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Transient molecular structures along chemical reaction pathways are important
for predicting molecular reactivity, understanding reaction mechanisms, as well
as controlling reaction pathways. During the past decade, X-ray transient
absorption spectroscopy (XTA, or LITR-XAS, laser-initiated X-ray absorption
spectroscopy), analogous to the commonly used optical transient absorption
spectroscopy, has been developed. XTA uses a laser pulse to trigger a
fundamental chemical process, and an X-ray pulse(s) to probe transient
structures as a function of the time delay between the pump and probe pulses.
Using X-ray pulses with high photon flux from synchrotron sources, transient
electronic and molecular structures of metal complexes have been studied in
disordered media from homogeneous solutions to heterogeneous solution—solid
interfaces. Several examples from the studies at the Advanced Photon Source in
Argonne National Laboratory are summarized, including excited-state metallo-
porphyrins, metal-to-ligand charge transfer (MLCT) states of transition metal
complexes, and charge transfer states of metal complexes at the interface with
semiconductor nanoparticles. Recent developments of the method are briefly
described followed by a future prospective of XTA. It is envisioned that
concurrent developments in X-ray free-electron lasers and synchrotron X-ray
facilities as well as other table-top laser-driven femtosecond X-ray sources will
make many breakthroughs and realise dreams of visualizing molecular movies
and snapshots, which ultimately enable chemical reaction pathways to be
controlled.

1. Introduction

Chemists have long aspired to visualize molecules in action
and control reactions to desirable products. The first step is
therefore to find ways of tracking molecules as they change
electronic and nuclear configurations and to understand how
and why these processes happen. The emergence of two
technologies has enabled the first step to become a reality in
the past decade. High-intensity pulsed X-rays from third-
generation synchrotron sources as well as table-top laser-
driven sources have provided the bases for taking snapshots of
molecular structures with unprecedented time resolution, i.e.
30-100 ps for the past 15 years (http://www.lightsources.org/
cms/). Reliable high-intensity ultrafast lasers provide stable
sources to excited molecules in a controllable manner. More
recently, several X-ray free-electron lasers as the fourth-
generation X-ray sources with pulse duration of 50-200 fs are

being used and more are being constructed around the world
(http://www.lightsources.org/cms/). It is perhaps a good time to
reflect on the time-resolved X-ray structural studies in the past
decade and to propose or project new frontiers in the future.

As a fast-growing field in the past decade, it is difficult to
include a comprehensive list of all the work done in this area
even within the same X-ray technique, such as X-ray transient
absorption (XTA) spectroscopy (Chen et al, 2001, 2002,
2003a,b, 2004, 2007; Oulianov et al., 2002; Saes et al., 2003;
Chen, 2003, 2004, 2005; Cavalleri et al., 2005; Cannizzo et al.,
2006; Khalil et al., 2006; Della-Longa et al., 2009; Gawelda et
al., 2007a; Shaw et al., 2007b; Nozawa et al., 2007; Shan et al.,
2007; Smolentsev et al., 2008; van der Veen et al., 2009; Bressler
et al., 2009; Lessing et al., 2008). The recent work on photo-
induced spin state transitions of Fe(II) complexes has
advanced the early work to the femtosecond regime at a
synchrotron source (Bressler et al., 2009). Therefore, we will
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mainly focus here on our own past and current research of
transient molecular structural studies relevant to solar energy
conversion and utilization. Meanwhile, as more molecules are
being studied by XTA, its advantages and limitations become
clearer. Our main goal in this review is to share with others our
understanding and experience in this field. A decade of our
XTA studies can be divided into three categories as described
below. Work in this area is far from complete, as a deeper
and better understanding still requires utilization of both
synchrotron and the fourth-generation sources for resolving
transient structures on different time scales.

2. Structural dynamics of excited-state
metalloporphyrins

Metalloporphyrins are analogs of natural pigments, chloro-
phylls in photosynthesis and heme groups in many enzymes
(The Porphyrin Handbook, 1999). Their functions have been
extensively investigated for a long time. Their intense
absorption in the solar spectrum enables light harvesting,
energy and electron transfer in natural photosynthesis
(Blankenship, 2002), while their ligation capability enables
them to play important roles in catalysis (Collman et al., 1979;
Lyon et al., 1991; Nam et al., 2000; Rosenthal & Nocera, 2007).
Of course, these functions originate from their unique elec-
tronic structures as well as nuclear structures. We chose
metalloporphyrin as the first molecules to study by pulsed
X-rays because of their relevance to our ongoing research in
photosynthesis and their excited-state functions as electron
donors to initiate photoinduced electron transfer in many

artificial photosynthetic systems. Although studies on their
excited-state structure—function correlations have been
extensive, most of the structural information has been learned
indirectly from optical studies and quantum mechanical
calculations before XTA became available.

