal time-resolution can be achieved.

The principle behind the optical arrangement used in time-resolved
‘pump-probe’ absorption spectroscopy is shown in Fig. 4.3.
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A short laser ‘pump’ pulse photo-excites the sample and the light absorption
properties of the excited species formed are investigated by passing through the
sample ‘probe’ light pulses that are delayed in time with respect to the pump pulse.
The time delay of the probe pulses is introduced by bouncing the light pulses off a
moveable mirror. The accurately known speed of light combined with careful
control over the distance the mirror travels using a piezo-driven stage, imposes
the time delay at which the absorption spectrum of the transient species is recorded
(0.3 mm additional distance travelled by the probe pulse corresponds to a time
delay of approximately 1 picosecond (ps)). The intensity of the transmitted light
pulses at various optical delays combined with spectral resolution provides the
time-resolved absorption spectrum.

For the corresponding time-resolved emission spectrum, again short light
pulses are used to photo-excite the sample but in this case the arrival times of
photons emitted from the sample with respect to the excitation pulse are measured.
A common method employed with high repetition rate lasers is the time-correlated
single photon counting technique [2] which uses a ‘time-to-amplitude converter’ to
produce a voltage signal proportional to the time delay of emitted photons for each
excitation event recorded. The acquisition of many such events produces a voltage
amplitude frequency/time delay histogram that corresponds to the emission decay
profile. The time-resolution of this method is restricted to about 20 ps but other
techniques such as fluorescence up-conversion and Kerr-gating can achieve reso-
lution approaching the excitation pulse duration.

Once the absorption or emission decay information is collected, it then needs to
be analyzed by fitting the data to models based on an appropriate kinetic scheme
and the rate information extracted. For the simplest case of a single absorbing or
emitting species undergoing intramolecular relaxation to return to its ground state,
the decay profile is often best fitted by a first order rate law to give a characteristic
excited state lifetime value (t). More complex kinetics may be followed if the
molecule is in multiple environments or undergoes dynamic interactions with itself
or other species.

4.4 Applications of Time-Resolved Emission
and Absorption Spectroscopy

There are many applications of time-resolved spectroscopy across the biological,
chemical and physical sciences that allow the dynamics of light initiated reactions
to be followed or the structure and properties of photo-excited molecules and
interactions with their environment to be characterized [3-5].

Studies of the photo-induced electron transfer processes that occur in photosyn-
thesis have been of particular interest (e.g. [6]). Developing artificial molecular
systems that mimic the primary electron transfer steps in natural photosynthesis
have also received much attention. An example of the latter studies is depicted in
Fig. 4.4.
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Fig. 4.4 The photo-
induced electron transfer
process in a linked zinc
tetraphenylporphyrin donor
and an amino naphthalene
diimide electron acceptor
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In this molecular system, photo-excitation makes the zinc tetraphenylporphyrin
(ZnTPP) a better electron donor and leads to electron transfer to the linked amino
naphthalene diimide species (ANDI). The excited states and product species
involved in this process can be spectrally identified and the rates for the electron
transfer steps determined using time-resolved absorption spectroscopy. In this
experiment an ultrafast laser producing light pulses of 50 femtoseconds duration
at 415 nm has been used as the excitation source in a ‘pump-probe’ configuration.
The spectral and temporal behaviours of the various species absorbing in solution
following photo-excitation are shown in Fig. 4.5.

A detailed analysis of the information in Fig. 4.5 shows that the transient
absorption spectra observed arise from a number of species including the first
(S1) and second (S,) excited singlet states of the initially excited ZnTPP as well
as the radical cation (ZnTPP*) and anion (ANDI™) formed following the electron
transfer process. Fitting the spectral and temporal data to a suitable kinetic model
indicates the electron transfer process from the S; state occurs in toluene solvent
with a rate of 2 x 10" s™' while the electron recombination process has a rate
constant of 8 x 10° s~'. This information is valuable in designing molecular
systems that can optimize the electron separation and recombination steps so
that useful electrochemical work can be extracted from the light induced process
(see [7]).
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Fig. 4.5 Time-resolved absorption spectral surface (/eft) and transient absorption decay profiles
at wavelengths specified (right) of a solution of ZnTPP-ANDI in toluene following photo-
excitation by a 415 nm laser pulse (after [7])

Some other applications where time-resolved emission and absorption
spectroscopy methods can provide valuable insights include:

« Light harvesting processes in polymers and supramolecular assemblies.

¢ The mechanisms underpinning the operation of both inorganic and organic
photovoltaic devices.

» The light induced process involved in vision and photosynthesis.

» The photochemistry of dyes, pigments and biological molecules.

e Ultrafast structural fluctuations of molecules and molecular assemblies.

4.5 Time and Space-Resolved Imaging Spectroscopy

An exciting emerging field in applications of time-resolved spectroscopy is the
extension of the technique to small spatial scales. This can involve techniques
ranging from time-resolved imaging of samples at diffraction-limited spatial scales
(approx. 250 nm) using confocal fluorescence microscopy to super-resolution
(sub-diffraction limited) microscopy techniques and time-resolved single molecule
methods. Ongoing recent developments allow imaging of dynamic processes at
atomic resolution to be possible with pulsed x-ray sources. These techniques and
the information that can be obtained from them are discussed separately below:

4.5.1 Time-Resolved Fluorescence in Microscopy

Fluorescence microscopy is a well-established technique that is commonly used to
image biological samples and in materials characterization. In normal fluorescence
imaging methods (such as those used in conventional and confocal fluorescence
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Fig. 4.6 Schematic representation of the method of time-gating the collection of photons during
the decay of fluorescence from a sample

microscopes) the images recorded represent the integrated fluorescence intensity
over all times from the sample. However, if the temporal decay of fluorescence can
be recorded as a function of spatial position, images from different times after
photo-excitation can be obtained. This technique of time-resolved fluorescence
microscopy has grown rapidly in recent years and can now be considered a mature
technology with several commercial instruments available.

A number of methods can be used to undertake time-resolved fluorescence
microscopy. These usually involve using a time modulated excitation source or
short-pulsed laser excitation and the recording of fluorescence photons emitted at
defined times after excitation of the sample placed on the stage under the micro-
scope. Figure 4.6 shows the principle of recording those fluorescence photons
detected from the sample only within a certain time ‘gate’ after the excitation pulse.

Optical box-car mode devices (gated optical intensifiers) capable of being
triggered at millions of times/second and with gate widths of <100 ps are com-
mercially available. If such a detection device is integrated with a microscope the
outcome is a series of fluorescence images from the sample recorded at different
times after the excitation pulse. If there are multiple species with different fluores-
cence decay times present then the images recorded at short time scales will
highlight the shorter-lived fluorescent species while those images recorded at
later times will accentuate the longer lifetime components of the image. There
are many applications for this technique. For example, the fluorescence lifetimes of
certain drugs will depend on the environment where they are located in a biological
cell. Fluorescence lifetime imaging of biological cells can reveal the location
and nature of the interactions between the drug and the cellular environment.
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In materials characterization the morphology and activity of components in a
polymer blend can be established. The dynamics of fluorescent components can
also be investigated by recording time-resolved fluorescence polarization images
that reveal the mobility of the fluorophore on the time-scale of the emission process.

There are various ways to implement time-resolved fluorescence imaging in
microscopy apart from the gated optical method discussed above including using
time-correlated single photon counting and frequency domain methods (see review
by [8]) depending on the time-resolution, cost and quality of the image required.
Imaging methods have been extended to allow simultaneous recording of emission/
transient absorption and photocurrent images to be undertaken that further expand
the information that can be obtained from a given sample.

4.5.2 Super-Resolution Microscopy
The spatial resolution (d) that can be achieved in conventional optical microscopy
is determined by the diffraction limit given below:

0.614
d =
nsin@

where 4 is the wavelength of the radiation and #sin® is the numerical aperture of the
objective (up to about 1.4). This limits the resolution of optical microscopes to
approx. 250 nm. In recent times a number of methods have been developed that are
able to circumvent this limit. Near field scanning optical microscopy (NSOM) relies
on the coupling of light through a sub-wavelength size aperture (e.g. thinly drawn
optical fibre) that is brought within a few nanometers of the sample surface. The
lateral resolution here is primarily dependent on the size of the aperture and can be of
the order of 20 nm. By scanning the aperture tip over the sample, images may be
recorded. The technique can be applied to collect spectroscopic information and is
particularly popular in the fluorescence mode where it can be combined with
time-resolved techniques [9].

Other super-resolution techniques rely on utilising stimulated emission from
molecules and two laser pulses (stimulated emission depletion microscopy, STED)
or in other cases by using photoswitchable single fluorophore emitters incorporated in
the sample where only some are activated and emit at particular times (e.g. stochastic
optical reconstruction microscopy, STORM, and photoactivated localization micros-
copy, PALM). By mapping the central positions of the individual emitters over a
period of time a super-resolution image can be reconstructed (see review by [10]).
A spatial resolution of 20 nm can be achieved with these techniques. Variants of these
techniques and new approaches are under constant development together with the
appropriate fluorescent probe molecules to be used [11].
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Fig. 4.7 Fluorescence data from a single molecule of a conjugated polymer (structure shown)
dispersed in PMMA films. Upper data set: fluorescence intensity/time trajectory; middle data set:
fluorescence lifetimes monitored during trajectory; lower data set: fluorescence spectra changes
during the trajectory (after [12])

4.5.3 Single Molecule Spectroscopy

If fluorescent molecules are embedded in a solid matrix at a concentration
(normally <102 mol dm ) such that the molecules are spatially separated by
several microns, then fluorescence from the individual molecules can be observed
under a fluorescence microscope. Fluorescence spectra, decay times and intensity
changes that occur over time for a single emitter can be monitored providing
information on the distribution of molecular behaviour that makes up the bulk
sample properties. Examples of the application of this method include the study of
individual biological molecule behavior in cells and the photophysical behaviour
of individual synthetic polymer chains [11]. An example of the information that can
be obtained from a single conjugated polymer chain immobilized in a clear
plastic (PMMA) matrix is illustrated in Fig. 4.7. By following the fluorescence
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intensity from the single polymer chain over many seconds, it is apparent that the
fluorescence ‘blinks’ on and off. This can be related to the fluorophore relaxing to a
‘dark’ state (for example a triplet state of the molecule) or due to quenching by
interactions with the substrate. The fluorescence lifetime is also seen to change and
there are shifts in the spectra associated with the blinking. Each molecule of the
sample may show quite individual spectral and temporal properties depending on
its conformation and environment. In these experiments it is important to monitor
the behaviour of many individual molecules to characterize the distribution of
behaviors. An extension of the technique is single molecule defocused wide-field
imaging that can provide information on the nanoscale dynamics of individual
molecules [12,13].

4.5.4 X-Ray Based Time-Resolved Structural Studies

X-ray crystallography is a well-established technique to determine crystal structures
of both small molecules and biomolecules. However, the availability of pulsed X-ray
sources from synchrotrons, free electron lasers and high harmonic generation using
high power pulsed lasers has opened up the opportunities for time-resolved X-ray
studies. These techniques have been applied to study structural phase transitions,
molecular motion and chemical reactions down to femtosecond time-scales [14].
The experimental techniques adopted are a variation of the optical pump-probe
experiment. A short laser pulse is used as the pump beam to initiate the process for
study and an accurately synchronised in time X-ray probe pulse can probe the
structural dynamics that occur (see review by [15]). Both time-resolved X-ray
diffraction and absorption (e.g. EXAFS and XANES) can be implemented.
An example of the application of this technique is in determining the mechanism
of electron transfer in the photochemical transformation of Fe(IIl) oxalate to Fe(II)
oxalate [15]. There is considerable potential for these time-resolved methods with the
possibilities to obtain structural information on short-lived excited states and transient
species.

Recent work [16] has reviewed progress with the technique of femtosecond
nanocrystallography using X-ray lasers for membrane protein structure determination.
The use of high power femtosecond pulsed X-rays and a liquid jet of nanocrystals
of the protein allows the recording of many single crystal diffraction patterns
(e.g. Photosystem I) to provide structural resolution at 8.4 A solely limited by the
wavelength of the X-ray beam and the detector. The technique has been extended to
undertake time—resolved spectroscopic pump-probe experiments. In this configuration
a laser has been used to excite photoactive membrane protein nanocrystals and the
X-ray pulses probe the conformational changes that occur upon photo-excitation [16].

There are many exciting possibilities for undertaking a range of time-resolved
structural imaging experiments using the innovation of X-ray free electron lasers
(XFELs), other excitation sources and appropriate sample handling methods.
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Chapter 5

Dynamic X-Ray and Neutron Scattering:
From Materials Synthesis and In-Situ Studies
to Biology at High Pressure

Paul F. McMillan, Filip Meersman, Fabriza Foglia, Paul Barnes,
Simon D.M. Jacques, and Richard Briggs

5.1 Introduction

X-ray and neutron scattering techniques are applied to a very wide range of condensed
matter systems and problems ranging from solid state materials to biological organ-
isms in order to study and understand their structures and phase transformations

under static and dynamic compression, as well as their synthesis and function under

extreme conditions. Here we illustrate the applications of several of these techniques

to problems of current scientific and technological interest.

X-ray diffraction provides the standard technique for phase identification and

structural studies of crystalline and amorphous materials. It is applied in most
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investigations of materials synthesis and phase transformations in the solid and
liquid state. Experiments are enabled both in the laboratory or at high brightness
synchrotron X-ray sources with a time resolution that is determined both by
detector capabilities and sampling characteristics. Such studies are being used to
investigate the structure and function of materials under synthesis or operating
conditions, as well as local structures developed in amorphous materials, polymers
or biomolecules. The high degree of spatial resolution enabled at synchrotron
sources permits experiments under extreme high pressure and high temperature
conditions [1, 2], and the emerging availability of free electron laser (FEL) sources
combined with streak camera and back-lighting X-ray experiments are leading to
new time-resolved studies of materials under dynamic shock and laser ramp
conditions [3—7]. Small angle scattering (SAXS) provides information on structure,
texture and density fluctuations on the nano- to mesoscale (e.g., 5-50 nm) leading to
studies of the organization, formation and function of nanomaterials, including
polymers, composites and biologically important systems [8, 9]. X-ray absorption
(XAS) spectroscopy combined with analysis of the EXAFS (extended X-ray
absorption fine structure) leads to complementary information on local structures,
coordination state, ligand binding and oxidation number around the central
probe atom.

Recently, a number of these techniques (angle/energy-resolved diffraction,
X-ray absorption/fluorescence, total-scattering pair-distribution analysis etc.) is
undergoing a renaissance as the technical challenge of conversion to the 2D/3D
tomographic data collection mode are being overcome, in order to provide time-
and space-resolved maps of the structural organization evolving within functional
materials during synthesis or chemical reactions while subject to conditions inside
in situ environmental cells. This confluence of structural information with time- and
spatial-variation is beginning to revolutionise our view of many processes, showing
how reactions initiate, spread and differentiate throughout the body of real speci-
mens and objects [10-15].

Neutron scattering studies enabled at reactor or spallation facilities typically
have a much lower incident beam flux than that at X-ray sources, so that larger
samples and longer collection times are generally involved. However, recent
developments in neutron focusing technology combined with new generations
of high pressure cells are greatly extending the pressure range that can be studied
[16-20]. The special qualities of neutron beams and their interactions with matter
make them ideal for penetrating deep inside experimental chambers or reaction
environments, as well as for studies of magnetic phenomena, and structures and
relaxation dynamics in polymers and biological systems. The use of isotopic
contrast techniques leads to unique ways to study these problems. As for X-rays,
small angle neutron scattering (SANS) experiments are used to provide information
on objects and structures extending from the nano- to the mesoscale [21, 22]. Quasi-
elastic neutron scattering (QENS) studies give information on the dynamics of
molecular systems on a timescale corresponding to diffusional processes or mac-
romolecular motions [19, 23]. These techniques are being applied to problems
ranging from catalysis to the structure and function of polymers and biomolecular
systems. Here we describe some of these approaches applied to systems ranging
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from materials synthesis and in situ studies under extreme high-P,T conditions to
the structure and function of biological molecules, polymers and whole organisms,
using examples drawn from our own research and that of colleagues and
collaborators.

5.2 X-Ray and Neutron Scattering

The term X-ray diffraction is typically used to describe “wide angle” (WAXS)
scattering studies that probe spatially correlated interatomic separations in crystal-
line or disordered materials on an approximately 1-20 A length scale. The methods
implemented in the laboratory or at large scale synchrotron or other facilities use
the classical methods for data collection and interpretation associated with
W.L. and W.H. Bragg, M. von Laue, P. Debye, P. Scherrer, and many others who
developed these techniques beginning in the early twentieth century. The experi-
ments give key information on the crystalline or amorphous structures and their
phase transformations during synthesis or under extreme pressure, temperature and
chemical conditions or gradients, applied either statically or during time-resolved
experiments. Much valuable information has been gained on the synthesis and
structural properties of solids, liquids, polymers, functional materials and biomol-
ecules in this way.

The WAXS studies are complemented by X-ray absorption spectroscopy (XAS)
and EXAFS techniques that give information on local structures, bonding and
oxidation states. “Small angle” (SAXS) scattering studies have been developed to
investigate structural correlations, density fluctuations and texturing at the nano- to
mesoscale, typically up to ~5 nm ™', corresponding to real space separations on the
order of 5-50 nm. A main parameter determined in SAXS experiments is the radius
of gyration, R, that is related to both the size and shape of the macromolecules,
nanoparticles or mesoscale fluctuations being studied, although resolved series
SAXS peaks are also observed for highly ordered mesoscale arrays of nanoparticles
or void assemblies within nanomaterials. Data for less organized materials are
typically analyzed using modelling techniques that help us distinguish between
different possible degrees of organization. Such studies are used to track the
evolution of polymers and biomolecular systems and their structural relaxation
during P,T-jump experiments, or the synthesis, processing and function of nano-
scale materials and catalytically active surfaces. Analogous information is gained
from small angle neutron scattering (SANS) studies. These methodologies are
advancing on several frontiers, accompanied by new in situ cell designs developed
for probing materials under various experimental conditions, X-ray sources and
detector technologies permitting 1-, 2- and 3-D scattering and tomographic studies
on timescales extending from a few seconds or milliseconds down to femtosecond
investigations of structural changes during laser ramp or shock physics experi-
ments. The access to high brilliance synchrotron X-ray sources has also led to the
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development of new inelastic X-ray scattering (IXS) or X-ray Raman techniques
that probe phonon and electronic excitations within materials.

X-ray photons are mainly scattered by electrons so that the contribution to the
scattered intensity is determined by the square of the atomic number (Z?) contrib-
uted by each atomic centre. Low-Z elements (H, N or C etc.) thus prove difficult to
study without recourse to high intensity synchrotron X-ray sources, and they
contribute relatively little to the X-ray diffraction signal, especially when they are
combined with heavier elements. By contrast, neutrons are fundamental particles
with a rest mass close to that of the proton (1.675 x 107>’ kg). They have no
charge and thus can penetrate deeply into materials, including containment appa-
ratus used for high pressure or materials synthesis and operando experiments. Also,
unlike X-ray photons they possess a property of “spin”, that both gives rise to
important studies of magnetic properties of materials and also determines the
fundamental nature of many neutron scattering experiments. Neutron diffraction
experiments lead to wide-angle diffraction and small-angle (SANS) results that are
similar to and complementary with WAXS and SAXS studies, although the neutron
scattering probes the atomic nuclei rather than the electron density distribution, and
is highly sensitive to the isotopic composition. Special characteristics including
interactions with the spin state of the sample and the ability to study low-energy
excitations make neutron scattering experiments unique.

Incident neutron beams are either produced by nuclear reactors during fission of
25U in enriched uranium fuel rods, or generated by spallation sources during
fragmentation of heavy target atoms (e.g. Hg) exposed to high energy proton
beams. Neutrons are scattered from atomic nuclei according to their mass and
isotopic composition, unlike X-rays that are scattered by electrons surrounding
the nuclei. Neutrons have spin 1/2: these interact with different nuclei according to
their spin state or nuclear angular momentum. Certain nuclei with equal numbers of
protons and neutrons such as '2cC have zero spin: others such as ' |H can exist in
“spin up” or “spin down” states with respect to a reference axis such as an external
magnetic field. That property gives rise to studies of magnetic ordering in materials.

Neutron scattering cross sections (c) are measured in “barns” (1 barn = 10728 m?
= 100 fm”. This quantity is defined as the effective area that an element contributes
to the scattering (o) or absorption (64 ) of the incident neutron beam. Both coherent
and incoherent scattering processes can occur, with a total scattering cross section
Os = Gcon + Oine. In coherent scattering the incident neutrons form a wave that
maintains its directional and momentum properties throughout the interaction with
a diffracting arrangement of nuclei in the sample. During incoherent scattering that
occurs by interaction with the nuclear spin states the scattered neutrons lose their
temporal and spatial coherency. Both coherent and incoherent scattering cross
sections are heavily dependent on the element and isotope studied. For example,
incoherent scattering from 'H nuclei is particularly large while that from the */H
(i.e., “D) isotope is much smaller. The overall scattering lengths (b: given in
107" m (i.e., fm) units) can vary widely both in magnitude and sign for different
nuclei. For example, for 'H, b.,;, = —3.742 fm and b;,.,, = 25.27 fm, while the
scattering lengths for deuterium (2H) are b.,;, = 6.671 fm and b;,,.,;, = 4.04 fm.
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These considerations must be taken into account while designing experiments, and
they can be used to develop isotopic contrast studies that provide information on
structure and dynamics in materials and biological systems.

In neutron diffraction and SANS experiments no energy exchange is considered.
However, neutron beams can be selected or moderated to have energies within the
thermal range that can interact with vibrational excitations giving rise to inelastic
neutron scattering (INS) techniques. These are applied to study phonon dispersion
relations in crystals as well as low frequency excitations such as the “boson”
features observed in amorphous solids, liquids and nanomaterials, as well as
vibrational dynamics in macromolecules. The energy transfers involved usually
range up to a few tens of meV (e.g., 300 cm ') although higher frequency modes
can also be studied in some experiments. The sample volumes for INS experiments
are typically larger than those required for diffraction and this leads to limitations in
sample environments studied, although results have been reported up to pressures
of tens of GPa [20]. Between the elastic and inelastic conditions lies a “quasi-
elastic” neutron scattering (QENS) regime occurring at very low energy transfers
(i.e., (h/2n)o = E; — E; < 1 meV) [23]. This provides new information on the
dynamics of macromolecular relaxation and H,O/D,O diffusional processes when
combined with H/D isotopic contrast experiments. QENS experiments are now
being implemented under high pressure conditions up to a few hundred MPa.

5.3 Devices and Detectors Developed for In Situ
Experiments and Studies

Many variations on diamond anvil cell (DAC), large volume press (LVP) and
environmental or reaction cell designs have been developed and applied to carry
out in situ studies of materials and take full advantage of laboratory and
synchrotron-based X-ray facilities and neutron sources for studies under various
conditions, including exposure to extreme high-P,T, chemical reactions and struc-
tural transformations in polymers and solid state compounds, and structure and
function of industrial and biological materials and systems [16, 18, 20, 24—41].
Early X-ray studies recorded the transmission, reflection and diffraction of
X-rays by materials via blackening of photographic plates or films, mainly by
photo-induced formation of Ag nanoparticles from silver salts. These have been
largely replaced by image plate technology using photosensistive materials that
develop colour centres on exposure to X-rays. The pattern is then read out in
scanning mode using a laser to provide a digital image: such detectors are used in
synchrotron X-ray diffraction experiments especially at high-P,T beamlines. They
do not provide a very high degree of time resolution (on the order of minutes)
because of the necessary readout time for each image, and are not typically used for
kinetics experiments. CCD cameras with currently up to 4,096 x 4,096 pixels are
now used extensively as area detectors for laboratory and synchrotron-based
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studies. The incident X-rays are absorbed by a thin layer of a phosphor such as
Gd,0,S:Tb (GOS) or CsI and converted into light signals that are detected by the
CCD based on Si photodiode technology. The time resolution is determined by a
readout time, that is typically ~1-2 s for commercial systems, although this can now
be reduced to <1 s. Both detector types operate between ~1-80 keV making them
ideal for synchrotron X-ray scattering experiments carried out with incident beams
in this energy range.

Multi-wire detectors with time resolution extending into the millisecond range
[42] are also in common use for materials synthesis and studies of functional
operation especially at synchrotron sources, as well as P,T-jump studies of poly-
mers and biomaterials [9, 10, 43—46]. Multi-wire and micro-strip gas ionisation
detectors contain a grid of fine wires or a patterned metal anode inside a gas-filled
chamber that acts as a proportional counter for single photon events. The incident
X-rays cause ionisation of the gas particles and electrons are accelerated toward the
anode wire by a field of ~100 V/cm and the current is detected by a low noise
amplifier. They are typically used as position sensitive detectors for both energy-
and angle-dispersive experiments and they can provide submillisecond detection
timescales. They have been developed for a wide range of time resolved diffraction,
X-ray absorption and tomography studies of materials synthesis and processing.
Single wire detectors have been developed for SAXS investigations of polymers
and biomolecules following P, T-jump relaxation experiments [8, 47]. For situations
where large specimen containers (e.g. industrial processors and image-scanners)
and versatile environmental cells (i.e. for imposing specific operating conditions)
are involved, tomographic energy-dispersive detector imaging (TEDDI) has served
the community well [48]. This technique is now undergoing significant and prom-
ising enhancements resulting from current advances in detector technology, in
particular the orders of magnitude decrease in total image detection-scanning
time that can be obtained with the use of fabricated energy-dispersive detector
arrays such as the HEXITEC-CdZnTe-array [49, 50].

Laser ramp and shock studies conducted at national laboratories including new
free electron laser (FEL) facilities are being combined with time- and spatially-
resolved detection techniques to study the dynamic response of materials on a nano-
to femtosecond timescale [5—7, 51]. The highest time resolution for X-ray imaging,
diffraction, fluorescence and absorption experiments is obtained by X-ray streak
cameras that can currently study events down to ~250 fs and below. They provide
spatially resolved information on the signal intensity and are used extensively in
shock physics experiments [3, 4, 6, 7, 51]. The technology is analogous to that of
cathode ray tubes used previously throughout the TV industry. The incident X-rays
strike a gold electrode that acts as a photocathode. This is biased at —10 kV with
respect to an anode mesh located downstream and launches an ~500 V pulse of
electrons towards the 2D detector screen based on photocathode technology
(e.g. Csl/or GaAs:P image intensifier) where an optical signal is detected. The
electron beam is scanned rapidly by a voltage sweep between deflection plates with
a circuit closed by a GaAs photoconductive switch triggered by a Ti:sapphire
femtosecond laser operating in the IR range. Such techniques are particularly
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well adapted to synchrotron X-ray scattering studies of ultra-fast processes where
the recording of the events can be linked to the time structure of the electron storage
ring, and even faster time-resolved processes are being developed at free electron
laser facilities, as well as at large national and international laser facilities where
dynamic ramp or shock conditions are combined with backlighting to produce
X-ray sources and investigate states of matter under extreme P,T conditions.

In the sections below we illustrate several of these techniques and their appli-
cation to different types of in situ experiments involving phase changes, materials
synthesis and functional operation, and also to investigate the dynamical behavior
of polymers and biological systems.

5.4 In Situ Studies of Sn Melting

Tin lies at a boundary between semiconducting and metallic behaviour between Si,
Ge and Pb elements in the periodic table and it has unusual bonding and structural
properties. As f-Sn is compressed it transforms into a body-centred structure that
exhibits a tetragonal distortion (bct). Above P ~40 GPa this is joined by a cubic
(bcc) polymorph and the two apparently coexist until ~60-70 GPa. We still do not
have a fundamental understanding of this unusual behavior.

We also observed unusual behaviour of the melting curve (dT,,/dP) in the
40-70 GPa [52]. Here we took advantage of new techniques developed at the
ESRF to combine (a) a well-controlled and mechanically stable environment
for laser-heating experiments in the DAC to megabar pressures, with (b) rapid
(1-2 s timescale) CCD recording of the X-ray scattering simultaneously with
determination of the temperature by optical emission spectrometry, and
(c) analysis of the observation of the melting point under high-P,T conditions
as the first appearance of a liquid S(Q) scattering signature in the X-ray
diffraction pattern [53] (Figs. 5.1 and 5.2). The technique was demonstrated
for previous melting studies of Pb and Ta [53-55].

Other laser-heated DAC studies have investigated melting phenomena in metals
and ceramic compounds using a “laser speckle” technique [56, 57]. Here the
diagnostic used to provide evidence of melting is rapid motion observed in the
speckle pattern that arises from coherent interference among components of an
incident laser beam reflected from the sample surface. Such experiments can
provide a rapid and convenient technique for laboratory based melting studies but
they can lead to problems of interpretation. The speckle motion could be related to
dynamic structural instabilities at the sample surface, or chemical reactions induced
by interactions with the pressure transmitting medium. In their synchrotron based
XRD experiments for Ta melting at high-P,T in a laser-heated DAC, Dewaele
et al. showed the formation of TaC species that could have interfered with deter-
mination of the melting relation by the laser speckle method [54]. The X-ray
investigations using a first onset of liquid S(Q) as a melting criterion resulted in a
melting curve in much better agreement with shock physics and theoretical pre-
dictions [54, 55, 58].
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Fig. 5.1 Optics arrangement developed for in sifu laser heating and melting studies at ID27,
European Synchrotron Radiation Facility (Grenoble, France) [53]. The sample is compressed
in the DAC inside the cooling jacket at the center of the image and heated using double-sided laser-
heating with Nd:YAG lasers (red path). The center of the hot spot is coincident with the X-ray
beam arriving from the left (blue path). X-ray diffraction patterns are collected (CCD detector at
right) from the same 2 x 2 pm?® area as the thermal emission measurements recorded by a
spectrometer behind the central area (above the top of this image)

In our work we used the time-resolved XRD technique to determine melting in
Sn up to megabar (P > 100 GPa) pressures. Figure 5.2 shows a series of X-ray
diffraction patterns collected with increasing temperature, revealing the onset of
melting as the first signature of diffuse scattering. Previously the melting curve had
been studied up to P ~ 60 GPa using shock techniques combined with MD simu-
lation and modelling (Fig. 5.3). The results indicated a flattening of the melting
relation above approximately 40 GPa and it was expected from extrapolation that
the maximum T, value would not exceed ~3,000 K until transformation into the
hcp phase was encountered at ~150 GPa. That view appeared to be confirmed by
laser-heated DAC experiments conducted up to 68 GPa using the speckle technique
to diagnose the onset of melting [57]. However our experimental X-ray results
carried out to 105 GPa indicate a quite different picture [52]. Above 70 GPa the
melting line rises steeply to attain a value near 5,500 K as the pressure enters the
megabar range (Fig. 5.3). These results have implications for the Sn phase diagram
as a function of static and dynamic high-P,T conditions.

Mechanical shocks launched into materials by dynamic impact of projectiles in
gas gun experiments, explosions or rapid injection of electromagnetic energy
provide unique information on the behaviour of matter under extreme compression
and high strain rates. Typically mechanical shock experiments follow a trajectory in
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Fig. 5.2 X-ray diffraction patterns of Sn recorded in the DAC up to the melting point at high
pressure (red). The data were obtained at ESRF ID27. Data sets are taken ~4 s apart with the
temperature increased between each exposure by ramping the laser power steadily as a function of
time. The final X-ray pattern at the top reveals the onset of melting by the first observation of
diffuse scattering around the most intense Sn reflection near 9° 26. The appearance of the diffuse
signal from molten Sn is clearly observed (inset in red)

P.T space determined by the Hugoniot relation and phase transformations are iden-
tified by a marked contrast in material properties. It is possible to investigate other P,
T paths by pre-heating or pre-compressing samples to map out important phase
relations including the melting curve. Pulsed power techniques using a rapid and
massive input of electromagnetic energy into the system can also generate
off-Hugoniot states while P,T ramps generated by focusing intense laser beams on
a target allow exploration of a wide region in the phase diagram extending into the
TeraPascal (TPa) pressure regime with control over the maximum T values obtained.
During these experiments it is critically important to examine the structural state of
materials subjected to the high dynamic stress and strain rate conditions. X-ray
scattering and spectroscopy provide important tools for such studies [5, 7, 51].

5.5 In Situ Studies of Semiconductor Clathrate Synthesis

Semiconductor clathrates are tetrahedrally-bonded frameworks based on elements
in groups 13—15. The networks define large (4-8 A) cages that are fully or partly
filled by electropositive metal atoms. They have potentially important electronic
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Fig. 5.3 Melting of Sn to P ~1 Mbar. Black squares are the present results, open circles are
LHDAC “speckle” results [57]. Both results agree with previous shock data (red diamonds)
[59]. The Hugoniot is shown as a dashed line [60]

and thermal properties and efforts are under way to understand and control their
synthesis and processing. We applied synchrotron-based X-ray diffraction com-
bined with time-resolved multiwire detector technology to study the synthesis
mechanism for a major family of semiconductor clathrates [61].

Currently three semiconductor clathrate structure types are known but others are
predicted to occur. The type I structure has a primitive cubic unit cell constituted by
dodecahedral and tetrakaidecahedral cages occupied by metal guest atoms to give
compositions such as NagSise. The type I phase NagSiye is typically produced by
metastable thermal decomposition under vacuum conditions from the Zintl phase
NaSi, by removal of volatile alkali component from the starting solid followed by
recrystallisation of the clathrate material. How this process occurs was not known
previously but it was generally presumed that because of the large differences in
chemical composition and crystal structure of the precursor and product compounds
an intermediate amorphous layer should be formed initially at the Zintl phase
surface followed by nucleation and growth of the clathrate structure. A second
major assumption was that Na atoms or ions remaining within the surface layer
after extraction of Na into the vacuum would result in templating formation of the
Si clathrate framework structures around the large atomic/ionic species.
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Fig 5.4 In situ XRD experiments during high-T treatment of NaSi Zintl phase and formation of
Na88Si46 clathrate. Left: A representative X-ray diffraction pattern obtained as part of a time series
obtained during heating ramp and synthesis experiments of Na8Si46 clathrate from NaSi Zintl
phase. Right: a sequence with every 8th 30 s XRD pattern is shown, giving a spacing of 4 min
between the displayed patterns over the transformation of NaSi into Na8Si46 clathrate under
dynamic vacuum conditions [61, 62]

In order to study the synthesis reaction several experimental requirements had to
be met. The starting NaSi phase is air and moisture sensitive and it is derived from a
reaction between elemental Na and Si, so the initial samples for the experiment must
be prepared and loaded using dry box conditions. Next the reaction takes place under
dynamic vacuum (10™* bar) conditions. That required development of
new experimental designs for in situ studies of the clathrate formation reaction [61,
62]. To initiate the reaction and study the formation process required placing the
sample inside a programmable furnace providing temperature ramp rates between
2 and 200 °C/min, up to T ~500-600 °C. These conditions were achieved by
designing and constructing a specialised sample environment and furnace arrange-
ment compatible with the synchrotron beamline and X-ray detector. These had been
configured during the initial design of the beamline facility to provide maximum
flexibility for this type of study. In a typical run the temperature was ramped at 8 °C/
min to a target value of 500 °C to observe the initial stages of the reaction, and then
held constant. Diffraction data were usually collected every 30 s during the first few
hours of an experiment run, then at longer intervals (e.g. 1 min) afterwards. A typical
data set along with Rietveld refinements of the NaSi and NagSiye phases is illustrated
in Fig. 5.4. The broad background signal is due to the glass capillary used to enclose
the sample and this was removed before data analysis.

In our work to study this process in detail we took advantage of synchrotron
beamline capabilities developed for versatile X-ray scattering combining WAXS and
SAXS studies at station 6.2 of the UK Daresbury Synchrotron Radiation Source
(SRS), now closed [43, 44, 63]. These capabilities were combined with the parallel
development of a new series of multi-wire detectors capable of obtaining high-quality
diffraction patterns for a wide range of materials on a 1-10 s timescale, extending
down to microseconds in certain cases [43, 44]. To study the NagSiye clathrate
synthesis process we carried out angle dispersive X-ray diffraction experiments at
SRS 6.2 at an incident beam energy 8.856 keV. The diffraction signals were detected
using the position sensitive RAPID 2 multi-wire detector providing refineable data
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over a 60° 20 range with ~0.06° resolution on a 1-15 s time scale relevant to our
synthesis experiments. The detailed mechanisms of clathrate formation were then
studied by performing Rietveld and LeBail analyses on each data set.

During the initial temperature ramp we could determine the thermal expansion
coefficient of the starting NaSi Zintl phase for the first time. This has a remarkably
high value (4.54 x 107> °C™") comparable with ionic conductors such as Agl. Just
as the target temperature (500 °C) was attained after 60 min the appearance of
characteristic NagSi,q clathrate peaks could be observed in the pattern and these
grew with continued heating. At the point where the clathrate phase emerged the
NaSi phase showed un unexpected drop in cell volume associated with loss of Na
atoms to the vacuum. The reduction of Na+ to Na species must be accompanied by
production of additional Si-Si bonds and this certainly plays a key role in the
mechanism of clathrate formation. Interestingly we found no evidence for an inter-
mediate amorphous phase during formation of the clathrate material. Instead we
observed an unexpected high degree of structural coherency between the NagSiyg
clathrate and the underlying Zintl substrate, and we could identify particular diffrac-
tion peaks that had “joint ownership” between the two structures. The result indicated
an unusual, epitaxial-like, clathrate growth process as Na atoms are removed from the
NaSi material. The Na atoms at the interface between the Na; _ ,Si surface and the
emerging clathrate act as templates for the growing microporous crystalline solid.
Identification of this mechanism suggests new techniques for preparation of semi-
conductor clathrate materials and interfacing them with semiconductor technology.

5.6 Real Time XRD-CTomography of Catalyst Phase
Evolution During Synthesis/Activation

Porous ceramic-supported metals and metal oxides are important heterogeneous
catalyst systems for many industrial chemical processes. The nature of the final
catalyst dispersion and its spatial distribution within the support material are
important factors influencing their ultimate performance. However, such distribu-
tions are in general not well understood and, yet further, there is almost no
information on how they evolve spatially during the synthesis process.

Dynamic XRD-CT (X-ray Diffraction Computed Tomography) has now been
applied [10] to uncover the progression of changing structural distributions of the
start-, end- and intermediate-phases formed on a y-Al,O3 support during thermal
treatment of the impregnated precursor (Ni-(en)-Cl; en =ethylenediamine) up to
activation of the final metal catalyst. XRD-CT requires the use of an intense high
energy rapid X-ray detection facility (here, 86.88 keV X-rays on station ID15B of
the ESRF synchrotron, Grenoble) collecting a series of transmission “projection”
measurements over a schedule of 43 translations (100 pm apart) times 30 rotations
(6°apart), corresponding to 1,290 projections for each time-step (~600 s) for
impregnated cylindrical supports (diam. = 3 mm by length = 3 mm) during cal-
cination under flowing helium from ambient to 500 °C. The resulting sinograms are
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Fig. 5.5 XRD-CT 2D image-maps of features, derived from diffraction patterns obtained
during thermal activation of a supported Ni-catalyst, versus time and temperature of syn-
thesis. The colour codes for the phase maps are indicated. The particle size maps show the
variation in crystallite size (nm) as the growth of the phase proceeds. For time slices 18 and
22, the data have been re-plotted with bespoke colour axes (right)

back-projected to form 43 x 43 pixel reconstructed images with contrast based on
the selected X-ray diffracted signal selected. By taking representative peaks for
each appearing phase, a temperature-series of phase maps can be constructed for
one (or more) representative circular slice through the catalyst cylinder.

Figure 5.5 presents a series of such circular slice phase maps for seven phases
(out of nine identified) displaying a range of distributions (periphery — ‘egg shell’;
internal — ‘egg yolk’) during the reaction, dehydration and decomposition stages
leading to the eventual end-product of face-centred-cubic nickel; additional features
such as the crystallite size maps, derived from the dependence of diffraction
peak width on crystallite size, and the discovery of voids within the alumina support
are in effect a welcome bonus. A more detailed analysis of the maps reveals that
there are two decomposition pathways to the production of fcc-Ni which result from
the two different crystalline phases that form over different locations (1: Ni(en),CO3
phase at the periphery as ‘egg shell’; 2: Ni(en)(CO3)sCly — x) - XH0 as ‘egg-
white’) and thereafter progress through two different chemical pathways. These
observations show that the detailed space/time chemistry involved in real functional
catalyst objects is intricate; further they show that a true complete picture of the
evolutionary process cannot be gained from conventional single position time-
resolved measurements, as is almost-universally practised. Therefore we expect
that this technique will have considerable impact on a range of dependent disciplines
from functional materials science to chemical engineering and biological materials.



68 P.F. McMillan et al.

5.7 P,T-Jump SAXS and SANS Studies of Soft
Matter and Biomolecules

High pressure studies in biology, soft matter research and biophysics represent a
rapidly emerging area with applications ranging from exploring and understanding
the deep Earth biosphere and perhaps elsewhere in the universe, including studies
of the origins of life [64]. Technological applications extend from food processing
and preservation studies to development of bio-derived or -inspired products as well
as synthesis and design of nanomaterials [65]. Biophysics studies that combine a
wide range of static and dynamic X-ray and neutron scattering techniques can be
carried out under high pressure conditions along with a variety of spectroscopy,
imaging and thermal analysis measurements of biologically important molecules
extending to living systems leading to understanding of their survival and adaptability
to extreme conditions. The field is currently undergoing a renaissance with the
emergence of new synchrotron and neutron scattering techniques that can be applied
to study biological materials both in situ and in vivo under a wide range of conditions.

Pressure stress affects all levels of cellular physiology including metabolism,
membrane physiology, transport, transcription and translation. The biological
membrane is one of the most pressure sensitive cellular components. The T- and
P-dependent structure and phase behavior of lipid bilayers, differing in chain
configuration, headgroup structure and composition is revealed by a combination
of thermodynamic and spectroscopic studies along with X-ray and neutron scatter-
ing experiments, leading to new understanding of the lateral organization of phase-
separated lipid membranes and model raft mixtures, the influence of peptide and
protein incorporation on membrane structure and dynamics, and the effects of
additives such as ions, cholesterol, and anaesthetics [21, 64, 66].

Synchrotron X-ray scattering as well as SANS experiments allow us to study the
time course of lipid phase transitions and to search for possible transient interme-
diate structures, with a view to unravelling the underlying transition mechanisms.
For example, Squires et al. [67] observed a gyroid (QGH) to the diamond (QDH)
bicontinuous cubic mesophase phase transition at 59.5 °C after a P-jump from 60 to
24 MPa. Interestingly, they could also see a transient inverse hexagonal Hy; phase
which is not observed in static experiments (Fig. 5.6). Moreover, the P-jump
approach offers distinct advantages over T-jump techniques in that both “up” and
“down” experiments can be conducted, the sample pressure reaches equilibrium
very quickly, in contrast to T which creates a gradient across the sample
[46]. Recently, Brooks and co-workers developed a new SAXS cell that allows
both static and dynamic P-experiments in a wide T-range from —20 to +120 °C with
P-jumps varying between 0.1 and 500 MPa [47]. The small cell volume (3—11 mm®)
makes adiabatic heating of the sample upon P-variation negligible.

P-jump studies of proteins with SAXS and SANS include the determination of
the activation volume of protein folding that provides important information on the
folding process and the nature of the transition state [21, 64, 68]. Another important
area of research is protein dynamics as this underlies protein activity [69]. The
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Fig. 5.6 Transformation between cubic mesophases (Q°II and QPII) via an inverse hexagonal
intermediate in 2:1 lauric acid: dilauroylphosphatidylcholine at a hydration of 50 % (w/w)
(Redrawn from Ref. [67] with data provided by the author). A short-lived species and a longer-
lived intermediate peak can be seen at approximately 0.018 and 0.0195 A~ respectively

dynamics of proteins is often measured by QENS [19, 70, 71]. One major finding so
far is a reduction of the internal fluctuations and the diffusion time of the protein
with increasing pressure [19]. Similar observations have been made using elastic
incoherent neutron scattering that is reported to have some advantages over QENS
[72]. Important contributions in methods and cell development have been made by
a number of groups [19, 70, 71], although the field is still very much in
development.

