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C O N S P E C T U S

Most chemical reactions occur in solution, and complex interactions between solute and solvent influence the rich chem-
istry of these processes. To track time-dependent processes in such reactions, researchers often use time-resolved spec-

troscopy. In these experiments, an optical pulse (pump) initiates a reaction, and another time-delayed optical pulse (probe)
monitors the progress of the reaction. However, because of the wavelength range of the probe light used in these exper-
iments, from infrared to ultraviolet, researchers cannot directly determine detailed structural information such as the bond
lengths and bond angles of reaction intermediates. In addition, not all intermediates might be sensitive to the spectro-
scopic signal chosen for the experiment.

This Account describes time-resolved X-ray liquidography (TRXL), a technique that overcomes these problems. In this tech-
nique, we replace the optical probe with the diffraction of hard X-ray pulses emitted from a synchrotron source. In TRXL,
diffraction signals are sensitive to all chemical species simultaneously. In addition, each chemical species has a character-
istic diffraction signal, a fingerprint, that we calculate from its three-dimensional atomic coordinates. Because, X-rays scat-
ter from all atoms in the solution sample, including both the solute and the solvent, the analysis of TRXL data can track
not only the reaction pathways of the solute molecules but also the solvent behavior and the solute-solvent arrangement,
thus providing a global picture of the reactions.

We have used TRXL to study structural dynamics and spatiotemporal kinetics of many molecular systems including
diatomic molecules, haloalkanes, organometallic complexes, and protein molecules over timescales from picoseconds to mil-
liseconds. We have observed that TRXL data adds to and, in some cases, contradicts results from time-resolved spectros-
copy. For example, TRXL has shown that the reaction intermediates upon C-I bond dissociation in C2H4I2 and C2F4I2 have
completely different structures and corresponding subsequent reaction pathways, underscoring the dramatic effect of the
fluorine substitution. We have also used TRXL to identify a new reaction intermediate of the photolysis of Ru3(CO)12 that
has no bridging carbonyl groups. Though not detected by time-resolved infrared spectroscopy, this intermediate predom-
inates based on the TRXL data. In looking at the quaternary conformational changes of hemoglobin, TRXL analysis sug-
gests a faster transition than was suggested by optical spectroscopy.

The time resolution of TRXL is currently limited by the X-ray pulse width available from synchrotron sources (∼100 ps).
The resolution should improve to 100 fs or better with X-ray free electron lasers. With this higher resolution, real time obser-
vation of ultrafast chemical events such as bond-breaking and bond-making will be possible.
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Introduction
Most chemical and biologically relevant reactions occur in

solution, and solution-phase reactions exhibit rich chemistry

due to the solute-solvent interplay. The understanding of

reaction mechanisms and molecular functions in such reac-

tions requires detailed knowledge of time-dependent reac-

tion processes. To track such processes, various time-resolved

spectroscopic tools have been developed.1-6 In a typical

experiment, an optical pulse (pump) is used to trigger a reac-

tion, and another time-delayed optical pulse (probe) is used to

investigate the progress of the reaction. In most cases, how-

ever, detailed structural information such as bond lengths and

angles of reaction intermediates are difficult to obtain from

such methods apart from a select few cases. We are faced

with this deficit because the signals of typical time-resolved

optical spectroscopy using frequencies in the range of vibra-

tional to valence electronic excitations are generally not a

direct function of the molecular structure in terms of atomic

coordinates.

