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1. Introduction

Visualising chemical reactions is indeed a tantalising prospect.
An excellent illustration of this is the light-induced insulator-
metal transition of the organic salt, (EDO-TTF),PF,, (EDO-TFF
= ethylenedioxytetrathiafulvalene) investigated using an ultra-
bright femtosecond electron source on a crystalline sample.”
An organic metal was formed after a thin crystal of the organic
salt was illuminated with 800 nm near infra-red light. The elec-
tron diffraction pattern of the insulating phase changed
showing that some unit cells of the conducting structure
phase were formed within 10-15 ps, and evidence found for
the atomic displacements occurring in the first few ps.
Deriving similar type of information about the primary
steps of the reactions or electron movement within inorganic
complexes, compounds and materials would revolutionise our
understanding of this field of chemistry. Some years ago, we
reviewed the developing opportunities for the use of time
resolved X-ray absorption fine structure (XAFS) spectroscopy
for structure-reactivity studies in chemistry.> (XAFS spectra
consist of XANES, X-ray absorption near edge structure, and
EXAFS, extended X-ray absorption fine structure, regions.)
Since then projected developments in X-ray sources® are in the
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prospect for studying atomic, electronic and energy transfers accompanying chemical change by X-ray
spectroscopy and inelastic scattering. Here we assess how this adventure can illuminate inorganic and
catalytic chemistry. In particular X-ray inelastic scattering provides a means of exploiting X-ray free elec-
tron lasers, as a parallel to laser Raman spectroscopy.

process of being realised and these are transforming the scope
of in situ structure elucidation. In this article we assess what is
now possible and what may become feasible over the next few
years.

Over the last 100 years, since the report by Bragg,® X-ray
diffraction has been pivotal in developing our understanding
of chemical structure. It remains the database of reference
structures upon which reaction studies in non-crystalline
media are calibrated. In this article we focus on investigating
the structures of solutions using X-ray absorption fine struc-
ture (XAFS) spectroscopy, and techniques derived from it, as
the probe.

2. Structure determination using
XAFS

The first observations of an element’s X-ray absorption edge by
de Broglie® and the correlation of the energies of X-ray emis-
sions to the Periodic Table by Moseley® were almost coincident
with that of diffraction from ecrystals." Chemical shifts in
absorption edge energies were established within a few years,
and near-edge structure reported in 1920 by Fricke.” Over
many years, there was uncertainty as to whether XAFS was due
to long range order, as for diffraction, or due to local effects.
This was resolved by Stern in 1974 as being a local effect,® thus
providing a new structural technique applicable to disordered
materials, including solutions, glasses and catalyst surfaces.
Once synchrotron radiation provided X-ray sources of the
required intensity (generally to get the signal/noise ratio of
10°, at least 10'® monochromatic photons are required to
impinge on the sampled area), XAFS could then be applied to
a range of chemical problems. This requirement is illustrated
in Fig. 1. Relative to the start of the EXAFS region, which is
visible in the XAFS spectrum, the end of the EXAFS region is
weighted by a factor of over 700. With current, third generation
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Fig.1 W Lj-edge XAFS of (NBuy)2[WeO19] showing the normalised
absorption spectrum (top), the k*-weighted EXAFS (middle) and the
Fourier transform (bottom). Data recorded on B18 of the Diamond Light
Source.

sources, such a photon count can be achieved in a focussed
(sub mm) spot in the order of 10 ms, and for an X-ray free elec-
tron laser, in a single pulse of 20-100 fs. Spectra like this
(Fig. 1a), with a 1600 eV range, can be acquired in seconds or
minutes.

Analysis of the extended X-ray absorption fine structure
(EXAFS) is well established,’ and, depending upon the system,
may provide structural detail within 3-5 A of the absorbing
atom (Fig. 1). Single-scattering modelling affords interatomic
distances from the absorber, but some bond-angle infor-
mation is intrinsic to more sophisticated analyses including
multiple scattering pathways. This is often essential for a
proper analysis, and provides a local cluster structural model.