Kinetic studies are also being applied to whole organisms. In recent work the
metabolic activity of Shewanella oneidensis MR-1 cells was monitored as a func-
tion of time at a given pressure using X-ray near edge structure spectroscopy
(XANES) [73, 74]. The results show that the metabolism monitored by Se**
reduction continues at pressures where growth of the microorganisms has already
come to a halt. Recent results obtained using quasi-elastic neutron scattering
(QENS) to study the transport of water within and through the membrane of cells
of this organism are described in the next section.

5.8 Quasi-elastic Neutron Scattering Studies
of Organisms at High Pressure

The QENS technique provides a unique method to study the macromolecular
dynamics and diffusional processes in polymers and biomolecules extending to
whole living organisms contained under high pressure conditions [19, 23, 70, 75—
78]. Critical experiments have been developed at neutron scattering facilities using
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time of flight (TOF) techniques. Pioneering experiments on organisms at high
pressure are being carried out at the high resolution TOFTOF instrument at the
FRM-II (Forschungs-Neutronenquelle Heinz Maier-Leibnitz) reactor associated
with the Technical University in Munich, Germany. An incident neutron beam
with wavelength 1.5-16 A is chopped at speeds between 1,000 and 22,000 rpm and
passed through the sample on to a detector bank to achieve a 5 peV to 5 meV energy
resolution and to access the picosecond regime and investigate internal as well as
diffusive motions [79]. The TOF flight data are analyzed to separate and study the
elastic and quasi-elastic contributions to the scattered spectrum. At this facility
experiments are being designed to study the macromolecular dynamics in polymers
as well as biologically important molecules by in situ QENS under high pressure
conditions [19, 70]. We have begun to apply these techniques to investigate the
transport of H,O across cell membranes of organisms that survive and evolve at
depths of 10 km or more, providing new insights into the cell dynamics of
hyperpiezophile species. To carry out isotope contrast experiments D,O-exchanged
organisms were prepared by feeding them heavy isotopic nutrients at the Deuter-
ation Facility in Grenoble, France (M. Haertlein, T. Forsyth), and transported to
FRM-II for QENS experiments [77].
+00
Structure factors S(26) = / S(20,w)dw are evaluated by integrating the
—E;

two-dimensional spectra over the energy transfer range (Fig. 5.7). Dynamic studies
are enabled by evaluating the incoherent dynamic structure factors after regrouping
the profiles in slices at constant Q(Q = (4z/A)sin 0) (Q = (4x/A)sin 2 ). Each
profile at fixed Q is then analyzed by combining Gaussian and Lorentzian functions.
The first of these refers to the energy resolution of the instrument and experiment,
while the Lorentzian profile takes into account the global diffusion processes. As
shown in Fig. 5.8 at higher Q values the curves become broadened and several
Lorentzian contributions must be taken into account. For a bacterial cell dispersed
in a suspension or growth medium the scattering profile takes into account all
possible diffusive as well as macromolecular motions and it is strongly affected by
the signal related to the bulk water. The simplest way to evaluate the various
components is by using different H/D isotopic compositions both inside the cell
(obtained by treating cells in deuterated growth media) and in the surrounding
liquid, and then subtracting the contributions in various ways to highlight different
contributions to the QENS signal. The technique is based on the large difference in
the incoherent scattering length o;,. between H and D (c;,cH = 79.74 barn; c;,.D
= 2.01 barn). The procedure can be applied to give information on processes
including, e.g.,

¢ dynamics related to the denser layer near the membrane estimated by the
subtraction {[(D-cell in H-buffer) — (D-cell in D-buffer)] — (H-buffer) }

¢ dynamics across the membrane estimated by {[(H-cell in D-buffer) — (D-buffer)]
— [(D-cell in H-buffer) — (H-buffer)]}.
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Fig. 5.7 Static and dynamic structure factors determined for D-substituted Shewanella
oneidensis suspended in H-buffer during QENS experiments at room P. Left: S(Q) for all
investigated scattering angles; Right: Dynamic structure factors recorded at different Q values
(0.3,0.6,0.9, 1.2 A’l). QENS experiments carried out at TOFTOF (FRM-II)

The diffusion coefficient (D) can be evaluated by considering the half width at
half maximum (HWHM) of each Lorentzian function. These parameters are related
by HWHM = DQ? assuming a simple jump diffusion model: other models take into
account the residence time (z,) between jumps [75] (Fig. 5.8). The QENS data
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contain both fast (confined) and slower (translational) contributions. These can be
separated by calculating the dynamic susceptibility (¥”(Q, w) = S(Q, w)/n(Q, w))
to the dynamic structure factor (here n is the Bose factor n(Q, w) =~ kzT/hw)
(Fig. 5.8) [80]. Our new data indicate that the water dynamics slow down at higher
pressure, with results that can be compared with literature values for bulk water [78]
and for E. coli samples at ambient P [77]. Applying the QENS technique at high
pressure thus constitutes a new approach to studying the water dynamics associated
with living cells under extreme conditions [64].
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Chapter 6
Dynamics of Mechanochemical Processes

Elena V. Boldyreva

6.1 Scope of Mechanochemistry

The term “mechanochemistry” seems to have been first introduced by Ostwald in the
Textbook of General Chemistry in 1891, where he considered, in particular, various
methods for the stimulation of chemical processes. This term refers to chemical
reactions involving reagents in any aggregated state (liquids, solids), although most
frequently it is used in relation to solid-state processes and reactions either initiated
by any type of mechanical treatment, including hydrostatic loading, or involving
reagents, which were activated mechanically. The IUPAC defines a mechano-
chemical reaction as a “chemical reaction, that is induced by mechanical energy”
(see IUPAC Compendium of Chemical Technology, 2nd ed. (the Gold Book),
Compiled by A.A. McNaught & A. Wilkinson, Blackwell Scientific Publication,
Oxford 1997, http://goldbook.iupac.org).

Mechanochemistry as an applied science dates back to prehistoric times, although
the achievements of those times were not patented or even documented. Grinding,
impacting, shaking, rubbing, rolling, and other types of mechanical treatment were
widely used to generate fire, to process minerals, tissues, corns, herbs, meat, to
produce and process the first inorganic materials, e.g. ceramics for pottery, metals
for armory, construction materials, as well as to make the first pigments and drugs.
Initiation of explosions by impact, widely used for military purposes, also belongs to
the first examples of applied mechanochemistry in the “pre-publication era”.

Mechanochemistry today deals with all possible types of compounds and finds
various applications ranging from biology and pharmaceuticals to minerals
processing, geology, and catalysis (Fig. 6.1).

There are many different types of mechanical treatment. Treatment can be
continuous, as is the case for hydrostatic compression. However, much more
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often either mechanical treatment is a single and a very short act (for example, a
single impact, indenting, or cutting with a knife), or it consists of pulses, which can
be characterized by energy, duration, frequency: depending on the latter, the system
has different chances to relax between the pulses (Fig. 6.2).

The outcome of mechanical treatment is, in general, strongly dependent not only on
the total mechanical energy input into the sample, but also on the type of treatment. In
particular, a continuous hydrostatic compression results in the physical and chemical
processes, which are very different from those induced by compression combined with
shear. The ratio impact/shear during a treatment can vary in a wide range, depending
on the type of a device used (Fig. 6.3), and this also plays a crucial role.

Relaxation of mechanical stress can proceed via different pathways (Fig. 6.4),
and this is also of primary importance for the resulting chemical changes in the
system.
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Fig. 6.3 Different types of mechanical treatment: I — shear + impact (a — ball mill, b — attritor,
¢ — vibration mill, d — planetary mill); II — impact (¢ — pin mill, b — jet-mill); III — shear
(a — rollers) (Boldyrev [6])
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Mechanochemical research includes the following main directions:

1. Experimental and theoretical studies of properties, phase transitions and chemical
reactions under well-controlled and well-defined loading conditions (hydrostatic
pressure, pressure combined with controlled shear stresses, elastic bending/
uniaxial expansion/uniaxial compression, etc.);

2. Studies of the effects on solid-state properties and reactivity produced by
treatment in various mechanical devices (mills, activators, attritors, etc.). The
effects of the preliminary treatment on subsequent transformations, and the
processes occurring at the moment of mechanical treatment.

One distinguishes between mechanical activation and mechanochemical pro-
cesses. Mechanical activation means that mechanical treatment (often — preliminary)
facilitates a thermal or photochemical reaction. Mechanochemical processes are
induced by mechanical action itself (or are supposed to be induced by mechanical
action itself).

6.2 Basics of Reactions Involving Solids. The Role
of Mechanical Stress in Reactivity of Solids

The main factors which influence reactions involving solid reagent(s) and/or
product(s) can be summarized as follows:

1. A solid, by definition, resists any attempts to change its size and shape. Therefore,
any phase transition, as well as any chemical reaction, and even merely light
absorption, in a solid generate mechanical stress, which can then relax via elastic
or plastic strain, and, eventually, via fragmentation of the solid (see Fig. 6.5 as an
example). Even if no external mechanical force is applied to a solid, any trans-
formation in a solid is in some sense mechanochemical. Even if no stress is
initially applied to a solid, as soon as a reaction starts, strain and stress are
generated, which can then have either a positive, or a negative effect on the further

Fig. 6.5 Fragmentation (a) and elastic bending (b) of single crystals of [Co(NH;3)sNO,]CI(NO3)
on irradiation by visible or UV light
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Fig. 6.6 Various phenomena which can account for feed-back in solid-state reactions

reaction course — a positive, or a negative feed-back arise. The problem of
feed-back between a chemical reaction and mechanical stress generated by this
reaction is one of the central problems of reactivity of solids. The strain of the
crystalline environment in response to a chemical transformation is discussed in
terms of reaction cavity, or chemical pressure.

2. For all the reactions involving more than one phase (i.e. any reactions with the
exception of isomerization, dimerization, or polymerization, namely - thermal
decomposition, solid + gas, solid + liquid, and solid + solid reactions), bring-
ing reagents into contact and removing the product which could hinder such a
contact becomes very important. Reactions occur not in the whole bulk of the
sample, but at the interfaces between the phases.

3. As soon as a reaction starts, various phenomena account for changing the
conditions for the reaction to continue, so that a positive or a negative feed-
back arises. The phenomena can be related not only to generation of mechanical
strain and stress, but also to local heating or cooling, to the redistribution of
electron and holes at the interface, to the effect of product at the interface on
diffusion, to specific interactions (hydrogen bonds, charge-transfer interactions)
between components at the interface, to the changes in the concentration of point
defects, protons, other chemical species at the interface, to the generation of
electrochemical elements, etc. (Fig. 6.6). Relative contributions of the different
phenomena can be different for different types of solids and for different
reactions. For example, for inorganic solids the role of redistribution of electron,
holes, point defects at the interfaces can be expected to be larger than for
molecular organic crystals. At the same time, hydrogen bonds are important
for molecular crystals.

Mechanical action can act on the reaction by improving diffusion, generating
strain, structural, electronic and ionic defects, as well as by creating pulses of
pressure and temperature. The effect of mechanical treatment on solid-state reac-
tions can be both direct (on the chemical stages and diffusion coefficients, which
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become different in the mechanical stress field), or indirect (related to the changes
in crystal morphology and generation of defects resulting from plastic deformation
and fragmentation).

For reactions within a single solid particle, such as isomerization, dimerization,
or polymerization, compression, extension, shear of the solid can modify the
reaction cavity and the conditions of its relaxation. Mechanical action can break
or stretch chemical bonds directly. This can be of importance also for such reactions
as decomposition, solid + gas, or solid + liquid. Additional effects can be due to
the fact that diffusion in the field of mechanical stress differs significantly from that
in a non-stressed solid. For solid + solid reactions, the role of mechanical action is
usually in providing better contacts between the reagents because of mixing,
decreasing particle size, generating fresh surface for contact, and also by inducing
melting and sublimation of the reagent(s).

6.3 Dynamics of Mechanochemical Processes

6.3.1 Probing Individual Bonds: Stretching Bonds
in Macromolecules, or Hydrostatic Compression

The “mechanochemistry of single molecules” is a recent direction in the development
of fundamental research, dealing with the properties of individual bonds in macro-
molecules, usually in biopolymers, probed by mechanical action. It finds applications
in biochemistry, and also in materials science, when the challenge is to make
synthetic polymers with the characteristics approaching or even exceeding those of
natural biopolymers. Atomic force microscope (AFM) serves as the main tool both
for stretching the bonds and for following the response of the molecules. Dynamics of
mechanically-induced molecules within a single large molecule can be followed as a
function of the applied force and direction, and this information helps to understand
the nature of chemical interactions in the molecule, the factors determining its
secondary and tertiary structure, as well as the mechanisms of biochemical reactions.

An alternative technique to stretching molecules using an AFM is squeezing
them under hydrostatic conditions. Hydrostatic pressure applied not to single
biomolecules, but to crystalline phases can induce anisotropic structural distortion
of the same phase, and thus provide valuable information on the properties of bonds
and interactions. It can also result in phase transitions or chemical reactions.

A common feature of the two types of very different actions is that they are
continuous. Still, kinetic effects can play an important role in structural trans-
formations on hydrostatic compression. These include the duration of keeping a
sample under pressure, the details of compression-decompression procedure, the
size of particles and the composition of the hydrostatic fluid may have a pronounced
effect on phase stability and the products of the transformation (if any).
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6.3.2 Processes at the Crack Tip and at a Freshly Cut
Surface; Indentation

Another extreme case of mechanical treatment is presented by ultra-fast processes
of cracking/cutting/indenting solid samples. To cleave a solid means to break
chemical bonds. Chemical processes at the tip of a crack propagating through a
crystal were studied as early as the middle of the twentieth century both by model
calculations, and experimentally, using single crystals and breaking them under
strictly controlled conditions, registering various physical and chemical phenomena
in situ in real (very short!) time. Several successful attempts were made to measure
the temperature directly at the tip of a crack, moving through different materials as
a function of crack velocity and deformed zone thickness. Crack propagation can be
accompanied by emission of light, X-rays and electrons. One can hear bonds being
broken on mechanical destruction (mechanoacoustic effects). One can also analyse
the products emitted into the gas phase on cleaving a crystal, and this gives an
insight into the elementary processes in the crystal. Structural transformations in the
crystalline region through which a crack propagated can be studied in sifu by X-ray
diffraction at a synchrotron radiation source. The first experiments were carried out
in Novosibirsk as early as 1980. A crystal of tin was cut by a ruby cutter. A phase
transformation from the ambient-pressure phase, p-tin, to the tetragonal form,
which is stable at pressures above 100 kbar, was detected in a local region of
0.01 mm? under the cutter. On removal of the cutter, the transition was reversible
within a few seconds. Similar experiments were carried out with silver single
crystals. No metastable modifications were formed, though strong but rapidly
vanishing distortions of the initial cubic phase of silver were observed.

Until now, the processes at the tip of propagating cracks have been studied for
metals, salts, or polymers. To the best of my knowledge, there have never been
similar studies for organic crystals, although anisotropic organic crystals with
different types of intra- and intermolecular bonds would be a very interesting
system. One could compare structural distortion in the region of cracks running at
different velocities through different faces. Such experiments would be important,
not only to understand chemical interactions in organic crystals, but also to get an
insight into the processes in this systems on grinding.

In model experiments, aimed at achieving a better understanding of the effect of
mechanical action of different types on solids one can also use indentation. It has
been used to provoke phase transitions and chemical reactions in a number of
inorganic solids, and gives valuable information on the mechanical properties and
chemical bonding. The only example of a phase transition in a drug crystal induced
by indentation is that of the polymorphic transition III — I in single crystals of
sulfathiazole. Interestingly enough, the same phase transition can be induced by the
ball-milling of a powder sample, but is never complete, since the mechanical
treatment in a ball-mill stimulates]the reverse transformation I — III. Recently,
some chemical reactions have been induced in organic solids by nano-indentation.
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Fig. 6.7 Schematic
representation of a model
mechanochemical device
allowing to control
individual mechanical
pulses and to follow
intermediate products
(Tumanov et al. [2])

6.3.3 Mechanical Treatment of Powders in Mills
and Other Types of Machines. Mechanical
Treatment in Model Devices

Different types of machines produce very different types of mechanical action, with a
variable ratio between shear and impact, generating different temperature and pres-
sure pulses. In the middle of the twentieth century there has been much systematic
research comparing the efficiency of different types of activators for different types of
chemical reactions, phase transitions, amorphization, dispergation. However, these
papers seem to be practically unknown to the new generation of mechanochemists
which is either not aware of such a problem at all, or starts everything “from scratch”
and often “rediscovers the bicycle”. At the same time, modern experimental facilities
give many more possibilities to study the dynamics of mechanochemical reactions in
situ using synchrotron radiation, and to follow intermediate reaction products, both in
the “real mills” with their complicated mechanical treatment, or in model laboratory
devices with well-controlled impact/shear ratio (Fig. 6.7).

6.4 Summary

Using a mill, or grinding a sample manually in a mortar does not automatically
mean being a mechanochemist. The processes induced by mechanical treatment are
very complex. They can be of thermal or athermal nature, can involve direct bond
breaking or be preceded by formation of defects influencing on subsequent thermal
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reaction. A seemingly solid-state reaction can in fact occur in a fluid phase, because
of sublimation, contact melting, or dissolution in traces of liquids present at the
surface or in crystal solvents. One of the most important features that makes
mechanochemical reactions so special is that the mechanical action is often applied
not continuously, so that the system can relax between the mechanical pulses.
To study dynamics of mechanochemical processes in situ, one needs to achieve a
very high time- and space- resolution and combine temperature monitoring with the
studies of light, sound, electrons emission, as well as measurements of gasses
evolution and X-ray diffraction. Special model devices have an important advan-
tage as compared to standard commercial mechanical apparatus like mills: one can
control not only the temperature, the energy, the duration and frequency of
mechanical pulses, but also relative contributions of impact, pressure, shear.
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Chapter 7
Measuring and Understanding Ultrafast
Phenomena Using X-Rays

Kristoffer Haldrup and Martin Meedom Nielsen

7.1 Introduction

Within the last decade, significant advances in X-ray sources and instrumentation as
well as simultaneous developments in analysis methodology has allowed the field
of fast- and ultrafast time-resolved X-ray studies of solution-state systems to truly
come of age. We here describe some aspects of the physics involved as well as the
experimental methodology that have facilitated this development. Building on this
foundation, we discuss how the information-poor, but time-resolved (difference)
scattering signals can be analyzed in a quantitative model-comparison framework
to provide robust information on sub-Angstrom structural changes taking place on
femtosecond to nanosecond time scales. We illustrate this approach by a presenta-
tion of recent results from the Centre for Molecular Movies at the Technical
University of Denmark.

7.2 X-Ray Scattering and Measuring the Ultrafast

In the first part of the chapter, the main emphasis will be on the interaction of X-rays
and matter, notably the interaction between x-rays and electrons, atoms and mol-
ecules. Much of the latter is covered in Chapter 1 (pages 1-12) of the classic book,
X-ray diffraction, by B. E. Warren. The first version was published in 1969, and
many updated editions have since been published. Chapter 1 and more of the edition
published by Dover in 1990 is freely available on Google Books [1]. Notice that
Warren uses cgs units, where the vacuum permittivity of free space is ¢y = 1/4x,
while we will be using SI units.
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Fig 7.1 An unpolarised beam of X-rays travelling along z is incident upon a free electron at the
origin. The electric field vector at O in one particular direction Ey has components in the x and y
directions E,, and E,,. The corresponding electric field vectors of the scattered radiation in the xz
plane at a distance R from O an angle ¢ to z are E, and E, respectively

7.2.1 Scattering Fundamentals, the Debye Equation

7.2.1.1 Scattering from an Electron

Consider a beam of unpolarised X-rays with electric field vector E and (angular)
frequency o travelling along the z direction which is incident on a free electron
positioned at the origin (see Fig. 7.1). The electric field vector in a given direction
E, can be divided into two components Ej, and Ey,. The (time-dependent, oscil-
lating) component E, produces a force which acts on the electron and makes it
oscillate. In the x direction this force will be eE(, where e is the charge of an
electron. If the mass of the electron is m then the equation of motion may be written

. EEO)( .
=— t 7.1
X - exp(iwt) (7.1)

The accelerated (oscillating) electron in turn radiates electromagnetic radiation.
At a large distance R from the electron and at an angle ¢ to the z direction the
instantaneous values of the electric field vector of the scattered radiation in the xz
plane is given by

—e R
Ey=—" x(t-= 7.2
© 4megc’R x( c) cos ¢ (72)

where ¢ is the permittivity of free space, c is the speed of light and the term (¢ — R/c)
represents the retarded time.

From Egs. 7.1 and 7.2 we can write the amplitude of scattered radiation due to
the x component as

2
e“Eoy
E.,=—————cos
N 4megmcR ¢
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The equivalent expression for the perpendicular component E|, has no ¢ depen-
dence and we may therefore write the electric field in one direction perpendicular to
the direction of motion of the scattered beam as

P

EP=—————
(47comcR)*

(E%y + Ej cos 2¢7) (7.3)

The total electric field at the point of observation may be found by averaging
over all directions of Ej in the xy plane to give [Warren, eq. 1.2, p.3]:

&) =) (L)

(4reo)*m*c*R?

The term (W) is known as the polarisation correction for an unpolarised

incident X-ray beam. In terms of X-ray beam intensities, which are proportional to
the square of the amplitudes of the electric field vector of the radiation, we can
therefore write

=1, ¢ (1 + cos 2¢> (7.4)

(4reo)*m*c*R? 2

For an atom containing Z free electrons the scattering in the forward direction
(scattering angle = 0) is Z* times the intensity given by Eq. 7.4 since the scattered
radiation from each electron in the atom will be in phase at ¢p = 0. However, as ¢
increases from zero the scattered X-rays from the electrons begin to interfere
destructively and the strength of the overall scattering falls off with increasing ¢.
The form of this fall-off is dependent on the charge distribution inside the atom and
is represented by an atomic form factor, or scattering factor, f defined as the ratio
between the amplitude scattered by an atom and that scattered by a free classical
electron when all other conditions remain unchanged.

The proportionality constant between the incident electrical field E, and the
scattered field emitted by an electron is called the Thomson radius of the free
electron:

2

ro = 2.8179403267 (27) x 107 m (7.5)

4reqmc?

7.2.2 Atomic and Molecular Form Factors

The scattering vector or the wave vector transfer, see Fig. 7.2, is defined as the
difference between the incident wave vector (ky) and the scattered wave vector (k):

47 sin @
A

Q:k—koz
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Fig. 7.2 Construction of
the scattering vector, Q

Fig. 7.3 Scattering from
the electronic density
distribution

Scattered wave

Incident wave
: - /‘Eiectron density”

7.2.2.1 Scattering from an Atom

The atomic electrons can be viewed as a charge cloud surrounding the nucleus with
a density p(r). The charge at position r is then given as —ep(r)dr, where the integral
of p(r) over all space yields the number of electrons of the atom Z. To evaluate
the total scattering amplitude the charge density at dr it must be weighted with the
phase factor ¢’ € " and integrated over dr-.

The coherent (elastic) scattering amplitude caused by an atom (called the atomic
form factor f°(Q) is thus found by integrating the scattering contribution from each
infinitesimal volume element of the electron cloud (see Fig. 7.3).

£(0) = / P2 dr (7.6)

In the limit that Q — 0, all the different volume elements scatter in phase, so that
F%Q = 0) = Z. As Q increases, the individual volume elements start scattering out
of phase and the scattering amplitude decreases as a consequence f °(Q — ) = 0.

The magnitude of the atomic form factor for all common atoms and their
respective ions have been determined through measurements and calculations,
and are typically approximated through the analytical expression

4 2
70 =3 e ) e
j=1
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Where a, b, and ¢ are the so called Cromer-Mann coefficients [2], which are
tabulated for a given atom. Examples include:

C (0] F S Cu Mo
a 2.310000 3.048500 3.539200 6.905300 13.33800 3.702500
a, 1.020000 2.286300 2.641200 5.203400 7.167600 17.23560
a3 1.588600 1.546300 1.517000 1.437900 5.615800 12.88760

ay 0.8650000 0.8670000 1.024300 1.586300 1.673500 3.742900
c 0.2156000 0.2508000 0.2776000 0.8669000 1.191000 4.387500

b;  20.84390 13.27710 10.28250 1.467900 3.582800 0.2772000
b,  10.20750 5.701100 4.294400 22.21510 0.2470000 1.095800
bs 0.5687000 0.3239000 0.2615000 0.2536000  11.39660 11.00400

b,  51.65120 32.90890 26.14760 56.17200 64.81260 61.65840

The intensity of the scattering from an atom is then found as the absolute squared
scattering amplitude:

1(Q) =15 fo(Q),

where 1y is again the Thomson radius of the free electron.

7.2.2.2 Scattering from a Molecule, the Independent Atom Model

The scattering amplitude from an atom was found by integrating over the phase-
and charge-density weighted radiation emitted by each infinitesimal volume ele-
ment of the electron cloud. The same approach is invoked for the evaluation of the
scattering of molecules calculated in the framework known as the Independent
Atom Model (IAM). The scattering intensity is found as the scattering from the two
form factors, f1 and f,, weighted by the phase-difference between photons scattered
from each of the electron clouds of the two atoms.

A(Q) =f, +f,e?"

Here r is the position vector of atom 2, with atom 1 at the origin and where we
have suppressed the dependence of f on Q for clarity of presentation. The intensity
is given by the absolute square of the amplitude:

1(Q) =A(Q)A(Q)" = (f1 +£2¢'") (f1 +/>")
=FTAL H1f2607 [ ifre 0

For spherically symmetric form factors, we have < 62> orient av. =
<e 2 orient av. and the expression becomes

I(Q) :f% +f% + 2f1f2 < eiQ'r>0riem av.
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The orientational average is found by integrating r over all possible angles and
normalizing:

/eiQ"COSH sin 0dfd¢ 277:/ €'97¢0s9 5in 9de
___Jo

iQr _
<e > orient av. =

/ sin 0d0dg 4r
—iQr
_ 1 Y
( ’Q”)/,«,. e _sin(Qr)
N 2 O

Thus the orientational average of the scattering of two atoms with form factors f;
and f, is dependent on the length of the vector between the two, but not the direction
of the vector:

2f1f>sin (Qr)

Q) =fi+H+=25

This expression can be expanded to a set of atoms of any size:

2

N
< I(Q)>Urient av. =< § ] kelQArk > orient av.
k=1

=11 Ul + 261 2 4 2 e
. sin Qry sin Qrys . sin Qron
+2f \ fn—— Oriy +2fof3——— Orrs +-~~+2f2fNW~-
‘f‘2fN—1fN—SmQrN_l il

Ory_1n

Where 1y is the position vector of each individual atom and ry; is the distance
between atoms k and j. This expression yield the scattering intensity produced by the
theoretical electron density caused by the constituting atoms if they were indepen-
dent and arranged in a given (molecular) structure. The expression boils down to:

N

Q)= > P +ffi——2

iyj,k=1,k>j Q

sin Qrjy

This is the orientation averaged Debye Function. The intensity is expressed in units
of r%. Notice that there are no vector contributions to the Debye function; the input
consists only of all distances between the constituent atoms of a molecule, and their
respective form factors. From these parameters the function yields the elastic scatter-
ing intensity from a randomly oriented molecule as a function of the wave vector
transfer.
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Fig. 7.4 The CF4 molecule

7.2.3 Example CF,;Molecule

The molecular structure can be found from the NIST database [3]. The (Cartesian)
coordinates of the 4 F atoms and the C atom is (in Angstrém) (Fig. 7.4):

F 1.3071 0.0000 0.2433
C 1.0932 1.2666 0.6134
F 0.9178 1.3206 1.9375
F 0.0000 1.7310 0.0000
F2.1471 2.0147 0.2722

This gives C-F distances of ~1.34 A, and F-F distances ~2.18 A. You can get all
the ‘exact’ bond lengths from the coordinates. Notice that the molecule contains a
total of 4 C-F pairs and 6 F-F pairs. Figure 7.5 shows the molecular structure factor
for this molecule calculated with the Debye equation.

7.2.4 X-Ray Scattering Data

The primary output from the time resolved x-ray scattering (TRXS) experiments
conducted, is a 2D scattering pattern, which upon applying the appropriate correc-
tions and performing an azimuthal integration provides 1D scattering curves
displaying the X-ray scattering intensity as a function of the scattering angle 26.
The scattering images are recorded using a position-sensitive, detector. There are a
number of different detectors available. Some main groups are listed below, and
typical detectors can belong to more than one of the groups above, e.g. the PILA-
TUS is of type (4) and (5), while a MAR CCD 133 is of type (3) and (6).
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(1) Gas detectors, typically with delay line readout

(2) Multi-channel plate detectors

(3) Optically coupled. Often with a fibre optics connecting a (large) fluorescent
screen to a (smaller) CCD chip.

(4) Direct detection, where the x-rays are absorbed directly in the semiconductor
chip. These devices often include special features such as deep depletion layers
to increase efficiency.

(5) Single photon counting area detectors

(6) Integrating detectors

It is possible to device schemes for time resolved scattering that takes advantage
of the various detectors’ particular strengths. For example an integrating detector
can be used to collect many pump-probe events directly on the CCD chip, reducing
the demands on data bandwidth, processing and storage, while a single photon
counting detector provides very low readout noise [4].

7.2.4.1 Taking Images

The x-ray scattering images are typically recorded in an alternating sequence of
laser-on/laser-off images in order to minimize the effects of drift in beamline
components and other slowly varying phenomena, such as variations in the
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Fig. 7.6 Illustration of the different corrections needed. The liquid absorption is calculated for
normal incidence on the liquid sheet
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synchrotron X-ray intensity (due to changes in ring current). If possible, the “laser-
off” images are often acquired by recording the scattering signal from a “probe-
pump” cycle with the laser pump-pulse arriving a long time (e.g. 3 ns) after the
X-ray probing event. This helps to minimize long-term side effects arising due to
laser exposure.

7.2.4.2 Image Correction and Data Processing

Several corrective steps are applied to the recorded data before any structural
analysis can occur. These include notably:

« Flat field corrections (calibrate the response of the pixels to an x-ray photon)

e Dark-current (corrections for the detector response in the absence of any x-rays
hitting it).

» Absorption in the phosphor (type 3 detector) or active region of a direct detection
chip (type 4). If the x-rays are not completely absorbed in the detector, e.g. when
using high energy, the amount absorbed depends on the path length of the x-rays
through the detection medium. This will vary as a function of angle of incidence
of the x-ray beam on the detector surface.

» Absorption in the sample. This depends on the path length through the sample.
E.g. for perpendicular incidence on a liquid sheet, higher angle scattering will
have to penetrate further through the sample than low angle scattering. The
absorption in the sample can be substantial at lower x-ray energies or in case the
x-ray energy is close to an absorption edge.

« Polarization. Due to the horizontal motion of the electrons in undulators, the
electromagnetic radiation produced is close to fully horizontally polarized. This
necessitates an anisotropic polarization correction of the scattered intensity.

¢ Space-angle coverage, as the space-angle dQ “observed” by each pixel
decreases with increasing scattering angle.

Examples of how to calculate corrections factors can be found in the literature
[5]. Illustrations of some of the corrections and how they can vary over a 2D
detector image are given in Fig. 7.6.
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7.2.4.3 Data Reduction and Scaling

The corrected images are subsequently integrated azimuthally and converted to 1D
scattering curves, displaying the scattering intensity as a function of the scattering
angle 26 or as function of the scattering vector, g.

A number of effects will cause variations in the scattered intensity from image to
image acquired. At synchrotrons, the number of electrons in the storage ring
decreases every orbit, and at X-ray Free Electron Lasers, the beam intensity can
vary substantially from shot to shot due to the stochastic nature of the emission
process. Along with equipment drift and fluctuations in the sample, which is not
uncommon for liquid-sheet setups, this implies that scattering curves must be brought
to a common, ideally absolute, scale before further processing can take place.

This can be achieved by scaling the scattering curves to the absolute (coherent +

incoherent) theoretical scattering intensity from one “liquid state unit cell”. This
unit cell corresponds to the stoichiometry of the smallest scalable volume of a given
solution. The choice of the liquid unit cell as the fundamental unit for scaling, as
well as for analysis, enables extraction of relevant analytical parameters, such as
molar fractions of excited states, changes in temperature and density of the solution
etc. For a 10 mM solution of the PtPOP compound (See below), the unit cell would
contain 5,550 water molecules, 2 Pt atoms, 8 P atoms, 20 O atoms, 8 H atoms and
4 K atoms (the counter ions to the PtPOP tetra anion). Scaling is performed over an
interval in the high-angle scattering region where the incoherent scattering contri-
bution is dominating, and the scattering signal is relatively insensitive to intensity
variations attributed to possible changes in molecular structure.

It is possible to minimize the influence of molecular structural change, by
performing the scaling around an isosbestic point — a zero point in the difference
scattering signal — identified by performing a fast pre-analysis over a larger interval.
For scattering at lower energies, where the maximum recorded scattering vector
Oway 1s usually smaller, this procedure becomes increasingly important.

7.2.5 The Difference Scattering Curves

The difference scattering signal is constructed by subtracting the scattering signal
of the non-excited sample solution (5" ~ %), from the scattering signal of a laser-
excited sample (8"~ °"). As previously mentioned, consecutive images are not
necessarily recorded with the same intensity and are subject to variations in
experimental conditions. These effects can be minimized by collecting laser-on
and laser-off images in an alternating fashion, and then use the average of two
neighboring laser-off signals for subtraction. In a collection of images labeled
according to their recording sequence, the laser-on image n would be bracketed
by laser-off images n — 1 and n + 1 respectively, and the difference signal would

laser—off laser—off
be found as AS(26) = §(20)/5 " — S0t “TSC
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Fig. 7.7 (a) Pair of On/Off scattering curves scaled to the calculated scattering from a “liquid unit
cell” (see text) and the corresponding difference signal AS(26). The red scattering curve has been
offset and the difference curve has been offset and scaled for clarity. (b) Average of 45 individual
AS(26), obtained in a single experiment, along with the estimated noise level ¢(26)

but more intense beams and faster detectors can allow for different and faster
acquisition schemes. Figure 7.7a shows an example of a difference scattering
curve based on a single On-Off repetition for a single time delay (100 ps).

In order to reduce noise, it is common to repeat the data acquisition sequence
between 10 and 50 times and it has proven crucial for our work to develop a robust
method for rejecting outliers in such sets of AS(20) -curves. These outliers often
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arise due to unstable jet conditions and/or precipitates formed in the investigated
solution- state systems and manifest themselves as having e.g. increased or
decreased intensity at high- or low scattering angles or through diffraction rings
giving rise to sharp peaks in the difference curves. Further effects such as rapid
fluctuations in air background scattering or variations in FEL pulses can also
contribute to generate outliers. In the course of the data pre-analysis, these
are removed based on a point-by-point application of the unbiased Chauvenet
criterion [6]. Individual difference curves are excluded from the averaging process
if more than 2.5 % of the points on a curve fail this criterion, which has been
observed for up to 5-10 % of the curves, depending on the details of the experiment.
Figure 7.7b (top) illustrates an average curve based on 45 such repetitions for the
same time delay.

The noise level for each point on an averaged AS(20)-curve can in principle be
estimated from the knowledge of the detector counts on each pixel and applying the
laws of error propagation to each subsequent data analysis step. However, this is in
practice an unwieldy process, for which reason we use a more robust and straight-
forward method, first introduced by Dent et al. in an EXAFS application [7]. It is
based on the observation that the information containing part of the signal has
low-frequency oscillations on top of which high-frequency noise is superposed. By
this method of error-estimation, a low-order polynomial is fitted to the data points in
a narrow interval around each data point and the standard deviation estimated from
the set of residuals in this interval. It is found, that in the present case an interval
length of 20 points and a 2 order polynomial fit are able to accurately capture the
highest frequencies contained in AS(26) and the resultant calculated o(26) are
shown as vertical bars in Fig. 7.7, bottom and insert. The angle dependence of the
noise reflects the complex interplay between scattered intensity, number of pixels
and pixel efficiency, the latter related to variations in the beam interaction length
with the active material in the detector as a function of angle.

7.2.5.1 Components of the Difference Signal

Having now acquired the scattering signals and performed a series of corrections
followed by accurate scaling and calculation of the measured difference signal
ASyeas, the obvious question is: What gives rise to this signal?

Considering the microscopic processes in play, it is obvious that part of the
signal may arise from structural changes in the photo-excited solute

ASsoiute = Son — SOjf = [aSOn + (1 - a)SOﬁ‘] - SOﬂ = a(SOH - SOﬁ) (77)
where o is the excitation fraction an So and Sq, is the scattering signal from,

respectively, the ground-state structure of the molecule in question and the
corresponding excited-state structure.
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A second contribution arises from changes in the bulk structure of the solvent.
The changes in scattering are due to changes in the three hydrodynamic parameters,
density (p), temperature (T'), and pressure (P). As described in detail in Reference
[8] only two of these are needed to accurately describe the related difference signal
ASgo1ven: and most often one considers the temperature T and density p

0AS
ASsorens = AT ——
Solvent a7

ass

+ Ap Ry

2,

The two components of this signal AS(AT,Q) and AS(Ap,Q) can be estimated
either from Molecular-Dynamics simulations or measured in separate experiments,
with the latter showing the best performance [8, 9].

The third contribution to the signal is due to changes in the solvent-solute pair
correlation functions. These changes can arise from changes in the number of
solvent molecules in the first solvation shell and/or from changes in the coordina-
tion of these molecules. While this solvent-shell contribution ASggjute-solvent tO the
difference signal is of very significant scientific interest it is also hard to quantify,
and only in recent years have researchers begun to address this contribution
directly.

In summary, the acquired difference signal is the sum of three contributions

ASMeamred = ASSolute + ASSnlvem + ASS()[M[E*S()[V(%H[?

with the last contribution most often referred to as the solvent-shell term or the
solute-solvent cross term. While important, it is beyond the scope of this text and
we will only briefly consider it below.

7.3 Understanding the Data

The difference signal AS derived from the raw scattering data as described above is
the starting point for the actual analysis. As described in Haldrup et al. [10], this
slowly-varying oscillatory curve in Q-space contains all of the experimental infor-
mation available from the experiment, but this is not sufficient for an ab-initio
derivation of the structural change due to the laser pump pulse. For simple molec-
ular systems like C,Hyl,, a Fourier sine transform (thus recovering a real-space
representation of (changes in) the electron density) of the difference signal may
directly yield clues to the underlying structural changes, although such AS(R)
curves must be interpreted with significant care [11]. As an alternative, one may
fit a set of simulated difference curves arising from a (potentially very large)
number of putative structural changes to the experimental data. From the quality
of the fit the (relative) likelihood of any of the proposed structural changes actually
explaining the observed data can be evaluated. This model-comparison approach is
described in detail in the following sections.
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7.3.1 What’s in a “Fit”?

They deem a fit acceptable if a graph of the data “looks good”. This approach is known as
chi-by-eye. Luckily, its practitioners get what they deserve.

Numerical Recipes, W. Press et al. [12]

The conceptual idea of model-fitting is very well described in the “Numerical
Recipes” series of reference textbooks [12]. At the end of the day, it comes down
to a quantitative way of asking “exactly how well does this particular model explain
my data, given that my data are contaminated by this much noise”. This question is
answered by the y*-measure defined as

XN: xupl pM))z/(N_M)

i=1 1

Where the set of y;’s is our measured data at points x;, y;(x;) is the (dependent) data
predicted by our model function with parameters p; ... pys calculated at the set of
points in the (independent) vector x;, corresponding to e.g. the Q points for which
scattering data has been measured. o; is the standard deviation calculated at each
point by, for instance, the deviation from a locally smooth function [10] or by error
propagation. N is the length of x and M is the number of free parameters p; _ »; in
the model. In many cases it is beneficial to transform the y2-measure to a
Likelihood-estimate L o exp(—;(2/2) [12] as this may ease the interpretation of
the analysis results as discussed below.

7.3.2 Non-structural Fits

The simplest class of fits in time-resolved structural studies arises in cases where
one has solid prior knowledge about the possible structural changes occurring in the
sample solution. For instance, if both the ground- and excited state structures have
been previously determined or if trustworthy calculations of these structures exist,
one can simply calculate the expected (solute) difference signal and then assume
that the full calculated difference signal ASc, is the linear combination of solute
and bulk solvent contributions

ass
op

OAS

ASC(IIL - aASSolute + AT —— aT

+ Ap

T

In these cases, all the powerful tools of linear algebra can be brought to bear on
the problem and finding the best-fit solution that minimizes |ASyeas. — AScaicl as a
function of (a, AT, Ap) is often straightforward using tools such as Matlab. This
approach was taken in the recent analysis of Fe(bipy); data acquired using MHz
pump/probe repetition rates [13], and offered clues to how the solvation shell of the
molecule changes following photo-excitation, see below.
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Fig. 7.8 Schematic
depiction of the photo-
induced bond formation and
Pt-Pt contraction in
Pt,[POP]4 in solution

7.3.3 Finding the Excited-State Structure by Fitting Models
to the Difference Signal

Whereas non-structural fits as discussed above may at times yield interesting
information, one is more often interested in obtaining direct information about
the structural changes due to the excitation event. In these cases the structure of the
molecule itself becomes a fit parameter. However, as discussed in detail in refer-
ence 8 and below, the information-poor nature of the signal in solution-state studies
precludes fitting more than a few structural parameters or else run the significant
risk of over-fitting and maybe over-interpreting the data.

As a starting point, consider the Pt,[POP], molecule shown in Fig. 7.8. Early
optical measurements strongly indicated that the dominant structural change upon
photo-excitation is a 0.2-0.3 A contraction of the Pt atoms along the Pt-Pt axis, but
a single article utilizing us-resolved XAFS indicated that this contraction might be
accompanied by a very large (0.5 A) contraction of the phosphorous end-planes
[14]. For our 100 ps time resolved investigations using X-ray scattering [15], we
therefore chose to “structurally fit” the Pt-Pt distance (dpwpy) and the Ppjane/Ppiane
(dpppp) distance to our experimental data.

On a practical level, this was done by automatically generating a grid of 1,066
molecular structures, systematically varying dpp, from 2.5 to 3.0 A and dpppp from
2.5 to 3.3 A in steps of 0.02 A. As a structural starting point we chose a
DFT-calculated structure [16] with dpp, = 2.98 A based on a quantitative compar-
ison among several DFT- and crystallographically derived structures, benchmarking
their expected ground-state scattering signal against a steady-state dataset. As each
of the putative excited-state structures will correspond to one particular shape and
magnitude of the difference signal, it is possible to quantitatively compare the model
results with the experimentally determined difference signal.

o 2
)(2 (dPtPt»dePp, a, AT, Ap) _ Z (ASCalC(Q) AfMeas.(Q)) /(N _ 5),
0 o(Q)

AScac = alS(dppr, dpppp, Q) + AT 6A;T(Q) AT aAgp(Q)

P

T
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Fig. 7.9 Likelihood distributions from the structural fits of ASppop+(At = 100 ps). The most-
likely structural change is observed from Panel D to be a contraction of the Pt atoms of 0.23 A
along the Pt-Pt axis with no contraction of the P end-planes

For simplicity, we now disregard the solvent contributions, although significant
information about the energy redistribution in the system may be learnt from, in
particular, the temperature increase AT. Thus reducing the dimensionality of the
problem, the likelihood-estimator becomes a function of three variables, L(a, dpp;,
dePp)-

Figure 7.9 shows the 2D projections of the likelihood-distribution onto the three
sets of parameter axis, as well as the 1D projections onto the (combined)
dpppp/dpip-axis. From the latter plot it is very evident that the most-likely value
for the excited-state Pt-Pt distance is 2.75 A (0.23 A contraction) and for the
distance between the phosphorous end-planes, the most likely excited-state distance
is seen to be 2.92 A (No significant contraction). The calculated difference signals
ASc,. for this most-likely structure for the 100 ps and the 1 us time steps are shown
super-imposed on the measured difference signals ASye, in Fig. 7.10.