Substituting the optical probe pulses in time-resolved opti-

cal spectroscopy with hard X-rays (∼1 Å) offers a more direct

means to investigate the structural dynamics in molecular

reactions.7-22 For example, all the atomic positions in a pro-

tein can be tracked during its biological function by time-re-

solved X-ray crystallography,22 but producing single crystals

of proteins is a prerequisite. However with the recent advent

of time-resolved liquid-phase X-ray diffraction (scattering), tran-

sient molecular structure can be captured even in a liquid

sample without any crystallization.10-21 The diffraction from

a disordered sample is often called diffuse scattering to dis-

tinguish it from the Bragg diffraction peaks of a well-ordered

system. For this reason, liquid X-ray diffraction has also been

called liquid X-ray scattering, and in this Account, both terms

are used interchangeably. Time-resolved X-ray diffraction of

solution samples has been called by many different names, for

example, time-resolved liquid X-ray diffraction, transient X-ray

diffraction, and ultrafast (or time-resolved) X-ray solution scat-

tering. To emphasize that structural information about tran-

sient chemical species can be obtained from the liquid phase

and to avoid the ambiguity of diffraction versus scattering, our

group prefers to call this methodology “time-resolved X-ray

liquidography” (TRXL). Here, the term “liquidography” is intro-

duced by analogy to crystallography where the structural

information is obtained from the crystalline phase. One caveat

is that due to the orientational averaging from randomly ori-

ented molecules and the lack of the crystal periodicity in liq-

uid, liquidography offers much less information content for

liquid than crystallography does for single crystals and even

for polycrystalline samples.

In terms of structure analysis, TRXL offers advantages over

time-resolved spectroscopy because the diffraction signal of a

molecule can be readily calculated from the three-dimensional

atomic coordinates of the molecule. Each chemical species has

its own characteristic diffraction pattern, which can therefore

be used to monitor the time propagation of its concentration.

In practice, quantum calculations generally yield more accu-

rate molecular structures than energy levels and spectra,

thereby adding an extra advantage to TRXL.

Since X-rays scatter from all atoms in a solution sample,

including both the solute and solvent, the diffraction signal

can be decomposed to three contributions: (1) the solute-only

term due to diffraction changes in the internal solute struc-

ture, (2) the solute-solvent cross term (also called the cage

term) caused by diffraction changes in interatomic distances

between solute-solvent pairs, and (3) the solvent-only term

(hydrodynamics) from the scattering change in the bulk sol-

vent due to the solvent temperature and density changes

caused by the heat transferred from photon-absorbing solute

molecules. Data collection and analysis of such a complicated

signal is not trivial, but recent years have witnessed the birth

and great advances of TRXL thanks to technological develop-

ments in synchrotron beamlines and advancements of the-

ory and data analysis combining quantum calculation,

molecular dynamics (MD) simulation, and global fitting anal-

ysis. In this Account, we summarize such advances.

Experiment
The experimental setup is schematically illustrated in Figure 1.

It comprises a sample cell system, a pulsed laser system to

excite the sample, a pulsed synchrotron source to produce

ultrashort X-ray pulses to scatter from the sample, a synchro-

nized high-speed chopper that selects single X-ray pulses and

an integrating charge-coupled device (CCD) area detector.

A solution of 0.5-100 mM is circulated through an open-

jet sapphire nozzle to provide a liquid sheet directly exposed

to the laser/X-ray beams. The molecules in the jet are excited

by a laser pulse from a femtosecond laser system synchro-

nized with the X-ray pulses. The laser beam with an energy of

15-100 µJ depending on the excitation wavelength is

focused to a 0.12 × 0.12 mm2 spot. After excitation of the

sample with the laser pulse, time-delayed X-ray pulses, gen-

erated by placing an undulator in the path of electron bunches

and focused by a torroidal mirror, are delivered to the sam-

ple to a spot size of 0.1 × 0.06 mm2 and scatter, thereby car-

rying time-dependent structural information in the resulting
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scattered diffraction patterns. The X-ray spectrum is usually