The features of X-ray absorption near edge structure
(XANES) are very sensitive to the coordination geometry,
ligand type and spin state of the absorbing atom. Thus they
probe the effects of the coordination site on the electronic pro-
perties around the absorbing atom. The discrimination of
XANES has now been enhanced by utilisation of crystal analy-
sers for X-ray emission spectroscopy (XES) in the following
ways (Fig. 2).
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Fig. 2 Cu K-edge XANES of CuO showing the HERFD spectrum (top),
Koy emission spectra of CuO (solid) and Cu (dashed) with the exciting
energy above the absorption edge (middle) and Kay RIXS (bottom).
Energy transfer = Exciting energy — emission energy. Data recorded on
120 of the Diamond Light Source.

(i) High energy-resolution fluorescence detection (HERFD)
resolves features within the XANES." Firstly this is achieved by
monitoring a single channel rather than multiple overlapping
ones and, secondly, when following an inelastic scattering
process, the core hole lifetime broadening of relevance for Ko
is for 2p rather than 1s (0.6 rather than 1.6 eV).

(ii) 2-dimensional maps of absorption and emission fea-
tures, termed Resonant Inelastic X-ray scattering (RIXS provide
greater chemical speciation.'’ Here (Fig. 2) the weak 3d Koy
resonance is clearly separated from the higher energy dipole-
allowed transitions to 4p and also to the continuum. The
excited state after the RIXS process for CuO has a configuration
2p°3d"°. Splitting due to spin-orbit coupling is only within the
incomplete 2p sub-shell. As a result, this resonance is a
doublet, with the second component associated with the Ka,
emission line displaced from the Ko, features by 20 eV.

This journal is © The Royal Society of Chemistry 2015
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Full multiple scattering codes'™'* and density functional
methods'*"® can, in many cases, provide a good basis for
modelling XANES,"®'” XES'”'® and RIXS." Theoretical struc-
ture modelling and spectrum simulation are now closely
linked,*® and, together with EXAFS structural analysis, afford
an iteration cycle.'®*"*> Hence this combination of X-ray spec-
troscopy, analysis, and theoretical modelling forms a substan-
tial basis for probing chemical reactivity and providing greater
understanding of the electronic structure of the absorbing
element.

3. Kinetics and dynamics of reactions

The rates of reactions of inorganic systems span a vast time-
scale. Even restricting the survey to water exchange rates of
hexaaqua complexes for divalent 3d metal ions, still provides a
range of rate constants between 87 s~ (V') to 4.4 x 10° s7*
(Cu").>® Molecular dynamics calculations of water exchange on
the 3d divalent ions between Mn and Zn afforded values of
AG* between 17.9 (Mn) and 32.4 (Ni) kJ mol™*. The predicted
kexp Tates were overestimated, due in part to transmission
coefficient, k, considered as being equal to unity through the
transition state.>* In a recent molecular dynamics study of
reactions at alkali metal ions, the residence time of water co-
ordinated to Li* was calculated to be 191 ps, with a AG* of
17.0 k] mol ™', giving rise to a rate of transition state formation
at 2.38 x 107! 5, and a transmission coefficient of 0.22.%° In
general, metal complexes and clusters will exhibit metal ligand
vibrations between ~300 and 400 cm™', and metal-metal
stretches between 100 and 200 cm™". The frequencies of these
vibrations lie between 3 and 12 x 10'* s7*, giving a time con-
stant range of ~80-350 fs.

These values parameterise the time frames for visualising
fast chemical reactions in solution. Species may have lifetimes
of the order of ps and longer, and the atomic motion
(dynamics) of the transitions between species may be 1000
times faster. The transition time of X-ray absorption is much
faster than either of these timescales and thus can afford snap-
shots. Careful experimental design is required to prepare a sig-
nificant population of the sample molecules to perform the
same transition simultaneously.

4. X-ray spectroscopic structural
studies

4.1. Beyond steady-state studies

A general factor is that the acquisition time of a XAFS spec-
trum for a dilute sample may be of the order of hours, and
thus be too slow for the time-resolved studies. This was
addressed in the XAFS study of the palladium -catalysed
Mizoroki-Heck coupling reaction with a pyridine functiona-
lized N-heterocyclic carbene ligand. The pre-catalyst was first
formed in situ, and the reactants, butyl acrylate and p-bromoa-
cetophenone, injected at the reaction temperature, allowing
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stages of the reaction to be investigated by rapid cooling and
reheating after XAFS measurement.>® Such a method could
identify the major species present despite long acquisition
times, but without a forced cooling process, the time resolu-
tion was minutes.