2.1. Nickel(ll) porphyrins

As an example, an excited-state road map of NiTMP
[nickel(IT)tetramesityl porphyrin] is shown in Fig. 1, based on
the work largely by Holten et al. on an almost identical
molecule NiTPP [nickel(I)tetraphenyl porphyrin] (Kim &
Holten, 1983; Kim et al., 1983, 1984; Rodriguez & Holten,
1989, 1990) as well as our own studies on three different Ni(II)
porphyrins including NiTMP (Zhang et al, 2007). This
example demonstrates several typical photochemical reactions
in metalloporphyrins. The ground-state NiTMP has two
possible structures depending on the solvent. In non-ligating
solvents, such as toluene, it has a square-planar coordination,
whereas in ligating solvents, such as pyridine, piperdine and
pyrrolidine, it has an octahedral coordination, binding with
two axial ligands to Ni(II) (Kim & Holten, 1983; Kim et al.,
1983, 1984; Rodriguez & Holten, 1989, 1990). Both forms of
NiTMP can be excited through two m—m* transitions at Q- and
B-bands, with peaks at 530 and 425 nm, respectively. The
square-planar NiTMP has a singlet ground state S, that can be
transformed to the higher singlet excited state via the Q- or B-
band excitation, and the dual ligated octahedral NiTMP has a
triplet ground state T, that can be excited to the higher triplet
states via the the Q- or B-band excitation at slightly different
energies (Chen et al., 2001; Kim et al., 1983; Rodriguez &
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Figure 1

The excited-state pathways of Ni(II)TMP or NiTPP in solution. ISC: intersystem crossing; IVR: internal vibrational relaxation; VC: vibrational cooling.
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Holten, 1990). The transformations from one state to another
take place with time constants ranging from less than 200 fs to
tens of nanoseconds (Fig. 1).

The color-coded boxes in Fig. 1 highlight three individual
processes studied using XTA as well as optical transient
absorption spectroscopy (Chen et al., 2007, 2001, 2010). The
first known solution pump-probe XTA spectrum leading to
structural determination using the pulsed nature of the X-rays
from a synchrotron source was performed in 1999-2000 (Chen
et al., 2001) at the APS in Argonne National Laboratory for
the process outlined in the blue box, except the molecule
studied then was NiTPP. A cluster of six X-ray pulses was used
to probe a recombination process of two axial piperdine
ligands with NiTPP after they were photodissociated by a laser
pulse at 351 nm. The process has a time constant of 28 ns,
which is sufficiently long for the 14 ns time window of the
X-ray pulse cluster to capture the intermediate. The results
demonstrated that (i) XTA measurements at a synchrotron
source are feasible with a dilute solution of 1 mM for NiTPP,
(ii) singlet X-ray probe pulses with similar X-ray photon flux
per pulse can be used to achieve 100 ps time resolution limited
only by the X-ray pulse duration, (iii) there are advantages
and disadvantages of using the then available solid-state Ge
detector array, and (iv) the photodissociation intermediate is
square-planar under the time resolution limit. The top process
of the blue box, the photodissociation, remains to be explored
in our future experiments.

The process outlined in the red box was the next set of
excited-state structural dynamics to be explored by the XTA
method. The electronic configuration of Ni(II) (3d%) in an
almost square-planar ground state S, has an empty 3d,,.,,
molecular orbital (MO) and a doubly occupied 3d,, MO
(Ballhausen, 1962). The S, — S; transition in NiTMP can be
induced by exciting the Q-band with 527 nm light. Within
350 fs following the excitation, the §; state was believed to
convert, through energy transfer, to an intermediate state 7,
that then undergoes vibrational relaxation to a relaxed triplet
state, T, with a presumed 3(Sd,(z,yz, 3d_,) configuration, where
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3d,,., and 3d,, MOs are each singly occupied (Kim et al,
1983; Rodriguez & Holten, 1989; Gentemann et al., 1997; Eom
et al., 1997). The T, state returns to the S, state in approxi-
mately 200 ps. The electronic configurations of these excited
states have been assigned largely according to computational
results. Before we interrogated the electronic configuration
and the geometry of the 7 state using XTA measurements,
the geometric structures of these excited states were still
subject to many uncertainties (Chen et al., 2007).

In the XANES region, especially the pre-edge region, a
single peak due to the 1s — 3d,,.,, transition in the S, state
and two peaks due to the 1s — 3d,,.,, and 1s — 3d,, transi-
tions in the 7 state have been experimentally observed,
confirming that the excited 7, state has two singly occupied
3d,.y, and 3d,, MOs (Fig. 2a). This result was obtainable
heretofore only via theoretical calculations. Therefore, XTA
inferred excited-state MO energy levels through X-ray-
induced electronic transitions from the core to valence levels
while the molecules are optically excited. In particular, this
method is complementary to optical transient absorption
spectroscopy but has advantages for correlating molecular
geometry with electronic configurations and MO energy levels
when the excited state is optically ‘dark’ or overwhelmed by
other strongly absorbing or emitting states. The other striking
observation at the pre-edge region is the difference in the
bandwidth for the 1s — 3d,,.,, and 1s — 3d_, transitions in
NiTMP. The implication of the bandwidth difference is related
to the structural dynamics observed in previous Raman
spectroscopic studies (Schweitzer-Stenner et al., 2001; Lemke
et al., 1998; Jia et al., 1998), and will be addressed in detail in
our future publication (Chen et al., 2010).