peaked at ∼18 keV and has a ∼3% bandwidth. This poly-

chromatic rather than monochromatic X-ray beam is used to

gain a high flux of X-ray photons. The polychromaticity affects

the diffraction pattern by smearing out the oscillation features,

but the 3% bandwidth is not large enough to seriously dete-

riorate them. In fact, if the X-ray spectrum had Gaussian dis-

tribution rather than asymmetric distribution with a long tail,

the smearing would be even much less. The polychromatic-

ity of the X-ray beam has to be taken into account when a

theoretical diffraction curve is compared with the experimen-

tal diffraction curve by weighting the X-ray wavelength spec-

trum into the theoretical diffraction curve. The temporal X-ray

pulse width is 60-150 ps depending on the operation mode

of the synchrotron, and a single X-ray pulse typically contains

∼109 X-ray photons. The synchronization of laser and X-ray

pulses is based on an RF master clock that drives the elec-

tron bunches in a synchrotron ring. For example, at ESRF, the

electron bunches in the synchrotron rotate around a 844 m

long ring in 2.82 µs (single-bunch mode), and thus X-ray

pulses are emitted when the electron bunches travel through

an in-vacuum undulator at a repetition rate of 355 kHz, a sub-

harmonic of the RF master clock. The time delay is generated

by controlling the arrival time of the laser pulses onto the

sample. The RF master clock is amplified and enters a phase

shifter to generate a time-delayed RF clock, whose frequency

is further divided to match the repetition rate of the femto-

second oscillator (∼88 MHz) and amplifier (∼1 kHz). Whereas

the fine-tuning of the time delay is accomplished by the phase

shifter, a larger time delay (>10 ns) is achieved by delaying

the clock triggering the pockel cell of the amplifier with a

delay generator. A series of shutters and choppers including

a high-speed chopper (Julich) spinning at the same frequency

as the laser are used to select single X-ray pulses out of the

pulse trains from the synchrotron. The scattered X-ray diffrac-

tion signal is recorded on an area detector such as a MarCCD.

A typical exposure time is ∼5 s, and given 1 kHz repetition

rate of the laser/X-ray beam, the detector receives 5 × 103

X-ray pulses (∼5 × 1012 X-ray photons) per image. Diffrac-

tion data is collected for typically ten or more time delays (t)
from -100 ps up to 1 µs (for example, -100 ps, 0 ps, 30 ps,

100 ps, 300 ps, 1 ns, 3 ns, 10 ns, 30 ns, 100 ns, 300 ns, and

1 µs). Each time delay is interleaved by a measurement for the

unperturbed sample (typically at -3 ns).

Data Processing
The resulting two-dimensional diffraction images are radially

integrated into one-dimensional intensity curves, S(q,t)exp, as

a function of the momentum transfer q (q ) (4π/λ)sin(θ),

where λ is the wavelength of the X-rays and 2θ is the scat-

tering angle) and the time delay t. The curves are averaged

and normalized by scaling them to the absolute scale of the

total (elastic and inelastic) scattering intensity from the non-

excited solvent/solute background in high q where the scat-

tering is insensitive to structural changes. After normalization,

the diffraction data for the unperturbed sample is subtracted

from that collected at positive time delays to extract the dif-

fraction change only. The difference diffraction intensities,

∆S(q,t), contain direct information about the structural changes

of the solute and solvent in the probed solution. The relative

laser-induced diffraction signal change, ∆S/S, is quite small. It

depends on both time and scattering angle and is typically

FIGURE 1. Schematic of the experimental setup for time-resolved X-ray liquidography. The liquid jet is irradiated by an optical laser pulse.
After a well-defined time delay (t), the X-ray pulses generated by a synchrotron and selected by a high-speed chopper are sent to the sample
and scattered. The reference diffraction data collected at -3 ns is subtracted from the diffraction data collected at positive time delays to
extract the structural changes only.
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less than 0.1%. Standard deviations as a function of q are cal-

culated in the process of conversion from a 2D image to a 1D

curve by taking into account the distribution of the intensi-

ties at the same q value. The error of the averaged ∆S(q,t) can

be obtained from the error propagation of standard devia-

tions or by taking another standard deviation from the mean

value of individual difference curves. The signal-to-noise ratio

of a typical ∆S(q,t) depends on q and t and oscillates resem-

bling the shape of ∆S(q,t) except that the negative values of

∆S(q,t) become positive in the plot of signal-to-noise ratio. A

typical averaged ∆S(q,t) from about 50-100 repetitions has

a signal-to-noise ratio up to 15. The signal-to-noise ratio is

zero when ∆S is zero and reaches a maximum in the peaks

and valleys of ∆S(q,t).
To emphasize the oscillatory feature at high q, ∆S(q,t) is

often multiplied by q to yield q∆S(q,t). Although q∆S(q,t) con-

tains direct information on the structural changes, often the

result in the reciprocal space (q-space) is not intuitive, and for

this reason, q∆S(q,t) is transformed to real space where the

changes are more readily interpretable: positive and nega-

tive peaks mean formation and depletion, respectively, of the

corresponding interatomic distance. Obtained through sine-

Fourier transforms of q∆S(q,t), the difference radial distribu-

tion function, r∆R(r,t) represents the experimental atom-
atom pair distribution function during the course of the

reaction12-16

r∆R(r, t) ) 1

2π2∫0

∞
q∆S(q, t) sin(qr) exp(-q2α) dq

where the constant R is a damping constant to account for the

finite experimental q range. In principle, the errors in the

r-space can be also obtained from the same procedure as

the one described for the q-space data: The sine-Fourier trans-

form of every single q∆S(q,t) is taken and then averaged over

all r∆R(r,t) curves, which defines a meaningful standard

deviation.