Returning to the 2D contour maps of the likelihood distributions in panels A-C,
the contour lines enclose (inner to outer) 65, 95 and 99.7 % of the likelihood
distributions, corresponding to 1-,2-, and 3-¢ joint confidence intervals of the
parameter-pairs in question. For the 1D projections in panel D, the confidence
intervals can be similarly constructed to include such particular fractions of the
likelihood distribution. This intuitive way of constructing confidence intervals is a
pleasing aspect of using the likelihood formalism, and is equivalent to the Ay’-
method where one considers projections of iso-Ay? surfaces as discussed in detail in
Numerical Recipes [12] and from an experimental point of view in Jun et al. [17].
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Fig. 7.10 Measured (open circles) and calculated (black lines) difference signals for PtPOP* at
At = 100 ps and 1 ps

At this point it should be mentioned, that simply calculating the expected
difference signal for each and every combination of the chosen structural parame-
ters is in some sense a brute-force approach. This is perfectly feasible when the
CPU-cost of calculating the difference signal is comparatively low, as it is for
medium-sized molecules and using the Debye-formula introduced above. However,
for large molecules with many hundreds of atoms or when more sophisticated
calculations are needed, the brute-force approach may become prohibitively time
consuming. One recently developed method for handling such situations relies on
the observation that the scattering signal is a slowly varying function of the
structural parameters. Thus, a polynomial interpolation between more sparsely
distributed points in the chosen structural space can be utilized to lower computa-
tional cost, while still retaining good structural resolution. This has been
implemented for XAFS-analysis by G. Smolentsev et al. [18], but the method is
readily generalizable to also X-ray Diffuse Scattering.

7.3.4 Fundamental Limitations and Use
of Complementary Information

Whereas diffraction patterns with sometimes many thousands of reflections can
allow researchers to back-transform the diffraction data and derive the relative
position of thousands of atoms in complicated proteins, the information content in
diffuse scattering patterns is very much less and does not allow such ab-initio
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structure determination. Still, the shape (and magnitude) of the difference signal
contains enough information to allow quantitative model comparisons as discussed
above, but the question arises: How many structural parameters can be estimated
this way, without over-fitting the data? This is discussed in some detail in [10]
and in particular the references therein, and one pertinent result is that an acquired
scattering signal with Q-range AQ contains a maximum number of “relevant
independent points” M given by

-9 AQDMaX

M ,AQ = QMax - QMin

Where D, is the maximum size (in A) of a particle/molecule considered. The
form of this expression makes intuitive sense, as a larger real-space size of the
system in question will lead to faster-varying curves in Q-space and it also appears
evident that for slowly-varying signals as the ones presented here, one does not
obtain more information simply by increasing the number of pixels on the detector
or Q-points in the azimuthally integrated signal. The individual AS(Q) data points
are not truly independent measurements as it is, for instance, not equally likely for
two neighbouring AS(Q) points to have the same or opposite sign. Another way to
phrase this is to say that AS(Q) is heavily oversampled, as we typically have ~500
AS(Q) values, but only 20-30 relevant independent points. From further consider-
ations of these issues [10], it can be demonstrated that at most about ten structural
parameters can be estimated from a typical difference signal, and in practice often
less. On a hands-on level, this is often made evident when including more (too
many) free parameters in the analysis leads to significant increases in the uncer-
tainty estimates for each parameter.

One way to overcome such limitations and to constrain the uncertainty on the
investigated structural parameters is to include complementary information in the
analysis. Quantitatively, this transforms the projections/sums along p; in L(p;)-
space to transections, as schematically illustrated in Fig. 7.11. Qualitatively this
is easily understood, as now not all values of the externally constrained parameter
are “equally likely”. Instead, all values outside some interval around the measured
value of the constrained parameter are set to have zero likelihood.

7.4 Selected Results from Ultrafast Solution-State
X-Ray Measurements

7.4.1 Bimetallics

The series of ligand-bridged transition metal compounds commonly denoted
M;[bridge]4, where M = Pt, Ir or Rh has attracted much attention from the
photo-chemistry community since the early 1980s [19, 20]. From optical
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spectroscopy, it was established that photo-excitation could lead to the promotion
of one electron from anti-bonding do* orbital to a bonding pe located between the
two metal centers. This change in electronic structure was surmised to be accom-
panied by a significant structural change, a prediction directly confirmed for the
same prototypical photoactive compound as discussed above, Pt,[POP]4, by a time-
resolved crystallography study in 2002 [21]. In this pioneering study, low temper-
ature (17 K) was utilized to extend the excited-state lifetime into the regime
accessible by the 33 ps X-ray pulses used for those experiments.

In the Centre for Molecular Movies, we have been primarily interested in intra-
molecular structural dynamics when they take place in solution, the native envi-
ronment for most chemical reactions and almost all biological ones. In late 2008 we
could report the first-ever direct determination of the excited-state structure of
PtPOP* in solution [5], using the methods outlined above. In 2009 and 2010 we
supplemented these results with structural investigations of the TIPtPOP* [22] and
AgPtPOP* [23], short-lived excited-state complexes (exciplexes) formed between
the excited state of PtPOP* and metal ions.

One particular complication in the analysis of such time-resolved data sets is
which ground-state structure to use in the calculation of the difference-signal
Eq. 7.7. Several different structures of PtPOP had been reported in the literature,
mainly from single-crystal structure determinations but also from theory. To keep
as close a connection to our experiment as possible, we chose one of these
published structures based on a direct comparison of calculated scattering with a
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Fig. 7.12 Top panel shows the structural changes in Ir;[dimen], upon photo-escitation and the
consequent difference signals. Structural analysis revealed the presence of two ground-state
structures, differing significantly in dyy. Following photo-excitation to the excited state, both
isomers have the same, but much shorter, metal-metal distance

steady-state scattering measurement of a concentrated solution of PtPOP. A recent
theoretical study [24] incorporating solvent effects confirmed this to be a good
choice of ground state for the PtPOP* and TIPtPOP* investigations, but indicated
some discrepancies for AgPtPOP*, possibly due to ground-state association.

Another approach to the challenge of estimating the ground state structure is to
include it explicitly in the fitting routine. This was the method of choice in our study
[25] of Ir,[dimen], (Fig. 7.12, top) where deformational isomerism leads to the
presence of not one but two co-existing ground-state structures in solution, with
Ir-Ir distances of 3.6 and 4.3 A. However, our structural analysis showed that in the
excited state both of these structures have the same Ir-Ir distance, 2.90 +/— 0.02 A
as schematically depicted by the likelihood-plots in Fig. 7.12, lower panel.

7.4.2 Fe(bipy); at APS

In addition to their interesting photochemical properties, the compounds discussed
above were also chosen for the very large scattering power of the metal centres Pt
(Z = 78) and Ir (Z = 77). In combination with the significant changes in metal ion
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Fig.7.13 Collage illustrating the three different types of data acquired in one experiment by using
MHz pump-probe repetition rates at APS Sector 7. The molecule under study was Fe(bipy)_3 in
water, a prototypical spin-crossover compound. By including X-ray Diffuse Scattering we were
able to detect an ultrafast change in the solvent density (lower right, blue points) upon photo-
excitation of the solute. Theory suggests a direct relationship between this macroscopic observa-
tion and the microscopic process of structural changes in the solvation shell

positions, this led to very strong difference signals (Fig. 7.12, top), despite the three
orders of magnitude decrease in usable X-ray intensity for Time-Resolved studies
that is due to the mismatch between the repetition frequency of the synchrotron
X-ray pulse train (MHz) and the optical laser pulses (kHz). The recent availability
of MHz rate laser systems [26, 27] with sufficient average power in combination
with gateable area detectors [28] has allowed us to overcome this limitation for
scattering studies and we and our collaborators have recently demonstrated full
feasibility of 3.26 MHz repetition rates [13], thus essentially utilizing the full
intensity of third generation synchrotron sources for time-resolved scattering stud-
ies. Taking advantage of this very large increase in available X-ray flux on the
sample, we investigated the prototypical, but only weakly scattering, spin-crossover
compound Fe(bipy); in aqueous solution at APS Sector 7. Following photo-
excitation, this compound exhibits both a large change in electronic structure
(from 'A; to °T,) as well as significant change in Fe-N bond length. These
dynamics have been well characterized using time-resolved X-ray Absorption
Spectroscopy as well as conventional optical spectroscopy, but never by using
solution-state scattering and only superficially by X-ray Emission Spectroscopy,
despite the latter probe’s excellent sensitivity to spin states. The relevant interaction
cross sections were simply too low for such investigations.

Figure 7.13 shows in schematic form how we combined three different mea-
surement methods (XAS, XES and scattering) in one experimental setup. The S/N
obtained for these data sets allowed us to carry out a detailed analysis, and as shown
in lower-right plot we were able to determine an unexpected, transient increase in
the bulk solvent density. In the analysis of this experiment, we relied on previous,
detailed measurements [29] of the structure of HS Fe(bipy); and thus we could
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keep the structure constant, varying only excitation fractions and bulk-solvent
parameters (changes in temperature AT and density Ap). Thus rendering the
problem as a simple minimum-search min{ ;{2((1, AT, Ap)} and using the inbuilt
minimization methods of Matlab, this led to fast turnover in the analysis process.
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Chapter 8
Single-Crystal to Single-Crystal Solid-State
Photochemistry

Menahem Kaftory

8.1 Introduction

Understanding the mechanism of a chemical reaction is fundamental for the
understanding of chemistry. Determining the structure of reacting molecules during
a reaction is a major factor in exploring the mechanism of a process. There are,
however, two drawbacks in the study of the structures of the reacting species during a
chemical reaction when it is carried out in solution. The first is the absence of a
method for determining the structure to the level of atomic resolution, and the second
is the short time a reaction may take to go to completion. The best method for
structure determination is X-ray diffraction, however, the limitation is that it is being
used for crystalline materials and the time for data collection is few orders of
magnitude longer than the reaction time for the majority of chemical processes. In
order to overcome these obstacles one is limited to the study of reactions that take
place in the solid and to shorten the time of measurements. While many reactions are
known to take place in the solid-state the time of measurements are still longer than is
needed to follow structural changes during reaction processes. Much progress was
achieved in recent years to shorten the time of data collection and I leave this subject
to the experts in the field. I would like to describe examples of structurally monitoring
photochemical solid-state reactions which hopefully will be reinvestigated in years to
come when the goal of very fast data collection has been achieved.

Most of the known and best studied solid-state photochemical reactions are those
involving crystals containing pure photoreactive molecules. However, almost all of
the reactions taking place with a deterioration of the crystal. This fact limits the
monitoring of the structural changes as a result of a reaction. The product has to
be recrystallized and only then its crystal structure can be determined. As a result,
the structural information from the actual reaction is lost, partially or completely.
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One has to speculate on the events during the reaction and one can miss some of
them. In contrast, solid-state reactions that undergo single-crystal to single-crystal
(SCtSC) transformations are rewarding. In the era of photochemical reactions
special experimental criteria were proposed for SCtSC reactions to occur [1, 2].
Irradiation of the crystalline sample at a wavelength that is close to the tail of the
absorption band enables a SCtSC reaction to proceed successfully. However, in
most cases the single crystal did not survive intact and resulted polycrystalline
material.

The main reason for the limited number of examples undergoing topotactic
photochemical reaction is that any substantial structural change experienced by a
reactive molecule in the crystal will affect the neighbouring molecules undergoing
the same structural variation and result in a local disorder. We may compare it to a
crowd of people walking on a sidewalk in one direction and suddenly a few
pedestrians change direction, this immediately will cause a disorder in the crowd.

A general method by Enkelmann [1, 2] describes the induction of a homogeneous
photochemical reaction (SCtSC) by irradiating the crystal with light at a wavelength
corresponding to the chromophore’s absorption tail. This method enables monitoring
structural changes during photoreactions. It may also provide another means by
which new polymorphs of the product can be obtained [2]. However, in most cases
if the photochemical reaction is executed on the pure light-sensitive compound,
the reaction does not proceed to full conversion before the crystal disintegrates.
Therefore, monitoring of the reaction process is very limited.

It has been demonstrated recently [3-8] that in co-crystals composed of light-
stable host molecules and light-sensitive guest molecules the photochemical reaction
may proceed to completion with the preservation of the integrity of the single-crystal.
If the host molecules provide topochemical conditions required for mono or bimo-
lecular reactions and the guest molecules are photochemically active, regio- and
stereo-selective reactions are anticipated [9—11]. If the host molecule is chiral, it
induces chirality into the space where the guest molecules react and as a result
enantio-selective reactions take place [12—15]. Therefore, inducing photochemical
reactions in co-crystals proved to be a unique method for synthesizing a large variety
of compounds [16]. The volume of space available for the guest molecules deter-
mines whether the reaction will be heterogeneous or homogeneous. In cases where
the size of the reaction pocket is large enough to accommodate the substrate and the
product (not simultaneously), the reaction is expected to be homogeneous.
This volume is also called “reaction cavity,” originally introduced and developed
by Cohen to describe reactions in crystals [9]. This model has been further developed
by Weiss et al. [10], for performing photochemistry in co-crystals systems.

The advantages of performing photochemical reactions in co-crystals compared
with carrying the photochemical reaction in the neat solid reactive compound are
the following:

1. the dilution and the separation between potentially photochemical active molecules
enables structural variation with no interference from molecules of the same kind,
and this will lead to homogeneous reaction.
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2. by changing the light-stable host molecules it is possible to identify the system
where the reaction will be topotactic, and this also gives the opportunity to
study the effect of different neighbouring molecules on the reactivity of the
light-sensitive guest molecule.

3. replacing the host molecules may affect the conformation and the geometry
of the reactive molecular target and may provide valuable data for the under-
standing of the reaction mechanism.

4. it reduces the number of photons required to achieve a certain amount of
conversion.

5. it provides the ability to engineer templates for carrying out special synthesis.

In the next sections we will show examples of SCtSC photochemical reactions
that will demonstrate the advantages in using co-crystals as the chemical environ-
ment for the understanding of photochemical reactions.

8.2 Experimental Setting

In the examples given below the following experimental conditions were used:

Irradiation: A single crystal was irradiated either with UV LED in the range
350-390 nm with the maximum of 365 nm set to 95 mW or with the third (355 nm)
harmonics of a circularly polarized pulsed Nd:VO4 laser. The laser was set to pulse
width of 35 ns and 10 kHz. The average power was less than 1 mW for a spot with a
diameter of ~1 mm. The crystal revolved while it was exposed to the light.

X-Ray Crystal Structure: X-Ray diffraction intensities were measured either
with Kappa CCD Nonius Diffractometer or with a Bruker Smart APEX2 CCD
diffractometer installed on a rotating anode source (Mo-K,, 4 = 0.71073 A) and
equipped with an Oxford Cryosystems nitrogen gas flow apparatus. Diffraction
intensity data were measured before irradiation and after each cycle of exposure.
The transformation from a single-crystal to single-crystal took place with no
significant effect on the quality of the crystal or on the diffraction intensities and
mosaicities.

The crystal structure at each stage was solved by direct methods (SHELX97).
All non-hydrogen atoms were refined anisotropically. The positions of the
hydrogen atoms were located in difference Fourier maps and refined by riding on
their parent atoms.

The refinement of the crystal structure that includes the unreacted guest mole-
cules and the partially produced product was carried in a similar procedure as used
above, however the occupancy factor of the atoms of the unreacted molecules and
the product molecules was refined. At lower and higher conversion, the atoms of the
minor species were refined isotropically, at conversion closer to 50 % both
unreacted molecules and the product molecules were refined anisotropically.



118 M. Kaftory
8.3 Chiral Discrimination [17]

1-Methyl-5,6-diphenylpyrazin-2-one (1) crystallizes in two modifications, one of
which is light-stable and the other light-sensitive. The light-sensitive modification
is known to undergo photodimerization in the solid state (Scheme 8.1). The product
can be one of the four isomers shown, depending on the relative arrangement of the
reacting pairs.

This polymorph crystallizes in the monoclinic space group P2; with two
crystallographically independent molecules in the asymmetric unit. The molecules
are packed in stacks running parallel to the unique b axis. The two independent
molecules are arranged alternately along the stack. In principle, there are two
different pairs of molecules within a stack that can undergo photodimerization,
and each should form a different enantiomer (Scheme 8.2).

A large crystal was irradiated and a solution of the product was separated by
HPLC. The optical purity of the (+)-enantiomeric sample was estimated to be
greater than 90 %. This finding indicates that only one of the two pairs undergoes
photoreaction. The structure of a single crystal of the pyrazinone was elucidated by
X-ray diffractometry before and after irradiation with a laser at a wavelength of
488 nm and the conversion was found to be 19 %. The results of the crystal-
structure determinations provide additional evidence that only one of the two pairs
of molecules undergoes photodimerization although there are no significant differ-
ences in the distances between the reacting centres. Furthermore, the latter results
suggest that weak hydrogen bonds are a dominant factor that determines which of
the two pairs is dimerized upon irradiation (Fig. 8.1.). Indeed, the produced
enantiomer is the one formed by dimerization of the pair of molecules held by
closer hydrogen bonds shown in Fig. 8.1.
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Scheme 8.1 Different isomers that might be obtained from the [4+4] photodimerization of
1-Methyl-5,6-diphenylpyrazin-2-one (1) in the solid state
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8.4 Ring Closure [18]

Six inclusion compounds containing a photoreactive guest molecule, 4-oxo
(phenylacetyl)morpholine or 1-(phenylglyoxylyl)piperidine, with different host
molecules have been crystallized. The guest molecules underwent photochemical
reaction upon irradiation. Examining their structures suggests that a-hydrogen
abstraction by oxygen, the first step in cyclization of a-oxoamides, should be
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Scheme 8.3 Two different ways that the cyclisation of morpholine can occur when embedded in
different host molecules

possible in all cases. In four cases crystallinity was maintained during and at the end
of the conversion process i.e. the process was a single-crystal to single-crystal
transformation. The crystal structure of the product crystals revealed that in two
of the inclusion compounds the product obtained is a result of formation of a four-
membered ring while in the other two the product obtained results from formation
of a five-membered ring (example in Scheme 8.3).

It was found that the morpholine molecules adopt two different conformations
which lead to the two different ring-sizes in the product. The photochemical
reaction may take different pathways either as a result of the different conformation
or as a result of the different shapes of the cavities provided by the host molecules.
The differences between the conformations of the two guest molecules that lead to
closure to either 4 or 5-membered ring is shown in Fig. 8.2.

8.5 Unexpected Events [19, 20]

The best demonstration of the advantage of using co-crystals composed of light-
stable host and light-sensitive guest molecules for single-crystal to single-crystal
photodimerization is given next. In the following examples we will show that water
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molecules can penetrate into the crystal in an ordered fashion without changing the
crystal integrity. It will also be shown that molecules can flip in the crystal with
preservation of the single-crystal entity. These observations could not have been
detected if the transformation was not of the SCtSC type.

Three co-crystals of the light-stable compound 1,1,6,6-tetraphenyl-2,4-hexadiyne-
1,6-diol (I) with light-sensitive molecules 2-methyl-2(1H)-pyridinone (a), 6-methyl-
2(1H)-pyridinone (b) and 1,2-dimethyl-2(1H)-pyridinone (c¢) (Scheme 8.4) were
exposed to UV light.

Due to the ability to monitor the structure after different periods of irradiation time,
it was found that crystals of I-a underwent physical and chemical changes. During the
photodimerization the molecules undergo rotation by ca. 180° (flip), moreover, after
full conversion was reached an ordered pattern of water molecules have been detected
which form hydrogen bonds and the unit-cell volume was tripled. After standing in
the open air for few weeks, the water molecules leave the crystal and the crystal
remains intact. The variation of the structure of the guest molecules is shown in
Fig. 8.3. The light-sensitive molecules in crystals of I-b are disordered in 85/15 %
ratio. The disordered molecules are related to each other by a pseudo 2-fold axis. The
light-sensitive molecules are arranged is pairs that are related to each other by
inversion centres. Of these pairs, the proximity of the reactive atoms that meet
Schmidt rule [21] is detected only between molecules with the minor occupancy
(15 %). However, the photodimerization goes to full conversion. The reason is that the
pairs of molecules with major occupancy (85 %) undergo rotation by ca. 180° (flip)
and then photodimerize. We showed that the flip takes place also upon heating
the crystal. Measurements of the dependence of the occupation of the disordered
molecules with temperature revealed an estimate for activation energy of the flip of
9.72 kJ/mol. The flip was rationalized as an equilibrium effect. After full conversion
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Scheme 8.4 The products of solid state photodimerization of four isomers of substituted
pyridones in co-crystal with 1,1,6,6-tetraphenyl-2,4-hexadiyne-1,6-diol (I)

was reached, water molecules penetrated the crystal and are arranged in an ordered
fashion forming hydrogen bonds causing doubling of the unit cell volume. After
standing in the open air for few weeks, the water molecules leach out and the crystal
remains intact. The variation of the structure of the guest molecules is shown in
Fig. 8.3.

Crystals of I-c¢ include disordered light-sensitive molecules in 50/50 % ratio. In a
similar way as found in I-b, only one pair of molecules meet Schmidt’s rule.
However the photodimerization goes to completion. The meaning is that molecules
of the “wrong” relative geometry undergo the flip. The variation of the structure of
the guest molecules is shown in Fig. 8.4. Water molecules do not penetrate into the
crystal. This can be explained by the absence of free hydrogen acceptors and donors
in the crystal as a result of replacing N-H by N-Me in the guest molecule.



Fig. 8.3 Variation of the
structure of the guest
light-sensitive molecules
at different stages of the
photodimerization in I-a
(left) and I-b (right)
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Fig. 8.4 Variation of the structure of the guest light-sensitive molecules at different stages of the
photodimerization in I-c, before irradiation (top), at full conversion (botton)
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8.6 Kinetic Measurements [22]

Single-crystal to Single-crystal transformation allow kinetic data to be obtained.
The crystal structure is monitoring after different periods of illumination. The
occupancy factor of the product dimer at the different time periods is then obtained
from the refinement of the crystal structures. These data can be analysed using the
JMAK [23-26] equation:

conversion = 1 — exp(—k#") (where conversion = 1 — occupancy factor)to describe the
mechanism of crystal growth.

This equation was used as a model for the kinetics of phase transitions involving
nucleation and growth mechanisms. In the equation, “conversion” is the fraction of
the dimer, ¢ is the exposure time, & is the constant of the growth rate, and » is the
Avrami exponent that shows the dimensionality of the growth. When n = 2, 3, or
4 the dimensionality of the growth is 1, 2, and 3, respectively. When n = 1 it means
that the reaction is homogeneous with equal probability to occur in any region of
the sample.

In order to understand the mechanism of the reaction and growth of the product,
a single crystal of I-a was illuminated and checked periodically to establish the
progress of the conversion.

Figure 8.5 shows the fraction of the photodimer produced (expressed in term
of conversion) by the irradiation of a single crystal of I-a with 355 nm UV-LED.
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Fig. 8.5 Plot of the fraction of the light-sensitive molecules of I-a as a function of the irradiation
time at room temperature. The data points (black squares) are the refined occupancy factors, and
the line is a fit using the equation and the parameter shown. The time scale is based simply on
fluence of the Xe-light and are not an absolute property of the sample
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Fig. 8.6 Plot of the fraction of the guest molecule in I-d as a function of the irradiation time at
230 (a) and 280 K (b). The data points (black squares) are the refined occupancy factors, and the
lines are a fit using the equation and the parameters shown. The time scale is based simply on
fluence of the laser and are not an absolute property of the sample

We have found that n = 0.95(4), indicating that the growth mechanism is
homogeneous, similar to the kinetics of o-methoxy cinnamic acid [27].

This behaviour can be explained by the fact that the pairs of the light-sensitive
molecules occupy isolated cavities formed by the host light-stable molecules.

We have carried similar illumination experiment and data collection for I-d
(Fig. 8.6) at two different temperatures.

We have found that n = 1.6(1) and 1.5(1) at 230 and 280 K, respectively,
indicating that the growth mechanism is similar to the two other examples
described in the literature [28, 29]. The rate constants at the two temperatures
were used for estimating the activation energy for the photodimerization in the solid
state to be 32.5 kJ/mol.

8.7 Manipulation of Packing Arrangement [30]

[4 + 4] Photodimerization of isoquinolin-3(2H)-one (isoquinolinone) (1) may yield
12 different isomers depending on the relative geometry of the two monomers prior
to the reaction (Scheme 8.5).

Irradiation of the pure solid compound shows that of all possible dimers only the
dimer between the two hetero-rings, having an inversion centre, is produced. On the
other hand, exposure to UV light of solid molecular compounds composed of
isoquinolinone as the guest molecule and different host molecules shows that other
isomers of the dimer are produced. The use of different host molecules affects the
packing of the molecules in the crystal. As a result, the relative geometries between
two monomer molecules are varied enabling photochemical dimerization to yield
different isomers. When 1,1,6,6-tetraphenyl-2,4-hexadiyne-1,6-diol (I) is used as the
host molecule, two polymorphic forms of the molecular compound are obtained.
Irradiation of single-crystal of the two polymorphs yields a mixture of isomers of
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Scheme 8.5 Three different host molecules (I-III) used to examine the possibility of controlling
the packing of isoquinolinone with 4 different geometric relationships (1-4) and their twelve (5-16)
possible photodimers

the dimer. The monoclinic form produced isomer 5, and the orthorhombic form
produced a mixture of isomers 5§ and 6. When the host molecule is cyclohexanol-
1,2,4,5-tetracarboxylic acid (II) three isomers are expected, and when the host
molecule is 1,3-benzenediol (III) a single isomer is formed which is identical to that
obtained from the neat isoquinolinone (6).

Although the ambitious manipulation was not completed, it demonstrate the
principle of a new way of synthesising different pure isomers in the solid-state
which overcomes the difficulties of isomers separation when the reaction takes
place in solution.
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8.8 Summary

It has been demonstrated that the use of co-crystals composed of light-stable hosts
and light-sensitive guests is a rewarding system by providing opportunities for
structural monitoring single-crystal to single-crystal photoreactions. It was also
shown that there might be structural static and dynamic events that we might
miss when systems showing single-crystal to single-crystal transformations are
not being used.
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Chapter 9
Concepts of Structural Dynamics
Investigations Chemical Research

Simone Techert

The following notes will mostly cover the mathematical and analytical content
covered during the course and are divided into: Introduction, theoretical concepts of
structural dynamics, impact on chemical research and concepts in chemical physics.
In the literature chapter the experimental concepts of structural dynamics as well as
additional scientific examples in the field of time-resolved synchrotron and free
electron laser research are listed.

9.1 Introduction

In the past decade, sustained progress has been made in the field of time-resolved
X-ray diffraction and photo-crystallography. Laser systems have been developed
rapidly, and the combination of pulsed laser sources with pulsed X-ray sources,
particularly by using synchrotron X-ray radiation (3rd generation synchrotrons) and
X-rays generated by plasma sources, has made the application of pump-probe
schemes routine. Free Electron Laser science is on the way towards that direction.
Concerning the investigations of solid state structural dynamics, the techniques
applied are time-resolved single crystal crystallography, powder diffraction and
diffuse scattering. In the liquid phase and in solution, time-resolved wide angle and
time-resolved small angle x-ray scattering have been developed.
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In a kinetic and reaction mechanistic context, time-resolved diffraction
techniques addresses some of the following questions: (i) the refinement of struc-
tural changes during the time course of a reaction (filming the “molecular movie”),
(ii) possible relations between transient structural changes and the intermediates
found by other time-resolved and dynamical techniques, as optical spectroscopy or
NMR (“dynamical structure function relations”), and (iii) structural changes in
states of matter far from equilibrium (“non-equilibrium structural dynamics”).

In the following, we will give an overview about the different kinetic descrip-
tions underlying the analysis of time-resolved X-ray diffraction experiments. We
intent of applying them for rationalizing structural dynamics schemes starting from
small organic molecular systems up to structural dynamics schemes of complex
protein assemblies. Finally, a diagram called “periodic table of structural dynam-
ics” will be derived which is puzzled together from about 100 reactions studied
during the last one and half decade in the workgroup.

The notes collect the different kinetic descriptions which are applied in the
lecture and tutorial.

9.2 Kinetic Descriptions in Structural Dynamics

Time dependences for first, second and third order reaction laws. For a general
reaction

aA + pB + yC — products, (9.1)

where a, f§ and y are the stoichiometric factors and A, B and C are the concentra-
tions of the reactants, the time law is given by

1dA .
—— — =k,APBIC". 9.2
a dt (9.22)

P, q and r are the order of the reaction. Analogous, the time laws for B and C are
defined as

1 dB | dC _
o L APBICT and  — - & = k,APBIC. 9.2b
B dr an y di (5:20)

The total order of the reactionnisn =p + q + r.
For a reaction of first, second and third order, the time dependences are well
known and described as

. b
first order : kt; = lnb — (9.3)
d order : kty = ! ! 4
second order : b=y~ (9.4)
. 1 1
third order : ktz = (9.3)

20b—x)? 2%
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where b and x are determined by the concentrations of the reactants and products
(see the following description).

As a start, we assume that the changes in the Bragg diffraction pattern of a time-
resolved experiment are only due to the concentration change of the compounds in a
reaction mixture. For a unimolecular reaction of type

D—E (9.6)

the Bragg diffraction peaks will change in time because of the decreasing concen-
tration in B and the increasing concentration in C. For this reaction, the intensities
of a Bragg diffraction pattern are

[(®) = D] + ¢[E] + a. (9.7)

At the beginning of the reaction, [D] = b and [E] = 0 so that the intensity at
t = 0 is defined as

1[(0,t =0) = §|D] + a. (9.8)
At the end of the reaction, it holds [D] = 0 and [E] = b and
(0,1 = ) = ¢[E] + a. (9.9)
For the time point ¢, [D] = 8(b — x) and [E] = x so that the intensity is
1(0,1)=86(b—x)+ex+a (9.10)

For the n-th Bragg diffraction peak, normalization leads to the correlation
function
1[(0,t) — (0,1 = 0)
0, =0)—1(0,t =0)

Ca(1) =T (9.11)

Since I(®, 1) — I(®,t =0) =b — x and I(O, t = 0) — I[(®, t = ) = b one
can derive the following time laws for the reaction of first, second and third order
from Eqgs. 9.3, 9.4, 9.5, and 9.6 by substitution of C,(?):

b 1
first order : kt; = lnm =1In <m> , (9.12)
1 1 1( 1
second order : kt, = 5~ 5-5 {Cn(t) - 1} , (9.13)
1 1 1 1
thirdorder : kts = ——5 — — =— | =—=— 1|. 9.14
YTob—x? 2 2 {Cn(t) } (9.14)
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9.2.1 Time-Dependent Correlation Functions of the Bulk

In the previous paragraph, a general description of the time law of first, second and
third order as a function of a correlation function has been derived. In this para-
graph, we will concentrate on a description of the correlation function for the case
that the intensity of a Bragg reflection is modulated by the change in composition of
the reaction mixture during a proceeding reaction (i.e., their occupancies) and by a
change in the structure factor caused by geometrical changes. Time-dependent
changes in isotropic or anisotropic temperature factors or the Debye Waller factor
are — to a first assumption and for clarity of the description — neglected. Further-
more, the description is approached within the framework of kinematic theory.
For the stationary case, the intensity of a single Bragg reflection is defined as

10,1 =00) = > p(20 =20yl and Iy = EpggAnaMuiaLonsa | Frua
il

(9.15a)

where p;(20 — 20,,,) = profile function of the peak at position hkl, E,,; =
extinction correction, Ay, = absorption correction, M, = multiplicity of Bragg
diffraction peak and L, = Lorentz and polarization correction.

In the case of powder diffraction, the description is extended by the correction of
the preferred orientation P,y to

10,6 =00) = p(20 = 20u) s and I = EnrAnaPriaMpiaLnia| Fova
il

(9.15b)

and the peak profile function p; (20 — 20y, is developed as Voigt I and Voigt I
profiles.

Let us now define an “apparatus constant” which does not change upon the
chemical reaction proceeds. For single Bragg reflections, the constant is defined as

Kit = piua(20 — 20u0) EniaAnaMpiaLna (9.15¢)
i

For single powder diffraction peaks, the constant is defined as

Ky = Z Piit(20 — 20u) Enia At P piaM pia L (9.154d)
Tkl
Thus, it follows that/(®, t = 00) = Z Kt |F it 2, generalized for single crystal
ikl
crystallography Eq. 9.15¢ or powder diffraction Eq. 9.15d.
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The correlation function can then be re-written as:

(Z thINth |Fhkl( ) ) <Z KI{LIOCNth ‘Fhkl( )|2> ‘|

. (l‘) _ hkl hkl »
[(Z K/zkl N;[;O‘Fhkl(f ) (Z KhUOCNhk[ |Fhkl(t — )2>] )
hkl hkl

(9.16)

where N}, is the number of photo-excited molecules in a lattice at the time point 7.
Furthermore, the occupancy of the excited state structures are normalized as

Nthkl - lehoto( ) NhAl = pho!o(t = O) anthAl = lehoto(t = OO) (9173)

lehO,,,(t) is the occupancy of the excited state molecules at a time point
t normalized against a unity volume, N ohoto(t = 0) 1s the occupancy of the excited
state molecules for the start of the reaction t = 0 and leho,o(t = o) is the exci-
ted state molecules occupancy for ¢t = co. In the case of a time-independent
instrumental function, the product of the single correction terms equals
Ky = Kid = Kiig” = K.

The structure factor Fj,(7) is defined as F (¢ Z fiexp [27:1 (hxj +ky; + [ZJ>]

where f; is the atomic form factor of the atom j.
Putting K, outside the brackets and canceling it down, Eq. 9.16 is simplified to

|:<Z Nph()ro |Fhk1 > <Z Nph()t{) I_ )thkl(I = OO)|2>:|

hkl hkl

. |:<Z INphoto(t - 0)|F11/<I(t - O)|2) - (Z lehom(t = OO)‘Fhkl(t - OC)|2>:| .

hkl hkl
(9.18)

Cn(t) =

If a reaction is of first order, and if it is monitored by time-resolved x-ray
diffraction the time dependence of Eq. 9.12 is given by

<Z lehoto(t = O)|Fhkl(t = 0)|2> - (Z lehom([ = OO)|Fhk1(t = OO)2>
kty =1

hkl hkl

<Z Nphom |FhlJ ) (Z Nphoto [— )‘Fhkl(t = OO)|2>

hkl hkl

(9.19)
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Similarly, a second order time dependence is defined as

(Z Nphom t - )‘Fhkl([ - ) ) (Z Nphota t= OO)|Fhkl(t - )|2>
Akty = -1,

hkl hkl

<Z Nphoto ‘Fhkl ) (Z Npholo t - |Fh1</([ = )|2)

hkl hkl

(9.20)

and the third order time dependence

hkl hkl

(Z Nphoto ‘Fhk/ ) (Z Nphoro l_ |FI1A1(I - )|2>

hkl hkl

<Z Nphoto t= )‘Fh/\l t=0 ) <Z Nphoto t=o00 |Fh/<1(t - OO)| >
2A%kt

-1

(9.21)

Wlth A= (Z Nphoto t— )|Fhk1 t_ ) <Z Nphom t=00 |Fhkl(t - )|2> .

Ikl ikl

As in common kinetic experiments, the order of reaction can now be determined
by plotting the correlation function C,(f) (Eq. 9.18) against ¢. The order of reaction
can be distinguished by a logarithmic, linear (A k) or quadratic dependence (A%k) of
the Bragg intensity correlation function from ¢.

The current description assumes that within the pump/probe experiment the
photo-excitation and photo-transformations schemes are so efficient that the crys-
talline bulk which is transformed forms entirely new domains within the crystal or
crystallites of investigation. Then the ground state structures and excited state
structures can be treated as two separated phases.

9.2.2 Reversible Bulk Reactions

For a complete back-relaxing system, where the geometry at the beginning of the
reaction is equal to the geometry at the end of the reaction, |Fj(t = O)I2 = Fy
r = 00)|2, For the population, 1Nl,ho,o(z‘ = o) =0, since the product state
retransforms to the reactant state, simplifying the correlation function Eq. (9.18) to

-1
Cn(t Z Nphoto t)‘Fhkl ] [Zl plmm(t - 0)‘Fhkl(t - )| (922)

hkl hkl

and A = (Z N phoro (t = O) | Faa (1 = 0)|2> in Egs. 9.19, 9.20, and 9.21.
hkl
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When investigating ultrafast processes with an apparatus of low time resolution,
for 1Nl,hm(,(t = (0) a maximum value is reached since the early rising time of the
defect occupancy from zero to maximum population cannot be resolved. For
normalised units it means ]Np,ww(t =0) = 1.

9.2.3 Monoexponential Time Law of a Reversible Reaction

Taking the correlation function Eq. 9.12 and Eq. 9.22 into account, the
monoexponential time law for a first order reaction is

> Noowo OF ()| = | > 'Npporo(t = 0)|[Fiua(t = 0)*| - exp(—kry).

hkl hkl
(9.23)

The time-dependence of the population of the defect structure and the structure
factor itself are defined as

lehota(t) =! phom(f = 0) 'CXP( kNp;wm ) (924)
and
Fua (1)) = |Fua(t = 0)* - exp(—kp1)- (9.25)

Substitution in Eq. 9.23 and reforming yields in

Z exp —ky photo )exp —kp,t ikl Z Uy photo UF ikl (926)
hkl hkl

where Uy, = exp(—kn,,,,1) and Ur,, = exp(—kp,,1).

In an ultrafast structural distortion, there is a coincidental occupancy increase of
the defect structure to its maximum. This is, for example, the case when after a
Franck Condon transition an electronically excited state relaxes to a local minimum
configuration, which does not correspond to the electronic ground state configura-
tion but has a lifetime longer than all other geometrical relaxation processes. In this
case |F . (t = O)I2 changes with a step function att = 0; UFW of the time correlation
function then acts as a constant offset or as a Heavyside function and C,(¢) is
modulated dominantly through Uy, characterizing the decay of the defect
structure population. This special case of Eq. 9.26 can be found for the description
of a local minimum structure of an electronically excited state after all geometrical
relaxation processes have taken place.

For structural distortions occurring on the picosecond to milliseconds time-scale,
the two time scales have to be considered in turn, i.e. IF ;,,d(t)l2 changes faster than
Nphotolt). Consequently, Uy, now acts as Heavyside function in C,(¥), i.e. for each

photo
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formed geometry the population is the same. This case can be found when the
correlation function Eq. 9.26 describes geometrical relaxation processes from a
non-equilibrium point of the potential energy hypersurface (PES) to a local or
global minimum on the PES.

In order to distinguish both these processes — the description of structural
changes during structural relaxation and after structural relaxation via Eq. 9.26 —
the time scales on which these processes occur have to be separated, so that U, Notoro =
constant for processes involving lifetimes of vibrational states (femto- to picosec-
ond time scale) and Uf,, = constant for processes where the redistribution of the
energy over the vibrational modes is already over meaning processes involving
electronic lifetimes (pico- to millisecond time scale).

9.2.4 Time-Dependent Correlation Functions
of Photo-Disorder

In the case of homogeneous but small amounts of photo-transformation the photo-
excited molecules do not form entirely crystallite domains or phases anymore. In
this case, assuming a statistically random excitation distribution of the chromo-
phore centers in the crystal lattice, each excited chromophore can be described as a
defect structure within the periodic lattice. Crystallographically, these defect struc-
tures are treated within the framework of an averaged crystallochemical formula.
Similar to the description of the bulk transformation, the occupancy of the defect
structure is then normalized as in Eq. 9.17a to

Nthkl = 1Ndefect(t)vN;;O = lNdefe(,'t(t)’NszO = 1Ndefe(,'t(t = O) and NhU

= 1Ndefect(t = OO) (917b)
1Ndefﬂ.,(t) is the occupancy of the defect molecules at a time point # normalized
against a unity volume, 1Nd(,fa.t(t = 0) is the occupancy of the defect molecules
(= excited chromophores) for + = 0 and lquﬁ,L.,(t = o) is the defect structure
occupancy for t = oo. In the case of a time-independent instrumental function, the

product of the single correction terms equals K, = K =K = K
The correlation function is then defined as

(7o) ()]
Colt) = hkl hkl (9.27)

- e
KZ |Foia (1 = 0)|2> - (Z |Fia (1 = Oo)zﬂ
hkl hkl

with the structure factor defined as F (¢ Z Nocfecr, f 1€XP [27[1 (hxj + ky; i+ lzjﬂ

(the occupancy weights here the structure factor (1) and the occupancy Nd(fm of the
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photo-excited molecules consisting of atoms j. Similarly, their time dependence is an
exponential function of the form

"Naefeer (1) = "Nogefecr(t = 0) - exp(—knyy 1) (9.28)

Note that the big difference between bulk kinetic description and defect distrib-
uted kinetic description is given by the concentration respectively occupancy
description of the photo-excited molecules outside and inside the structure factor,
leading to a quadratic and linear dependence within the given correlation functions.

So far, the current chapter has mostly described the theoretical concepts of
structural dynamics investigations. Without going into detail, experimental exam-
ples will be listed in the following paragraph, in “Selected Literature”.
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Chapter 10
Structure and Dynamics of Light-Excited
States

Eric Collet

The optical control of materials and related physical properties (electronic state,
magnetic, optical. . .) by laser irradiation has gained tremendous interest within the
emerging field of photoinduced phase transitions. Light-induced changes of molecular
systems involve subtle coupling between the electronic and structural degrees of
freedom, which are essential to stabilize the photo-excited state, different in nature
from the stable state. Therefore the new experimental field of photocrystallography
plays a key role. Its outreach goes far beyond simple structural analysis under laser
excitation. By playing on different physical parameters and developing the techniques
and analysis, one can investigate new out of equilibrium physics through light-driven
cooperative dynamics and transformations in materials, or follow a chemical reaction
in real time. These notes review different aspects of the use of photo-crystallography
to investigate the nature, the mechanisms and the dynamics of photoinduced phase
transitions.

With the advent of control science the current challenge is not only to observe
matter on ever smaller scale but also to direct its functionality at the relevant
length, time and energy scales. Control with light is one of these fascinating
perspectives. This emerging field deals with transformation of molecules or
materials upon absorption of light. Thus, the aim of these driven transformations,
either under continuous light flux or a brief light pulse is to force the matter
towards a new state far from thermal equilibrium. Such manipulation may trigger
spectacular switching of the macroscopic physical properties, for example in a
material from non magnetic to magnetic, from paraelectric to ferroelectric, or
from insulator to conductor.
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10.1 Introduction

Significant photo-stationary change of state during chemical or material trans-
formation is observed if the excited state is stabilized over long time, at least at
low temperature [1]. This occurs when the intramolecular structural reorganiza-
tion which follows the electronic photo-excitation gives rise to an energy barrier
between the trapped excited molecular state and the ground state. In some
situations the molecular processes are independent, but in many others
intermolecular interactions lead to cooperative photoinduced phenomena.
There are certain materials, such as spin crossover crystals [2], exhibiting light
driven bistability under continuous photo-irradiation. The steady flow of energy
from photon flux competes with the dissipation in the thermal bath. The cooper-
ative interactions lead to a feedback mechanism and so to nonlinear kinetic law
for the thermally activated relaxation process (the medium is no more passive but
active). A universal framework relying on the physics of nonlinear dynamics and
bifurcations provides a general description for these bistable processes. Let us
notice that when the lifetime is very short time-resolved techniques have to be
used [3].

The physics of ultrafast transformation induced by an ultra-short femtosecond
laser pulse is different. Understanding and tracking how matter works during
elementary dynamic processes is faced with several new and challenging basic
questions. For instance, ultrafast information processing based on the control of
light-driven switching of the physical properties of materials requires the answer
to key questions such as how to direct the system through a complex pathway
from atomic to material scales and what fundamentally limits the transformation
speed. This feat can be accomplished thanks to the increase of sophisticated
instrumentation in ultra-fast science. A nice example is that of femtochemistry, a
field awarded a Nobel Prize in 1999 [4]. In the photo-excited electronic state
the interatomic potentials change and determine the motion of atomic
wavepackets prepared by a femtosecond light pulse. This may induce drastic
effects such as breaking of bonds and subsequent chemical transformation from
transient states.

Recent advances in pulsed electron and X-ray sources make it now possible to
probe structural processes at a much finer level than the time average studies would
allow before [3, 5]. Thus, as the pulse length can today be as short as 100 femto-
seconds (1 fs = 107" s), an optical pump coupled to X-ray or electron probe
experiments allow tracking the atomic or molecular motions on their intrinsic
elementary time-scale, i.e. the periods of electronic vibrations. Over the recent
years we have witnessed stunning achievements in structural dynamics, providing
atomic level views of transient phenomena in inorganic, molecular and even
biomolecular systems. Those directly contribute to the understanding of material
transformation through non-equilibrium, non-linear, cooperative photoinduced pro-
cesses. These notes provide a review of techniques and scientific cases illustrating
these new possibilities.
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10.2 Time-Resolved X-Ray Scattering

Tracking structural information in the time domain provides insights for understanding
dynamical processes in matter and its transformation [3]. Depending on time resolution
of the experiment, different processes can be investigated, spanning from intrinsic
atomic or molecular dynamics to macroscopic propagation or diffusion effects. In
some cases which do not require fast measurement, conventional diffraction will
suffice for tracking slow evolution of the sample. But when the phenomena to
investigate are fast, or when the excited state is transient, more sophisticated techniques
are required. These are based on pump-probe method, in which a laser flash drives a
photo-switching process and a probe pulse (X-ray or electrons) visualize the excited
structure at a given delay dt after laser excitation. The stable and the excited states are
compared by analysing the evolution of the diffraction pattern (Fig. 10.1).