As the excited NiTMP proceeds through an energy cascade
along the path S§; — T, the excess energy from the (7, 7*)
state generates vibrationally hot states causing molecular
geometry rearrangements. Consequently, average Ni—N and
Ni—C, distances in the T state are lengthened by 0.08 and
0.07 A, respectively (without phase corrections, Fig. 2b),
suggesting a porphyrin ring expansion. It is conceivable that
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(a) XANES spectra of NiTMP; inset: pre-edge region. (b) FT-XAFS spectra of NiITMP (Chen et al., 2007).
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the addition of one electron to the
higher-energy antibonding 3d,,.,, MO
in the T, state could reduce the bond
order for Ni—N bonds, resulting in

longer Ni—N bond distances.

In the rising edge region from 8.337
to 8.343 keV, the XANES spectra (Fig.
2a) exhibit a distinctive feature assigned
as a dipole-allowed 1s — 4p, transition
(Kau et al., 1987), which is shifted to
1.5 eV higher in energy in the T state

(a)

than in the S, state. This XANES
feature is very sensitive to the ligation

state of the metalloporphyrin (Chen et
al., 2001), which enables us to monitor
the photoinduced ligation processes
outlined in the green box where the
reaction coordinates of NiTMP excited
state are investigated during a photo-
induced ligation process with pyridine
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ligands. When the dual axial ligation Figure 3
takes place at either the S, or T; state,
the 1s — 4p, transition energy becomes
higher which shifts the sharp feature
observed in the square-planar NiTMP away to a higher energy
overlaid with the white-line peak. Thus, the dual axial ligated
NiTMP has a smooth rising edge without the sharp 1s — 4p,
transition peak. A NiTMP solution in a mixed solvent of
toluene and pyridine was photoexcited by 527 nm light where
only unligated NiTMP was excited. The XANES spectrum of
doubly ligated NiTPP-(piperdine), was used as a reference for
an octahedral coordination geometry with no distinct 1s —
4p. transition feature. If the dual ligation takes place, we
expect to see a decrease in the intensity of the 1s — 4p,
transition feature.

This expected 1s — 4p, transition peak attenuation was not
immediately observed until 600 ps after the photoexcitation
owing to the formation of NiTMP*-py,. Once the ligated
species forms, the time constant for them to return to the
ground state is >40 ns, while the excited state of the unligated
species lifetime constant is ~200 ps in toluene. Because the
ground-state dual ligated NiTMP or NiTPP is a triplet state,
the S; state must undergo an intersystem crossing to a triplet
state before the ligation takes place. Using concentrations of
various species measured through both UV-Vis spectroscopy
and XTA, the excited-state ligation equilibrium constant for
NiTMP* + 2py <> NiTMP(py),* is ~0.07 M2, a factor of two
enhancement compared with that for the ground state. The
correlations between the structural diversity and the excited-
state properties resulting from this study are important for the
elucidation and control of photocatalytic reactions such as fuel
generation by sunlight in particular.

2.2. Structural dynamics of other metalloporphyrins

We have also studied other metalloporphyrin excited-state
structures, such as ZnTPP (Chen et al., 2006) and CuOEP-

XANES (a) and EXAFS (b) spectra of the ZnTPP excited state along with those of its ground state
and penta-coordinated ZnTPP-pyridine adduct. (¢) Structural changes of ZnTPP in the singlet and
triplet excited states inferred by the XTA measurements.

(octaethylporphyrin) (Chen ef al., 2004) etc. As a closed-shell
metal center Zn(IT) (3d"°) in ZnTPP does not participate in
charge transfer processes, and the structural changes are
primarily due to the electron density change in four coordi-
nating N atoms, which are preferentially involved in ZnTPP in
HOMO to LUMO transitions. In contrast, ZnOEP has its
HOMO to LUMO transition involving mostly more distant C
atoms, and hence the excited-state structural changes are
smaller than those in ZnTPP. So far, we have only detected a
Zn—N bond length decrease from 2.04 A in the ground state
to 1.97 A in the single excited state of ZnTPP, suggesting a
symmetry change from Dy, to D,, (Fig. 3) (Chen et al., 2006).
Although there was evidence of triplet state structural changes
from that of the ground state (Van der Poel et al., 1982), we did
not detect the change with XTA for various reasons, which will
be reinvestigated again in the future.

Another metalloporphyrin studied is Cu(IT)OEP in toluene
and in toluene/thf mixture (Chen et al., 2004). The photo-
excitation of a Cu(II) porphyrin from S, — S, is followed by
rapid (i.e. <1 ps) intersystem crossing to the excited >7) state
which equilibrates with another excited state T}
(Cunningham et al., 1997; Kim et al., 1984; Kruglik et al., 1995;
Liu et al., 1995; McMillin et al., 1993, 1994; Oertling et al., 1987,
Shvedko et al., 1999). In addition to the normal 7—7* transi-
tions, two intramolecular charge transfer (CT) transitions
between 7 orbitals of the macrocycle and d orbitals of the
metal, d—* and 71—d transitions, also known as the metal-to-
ligand charge transfer (MLCT) and ligand-to-metal charge
transfer (LMCT), may take place. Quantum mechanical
calculations on Cu-porphyrin suggest that binding a water
molecule as an axial ligand lowers the energy of the *(3d.»,
3d,,.,,) state which favors a five-coordinate complex with a
domed structure (Kim et al., 1984; Shelnutt et al., 1984). By
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Figure 4

XANES spectra and difference spectra of CuOEP with laser-on and laser-
off at a delay time of about 200 ps in (@) neat toluene and (b) toluene/thf
mixture. The attenuation of the 1s — 4p, feature shows evidence of the
axial ligation in the excited state.

investigating the intensity variation of the XANES feature
due to the 1s — 4p, transition (Smith ez al., 1985), the coor-
dinating status of the Cu in both the ground and excited triplet
states can be obtained. XTA enabled unambiguous identifi-
cation of the axial ligation of Cu in CuOEP triplet state with a
500 ps lifetime in toluene with the presence of oxygen-
containing thf as a ligand, forming the ‘exciplex’ (Fig. 4).