Data Analysis
We fit the experimental difference intensities (∆S(q,t)exp) for all

time delays against theoretical difference intensities

(∆S(q,t)theory) via a global fitting procedure simultaneously min-

imizing the difference between the experimental and theoret-

ical curves at all positive time delays. The fitting parameters

include the rate coefficients, the fraction of the excited mole-

cules, and the fraction of the molecules undergoing structural

changes. Structural parameters such as bond lengths, bond

angles, and energy levels of chemical species can also be

included as fitting parameters.

∆S(q,t)theory includes the changes from three principal com-

ponents as shown in the following expression:

∆S(q, t)theory ) ∆S(q, t)solute-only + ∆S(q, t)solute-solvent +

∆S(q, t)solvent-only

) ∆S(q, t)solute-related + ∆S(q, t)solvent-only

) [∑k

ck(t)Sk(q) - Sg(q)∑
k

ck(0)] +
(∂S ⁄ ∂T)F∆T(t) + (∂S ⁄ ∂F)T∆F(t)

where k is the index of the solute (reactants, intermediates,

and products), ck(t) is the fraction of molecules as a function

of time t, Sk(q) is the solute-related (the solute-only plus the

cage components) scattering intensity of species k, Sg(q) is the

scattering intensity of the reactants (g ) reactants), (∂S(q)/∂T)F
is the solvent scattering change in response to a temperature

rise at constant density, (∂S(q)/∂F)T is the response to a den-

sity change at constant temperature, and ∆T(t) and ∆F(t) are

the solvent temperature and density changes as a function of

time. The equation indicates that to calculate ∆S(q,t)theory, two

types of basis components are needed (i.e., time-independent

functions such as Sk(q), (∂S(q)/∂T)F, and (∂S(q)/∂F)T and time-

dependent functions such as ck(t), ∆T(t), and ∆F(t)). In the fol-

lowing, the steps involved in the calculation of time-

independent and time-dependent basis functions are

described. Figure 2 presents an overall scheme for data

analysis.

The Sk(q) are calculated from MD simulations combined

with quantum calculations. After the MD simulations, pair cor-

relation functions for atom pairs (gR�(r) for the atom pair R and

�) are calculated. The Sk(q) curves are then computed by an

equation including a sine Fourier transform of gR�(r) - 1. The

FIGURE 2. Schematic of the data analysis. The discrepancy
between the theory and experiment is minimized using a global
fitting analysis by considering data at all positive time delays
simultaneously. Boxes with red and blue frames represent solute-
related and solvent-only terms, respectively. Boxes with yellow
background are involved in a typical iterative minimization
procedure. See the text for details.

Visualizing Solution-Phase Reaction Dynamics Ihee

Vol. 42, No. 2 February 2009 356-366 ACCOUNTS OF CHEMICAL RESEARCH 359



inclusion of gR�(r) for only the pairs within the solute mole-

cule results in the solute-only term, which can also be

described by Debye scattering of isolated solute molecules in

the gas phase. The cage term is calculated when the gR�(r) for

the solvent-solute cross pairs are used in the integration. In

practice, gR�(r) for both solute-only and solute-solvent cross

pairs are used to yield the solute-only plus cage terms, that is,

the solute-related terms, Sk(q). The solvent differential func-

tions, (∂S(q)/∂T)F and (∂S(q)/∂F)T, can either be obtained by MD

simulations or be determined in a separate experiment where

the pure solvent is vibrationally excited by near-infrared

light.12 The latter gives superior agreement than the former

does. In general, the gR�(r) from MD simulation for a particu-

lar atom pair R and � can be used to calculate the contribu-

tion from that pair to the overall signal, thereby aiding the

peak assignment.