Detailed structural analyses of photo-excited structures were performed with
microsecond or 100 ps time resolutions in systems as diverse as molecules in
solution [6—11], molecular crystals [12—14] or biological crystals [15-17]. However,
because the typical period of atomic motions is on the order of 100 fs, these
methods are still unable to resolve structural changes prior to a system settling in a
quasi-thermodynamic equilibrium. Femtosecond pump-probe X-ray diffraction
makes it possible to study such nonequilibrium structures on time scales approaching
the fastest atomic vibrational periods [18-22]. The time resolution relies on the
duration of the cross-correlation between the optical pump and probe pulses, as
well as on the precision of the synchronization between them. The development of
new sources of short-pulse hard X-rays with fine synchronization to a laser source
open the way toward femtosecond crystallography. Successful experiments have
used the X-rays emitted by Thomson scattering from relativistic electrons [23],

State 4 State &
Elg Excited £ : Excited
i Stable i Stable
probe pump pump probe
dt t=0 =0 dat
L ] L]

. = \ detector . . detector

¢ )
Laser — ‘
X-ray X-ray

Fig. 10.1 Time-resolved diffraction pump-probe set-up
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laser-generated plasmas [18, 19], and synchrotron-based “slicing” of the stored
electron beam [22, 24]. Other important issues limiting the so far developed use of
femtosecond X-ray pulses are the divergence of the beam, the X-ray flux and the
stability. Much more intense pulses have been available at a test facility of a linear
accelerator [25], and now hard X-ray beamlines at X-ray free electron lasers offer
both much greater per-pulse intensity and shorter pulses [26].

Electron diffraction also represents an interesting alternative. Electrons are
strongly scattered by matter and it is now possible to generate electron bunches
approaching 100 fs duration. Several scientific cases have by now been successfully
studied with this technique [27, 28].

Besides diffraction, other types of structural information can be obtained, for
example through X-ray absorption spectroscopy (XAS) [29-31]. Time-resolved
extension uses the same pump-probe principle described above for diffraction. Only
the nature of the signal measured and its analysis are different. The XAS techniques
are of particular interest for probing subtle changes of molecules in solution.

A slicing method capable of producing femtosecond pulses of synchrotron
radiation was proposed for the Advanced Light Source [32]. Slicing technique
uses the very high electric field achievable by femtosecond laser to modulate the
energy of a “slice” (100 fs) of an electron bunch (100 ps) in the storage ring. This
slice has a larger energy spread than the rest of electrons in the bunch, thereby its
emission deviates when passing through a radiator. This is because the electrons
entering the insertion devise with different energies will follow different paths.

Among the variety of schemes for generating femtosecond X-ray pulses,
laser-driven plasma sources are well suited for the time scale of small atomic
displacements [3, 33, 34]. The irradiation of metal targets by femtosecond laser
pulses, with peak intensity higher than 10'® W/cm?, results in generation of a
plasma. The acceleration of free electrons into the target by the very high electric
field of the pulses and the generation of characteristic radiation and Bremsstrahlung
by interactions with target atoms emits radiation in the hard X-ray range. An
interesting intrinsic property of this technique is that the time t = 0 is very well
defined since it is the same optical laser that excites the crystal to be studied and
generates the plasma X-rays. However, the X-ray pulse is emitted through a large
solid angle and the source is highly divergent. Only a small part of the typically 10°
emitted X-ray photons per pulse can be collected for keeping the time resolution.
A recent review by T. Elsaesser described both the technique and some applications
[35]. For a target thickness of the order of 10-20 pm, the characteristic emission has
duration of the order of 100 fs.

X-ray Free Electron Lasers (X-FEL) are the next generation X-ray sources. The
principle is similar to that of synchrotrons. The major differences are the following:
X-FEL’s are not electron storage devices and so the electron bunches are used only
once; the magnetic structure used to generate X-rays are linear sections hundreds of
meters long. Such long interaction volume forces all the electrons in the bunch to
interact constructively via the generated X-ray field, which shortens X-ray pulse
duration tremendously (100 fs), enhances coherence, flux (10'? photons per pulse in
0.1 % bandwidth), and emittance. The time duration of the X-ray pulses can be
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decreased down to a few fs. The first experiments have just started in the new LCLS
machine operational at Stanford [36], and several other machines are in construction
in Europe [37] and Japan [38].

10.3 Dynamical Structural Science

10.3.1 Coherent Atomic Motion

A powerful aspect of diffraction techniques is that they are able to track the
organization of matter at the atomic scale. In the frame of dynamical structural
science, experiments with time resolution comparable to typical atomic dynamics
time-scales, it is now possible to track atomic motions and follow their dynamics in
real time with 100 fs resolution. The most popular example of such studies is the
coherent optical phonons generated in bismuth by light excitation [19, 21, 22, 39].
An ultra-short laser pulse can control the interatomic potential in terms of equilibrium
distance between the two Bi atoms in the unit cell, as well as curvature of the
potential. This ultrafast modification of the potential by the ultra-short light pulse
drives the generation of on optical phonon at the centre of the Brillouin zone. As the
structure factor is coherently modified within the different unit cell of the crystal
(responding in phase), the structure factor is time dependent. There are two atoms of
Bi in the unit cell along the diagonal of the cell. Then, the structure factor reaches:

Fhkl = ZfBiCOS [77,'(]’1 + k + l)x],

where x is the reduced Bi-Bi distance along the diagonal (x ~ 0.47 at equilibrium).
The A;, phonon involved corresponds to a Bi-Bi stretching along the diagonal,
which means that x depends on time, and so does the structure factor:

Fuu(t) = 2f gicos [w(h + k + 1)x(1)].

As indicated in Fig. 10.2, the variation x, which is just smaller than 0.5, affect in
different ways the intensity of the (111) peak, which decreases when x approaches
0.5, and the one of the (222) peak, which increases when x approaches 0.5, since:

I11(1) = 4f3, cos*[3ax(t)]
and

I (t) = 4f§i cos®[6rx(t)],

K. Sokolowski-Titen et al. [19] directly observed from the changes in the Bragg
peaks intensity the large-amplitude coherent atomic vibrations, with clear oscillations
of the (111) and (222) reflections. The atomic displacements affect in an opposite
way the two reflections mentioned above. As x oscillates I(111) is minimum and
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Fig. 10.2 Dependence of the intensities of the (111) and (222) Bragg peaks with the reduced
Bi-Bi distance x

1(222) is maximum when x is maximum, and vice versa. From the measurements,
it is possible to extract the phonon frequency, the phonon amplitude generated by
light excitation (approx. 0.1-0.2 A) and the variation of the average Bi-Bi distance in
the perturbed equilibrium position.

More recent works using slicing technique or high-brightness linear electron
accelerator—based X-ray source deepen the study of this mechanism and the
appearance of softening as well as squeezed phonon states. Coherent atomic
dynamics were also studied in more complex systems such as tellurium [40],
superlattice structures [41] or polariton dynamics [42].

10.3.2 Dynamical Processes of Spin-Crossover Materials

Spin-crossover materials can be switched either in solids or in solution by a laser
pulse between LS and HS states within 300 fs, as demonstrated by time-resolved
optical spectroscopy. In solution, only XAS techniques can provide structural
information on the intra-molecular reorganization. In solid, diffraction makes it
possible to have detailed view of the structural reorganization in the time domain
while different processes unfold at molecular, unit cell, as well as the macroscopic
crystal scales.

One of the key questions related to bi-stable systems like spin-crossover materials
is the nature and the time-scale of the intrinsic switching dynamics. Recently,
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Fig. 10.3 Structural changes after femtosecond laser excitation: (a) AXyg and A <Fe-N>, (b)
lattice parameter a and (c) isotropic temperature factor variation AB. (d) Schematic drawing of the
dynamics: HS molecules (red circles) generated within 1 ps by laser pulse in the cold (blue) lattice
with mainly LS molecules (blue circles), warm lattice (red) expansion on =50 ns, thermal
stabilization of HS population within ps. The HS (red) and LS (blue) structures are also
represented at the top right (Figure from Ref. [13])

Bressler et al. and Chergui [29, 31] used the slicing technique to carry out an optical
pump/X-ray probe experiment to study the ultrafast dynamics of [Fe"(bpy)s]*".

Recent reports combining time-resolved optical and X-ray diffraction tech-
niques, demonstrated that the switching of the spin state in a macroscopic crystal
constituted of bi-stable molecules involves different mechanisms in time and
space. The studies were performed in a Fe(IIl) solid compound, triggered by
a femtosecond laser flash [13, 14]. The ensuing dynamics span from
sub-picosecond non-thermal molecular switching to microsecond diffusive
heating processes through the lattice. The experiment was performed by using
the optical pump/X-ray probe technique developed at the ESRF synchrotron
(ID09B beamline).

The existence of different steps, summarized in Fig. 10.3, reflects a sequence of
physical processes, hidden in the time domain, leaving different fingerprints for
molecular transformation, cell deformation and macroscopic crystal switching:

— Step 1: local LMCT to HS relaxation cascade. It is characterized by a rapid
elongation of the <Fe—N> bond length, a well-known fingerprint of increased
spin multiplicity from electron transfer to antibonding orbitals.

— Step 2: unit cell expansion observed here through the evolution of the lattice
parameter a within 100 ns.
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— Step 3: thermal switching characterized by an additional increase of the <Fe-N>
bond length (ps).

— Step 4: recovery to the thermal equilibrium state, limited by heat exchange with
sample environment.

These results shed new light on the complex switching pathway from the
molecular to material length and time scales. They pave the way for studying
by diffraction techniques the out-of-equilibrium dynamics following laser pulse
excitation, what is of fundamental interest in a large variety of materials, since it is
important for the design of materials with enhanced functionality.

10.3.3 Photoinduced Ferroelectric Order

In the field of photoinduced phase transition, one of the main goals is to switch
the macroscopic physical properties of a material. The example of light-induced
ferroelectric order in tetrathiafulvalene- p chloranil (TTF-CA) is a nice example
of what can be learned from diffraction regarding intra-and inter-molecular
reorganizations. In TTF-CA, the electron donor (D) and electron acceptor
(A) molecules alternate along the same stack. There are two electronic states:
one is mainly neutral with regular alternation of molecules located on inversion
symmetry sites: N state ... D°A°D°A°D°A°.... As the charge-transfer takes
place, there are two degenerate, polar and dimerized I states, ...(D*A7)
(DAT)D*A7)...or ...(A"D")A DA D")... In addition to the possibility to
induce this ferroelectric transition by changing temperature or pressure, the fascinating
option to switch between paraelectric and ferroelectric states by pulsed laser excitation
was evidenced in TTF-CA by time-resolved X-ray diffraction [12, 43].

Direct evidence of a laser-induced ferroelectric order [12] and the opposite
photo-induced transition [43] was obtained by diffraction. The Neutral-Ionic
(N-I) phase transition involves coupled changes of molecular electronic states
and structural reorganization. The symmetry-breaking associated with the
generation of the ferroelectric phase with dimerized stacks is characterized by
the change of space group. The space group of the paraelectric N phase is P2;/n
manifested in the diffraction pattern by two types of systematic absences, (0k0):
k = 2n + I due to the presence of a two-fold axis and (h0l) : h + | = 2n + [ due
to the presence of a glide plane. The space group of the ferroelectric I phase is
Pn and therefore the symmetry breaking associated with the ferroelectric order
is detected by the appearance of (0k0): k = 2n + 1 Bragg reflections (space
group Pn).

The nature of the photo-induced phase has been determined from complete data
collections at —2 and +1 ns, i.e. before and after the laser excitation. Appearance
of (030) reflection (Fig. 10.4) shows the macroscopic ferroelectric nature of the
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Fig. 10.4 (Top) Reconstructed intensity in the reciprocal (a, b) planes before and after laser
irradiation (At = —2 ns and +1 ns respectively). Appearance of (030) reflection signs the ferro-
electric nature of the 3D photo-induced phase. (Botfom) Schematic drawing of the space groups in
both thermal equilibrium (P2;/n) and photo-induced (Pn) states (Figure from Ref. [12])

photo-induced state (space group Pn, i.e. the one of the I phase) and the occurrence
of a dimerization process.

The structures were refined at —2-ns (Fig. 10.5, left) and +1ns. The structure at
—2 ns [12] is in perfect agreement with the neutral structure obtained at thermal
equilibrium, both for the intra- and inter-molecular geometries, which means that in
the stroboscopic mode the crystal recovers the thermal equilibrium state before a
new laser excitation arrives. At +1-ns, because of the symmetry breaking, the
structure was refined in the Pn space group, assuming a full transformation of the
crystal.

The results obtained from the refinement clearly agree with a dimerization
process in the photoinduced state at +1-ns mainly along the stacking axis
a (Fig. 10.5, right), related to the loss of the inversion centre previously located
on the molecules. The observed structural changes, both for intra- or inter-
molecular geometries, are again close to the ones observed in the low temperature
I phase, but the dimerization amplitude is lower (1/3). The reason for this is
probably that the conversion is incomplete with neutral and transformed ionic
ferroelectric phases coexisting, as explained in Ref. [12].
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Fig. 10.5 The structure of TTF-chloranil before (left) and after (right) application of the laser
pump pulse inducing electron transfer and pair formation. From Ref. [12]

10.4 Diffuse Scattering Probing Local
Nonequilibrium Phenomena

The direct observation of precursor phenomena is an essential key for understand-
ing the mechanism driving the photo-transformation of materials, with challenging
issues for both fundamental and applied aspects in materials science. Precursor
phenomena for photoinduced phase transition may be described in two limit cases:
first a collective mechanism (soft mode) and second the generation of localized
excitations (precursor clusters). The first one was investigated by 100-femtosecond
X-ray diffraction where a coherent phonon triggers the time-dependence of the
Bragg reflections. The next section presents investigations of the second
phenomenon.

Recently we used time-resolved X-ray diffuse scattering to capture the second
mechanism in the charge-transfer molecular compound TTF-CA. The photo-
induced phase transitions undergone by this material are discussed in the literature
as resulting from a new class of collective excitations, the so-called 1D Ilattice-
relaxed charge-transfer exciton-strings. These nano-scale objects, represented by

..D°A°(D*A")(DTA")(D*A)DYA. .. are made of a train of dimerized I mole-
cules extending along the crystalline stacking axis a. The direct experimental
evidence of the thermally-induced 1D exciton-strings has been possible for
TTF-CA. Time-resolved X-ray diffuse scattering experiments performed by Guérin
et al. [44] at the Photon-Factory Advanced Ring synchrotron shows the time
dependence of the diffuse plane, increasing just after the laser excitation
(Fig. 10.6). This is a direct signature of the photo-generation of the local precursor
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Fig. 10.6 Evolution of the diffuse scattering before (—100 ps) and just after (50 ps) laser
excitation. The increase of the diffuse plane is directly related to the photo-excitation of 1D cluster
along the stack, as schematically indicated on the right

clusters with short-range structural order, appearing in the first steps of the photo-
induced transformation. In other words, the laser excitation drives a cooperative 1D
transformation along the stacking axis a. The observed rising time [44] of the
diffuse scattering between —50 and 50 ps is limited by the convolution of the signal
with the 50 ps time resolution used, and so takes place on an ultrafast time-scale.

The present results directly evidence the photo-generation of short-range pre-
cursor clusters of the photoinduced phase transition. Regarding the dynamics, two
fascinating questions have to be discussed for future investigations. First, what is
the size of the photoinduced exciton-string and what is their dynamics of forma-
tion? This should strongly depend on the pumping photon energy. Second, on
which time scale the interstack ordering between the exciton-strings appears and
how does it proceed?

10.5 Symmetry Breaking

X-ray diffraction is a perfect technique for probing ordering phenomena between
molecules and change of symmetry. This is especially true when symmetry break-
ing is associated with the appearance of new Bragg reflections. It is well known
from Landau theory of phase transitions, that every density of probability (elec-
tronic, atomic position, spin,...) describing the crystalline structure in the two
phases can be expressed as

p = po+ndp

where the first term p, is totally symmetric with respect to the high-symmetry
phase and the second term Ap describes the symmetry lowering arising in the
low-symmetry phase. This last term is non-zero only in this low-symmetry phase
and is proportional to an order parameter x associated with the amplitude of
the symmetry breaking. In general structural phase transitions are associated with
a change of space group manifesting symmetry breaking. When symmetry breaking
manifests itself by the appearance of new Bragg peaks, their intensities are
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Fig. 10.7 Spatial modulation of the molecular spin state in 3D space: blue (LS states) and red
(HS states) colours schematically reflect the spatial occupation modulation (/eft). Light excitation
selectively switching the molecules to the HS state erases the wave

proportional to the square of the related order parameter . Then its evolution can be
easily determined from diffraction measurements.

In SC materials for example, change of magnetic molecular state is often
isostructural (without change of symmetry) and the photoinduced HS state at low
temperature is often similar to the HS state stable at high temperature. But some
materials show symmetry breaking of structural nature. We demonstrated in the SC
materials [Fe"H,L*™¢][PF¢], and [Fe"H,L*>™°][AsFg], that light can drive sym-
metry breaking and that the photoinduced HS state generated at low temperature is
different from the HS state existing at room temperature [45, 46]. The photo-
crystallography experiments performed at 15 K, after cw photo-excitation at
532 nm and generating the metastable photo-induced HS state, revealed different
translation symmetry of the photoinduced HS state (a,b,3c¢) compared to the HS (a,
b,c) state at room temperature. This is associated with an ordering of distorted HS
molecules losing 2 fold axis corresponding to Ap. This symmetry breaking which
occurs upon generating the photo-induced HS phase (PIHS) demonstrate that
different competing false ground states exist and that some of them can only be
reached under non equilibrium condition by light irradiation.

The relationship between molecular bistability in the solid state and aperiodicity
has not been considered so far. A novel type of ordering phenomenon associated
with the appearance of an incommensurate molecular spin state modulation of a
bi-stable spin-crossover compound was recently evidenced [47]. It results from a
concerted interplay between the symmetry breaking associated with the aperiodic
ordering and the thermal balance between the two functional states. Our detailed
study of the [FeHHsz'Me] [SbF¢], material shows that the incomplete conversion of
bi-stable molecules is associated with an incommensurate spatial modulation of the
molecular spin-state and a description of the structure is obtained in (3 + 1)-
dimensional superspace (Fig. 10.7). The aperiodic structure can be interpreted as
resulting from a spatial modulation of the HS fraction, i.e. of the spin-state of the
molecules, simply written as:

Yus(r) = yus +n % cos(q.r),

where yys is the average HS fraction, q is the wave vector and 1) is the amplitude of
the wave. In several SC systems, superstructure ordering of yyg over crystalline
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sites were reported [45] and the spin-state ordering occurs around an average value
of yus = 0.5 corresponding to a cell doubling along ¢ axis, since q = ¢*/2. This
description can be extended to the incommensurate order, for which the wavelength
of the modulation of yys(r) around yyg = 0.5 is incommensurate with the average
3D lattice (Fig. 10.7). The sequence of HS and LS sites therefore never repeats
periodically in the 3D space. The particularity of the present material is that, unlike
conventional modulated crystals with occupational, positional or conformational
modulation, the primary modulated parameter is the spin-state of bi-stable mole-
cules. As such, this aperiodic structure is demonstrated to be erased by selective
laser population of a single molecular state (HS). By crossing the borders between
aperiodicity, multi-stability and photoinduced phenomena we have shown that new
perspectives appear for switching between different regimes of periodicity and for
exploring new phases of matter related to function, such as photochromism and
photomagnetism. Laser excitation, selectively populating a single molecular state,
can erase the incommensurate phase and switch the crystal structure from 4D to 3D
periodic.

10.6 Conclusion

In a recent past, tremendous advances for providing structural information of excited
states were performed. The reviewed results presented here give an illustration of
what can be done and open exciting perspectives, especially for studies in the time
domain as more and more powerful X-ray or electron sources are developed. Among
the large contributions that this new advanced method may provide, an important goal
is to understand and control phase transitions driven by light. A deep understanding of
such phenomena at different scales requires the combined use of X-ray or electron
diffraction over different time scales (fast and ultra-fast), but also of temporal X-ray
absorption and optical spectroscopies. This is the key for elucidating this new kind of
coherent manipulation of matter by light and for controlling ultra-fast macroscopic
switching of materials. This broad spectrum of recent advances in this field set the
stage for imminent breakthroughs in the understanding of our dynamical world.
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Chapter 11
Direct Observation of Various Reaction
Pathways in Crystalline State Photoreactions

Yuji Ohashi

11.1 Introduction

We found that the chiral cyanoethyl group bonded to the cobalt atom in a
cobaloxime complex crystal was racemized without crystal decomposition on
exposure of the crystal to X-rays or visible light as shown in Fig. 11.1 [1]. Similar
reactions were also found for the crystals with different axial base ligands. Such
reactions are very attractive since the reaction process is directly observable by
structure analysis at any intermediate stage. Therefore, we defined these processes
as crystalline state reactions to discriminate them from usual solid state reactions, in
which the crystals are easily broken during the reactions. The racemization rate of
the chiral group was significantly decreased when the temperature of the crystal
was decreased and the crystal showed no change at temperatures below 173 K.
This indicated that the reaction rate was strongly influenced by the environment
around the reactive group in the crystal structure. We defined the reaction cavity for
the reactive group [2]. When the axial base ligand was replaced with a variety of
amines and phosphines, the crystal structures and the reaction cavities for the chiral
cyanoethyl group became different. The racemization rate was found to be linearly
dependent upon the size of the reaction cavity [3]. It has been made clear that the
size of the reaction cavity controls the reactivity or reaction rate and that the shape
of the reaction cavity control the reaction pathway [4].

In this lecture, two recent typical examples of crystalline state reactions will be
shown and their reaction mechanisms will be well explained by using the concept of
the reaction cavity.
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Fig. 11.1 Crystalline state racemization of cobaloxime complexes by X-rays or visible light

11.2 Chirality Inversion Only by Photoirradiation

The first example shows that the chirality of the chiral group is inverted only by
photoirradiation. The alkyl group was replaced with a bulkier group,
1-(ethoxycarbonyl)ethyl (1-ece) instead of 1-cyanoethyl group. The complex crystal
with the 1-ece group showed an unusual phenomenon, that is, the chirality inversion in a
crystal only by photo-irradiation [5]. The crystal structure of [(S)-1-cyclohexy-
lethylamine]bis(dimethylglyoximato)[S-1-(ethoxycarbonyl)ethyl]- cobalt(IIl), (S-cha)
(S-1-ece)cobaloxime, is shown in Fig. 11.2. The space group is P2,2,2,. There is one
molecule in an asymmetric unit. The chiral S-1-ece groups have contacts with each other
as a ribbon along the 2, axis parallel to the a axis. Figure 11.3 shows the molecular
structure. The methyl group of 1-ece group, C5, takes the syn conformation to the
carbonyl group, O2—-C3—-C4—CS5, and the ethyl of ece group has a trans conformation
around the O1-C2 bond. When the crystal was irradiated with a halogen lamp with a
long-path filter (R64), the unit-cell dimensions were gradually changed; the a and b axes
slightly contracted, whereas the ¢ axis and the unit cell volume V significantly expanded.
The crystal structure, however, is nearly the same as before, except that the 1-ece group
has a disordered structure due to the partial inversion. Figure 11.4 shows the structural
change of the 1-ece group viewed along the normal to the cobaloxime plane. The
configuration of the S-1-ece group changed from S to R with retention of the single
crystal form.

The 1-ece groups of most molecules were inverted from S to R. The S:R ratio
changed from 100:0 to 18:82 after 24 h exposure. The ratio of 18:82 was not
changed after prolonged irradiation. It is clear that the chirality was inverted only
by photoirradiation. This is the first observation that the chirality of most molecules
in a crystal can be inverted to the opposite configuration only by photoirradiation.

It is very interesting to examine whether or not the chirality of the 1-ece group
would be inverted when the crystal of the diastereoisomer, (S-cha)(R-1-ece)
cobaloxime, was exposed to visible light. The crystal was prepared and the structure
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Fig. 11.2 Crystal structure of (S-1-ece)(S-cha)cobaloxime viewed along the a axis

Fig. 11.3 Molecular
structure of (S-1-ece)
(S-cha)cobaloxime
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Fig. 11.4 Structural change of 1-ece group after irradiation. Blue colored 1-ece group has
S configuration whereas red colored has R

before irradiation was analyzed by X-rays. To our surprise, the crystal structure is
isomorphous to the previous one with the S-1-ece group. The structure of the R-1-
ece group is the mirror image of that of the S-ece group as shown in Fig. 11.3 and
the same as the corresponding one to the photo-produced disordered ece group as
shown in Fig. 11.4. When the crystal was irradiated with the halogen lamp, the cell
dimensions gradually changed. They converged to the values observed in the
photoirradiated crystal with the S-1-ece group. The structure analyzed by X-rays
after 24 h exposure revealed that it is essentially the same structure as the photo-
product shown in Fig. 11.4. The S:R ratio converged to 18:82, which is the same as
that observed in the photoirradiated crystal with the S-isomer.

In order to check the ratio of 18:82, the mixed crystal with equal amounts of
S and R isomers, that is, the racemic-isomer, was prepared. The crystal structure
analyzed by X-rays showed that it is isomorphous to the crystals with S- or R-1-ece
groups and that has a disordered structure of the ece group with the S:R ratio of
50:50. When the racemic crystal was irradiated with the halogen lamp, the cell
dimensions gradually changed and converged to the values observed in the
photoirradiated crystals of S and R isomers. The S:R ratio in the photoirradiated
crystal is 18:82. It is clear that the S:R ratio of 18:82 is the most stable when the
crystal with any composition of the S and R isomers is exposed to the halogen lamp.

The question why the ratio of 18:82 is the most stable should be answered.
Figure 11.5a—c show the reaction cavities for the S-1-ece, (racemic)-1-ece and R-1-
ece groups, respectively, before photoirradiation. Each cavity is divided into two
parts by the plane, which passes through the Co atom and is perpendicular the
cobaloxime plane and parallel to the C-C bonds of the five-membered rings of
cobaloxime. The volume ratio of the left to right parts in each cavity is 38:61, 46:54
or 47:53 for S-1-ece, (racemic)-1-ece or R-1-ece complex crystal, respectively.
It must be emphasized that the volume ratio of (racemic)-1-ece crystal is not 50:50
but is 46:54. This is probably due to the asymmetric environment around the
(racemic)-1-ece group in the chiral P2,2,2, cell. After the photoirradiation the 1-ece
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Fig. 11.5 Reaction cavities of 1-ece groups in the crystals of (a) (S-1-ece)(S-cha)cobaloxime,
(b) (rac-1-ece)(S-cha)cobaloxime and (c¢) (R-1-ece)(S-cha)cobaloxime

Fig. 11.6 Reaction cavity
after irradiation. The ratio
of the left and right parts of
the cavity becomes

ca. 50:50 on either of the
R- and S-1-ece groups after
photoirradiation. The
enthalpy term of the ece
group plays an important
role in the chirality
inversion process

groups of the three crystals became essentially the same disordered structure with
the S:R ratio of 18:82. The reaction cavity for the disordered 1-ece group is shown
in Fig. 11.6. The ratio of the left to right sides in the cavity for the photoproduced
1-ece group of S-1-ece, (racemic)-1-ece and R-1-ece crystals became 51:49, 51:49
and 51:49, which are almost the same as 50:50. It is clear that the steric repulsion
from the surrounding atoms should have equal effect.

In the crystallization of (S-1-ece)(S-cha)cobaloxime, pseudo polymorphic
crystal was obtained, which has one water molecule as a solvent. On exposure to
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Fig. 11.7 Structural change of S-1-ece group in the monohydrate crystal during the photo-reaction.
A half of the group is changed to R configuration

Fig. 11.8 Reaction cavities before and after the photo-reaction

the halogen lamp, the cell dimensions gradually changed with retention of the
single crystal form. The structural change of the S-1-ece group before and after
photoirradiation is shown in Fig. 11.7. Only the methyl group is inverted to the
opposite configuration. As shown in Fig. 11.8, the reaction cavity in the
monohydrate crystal is smaller and narrower than that in the non-hydrate crystal.
The parts of cavity indicated as A and B, which should accommodate the inverted
1-ece group, are too small. Only the volume of C is available for the racemization.
After 24 h exposure the S:R ratio became 50:50. This type of photoracemization has
been observed in many cobaloxime crystals. The reason why two crystal forms
show different reaction pathways is easily explained with the size and shape of
reaction cavities for S-1-ece groups in the two crystals.
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11.3 Intermediate Structure in the Process
of Photoisomerization

The cobaloxime complex with the 4-cyanobutyl (4-cb) group was found to be
isomerized only to the 3-cyanobutyl group (3-cb) group with retention of the single
crystal form. The NMR spectroscopic data indicated that about 6 % of 4-cb group was
transformed to the 2-cyanobutyl (2-cb) group [6]. Since many attempts to observe the
photoisomerization from 4-cb to 1-cb groups in the crystalline state were unsuc-
cessful, the diphenylboron bridge was introduced to the equatorial ligands to observe
the photo-isomerization from 4-cb to 1-cb, as shown in Fig. 11.9. Of more than
10 complexes with different axial ligands studied, the complexes with pyridine (py),
4-ethylpyridine (4epy), and 3,4-Iutidine (lut), showed the photo-isomerization with
retention of the single crystal form. The crystals with py, 4epy and lut before photo-
irradiation are called I, II and III, respectively [7].

The molecular structure of I is shown in Fig. 11.10. One phenyl group of
diphenylboron bridge is almost perpendicular to the cobaloxime plane whereas
another one is almost parallel to the plane. The conformation of 4-cb group is all
trans and is approximately parallel to the perpendicular phenyl group. The 4-cb
groups and perpendicular phenyl groups of two molecules make a pair around an
inversion center of the P2,/c unit-cell. When a crystal of I was exposed to the
halogen lamp for 24 h, the cell volumes were increased by 69.6 A°. The molecular
structure after photo-irradiation is shown in Fig. 11.11. The colored 3-cb group was
produced. The occupancy factor of 3-cb group is 0.24(1). Only one enantiomer of
the chiral carbon C4B was obtained at one site around an inversion center. Since the
crystallinity was retained after 24 h exposure, the photo-irradiation was continued
for further 48 h. The cell volume was decreased by 54.8 A? after a total of 72 h
exposure. The molecular structure after 72 h exposure is shown in Fig. 11.12. It is
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Fig. 11.9 Photo-isomerization from 4-cb to 1-cb in the diphenylboron bridge cobaloxime
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Fig. 11.10 Molecular
structure of I before
photoirradiation

Fig. 11.11 Molecular
structure after 24 h
photoirradiation. The newly
appeared group is 3-cb
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Fig. 11.12 Molecular
structure after 72 h exposure

clear that the another colored(blue) 1-cb group was produced after 72 h exposure in
addition to the 3-cb group. Only one enantiomer of the chiral carbon, C2C, was
observed at one site of an inversion center. The occupancy factors of 4-, 3- and 1-cb
groups became 0.69(1), 0.15(1) and 0.16(1), respectively. Although the change
from 4-cb to 3-cb is small, about a half of 3-cb was transformed to 1-cb.
The decrease in cell volume is caused by the transformation from 3-cb to 1-cb.
In order to examine the conformational change of the cyanobutyl group in the
photo-isomerization, the structures of the original and photo-produced cyanobutyl
groups viewed along the normal to the cobaloxime plane are shown in Fig. 11.13.
Considerably large movement of the terminal CN group is necessary to occupy the
opposite side to the cobalt atom at the final stage.

The crystal of II was exposed to a halogen lamp for 24 h. Only the 3-cb group
appeared. Although the occupancy factor of 3-cb group became 0.71(1), there was
no indication of 2-cyanobutyl (2-cb) or 1-cb group. The cell volume was decreased
by 95 A? in the photoreaction. Further exposure was impossible due to the degra-
dation of the crystallinity.

The molecular structure of III is shown in Fig. 11.14a. The conformation of
diphenylboron bridge is almost the same as those of I and II. Such a conformation
has been found in the related complex crystals. The conformation of 4-cb group
is trans, gauche and gauche around the C1-C2, C2-C3, and C3-C4, respectively.
When the crystal was exposed to a halogen lamp, the cell dimensions gradually
changed and the change was insignificantly small after 24 h exposure. The molecular
structure after 24 h exposure is shown in Fig. 11.14b. The occupancy factor of
photo-produced 1-cb group is 0.472(6), which means that about half of 4-cb
was isomerized to 1-cb. Although the CN group moves to a great extent, the methylene
chain of C1-C2—C3—C4 takes nearly the same position during the photoisomerization.
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Fig. 11.13 Conformational change from 4-cb to 1-cb groups

Fig. 11.14 Structural change (a) before and (b) after 24 h photoirradiation. Only 1-cb group
appeared after the irradiation
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Fig. 11.15 Structural change of 4-cb group in the reaction cavity

The reaction cavities for the 4-cb group were drawn and the volumes were
calculated for the crystals of I, II and III before photo-irradiation. Several KBr
pellets for each crystal were irradiated with light and successive FT-IR measure-
ments of the pellets were carried out one by one. The isomerization rate constant at
early stages (within 40 min) was estimated from the intensity change due to
stretching vibration mode of the C-N triple bond of the 4-cb group. Assuming
first-order kinetics, the reaction rate constants for I, II and III are 6.2, 9.5, and
19.0 x 1073 s™!, respectively. The reaction cavity volumes of I, IT and III are 38.1,
49.2 and 32.7 A3, respectively. Since the reaction cavity of I is smaller than that of
11, the rate constant of I is smaller than that of II. This indicates that the reaction
mechanism of I from 4-cb to 3-cb at early stages should be the same as that of II.
However, in spite of the smallest reaction cavity, the rate constant of III is the
largest and the 4-cb group is easily isomerized to 1-cb group. This clearly suggests
that the reaction mechanism of III is different from those of I and II.

In order to make clear the reason why the 4-cb group of I is finally isomerized to
1-cb group, the reaction cavities for 4-cb group before photoirradiation are drawn in
Fig. 11.15. There are void regions in the neighbourhood of the chiral carbon atom
bonded to the cobalt atom, A and B. When the 4-cb group is changed to 3-cb group,
the methyl and cyanopropyl groups can occupy the regions A and B, respectively.
After 72 h exposure, the cyano and propyl groups are accommodated in A and B,
respectively. This also indicates that the space A is too small for the ethyl group
when the 2-cb group is produced. It seems adequate to consider that the 2-cb group
was not observed in the intermediate stages because it is very unstable due to heavy
steric repulsion.

Although it was clarified that the 4-cb group of I is isomerized to 1-cb through
3-cb and 2-cb, the 4-cb group of III was directly isomerized to 1-cb and the
intermediate structures of 3-cb and 2-cb were not observed. In order to elucidate
the reaction mechanism of III, deuterium atoms were introduced in the 4-cb group
and the structure after photo-irradiation was analyzed by neutron diffraction, since
the neutron diffraction can discriminate between deuterium and hydrogen
atoms [8]. It may be possible to clarify which hydrogen atoms are replaced with
deuterium atoms during the reaction.
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Fig. 11.16 Structural change from 4-cb to 1-cb in the reaction cavity for the initial 4-cb group
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Fig. 11.17 Movement of the photo-produced radical in the cavity for the 4-cb group

1-CB

The neutron diffraction made it clear the process is ‘alkyl turn’ isomerization.
The C' atom of the photo-produced 4-cb radical abstracts one of the deuterium
atoms bound to C4, then the 4-cb radical is turned upside down. Finally, the bond
between the cobalt and C' atom is formed. The distance between the C' and the
deuterium atoms before the photoreaction is 2.66 A, which is shorter than the sum
of the van der Waals radii.

The ‘alkyl turn’ isomerization is very favorable in the crystalline state reaction.
To explain the change of the cb group, the reaction cavity for 4-cb in the crystal
structure before irradiation and that after irradiation, which includes both of 4-cb
and 1-cb, is shown in Fig. 11.16. Since the two cavities are very similar, it is
reasonable to assume that the reaction cavity does not change to a great extent
during the photo-isomerization. This is the reason why the isomerization rate is the
fastest in the three crystals.

The movement of the produced radical is estimated as shown in Fig. 11.17. Since
the cavity is large in the lateral direction, the long -CH,CN part of photo-produced
radical can use this space so as to rotate around the C*~C> bond like the pedal
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motion of a bicycle. Therefore, this reaction can proceed without destruction of the
single-crystal form. This is a reason why the ‘alkyl turn’ isomerization occurs in the
crystal of IIL. It is clear that the different pathways from 4-cb to 1-cb in the crystals
of I and III are caused by the different reaction cavities for 4-cb groups in the two
crystal structures.

The crystalline-state reactions, in which the chemical reactions proceed with
retention of the single crystal form, are very helpful when considering the reaction
mechanism. The merit of crystalline-state reactions is that we can directly ‘observe’
the structural change that occurs in a crystal by X-ray or neutron diffraction, even if
it is a multi-step reaction. Moreover, the reaction cavity is a good tool for analysing
the reaction mechanism in the crystalline-state reactions quantitatively, although
the concept is rather simple. The relation between the reaction rate and cavity size
holds well in almost all crystalline-state reactions. The shape of the reaction cavity
explains the asymmetric induction during the photoreaction. Recently a variety of
the crystalline-state reactions of cobaloxime complexes have been reviewed [9].
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Chapter 12

Time-Resolved XAS Spectroscopy Probing
Dynamic Species in Homogeneous
Catalysis — Towards Faster Methods
Providing More Information

Moniek Tromp

12.1 Introduction

A catalyst [1] is a material, which increases the rate of a chemical reaction without
being consumed itself and can direct the reaction to specifically form desired
products. Catalytic processes are widely used in daily life: A catalyst in a car
converts the toxic exhaust gases from the engine into more environmentally
friendly gases. In the pharmaceutical and flavour and fragrance industry, catalysts
are used to produce the required medicines or perfumes. Understanding the cata-
Iytic process itself, i.e. how the catalyst works and what factors affect its perfor-
mance will help us to optimise many industrially important processes, making them
more efficient and environmentally sustainable for example by producing less
waste or requiring milder process conditions. A way to study these catalytic systems
in detail is using spectroscopy, different types of light to take pictures or movies of
the catalysts while they are working.

Detailed information on the structural and electronic properties of the catalyst
and how they change during reaction is required to understand their performance
and thus their reaction mechanism. Like X-rays in a hospital can be used to
visualise the bone structure of a skeleton in a body, X-rays can be used to visualise
the structure and electronics of molecules and materials. High energy X-rays
expose the detailed structure providing information on the type of atoms, their
position and geometry. This so-called X-ray absorption spectroscopy (XAS) can be
applied while the catalysts are working, providing insights into how reactants bind
to the active centre.

X-ray Absorption spectroscopy (XAS) is a technique for detailed structural and
electronic characterisation of materials [2]. Its strengths include the ability to
perform experiments in situ/operando (variable temperature and pressure) and
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time-resolved [3]. The technique is element specific and it does not require
long-range order so amorphous systems and solutions can be studied, which
makes it a powerful technique in catalysis. New technique developments are
centered on increased time-resolution as well as increased energy resolution and
thereby increased information content. In heterogeneous catalysis, the technique is
well-known and applied extensively to study its structural and electronic properties
ex situ as well as in situ and operando [4]. In homogeneous catalysis, the use of
XAS and related techniques is still very limited, despite it’s high potential [5].

Fast moving monochromators and energy dispersive acquisition methodologies
have enabled the study of catalytic systems down to the millisecond time scales and
reaction mechanisms have been obtained. For example, time-resolved XAFS in
combination with UV-Vis has allowed detailed characterization of homogenous
reaction intermediates in situ/operando and time-resolved [6], making it a powerful
tool in revealing reaction mechanisms. For many catalytic systems, this time
resolution is sufficient for the information required. However, an even higher
time resolution is required when one wants to investigate photochemical or
photocatalytic systems, as well as formation of some catalytic intermediates. The
activated or intermediate states in general have lifetimes of picoseconds to nano-
seconds. New XAS data acquisition methods as well as detector developments now
allow XAS spectra down to a time resolution of nano- and picoseconds [7].

So far, XAS has mainly been used to obtain a structural picture, whereas the
electronic structure is often poorly understood. Moreover, the major disadvantage
of XAS is that it determines an average of all the different structures present, as
such complicating the analysis and interpretation. New developments in XAS using
new instrumentation and data acquisition methods, while selecting specific X-ray
energies provide more detailed electronic information [8]. For example, charge
transfer between reactants and metal particles has been visualised and identified to
specific adsorption sides on the metal particles. Also, interaction between different
organometallic centers during catalysis has been proven and the approach direction
of reactants identified, which could not be done by any other technique before.
Selectively probing certain X-ray energies will also allow one to obtain information
on atoms with specific properties only; for example the structure of atoms with only
one specific charge (oxidation state).

These novel XAS techniques, (fast) time-resolved and high energy resolution are
currently being developed further and applied to catalytic systems. The properties
and catalytic performance of catalysts are studied during their synthesis and
performance, with a combination of complementary (spectroscopic) techniques.
The influences of for example different ligands, supports, reactants and reaction
conditions on the structural and electronic properties of the active site are investi-
gated, as such obtaining detailed insights in reaction mechanisms and catalyst
‘restructuring’. In this chapter, the different X-ray techniques will be described
and a few different examples in homogeneous catalysis given, with an outlook to
future time-resolved and high energy resolution experiments.
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12.2 X-ray Absorption Spectroscopy

X-ray absorption fine structure (XAFS) spectroscopy experiments rely on, as the
name already suggests, high-energy X-rays, normally produced by synchrotrons.
Laboratory equipment is available, however, that provides a much lower X-ray
intensity and produces only relatively low-energy X-rays [9].

In an X-ray absorption experiment, the sample is exposed to high energy X-rays.
Part of the photons is absorbed by the sample, depending on its absorption charac-
teristics. If the energy of the X-ray photons is high enough to excite a core electron
to an empty energy state or to the continuum, a strong increase in the X-ray
absorption, the so-called absorption edge, is observed, see Fig. 12.1. The excitation
energy of the core electron is correlated to the binding energy of the core electron,
making XAS element-specific. The core electron absorbs the X-ray energy, is
excited and is transformed in a photo-electron. At higher and higher energies, the
outgoing photoelectron is given more and more energy, with which it can ‘travel
through’ the molecule or material structure.

The first part of the XAFS spectrum up to ~50 eV above the absorption edge is
called the X-ray absorption near-edge spectrum (XANES). XANES probes empty
energy states (empty density of states (DOS)) in the atom or molecule, providing
detailed information on the electronic properties. The absorption edge is part of the
XANES and is a spectroscopically allowed dipole transition. The exact energy
position of the absorption edge gives information on the oxidation state, or the
charge distribution within the molecule, of the element under investigation.
Pre-edge peaks or features are observed below the absorption edge and originate
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Fig. 12.1 Normalised Cr K-edge X-ray Absorption Spectrum, including XANES and EXAFS
regions
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from direct quadrupole transitions and/or transitions to dipole-allowed molecular
orbitals that have hybridised with other molecular orbitals, which are in itself
dipole-forbidden. This is possible in certain geometries of the molecule, and
makes the transitions partially allowed and thus visible. Multiple scattering
(i.e. scattering of the photoelectron from more than one neighbouring atom before
returning to the central atom) features are present at energies above the absorption
edge and are very sensitive to and indicative of the geometry around the
absorbing atom.

Detailed XANES studies on transition-metal complexes have demonstrated the
sensitivity of X-ray absorption K edges and their (pre-)edge features to their
chemical environment [10], such as oxidation state and charge distributions, site
symmetry, and crystal field splitting.

The second part of the spectrum, the higher-energy extended X-ray absorption
fine structure (EXAFS) part, originates from scattering of the outgoing photoelec-
tron against the electron density of neighboring atoms, creating a backscattered
wave that interferes with the outgoing photoelectron wave [2, 11], either construc-
tively or destructively. This interference pattern, observed as oscillations in the
spectrum, gives information on the local structure around absorber atoms, i.e. the
number and type of neighbours, the distance to those neighbours and their static and
thermal disorder.