3. MLCT excited-state dynamics of transition metal
complexes

The MLCT excited states of many transition metal complexes
can be generated by photons in the solar spectrum, resulting in
electron density shift from the metal center to its ligands, or
d — m* transitions (Kalyanasundaram, 1992). If such a charge
separation is sustained for a sufficiently long period, it can
drive photochemical reactions. Hence, the MLCT transitions
are important in applications of luminescent probes (Lu et al.,
2004; Lamansky et al., 2001), molecular machines (Collin et al.,
2001), dye-sensitized solar cells (Gratzel, 2001), photocatalysis
(Esswein & Nocera, 2007) etc. In spite of their importance,
however, identification of absolute molecular structures of the
MLCT excited states have remained elusive until about seven
years ago when two groups in Argonne National Laboratory
and in University of Lausanne independently and almost
simultaneously studied the MLCT excited-state structures of
transition metal complexes using XTA (Chen et al., 2002,
2003a; Saes et al., 2003). Since then, there have been several

other structural dynamics studies on these MLCT states in
different transition metal complexes. The MLCT excited states
are likely precursors responsible for photochemical reactions,
such as water splitting for light-to-fuel conversion (Esswein &
Nocera, 2007). Owing to the MLCT transitions, the metal
center oxidation states will change, accompanied by changes
in coordination geometry and bond distance, all of which can
be probed by XTA.

3.1. Cu(l) diimide

We chose to investigate the MLCT state structure of
Cu'(dmp),*, where dmp is 2,9-dimethyl-1,10-phenanthroline,
using the XTA method since there had been the compelling
evidence described in literature (McMillin et al, 1985;
McMillin & McNett, 1998; Scaltrito et al., 2000b; Ruthkosky et
al., 1997; Castellano & Meyer, 1997; Miller et al., 1999) for
novel structural reorganization following light absorption
(Fig. 5). The origin of the photo-driven structural change takes
place through the process Cu'(3d'’)(dmp),* + hv —
Cu"(3d”)(dmp~)(dmp)*", where an electron from Cu(I) is
shifted to a ligand. If the ligand is connected to an acceptor for
electron or energy, charge separation or Forster energy
transfer could occur (Scaltrito et al., 2000a; Ruthkosky et al.,
1997; Castellano & Meyer, 1997). More interestingly,
Cu'(dmp),* derivatives have been used as core functional
moieties in molecular machines driven by redox reactions
initiated electrochemically or photochemically inter-
converting Cu(I) and Cu(II) (Sauvage, 2001, 1998; Collin et al.,
2001). The coordinating geometry preference of the Cu center
at different oxidation states, tetrahedral geometry for Cu(I)
and penta- or octahedral geometry for Cu(Il), enables the
rotational and translational motions in the supermolecule with
both moving and stationary parts (Sauvage, 2001, 1998; Collin
et al., 2001).

MLCT-flattened

<10y, cu MLCT-solvent
%}

Figure 5

Excited-state reaction pathway and time constants of [Cu(dmp),]" in
strongly and weakly coordinating solvents. XTA identified that the
exciplex forms in both solvents.
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Ultrafast excited-state potential surfaces and reaction pathways of
[Cu(dmp),]* based on Siddique et al. (2003). Multiple dynamics processes
have ligand dihedral angle-dependent rate constants. The fluorescence
upconversion (Shaw et al, 2007a) revealed a 77 fs prompt fluorescence
lifetime assuming from the F-C state, and a >10 ps fluorescence lifetime
at the red emission wavelength, assuming from the flattened MLCT state
that has the reduced spin—orbital coupling. The flattening time constant of
~100 fs is currently inferred only by optical spectroscopy, while this value
can be explored in the future with X-rays on the femtosecond time scale.

The ground-state Cu' center has a pseudo-tetrahedral
coordination geometry (Hamalainen et al., 1979) which can be
excited to generate a Franck—Condon (F-C) state with a Cu'"*
center which is susceptible to the Jahn-Teller distortion to a
flattened tetrahedral geometry in the thermally equilibrated
MLCT state (Fig. 5) (McMillin & McNett, 1998). Ultrafast
optical transient absorption spectroscopy and the fluorescence
upconversion results on the MLCT state dynamics of
[Cu'(dmp),]* (Lind et al., 2008; Iwamura et al., 2007; Shaw et
al., 2007b) revealed a possible ultrafast flattening of the F-C
state in <100 fs as well as the geometry-dependent singlet
MLCT state lifetime as suggested by Siddique et al. using
calculated potential surfaces for the ground and excited states
as functions of the dihedral angle between the two dmp ligand
planes (Fig. 6) (Siddique et al, 2003). A tri-exponential
function was used to fit the excited-state

tron X-ray pulses as in our previous studies (Chen et al., 2002,
2003b; Chen, 2001).