This approach was developed further when investigating
Mo halide complexes for ethylene polymerisation by using
stopped-flow instrumentation with a mixing time of ms, and a
quench time to liquid nitrogen temperature of ~1 s.>” The acti-
vation and subsequent deactivation mechanism was deter-
mined by XAFS analysis showing that the Mo catalyst was
firstly methylated by the AlMe; co-catalyst and subsequently
deactivated by Mo particle formation. The same XAFS freeze-
quench technique was used for Sc ethylene polymerization
catalysis, where Sc was initially methylated by AlMe;, the Sc-Me
then abstracted by a Lewis acid with subsequent coordination
of an olefin to Sc centre.*® Most recently, probing the active
ethylene trimerisation catalyst by the stopped-flow freeze-
quench method allowed identification of an unusual 4-coordi-
nate Cr(n) complex [(SNS)Cr''Cl] {SNS = N(CH,CH,S-Decyl), }
from the reaction of [CrCl;{SN(H)S}], with AlMe;.>° Without
this trapping procedure, the Cr(u) intermediate would not have
been observed, since a slower disproportionation process par-
tially reformed Cr(um). The rapid-mixing (ms) and quenching
(s) however, still allowed a sequence of reactions to transpire
before the trapped species has formed. In this case, it is
thought to be N-H deprotonation, and conjugate-base assis-
tance of chloride loss, transmetalation of a methyl group and
a bimolecular reductive elimination of ethane.

4.2. Combining techniques

Adding information from complementary technique can be
invaluable in differentiating between similar species. Incorpor-
ation of UV-visible spectroscopy with stopped-flow XAFS
methods, as utilised in the activation of the ethene oligomeri-
sation techniques,”” is relatively straightforward. Indeed the
time resolution properties of energy dispersive XAFS closely
match those of a diode-array UV-visible spectrometer providing
ms time resolution. In a study of the inner-sphere electron
transfer between [IrCls]*~ and [Co(CN)s]*~, the UV-visible data
indicated that the reaction studied over the a few seconds by Ir
Lir energy-dispersive XAFS was the breakup of the of the
bridged intermediate, [Cl5Ir-CI-Co(CN)s]*~, following the elec-
tron transfer.*®

With off-line NMR and EPR studies, the combination of
stopped flow XAFS and UV-visible spectroscopies allowed
insight into the catalytic cycle for the arylation of imidazole by
phenylboronic acid, catalysed by [Cu(OH)(TMEDA)],Cl,
(TMEDA = tetramethylethylenediamine).’* A proposed cycle
could be tested by binary and ternary mixtures of the reagents.
It was evident that imidazole (imidH) formed a new, 4-coordi-
nate mononuclear Cu(u) complex of the imid™ anion, [CuCl-
(imid)(TMEDA)], and addition of PhB(OH), resulted in the
observation of XANES attributable to Cu() centres after the ary-
lation of the imidazole. Further PhB(OH), was required to
reoxidise the copper to complete the cycle; all of the stages

Dalton Trans., 2015, 44, 6313-6319 | 6315
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could be followed with second time resolution. A key Cu(u)
intermediate, [CuX(Ph)(imid)(TMEDA)] could not be observed
on this timescale.

4.3. Pump-probe XAFS

All the experiments described so far utilise the storage ring
source as pseudo-continuous, rather than their true nature of
a train of electron pulses, often of ~100 ps duration, separated
by a few ns, rotating every few ps. Providing that synchronisa-
tion can be achieved with low jitter, and the output from a par-
ticular bunch detected without distortion from its neighbours,
then the time resolution can be improved from 107> s to 107’ s.
The appropriate sample preparation method is then a laser
pulse, using the storage ring pulse as an X-ray probe.