The advantage of XAFS is that it does not require long-range ordering of the
system: amorphous materials and solutions can be studied and measurements can
be performed in situ/operando and time-resolved. Detailed electronic and structural
information about the catalysts in their dynamic chemically active environment can
thus be obtained, and structure—performance relationships and reaction mechanisms
derived. Moreover, a combination of spectroscopic techniques gives complemen-
tary information about the system under investigation, which can help to unravel
the EXAFS data of multiple structures in the system.

12.2.1 Time-Resolved XAS: Quick-EXAFS and EDE

Quick-EXAFS (QEXAFS) can be performed in two different manners: (i) a con-
tinuous movement of the double crystal monochromator system to scan the energy
range as in a conventional XAS experiment (Fig. 12.2a) [2, 3], or (ii) changing the
Bragg angle of a cam-driven channel cut crystal in an oscillatory manner giving
time resolutions of ~ 50 ms for wide energy ranges, also called piezo-XAS [12,
13]. Measurements can be performed in transmission, fluorescence, and total-yield
detection modes and thus allow the characterisation of concentrated down to very
dilutes systems. The QEXAFS techniques are limited by the speed of movement of
the crystals, the integration time to obtain acceptable statistics, and the reproduc-
ibility of the crystal movements [3].

Another approach to acquire time resolved XAS data is based on an energy-
dispersive EXAFS (EDE) methodology in which a curved crystal polychromator is
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Fig.12.2 Schematic representation of (fop) scanning X-ray absorption fine structure (XAFS) data
acquisition set-up and (botfom) an energy-dispersive mode. The figures are simplified, and many
of the optical components are left out for clarity. In the normal scanning data acquisition mode
(top), a double-crystal monochromator (as displayed) is used to select and scan through the
required energy range. In the piezo-XAS data acquisition scheme, a channel cut crystal is
employed. The absorption before (I0) and after (It) the sample (and reference Ir) are measured
as a function of energy in the so-called transmission mode. The energy-dispersive data-acquisition
mode (bottom) is based on a spherically bent crystal to focus a band of energies at the sample.
All energies are dispersed onto a position-sensitive detector and detected at once

employed [14]. The crystal curvature provides a band spread of X-ray energies to
span one (or more) XAFS spectra. The range of energies is focused on the sample
and the spectrum measured in one shot using a position sensitive detector, generally
resulting in a higher time resolution than for QEXAFS. The EDE technique has
several advantages and disadvantages compared to the QEXAFS approach [3]:
A small EDE spot size reduces the sample volume necessary, but thereby also
requires a sample that is very homogeneous in composition. Since all spectral
points are measured simultaneously, the acquisition time can be reduced to milli-
seconds or below. At the same time, the acquisition method relies on a very stable
beam with high demands on optical components. Since the sample is exposed to the
entire band of energies, radiation damage of samples and material components can
be an issue and the demands on detector sensitivity, radiation hardness, linearity
and readout time are high. Finally, the EDE data acquisition method is limited to
transmission, which limits the number and type of applications (e.g. very dilute
systems or low energy elements cannot be studied using EDE).

Each of these approaches to time-resolved studies can be used in combination
with complementary techniques such as X-ray powder diffraction (XRD) and
optical spectroscopies such as UV—visible, Infra-Red and/or Raman.
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Fig. 12.3 (a) EDE and (b) UV-vis spectra of the stoichiometric reaction of [Cu(OH)(TMEDA)]
2CI2 + imidazole + PhB(OH)2. Maximum after ~30 s (arrow 1), after which the features decrease
again (arrow 2) [6]

The time-resolved approaches have been used to characterise catalytic reactions
intermediates in many heterogeneous systems [4] for example providing insights in
changing metal particle nuclearity as well as metal oxidation state and identify
reactive surface species. A few homogeneous systems have been studied using
these approaches too [5]. Combined EDE and UV-Vis (Fig. 12.3) have identified
the reaction mechanism of a Cu-catalysed CN coupling.
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Alternative methods to probe reaction intermediates at known reaction times, but
still allowing longer XAS data acquisition to improve the signal to noise ratio are
presented too [15].

12.2.2 Fast Time-Resolved XAS Approaches

The millisecond time-resolution as can be obtained by Quick-EXAFS and EDE
approaches is enough for most catalytic systems (where transport phenomena are
often in these time regimes). However, an even higher time resolution is required
when one wants to investigate photochemical or photocatalytic systems, as well as
formation of some catalytic intermediates, where activated or intermediate states
only have lifetimes of picoseconds to nanoseconds.

Different approaches have been followed at different synchrotrons to increase
the time resolution of XAS data acquisition (XANES and EXAFS). The technique
is of great current interest, with major current developments being carried out at the
APS [16] and SLS [17]. Each of these facilities utilizes a scanning monochromator
maintained at fixed energy with a time series built up by repeat acquisitions at each
point in time and energy. So the EXAFS spectrum is measured energy point by
energy point, doing multiple pump-probe experiments per point, to get a good S/N
ratio. Experimental acquisition times for this approach are up to 40 h [18] and
recently down to 200 s per energy point at the APS [19] or ~4.5 h at the SLS [20] for
transient XAFS spectra of organometallic complexes in solution.

An alternative and new data acquisition method for fast time-resolved experi-
ments is the ED approach as was explained above [21]. The specific advantages of
this approach for the fast time resolved experiments are: (i) the X-ray beam is
focused and can thus be positioned within the laser irradiated volume only, (ii) the
entire XAFS spectrum is obtained in one shot, and so has the potential to signifi-
cantly reduce the total acquisition time (the pump-probe experiment still has to be
done multiple times, to obtain a spectrum with high enough S/N). To obtain the high
time-resolution, the detector was time-windowed around the electron bunch of the
synchrotron, i.e. the machine clock signal was used to trigger the detector and laser.
The time-resolution which can as such be obtained is then governed by the bunch
length of the X-ray source, being ~70 ps at the ESRF, ~40 ps at the Diamond Light
source, in standard filling modes, and ~5 ps at Diamond in a low a-mode [22].

Important to mention here again is the relatively high concentration of the species
under investigation required for the ED approach, which can significantly influence
the type and properties of the excited state species formed and thus has to be taken
into account. This methodology was proven for pump-probe experiments on a
well-studied Cu(phenanthroline) system [21]. For example the decay of the excited
state species of [Cu(dbtmp)2] + (dbtmp =2,9-di-n-butyl-3,4,7,8-tetramethyl-1,10-
phenanthroline) was monitored for up to 100 ns, at 10 ns time intervals (Fig. 12.4).
A data acquisition time per spectrum of ~3.5 h could be achieved, which was mainly
limited by the laser frequency being 10 Hz. In the future, using a kHz laser, a
reduction to only a few minutes total data acquisition should be feasible.
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Fig. 12.4 (a) Cu K edge XANES differential spectrum (excited state — ground state XANES) for
[Cu(dbtmp)2]Cl in CH3CN; (b) differential peak areas as a function in time, after excitation [21]

12.3 High Energy Resolution XAS/XES [23]

12.3.1 X-ray Absorption Near Edge Structure

The XANES region of the XAS spectrum is, in contrast to the EXAFS part, less
understood and more difficult to analyse and interpret. In many studies in the
literature, the XANES region is used as a fingerprint and samples of interest are
compared to known references. However, much more detailed information is
present.

The local electronic configuration of the metal ion is reflected in the pre-edge
region of the XANES spectrum, which arises from resonant excitations into the
lowest unoccupied orbitals. The K edge probes the dipole allowed transition of a 1s
electron to the metal np states. K pre-edge features originate from direct quadrupole
transitions and/or dipole transitions to p-states that have hybridised with the d (or s)
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states, depending on geometry. Detailed X-ray absorption near edge structure
(XANES) studies on transition metal complexes have demonstrated the sensitivity
of X-ray absorption K edges and their (pre)edge features to their chemical envi-
ronment, like oxidation state, site symmetry and crystal field splitting [24]. By
carefully observing and analysing the XANES spectra (pre-edge and main edge) in
combination with theoretical calculations methods, detailed electronic and struc-
tural information can be obtained, for example the amount of charge redistribution
and thus covalent interaction between catalyst and substrate [24].

Unfortunately, the intensity of the K pre-edges is normally small compared to
that of the main edge and the features are therefore difficult to analyse. As a result
the K pre-edge features can often only be analysed qualitatively or in a more global
way, relating the centre of gravity and integrated intensities to the materials
properties like oxidation state and charge [24]. The relatively low resolution of K
edge XANES data is due broadening of 1s lifetime. For 3d transition metals the 1s
lifetime broadening is in the range of 0.8-1.6 eV, whereas their L-edge lifetime
broadening is significantly shorter, being ~0.1-0.5 eV [25], and thus potentially
providing more detailed information.

The partially filled d states in transition metal systems are only probed indirectly
with K-edge XAS, and the pre-edge features are only visible in certain favourable
geometries. However, the XAS L-edge does directly probe the 2p to nd transitions.
The K edges of 3d and 4d transition metals are found in the hard X-ray regime
between 5 and 26 keV and can be measured under virtually any condition, for
example at elevated temperatures and pressures as required in catalytic reaction
conditions. However, the L-edges of 3d transition metals are found in the soft X-ray
regime between 400 and 1,000 eV, which requires measurements to be performed
under (near) vacuum conditions (upper limit in millibar range) [26]. XAS L-edge
for 4d transition metals are in the range of 2—4 keV, still in a low energy regime,
complicating in situ/operando experiments.

12.3.2 X-ray Emission Spectroscopy

The electronic states that give rise to the edge of an absorption spectrum are
resonantly excited states that subsequently decay; i.e. excitation of a core electron,
followed by emission of a higher orbital electron to fill the core hole. Many
emission lines are possible. Depending on the core level probed, emission to
different orbitals can occur with differing probabilities e.g. the K fluorescence
lines resulting from 2p to 1s transitions are eight times stronger than the 3p-Is
transitions and 50—100 times stronger than the transitions from higher orbitals to the
1s [27].

With a fixed incident energy at or above the energy of the absorption edge, the
X-ray emission spectrum (XES) of a sample can be measured by scanning the
energy of the fluorescence signal with a so-called secondary spectrometer (crystal
analyzer) (with an energy bandwidth in the order of the lifetime broadening).
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In comparison to X-ray photoelectron spectroscopy (XPS), XES can be performed
in situfoperando on a wider range of samples, since the sampling depth is set by the
X-ray attenuation length rather than the electron escape depth. X-ray emission
spectroscopy has already been shown to be a valuable technique in 3d transition
metal K pre-edge to separate the pre-edge features from the K main edge and
resolve previously unobserved spectral features [28]. Similarly, high-resolution
XES spectra obtained for the 4d transition metal molybdenum compounds are
shown to be very sensitive to the chemical and electronic environment of the
metal [29].

Non-resonant XES or valence-to-core XES with emission energies close to the
Fermi level (or HOMO/LUMO) map the density of occupied states in the valence
orbitals (d orbitals for transition metal systems) [23]. The spectra are very sensitive
to the type of ligand enabling distinction between, e.g., H,O and OH™, while
keeping the advantage of element selectivity that holds for all inner-shell spectros-
copies. Non-resonant XES thus amends one of the major shortcomings of EXAFS,
i.e. insensitivity to neighbouring atoms with similar atomic number. Examples
include the discrimination of ligands with similar atomic number like O, N, and
C in the first coordination sphere of organometallic complexes [30], as well as
characterisation of solid materials [31].

Alternatively, the fluorescence of a single emission line can be determined as a
function of incident energy [32, 33]. The core hole broadening observed in a
‘normal’ transmission or total fluorescence spectrum is then substituted by the
broadening of the single emission line (i.e. final state lifetime), resulting in an
experimental line width smaller than that due to the core hole lifetime. The multiple
pre-edge features and shoulders present in the XANES region will thus be better
resolved and easier to separate and analyse. For example, by measuring the
fluorescence of a single L emission line for 5d transition metals, high energy
resolution fluorescence detection (HERFD) XANES data have been obtained,
providing insights in reactant adsorption sites and support vs. adsorbate effects [33].

12.3.3 Resonant Inelastic X-ray Scattering
Spectroscopy (RIXS)

In resonant inelastic X-ray scattering (RIXS) spectroscopy, the X-ray intensity is
measured as a function of incident and emitted energy, using a secondary
spectrometer.

For example, in the case of a 3d transition metal ion, the radiative decay with the
highest probability after 1s core hole creation is a 2p to 1s transition (Ko emission).
The spectroscopy denoted as 1s2p RIXS (Fig. 12.5) describes the core hole in the
intermediate (1s) and final (2p) state. The process can be viewed as an inelastic
scattering of the incident photon at the 3d transition metal atom [34], Similarly, the
3p — 1s decay can be probed by monitoring Ka emission lines, i.e. 1s3p RIXS.
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The RIXS final states, i.e. core hole in either the 2p or 3p orbital with an additional
electron in the 3d orbital, are formally identical to respectively L- and M-edge. The
final states in the XAS and RIXS process however are reached in a different way,
and due to different selection rules with different line intensities, so the spectra
obtained will not be identical [35]. At the same time, the energy splittings due to
crystal field, multiplet and spin-orbit interactions are the same, thus providing
similar information with the two techniques.

The incident energy € as well as the emitted energy ® are varied in a RIXS
experiment. The RIXS data are generally presented in a 2D contour plot, with the
final state energy transfer (Q2—w) against the incident energy. This is done to be able
to assign the total energy of an electronic state to the axes of the contour plots. The
energy transfer axis of the plot then relates to the excitation energy in L or M edge
XAS (Fig. 12.6). Different cross sections in the RIXS plane can then be taken
relating to possible 1D experiments: (1) vertical — resonant X-ray emission spectra
(constant incident energy), (2) horizontal — probing the same final state for all
incident energies (constant energy transfer), (3) diagonal - HERFD XAS or lifetime
removed spectra diagonal (constant emission energy) [32], as also explained above.
Using this data acquisition set-up, the edge absorption pre-edge features can be
separated out and interpreted/understood for e.g. materials electronic properties,
incl. spin states, and the energy of the molecular orbitals assigned. A great example
of increased information content is the application of 2p3d Mo RIXS to a series of
different Mo inorganic materials. A rich structure with considerable more spectral
information than in conventional XANES is observed providing detailed geomet-
rical and electronic information, like crystal field splitting [37].

The energies of the fluorescence emission transitions are very sensitive to the
chemical environment. When different emissions can be resolved and assigned to
specific chemical environments, selective (HERFD) XAFS at a selected emission
line can be performed to probe those specific environments. This allows the
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characterisation of individual components in chemical mixtures. A number of
applications have been demonstrated [23], spin-selective K edges, oxidation state
selective XAFS, and range extended XAFS using detection channels for a certain
edge, valence and/or spin-state. All is done using hard X-rays and thus allowing in
situloperando experimentation.

We have recently applied these methods to Cr catalysed epoxidation reactions,
thereby studying the changing structure and electronics of the Cr(salen) catalysts.
Although there is not clear effect visible in the 1s2p RIXS of different salen-
substituents applied, the RIXS was able to identify and unravel pre-edge features,
not visible in the normal XANES, related to Cr dimer formation [38].

When the emission energy is chosen close to the Fermi level (like for valence-to-
core XES), the resonant XES or valence band RIXS planes can be obtained. The
resonant XES offers unique and direct access to the d-d transitions of metal ions in
molecules, or Fermi level and electronic band structure in extended solids. While
the XANES is sensitive to the unoccupied density of states, the valence to core XES
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is selective to the occupied density of states. The final state resembles the optical
excited states as observed in UV-Vis spectroscopy (with the RXES being a second
order process with two dipole transitions). This method has been used successfully
to characterise the Fermi level in supported metal nanoparticles [39], also upon
adsorption of molecules. In organometallic complexes, for example the self-
assembly of square-planer platinum complexes has been studies [40], the preferred
coordination of adsorbate molecules on a Ti site in TS1 [41].

12.3.4 Theory Considerations

Analysis of inner-shell spectra for transition metal systems is a complex problem.
Depending on the electronic transition observed experimentally, different theoret-
ical programs are more or less suited and successful. K-edge XAFS spectra above
the pre-edge can be well-reproduced using the FEFF code [42]. The FEFF8 and
FEFF9 codes allow one to perform ab initio self-consistent field, real-space full
multiple scattering calculations utilising a muffin-tin potential. The calculations
include a complex-valued exchange-correlation potential (or self-energy) and the
effect of the screened core hole and therefore approximate effectively the contin-
uum orbitals, and because of the full multiple scattering, also approximate the
strong antibonding resonances present in this energy region. FEFF implements
self-consistent field potentials for the determination of the Fermi-level and the
charge transfer. This code, however, does not reproduce charge transfer effects
adequately and does not fully account for intra-atomic electron-electron interac-
tions that lead to the multiplet structure of the electronic energy levels.

In all cases where a core hole other than a 1s hole is present in the initial or final
state, multiplet effects are important [43]. They determine the spectral shapes and
influence the L3 to L, branching ratio. To account for the ligand environment
around the transition metal, the spherical symmetry of the wavefunctions in the
atom is reduced to the point group symmetry of the metal ion in the compound.
Group theoretical considerations then allow one to determine the orbital splitting,
wavefunction mixing and electron transition selection rules. The full structure
information as well as the complete description of the chemical bonding in coor-
dination complexes, e.g. influence of different ligands etc. are not at all described in
the multiplet approach.

Density functional theory calculations include full structural models and are able
to reproduce the bonding orbitals of the system very well, but do not approximate
the anti-bonding and continuum orbitals 10-50 eV above the Fermi level ade-
quately because of basis set limitations and the use of the ground-state exchange-
correlation potential [e.g. 44, 45]. So far, these ab initio calculations do not account
for the multiplet structure.

All theoretical approaches to calculate and analyse XAS spectra have their
strengths and limitations and none is capable to account for all effects. So far, the
multiplet approach has been used to interpret XPS, Ka and Kf line as well as K and
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L absorption pre-edge structures in RIXS spectroscopy. The DFT method is
required for Kf satellite lines and account well for valence to core XES and
resonant valence to core RIXS, as can be seen from the literature describing these
experiments (see above and e.g. [46]).

Developments in all programs are currently being pursued. For example, a new
version of FEFF9.0 enables non-resonant inelastic X-ray spectroscopy as well as
RIXS (core to core and valence to core) [37, 38]. It is clear that, ideally, a program
is required which combines full potentials with multiplet theory, based on full
structural models.

12.4 Finally

Ultimately, one wants to combine time and energy resolution in one experiment to
obtain the greatest information density on your system possible. This has already
been achieved in some cases. For example, ultrafast spin-state pump-probe studies
have been performed [47]. A method to obtain single shot XES and time-resolved
RIXS spectra is the Von Hamos spectrometer [48], which has been recently
installed at the SuperXAS beamline of the SLS. It is clear that the application of
these advanced high energy resolution XAS and XES techniques, very much
depends on the system under investigation and the questions to be answered.
Depending on the system, different techniques are more or less suitable or
informative.
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Chapter 13

Dynamical Aspects of Biomacromolecular
Multi-resolution Modelling Using

the UltraScan Solution Modeler
(US-SOMO) Suite

Mattia Rocco and Emre Brookes

13.1 Introduction

New and more refined 3D structures, from isolated domains to entire proteins, nucleic
acids, and their complexes, are being produced at an ever increasing rate, spurred also
by the contributions coming from structural genomics projects (e.g., [1, 2]; see also
[3]). Notwithstanding the continuous technological advancements in the current
high-resolution methods (X-ray crystallography/NMR), ample bottlenecks remains
in several areas, and an exhaustive list of every relevant structure and of its com-
plexes with every partner remains a far fetched goal. Furthermore, dynamical aspects,
from local or large scale flexibility, to conformational changes following interactions/
binding, to supramolecular structures formation, are not easily amenable to high-
resolution analysis. A host of intermediate-resolution techniques are, however,
available to complement the higher resolution data. For instance, stable, large
scale complexes can be studied with cryo-electron microscopy [4] and electron
tomography [5], while small-angle X-ray scattering (SAXS) and, on a slower time
scale, small-angle neutron scattering (SANS) [6] are in addition capable to monitor
the evolution of structural changes in solution. Since the above-mentioned techniques
can provide 3D envelopes at ~10-20 A resolution, a typical task involves placing the
atomic structures of the components inside the envelope [7-9] or to optimize their
arrangement to fit experimental scattering data [10].

Single-valued parameters provided by low-resolution techniques, such as the
radius of gyration R,, the translational diffusion coefficient D,, the sedimentation
coefficient s, the Stokes radius R, the rotational correlation time t,., and the intrinsic
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viscosity [n], can be also utilized to screen/confirm potential spatial arrangements
of modules/domains, or to monitor their overall conformational changes. In its most
efficient implementation, this can be done by computing the same properties from
atomistic 3D models. However, this is not an easy task. The most widely used
methods involve bead modelling approximations, since nearly exact expressions
exist for the computation of the hydrodynamic properties of ensembles of beads of
equal or different size, the latter only if they do not overlap [11, 12]. These
procedures involve solving by matrix inversion a system of N equations with 3 N
unknowns, and thus they rapidly become computationally intensive (o<N?). Three
principal different bead modelling methods are available, all implemented in
public-domain computer programs. A “grid” method, where the protein is
subdivided into equally sized cubes, and beads corresponding to the each residue
falling into a particular cube are then generated, was implemented in the
program AtoB [13]; the resolution of the final model depends on the spacing of
the initial cubic grid. A radically different approach is taken in the program
Hypropro [14], where all residues are first replaced by beads having equal radii,
optimized to also take into account a uniform layer of hydration, and then this
“primary” model is covered with a shell of small, equal beads on which the
computation of the hydrodynamic parameters is carried out. The operation is
repeated a number of times decreasing the radii of the shell beads, and each
parameter is then extrapolated to zero bead size. Since both methods presented
several problems, most notably in the treatment of the hydration contribution, a
third method was developed by the Rocco and Byron groups, originating the so
called SOMO (SOlution MOdeller) approach [15]. In SOMO, each residue can be
represented by a user-defined number of beads, whose initial volume is calculated
from the anhydrous volume of the atoms assigned to it, plus that of the theoretically
bound solvent (water) molecules [16]. In its standard implementation, for proteins
two beads are used for each residue, one for the main chain peptide bond segment
and one for the side chain, whose initial position is also under user control
(by default, it’s the centre of mass for the peptide bond, hydrophobic and ring-
containing side chains, and at the end of the side chain for polar/charged side
chains). An accessible surface area (ASA) screening is performed on the starting
structure, and beads representing exposed side chains are placed first. The overlap
between these beads are then removed, either in a sequential or synchronous
manner, by first fusing together beads whose overlap exceeds a pre-set threshold
(“popping”), and then reducing the radii of the remaining overlapping beads but at
the same time translating by the same amount their centres outwardly along a line
connecting them to the centre of mass of the protein. This effectively preserves the
original hydrated surface in the resulting bead model. The exposed main chain
segments beads are then placed and their overlaps reduced without outward trans-
lation (OT), and finally the beads corresponding to buried main chain segments and
side chains are then placed/overlaps removed, again without OT. After a re-check
for accessibility, the hydrodynamic computations are then carried out using only the
non-buried beads, thus greatly reducing the computational load.
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The SOMO and an improved AtoB methods have been subsequently incorporated
in the analytical ultracentrifugation data analysis open source program UltraScan
[17], putting them under a sophisticated GUI interface and vastly enhancing their
performance and capabilities (US-SOMO; [18-20]; http://somo.uthscsa.edu/). Since
its initial release, US-SOMO has been already cited in ~35 publications, and the
current user base includes ~700 registered researchers and 56 registered laboratories
worldwide. Recognizing the greater potential of small-angle scattering (SAS)
techniques in multi-resolution modelling, an initial nucleus of a SAS data analysis
and modelling module was implemented in late 2010, and has undergone a significant
expansion in recent times [21]. Furthermore, a Discrete Molecular Dynamics (DMD;
[22, 23]) tool running on several supercomputer clusters has been implemented,
allowing the exploration of conformational space for flexible or partially disordered
structures. In this brief review, the use of the US-SOMO suite with respect to
dynamical aspects in multi-resolution modelling of biomacromolecules is discussed.

13.2 US-SOMO Suite Overview

In Fig. 13.1, the main US-SOMO panel is shown. The left side is divided into
three parts, dealing with (a) the loading and direct processing of PDB-formatted
structures, (b) bead models generation, loading and visualization functions, and
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(c) hydrodynamic computations and related operations, respectively. The right side
is a progress window (shown are the final stages of the bead model generation and
hydrodynamic computations for the 8RAT.pdb RNase A structure).

In the PDB functions area, the reference files containing all the information
necessary to properly recognize each residue and the atoms within it can be changed
from the default ones by pressing “Select Lookup Tables”. These files can be edited
from the top bar pull-down menu (“Lookup Tables”), and the coding of each
residue is a fundamental step both in the hydrodynamic bead models generation
as well as for SAS computations, as they contain the atomic radii, hydration, SAXS
coefficients, and atoms to beads conversion and beads positioning rules. Since
atoms/residues coding and assignment to beads is not a simple operation (advanced
editors are nevertheless available), skipping non-coded atoms/residues or approx-
imate methods to represent them are provided from the “PDB” pull-down menu in
the top bar. However, it is important to note that for best results all residues/atoms
present in the sample on which experimental data are gathered must be also present
in the structural model on which the computations are carried out. In other words,
approximate location and coding are better than total absence. Loading PDB files
can be done either on single or batch mode (the latter will open a new windows with
advanced functions not described here). When NMR-style files are opened, either
individual or multiple/all models can be selected for further operations. Upon
loading, the structure is automatically visualized using RasMol ([24]; http://www.
bernstein-plus-sons.com/software/rasmol/). An advanced PDB editor is also pro-
vided, including cut/splice capabilities and the possibility to extract individual
models from NMR-style files of to create NMR-style files from single models.
Both functions are particularly useful when using the DMD utility (see below), for
instance to splice multiple conformation say of a connecting segment to one or two
static domains. A panel for the SAXS/SANS functions with computations directly
on the atomic structure can be also accessed from here (see below). A Brownian
Dynamics (BD) module (in preparation) will be also available in the future,
allowing a more reliable computation of the hydrodynamic parameters for flexible
or partially disordered structures.

The Bead Model Function part allows generating either a SoMo- or AToB-type
bead model(s) from the loaded structure(s), and to visualize it again using RasMol.
The ASA screening results can be also accessed from here. Bead models previously
generated by US-SOMO, or coming from other sources like DAMMIN/DAMMIF
[25] can be uploaded and further processed here.

In the Hydrodynamic Computation part the hydrodynamic properties in the rigid
body approximation are carried out (“Calculate RB Hydrodynamics”), and a list of
the more widely-used calculated parameters can be accessed by pressing “Show
Hydrodynamics Calculations”. A complete list is produced by default as a text file
(accessible via the “Open Hydrodynamic Calculations File” button). A selected list
of calculated parameters can be saved in a csv-style file for further processing,
either with user-provided programs or with the built in “Model Classifier”, where
the results coming from multiple models can be compared and ranked against
user-provided experimental parameters.
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13.3 US-SOMO SAS Module

In Fig. 13.2 the US-SOMO SAS module is shown. It can perform operation both in
reciprocal and real space, notably allowing the comparison through non-negative
least squares (NNLS) procedures between experimental and calculated data. In
reciprocal space, the latter include the computation of scattering intensities as a
function of scattering vector, I(q) vs. ¢ (¢ = 4n sin(0)/A, with 20 the scattering
angle and A the incident radiation wavelength), for both SAXS and SANS, starting
from atomic-level structures. In case of explicit hydration (which should be exter-
nally provided, see e.g., Poitevin et al. [26]), it uses the Debye equation [27] and its
variant computed with spherical harmonics [28]. For implicit hydration, Crysol [29],
Cryson [30], and a fast Debye method based on the FoXS concept [31] are internally
available. Guinier analyses, providing the z-average overall, cross-sectional (for
rod-like molecules), and transverse (for disk-like molecules) radii of gyration
(KRg>., <R.>., <R;>.) and the w- and w/z-averages molecular weight, mass/unit
length and mass/unit area, respectively (<M>,,, <M/L>,,., and < M/A>,,.) can be
performed in manual or semi-automatic mode. A primary data reduction utility is also
present. In addition, a novel module for the processing of HPLC-SAXS data was
recently added. It allows to correct for spurious background intensity arising from
capillary fouling, and to apply Gaussian decomposition to non-baseline-resolved
SAXS peaks [21]. In real space, pair-wise distance distribution function P(r) vs. r
curves can be computed directly from atomic-level structures, and compared with
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data derived by inverse Fourier transformation of reciprocal-space data. To better
understand the way the location of residues in a macromolecule affects the P(r) vs. r
distribution, a novel tool was developed: the structure is visualized using RasMol
with its residues colour-coded according to their contribution to a particular distance
range.

13.4 US-SOMO DMD Module

DMD is utilized within US-SOMO primarily to expand conformational space.
Starting from an atomic structure, DMD provides a fast method of physically
accurate molecular dynamics by discretizing the continuous potential functions,
which alleviates the need to have explicit time steps in the differential equation time
evolution. Instead, a collision-to-collision jump step occurs, where a collision is
defined as a step change in a potential function. The results of DMD provide a time
series (trajectory) of alternate conformations, thus enabling the researcher to screen
each conformation against hydrodynamic or SAS experimental data. DMD can be
run for user-specified durations and temperatures. Low temperatures are recom-
mended for structured regions, but fully unstructured regions can be run at higher
temperatures to more rapidly cover possible conformational space. Residue ranges
can be defined as static during a DMD run, which means that those residues will not
move. This capability allows known domains to remain unchanged while flexible
linkers or other unstructured regions remain dynamic during the run. Unfortunately,
multiple static regions will also remain mutually static. To move the domains
relative to each other, the structure must be cut into pieces before a DMD run.
A cut-and-splice tool is provided by the included PDB Editor enabling efficient
rejoining of these pieces. Furthermore, presently only standard amino acids/nucleic
acids bases are recognized by the available DMD software. Therefore, prosthetic
groups like carbohydrates must be cut before a DMD run and spliced back after-
wards. All DMD runs must be submitted to cluster facilities, as the underlying
DMD code is proprietary and only available for certain computer architectures.
Cluster accounts are readily available to interested researchers.

Currently, DMD in conjunction with SAXS and hydrodynamic data is used in
several laboratories to study a variety of dynamical structural problems. For instance,
we are applying it to generate random conformations of the unstructured N- and
C-terminal regions of the human fibrinogen chains to model the molecule starting
from incomplete crystal structures; it is used to model the flexible disordered arms of
B. subtilis single stranded-DNA binding protein (D. Scott, Nottingham University,
UK, personal communication); and it will be used to explore the conformational
space associated with molecular flexibility, mainly from the long C-terminal helix, of
the smac/diablo apoptosis regulator protein (P. Vachette, CNRS-Université Paris-
Sud, Orsay, FR, personal communication).
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13.5 A US-SOMO Application Case: Integrin oyy,f33
Conformational States

As an example of the potential of a multi-resolution approach in determining the
conformational states and transitions of a biomacromolecule, we briefly describe an
overview of previous work on the integrin oypf3 [32, 33]. Integrins are a class of
heterodimeric transmembrane receptors playing fundamental roles in cell anchoring
to the extracellular matrix, and in two-way signal transduction [34]. Each subunit is
composed of several modules making up the large extracellular portion (ectodomain),
a single pass transmembrane (TM) region, and a usually small intracellular
C-terminal domain. Several crystal structures of the ectodomain of various integrins
exist, and they all show a severely bent structure (reviewed in Arnaout et al. [35];
Luo et al. [36]). The N-terminal p-propeller module of the a subunit interacts with the
BA module of the p subunit, forming a pocket for the binding of RGD-type ligands
which is unavailable in the resting state. In the a subunit, three modules (thigh, calf-1
and calf-2) link the B-propeller to the TM helix. In the  subunit, the N-terminal starts
with a PSI module, and then the chain enters a special “hybrid” module, exits forming
the BA module, from which it enters again in the hybrid module. It then proceeds with
four EGF-like modules and a p-terminal domain before forming the TM helix.
Elegant crystallographic work with a construct containing only a few N-terminal
modules of both chains has suggested that upon activation/priming the hybrid module
“swings out” allowing the opening of the pocket for RGD binding [37]. This move-
ment is believed to induce chain separation at the TM level allowing signal trans-
duction. Furthermore, the bent conformation is believed to represent the resting state,
with a transition to an extended conformation required for the integrin to become
competent for binding/activation.

We have built bent and extended models of the integrin oyy,p5 starting from the
crystal structure of the ectodomain [38] and adding NMR-based models of the TM
and cytoplasmic domains [39, 40], with either an explicit octyl-glucoside
(OG) micelle or embedded into nanodiscs models [41] (see Fig. 13.3a, b).

The extended model, both in a “closed” and in an “open” conformation differing by
the hybrid module swing-out, was fitted into an electron tomography-derived density
map [42] obtained for a primed (activated) oq,p5 (Fig. 13.3c, d). In the open confor-
mation, the TM helices were either kept in contact just changing their relative
orientation (Fig. 13.3d), or allowed to fully separate (not shown). We have then
compared the US-SOMO-calculated hydrodynamic parameters for all the conforma-
tion examined with a series of experimental data (in Table 13.1 only the w-average
sedimentation coefficients reduced to standard conditions values, <S30,H20>W’ are
reported).

Furthermore, we have computed the P(r) vs. r profiles for the closed/bent and
closed/extended ayypP3 models and compared them with an experimentally-derived
profile from SANS data collected on oy,P3 solubilized in Triton and contrast
matched to render the micelle invisible [43]. As can be seen in Fig. 13.4, while
neither model fits the data well, a 1:1 mixture closely approximates them.
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Fig. 13.3 Panels a, b, oy,83 models (a, bent/closed; b, extended/closed) embedded in a nanodisc.
Panels ¢, d, opp; models fitted into an electron tomography-derived density map (c, extended/
closed; d, extended/open-tails in contact). In all panels the ayy, subunit modules are in blue shades,
those of the 5 subunit in green or red shades. Carbohydrates are yellow; they and the OG micelle
are omitted for clarity in ¢, d (Adapted from Rosano and Rocco [33])
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Table 13.1 Comparison between experimental and computed sedimentation coefficients for
full-length, OG-solubilized and nanodiscs-embedded oqy,P5 and the various models

Experimental/models <s80, H,0-w, S (% difference from resting values)
opPs, resting, OG-solubilized 8.18 + 0.07 (—)

Bent/closed model 9.08 (+11.0 %)

Extended/closed model 8.20 (+0.2 %)

opPs, primed, OG-solubilized 7.65+7.97 (—6.5+-—-2.6 %)

Extended/open-tails crossed model 7.81 (—4.5 %)

Extended/open-tails separated model 7.41 (9.4 %)

opP3, resting, nanodiscs-embedded 9.02 (—)

Bent/closed models 10.1+-10.3 (+12++14 %)

Extended/closed models 9.13+9.31 (+1.2++3.2 %)

From Rosano and Rocco [33]
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Fig. 13.4 Comparison of P(r) vs. r profiles between SANS experimental data for a3 solubi-
lized in Triton and those calculated by US-SOMO for closed/bent and closed/extended oqypp3
models (Adapted from Rosano and Rocco [33])

From our modelling efforts, we suggested [32, 33] that: a-in a small micelle-forming
detergent (OG) or nanodiscs-solubilized, the majority of resting o,z appears to be
in the extended conformation, while in a larger micelle (Triton) there is an almost
equimolecular distribution; b-the transition appears to be snap-like, without the
presence of intermediates, ruling out a flexible model in which the integrin con-
tinuously shifts from bent to extended until it is either activated from the cell interior,
or is primed by a small extracellular ligand; c-this suggests that the bent conformation
could be used mainly to transport the newly formed integrins to the cell surface, after
which they become extended; d-interactions at the cytoplasmic domain level could be
important for the transition from bent to extended; e-the activation via the hybrid
domain swing-out does not necessarily immediately lead to the TM helices separation.
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Chapter 14
Linking Diffraction, XAFS and Spectroscopic
Studies on Short Lived Species

Paul R. Raithby

14.1 Background

As we have seen already different spectroscopic and diffraction methods are best
suited to studying different processes across a range of timescales. Until recently,
time resolved spectroscopy was the preferred option, particularly in solution, while
“snapshot” single-crystal crystallographic methods have allowed macromolecular
processes to be monitored on the 100 ps timescale [1]. The latter method, of course,
requires single crystals of the compound to have been grown. Another method that
can be applied successfully to both solution and solid-state time-resolved measure-
ments is EXAFS (Extended X-ray Absorption Fine Structure). EXAFS is part of the
more general area of X-ray Absorption Spectroscopy (XAFS) that also includes
X-ray Absorption Near Edge Structure (XANES). Thus, for a given chemical or
biological system we can probe the structural dynamics over the full range of
timescales form picoseconds to the metastable state (Fig. 14.1).

The EXAFS technique requires the use of synchrotron radiation and the exper-
imental method involves scanning a solid or liquid sample with a monochromatic
X-ray beam across an energy range. During this process core electrons of atoms of
specific elements are excited into continuum states, thus the EXAFS is a measure of
the energy dependence of the absorption spectrum. In the spectrum obtained there is
a step function centred at the electron binding energy of the element that has been
excited. This peak is broadened by the resolution of the measurement and by the
inherent lifetime of the core-hole. Above this peak the spectrum decreases mono-
tonically with increase in energy. However, imposed on this higher energy signal is
fine structure — the EXAFS spectrum. The simple way of thinking about this is to
consider the excited photoelectron as an outwardly propagating spherical wave that
is scattered by surrounding atoms, and the interference between the outgoing and
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backscattered waves causes the fine structure. So an EXAFS spectrum provides
important information about the environment around the excited atom and is
interpreted as a radial distribution function.

In the interpretation of time resolved spectroscopic, XAFS and crystallographic
studies of short lifetime species it is essential to have a good theoretical under-
standing of the processes and of the excited state generated. Therefore, DFT
studies, or other computational investigations, should be carried out in conjunction
with the time resolved experiments and used in the interpretation of the results.

14.2 Early Multiple Technique Experiments
on Short Lifetime Complexes

Among the first molecular species to be studied by time-resolved crystallo-
graphic methods was tetrakis(pyrophosphito)diplatinate(II), [Pto(pop)s]*~, {pop =
(H,P,05)*"} [2], the structure of which is shown in Fig. 14.2. Earlier spectroscopic
analysis had indicated that a contraction of the Pt-Pt bond occurred upon photoex-
citation, and this was attributed to a 5do” — 6pc transition of an electron from a
metal-metal antibonding orbital to one that was bonding with respect to the metal-
metal bond. This A, triplet excited state has a lifetime of 9-10 ps in solution at
room temperature and exhibits a high phosphorescence quantum yield [3]. The
pump-probe, time-resolved single-crystal diffraction experiment was performed on
the tetramethylammonium salt, at 17 K, using an Nd/YAG laser and synchrotron
radiation, where the lifetime of the excited species was 50 ps. A 2 % conversion to
the excited state was observed, and the Pt-Pt bond distance was found to shorten by
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Fig. 14.2 The structure of
the [Pto(pop)4]*~ anion

0.28(9) A, compared to the ground state value of 2.9126(2) A, and there was a 3°
molecular rotation of the excited molecules within the crystal [4].

An EXAFS study assigned a shortening of 0.52(13) A to the distance between
the two planes described by the coordinated phosphorus atoms attached to each
platinum centre, however, a Pt-Pt excited state distance of 2.75 A was assumed and
combined with other information from the spectrum [5]. The Pt-P distances were
measured directly from the EXAFS spectrum and are reported as contracting by
0.047(11) A.

DFT calculations using quasi-relativistic Pauli and ZORA formalisms both
predict a Pt-Pt bond shortening and a slight Pt-P bond lengthening upon excitation
to the lowest triplet state. The PW86LYP functional with the ZORA relativistic
treatment provides molecular parameters that are in good agreement with the time-
resolved crystallographic and earlier spectroscopic results, and indicate that a weak
Pt-Pt covalent bonding interaction is present only in the excited state.

The dynamics of the cation [Cu(dmp),]” (dmp = 2,9-dimethyl-1,10-phentharoline)
(Fig. 14.3) has been investigated by pump-probe, solution XAFS and femto-
second optical transient spectroscopy, supported by DFT calculations [6] while a
time-resolved single-crystal X-ray diffraction study has been carried out on the closely
related [Cu(dmp)(dppe)]* cation [7].

For the [Cu(dmp),]* cation the photoexcited metal-to-ligand-charge-transfer
(MLCT) state was studied. The XAFS investigation was carried out to a time
resolution of 100 ps and it was established that the thermally equilibrated MLCT
state had the same oxidation state as the corresponding Cu(II) complex in its ground
state, and was pentacoordinate, through an interaction with the donor solvent, with
an average Cu—N distance 0.04 A shorter than in the ground state of the Cu(I) cation.
Using femtosecond optical transient spectroscopy, it was also possible to follow the
evolution from the photoexcited Franck-Condon MLCT state to the thermally
equilibrated MLCT state. In this study three time constants were obtained: 500—
700 fs, 10-20 ps and 1.6—1.7 ns. These were considered to be related to the kinetics



204 P.R. Raithby

Fig. 14.3 The structure of
the [Cu(dmp),]* cation

of the formation of the MLCT triplet state, structural relaxation, and the MLCT
state decay to the ground state, respectively. These assignments were supported by
DFT calculations.

The pump-probe, time-resolved photocrystallographic study on the triplet state
of the [PFg]~ salt of the [Cu(dmp)(dppe)]” cation was carried out at 16 K using
50 ns laser pulses (A = 355 nm). The crystal structure contained two independent
cations in the asymmetric unit and at 16 K the lifetime of the excited state species is
85 ps. In the excited state the two independent molecules behave differently, with
one molecule showing a significant flattening of 3.2(5)° from the ground state
tetrahedral geometry while the second molecule shows no significant change.
This difference is attributed to the slightly different constraints placed on the two
cations in the crystal environment. However, the observed flattening is consistent
with changes predicted by DFT calculations.

As is apparent from the foregoing discussion time-resolved spectroscopic and
XAFS studies have generally been carried out in solution. There have, however,
been attempts to carry out time-resolved infrared vibrational studies of the photo-
dynamics of crystalline materials [8]. Photochemical investigations of two classes
of molecules in the crystalline state have been undertaken using a highly sensitive
time-resolved IR instrument, with the samples either suspended in a nujol mull or
spin coated. The first system to be studied was [Re(bpy)(CO);Cl] because its time-
resolved solution behaviour was well known [9]. It was found that in the solid state
the relaxation pathway for [Re(bpy)(CO);Cl] (Fig. 14.4) was strongly perturbed by
comparison to the solution state. A simultaneous population of intraligand and
MLCT states along with a considerable reduction in the excited state lifetime was
observed, and there was also a nonlinear pump power dependence. The latter
feature may be attributed to triplet-triplet annihilation.

The second class of compounds are represented by 1,5-dihydroxyanthraquinone
(1,5-DHAQ) (Fig. 14.4) which undergo excited state intramolecular proton transfer
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(ESIPT). The solid state time-resolved study showed that the ESIPT process is
quenched. In the solid 1,5-DHAQ undergoes sub-picosecond internal conversion
back to the ground state. The results also demonstrate that thermal changes in the
solid are relatively long lived and have the potential to disturb ps or ns studies.

These investigations show that the move from time-resolved solution studies to
solid-state studies is not trivial, and a deeper understanding of the process involved
and further developments of the spectroscopic technique are required before the
method becomes more generally applicable.

14.3 Pump-Probe X-ray and Laser Spectroscopic Studies
on Metal-Metal Multiply Bonded Systems

14.3.1 Introduction

An area of chemistry to which time-resolved photocrystallographic and spectro-
scopic studies can be applied to good effect is the investigation of metal-metal bond
length changes in dimetal multiply bonded systems. The presence of the heavy
metals, with the associated spin-orbit coupling, lengthens the lifetime of the triplet
states through the relaxation of the selection rules that prevent intersystem crossing.
The heavy metals dominate the scattering in the X-ray experiments making it
relatively easy to identify small changes in metal-metal distances upon excitation.
Similarly, XAFS can also be used to identify changes in bond length around heavy
metal centres, by scanning the appropriate absorption edge for the given metallic
element. Metal-metal bond stretches can also be identified spectroscopically and
time-resolved Raman studies should be able to probe the metal-metal interactions
directly while time-resolved IR can be used to study changes in metal-ligand or
ligand-ligand interactions.