Thermally equilibrated MLCT state structures emerging
~20 ps after the excitation were studied by XTA in coordi-
nating acetonitrile and in non-coordinating toluene with the
laser excitation at 527 nm. The resulting MLCT spectra in
both solvents resemble the ground state of [Cu"(dmp),]*"
(Fig. 7a). FT-EXAFS spectra (Fig. 7b) show increased inten-
sities of the Cu—N peak for the laser-excited [Cu'(dmp),]" in
both solvents, suggesting additional ligand binding to Cu™*
in the transient MLCT state. Interestingly, the average Cu—N
distance compared with the ground state shifts to a shorter
distance in acetonitrile but to a longer distance in toluene. The
results of the experiment demonstrated (i) light excitation of
[Cu'(dmp),]" generated a formal Cu'™* center in the excited
MLCT state, (ii) the inner-sphere reorganization changed the
coordination number of the MLCT state from four to five in
presumed non-coordinating toluene, and (iii) the average Cu-
ligand bond distances lengthened in the MLCT state in
toluene, but shortened in acetonitrile. According to the energy
gap law (Freed & Jortner, 1970; Bixon et al., 1994; Scaltrito et
al., 2000b), the non-radiative rate constant increases expo-
nentially with decreasing energy separation between the
ground state and the excited state. Although the XTA results
in both solvents support the formation of a penta-coordinated
Cu"* center in the MLCT state, the respective elongation and
shortening of the average Cu—N bond distance for the MLCT
state of the [Cu'(dmp),]" signal the difference in interactions
of the Cu'™ with the fifth ligand. Toluene has less electron-
donating capability compared with acetonitrile, hence it could
only act as the fifth ligand with a longer and less stable bond
with the Cu'*. Consequently, the MLCT state of the
[Cu'(dmp),]*~toluene complex will not be as stable and will
not lower the energy of the MLCT state as much as the
acetonitrile complex. Hence, the excited-state quenching is
only significant in acetonitrile, and the ‘exciplex’ previously
inferred is more appropriate for cases where strong excited-
state adducts completely quenched the excited state. In this
work we have resolved internal atomic reorganization linked
to electron transfer for a MLCT complex, and established a
foundation for the proposed future studies of internal re-
organization for energy conversion in tuned photoinduced

dynamics with two solvent-independent "
time constants of <0.5 ps, 15 ps, and one 2 (a)
solvent-dependent time constant of 2 ns

in acetonitrile (coordinating solvent), 10

and 100 ns in toluene (non-coordinating

” (b)) Cu-N

Ground state
° Laser-excited

Acetonitrile

FTlx(k)*K]

solvent) (Chen et al., 2002, 2003b; Chen, u‘;f-
2001). The first two time constants m ]
suggested the flattening and intersystem ™ 04

crossing time scales, respectively. These

[Cu'(dmp),]” Ground State
—— Laser excited at <200 ps

[Cu'(dmp),]'Ground State

steps are too fast to follow with 100 ps +— MLCT State -
0.0 . I
synchrotron X-ray pulses. Therefore, = aoh P 551 e 9 3 2 3 4 :
only the longest processes for the decay Energy (keV) R(A)
of the thermally equilibrated MLCT Figure 7
state can be monitored by the synchro- XTA spectra of [Cu(dmp),]" in (a) XANES spectra and (b) FI-XAFS spectra.
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electron transfer complexes. This knowledge can be used in
molecular design to investigate the potential replacement of
precious metal complexes for dye-sensitized solar cell and
photocatalysts with cheaper first-row transition metal
complexes (Armaroli, 2008, 2001; Smeigh & McCusker, 2006).

3.2. MLCT states of the second- and third-row transition
metal complexes

Many photoactive metal complexes contain later transition
metal centers. Accordingly, determining their excited-state
structures requires XTA measurements at the K- or L-edge for
the second-row transition metals or the Lj-edge of the third-
row transition metals. Generally speaking, XANES features of
these heavier metals are less distinct than those of the first-row
transition metals primarily due to the lifetime broadening.
Consequently, high data quality for XTA spectra of these
metal centers is necessary for extracting accurate excited-state
structural information. The data quality of the current
experimental set-up is far superior to that obtained during the
early days of our studies, which often missed structural
changes that are only obviously visible in the difference
spectra (laser-on-laser-off). More recently, we studied MLCT
excited-state structures of a platinum dimer complex and a
tungsten complex, which will appear in our future publications
(Lockard et al., 2010; Lovaasen et al., 2010). We have learned
from these studies that the best way to distinguish the struc-
tural changes is from analyzing the difference spectra, which
has been explored by different groups using different
approaches focusing in the XANES region, such as MXAN
(Benfatto & Della Longa, 2001; Gawelda et al, 2007b;
Benfatto et al., 2006) and Fitlt (Smolentsev & Soldatov, 2007,
2006). Using the W-complex as an example, the raw laser-on
and laser-off spectra look almost identical. Before recent
beamline improvements, one would have mistakenly inter-
preted these results as no structural difference. However, the
difference spectrum with and without the laser pump pulse
clearly displays oscillatory features that support the evidence
for the bond lengthening in the excited state (Lovaasen et al.,
2010). The tungsten—alkylidyne (or carbyne) with formal d*
octahedral structure can bind ligands with diverse electronic
structures, including strong 7 acids and 7 donors and hard and
soft o bases (Bocarsly et al, 1985, 1987; Carter et al., 1991;
Pollagi et al., 1994; Trammell et al., 1995; Schoch et al., 1996;
Xue et al., 1996, 1997, 1998; Lee et al., 1998; Cavalheiro et al.,
1999; Mayr et al., 1999; Lai et al., 2001; Simpson et al., 2003;
Jelliss & Wampler, 2005), which tunes the photophysical and
photoredox properties or even changes the orbital character
of the emissive state among d — n*, 1 — d and MLCT
manifolds. The structural and electronic diversity of these
complexes poses a challenge for interpreting their photo-
physical properties, such as the nature and the molecular
structure of the emissive excited state, through XTA
measurements of W(CPh)(dppe),Cl [dppe = 1,2-bis(diphenyl-
phosphino)ethane] (Fig. 8). Owing to the manuscripts in
preparation, only a brief description of our observation can be
made here. The difference XTA spectrum in the XANES