Chen and Coppens provided an exemplar for pump-probe
XAFS in their study on the *MLCT (MLCT = metal-to-ligand
charge transfer) state of [Cu(2,9-Me,-phen),]’, using a differen-
tial acquisition mode (X-ray transient absorption spectroscopy,
XTA) to optimise the signal to background ratio.** An example
of this is shown in Fig. 3. The Cu K-edge XANES of the excited
state was found to be very similar to the electrochemically gen-
erated [Cu(2,9-Me,-phen),]**, strongly supporting the assign-
ment of this as being a MLCT state. In the ground state Cu'
has a d'® configuration with a slightly distorted tetrahedral
geometry; in the MLCT Cu"™* complex, d° centre is susceptible
to Jahn-Teller distortion resulting in the excited state having a
more flattened tetrahedral geometry (inter-ligand dihedral
angle ~57°). With these relatively small substituents adjacent
to the coordinating nitrogen atoms, there was some evidence
from the XANES simulations for the coordination of a mole-
cule of the donor solvent, acetonitrile in the excited state. In
our study of [Cu(2,9-"Bu-3,4,7,8-Me-phen),]",** which was per-
formed using an energy dispersive X-ray spectrometer in an
attempt to reduce the real time of the data acquisition, the
XANES simulations favoured a 60° angle and no MeCN
binding in an exciplex. Having ‘Bu groups on the two carbon
atoms adjacent to the nitrogens, in [Cu(2,9-Bu-phen),]" was
found to essentially lock the coordination geometry as being
pseudotetrahedral,* and this is a likely cause of the long life-
time of the *MLCT state.

The majority of synchrotron storage ring sources provide an
X-ray pulse of 100 ps, and this marks the normal highest time

0.004

0.002+

04

-0.002+

-0.004 -

Absorbance difference

-0.006

-0.008 T T T T
8970 9000 9010 9020 9030

Energy (eV)

T T
8980 8990 9040

Fig. 3 Cu K-edge XTA of [Cu(2,9-Me,-phen),]* in MeCN (20 mM)
showing the data 5 ns before laser pulse (450 nm) (red), during the pulse
(black), and 5 ns after (blue). Data recorded on 1D24 of the ESRF.
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resolution of such a source. Chen and co workers®® have
studied Ni(u)(tetramesitylporphyrin) by photoactivated XTA.
This d® complex has a distorted square-planar geometry with a
vacant 3d.._,. orbital. Upon photoexcitation, a one electron
transition from the ligand = to a n* orbital on the porphyrin
with a subsequent transfer from the n* to the empty 3d,._.,
and there is an associated transfer of an electron from the 3d,.
back into the empty hole in the & orbital, all within 20 ps of
the excitation.®® This excited state has a lifetime of ~200 ps
and was observed by Ni K-edge XAFS within 100 ps. The elec-
tron transfer resulted in longer Ni-N and Ni-C, distances
(0.08 A) in the excited state. The transfers generated a singly
occupied 3d,. orbital, shown to promote the binding of an
axial ligand that was followed by the 100 ps X-ray pulse
structure.

Photo-excited myoglobin studies have also been undertaken
using fast XAFS.*® This class of biological compounds have
many uses including electron transfer, catalytic oxidation and
reduction, and for binding of diatomics such as O,, NO and
CO for transport and signalling.>” Chergui has reported a
detailed study of myoglobin complexes in physiological con-
ditions,”® and demonstrated that Fe K-edge XANES of an
excited state of the protein could be recorded on a 2 mM solu-
tion.* In further XTA studies, Chen®’ collected XAFS of the CO
derivative every 100 ps, which exhibited a significant change in
the Fe K-edge XANES. This showed that photo-dissociation was
complete within the first 100 ps and lasted for at least 47 ps.
The EXAFS analysis revealed the complex exhibited a square
pyramidal geometry, where the Fe-Np,, bonds were extended
by 0.06 A.

5. Ultrafast X-ray techniques and
dynamics

The results from storage ring pump-probe XAFS have given
considerable structural insights on the events occurring after
100 ps of the exciting pulse; in this time regime, they augment
optical methods considerably. However, these sources in their
standard form cannot serve in the same way for the primary
photo-events. Alternatives are available,® including operation
of the storage ring specifically to deliver narrow pulses with
low current (low alpha mode), which may afford sub 10 ps
time resolution. However, to move from kinetic to dynamic
studies, the time resolution will need to be sub 100 fs. This
can be achieved either by deflecting a thin slice of an electron
bunch with a fs laser or from an X-ray electron laser (X-FEL).**

The very low X-ray fluxes from sliced sources renders all
experiments to be immensely challenging.*' Nevertheless,
some intriguing results have emerged from them. An example
is the changes in structure around iodide in aqueous solution
following excitation with visible light (400 nm), for which the
earliest species observable was a I°(H,0) complex within the
solvent cage.”