Coppens carried out one of the first studies on the dirhodium complex
[Rh2(1,8-diisocyano-p-menthane)4]2+ cation [10]. At 23 K the triplet lifetime of
the [PFs] ™ salt of the cation is 11.7 ps in the crystalline state, and in a pump-probe
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Fig. 14.5 Diagram showing the basic principle of a “pump-probe” TRIR spectrometer

experiment with synchronised laser and X-ray pulses the excited state structure was
obtained in which the Rh—Rh distance reduced to 3.64 A from 4.496(1) A.

Following on from this we embarked on a series of time-resolved spectroscopic
and crystallographic studies on molybdenum and tungsten dimers containing mul-
tiple metal-metal bonds. Upon excitation, removal of electrons originating in a
M,6-based orbital would be expected to bring about a lengthening of the M-M bond
length. We are also interested in the dynamics of the change in bond lengths within
ligands that bridge the electronically communicating metal fragments in molybde-
num and tungsten “dimer of dimers”. This will aid the greater understanding of the
mechanism for electronic communication in these complexes.

Before investigating complicated bridged complexes it is important to gain an
understanding of the dynamics in simple model complexes and we have therefore
commenced preliminary investigations into the TRIR spectroscopy of several
molybdenum carboxylate and amidinate dimers. From these studies we hope to
compliment the data obtained by Chisholm et al. [11] and also that the observed
excited states are long-lived enough to be applicable to time-resolved crystallo-
graphic studies. The change in stretching frequencies observed will also give
information regarding the changes in bonding interactions in the excited state.

14.3.2 Technical and Experimental Information

The TRIR spectroscopy is performed using a pump-probe technique in which the
sample is pumped periodically by a laser beam tuned to a certain wavelength to
access the excited states. The sample is then probed using a broad band IR laser at
given time delays after excitation. The exciting laser beam travels along an optical
beam line containing an electronic delay system which can be moved to effect
different optical path lengths and thus changing the difference between the inci-
dence of the pump and probe beams. A simple diagram is shown in Fig. 14.5 to
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Fig. 14.6 FTIR spectrum of cis-stilbene

illustrate this. The IR spectrum of the sample is also measured at the ground state to
allow pump on — pump off normalisation which formulates a difference spectrum
showing only the IR dynamics relating to the excited state. The spectra therefore
display negative bleaches due to the loss of ground state vibrations and positive
transient signals corresponding to the vibrations unique to the excited state.

Both picosecond and nanosecond time delays were used to study a range of
electronic dynamics. Either a titanium-sapphire (ps) or Nd/YAG (ns) laser was used
as the pump. An excitation wavelength of 400 nm was implemented for the ps
experiments representing the second harmonic of the titanium-sapphire laser
source. For the ns experiments an excitation wavelength of 355 nm was used
which is the third harmonic of the Nd-YAG laser source. Pump beam energies
were tuneable between 0.1 and 10 pJ and were adjusted to maximise sample
absorption without decomposition. All samples are rastered during data collection
to prevent localised heating in the sample window.

The spectra obtained in these studies are recorded with two separate IR detectors
which measure independent spectral windows which overlap slightly with each other.
For this reason the raw data that is obtained is not referenced against wavenumber
but against pixels (128 pixels for each spectrometer). The overlap in the spectral
windows also means that some vibrations may be present in both windows and thus
will appear twice in the raw data. To deal with this a reference sample must be used
which exhibits known vibrational frequencies. Using the reference spectra the raw
data from each spectrometer can be converted to wavenumber and the two spectra
can be stitched together in the correct place. In our studies we have used cis-stillbene
as reference sample. To show how the TRIR spectra appear before stitching a FTIR
spectrum for cis-stilbene and an unstiched spectrum obtained on the TRIR setup
for the same species is shown in Figs 14.6 and 14.7.
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Fig. 14.7 Raw IR spectrum obtained from the TRIR setup

14.3.3 Studies on Metal Dimers

Our initial studies investigated Mo,(OAc)4 which, as one of the most fundamental
quadruply bonded systems, should provide relatively simple signals in the IR
spectrum. An immediate problem encountered was that Mo,(OAc), offers very
low solubility in all common solvents. For this reason solid samples were prepared
for the IR analysis. Several methods of sample preparation were trialled to try and
maximise the homogeneity of the solid dispersion. Although dispersive agents such
as nujol and perfluoro oils gave initially regular dispersions of the finely ground
sample, after a short period of time, clustering of the particles was observed. This
inhomogeneity led to anomalous changes in intensity as the probe beam passes
through areas of different sample density. In addition to the uniformity of the
sample, the IR absorption of the media also proved a problem allowing only a
very restricted spectral window to be analysed. To avoid these problems samples
were prepared without a suspending medium. This was done by applying drops of a
hexane slurry of finely ground Mo,(OAc), onto the CaF, plates and allowing the
solvent to evaporate. Whilst anisotropic effects were still observed in the measured
spectra, the effects were significantly reduced and a greater spectral window was
possible in the oil mulls.

Our first experiments looked at the ultrafast picosecond dynamics of Mo,(OAc),
after excitation with a 400 nm wavelength pump. The spectra obtained from this
study are shown in Fig. 14.8.

An initial analysis of the plot shows two well resolved transient signals at 1,350
and 1,479 cm™' corresponding to excited state vibrations, and one bleach at
1,354 cm™! corresponding to the decay of the ground state. It is difficult to read
anything into the region between 1,390 cm™ ' and the transient at 1,479 cm ™' as it
appears to be composed of overlapping transient and bleach signals which have
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Fig. 14.8 TRIR spectra of a solid dispersion of Mo,(OAc), irradiated at 400 nm at a pulse energy
of 0.6 pJ.. Time delays are given in picoseconds

partially cancelled each other out. It is likely that this region contains a bleach
signal which is coupled to the transient at 1,479 cm ™', The transient and bleach pair
at 1,350 and 1,354 cm ™' grow in over approximately 200 ps and no decay of this
state is observed on the timeframe used for this experiment. The signal is also
observed att = —1 (before the pump beam arrives). This suggests that the excited
state does not fully decay before the following pump beam arrives. The relative
energies of the transient and bleach signals indicate that the corresponding molec-
ular vibration is of lower energy in the excited state relative to the ground state.

The transient at 1,479 cm™' grows in between 6 and 1,100 ps indicating slower
population of the excited state than was observed from the signals at 1,350 and
1,354 cm™"'. Once again this signal shows negligible decay within the timeframe
being used. The fact that no signal is observed at negative time shows that the
excited state has fully decayed prior to the following pump pulse arriving. The
corresponding excited state is therefore shorter lived than the excited state
represented by the low wave number transient and bleach pair. This suggests that
the two transients correspond to different states and the relationship between these
is yet to be assigned.

To try and further explore the dynamics of the excited states that were observed
on the picosecond timescale, the experiment was repeated with nanosecond time
delays in order to potentially observe decay of the transients. The spectrum
obtained (Fig. 14.9) unfortunately showed a lot more noise around the baseline
however the bleach and transients described for the picosecond experiment were
once again observed.

All signals were fully formed after the lowest time delay which was expected
from the observations in the picosecond study. Using the longer timeframe we were
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Fig. 14.9 TRIR spectra of solid Mo,(OAc), collected with nanosecond time delays with an
excitation pulse of 355 nm and 0.4 pJ

able to observe the full decay of the intense transient at 1,550 cm ™' over about 50 ps
and partial decay of the second transient at 1,350 cm™'. The latter had not fully
returned to the ground state within the time available in this study. Whilst the
dynamics of this signals at 1,350 and 1,354 cm ™! have not yet been modelled, an
exponential fit was applied to the decay of the transient at 1,550 cm™' The
corresponding excited state was shown to have an approximate lifetime of 10 ps
and decayed with a rate constant of 1 x 10 s~'. On the grounds of the relatively
long lifetime this excited state has been assigned to a triplet state and is likely to
be the *MLCT state reported by Chisholm et al. [11, 12]. A comparison with the
solution state arylcarboxylate molybdenum dimer data reported by Chisholm, the
lifetime of Mo,(OAc), excited state is significantly shorter. Considering that our
measurements were collected in the solid state the lifetimes for the different species
are not directly comparable.
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Chapter 15

Structure Analyses of Unstable Reaction
Intermediates Using the Technique

of Acid-Base Complex or Polymorphic
Crystal Formation

Yuji Ohashi

15.1 Introduction

Although a variety of reaction intermediates in gaseous and solution states have
been proposed from the spectroscopic results and synthetic work, it has been very
rare that the structures of reaction intermediates have been analyzed by X-ray
crystallography because they are very unstable and difficult to isolate. We found
that the crystal of a cobaloxime complex gradually changed its unit cell dimensions
without degradation on exposure to visible light or X-rays. From the crystal
structure analyses at seven stages from the initial state to the converted state of
the reaction, it was found that the chiral alkyl group bonded to the cobalt atom is
racemized keeping the single crystal form [1]. Such a reaction was called
crystalline-state reaction [2]. Similar examples have been observed in the
crystalline-state racemization and isomerization of cobaloxime complexes [3].

The intermediate structures observed in the reaction described above, in the
crystalline-state reactions, indicated to us that the unstable reaction intermediate
structures which have been assumed only from spectroscopic measurement
or theoretical calculation can be made clear by crystal structure analysis.
We succeeded in analysing the light-induced unstable structures of lophyl radicals
[4-6], carbenes [7, 8] and unstable species of salicylideneanilines [9] with reten-
tion of their single crystal forms.

However, it became clear that molecules in a crystal, in general, cannot react
only by photoirradiation. It is necessary that the reactive group has enough void
space for reaction or the reaction cavity has sufficient volume. How to design the
size of reaction cavity is the most important factor if reaction intermediates are to be
observed. One of the most promising methods is acid-base complex formation.
We introduced a carboxyl group, -COOH, into the reactant molecule and tried to
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make acid-base complexes with the several amines which have no light absorption
at wavelengths that cause the photoreaction to the reactant molecules. Some
complex crystals thus obtained may have enough volume in the reaction cavity
for the reactive group. Such crystals may be good candidates for the observation of
the reaction intermediates. Another method is the formation of polymorphic
crystals. Typical example will be shown in this article.

15.2 Structures of Nitrenes and Various Products
from the Nitrenes

A reaction intermediate consisting of a phenyl group and an electrically neutral
nitreno group, phenylnitrene, was proposed by Bertho about 90 years ago in the
thermal or photo dimerization process of phenylazide as shown in Fig. 15.1 [10].
Among various phenylazide crystals, the crystal of 2-azidobiphenyl produced
2-biphenylnitrene after 5 h photoirradiation. The molecular structures before and
after the photoirradiation is shown in Fig. 15.2. This clearly indicates that the
2-azidobiphenyl molecule is partly transformed to dinitrogen and 2-biphenylnitrene
molecules. The disordered model is composed of the product and starting material
and was refined with severe constraints. However, it was very difficult to discuss
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Fig. 15.1 Proposed reaction scheme of intermediate phenylnitrene by Berto
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Fig. 15.2 Structural change of 2-azidobipnenyl on photoirradiation




15 Structure Analyses of Unstable Reaction Intermediates Using the Technique. .. 215

Fig. 15.3 Structure of I after photoirradiation

its precise structure since the heavy constraints were applied to separate the photo-
products from the overlapped azide molecule. The dinitrogen molecule is captured in
the cavity around the N2 and N3 atoms [11].

Then, a variety of acid-base complex crystals were prepared, using 2-azidobenzoic
acid, 3-azidobenzoic acid and 4-azidobenzoic acid as acids and dibenzylamine,
N-benzyl-2-phenylethylamine and dicyclohexylamine as bases [12]. Among the
combinations of acid-base complexes, suitable crystals for X-ray work were obtained
for six complexes. A typical example is the complex between 3-azidobenzoic acid
and dibenzylamine, which has two crystal forms I and II.

Figure 15.3 shows the molecular structure of I after photoirradiation. The
molecules with white bonds and black bonds are the structures before and after
photoirradiation. The nitrogen molecule, N2-N3, is produced from the azido group.
The occupancy factor of the dinitrogen molecule converged to 0.25(2).

The intermolecular hydrogen bonds of N4...01 and N4'...02 fix the
carboxyl group of the benzoic acid tightly to the dibenzylamines, the product
3-carboxyphenylnitrene slightly shifts from the original position of the
3-azidobenzoic acid due to the steric repulsion with the dinitrogen molecule. The
C1-N1(nitrene) bond was successfully analyzed to be 1.34(4) A.

Figure 15.4 shows the molecular structure of II after the photoirradiation.
New residual peaks appeared in the vicinity of the azido group, which were
assigned to dinitrogen molecules. Moreover, new peaks appeared between the
3-azidobenzoic acid molecules related by an inversion centre, N1P = N1P’. This
indicates that two photoproduced 3-carboxyphenylnitrenes come close to each
other and a dimer of 3,3'-dicarboxy-frans-azobenzene, is formed. This is the direct
evidence that the azobenzene derivatives are produced from arylazides through
arylnitrenes, which was proposed by Bertho. It seems adequate that the arylnitrene
is kept intact in the crystalline lattice at low temperatures if the product nitreno
groups of the neighbouring molecules are more than 5.5 A apart, but that they are
dimerized if they lie within 5.5 A of each other.
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Fig. 15.4 Structure of II after photoirradiation

15.3 Photochromism of Salicylideneanilines
and the Different Decoloration Rates

Light-induced reversible color change of substances is known as photochromism.
N-Salicylideneanilines, which are the condensation products of salicylaldehydes and
anilines, exhibit photochromism both in solution and in the solid state. Photochromic
salicylideneanilines are usually pale yellow and exist in the enol form in crystals. It
was proposed from spectroscopic data that the hydrogen atom of the hydroxyl group
is translocated to the imine nitrogen atom on irradiation with ultraviolet light. A
subsequent geometrical rearrangement in the excited state is assumed to form a red
photoproduct. The deep red color can be erased by irradiation with visible light or by
thermal fading in the dark. Although many studies have been carried out over three
decades, there remains a controversy about the structure of the colored species.

The first example was selected to be N-3,5-di-tert- butylsalicylidene-3-
nitroaniline, 1, as shown in Fig. 15.5, because the photo-product of 1 was reported
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Fig. 15.6 Structural change in the photochromism of 1

to have the longest lifetime among a number of salicylideneanilines [9]. The crystal
structure of 1 before photoirradiation was analyzed by X-rays at 90 K. The molecular
structure is shown in Fig. 15.6a. It is clear that the molecule 1 exists in an enol form
before photoirradiation. Using two-photon excitation techniques, the crystal was
irradiated with laser light of 730 nm at room temperature. New peaks were assigned
and successfully refined as another molecule which coexists with the original enol
form in the crystal as shown in Fig. 15.6b. The occupancy factor of the newly
produced molecule is 0.104(2). It is clear that the newly produced red species is a
trans-keto form of 1. When the same crystal was irradiated with a xenon lamp with a
filter (A > 530 nm) at room temperature, the dark-red color returned to the original
pale yellow. The crystal structure analyzed under the same conditions is essentially
the same as that of the enol form before photo-irradiation. These results clearly
indicate that the photo-reversible color changes in the crystals are caused by an
inter-conversion between the cis-enol and trans-keto forms as shown in Fig. 15.6c.
These results clearly show why photochromism occurs in the crystals of salicyli-
deneanilines. However, it remained unclear why the metastable coloured species of
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Fig. 15.7 Colour changes of a, p and y forms

different crystals have different photochromic lifetime. Recently three polymorphic
crystals, o (colorless needle), B (pale yellow parallelepiped) and y (orange block),
were found in the crystallization of N-3,5-di-tert-butylsalicylidene-3-carboxy-
aniline, 2. On exposure to a high-pressure Hg lamp for more than 10 h at room
temperature, the crystals of 2a and 2f turned red whereas 2y was unchanged as
shown in Fig. 15.7a, b [13]. When the three colored crystals kept in the dark at room
temperature for 30, 60, 80 min and 72 h, the color of each crystal is shown in
Fig. 15.7c—, respectively. The color of 2a faded after 60 min, whereas the crystal
of 2f3 showed red colour after 24 h and the colour finally faded after 72 h. However,
the colour of 2y remained unchanged.

In order to examine the relation between the lifetime and the crystal structure, the
crystal structures of the three forms before the photo-irradiation were analyzed. The
molecular structures are very similar to each other, except that the torsion angle of
aniline ring in 2 is different from the other two. It was proposed that the dihedral
angle between two phenyl rings of the salicylideneaniline molecule plays an impor-
tant role in showing photochromic properties. Crystals with the dihedral angles of less
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Fig. 15.8 Intermolecular interaction of the trans-keto forms of (a) 2a and (b) 1

than 20° were non-photochromic whereas those with the dihedral angles of more than
30° were photochromic. Crystals with the dihedral angle between 20° and 30° were
either photochromic or non-photochromic. The dihedral angles for 2a, 28 and 2y are
60.95, 37.34 and 28.90°, respectively. This indicates that 2a and 28 would show
photochromic property but that 2y may be non-photochromic. This clearly explains
the photochromic properties for the three polymorphic crystals [13].

In order to examine the lifetime of the coloured species of 2a, 2f and 1 more
quantitatively, KBr pellets (0.5 wt %) of the three crystals were prepared and were
irradiated with the UV light at room temperature. The observed lifetime t values for
2a, 2 and 1 are 17, 780 and 1,200 min, respectively.

Using a very thin crystal of 2a (0.03 mm), the crystal structure after
photoirradiation was analyzed. New peaks appeared which were assigned to the
atoms of trans-keto form similar to that observed in the crystal of 1. The occupancy
factor of the keto-form is 0.117(2). The two photo-products of 2a¢ around an
inversion center are shown in Fig. 15.8a. The N-H group of the imino group is
surrounded by the methyl of fert-butyl groups of the neighbouring molecule.
No hydrogen bond is formed between the two molecules. In the structure of the
photo-coloured crystal of 1, on the other hand, the two intermolecular hydrogen
bonds were made between the N-H group of the trans-keto imine group and the
oxygen atom of the nitro group around an inversion center as shown in Fig. 15.8b.
It is clear that the longest lifetime of the photo-coloured species (trans-keto form) of
1 comes from the stabilization energy due to such hydrogen-bond formation.

For the crystal of 2f, it was not possible to identify additional peaks in the
difference electron density map after photoirradiation. It seems adequate to assume
that the trans-keto form has essentially the same structure as those of 2o and 1,
which are produced using the pedal motion. The molecule with the trans-keto form
of 2fp was present instead of the enol form in the crystal of 2f before photo-
irradiation. As shown in Fig. 15.9, the N-H group of the trans-keto form of 2§
makes a hydrogen bond with the oxygen atom of the carboxyl group of the
neighbouring molecule. This may be the reason why 2 has a longer lifetime than
2a. On the other hand, the dimer of 1 with the trans-keto form may easily be formed
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Fig. 15.9 Assumed structure of the trans-keto form of 2f§

and has two hydrogen bonds. This is why the lifetime of 2p (780 min) is signifi-
cantly shorter than that of 1 (1,200 min).

More interesting results were obtained when the complex crystals between
the salicylideneanilines with carboxyl group and the dibenzylamine or dicyclo-
hexylamine were examined. N-Salicylidene-3-carboxyaniline, 3, makes acid-base
complexes with dibenzylamine and dicyclohexylamine, whereas N-salicylidene-
4-carboxyaniline, 4, forms an acid-base complex with dibenzylamine. Although the
crystals of 3 and 4 showed no photochromism, the complex crystals turned red when
they were irradiated with UV light. The similar results to the above polymorphic
crystals have been observed for the complex crystals [14].

15.4 Structural Change of Platinum Complexes
at Excited State

It was reported that the diffraction peaks of [N(C4H9)4]4[Pt2(pop)4]47 (pop =
diphosphite) in the X-ray powder pattern shifted to the higher angles on exposure
to a xenon lamp at room temperature and returned to the original angles when the
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Fig. 15.10 The Pt anion and four alkyl ammonium cations

light was turned off [15]. This indicated that the cell dimensions contracted
probably due to the photo-excitation of the platinum complex in the crystal. Since
the platinum complex is an anion, several different alkyl ammonium ions were
selected as cations to make an acid-base complex. The platinum anion and the four
alkyl ammonium cations, tetrabutyl- (Bu), tetrapentyl- (Pn), benzyltriethyl- (Bzte)
and benzyltributylammoniums (Bztbu) are shown in Fig. 15.10. The crystal struc-
ture analyses of the four complex crystals revealed that the platinum anion has two
extra protons. This indicated that the Pt anion should be represented as
[Ptz(pop)z(popH)Z]z_, not [Ptz(pop)4]4_ and there are two ammonium cations per
one platinum complex anion [16].

Each crystal was mounted on the diffractometer and irradiated with a xenon
lamp. A combination of filters was inserted between the lamp and the crystal to
select wavelengths between 400 and 550 nm. The temperature was set at 173 K for
the Bu and Pn complex crystals and 103 K for the Bzte and Bztbu complex crystals.
Such temperatures were selected for which the largest volume change of the unit
cell was obtained before and during photo-irradiation. The changes of the unit-cell
volumes for the four crystals under light-off and light-on conditions are summa-
rized in Table 15.1.

To examine whether the unit-cell change is affected by the crystal size, the powder
diffraction patterns of the Pn crystal at the light-off and light-on stages
were measured. The diffraction features shift to angles greater than those with
without illumination. The shifted pattern is similar to that observed for the
[N(C4H9)4]4[Pt2(pop)4]47 crystal. The light-on stage indicates that the photo-excited
and ground-state molecules reach an equilibrium state and that a crystalline lattice
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Table 15.1 Change of unit-cell volume (A3 at light-off (V) and light-on (V,,,) stages for Bu,
Pn, Bzte, Bztbu complex crystals

Crystals Vo (AY) Vou(A%) A(Vgn — Vo) (AY)  AlVoy — Vord/Vge (%)
Bu 1,320.18(3) 1,312.16(5) —8.02(49) 0.61
Pn 3,046.45(7) 3,026.12(17) —20.33(12) 0.67
Bzte 2,108.78(12) 2,094.92(11) —13.86(11) 0.66
Bztbu 2,696.42(16) 2,691.27(12) —5.15(14) 0.19

Table 15.2 The differences in the bond distances of Pt-Pt, A(Pt-Pt), (A) and Pt-P, A(Pt-P), (A)
between the light-off and light-on stages

Bu Pn Bzte Bztbu
A(Pt-Pt) —0.0038(3) —0.0081(3) —0.0127(5) —0.0031(3)
A(Pt-P) —0.0069(10) —0.0053(11) —0.0085(14) —0.0019(12)

corresponding to equilibrium state produced. The powder pattern was calculated
based on the structural change of the single crystal. The pattern is essentially the
same as the observed one. This suggests that the equilibrium structure is independent
of the number of incident photons and that the number of excited molecules reaches a
maximum at the equilibrium state. The structural change at the excited state may
be obtained from that at the equilibrium state if the concentration of the excited
molecules exceeds the threshold value.

Although there are no significant structural differences in the cation molecules
between light-off and light-on stages, the bond distances in the Pt complex anions
are significantly altered from the corresponding ones at the light-off stage. It may
be adequate to assume that the Pt complex has Dyj, (4/m) symmetry except for the
exocyclic P=0 or P-OH groups. There are significant differences in the Pt-Pt and
Pt-P bonds between the light-off and light-on stages. The changes of the other
bonds are within the experimental error. The differences for the four crystals are
shown in Table 15.2.

The contractions of the Pt-Pt and Pt-P bond distances have ranges 0.0031
(3)-0.0127(5) A and 0.0019(12)-0.0085 A, respectively. Such differences are
caused by the varied concentrations of excited molecules in the four crystals.
The difference in the packing around the Pt complex might be responsible for the
varied concentrations of the excited molecules. Among the four crystals, the bond
contractions of Pn and Bzte structures are significant. The ratios of |A(Pt-Pt)l/IA
(Pt-P)| for the Pn and Bzte crystals are 1.53 and 1.49, respectively, the excited
molecular structures for the two crystals are essentially the same as each other.

The schematic drawing of the excited molecule is shown in Fig. 15.11. It may be
possible to refine the structure of the excited molecule assuming its model structure
obtained from the theoretical calculation [17]. However, the refined structure prob-
ably depends strongly on the model structure because the structural difference
between ground and excited states is too small. Moreover, the excited molecular
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Fig. 15.11 Excited
structures observed for the
Pn and Bzte complexes

structure should depend significantly on the crystal environment, because the excited
molecule is not in the minimum energy, different from the ground state molecule.
This means that we must consider the environment effect around the excited
molecule to get the quantitative lengths of arrows in Fig. 15.11 quantitatively.
Recently the method of the stroboscopic structure analysis was reported [18]. The
method is very useful for observing the change of the diffraction pattern within a nano
or a pico second after the photo-irradiation. However, if we want to obtain the change
of the electron density or crystal structure, it is very important to confirm the periodic
structure in such a short time. Another question is why the method should be applied
to the structural change in a reversible process, such as excited-state structure. If there
are only two structures in the crystal during the light-on stage, that is, ground and
excited structures, the diffraction should be brought about by the periodic structures
composed of ground and excited molecules. If the concentration of the excited
molecules exceeds the threshold value in the equilibrium state, the structure of the
excited molecule can be analyzed by using the conventional diffraction data, no
matter how quickly the excitation occurs.

Although it appears to be very difficult to observe the unstable structures by
X-rays, it is not so difficult if we can make an appropriate crystal environment to
keep the unstable species in a crystal, such as acid-base complex formation or
polymorphic crystals. The rapid data collection is not so important since more than
1 s may be necessary before the crystal will reach the equilibrium state at room
temperature. However, the precise structure analysis is most important to separate
the original and produced structures. Recently such results are reviewed [19].
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Chapter 16

Molecular Mechanisms of Light-Harvesting
and Photo-Protection by Carotenoids
Explaining Configurational Selections by
Antenna and Reaction Centre Complexes

Yasushi Koyama and Yoshinori Kakitani

16.1 Summary

. Singlet states of carotenoids: Singlet states of carotenoids consist of the
optically-allowed 1By and the optically-forbidden 1B, and 2A, states which
are involved in Car — BChl singlet-energy transfer. These energies of Car
decrease with the number of conjugated double bonds, 7, as linear functions
of 1/(2n + 1).

. Configurational selections: The all-trans configuration is selected by antenna
complexes, whereas the 15-cis configuration, by reaction centres. The Car —
BChl singlet-energy transfer of 1B,*-to-Q, is always allowed, but 1B, -to-Q,
and 2A,"-to-Q, can be allowed or forbidden, depending on the length of Car
conjugated chain. The Car-to-BChl singlet-energy transfer efficiencies through
the three channels and the sum (1B,*/ 1B, /2A, " /sum) become (48/19/22/88 %)
forn =9, (46/18/20/84 %) for n = 10 and (48/2/1-4/51-54 %) for n = 11.

. Mechanism of photo-protection by 15-cis Car (n = 10) bound to the RC: After
excitation of BChl triplet (°P), a sequence of Car triplet species, >Car(I) — >Car
(R) — 3Car(ID), is generated. Raman spectroscopy showed that the twisted
conformation of 3Car(II) around cis C15 = C15/, trans C13=C14 and trans
C11=C12 to be (+45°, —30°, +30°), whereas EPR spectroscopy, to be (+45°,
—40°, +40°). The time constants of the *Car(I) — >Car(R) and *Car(R) — >Car
(II) conformational changes were determined to be 3.4 and 2.0 ps. Very fast
(1.0 ps) intersystem crossing from Car(R) plays the most important role in the
triplet-energy dissipation.
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Fig. 16.1 The 15-cis configuration of Cars bound to the RCs and the all-frans configuration of
Cars bound to the LH2 and LHI1; in neurosporene (n = 9) of Rba. sphaeroides G1C and in
spirilloxanthin (n = 13) of Rsp. rubrum S1, respectively

16.2 Configurational Selections

In both neurosporene (n =9) in Rba. sphaeroides G1C and spirilloxanthin
(n = 13) in Rsp. rubrum S1, the all-trans configuration is selected by the antennas
(LH2 and LH1), whereas the 15-cis configuration is selected by the reaction centres
(RCs) (Fig. 16.1).

16.3 The Mechanism of Light-Harvesting by All-trans
Cars in LH2 and LH1 Complexes

The mechanisms of Car-to-BChl singlet-energy transfer in LH2 and LHI1
complexes are illustrated in Fig. 16.2. The mechanism of light-harvesting, i.e.,
the absorption of light energy by Cars followed by singlet-energy transfer to BChls
has been established. The importance of the all-frans configuration, in facilitating
the plural channels of Car-to-BChl singlet-energy transfer during the stepwise
internal conversion through the singlet states of different symmetries located
close-by in energy is also described.



16 Molecular Mechanisms of Light-Harvesting and Photo-Protection. . . 227

20000
B850
B800
T 15000
£
o
=
<)
] B800
& B850
B880
10000 |-
T1 | B850
.......................... g | BESO
—
5000 ! :
0.04 0.05
1/(2n+1)

Fig. 16.2 The energies of the 1B,", 3A, ", 1B, and 2A, singlet-excited states determined by
measurement of resonance-Raman excitation profiles for crystalline all-frans-mini-9-p-carotene
(n=9), spheroidene (n = 10), lycopene (n = 11), anhydrorhodovibrin (n = 12) and
spirilloxanthin (n = 13) and those of the T, (1°B,) state determined by high-sensitivity emission
spectroscopy for neurosporene (n = 9) and spheroidene (n = 10) bound to the LH2 complexes
from Rba. sphaeroides G1C and Rba. sphaeroides 2.4.1 and rthodopin + lycopene (n = 11) bound
to the LH1 complex from Rsp. molischianum. For comparison, the energies of the Q, and Q,
transitions in LH2 (B800 & B850) and LH1 (B880) complexes and of the T states of BChls are
shown in dotted lines

An energy diagram summarizes the energies of low-lying singlet states, i.e.,
1B,*, 3A,, 1B, and 2A, ", that were determined by measurement of resonance-
Raman excitation profiles for crystalline Cars (n = 9-13) and the energies of the T
states of BChl a and Cars (n = 9—11) bound to the LH2 complexes that were
determined by high-sensitivity phosphorescence spectroscopy. The energies of all
the electronic states of Cars decrease with n, as functions of 1/(2n + 1). The Q,, Q,
and T energies of BChl a absorbing at 800 and 850 nm (called ‘B800’ and ‘B850”)
in LH2 and at 880 nm (‘B880’) in LH1 are shown in horizontal lines.

This energy diagram predicts that the 1B,* — Q,, Car-to-BChl singlet-energy
transfer channel is always open, but the 1B, -to-Q, singlet-energy transfer should
be closed in Cars with longer conjugated chains (n > 10).
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Fig. 16.3 Left: Sub-picosecond time-resolved stimulated-emission and transient-absorption spec-
tra of neurosporene (n = 9) and BChl a in Rba. sphaeroides G1C (LH2) and of rhodopin glucoside
(n = 11) and BChl a in Rps. acidophila (LH2) that were pumped to the 1B,*(0) level and probed
with a white continuum in the visible (left-hand-side) and the near-infrared (right-hand-side)
regions. Right: The results of the SVD and global-fitting analysis, including SADS (upper panels)
and time-dependent changes in population in the visible and near-infrared region (middle and
bottom columns). Only the T, (3Bu) levels generated from the 1B, state were observed. Only the
two cases of Rba. sphaeroides G1C (n = 9) and Rps. acidophila (n = 11) are presented here. SVD
and SADS indicate singular value decomposition and species-associated difference spectra,
respectively

Taking into account the energy diagram of Cars and BChl (Fig. 16.2) and the
relaxation scheme of Cars (Fig. 16.4), we are going to determine the Car — BChl
singlet energy-transfer efficiencies through three channels (1B,* — Q,, 1B,” —
Q.and 2A,~ — Q,) and the efficiency of singlet-to-triplet fission within Car: Here,
we choose Car (n = 9) and Car (n = 11) as the representative shorter-chain and
longer-chain Cars, to explain the procedure (Fig. 16.3): (i) Sub-picosecond time-
resolved, stimulated-emission and transient-absorption spectra in the visible and
near-infrared regions were recorded to probe the excited-state dynamics of Cars and
BChl a, respectively (left-hand-side). Here, the contribution of the T, ( 13Ag) state
of Cars is also seen. (ii) As shown in Fig. 16.4, by fixing the time constants of
internal conversion within Car and BChl « transferred from those determined in
solution, the time constants of Car-to-BChl singlet-energy transfer through the
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Fig. 16.4 Relaxation dynamics after excitation to the 1B,*(0) level of a set of Cars, including
neurosporene (n = 9), spheroidene (n = 10), rhodopin + lycopene (n = 11) and rhodopin gluco-
side (n = 11), and BChl a are shown for Rba. sphaeroides G1C, Rba. sphaeroides 2.4.1, Rsp.
molischianum and Rps. acidophila, respectively. The same type of branching in LH2 and LH1 as
described in Fig. 16.3. The 1B,", 1B, ", 2A, and T, (13Bu) states of Cars are shown in red, blue,
black and magenta, respectively

1B, and 2A,~ channels and the time constant of 1B, to T} (1°B,) transformation
were determined. (iii) Again, singular-value-decomposition (SVD) followed by
global fitting of spectral data matrices was used, the results of which are shown
in Fig. 16.3 (right-hand-side). The spectral patterns of three singlet-excited and
T;-excited states of Cars are reproduced as species-associated difference spectra
(SADS), whereas the branching relaxation processes in Car, as time-dependent
changes in population.

Figure 16.4 compares the time constants of singlet-energy transfer through the
1B, — Q,, 1B,” — Q, and 2A,~ — Q, channels and those of the 1B,” — T;
transformation, among neurosporene (n =9) in Rba. sphaeroides GI1C,
spheroidene (n = 10) in Rba. sphaeroides 2.4.1, thodopin & lycopene (n = 11)
in Rsp. molischianum and rhodopin glucoside (n = 11) in Rps. acidophila 10050.
They can be characterized as follows: (i) The 1B," channel is open in all the cases
and the energy transfer speeds up only slightly on going from n = 10 to n = 11.
(i) The 1B, channel is open in n = 9 and 10, but it gets practically closed in
n = 11, because it becomes an up-hill energy transfer. (iii) The 2A,~ channel slows
down on going from n = 9 to n = 10. This channel practically becomes closed in
n = 11, even though this channel can apparently perform down-hill energy
transfer.
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Table 16.1 Efficiencies (® in %) of Car-to-BChl singlet-energy transfer through the 1B,*, 1B,
and 2A,” channels and those of the 1B, -to-T; singlet-to-triplet conversion in Cars as
determined by the SVD and global-fitting analyses of sub-picosecond time-resolved, spectral
data matrices. The overall efficiencies, determined by comparison of the fluorescence-excitation
and electronic-absorption spectra, ®(obs), are also shown

Carotenoids (n) (1B, d(1B, ) DA, ) ®(sum) d(T,) ®(obs)
(a) Native LH2 complexes

neurosporene (9)* 48 19 22 88 10 92
spheroidene (10)" 46 18 20 84 12 89
rhodopin + lycopene (11)° 48 2 1 51 17 53
rhodopin glucoside (11 ) 48 2 4 54 16 56
(b) Reconstituted LH1 complexes®

neurosporene (9) 47 11 20 78 19
spheroidene (10) 47 9 19 75 20

lycopene (11) 41 2 3 46 27
anhydrorhodovibrin (12) 39 0 1 40 29
spirilloxanthin (13) 35 0 1 36 31

“Rba. sphaeroides G1C

"Rba. sphaeroides 2.4.1

‘Rsp. molischianum

9Rps. acidophila

Incorporated into the LH1 complex from Rsp. rubrum G9

As a result, the Car to BChl singlet-energy transfer efficiencies through 1B,*/
1B, /2A, /sum are 48/19/22/88 % for neurosporene, 46/18/20/84 % for
spheroidene, 48/2/1/51 % for rhodopin + lycopene and 48/2/4/54 % for rhodopin
glucoside (see Table 16.1).

Since the set of time constants predicts a sudden decrease in the overall effi-
ciency of the Car-to-BChl singlet-energy transfer on going fromn = 10ton = 11,
we tried to determine these values by an independent experiment. This experiment
is based on the comparison of fluorescence-excitation spectrum to the electronic-
absorption spectrum of each Car bound to each antenna complex, normalizing at
the Q, fluorescence/absorption peaks. The overall energy-transfer efficiencies
were determined to be 92, 89 and 53-56 %, for the bound Cars (n = 9, 10 and
11, respectively). The set of values seem to nicely correspond to the closing of both
the 1B,~ — Q, and 2A,~ — Q, channels on going from n = 10 to n = 11. The
results of both experiments are listed in Table 16.1 in the last column.

16.4 The Mechanism of Photo-Protective Function
by 15-cis-Spheroidene Bound to the RC
from Rba. sphaeroides 2.4.1

Sets of stretching force constants were determined for the C=C and C—C bonds in
the conjugated chain. Changes in the bond orders in the triplet-excited region are
now evaluated by the use of stretching force constants as a scale: Double bonds
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become more single bond-like, whereas single bonds become more double

bond-like. Note that the centre of the triplet-excited region is located at the centre

of the conjugated chain, i.e., C12—C13 in spheroidene.

Then, we proceeded to the case of RC-bound 15-cis-spheroidene: By the use of
the set of force constants determined above for all-frans-spheroidene, we tried to
determine the rotational angles around the central double bonds by means of test
calculations, changing the rotational angles by a 5° interval.

(a) The Sy Raman line at 1,239 cm ! shifts to the T; Raman line at 1,335 cm ',
while the S, Raman line at 954 cm ™' shifts to the T; Raman line at 935 cm ™",
when the C15=C15’ bond is rotated by 45°. This is due to the decoupling of the
C15-H and C15-H in-plane bending from the C15=C15’ stretching in the
former, and the decoupling of the C15-H and C15—H our-of-plane waggings
from the C15=C15’ torsion in the latter.

(b) The closely overlapped S, Raman lines at 1,534 and 1,532 cm™ " widely split
into T; Raman lines at 1,526 and 1,505 cm~ L. Such a large down shift of the
C13=C14 stretching Raman line from 1,532 to 1,505 cm ™! could be realized,
when the C13=C14 bond is twisted by 30°.

(c) In the Sy state, the C14—-C15 and the C10—C11 stretches appear at 1,168 and
1,159 cmfl, whereas in the T, state, they appear at 1,156 and 1,182 cmfl,
respectively, with the reversed order in frequency. Twisting around the
C11=C12 bond by 30° caused the decoupling among the C10-C11 stretching
and the C11-H and C12-H bendings and, as a result, the high-frequency shift of
the C10—C11 stretching to 1,182 cm ™' took place.

Thus, the rotational angles around the cis C15=C15’, trans C13=C14 and trans
C11=C12 bonds have been determined to be (+45°, —30°, +30°); the set of signs
(+, —, +) was chosen to fit the model into the peptide binding pocket of the Car.
Thus, the structure of the RC-bound T; Car as well as the changes in Raman
frequencies can also be rationalized.

After fixing the rotational angles to the above set of values, the relevant
stretching force constants and the cross terms were re-adjusted by the least-square
fitting.

Sub-microsecond time-resolved EPR spectra of the RC from Rba. sphaeroides
2.4.1 recorded at 100 K were obtained. Immediately after excitation (0.0 ps) at
532 nm, the EPR signal of *P (BChl pair) appeared. It was followed by three
different T, Car species, which we named SCar(1)’, “*Car(R)’ and”>Car(Il)’. We
applied SVD followed by global fitting to the data matrices. It was necessary to add
the intermediate, 3Car(R), to obtain a set of three SAS for the triplet Cars with
similar intensities, showing a reasonably good fit between the observed and the
simulated time-dependent changes in population (see each pair of smooth and noisy
lines in Fig. 16.5).

The conformation of each intermediate can be determined by the zero-field
splitting parameters, IDI| and |El, read from the pattern of EPR signal obtained as
SAS. Briefly, IDI and |E| values represent the deviation of the molecular structure
from the spherical and spheroidal symmetry, respectively. The relative DI and |E|
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Fig. 16.5 The result of four-component SVD and global-fitting analysis of time-resolved EPR
data matrix at 100 K. Left: The SAS spectral patterns of the special-pair BChl in the T state ¢P)
and three sequential 3Car species (3Car(I), 3 Car(R) and 3Car(II)) (see Fig. 16.8 for the relaxation
scheme used). Right: Time-dependent changes in population of the four triplet species shown in
two different time scales. The decay time constants are indicated for each triplet species

Table 16.2 Zero-field splitting parameters observed in 3Car(1), *Car(R) and 3Car(1l) and those
simulated in models with the rotational angles around (C15=C15’, C13=C14, C11=C12) bonds
for the RC-bound 15-cis-spheroidene

3Car(D) 3Car(R) 3Car(1l)
DI 12 0.90 0.73
E| 1 0.89 0.50
(0°, 0°, 0°) (+20°, —20°, +20°) (+45°, —40°, +40°)
DI 1 0.98 0.82
E| 1 0.89 0.50

“The ID| and |E| values are normalized to those of 3CaI(I)

values thus obtained and then normalized to those values of *Car(I), are obtained
(Table 16.2). On the other hand, the IDI and |El values simulated based on the
structures and then normalized to the values for the (0°, 0°, 0°) planar conformation
that was assumed for > Car(I). In the simulation of the IDI and IE| values for 3Car
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Fig. 16.6 The chemical structure and the principal axes of spheroidene (fop), and the conforma-
tion of >Car(I) assumed to be planar 15-cis and those conformations of 3Car(R) and 3Car
(II) determined by comparison between the observed and the calculated zero-field splitting
parameters, |DI and |El (see Table 16.2). Both side and front views are shown for the structures
of the three *Car species

(R) and >Car(Il), the rotational angles around the cis C15=C15’, trans C13=C14
and trans C11=C12 bonds were changed stepwise by a 5° interval.

The simulated models around the C15=C15’, C13=C14 and C11=C12 angles,
(+20°, —20°, +20°) and (+45°, —40°, +40°), perfectly reproduced the normalized,
relative |IEl values of *Car(R) and *Car(Il). However, these models tend to give rise
to slightly higher IDI values than the observed (see Table 16.2 and Fig. 16.6).
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Fig. 16.7 Time-dependent
changes in spin polarization
for the x—x/, y—y and z—2'
components; see the top
panel of Fig. 16.6 for the
definition of the principal
axes, X, Y and Z. The
ordinate scale represents the
difference in the triplet
population, Ny minus N
(N_1). The inversion of the
spin polarization reflects the
presence of the external
magnetic field applied to the
spin system
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Importantly, the rotational angles (+45°, —40°, +40°) for the final stationary-
state T, species, *Car(II), determined here by EPR spectroscopy are in excellent
agreement with the rotational angles (+45°, —30°, +30°) for the final stationary-
state T; species determined above by resonance-Raman spectroscopy and normal-
coordinate analysis, even such a complete difference in the two spectroscopic
techniques was taken into account.

Figure 16.7 shows the rise and decay time profiles of spin polarization along the
x—x', y=y' and z—Z' triplet principal axes. Under ordinary conditions, there is no
chance for spin polarization (along the x—x, y—y" and z—z' axes) to become negative.

However, we did observe the following: (i) The x—x' component decays toward
zero, keeping the same sign of spin polarization (as usual), (ii) the y—y’ component
slightly reverses the sign of spin polarization while relaxing toward zero, and (iii)
the z—z' component exhibits rapid decay, a strong inversion of sign, and, then, slow
recovery to zero in spin polarization.

The anomalous changes in spin polarization, i.e., (iii) and (ii), suggests a strong
influence of external magnetic field on the pure spin system. The following obser-
vations suggest the influence of the orbital angular momentum that is generated by
the rotational motions around the central double bonds: (i) As shown on the top of
Fig. 16.6, the directions of the three central C=C bonds, around which the rotational
motions takes place, in the transformation, 3Car(I) — 3Car(R) — 3Car(H), are
approximately around the z—z' principal axis. The later conformational changes
(see figures on the left-hand-side) may give rise to changes in the angular momen-
tum in the y—y’ direction. (ii) The timing of the inversion of the spin polarization in
the z—z' component (3.8 ps) is slightly later than the opening of the leaking channel
of the triplet population (3.4 ps) (compare Figs. 16.7 and 16.8). These observations
lead us to an idea that changes in the orbital angular momentum due to the
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Fig. 16.8 A kinetic scheme
of structural changes and
triplet-energy dissipation by
three *Car components, in
the order, 3Car(I) — 3Car
(R) — 3Car(ID). After
excitation to the T, state, the
dissipation of the triplet
energy takes place through
two channels; one, from
3Car(R) (major component)
and the other from *Car

(IT) (minor component).
Cyclic structural changes
take place along the T, and
So potential curves 8.5 us
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conformational changes of triplet Cars is responsible for the inversion of spin
polarization.