Norm. Abs.

y . . .
10.2 10.4 10.6 10.8
Energy (keV)
Figure 8
Molecular structure and XAFS spectrum of W(CPh)(dppe),Cl in toluene.

The excited-state spectrum and difference spectrum will appear in the
future (Lovaasen et al., 2010).

region clearly shows an electron vacancy created by a
photoinduced MLCT transition. Meanwhile, the Fourier-
transformed EXAFS spectrum between the laser-off and
laser-on spectrum reveals the changes in the local coordina-
tion environment around the tungsten metal. The W—C bond
length appears to increase upon population of the *MLCT
excited state. The changes in W—P and W—CI are more
difficult to resolve. We are currently working on quantifying
these changes by fitting the excited-state XAS spectrum
(Lovaasen et al., 2010).

4. Photogenerated transient species in interfacial
heterogeneous systems

Many chemical processes are enabled at the interface where
energy, electron and matter transfer take place, driven by
energy and electric or chemical potential gradients defined
by structures of interfaces. Our understanding of transient
structures at the interface will ultimately allow us to design
new interfacial materials and apply new driving forces to
control chemical reactions.

For interfacial structures on flat surfaces, surface-specific
X-ray structural methods (such as grazing-angle X-ray scat-
tering and X-ray absorption) can be coupled with an ultrafast
perturbation by light, heat, pressure or electric field to map
out reaction coordinates at far from equilibrium conditions
during energy and charge flow. The main challenge here is the
sample damage by both X-ray and laser afforded by stationary
film samples. For interfacial structures at particle surfaces, one
can make particle suspensions with the same circulation
system as for liquid samples, which is an approach that we
have been taking.

4.1. Transient structures of dye sensitizers in solar cell

We have investigated the transient structures of a transition
metal complex used in the dye-sensitized solar cell (DSSC)
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Figure 9
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The DSSC mechanism and the XANES spectrum of RuN3 bound on TiO, nanoparticle surface. The charge separate state spectrum and difference

spectrum will appear in the future (Zhang et al., 2010).

(Bach et al., 1998; Gratzel, 2001; Benko et al., 2004) where dye
molecules, such as RnN3 (Fig. 9), with strong absorbance in
the solar spectrum are linked to a titanium dioxide (TiO,)
nanoparticle surface as part of an electrode. An optical photon
promotes an electron to the MLCT state of the dye, from
which an electron is injected into the conduction band of
TiO,. The hole left behind in the dye molecule will be
replenished by a redox shuttle of 3/ /5. It has been shown
from quantum mechanical calculations and ultrafast transient
optical spectroscopy that the time for the MLCT state of the
dye to inject an electron to TiO, is less than 100 fs (Cherepy et
al., 1997; Gratzel, 2001). The structural consequences of the
injection on both TiO, surface and the metal complexes as
well as prospective control of the injection rate constant from
dye to nanoparticles interfacial structure are unknown.
Understanding these issues will have significant impact on
optimizing the device efficiency and lowering costs, leading
to the replacement of Ru complexes with cheaper metal
complexes.

The XANES spectrum of RuN3 dye on the TiO, nano-
particle surface at the Ru K-edge is shown in Fig. 9. The
photochemical processes can be expressed as Ru(II)N3 +
(TiOy),, + hv — Ru(III)N3 + Ti(II1)O,(TiO,),_;, where the
Ru(II) is oxidized to Ru(I1I) while one of the Ti(IV) centers is
reduced to Ti(III) (Anderson & Lian, 2005). This charge
separation will last for microseconds or longer until the
Ru(III) can be reduced again by the redox shuttle 37 /5 or
other reducing reagent. The RuN3 dye on the TiO, nano-
particle sample was in a suspension and was circulated during
the experiment. The observed Ru K-edge for the excited
RuN3 dye at 50 ps, long after the injection, is shifted to a
higher energy as expected. The data analysis suggests that
nuclear arrangements of the dye also take place accompanying
the injection. The complete data analysis combined with
theoretical calculations is in progress on extracting the edge
shift at different times after the injection, as well as nuclear
geometry change resulting from this injection process (Zhang
et al., 2010).