The opposite circumstance arises from an X-FEL, namely
damaging X-ray fluxes (~10'> photons per pulse) with shot-to-

This journal is © The Royal Society of Chemistry 2015
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shot intensity variations. The bandwidth of the X-ray source is
provided by undulator radiation, which is of the order of 50 eV
at 10 keV, thus presently excluding EXAFS structure analysis.
At the LCLS facility at Stanford, using a liquid jet, ~190 fs-
resolved Fe K-edge XANES (~40 eV) using a double-crystal
monochromator were recorded on an aqueous solution of
[Fe(bipy)s]** (50 mM, bipy = 2,2'bipyridine).** Due to the state-
dependence of the XANES features, the time constant for the
formation of the °T, high spin excited state could be estimated
at ~160 fs.

An alternative approach then to acquire more extensive
X-ray spectroscopic information has its parallels in the optical
region with Raman spectroscopy. A jet of glycerol-water has
been used to provide a medium for studying Mn complexes by
energy-dispersive (von Hamos) X-ray emission spectroscopy
which is adapted well for shot-to-shot variations in the X-ray
properties.** An oxidation state dependence was evident in the
KB emission, and this technique was later applied to investi-
gating the oxidation state changes within the Mn,CaOs cluster
of photosystem IL.** Even after a sequence of laser pulses, no
evidence for a Mn" site was apparent up to 250 ps after the
pulses, instead occupying states between Mn'", and Mn'";-
Mn". The diffraction component of this report revealed an
absence of O-O bond formation over that 250 ps period too.

Inelastic scattering approach has progressed a stage further
at the soft X-ray laser FLASH (Hamburg), which allowed a
study of the photochemistry of Fe(CO)s; using the Fe Ly
absorption edge.’® The emission spectrometer was used to
record RIXS spectra at very high time resolution, such that a
feature could be distinguished from those due to the solvated
Fe(CO); itself and assigned to Fe(CO),. Using that, the build
up of the coordinatively unsaturated intermediate could
indeed be monitored.

An alternative use of the dispersive emission spectrometer
is to probe the unoccupied states (like XANES) by high-energy
resolution off-resonant spectroscopy (HEROS)."” This uses a
single probe energy, which is set lower (20-30 eV) than that of
the absorption edge and so has anti-Stokes characteristics. It
is also complementary to XES, for which the probe energy is
set within the XANES region and which probes occupied
states. This approach has been tested at LCLS, using Cu and
CuO as samples, and has given promising results.*®

6. Conclusions

The developments in light sources, X-ray spectroscopic
measurements and theory have been very considerable over
the last decade. On a synchrotron storage ring source now,
there is a clear capability for investigating secondary processes
after an initial excitation pulse. These can include fluorescence
behaviour, but also thermal reactions from photo-induced
transients. Much greater chemical speciation is feasible now,
due, in large measure, to the development of emission spec-
troscopy and inelastic scattering techniques. Examining the
primary light-induced processes remains a considerable chal-

This journal is © The Royal Society of Chemistry 2015
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lenge, but recent results with the first X-ray free electron lasers
show that this too is becoming viable. The use of X-ray pulses
(~20 fs) of shorter duration than atomic motion allows X-ray
data to be acquired before the coulombic explosion that
destroys the irradiated region of the sample, and thus X-ray
diffraction is viable as a single shot procedure. That timescale,
however, still allows multiphoton events. Some, like multiple
ionisation of core orbitals may be problematical for sampling,
as observed for H,S."® However, others point to new technique
opportunities involving nonlinear processes.”® A two-photon
absorption, using 5.6 keV radiation was used to pump above
the K-edge of germanium (11.103 keV), and the event was
detected by measuring the Koy and Ko, emissions. One may
envisage two-colour versions that might provide inter-element
correlations of excited states. In this second century of X-ray
science, new classes of experiments are opening up. The chal-
lenge for the experimental chemist is to design the incisive
experiments, and to love the problem enough to see it
through!
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