As depicted in Fig. 16.8, the SVD followed by global-fitting analysis determined
the time constants of the two steps of conformational changes to be 3.4 and 2.0 ps,
and those of the two channels of T; — Sy intersystem crossing (triplet-energy
dissipation) to be 1.0 and 8.5 ps. After intersystem crossing, a reverse structural
change to the original conformation, (0°, 0°, 0°), is supposed to take place along the
S potential. This is a hypothetical mechanism of triplet-energy dissipation, includ-
ing the cyclic conformational changes in the T, and S, states. The most efficient
leaking channel (1.0 ps) from the intermediate, *Car(R), plays the most important
role in the triplet-energy dissipation.

This is obviously the reason for the selection of the 15-cis Car by the RC. EPR
spectroscopy of RC suggests that the rotational motion around the central double
bonds must play the most important role in the T; — S intersystem crossing, or in
other words, the triplet-energy dissipation.
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Chapter 17

Time-Resolved Macromolecular
Crystallography in Practice at BioCARS,
Advanced Photon Source: From Data
Collection to Structures of Intermediates

Vukica Srajer

17.1 Introduction

Time-resolved macromolecular crystallography is one of several “kinetic
crystallography” methods [2, 3]. In kinetic crystallography experiments, genuine
biological function is triggered in the crystal with a goal of capturing molecules in
action and determining structures of intermediate states. In time-resolved experi-
ments in particular, short and intense X-ray pulses are used to probe intermediates
in real time and at room temperature, in reactions that are initiated synchronously
and rapidly in the crystal. In other kinetic crystallography approaches, physical
or chemical trapping has been used (such as trapping by freezing or chemical
modifications) to extend the lifetimes of intermediate states. These states can then
be studied by the more conventional and less technically challenging static
crystallography.

During the last two decades, essential advancements have been made in the
development of high-intensity synchrotron X-ray sources, synchrotron instrumen-
tation, as well as methodology and software for Laue data processing and analysis.
This facilitated successful time-resolved crystallographic experiments with 100 ps
time resolution [17, 20, 24]. Time-resolved macromolecular crystallography at
synchrotron X-ray, sources is in its mature phase today. Structural changes as
small as 0.2-0.3 A are detectable with 100 ps time-resolution and even if the
reaction is initiated in a relatively small fraction of molecules in the crystal
[10-12, 25, 27-29, 34]. In addition, determination of time-independent structures
of intermediate states from measured time-dependent structure factor amplitudes
has been successfully demonstrated [14, 22].
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We provide here an overview of time-resolved crystallography as implemented
today at the BioCARS beamline 14-ID at the Advanced Photon Source [7], with an
overview of future directions and challenges.

17.2 Time-Resolved Crystallographic Experiments:
General Considerations

17.2.1 Reaction Triggering

To examine short-lived intermediates in real time, it is critical to initiate the reaction
in the molecules in the crystal in a time period that is significantly shorter than the
lifetimes of such intermediates [19, 20, 24]. The fastest method of reaction initiation
by far is the use of ultra-short laser pulses. This method is readily applicable to
molecules that are inherently photosensitive and undergo a reversible reaction, like
ligand photo-dissociation in heme proteins [29] or chromophore isomerization in
photoactive yellow protein [10]. Alternatively, other molecules can be rendered light
sensitive by chemically attaching photosensitive groups to substrates, cofactors or
important protein residues [2, 3, 6]. Reactions can also be initiated by diffusion of
small molecules into the crystal (such as substrates, cofactors or redox agents) but this
is a slow process that requires seconds or minutes (or even longer). It is therefore
suitable as a trigger only for slow reactions [2, 3].

Protein crystals contain a very large number of molecules, on the order of 10"—
10", and therefore have high optical density (OD) in the wavelength regions where
the chromophore absorbs significantly. In order to photo-initiate the reaction by
laser pulses throughout the crystal, smaller (thinner) crystals have to be used and the
laser wavelength tuned to a spectrum region where OD <<1. Typical laser power
densities used for reaction triggering are 2—5 mJ/mm?.

17.2.2 Pump-Probe Method

In time-resolved X-ray diffraction experiments laser pulses (or other triggering
methods) are used as “pump” pulses that trigger the reaction, while X-ray pulses
are used to “probe” the reaction, at various time delays following the pump pulse.
Due to slow readout time of large area X-ray detectors (10—100 ms at best),
single-pump/single-probe is typically employed, unless a reaction is slow and
single-pump/multiple-probe is possible, where one collects several diffraction
images following a single reaction initiation.
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17.2.3 Time-Resolution

Time-resolution of the experiment is determined by the duration of the pump
or probe pulses, whichever is longer. At synchrotrons, best time resolution is
ultimately limited by the ~100 ps duration of the X-ray pulses, although somewhat
better time-resolution is also possible in principle (~10 ps) at the expense of the
reduced signal-to-noise ratio [8, 9].

17.2.4 X-ray Source

A critical requirement for time-resolved experiments is the high X-ray flux per
pulse, typically available only at third generation synchrotron sources, such as
Advanced Photon Source (Argonne National Laboratory, USA), European Syn-
chrotron Radiation Facility (Grenoble, France) and SPring 8 (Japan). Flux greater
than 10" photons/pulse is needed when a single 100 ps X-ray pulse is used to
record a diffraction image from a protein crystal. If such high flux is not available or
crystals are smaller in size (<200 pm) and/or weakly-diffracting, the pump-probe
sequence needs to be repeated a number of times prior to the detector readout. Such
repeated pump-probe cycles are clearly possible only for fully reversible reactions.
For irreversible reactions, single X-ray pulse data acquisition is necessary, where
each image requires a single pump-probe sequence and a new crystal volume.
For slower reactions with less demanding time resolution requirement, an X-ray
pulse train of longer total duration and higher overall intensity can be used as a
probe pulse, resulting in diffraction images with improved signal-to-noise ratio.

17.2.5 Single X-ray Pulse Isolation

An X-ray shutter train is necessary to isolate single 100 ps X-ray pulses or longer
pulse trains from the continuous stream of synchrotron pulses (see Fig. 17.1 and [7]).

17.2.6 Pump/Probe Synchronization

Accurate and precise synchronization of the arrival of the X-ray probe pulse at the
sample with respect to the laser pump pulse has to be achieved for time-resolved
experiments [7].
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Fig. 17.1 X-ray shutter train for time-resolved experiments at BioCARS 14-ID beamline
(Graber et al. [7]. Reproduced with permission of the International Union of Crystallography)

17.2.7 Laue Diffraction

Mechanical crystal rotation used in the standard monochromatic oscillation method is
much too slow to probe fast, sub-second reactions. Laue diffraction with stationary
crystals therefore has to be used. Laue diffraction employs significantly wider energy
bandwidth than the standard monochromatic diffraction. It has been shown that
undulators are best X-ray sources for time-resolved Laue diffraction experiments
[4, 30]. The typical bandpass of undulators used today for time-resolved experiments
is 3-5 % at 12—15 keV. Specialized software for Laue data processing is required, for
example CCP4 Daresbury Laue Software Suite or Precognition/Epinorm [17].

17.2.8 Crystal Mounting

Crystals for time-resolved crystallography are typically mounted in thin-walled
glass or quartz capillaries or using MiTeGen RT style mounts. This is because data
has to be collected at or near room-temperature rather than at cryo temperatures to
facilitate complete protein mobility as the reaction in the crystal proceeds.

17.3 Time-Resolved Crystallographic Experiments
at BioCARS

17.3.1 Upgraded BioCARS 14-ID Beamline

BioCARS 14-ID beamline at the Advanced Photon Source (Argonne National
Laboratory, USA) was originally designed for time-resolved crystallography.
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It has been completely upgraded in 2007-2008. The new beamline layout,
specifications and operation are described in detail in Graber et al. [7]. In short,
the X-ray source consists of two in-line undulators with periods of 23 and 27 mm,
providing high pink-beam flux at 12 keV, as well as first-harmonic coverage from
6.8 to 19 keV. A high-heat-load chopper (Fig. 17.1) is implemented to reduce the
average power load on downstream components to less than 1 % of the original
power in the X-ray beam. This chopper typically produces a 22 ps burst of X-rays at
a repetition rate of 82.3 Hz (although it can also be operated at 1 kHz). A second,
high-speed chopper (Jiilich chopper; Fig. 17.1) isolates single 100 ps X-ray pulses
at 1 kHz in both hybrid and 24-bunch modes of the APS storage ring. Since these
two choppers are continuously rotating, an additional, millisecond shutter is used
for on-demand exposures of the samples to X-ray pulses.

In hybrid APS mode, each X-ray pulse delivers up to ~4 x 10'° photons to the
sample at 14-ID. X-ray beam is focused by a new KB mirror system to a minimum
spot size of 90 pm (h) x 20 pm (v). A new high-power and widely tunable
picosecond laser system was also installed, covering the wavelength range of
450-2000 nm. These laser pulses are synchronized to the storage ring RF clock,
with long-term stability better than 10 ps rms. A portable nanosecond laser is also
available.

17.3.2 Typical Time-Resolved Crystallographic
Data Collection

A complete time-resolved data set spans four-dimensions: three traditional
reciprocal space dimensions and time. Similar to a standard monochromatic data
set, a Laue data set at each time delay contains images collected at a number of
different crystal orientations, except that crystal is stationary during each X-ray
exposure. Integrated intensities are nevertheless recorded due to the polychromatic
nature of the X-ray source. With 14-ID undulator sources, the angular step in crystal
orientation needed is typically 2 — 3°. The number of time points required to
characterize the reaction kinetics depends on the number of intermediates and
their lifetimes. A good starting point is to collect five points per decade in time,
equally spaced in logarithmic time.

Since the signal of interest is the difference in intensity of diffraction before and
after the photo-activation, it is best to collect both data sets on the same crystal,
with interleaving the laser-on and laser-off images for each crystal orientation.
To minimize errors across the time domain, time delay is typically a fast variable
[20, 24]: time delay is scanned for a given crystal orientation, starting with the
laser-off image and collecting a series of laser-on images that span the desired time
domain. The time scan is then repeated for a new crystal orientation. Several
crystals might be required for a complete space-time data in case of radiation-
sensitive samples.
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Fig. 17.2 BioCARS 14-ID experimental hutch. Laser light is delivered to the sample via optical
fiber (ns laser) or via mirrors (ps laser). The complex ps laser system is located in a separate laser
lab. Left panel: experimental table is shown. Above the table is a box with ps laser conditioning
and pulse stretching optics. Current Mar165 X-ray detector will be replaced in 2013 by a Rayonix
MX340 HS detector. Significantly larger area will permit studies of crystals with larger unit cells.
Faster readout time of the new detector (0.1-0.01 s) will also permit using single-pump/multiple-
probe style of experiments with sub-second time resolution (readout time of the current Mar165
detector is 3-5 s). This is particularly important in studies of irreversible reactions where a new
sample is needed after each reaction initiation. A single-pump/multiple-probe method will reduce
the number of needed samples

17.3.3 Reaction Initiation

Optimal reaction initiation is critical for the success of time-resolved experiments.
Laser light is delivered to the sample either by optical fibers (ns laser) or directly
(ps laser) and focused at the sample. Picosecond laser pulses are typically stretched
from 1 to ~30 ps for a better match to the X-ray pulse duration (100 ps) and for
minimizing laser-induced crystal damage. Variable laser focusing is available to
best match the crystal size. Both elliptical (as shown in Fig. 17.3) and circular focus
shape is available. Given the fact that crystals are very optically thick, laser
wavelength is typically tuned to the part of the spectrum with lower absorption
but even then light penetration into the crystal may not be very deep. A perpen-
dicular laser/X-ray geometry is therefore employed (Figs. 17.2 and 17.3), where
X-ray beam probes only the laser-illuminated surface layer of the crystal [7]. To
properly position the crystal in the X-ray beam, crystal is scanned vertically through
the X-ray beam (edge scan) and X-ray diffraction is used for determining correct
crystal position. This is repeated for each significantly different crystal orientation.
Diagnostics tools for on-line monitoring of the laser beam position and intensity, as
well as the laser-to-X-ray time delay, are essential to detect and correct any
positional, intensity and timing drifts during the time-resolved data collection.
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Fig. 17.3 Schematic layout for a typical pump-probe experiment at BioCARS 14-ID beamline
(Graber et al. [7]. Reproduced with permission of the International Union of Crystallography)

17.3.4 Data Collection Software

Time-resolved data collection software used at BioCARS, LaueCollect, was
developed by Friedrich Schotte (NIH/NIDDK). The emphasis was on data collec-
tion automation as well as on flexibility in data collection strategies. The edge scan
and crystal translation (to minimize radiation damage) are incorporated into the
data collection protocol. Software allows users to log important information such as
measured laser and X-ray pulse intensities and time delay for each diffraction
image. Laser position and laser-X-ray timing can also be checked and corrected
automatically at regular time intervals during data collection.

17.4 From Laue Data to Structures of Intermediates

Analysis of time-resolved crystallographic data involves three steps: (1) Laue data
processing to derive time-dependent structure factor amplitudes from recorded dif-
fraction images; (2) calculation of time-dependent difference electron density maps
and analysis of such maps; (3) determination of structures of intermediate states.
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17.4.1 Laue Data Processing

Several problems specific to the Laue diffraction method are addressed and resolved
by software: spatial overlap of diffraction spots in typically crowded Laue diffraction
patterns, wavelength normalization and resolving the harmonic overlaps. The
so-called wavelength normalization is necessary due to polychromatic X-rays used
and associated wavelength dependence of the incident X-ray intensity, scattering
power of the crystal and detector sensitivity. A reflection or its symmetry mate may
be stimulated by different wavelengths depending on the crystal orientation.
Measured intensities therefore need to be brought to a common scale before data
can be merged. The resulting A-curve combines all wavelength-dependent effects in
diffraction intensities as recorded at the detector. Harmonic or energy overlaps result
from reflections that lie on a radial line (starting at the origin) in the reciprocal space.
Such reflections are stimulated by different energies but scatter in exactly the same
direction and overlap exactly at the detector. Program Precognition-Epinorm used at
BioCARS for Laue data processing (Renz Research Inc) deals successfully both with
wavelength normalization and harmonic overlaps. Another commonly used Laue
package is Daresbury Laboratory Laue Processing Suite [1, 5], http://www.ccp4.ac.
uk/cvs/viewvc.cgi/laue/doc/laue_install.txt?revision=1.1&view=markup.

17.4.2 Difference Electron Density Maps

Time-resolved crystallography method is based on a difference measurement and
time-dependent difference electron density maps Ap(#) are calculated and analyzed.
Experimentally-determined structure factor amplitudes (SF) of the initial, dark state
IFP(hk)| and corresponding time-dependent structure factor amplitudes IF(hkl,z)l
are used to calculate time-dependent difference amplitudes, AF(hkl,f) = IF(hkl,1)l -
IF°(hkl)l, for each time point 7. In addition to measured difference amplitudes
AF(hkl 1), phases derived from the known dark structure, ¢%,,, are used for calcu-
lating difference maps Ap(#). In order to improve the signal-to-noise ratio of
difference maps, several weighting schemes for difference SF amplitudes have
been used [17, 31, 33]. When SF amplitudes are given on the absolute scale,
difference electron density in selected regions can be integrated to provide the
information about the total number of electrons displaced from or into a particular
volume in space as a function of time. The program Promsk [25], for example, can
be used to integrate difference density in the region of interest within a specified
mask, generated by supplying atomic coordinates and a radius of integration around
the coordinates. Time evolution of such integrated densities can provide important
information on formation and decay of structural intermediates [12, 25].
Measured time-dependent difference electron density maps are very likely to
represent a mixture of intermediate states at any point in time and as such can be
extremely difficult to interpret (see Fig. 17.4). A method such as Singular Value
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Structural heterogeneity:

Intermediates need to a mixture of intermediates
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Chemical kinetics mechanism
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Fig. 17.4 A hypothetical photo-initiated reaction is shown, with three intermediates, I; (i = 1,
2, 3), and a branched chemical kinetics mechanism. I is the initial state. Three global relaxation
rates K, (m = 1, 2, 3) govern the time dependence of concentrations Ci(t) of all three interme-
diates. The concentration amplitudes, C,,;, as well as these macroscopic, observable rates K,, are
functions of four rate coefficients, kj;, which in turn depend on the activation energy barriers
between [ and [; states. Notice that at most times, a mixture of several states is present. Notice also
that, in order for an intermediate state to be detected, rate coefficients need to be such that this
intermediate accumulates to a detectable level

Decomposition (SVD) is therefore needed to decompose a series of measured
mixed-state, time-dependent maps into time-independent maps corresponding to
individual structural intermediates.

17.4.3 Singular Value Decomposition (SVD)

SVD in combination with posterior analysis is a powerful method to analyze
time-resolved crystallographic data. The number of intermediates, time-
independent structures of such intermediates, rates of their formation and decay,
and the overall chemical kinetics mechanism of the investigated reaction can be
determined [10, 14, 16, 22, 23]. A comprehensive description of these methods
is provided in Schmidt et al. [20, 24]. In short, SVD is a method of global analysis
that is applied to a data matrix composed of time-dependent difference electron
density maps, Ap(t;), i = 1...N, where N is the number of time points. Each map
consists of M grid points and constitutes a column in the M x N data matrix.
The SVD procedure decomposes such a matrix into N time-independent Ap maps
or left singular vectors (ISV) and corresponding N temporal variations or right
singular vectors (rSV). In essence, SVD separates space and time variables.
A singular value associated with each vector-pair represents contribution of the
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ISVs to the experimental difference maps. In matrix form this decomposition can be
described as:

A =USVT

where A is a M x N data matrix, U is a M x N matrix containing ISVs (maps) as
columns, S is an N x N diagonal matrix containing singular values, and V is a
N x N matrix, with rows of the V! matrix containing rSVs (temporal variations).

The actual difference signal is typically contained in only few significant vectors
with large singular values. The remaining singular vectors contain only noise.
The SVD analysis therefore acts an effective noise filter. The input series of maps
can be approximated by S/N improved maps Ap’(t), reconstituted from significant
singular vectors only.

It is important to note that the 1SVs (time-independent difference maps) do not
represent the actual difference maps of the intermediate states. They are instead
their linear combinations. Similarly, the rSVs (temporal variations) are linear
combinations of the actual time courses in the observed time-dependent maps.
rSVs therefore provide information about relaxation processes and can be used to
determine macroscopic, relaxation rates K, in the reaction (Fig. 17.4). From a
global fit of all significant rSVs by a sum of exponential functions, the number of
relaxation processes and associated rates K, are determined. The number of
relaxation processes is the lower bound on the number of intermediates.

17.4.4 Structures of Intermediates

With the number of relaxations and associated rates determined from the rSVs, the
time-independent difference maps, Apy;, corresponding to I intermediates can
be determined [14, 16, 22, 24]. At this stage, a candidate reaction mechanism has
to be assumed (serial, parallel, branched etc.) for the given number of intermediates
(Fig. 17.4). For the assumed mechanism, time dependent concentrations are calcu-
lated for each intermediate by solving a system of coupled differential equations.
The concentrations are functions of the actual rate coefficients k;; that govern the
reaction (Fig. 17.4). The rSVs are then fit globally by the sum of concentrations.
However, scale factors are necessary since the rSVs are linear combinations of the
true time courses and this linear transformation is not known. Both the numerical
values of the rate coefficients and the scale factors are varied to fit all significant
rSVs jointly. A scale factor E,; represents contribution of the j-th intermediate
concentration to the n-th rSV [24].

The time-independent difference maps of intermediates can then be synthesized
as a linear combination of significant ISV maps [20, 24]. The scale factors Ey;
from the rSV fit provide projections of 1SVs onto the maps of intermediates:
they are contributions of the n-th ISV to the map of the j-th intermediate. The
final result is therefore achieved: the mixture of intermediates in the experimental
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time-dependent difference maps has been separated into the difference maps
corresponding to pure intermediates Apy;.

Finally, the structures of the reaction intermediates are refined. For this purpose
the extrapolated, conventional maps are used instead of difference maps as they are
more easily interpretable. For each intermediate, the difference map Apy; obtained
from the SVD analysis described above is Fourier transformed and a multiple f of
the resulting difference structure factor AFy; is added to the dark structure factor Fp
by a vector summation. The resulting structure factor is used to calculate the
extrapolated map. The factor f is determined so that the extrapolated map has no
contribution from the dark state. The structures of intermediates are then modeled
and refined using these conventional maps. Alternatively, difference refinement
against Fp + AFy; can be done [32].

To be acceptable, the maps of the intermediate states have to be interpretable by
a valid and unique single atomic structure. If not, the particular mechanism must be
discarded and another mechanism needs to be evaluated.

17.4.5 Analysis of Kinetic Mechanism

At this stage of the analysis, several candidate kinetic mechanisms can lead to
similar, interpretable maps for the intermediates. Plausible mechanisms are then
compared by the posterior analysis. Given the models of the initial state and the
intermediates, time-dependent difference electron density maps, Ap(t,k)calc, are
calculated for each plausible mechanism, where concentrations of intermediates for
this mechanism are determined by the set of rate coefficients k;; (Fig 17.4). A fitting
procedure is used to adjust mechanism-dependent rate coefficients k;; to best match
the measured time-dependent difference maps, Ap(t). Since electron densities,
when on absolute scale, are directly proportional to populations of intermediates,
the only scaling factor that needs to be adjusted is the extent of reaction initiation
and others scaling factors are not needed. The residual maps AAp(t) = Ap(t)-Ap
(t,K)carc are then inspected. If there are no significant residual densities at any time-
points, the mechanism is considered compatible with the data since it has generated
concentrations that reproduced the observed difference electron densities.
However, if significant residual densities AAp(t) exist, the mechanism is consid-
ered inconsistent. Although this procedure helps to narrow down possibilities,
several mechanisms may still be compatible with the data. To further eliminate
inconsistent mechanisms, one can conduct 5D crystallography experiments, where
in addition to time, temperature is also a variable parameter [26].

Software for SVD and posterior analysis SVD4TX/GetMech [36] is available
and can be obtained from the lab of Marius Schmidt, University of Milwaukee
(link to the personal web-page: http://www4.uwm.edu/letsci/physics/staff/marius_
schmidt.cfm).
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17.5 Future of Time-Resolved Macromolecular
Crystallography: Major Challenges

Great advances both in hardware and software in the last two decades enabled
successful realization of a challenging goal: watching biological molecules in
action with 100 ps time resolution and at the atomic-resolution detail. Never the
less, time-resolved crystallography faces a number of challenges in becoming a tool
that is used more broadly in studies of dynamic properties of biological macro-
molecules. A few of major challenges are briefly described below.

Rapid reaction triggering is essential for the success of time-resolved experi-
ments. However, it is specific to each protein and associated reaction. In other
words, there is no universal reaction initiation method that can be applied to all
molecules. Rather, one needs to determine a suitable method for each particular
case. Light can be readily used for initiating fast reactions given widely available
pulsed lasers. However, this method can only be applied to naturally photo-
sensitive proteins or when proto-sensitivity can be conferred to otherwise photo-
inert proteins. In this second category, caged compounds hold a particular promise
[2, 3, 6]. They are light-sensitive but biochemically inactivating groups that are
chemically attached to substrates, cofactors or catalytically important residues.
Activation is then triggered by photo-releasing the active reagent from the caged
compound. However, improving characteristics of caged compounds, such as
quantum yield and speed of photo-release, is necessary for this method to become
more widely applied. Reactions can also be initiated by diffusion of small mole-
cules such as substrates, cofactors, ligands or redox agents into the crystal. This is a
simple method in principle but diffusion is a slow process (it could take seconds to
days, depending on the crystal size and size of the diffusing molecule). Such
method is therefore applicable only to relatively slow reactions. Luckily, many
enzyme reactions are slow (<100 s~ turnover rate). In addition, when using small
crystals (<10 pm), time resolution of < ms might be achievable in some cases [21].
Also, to facilitate diffusion-based reaction initiation suitable and improved flow cell
designs are needed.

Another challenge for time-resolved crystallography is relatively slow readout
speed of large-area X-ray detectors. Ideally, one would like to follow a reaction at a
number of time delays after a single reaction trigger. However, with current
detectors for macromolecular crystallography, only 10-100 Hz frame-rate is
possible. This limits the time resolution for such “pump once, probe many” style
of experiments. Yet, such style is essential for irreversible reactions where each
reaction trigger requires a new crystal or fresh crystal volume. One therefore needs
to maximize the data collected following each trigger in order to minimize the
number of crystals that is required for a complete data set. In case of reversible
reactions, repetition of “pump once, probe once” cycles on the same crystal
(or crystal volume) is possible, provided sufficient time is allowed between the
cycles for the recovery of the initial state. It is therefore possible to collect complete
a complete data set (sampling both reciprocal space and time) using one or only a
few crystals. In case of irreversible reactions a large number of crystals is necessary
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for comprehensive time-resolved data. Any means of reducing the required number
of crystals, such as a fast-readout detector, is welcome. Also, when a large number
of crystals is required, suitable methods for rapid crystal introduction into the X-ray
beam (“serial crystallography”) are very important and need to be developed.

Dealing with measured heterogeneous structural states is essential for the
analysis of time-resolved data. As mentioned above, at most time points a mixture
of state is most likely measured. Both an SVD-based analysis, described above, and
a cluster analysis [13, 15] have been used in attempts to determine structures of
intermediates from measured mixtures of states. More recently, a new method has
been proposed [18], where structural and occupancy refinement of multiple struc-
tures across multiple data sets is conducted, based on real space approach and aided
by the SVD analysis. In addition to analysis of time-resolved data, such method can
be applied to any standard, static crystallographic data whenever several structures
are common to multiple data sets. The new method addresses the limitation of
current refinement procedures where multiple but common structures cannot be
refined against multiple data sets. The method has been applied to a cryo-trapping
experiment where a mixture of three common structures was observed at ten
temperatures in the range from 100 to 180 K [35].

References

1. Arzt S, Campbell JW, Harding MM, Hao Q, Helliwell JR (1999) LSCALE — the new normali-
zation, scaling and absorption correction program in the Daresbury Laue software suite. J Appl
Crystallogr 32:554-562

2. Bourgeois D, Royant A (2005) Advances in kinetic protein crystallography. Curr Opin Struct
Biol 15:538-547

3. Bourgeois D, Weik M (2009) Kinetic protein crystallography: a tool to watch proteins in
action. Crystallogr Rev 15:87-118

4. Bourgeois D, Wagner U, Wulff M (2000) Towards automated Laue data processing: applica-
tion to the choice of optimal X-ray spectrum. Acta Crystallogr D56:973-985

5. Campbell JW (1995) LAUEGEN, an X-windows-based program for the processing of Laue
diffraction data. J Appl Crystallogr 28:228-236

6. Corrie JET, Katayama Y, Reid GP, Anson M, Trentham DR, Sweet RM, Moffat K (1992)
The development and application of photosensitive caged compounds to aid time-resolved
structure determination of macromolecules [and discussion]. Philos Trans R Soc Lond Ser A
340:233-244

7. Graber T, Anderson S, Brewer H, Chen Y-S, Cho HS, Dashdorj N, Henning RW, Kosheleva I,
Macha G, Meron M et al (2011) BioCARS: a synchrotron resource for time-resolved X-ray
science. J Synchrotron Radiat 18:658-670

8. Haldrup K, Harlang T, Christensen M, Dohn A, van Driel TB, Kjar KS, Harrit N, Vibenholt J,
Guerin L, Wulff M et al (2011) Bond shortening (1.4 A) in the singlet and triplet excited states
of [Ir2(dimen)4]2+ in solution determined by time-resolved X-ray scattering. Inorg Chem
50:9329-9336

9. Haldrup K, Vank6 G, Gawelda W, Galler A, Doumy G, March AM, Kanter EP, Bordage A,
Dohn A, van Driel TB et al (2012) Guest-host Interactions investigated by time-resolved
X-ray spectroscopies and scattering at MHz rates: solvation dynamics and photoinduced spin
transition in aqueous Fe(bipy)32+. J Phys Chem A 116:9878-9887



250 V. grajer

10. Thee H, Rajagopal S, Srajer V, Pahl R, Anderson S, Schmidt M, Schotte F, Anfinrud PA,
Wulff M, Moffat K (2005) Visualizing reaction pathways in photoactive yellow protein from
nanoseconds to seconds. Proc Natl Acad Sci U S A 102:7145-7150

11. Jung YO, Lee JH, Kim J, Schmidt M, Moffat K, érajer V, Thee H (2013) Volume-conserving
trans—cis isomerization pathways in photoactive yellow protein visualized by picosecond
X-ray crystallography. Nat Chem 5:212-220

12. Knapp JE, Pahl R, Srajer V, Royer WE (2006) Allosteric action in real time: time-resolved
crystallographic studies of a cooperative dimeric hemoglobin. Proc Natl Acad Sci U S A
103:7649-7654

13. Kostov KS, Moffat K (2011) Cluster analysis of time-dependent crystallographic data: direct
identification of time-independent structural intermediates. Biophys J 100:440-449

14. Rajagopal S, Schmidt M, Anderson S, Ihee H, Moffat K (2004) Analysis of experimental
time-resolved crystallographic data by singular value decomposition. Acta Crystallogr
D60:860-871

15. Rajagopal S, Kostov KS, Moffat K (2004) Analytical trapping: extraction of time-independent
structures from time-dependent crystallographic data. J Struct Biol 147:211-222

16. Rajagopal S, Anderson S, Srajer V, Schmidt M, Pahl R, Moffat K (2005) A structural pathway
for signaling in the E46Q mutant of photoactive yellow protein. Structure 13:55-63

17. Ren Z, Bourgeois D, Helliwell JR, Moffat K, grajer V, Stoddard BL (1999) Laue crystallog-
raphy: coming of age. J Synchrotron Radiat 6:891-917

18. Ren Z, Chan PWY, Moffat K, Pai EF, Royer WE, §rajer V, Yang X (2013) Resolution of
structural heterogeneity in dynamic crystallography. Acta Crystallogr D69:946-959

19. Schlichting I, Goody RS (1997) Triggering methods in crystallographic enzyme kinetics.
Meth Enzymol 277:467-490

20. Schmidt M (2008) Structure based kinetics by time-resolved X-ray crystallography.
In: Braun M, Gilch P, Zinth W (eds) Ultrashort laser pulses in biology and medicine. Springer,
Berlin/Heidelberg, pp 201-241

21. Schmidt M (2013) Mix and inject: reaction initiation by diffusion for time-resolved macro-
molecular crystallography. Adv Condens Mat Phys. Article ID 167276

22. Schmidt M, Rajagopal S, Ren Z, Moffat K (2003) Application of singular value decomposition
to the analysis of time-resolved macromolecular X-ray data. Biophys J 84:2112-2129

23. Schmidt M, Pahl R, Srajer V, Anderson S, Ren Z, Thee H, Rajagopal S, Moffat K (2004)
Protein kinetics: structures of intermediates and reaction mechanism from time-resolved X-ray
data. Proc Natl Acad Sci U S A 101:4799-4804

24. Schmidt M, Thee H, Pahl R, Srajer V (2005) Protein-ligand interaction probed by time-resolved
crystallography. Methods Mol Biol 305:115-154

25. Schmidt M, Nienhaus K, Pahl R, Krasselt A, Anderson S, Parak F, Nienhaus GU, Srajer V
(2005) Ligand migration pathway and protein dynamics in myoglobin: a time-resolved
crystallographic study on L29W MbCO. Proc Natl Acad Sci U S A 102:11704-11709

26. Schmidt M, Graber T, Henning R, Srajer V (2010) Five-dimensional crystallography.
Acta Crystallogr A66:198-206

27. Schotte F, Lim M, Jackson TA, Smirnov AV, Soman J, Olson JS, Phillips GN, Wulff M,
Anfinrud PA (2003) Watching a protein as it functions with 150-ps time-resolved X-ray
crystallography. Science 300:1944—1947

28. Schotte F, Cho HS, Kaila VRI, Kamikubo H, Dashdorj N, Henry ER, Graber TJ, Henning R,
Wulff M, Hummer G et al (2012) Watching a signaling protein function in real time via 100-ps
time-resolved Laue crystallography. Proc Natl Acad Sci U S A 109:19256-19261

29. Srajer V, Teng T, Ursby T, Pradervand C, Ren Z, Adachi S, Schildkamp W, Bourgeois D,
Wulff M, Moffat K (1996) Photolysis of the carbon monoxide complex of myoglobin:
nanosecond time-resolved crystallography. Science 274:1726—1729

30. Srajer V, Crosson S, Schmidt M, Key J, Schotte F, Anderson S, Perman B, Ren Z, Teng TY,
Bourgeois D et al (2000) Extraction of accurate structure-factor amplitudes from Laue data:
wavelength normalization with wiggler and undulator X-ray sources. J Synchrotron Radiat
7:236-244



31.

32.

33.

34.

35.

36.

Time-Resolved Macromolecular Crystallography in Practice at BioCARS. .. 251

Srajer V, Ren Z, Teng TY, Schmidt M, Ursby T, Bourgeois D, Pradervand C, Schildkamp W,
Wulff M, Moffat K (2001) Protein conformational relaxation and ligand migration in
myoglobin: a nanosecond to millisecond molecular movie from time-resolved Laue X-ray
diffraction. Biochemistry 40:13802-13815

Terwilliger TC, Berendzen J (1995) Difference refinement: obtaining differences between two
related structures. Acta Crystallogr D51:609-618

Ursby T, Bourgeois D (1997) Improved estimation of structure-factor difference amplitudes
from poorly accurate data. Acta Crystallogr A53:564-575

Wohri AB, Katona G, Johansson LC, Fritz E, Malmerberg E, Andersson M, Vincent J,
Eklund M, Cammarata M, Wulff M et al (2010) Light-induced structural changes in a
photosynthetic reaction center caught by Laue diffraction. Science 328:630-633

Yang X, Ren Z, Kuk J, Moffat K (2011) Temperature-scan cryocrystallography reveals
reaction intermediates in bacteriophytochrome. Nature 479:428-432

Zhao Y, Schmidt M (2009) New software for the singular value decomposition of
time-resolved crystallographic data. J Appl Crystallogr 42:734-740



Chapter 18

Combining Single Crystal UV/Vis
Spectroscopy and Diffraction to Structurally
Characterise Intermediates and Monitor
Radiation Damage

Anna Polyakova and Arwen R. Pearson

18.1 Introduction

Mechanisms in biology are dynamic processes and changes in macromolecular
structures are intimately linked to their function. Without insight into the dynamic
workings of these molecules, we cannot fully understand them. In an ideal world, a
complete time-resolved description of each stage of the reaction pathway, at high
resolution, would be obtained. Is this possible in practice?

X-ray crystallography can provide high resolution structural data, but this is
averaged over both the time to collect the data and over all the molecules in the
X-ray illuminated volume, resulting in electron density where the dynamic detail is
smeared out. In order to visualise this dynamic information, the majority of the
molecules in the crystal must be doing the same thing, and the structural changes
that occur must be accommodated in the crystal lattice. If these two conditions are
met, and the crystals diffract well, a time-resolved crystallographic experiment can
give insights into the molecular process at near atomic resolution.

Fast time-resolved crystallographic experiments are extensively discussed else-
where in this volume and so we will focus on metastable states for which a number
of relatively straightforward strategies for time-resolved studies are available.
These ‘trapping’ methodologies arrest the reaction at an intermediate state, using
either chemical or physical traps that prevent full turnover. Chemical traps can
include the use of substrate analogues or mutant proteins, while physical traps are
predominantly cryo-cooling techniques. In this review we will briefly discuss
intermediate trapping strategies, and provide some practical tips on the use of
complementary spectroscopic methods. These are important both to guide the
trapping experiment and ensure that the X-ray data collected is from the desired
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structure. We will also discuss some alternate approaches that can be used to
structurally characterise time-resolved changes in systems which are not amenable
to X-ray crystallography.

18.2 Intermediate Trapping Strategies

Protein crystals normally contain around 50 % solvent, which occupies well-ordered
channels in the crystal lattice. Within these channels, diffusion of substrate molecules
can occur, and thus protein molecules in crystals often retain their catalytic activity
[1]. However, there are often major differences between the kinetics in the crystalline
state and in solution due to, amongst other things, viscosity effects and the restraints
of the crystal packing [2]. Therefore, the reaction in crystallo must be accurately
characterised before attempting a trapping experiment to ensure that any off-pathway
reactions that occur in the crystalline state are identified [3]. This characterisation will
also aid in the identification of conditions under which metastable intermediates can
be trapped.

The characterisation of the in crystallo reaction is most easily done using
spectroscopy. A number of single crystal spectrometers are now available, both in
home labs and at synchrotron sources (for a review see Pearson and Owen [4]). These
allow a range of spectroscopic measurements, including UV-Visible, fluorescence and
fluorescence lifetime, IR and (resonance) Raman. Crystals can either be immobilised in
a capillary, through which substrate solutions can be passed, or mounted in a loop
(under a humidified vapour stream) and substrate solutions directly pipetted onto the
sample [3, 5]. Microscope based systems are also available which allow the reaction
to be followed in the crystallization plate after addition of substrate to the droplet
[6, 7]. See Box 18.1 for practical tips to help obtain the best possible single crystal
spectra.

There are a number of strategies available for altering the reaction conditions in
order to halt or slow down reactions, allowing for accumulation of intermediates
that are stable or long-lived enough for diffraction data collection.

One of the most common approaches is mechanistic trapping where the reaction
conditions can be perturbed in a number of different ways to prevent full turnover.
Probably the simplest approach is to withhold a substrate, alternatively reactions
involving a proton transfer step can be slowed or stopped by altering the pH [6, 8]
Mutant proteins or substrate analogues, in which catalytically important functional
groups are removed or modified, are also extremely useful in trapping intermediate
states [9]. It is also possible to drive a reaction into steady-state, at which point
the intermediate that occurs before the rate determining step should accumulate in the
crystal [10]. In most cases, unless the reaction is completely halted by the absence of a
required substrate or in steady-state, the intermediate will eventually decay. Therefore,
once the desired intermediated has formed, the crystals are normally cryocooled to
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Box 18.1: Tips
How to get good quality spectra
* Minimise solvent around the crystal

» Use a loop that matches the size of the crystal
* Mesh mounts work fine, but make sure to take a reference on the mesh
e UV/vis transparent mesh mounts are available

» Optimise cryoprotection — a critical step!

» Avoid glycerol if looking at features around 500-700 nm and for
Raman
 Ice reduces transparency and scatters light

» Try different parts and orientations of the crystal for the “best” spectrum

» Avoid icy areas

e Try finding the thinnest part in high optical density samples

« Remember the spectrum is anisotropic, there may not be an exact match
to the solution spectrum, but you will be able to follow relative changes

» Use a loop that is still big enough to fit the focal spot of the light source

» Ideal to have a loop big enough to be able to take a reference spectra
from the mother liquor
 This is especially useful for high optical density samples

» Dealing with high optical density samples

o If you can’t see through it, neither can the spectrometer — smaller
crystals are better!

« Bandpass filters can allow you to increase exposure time without
saturating the detector

» Raman and Fluorescence in backscatter mode are not affected by high
optical density, but be aware you will only obtain spectral data from
the surface layers of the crystal.

100 K for X-ray diffraction data collection. This further stabilises the intermediate and
allows long-term storage under liquid nitrogen until beamtime becomes available.

An alternate approach to trap intermediates after initiating the reaction in the
crystal at room temperature, is to rapidly flash-cool the crystal to 100 K when it
reaches the intermediate of interest. This is best done after the kinetics have been
systematically characterised in the crystal, and the time-scales of intermediate state
formation and lifetime are known. However, there are numerous examples of



256 A. Polyakova and A.R. Pearson

intermediate states successfully trapped by flash-cooling on-the-fly [11]. Here,
several delays (usually from seconds to minutes or hours) after reaction initiation
are used after which the reaction is stopped by rapid cooling to 100 K. The structures
are then determined and the electron density, together with any complementary
spectroscopic information is used to identify any trapped intermediates.

If the intermediates of interest cannot be mechanistically trapped, or are too
short-lived at room temperature for cryo-trapping, intermediate accumulation can
also be improved by lowering the temperature. This lowers the reaction rates and
may enable stabilisation of an intermediate that is otherwise inaccessible [12].
A detailed description of buffer compositions for < 0 °C experiments can be
found in Douzou [13].

18.3 Radiation Damage

Once a crystal containing a trapped intermediate has been obtained the next step
is to collect a diffraction dataset. Extreme care must be taken to ensure that
radiation damage does not change the state of the crystal during the data
collection, even at 100 K. Radiation damage occurs due to absorption of photons
from the X-ray beam, by the crystal, giving rise to high-energy electrons that
propagate through the crystal and cause chemical changes [14]. Low dose
radiation damage affects involve chemical modifications of the protein,
i.e. disulphide bond breakage or decarboxylation of glutamates and aspartates,
which manifest as absent electron density in the refined structure. At higher
doses the crystal eventually stops diffracting. Proteins that use metals or redox
cofactors are highly susceptible to X-ray induced reduction of these sites and
this can severely hamper the structure determination of reaction intermediates.
Reduction of all metal centres and redox cofactors can occur within a few kGy of
absorbed dose, equivalent to one or two images on a modern synchrotron source.

Single crystal spectroscopy can again be used during the diffraction experiment
to monitor the progression of any changes to trapped intermediates. In many cases
single crystal spectrometers have been integrated directly into crystallography
beamlines, allowing for simultaneous collection of diffraction and spectroscopic
data. It is now also possible, indeed encouraged, to deposit spectroscopic informa-
tion in addition to the atomic coordinates and structure factors in the Protein Data
Bank [15, 16].

It should be noted that radiation damage is not always regarded as a curse,
but in some cases as a blessing. The electrons generated during the exposure
can be used as a reductant to drive an enzymatic reaction. This approach has
been most successfully applied to the study of heme containing enzymes,
where composite datasets with increasing dose have revealed details of oxygen
activation [17, 18].
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18.4 Complementary Approaches for Larger
Scale Changes

Electronic changes in redox centres or side chain reorientation during catalysis
often require only small movements in the protein that can easily occur within
the conformational restrictions imposed by the crystal lattice. However, larger
conformational changes linked to function may be severely restricted by the crystal
packing, resulting in either no or only partial reaction, or in the crystal shattering
upon addition of substrate. There are also many proteins, for example membrane
proteins or large protein complexes, for which crystallization is extremely challenging.
For these systems, alternative methods are required in order to gain structural insights
into their function.

Small-angle X-ray scattering (SAXS) data provides information on the solution
structure of the macromolecule of interest. A dilute solution of randomly oriented
macromolecules produces a radially isotropic scattering pattern. The raw data provides
basic information, such as radius of gyration, maximum particle dimension. Fourier
transformation of the curve results in a distance distribution function, which can
give information on the overall shape of the macromolecule. SAXS data collection
and processing is treated in more detail elsewhere in this volume. Time-resolved
SAXS can be used to study protein folding and oligomerisation [19-21].

Hydroxyl-radical footprinting (OHFP) is another solution-based method which
reports on the structure of macromolecules by mapping solvent-exposed regions on
their surface. The probes used are hydroxyl radicals. Initial studies used chemical
methods to generate these radicals [22]. Hydroxyl radicals can also be formed in
solution by ionising radiation, such as y- and X-rays [23]. Using ionising radiation,
hydroxyl radicals are formed throughout the sample, and the use of synchrotron
radiation has made it possible to resolve changes in macromolecular structure down
to millisecond time resolution [24]. In proteins, hydroxyl radicals are able to oxidise
14 of the 20 naturally occurring amino acids, providing high sequence coverage for
the mapping [25]. The resulting covalent modifications can be accurately detected
by mass spectrometry, following an enzymatic digest [26].

Mass spectrometry methods also provide a route to the time-resolved study of
conformational changes in non-crystalline samples. Probably the best known of
the mass spectrometry techniques is hydrogen-deuterium exchange (HDX), where
changes in conformation alter the rate at which backbone amide protons exchange
with solvent. It should be noted that HDX experiments can also be analysed using
NMR [27]. More recently, a new mass spectrometry technique for analysing
conformational change has been developed. Ion-mobility mass spectrometry is
able to resolve different conformers of the same species, as well as provide
information on their cross-section. This has proved especially powerful for the
study of large-scale conformational change and protein complex assembly [28].