4.2. Transient states of metal particle catalysts on
semiconductor nanoparticle surfaces

The other important and commonly encountered interfacial
systems are metal catalyst crystallites coated semiconductor
nanoparticles, such as TiO,, for hydrogen production
(Fujishima & Honda, 1972). In this case, semiconductor
nanoparticles are light-harvesting antenna. In one of such
systems, platinum crystallites on the TiO, nanoparticle surface
act as a cathode to promote the combination of the electrons
and protons in forming hydrogen. Because the proton
reduction is more facile on the surface of Pt than TiO,,
hydrogen production is more competitive to the electron-hole
recombination. Thus the presence of Pt significantly improves
the efficiency of photocatalytic splitting of water.

We studied the Pt oxidation state in Pt/TiO, catalysts for
hydrogen production using XTA at the Pt Lj-edge. Highly
dispersed Pt supported by TiO, nanoparticles (1 wt% Pt) was
prepared. The catalyst powder thus produced was subse-
quently mixed with water and ball-milled to ensure maximum
suspension and minimum catalyst particle size in liquid before
the pump-probe experiment. The recycling water/methanol
slurry jet with suspended PtO/Pt/TiO, was used in the XTA
study. Laser pulses with 5 ps FWHM at 351 nm were used as
the excitation source, promoting charge separation across the
band gap of TiO, nanoparticles. Only XANES spectra were
collected at the Lyj-edge of Pt at time delays between the
pump laser and the probe X-ray pulses, at 0, 1 and 50 round
trips of the X-ray pulses in the storage ring where one round
trip equals 3.7 ps (Fig. 10). The variation of the Pt white-line
peak under different delays clearly demonstrated an oxidation
state change of Pt.

We have observed, from the results of this first attempt on
such measurements, that (a) the starting Pt/TiO, catalyst
contained both Pt(II) and Pt(0), (b) the photoexcitation of
TiO, apparently causes a small amount of reduction of Pt(II)
within 100 ps, indicative of electron transfer and/or by
hydrogen formed during proton—electron combination, and
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Figure 10

XANES of PtO/Pt on TiO, nanoparticle surface during the photoinduced redox reaction cycle compared with reference spectra of Pt(0) and

Pt(IT)acetoacetonate (AcAc).

(c) some Pt(0) was oxidized to Pt(II) in the water/methanol
slurry after several microseconds of the photoexcitation
(351 nm), possibly by the migration of oxygen formed on the
surface of TiO, from the oxidation of the hydroxyl group. A
detailed mechanism and interpretation require further inves-
tigation with a better signal-to-noise ratio of the data.

This example clearly indicates that the XTA measurements
are sensitive to the transient oxidation state of the metal
center when it undergoes the redox reaction. Because the
MLCT states of metal complexes are normally the reactants
for some water-splitting reactions, the identities of their
excited state, their intermediate state after donating or
accepting electrons and their final state at the end of the
reaction cycle are all important to know in order to find
a rational way of improving the reaction efficiency. XAS
measurements with microsecond-to-millisecond time resolu-
tion have been carried out for some later catalytic reaction
steps that are not directly induced by light, such as metal
complex catalyzed water splitting as detected by time-resolved
XAS studies on the Mn cluster of an oxygen evolving complex
in photosystem II (Dau & Haumann, 2008, 2007; Grundmeier
et al., 2007)

5. Method development

The XTA methodology development at Argonne has been
focused on enabling measurements of dilute samples
(<1 mM), because many molecules have limited solubility and
available quantities. The main challenge has been extracting
maximum transient structural information from each X-ray
photon under the pump-probe conditions which include
temporal and spatial constraints as well as laser photon
constraints, such as optical extinction coefficients, and avail-
able pump wavelengths. Reviews on the methodology of XTA
have summarized the approaches in finding the optimal
experimental conditions in this multi-dimensional space
(Chen, 2005, 2004; Bressler & Chergui, 2004; Bressler et al.,
2008).

Our work until 2007 has been carried out at a wiggler
beamline with X-ray fluorescence detection using a multi-
element solid-state germanium detector array from Canberra
(Jennings et al., 2002). The advantage of such a detector is its
capability of energy resolving desirable fluorescence signals
from unwanted elastic scatterings and the low-pass filter
fluorescence. The drawback of such a detector is its relatively
long recovery time constant up to >1 ps limiting XTA
experiments only during the single- or a few-bunch mode or a
hybrid fill mode of the synchrotron operation. Since the
beamline was upgraded to a dual in-line undulator beamline,
the many-fold enhancement in photon flux overwhelmed the
Canberra detector. Therefore, it is necessary to develop a new-
generation detector system. So far, there has not been a
commercially available detector system that simultaneously
meets all the requirements for an ideal XTA experiment in
dilute samples, such as multiple photon signal processing in
one bunch, fast recovery time (<150 ns), energy resolution efc.