A number of spectroscopic methods, including NMR, EPR and FRET are able to
provide increasingly accurate distance information using both intrinsic metals and
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fluorophores as well as labelling techniques [29—31]. Finally, electron microscopy
is an invaluable tool for the structural analysis of very large macromolecular
complexes and is able to provide time-resolved structural information [32].

18

.5 Summary & Outlook

There is increasing interest in studying the dynamic behaviour of macromolecules.
This is accompanied by an increasing awareness of the various experimental tools,
and the time and length-scales accessible to each. Successful synthesis of all this
information into a coherent whole is reliant on the availability of software able to
accept experimental data of all kinds, convert this to restraints and use these to
restrain a model of how the structure of the macromolecule of choice changes
during its reaction. The development of this more detailed understanding of
functionally relevant protein motions will help us to understand their role in activity
and regulation.
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Chapter 19
Molecular Dynamics Probed by Short X-ray
Pulses from a Synchrotron

Michael Wulff, Qingyu Kong, Jae Hyuk Lee, Tae Kyu Kim,
Marco Cammarata, Dmitry Khakhulin, Savo Bratos,
Jean-Claude Leichnam, Friedrich Schotte, and P.A. Anfinrud

19.1 Introduction

The intensity of single X-ray pulses from third generation synchrotrons like the
ESRF, APS and Spring8 is now so high that it is feasible to conduct time resolved
experiment with diffraction, scattering and spectroscopic techniques on samples
ranging from small molecules to proteins, with 100 ps time resolution. This limit is
dictated by the X-ray pulse length from a synchrotron. In a time-resolved X-ray
experiment one first needs to initiate the process of interest in the sample and then
open the X-ray shutter and record the signal as a function of time. In the experi-
ments shown in this review, the signals are recorded on a large CCD detector in
order to record the signal efficiently in space. Unfortunately, the time-resolution of
current CCDs is still too slow, 100 ps at best, to be useful for monitoring molecular
processes on molecular time scales. The only way to explore faster phenomena is to
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use the pump-probe method where the time resolution is obtained from varying the
pump-probe delay. In the examples discussed here, the samples were excited by
picosecond or nanosecond laser pulses and the excited samples were probed
by 100 ps X-ray pulses from an undulator.

The pulse separation from synchrotrons is very short, nanoseconds to hundreds
of nanoseconds, depending on the filling pattern of the storage ring. That is
significantly shorter than the readout time of a CDD detector. To exploit the
intrinsic time-resolution of a 100 ps X-ray pulse, one needs therefore to isolate
pulses from their neighbours with a chopper and to accumulate the single-pulse
shots on the CCD. Since a chopper greatly reduces the average intensity (ph/s) by
factors of about 1,000, each pulse should be as intense as possible. In the examples
shown here, the pink beam from the U17 undulator on beamline ID09 at the ESRF
was used to maximize the pulse intensity. The spectrum of the U17 is shown in
Fig. 19.1b. Note the semi Gaussian shape of the undulator fundamental. The trade-
off is that the effective wavelength, which is needed to convert scattering angle to q,
is less well defined due to this asymmetry. This problem can be solved by
monochomatising the beam with multilayer crystals that are tailor made for the
undulator spectrum. The best 1-3 % part of the undulator spectrum near the peak
can then be used efficiently at the expense of loss of peak intensity from the
reflectivity of the multilayers. In the following section we will briefly describe
the pump-probe instruments on ID09. For more technical details about pump-probe
beamlines at the ESRF, APS and KEK the reader is referred to Refs. [1-5].

19.2 Beamline for Pump-Probe Experiments

Figure 19.1a shows the laser pump and X-ray probe scheme implemented on
ID09B. For small molecules in solution the setup comprises a closed-loop liquid
jet that injects a new sample for every laser/X-ray pulse at 1 kHz, a short-pulse
laser, a high-speed chopper and a CCD detector. In these small molecule experi-
ments an ultra short (0.1-1 ps) laser pulse initiates a photo reaction in a molecule
and a delayed 100 ps X-ray pulse takes a scattering snapshot of the structure. When
a series of snapshots at different delays are stitched together, one gets a movie of the
change in structure of the excited molecules. The instrumental time resolution is
determined by the convolution of three terms: the pump and the probe pulse lengths
plus their relative jitter, 100 ps, 1 ps and 1 ps respectively. After convolution, the
time resolution is about 100 ps (FWHM values). Note that the shortest oscillatory
signal that can be resolved with a 100 ps X-ray pulse is 200 ps according to Nyquist-
Shannon’s theorem.

The X-rays on ID09 are delivered by two in vacuum undulators, a U17 and a
U20. The magnetic field from the undulator magnets forces the electrons into
sinusoidal orbits. The X-rays are mainly emitted at the turning points where the
acceleration is greatest. ESRF electrons are accelerated to 6 GeV in a booster
synchrotron and then injected into a 844 m long storage ring which has 32 straight
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Fig. 19.1 (a) Experimental
setup for a time resolved
scattering experiment.
X-rays from a synchrotron
are guided through a
beamline and single X-ray
pulses are isolated by a
high-speed chopper. The
chopper consists of a flat
triangular disk spinning at
the same frequency as the
laser. The laser pulses
excite the sample and the
time-delayed X-ray pulses
probe the photo induced
structural changes as
diffraction images on the
CCD detector. The
difference diffraction image
for a given positive time
delay is generated by
subtracting the reference
image at —3 ns from the
diffraction image. (b)
Spectral shape of an X-ray
pulse from the U17
undulator. To increase the
signal-to-noise ratio the raw
quasi-monochromatic (3 %
bandwidth) X-ray beam is
used. (c) Picture of the
pump-probe setup on
ID09B. The blue and
orange lines represent the
paths of the X-ray and laser
beams, respectively. Both
beams are overlapped in the
most stable region of the jet
(300 mm thickness).
Diffraction patterns from
the scattered X-rays are
recorded by a MarCCD
detector
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sections for undulators. The electron bunches make one round trip in 2.82 ps which
corresponds to a frequency of 354.6 kHz. In the uniform filling of the ring at the
ESREF the electrons are evenly distributed over 992 bunches with a time separation
of 2.84 ns. This mode is not suitable for the fastest pump-probe experiments as it is
impossible to isolate single pulses with a chopper. That requires a time separation of
at least 150 ns. At the ESRF the bunch modes for pump-probe experiments are:
4-bunch mode (705 ns, 40 mA), 16-bunch mode (176 ns, 90 mA) and the 7/8 mode
(176 ns, 200 mA). In the 7/8 mode, 7/8th of the ring is filled uniformly with a single
bunch placed in the centre of the gap. The 7/8 mode has the highest current,
200 mA, which is good for most experiments, while also providing a single
bunch for timing experiments. The 7/8 mode is the default mode at the ESRF and
it runs 75 % of the time. The single bunch current is low, 1.5-3.0 mA, but on the
other hand the pulses are shorter, 60-80 ps (FWHM).

19.2.1 Undulator and Chopper

The X-ray pulses used in experiments discussed here were produced by the Ul7
undulator which has a magnetic period of 17 mm. The magnets are located inside
the storage ring vacuum which makes it possible to move them as close as 3 mm to
the electron beam and hereby increase the field without spoiling the lifetime and
heating the magnets. The undulator spectrum is shifted in energy by varying the
magnet gap. The U17 fundamental is at 15.2 keV at 6 mm gap and it is shifted to
20.3 keV when the gap is fully open at 30 mm. The best undulator gap for scattering
experiments is ~9 mm. Here the spectrum is dominated by the first harmonics at
18 keV (A = 0.67 A) and higher harmonics are removed by the toroidal mirror
which has a cut-off at 26 ke V. For Laue diffraction the increased diffraction power
at lower energies favours 15.2 keV at 6 mm gap. The bandwidth (bw) of the
spectrum is 3.0 %. The shape of the spectrum is “half-Gaussian” with a rising
edge from the red shift of the off-axis radiation. The pink beam is 250 times more
intense than the beam from a conventional silicon monochromator. Many liquid
experiments would not be possible with a normal monochromatic beam. The
exposure time would be too long resulting in radiation damage from both the
laser and X-rays. The X-rays are focused by a platinum-coated toroidal mirror
into a 0.1 x 0.06 mm?” spot which has up to 10'® X-ray photons per pulse in four
bunch mode (10 mA per bunch).

The high energy of ESRF electrons, 6 GeV, makes it possible to produce harder
X-rays with the undulator fundamental in the range 15-25 keV. That extends the
q range to 12 A™! (and spatial resolution) and makes it easier to normalise the
scattering to the atomic form-factors of the molecule of interest.

The frequency of the X-rays from the 16-bunch mode is 5.7 MHz which is
much higher than the frequency from wavelength tuneable femtosecond lasers.
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They normally operate in the 1-10 kHz range to have sufficient pulse energy for
efficient wavelength conversion. Again since the laser and X-ray pulses have to
arrive in tandem, the frequency of X-rays has to be lowered to match that of the
laser. This is done by the high-speed chopper that normally isolates pulses at
1 kHz. The ID09 chopper is shown schematically in Fig. 19.1a. The rotor is a flat
triangle spinning at 1 kHz. One of three edges on the rotor has two slits that form a
semi-open tunnel. The tunnel is 0.126 mm high. When the chopper rotates at
1 kHz, the tunnel opens for 265 ns.

19.2.2 Laser System

Highly intense laser pulses are needed to excite, via photo absorption, the solutes
in the sample. At solute concentrations around 10 mM, a (0.1) mm? sample
contains 6 x 10'? solutes. To fully excite the sample, the laser pulse has to have
at least 6 x 10'? photons per pulse. In addition the laser pulse has to be shorter
than the X-ray pulse to keep the time resolution at 100 ps. In most liquid
experiments we use a Ti-sapphire femtosecond laser with a picosecond amplifier
(0.6 or 1.2 ps pulses). The pulse-energy at 800 nm is ~4.0 mJ per pulse at 1 kHz.
The wavelength can be changed by an optical parametric amplifier (OPA), the
TOPAS from Light Conversion, which works by mixing harmonics in a non
linear crystal. The TOPAS covers 250-2000 nm. The laser is focused on the
sample into a 0.2 mm? spot and the direction of the laser beam is usually 10° from
the X-ray beam to facilitate the alignment on the sample microscope. Care has
to be taken to avoid hot spots which could lead to multi-photon absorption in
the sample.

In a pump-probe experiment the laser pulse has to be synchronized to the X-ray
pulse to very high precision. As described in the previous section, the mechanical
chopper isolates a train of pulses at 986.3 Hz, the 360th sub-harmonic of the RF
clock. A frequency divider combined with a phase shifter produces a RF/4 signal at
88.05 MHz which is used to synchro-lock the femtosecond oscillator (MICRA,
Coherent). A sub train of these are amplified by a chirped-pulse-amplifier, the
Legend, which produces a beam at 800 nm at 986.3 Hz. The time-delay between
the laser and X-ray pulse is controlled electronically to a resolution of 11 ps by an
electronic board, the N354, developed by Christian Herve and Marco Camarata
(ESRF). The short term jitter between the laser and the X-ray pulse is 1 (FWHM).
On longer time scales, hours, the arrival time depends on the bunch charge due to
the decay in the bunch current. Hence in 16 bunch mode, the X-rays arrive 10 ps
earlier at the end of a fill due to the higher effective force on the bunch in the radio
cavities. By measuring the delay on-line, this “bunch slippage” can be corrected
in the analysis.



266 M. Wulff et al.
19.2.3 Spatial and Temporal Overlaps

To increase the signal-to-noise ratio and to define the accurate time-delay, the
laser and X-ray beams have to be aligned in space and time. To check the
temporal overlap we use a fast GaAs photo detector that is sensitive to both
X-rays and visible light [6]. With the13 GHz oscilloscope on ID09B, the pump-
probe delay can be measured to ~25 ps accuracy. In sub nanosecond experi-
ments, the laser/X-ray delay is sometimes measured on-line with an X-ray
diamond detector in transmission and with the GaAs detector in the scattered
laser beam.

The spatial overlap between the X-ray and laser pulses is measured by replacing
the sample with a 25 pm pinhole. The laser position is then adjusted by moving the
focusing lens which is motorised in x, y and z. For fine adjusting the spatial overlap
we use the CCD signal from the excited sample. Specifically we measure the
change in scattering from the thermal expansion caused by the energy released
from the excited molecules to the solvent. For the systems studied here that happens
typically after 1 ps. We then calculate the ratio of the intensity inside and outside
the liquid peak. When the sample expands, the liquid peak shifts to lower angles.
The low-angle intensity increases and the high-angle decreases. The ratio of the
two, the FOM (figure of merit), is a measure of the temperature rise in the solvent.
The X-ray beam is typically 60 pmV and 100 pmH. The laser spot is circular with a
200 pm diameter.

19.2.4 CCD Detector and the Data Acquisition

In the examples below the scattered (or diffracted) X-rays were recorded on a
133 mm diameter Mar CCD which was replaced in 2009 by a faster Frelon camera
from the ESRF. The detector is typically 45 mm from the sample for small
molecules and 250 mm for proteins which gives q ranges of 0.3-8.6 A~' and
0.02-2.4 A~' respectively at 18 keV. The detector is centred on the incoming
beam behind a @1.6 mm beam stop. The scattered X-rays are converted to light by a
phosphor screen and the optical image is relayed to the CCD by a fibre-taper-optic.
Scattering images are recorded on a 2048 x 2048 CCD with an effective pixel size
of 64.276 pm (MAR CCD). The quantum efficiency at 18.0 keV is ~50 %. The CCD
is cooled to —70 °C to reduce the dark current to 0.02 ADU/s. The readout noise is
0.1 ADU/pixel. The typical exposure time in a small molecule experiment is 5 s.
The incoming X-ray flux is ~5 x 10'! ph/s of which ~1 x 10> are scattered on
the detector.

Scattering data are typically collected for ten time-delays evenly spaced on a
logarithmic scale from 100 ps to 3 ps. There images are interleaved by none-excited
images at —3 ns, i.e. for laser pulses arriving after the X-rays which probes the
non-excited signal. In this way the effect of slow drifts in beam position, drifts in
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the detector and radiation damage cancel out in the difference images. The time
series is usually repeated 10 times and averaged. If a radial distribution curve
deviates by more than 4-5 ¢ from the average, it is rejected.

With the high-speed Frelon camera the read-out time is reduced to 0.5 s per
image. Together with improvements in the beamline network, the Frelon can collect
up to 1,200 images per hour. In one experiment it is now possible to study geminate
recombination inside a cage (0.01-1 ns), non geminate recombination from diffu-
sive molecules (10 ns—10 ps) and the hydrodynamics of the liquid (0.1 ns—1 ps) in
one time series. A special application is laser slicing where the X-ray pulse is cut in
two by placing the laser inside the X-ray pulse in space. The excited sample is thus
probed by a truncated X-ray pulse which is shorter than 100 ps. Note that a 100 ps
X-ray pulse is the equivalent of a 30 mm long bullet in space. In certain cases, laser
sliced data can be deconvoluated to a time resolution limited only by the step of the
time series. The minimum step size at the ESRF is 11 ps. We should stress that
deconvolution does not replace a shorter X-ray pulse from an XFEL for example,
but it can enhance features that are present without slicing.

19.2.5 Liquid Jet

Two different flow systems have been used so far. The solution is either circulated
through a capillary or through a sapphire nozzle. In the latter case the nozzle makes
a 0.3 mm thick sheet of liquid which is 6-8 mm wide. The inner diameter of the
capillary is 0.3—1.0 mm. The open jet has the advantage that there is no scattering
from the capillary which reduces the background. That is important for weakly
scattering samples (lowZ). In practice the capillary is often pierced by the laser or
the flow is stopped due to deposits inside the capillary. For both systems the flow
speed is typically 1 m/s which is sufficient for having a fresh sample for every new
laser/X-ray pair at 1 kHz. The output from the jet is collected in a funnel. For
reversible photo molecules, the solution can often be cycled through the beam many
times, typically for 1-2 h.

19.3 Probing Solution Phase Dynamics with X-rays

Time resolved X-ray scattering has been used to capture the structures of photo
molecules and to track complex reaction pathways as a function of time. In the
following we will show some examples to illustrate the rich variety of phenomena
that can be studied. Five type of systems have been studied, simple molecules
[7-14], organometallic complexes [15], nanoparticles [16] and proteins [17, 18]
covering a variety of structural problems in photochemistry. We will now show
what can be learned from these studies.



268 M. Wulff et al.
19.3.1 Photo Dissociation of Hgl, in Methanol

The photo dissociation dynamics of Hgl, in the gas and solution phase has been
widely studied by time-resolved spectroscopic techniques [19-21]. Zewail and
co-workers studied two-body dissociation by laser-induced fluorescence [20] and
two- and three-body dissociation by time-resolved mass spectrometry [21]. In
solution the solvation dynamics of Hgl, in ethanol was investigated by femtosecond
absorption spectroscopy [22-24]. The vibrational relaxation and rotational dynam-
ics of Hgl, after impulsive dissociation were extensively studied in these works.
Despite ample information about the dynamics on short time-scales, a comprehen-
sive mechanism spanning from picoseconds to microseconds is still lacking in these
early works. We applied time resolved X-ray scattering to Hgl, and demonstrated
that this information can be obtained directly. Figure 19.2a shows the experimental
and theoretical intensities gAS(g). Figure 19.2b shows the corresponding experi-
mental and theoretical radial intensity » AS(r). In our global-fitting analysis we used
two-body dissociation Hgl, — Hgl + I as the primary pathway and optimized the
rate constants for geminate and non-geminate recombination to Hgl,, non-geminate
formation of molecular iodine and included the laser beam size for the thermal
response of the liquid. The best fits are shown in Fig. 19.2a, b. The fitted theoretical
curves successfully reproduce the experimental curves in g- and r-space. The
global-fitting gives the population changes of all the chemical species
(Fig. 19.2c) and the temperature and density change of the solvent (Fig. 19.2d).
Figure 19.2e summarizes the results. With photo excitation at 267 nm, 34(£3.8) %
of the excited Hgl, dissociate into Hgl + 1. Then 71 %(=£1.2) of the Hgl radicals
recombine non-geminately with atomic iodine (that escaped from other cages) to
reform Hgl,. In parallel 29(40.5)% of the iodine atoms recombine to form I,.
The rate constants for the non-geminate recombination of Hgl, and I, are 5.0
(£0.5) x 10" M~ ' s " and 1.65(+£0.25) x 10'°M~' 57!, respectively [25].

Before the thermal expansion starts after 100 ns, the solute-alone dynamics
dominates over the cage and solvent terms thanks to the heavy atoms Hg and
I. In Fig 19.3a, b, the decomposition into solute, cage, and solvent after 100 ps is
shown. In the global-fitting the total difference signal was decomposed into these
contributions. As expected, the signal from the solute dominates over the entire
q range; however, the contributions from the cage and the solvent are not negligible
at low ¢ (Fig. 19.3a). In Fig. 19.3b, the negative peak at 2.6 A is mainly from the
depletion of the Hg—I bond in Hgl, and the formation of a new Hg-I bond in
transient Hgl.

The negative peak at 5.3 A corresponds to the I---I distance in the parent
molecule. The positive peak at 3.5 A is assigned to a reorganization of the solvent
around the truncated solute (new cage) and solvent heating which leads to the
broadening of methanol-methanol distance. These interpretations can also help in
determining the primary reaction pathway in the dissociation of Hgl, as follows.
Four pathways were considered: Hgl, — Hgl + I, Hgl, — Hg + I + I, Hgl, —
Hg + I, and the linear isomer reaction Hgl, — HgI-I The data at early times
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Fig. 19.2 Contributions from the solute-only, solute—solvent (cage), and solvent—solvent corre-
lations to the difference intensities for Hgl, in methanol at 100 ps. The curve fitting is based on MD
and experimental solvent differentials. They include intramolecular and intermolecular contribu-
tions from the solutes and the solvent. The experimental (black) and theoretical (red) qAS(q) (a)
and corresponding rAS(r) (b) at 100 ps are shown. Also given are the decomposed components:
solute without cage (orange), cage effects (blue), and solvent contribution (green). Decomposed
components of the cage (blue) and the solvent term (green) in (b) are multiplied by 3 to magnify
the main peaks and valleys. (c) Determination of the photodissociation pathway of Hgl, in
methanol at 100 ps. Theoretical (red) and experimental (black) difference intensities for candidate
channels are shown as qAS(q) curves (¢) and rAS(r) curves (d). The difference residuals between
theoretical and experimental curves are shown in blue. The two body dissociation pathway
(Hgl, — Hgl + I) gives the best fit
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Fig. 19.3 Scattering signals and fitting results for Hgl, in methanol. (a) Experimental (black) and
theoretical (red) difference intensities qAS(q) and their error bars in q space. The time delays from
top to bottom are —100 ps, 100 ps, 300 ps, 1 ns, 3 ns, 10 ns, 30 ns, 50 ns, 300 ns, and 1 ms. (b)
Difference RDFs, rAS(r). Shown are the sine-Fourier transforms of the intensities in (a). (c¢)
Concentration change of the photoreaction of HglI2 versus time. Hgl, I, I, and Hgl, are displayed in
red, blue, green, and black lines, respectively. (d) Change in the solvent density (red) and
temperature (blue) as a function of time. Note the duality between the decay in the excited-state
population in (c) and the rise in temperature in (d). (e) Schematic reaction mechanism by TRXL
for the photoreaction of Hgl,. The pictures are snapshots from the MD simulations

(100 ps, 300 ps, and 1 ns) are fitted globally using these pathways. Figure 19.3c, d
show the fitted results for gAS(g) and rAS(r) for these trial pathways. We can rule
out isomer formation because of the poor agreement between experiment and
theory. The fits for two-body dissociation match perfectly well the experimental
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data over entire ¢ range and give the smallest X2 value. The fits for three-body
dissociation and I, formation have a rather good figure of merit, but the fits are
worse than the two-body case. In fact, in the fits for these channels, the disagree-
ments are significant for the positive peak at 2 A~" and the negative peak at 3 A™".
As shown in Fig. 19.3a, the contribution from the solvent is non negligible. Thus the
disagreements in this region for these two channels indicate that the solvent
contribution for these channels does not agree with the actual energy transfer to
the solvent. This tells us that when the energy flow is included in the analysis, the
solvent term can help to discriminate between channels with very small differences
at high ¢. These results clearly demonstrate that TRWAXS determines concurrently
the structures of excited solutes in their cages and the structure and hydrodynamics
of the solvent. It is also shown that TRWAXS can be used as an ultrafast calorim-
eter since the determination of transient structure (the primary dissociation channel)
is strongly correlated with the energy transfer from solute and solvent molecules.

19.3.2 The Transient States of C,H /I,

Halogen dissociation from haloalkanes are of great interest since the reaction
products is under stereo chemically controlled with respect to the C=C double
bond [26-29]. Haloethyl radicals such as CH,ICH,* and CF,ICF,* are reaction
intermediates from halogen dissociation and their structures are thought to account
for the observed stereo selectivity. In the bridged structure, the halogen is shared
equally between the two carbon atoms, whereas in the classical mixture structure
(a mixture of anti and gauche conformers), the primary halide resides predomi-
nantly on one of carbon atoms [7]. A bridged structure prevents the rotation about
the C—C bond, thereby maintaining the functional group positions in the product
and providing stereo chemical control. However, despite numerous theoretical and
experimental investigations, the structure of the intermediate in solution remained
unknown. To unravel the structure of the intermediate and the related kinetics, we
applied time resolved X-ray scattering (TRWAXS) to the iodine elimination reac-
tions C,Hyl, and C,F,41, both dissolved in methanol [7, 11].

To explain the experimental data theoretically and fit the signals globally, we
included all putative structures in the fitting for both molecules. Our TRWAXS data
show that the iodine elimination in C,Hul, and C,F4I, are completely different
(Fig. 19.3c, e for C,Hyl, and Fig. 19.3d, f for C,F,41,). The global-fitting results for
C,Hyl, show that C,HyuI and I are the dominant species after 100 ps and that the
formation of C,H, or I, is not observed. Subsequently C,H4I does not decay into
C,H, + I; rather it reacts with an iodine atom to form a linear isomer, CoH4I—1,
with a bimolecular rate constant of 7.94(+3.48) x 10'' M™' s7'[25] which is
larger by two orders of magnitude than the rate constant for non-geminate recom-
bination of molecular iodine in CCl, solvent.
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Fig. 19.4 (a) Structural determination of the 100 ps C,H,l radical in methanol. The C,H,I signal
is obtained by subtracting other contributions from the raw data. This approach allows comparing
the solution structure with gas-phase structures of the anti and bridged conformers. Experimental
(black) and theoretical (red) RDFs for the two channels are shown together with their molecular
structure (I: purple and C: gray). The upper and lower curves represent the bridged and the
classical anti structure, respectively. (b) Structure determination of the 100 ps C,F,I radical in
methanol. The solute-only term for the two candidate models (classical and bridged) are shown
together with their molecular structure (I: pink, C: white and F: yellow). The data show that the
C,Hyl and C,F,I radical have the bridged and classical mixture structure, respectively. (c) and (d)
Reaction kinetics and population changes of the relevant chemical species during the photo
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This finding suggests that the isomer is mostly formed via in-cage recombina-
tion. The isomer, which is the major species in the nanoseconds regime, eventually
decays into C,H,4 + I, in microseconds with a rate constant of 1.99(11.38) x 10°

M~! s [25]. By contrast, C,F,4I and I are major species at 100 ps as they are
essentially formed within a few picoseconds. Complete dissociation into C,F4 and
21 is not observed in the investigated time regime. 20 4 1.3 % of the C,F,I radicals
decay to C,F, + I with a time constant of 306 + 48 ps. We can compare these
values with gas-phase electron diffraction: 55 £+ 5 % and 26 £ 7 ps [30, 31]. This
illustrates how solvent molecules greatly reduce the rate and yield of secondary
dissociation. That is not surprising as the available internal energy of the C,F,4I
radical in solution is lower than that in the gas phase due to the energy transfer to the
solvent which typically occurs in tens of picoseconds. Molecular iodine I, is formed
concurrently via recombination of two iodine atoms in about 100 ns with a time
constant of 4.4(£1.25) x 10" M~! s [25], which is comparable with the rate
constant for non-geminate recombination of molecular iodine in solution.

Of particular interest in these molecules is the structure of the transient species.
As mentioned, TRWAXS is the only method that could answer whether the radical
is bridged or classically open.

The results from this approach for C,Hyl, and C,F,4I, are shown in Fig. 19.4a, b,
respectively. The transient species alone are found by subtracting the contributions
from the solvent, cage and other nascent solutes and then compared with the
calculated candidate structures. This finger print approach is identical to the one
used in gas-phase time-resolved electron diffraction. The comparison between the
100 ps data and the putative intermediates demonstrates that the C,Hyl radical has a
bridged structure while C,F4I is a mixture of a classical gauche and an anti
conformer. In C,H,l, the negative peak at 5 A, the depletion of the I- - -I distance
correlation in the parent molecule, is common for both models. The peaks between
1 and 3 A are indeed dependent on the position of the I atom relative to the two
carbons in the transient intermediate. Only the bridged structure matches the
experimental peaks. Note that the anti model has two peaks from the two different
C..I distances. For the C,F,I structure the broad peak between 2 and 4 A is the
fingerprint region. Only a classical mixture structure of C,F4I reproduces the broad
negative peak in the fingerprint region. The position and line shape of the 3 A peak
are very sensitive to the position of the iodine atom relative to the two carbon atoms
and the four fluorine atoms in the transient. Another argument for this structure
assignment comes from the x* values from the global-fits for the two models. In the
elimination reaction of C,F,I,, the X2 value for the classical mixture is 1.7, which is

<
«<

Fig. 19.4 (continued) elimination reaction for C;Hyl, (¢) and C,F41; (d) in methanol as a function
of time. In (¢), black is bridged CoHyl, red is the isomer, blue is the final productC,Hy. In (d), green
is the I atom, black is the classical form of C,F,l, red is C,F4 and blue is the I, molecule. (e) The
reaction model of C,Hyl,. After photo-excitation, one I atom is detached from the parent molecule,
and the C,HyI radical is bridged. Then C,H4I recombines with another I atom to form a linear
isomer C,H4I—I. Then, the isomer breaks into C,H,4 and I,. (f) The reaction model of C,F4I,. After
photo-excitation, one I atom is detached from the parent molecule, and C,F,I takes the classical
anti form. Some C,F,I decays into C,F, + 1. The I atoms finally recombine non-geminately into I,
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smaller than the X2 value of 3.2 for the bridged structure at all time-delays. When
both models (bridged and classical mixture) are included in the global-fits, the
bridged fraction is almost zero. These findings strongly suggest that CoH,I is
bridged whereas C,F I is a classical mixture and supports the fluorination effect
on the radical which was predicted by quantum mechanical calculations.

19.3.3 Filming the Birth of a I, Molecule Inside a Cage

As already mentioned one can exploit the fact that the laser pulse (1 ps) and the
synchronization (1 ps) are much shorter than the 100 ps X-ray pulse to explore
phenomena on the sub 100 ps time scale. This was done in a recent study of the
geminate recombination of I, in CCly [12, 32]. The I, molecules were dissociated
by a 1 ps laser pulse at 530 nm and the outcome probed by delayed 100 ps pink
X-ray pulses from the U17 undulator (E; = 18 keV, BW = 3.5 %). A large fraction
of the molecules, 60 %, recombine with their original partner inside the cage and
form vibrationally excited I, in the X state. In solution newly formed molecules
cool down by transferring energy to the surrounding solvent, a process that takes
tens of picoseconds. This cooling process is fundamental in chemistry and has so far
never been visualised with a spatial probe like X-rays. A substantial gain in
resolution was obtained by slicing the X-ray pulses in two with the 1 ps laser pulses
and scanning the delay in steps of 11 ps. The laser sliced data was deconvoluted
with a new algorithm that requires knowing the intensity profile of the X-ray pulse
[32]. The final result of a lengthy analysis is shown in Fig. 19.5b. Figure 19.5b
(a) shows the Morse Potential for I,. For energies near the dissociation limit, the I
atoms vibrate between the boundaries of the potential while gradually lowering
their energy by heating the solvent. Note the bimodal character of the electron
density between 0 and 40 ps. That stems from the fact that the vibrating molecules
spend a large amount of time at the turning points of the Morse Potential. Note how
the distribution sharpens up with time at the I, molecule reaches the ground state in
about 100 ps. The ground state bond length of I, is 2.67 A (Fig. 19.5).

19.3.4 Protein Dynamics in Crystals

Proteins are engaged in a multitude of tasks essential to life. To understand in detail
how proteins function it is crucial to know the time ordering of events that give rise
to their designed function. Time resolved Laue crystallography can, for certain
radiation hard small proteins, be used to film small and large scale changes in
structure in three dimensions, with a tremendous gain in information over other
techniques. The proteins have so far been studied successfully, myoglobin (Mb),
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Fig. 19.5 (a) The I, (X) ground state potential constrains the vibrations of the newly formed I,
molecule inside the liquid cage of CCly. A simplify trajectory to the ground state is shown in red.
(b) The electron density distribution for the contracting I, molecule as it moves back to the ground
state

[33, 34], hemoglobin (Hb), [35] the photo active yellow protein PYP [36—38] and
the photosynthetic reaction centre RC [39].

For historical reasons we will only discuss some of the first results from
myoglobin that examined the motion of photo dissociated CO inside the protein
after the breaking of the Fe—CO bond by the laser. In fact MbCO was the first
protein to be studied by time resolved Laue diffraction in 1994 at the ESRF. Note
that in Laue diffraction the crystal is not rotated during the X-ray exposure and the
polychromatic undulator spectrum ensures that the diffracted intensity is fully
recorded. Myoglobin is a ligand-binding heme protein and it has long served as a
model system for investigating ligand transport and binding in proteins. Using
femtosecond time-resolved polarized IR spectroscopy, the dynamics of CO motion
after photo detachment from MbCO were measured by Philip Anfinrud and co
workers [40, 41]. Those studies revealed the time-dependent orientation of CO,
the presence of a docking site that mediates the transport of ligands to and from
the active binding site, as well as the dynamics of ligand binding and escape.
In addition, site-specific mutations among the highly conserved residues
circumscribing the ligand docking site were found to have a marked influence on
the dynamics of ligand binding and escape. While much has been learned about
ligand dynamics in Mb, much less is known about the structural evolution that
accompanies ligand translocation.

Time-resolved Laue diffraction images were acquired using pump-probe: 0.5 ps
laser pulse triggers ligand dissociation in a ~250 micron P6 MbCO crystal and a
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Fig. 19.6 Difference electron density map of MbCO determined 3 ns after photolysis of a Pe
MbCO crystal at 10 °C. The measured difference is imposed on the initial state with loss in density
marked in red, gain in blue. The arrows indicate the direction of motion of the CO and the
surrounding side chains. Note the heme dooming, i.e. the displacement of Fe and the tilt of the
heme plane. The CO docking site prevents in effect CO recombination with Fe. This effect is in
stark contrast to the (simple) recombination of I, in CCl, where 90 % of the dissociated I atoms
recombine with their initial partner

delayed X-ray pulse probes the structure at that delay. The diffracted X-ray photons
were detected on the @133 mm MAR CCD. Reconstruction of the protein structure
with atomic resolution requires a series of diffraction images with crystal orienta-
tions spanning 60 degrees owing to the Pg symmetry of the crystal. With the pink
radiation from the U17, the 3.5 % bandwidth was sufficient to obtain redundant data
with images collected every 2 degrees. To obtain high dynamic range diffraction
images with the available x-ray flux, approximately 64 X-ray shots were integrated
on the MAR CCD between readouts. Because the protein crystal requires sufficient
time to recover between photolysis pulses, which are intense enough to excite a
significant fraction of the protein molecules, the maximum repetition rate used was
3 Hz. Diffraction images were accumulated with and without photolysis to generate
accurate difference-diffraction data. The synchrotron was operated in single bunch
mode for the first experiments between 1994 and 2000, with a 15 mA single bunch
of 150 ps (FWHM).

A high-resolution electron difference density map of MbCO is shown in
Fig. 19.6. This image is the first of a time series that reveal, with atomic resolution,
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the order of events that accompany ligand translocation, from the Fe binding site to
the nearby “docking site”. Numerous features are observed including the displace-
ment of the heme iron toward the proximal histidine, tilting of the heme, the
docking of CO in a site near the heme iron, and the correlated motion of protein
side chains in the vicinity of the active binding site. For example, the distal histidine
(residue 64) shifts toward the site once occupied by CO, possibly raising the barrier
to geminate recombination. The photo detached CO, found in a heme pocket
docking site only about 2 A away from the binding site, causes a displacement of
the nearby isoleucine (residue 107). The CO translocation and heme displacement
are also evident in a time-resolved structure determined at 150 ps, suggesting that
the protein response to the ligand translocation event is ultrafast. On the time scale
of a few hundred ns (not shown), the “docked” CO slips around to the proximal side
of the heme and is found in the so-called Xel docking site, as observed in low
temperature trapping studies [42, 43] as well as in earlier time-resolved studies
[44]. Within a few microseconds, the CO escapes from this site into the surrounding
solvent. The structural changes that accompany ligand translocation help explain
how the protein is able to excrete toxic CO with high efficiency, even though the
CO is temporarily located so close to the active binding site.

19.3.5 Protein Dynamics in Solution

One can examine many more proteins in solution than in crystals by time resolved
wide-angle scattering (TRWAXS). The low protein concentration (few mM or less)
is a challenge and their large size (more than a thousand times larger than small
molecules) complicates the analysis. However recent TRWAXS data from model
proteins have demonstrated that medium to large-scale dynamics of proteins is rich
in information from ns to seconds [17]. Due to the inverse relationship between the
interatomic distance and the scattering angle, the scattering from macromolecules
appears at smaller scattering in the SAXS/WAXS range and we will term such time
resolved measurements TR-SAXS/WAXS. The TR-SAXS/WAXS method has
been applied to human haemoglobin (Hb), a tetrameric protein made of two
identical aff dimers that is known to have at least two different quaternary structures
(a ligated stable “relaxed” (R) state and an unligated stable “tense” (T) structures)
in solution. The tertiary and quaternary conformational changes of human
haemoglobin triggered by laser induced ligand dissociation have been identified
using this method. A preliminary analysis by the allosteric kinetic model gives a
time scale for the R-T transition of ~1-3 ps, which is shorter than the time scale
derived with time-resolved optical spectroscopy. In Fig. 19.7 the gas-phase scat-
tering from the crystal structures of HbCO and Hb (deoxyHb) are shown together
with myoglobin and a water molecule. In Fig. 19.7b the relative change from the
transition HbCO — Hb is simulated for a 1 mM concentration.
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Fig.19.7 (a) Calculated Debye scattering for haemoglobin (HbCO and Hb), myoglobin (Mb) and
water. The calculations were performed with CRYOSOL using the relevant crystal structures
adapted to the solution phase. (b) Relative change of the protein signal to the water background for
the R-to-T transition (HbCO- > Hb) for an excited-state concentration of 1 mm. (c¢) Snapshots of
the molecular structures used in the simulations

Note the good signal to background ratio between 0.1 and 1 A" due to the weak
water background at low q (water plateau). Finally the structure of the proteins and
water are shown in Fig. 19.7c. The optically induced tertiary relaxation of myo-
globin and refolding of cytochrome ¢ have also been studied with TR-SAXS/
WAXS [17]. The advantage of TR-SAXS/WAXS over time-resolved X-ray protein
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crystallography is that it can probe irreversible reactions as illustrated with the
folding of cytochrome c as well as reversible reactions such as ligand reactions in
heme proteins. Although the diffraction patterns from proteins in solution contain
structural information, the information content is probably insufficient to recon-
struct protein structures in atomic scales. In this respect the use of structures from
X-ray crystallography and NMR spectroscopy as a starting point is promising and
the development of accurate theoretical analysis is in progress.

19.4 Comparison with Time-Resolved Optical
Spectroscopy

To track time-dependent processes, various time-resolved spectroscopic tools have
been developed and reaction dynamics with femtosecond time resolution can now
be routinely investigated by such methods. Time-resolved optical spectroscopy has
been applied to study ultrafast events in various areas of chemistry, physics and
biology. A laser pulse triggers a photochemical reaction or a perturbation in the
system and another laser pulse (with wavelength ranging from the ultraviolet to
infrared (IR) and far-infrared) probes the optical responses of the system as a
function of the delay between the pump and probe pulses as well as the wavelength
of the probe pulse. This method permits the detection of specific short-lived species
or energy states with high sensitivity. Unfortunately, the optical probe is not able to
interfere with all atoms and thus experimental observables in optical spectroscopy
such as transition energy and transition intensity cannot provide direct structural
information such as atomic coordinates or at least bond lengths and bond angles. In
contrast, since the X-ray scattering probes all atom-atom pairs in the molecular
system, TRWAXS gives real-space unique access to the structural dynamics in the
sample. In spite of the diffraction signal in TRWAXS being less sensitive to a
specific transient than optical spectroscopy, its signal allows for the direct obser-
vation of major transient species and provides a global picture of the reactions with
accurate branching ratios between multiple reaction pathways as shown in the
examples in the previous sections. Since X-rays scatter from all atoms in the
solution, solutes as well as solvent molecules, the analysis of TRWAXS data can
provide the temporal behavior of the solvent as well as the structural progression of
the solute molecules in a// their reaction pathways, thus providing information of
the rearrangement of the solvent around the transient solutes.

Vibrational transitions in a molecule can often be correlated to specific sites
within molecular systems and for this reason time-resolved vibrational (IR and
Raman) spectroscopies [45, 46] have been used for probing transient structures in
chemical reactions. However, the vibrational signals bias species with high absorp-
tion cross-section and these techniques may fail to detect optically silent species. In
addition, it is often difficult to obtain insight into global structure from vibrational
spectroscopy and new approaches such as multidimensional IR and Raman spec-
troscopies have emerged which are very promising in this respect [47, 48].
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Two-dimensional spectroscopy measures the vibration coupling between specific
vibrational modes which are correlated with the relative orientation of the mole-
cule. The vibration-vibration coupling is very sensitive to molecular structure by
analogy to the spin-spin coupling in two-dimensional NMR spectroscopy. Great
progress has been made recently in resolving molecular dynamic in biological
systems by multi-dimensional spectroscopy.

As shown in the examples in Sect. 19.3, time-resolved optical spectroscopy and
TRWAXS complement each other well. The former has a higher sensitivity and
thus is useful for extremely dilute concentrations whereas TRWAXS provides
direct structural information and accurate branching ratios.

19.5 Comparison with Time-Resolved X-ray
Absorption Spectroscopy

X-ray absorption spectroscopy such as X-ray absorption near-edge structure
(XANES) and extended X-ray absorption fine structure (EXAFS). EXAFS and
XANES provide local structural information and therefore the local response to
laser excitation can be obtained. The EXAFS region delivers quantitative structural
information with sub A accuracy via the so-called EXAFS equation [49], whereas
XANES provides a quantitative fingerprint of the local chemical bonding geometry
such as orbital hybridization in the vicinity of the atom(s) of interest. This can be
useful for understanding molecular dynamics in solution where a lot of important
chemistry occurs and where the environment substantially influences the reaction
dynamics. Like TRWAXS, X-ray absorption spectroscopy also has been used in
time-resolved studies with the laser-pump and X-ray probe scheme and has been
applied to study charge transfer and spin-crossover processes in coordination
chemistry compounds, solvation dynamics of atomic radicals and structural dynam-
ics of photo dissociated intermediates in solution phase [50-54]. The structural
information obtained by X-ray absorption is limited to the local environment of a
particular atom. This feature is in contrast with the diffraction method which
provides structural information for all species. The locality of the X-ray absorption
signal has the advantage of a much higher sensitivity. In summary TRXL and time-
resolved X-ray absorption spectroscopy are highly complementary and thus in the
future, a combination of the two techniques will prove useful in providing more
accurate results and such efforts are in progress within the upgrade program for
ID09 at the ESRF for 2015.

19.6 Summary and Outlook

In this review we have outlined the experimental and theoretical background for
TRWAXS and given examples from photochemical research in the liquid phase.
Although TRWAXS has limitations, it provides direct structural and kinetic
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information about reaction dynamics of chemical reactions in liquids. TRWAXS
addresses detailed information about structural changes and spatiotemporal kinetics
of reaction intermediates in all reaction pathways, temporal rearrangements of
solvents around solutes, and the related solvent hydrodynamics. For example,
TRWAXS can aid in the understanding of major reaction pathways where
TRWAXS results are different from time-resolved optical spectroscopy. TRXL
also can identify new intermediates as shown for the photolysis of Ru3(CO);, [15]
where TRXL complements the results from time-resolved spectroscopy. Moreover
TRXL is capable of providing direct structural information which is difficult to
obtain from time-resolved optical spectroscopy, such as the molecular structure of
intermediates involved in iodine elimination reactions from C,Hl, and C,F4I,. In
addition, TRXL has been applied to investigate structural dynamics of more
complicated systems such as nanoparticles and proteins in solution.

Increasing qmax from the current 8 to 12 A~ by using harder X-rays will provide
more data and in particular improve the scaling of RDF curves by giving access to
the atomic limit where molecules scatter as the sum of independent atoms without
structure. Multilayer monochromators are now available that can extract high-
intensity beam from higher undulator harmonics down to 0.50 A. Application of
the TRWAXS method to molecules without heavy-atoms is a challenge. Such
systems require an even higher signal to noise ratio which means having a very
liquid jet and sample. For example to extract a 10 times weaker signal (signal is
proportional to Z?), the acquisition time needs to be 100 times longer. This is
unrealistic with the current setup, but it might become feasible with the future X-ray
sources with a much higher flux. Chemical substitution with heavy atoms may also
provide a solution.

The time-resolution of TRWAXS performed on synchrotron sources is currently
limited to 100 ps. This time-resolution has recently been improved to 0.1-1 ps at the
LCLS at Stanford with XFEL radiation. It is now possible to probe molecules on the
time scale of vibrations and image atomic motions along the potential energy
surface, monitor bond breaking/formation and isomerization processes. True quan-
tum effects should be within reach with XFEL sources and that will no doubt have
great impacts on the study of reaction dynamics.
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