We have been using so far a detector system developed by
Attenkofer and Jennings from the APS, which consists of
a compact sample chamber integrating two photomultiplier
tube or avalanche photodiode detectors, each coupled with
plastic scintillator and a Soller-slits/elastic-scattering rejection
filter set (Fig. 11). The detectors are operated in a current
mode which allows the detection of multiple photon signals. In
addition, the detector signals from the entire pulse train are
digitized and processed using a noise-reduction algorithm,
allowing signals from all X-ray pulses after the one synchro-
nized with the pump laser pulses to be collected simulta-
neously in one measurement. The advantage of this detector
system has been seen in XTA measurements for the RuN3/
TiO; system which has multiple transient states corresponding
to reaction rate constants on multiple time scales ranging from
10 fs to microseconds. Also, the enhanced signal quality in the
second- and third-row transition metal complex data permits
us to extract very small signal differences from where the
structural parameters are extracted. The pitfall of such a
simple detector system is the lack of energy-resolving power.
When studying samples with more than two heavy elements,
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Figure 11
The new integrated sample/detector chamber unit used in XTA
measurements.

the XAS spectrum for that with a higher-energy absorption
edge is subject to interference with signals from that with a
lower-energy absorption edge. The RuN3/TiO, system is one
such example. Details of the detector system will be described
in a future publication. Therefore, developing an ideal X-ray
fluorescence detector is still under progress and needs signif-
icant effort in the community.

6. Summary and future studies

In the past decade, XTA has significantly impacted the
understanding of fundamental chemical events and processes
owing to its capability of obtaining transient molecular
structural information during photochemical reactions. As this
technique becomes more mature and more commonly used,
some future developments are projected here with a focus on
photochemistry.

Molecular systems. The advantages of XAS on probing local
electronic and nuclear structures around a central X-ray
absorbing atom in disordered media make the XTA technique
well suited for probing metal centers whose excited-state
structures, coordination geometries and oxidation states
change during photochemical processes. These structural
parameters are extremely important for understanding solar
energy conversion in homogeneous and heterogeneous
photocatalysis, photodriven molecular machines and enzy-
matic reactions. As the data acquisition becomes more effec-
tive, one can investigate biological metal center structures and
irreversible photochemical processes with continuous uni-
directional flow of liquid samples. It is conceivable that XTA
in the new decade could approach a level of application like
that of optical transient absorption for a broad range of
systems far beyond the demonstration of the XTA feasibility.

Ultrafast X-ray capability. As X-ray pulses become as short
as several femtoseconds, the coherent interference between
the pump and probe pulses may have to be considered
(Mukamel, 2000). In a longer time regime of a few pico-
seconds, structures of many equilibrated states with lifetimes
much shorter than the current 100 ps time resolution from
synchrotron sources can be obtained. These states can be
exemplified by the first excited states of NiTPP and
[Cu(dmp),]* with lifetimes in the picosecond range. Devel-

oping other spectroscopic techniques, such as resonant
inelastic X-ray scattering (Glatzel & Bergmann, 2005; Shirley,
1998), will be one of the future developments in X-ray spec-
troscopy with femtosecond time resolution from X-ray free-
electron laser facilities with monochromatic photons.

Combination of XAFS and wide-angle X-ray scattering
(WAXS). Because XTA probes local structures surrounding a
heavy atom, it is incapable of determining the overall shape of
molecules in solution and salvation processes that take place
at a distant part of the molecule from the metal center. X-ray
transient scattering (XTS) in both small- and wide-angle
ranges incorporating the laser pump pulse combined with
XTA would enable us to obtain complete structural informa-
tion on excited states or reaction intermediates in photo-
chemical reactions. For photochemical processes with more
complicated molecular systems, the local structures can be
obtained by XTA, while the overall molecular size and shape
as well as finer structures can be obtained by XTS. This has
been demonstrated by a recent study on the structural deter-
mination for supramolecular assemblies with modular
building blocks in solution by WAXS at a third-generation
synchrotron source (Tiede et al., 2004; Cammarata et al., 2006;
Kong et al., 2008). A combination of LITR-XAS together with
WAXS will greatly enhance the capability of structural
determination during photochemical processes on different
length scales.

Theoretical studies. Although high-precision transient
molecular structures obtained from XTA are informative, one
needs to reveal details on the energy levels of molecular
orbitals and the excited-state electronic density distribution
as well as nuclear coordinates from computational results.
Hence, it is very desirable and important that both experi-
mental and theoretical capabilities are developed synergisti-
cally. Currently, excited-state structural calculations, especially
for metal complexes, are few and mostly carried out using the
density functional theory (Furche & Ahlrichs, 2002). Because
the X-ray pulse duration from current synchrotron sources is
much longer than X-ray photon events, such as X-ray fluor-
escence, most of the time-resolved structural studies exclude
interactions between laser photons and X-ray photons. As the
femtosecond X-ray sources emerge, extensive theoretical
calculations involving interplays between two types of exci-
tation processes are needed (Mukamel, 2000). Meanwhile, in
order to maximize the structural information obtained from
each X-ray photon, accurate computations on the correspon-
dence of experimental XAS spectra and dynamic molecular
structures is necessary.

We believe that time-resolved X-ray structural techniques
will grow into a more common structural technique for the
needs of observing, correlating and controlling structure and
functions of molecules in the next decade, realising our dream
of seeing molecules in action and controlling the actions
towards targeted products.
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