The time-dependent basis functions (ck(t), ∆T(t), and ∆F(t))
depend on the fitting parameters of the global fitting analy-

sis. A set of rate equations for a reaction kinetic model includ-

ing all reasonable candidate reaction pathways is set up to

extract a reaction mechanism. Integrating the rate equations

provides the ck(t) to be used to construct the theoretical scat-

tering signal. The ∆T(t) and ∆F(t) are mathematically linked to

ck(t) and to each other by energy and mass conservation and

hydrodynamics. From ck(t), the time-dependent heat released

from solutes to the solvent, Q(t), is calculated, which is used to

compute ∆T(t) and ∆F(t) via thermodynamic and hydrodynam-

ics relations. The solvent can be heated by processes such as

vibrational cooling occurring at a time scale too fast to be cap-

tured with the ∼100 ps time resolution. The amount of heat

caused by these processes is also included in Q(t) by consid-

ering the fraction that enters these processes among the ini-

tially photoexcited species.

Figure 3A shows a comparison of q∆S(q,t)exp and

q∆S(q,t)theory from a global fitting analysis of TRXL data on

HgI2 in CH3OH, and Figure 3B shows the corresponding

r∆R(r,t)exp and r∆R(r,t)theory.
11 Figure 3E summarizes the final

fit values. Upon irradiation of 10 mM HgI2 in methanol, 33%

( 3% of the solute molecules are excited by the laser pulse

at 267 nm. Among the excited HgI2, 34% ( 1% dissociate

into HgI + I within the time resolution of 100 ps, and the

remaining 66% ( 4% decay into the ground state via vibra-

tional cooling and release their energy to the solvent. Then

71% ( 1.2% of the transient HgI radicals recombine non-

geminately with iodine atoms to form the parent molecule

HgI2 with a bimolecular rate constant of (1.0 ( 0.1) × 1011

M-1 s-1. The remaining 29% ( 0.5% of all iodine atoms

combine to form I2 with the rate constant (3.3 ( 0.5) × 1010

M-1 s-1. Based on these values from global fitting analysis,

chemical population changes (as shown in Figure 3C) and the

temperature and density change of the solvent (as shown in

Figure 3D) as a function of time can be plotted. Initially, the

temperature and the pressure of the solvent increase at con-

stant density due to the energy transfer from the solute to sol-

vent. Then a thermal expansion occurs with a time constant

of ∼50 ns, which returns the sample to ambient pressure. Due

to the thermal expansion, the density of the solvent decreases

by 0.83 kg/m3 (0.1%) in 1 µs, which corresponds to a tem-

perature increase of 0.71 K. After the analysis, the whole sig-

nal can be decomposed into each component. For example,

the solute-only term, the cage term, and the solvent-only term

in real space are shown in Figure 4D-F, along with assign-

ment of the peaks in the real space. The prominent negative

peaks around 2.65 and 5.30 Å of the solute-only term (Fig-

ure 4D) are mainly due to the depletion of the Hg-I and I · · · I

distances in HgI2.

Application Examples

A. Spatiotemporal Kinetics of HgI2 in Methanol. Although

numerous time-resolved spectroscopic studies had provided

ample information about the early dynamics of HgI2,23,24 a

comprehensive reaction mechanism in the solution phase

spanning from picoseconds up to microseconds had been

lacking. TRXL provided this information directly and quanti-

tatively. Although HgI2 has only three atoms, at least four dif-

ferent reaction channels need to be considered: (a) HgI + I, (b)

Hg + I + I, (c) Hg + I2, and (d) a HgI-I isomer. Figure 4A

shows the comparison between q∆S(q,100 ps)exp and the cor-

responding fit results for the four candidate reaction chan-

nels. The two-body dissociation channel gave the best fit.

Furthermore, when all reaction channels were included in the

fit, the fraction of reaction channels except the two-body dis-

sociation converged to zero, confirming that the formation of

HgI + I is the dominant reaction pathway. The absence of the

three-body dissociation into Hg + I + I is in contrast with the

gas-phase dynamics where both two- and three-body disso-

ciations were suggested to occur.23 The subsequent kinetics

obtained from TRXL is detailed in the previous section (Data

Analysis).

B. Elimination Reaction of C2H4I2 and C2F4I2 in
Methanol. We have applied TRXL to the elimination reac-

tion of haloethanes, C2H4I2 and its fluorine-substituted ana-

logue C2F4I2. Upon irradiation at 267 nm, both solute

molecules dissociate into a haloethyl radical and an iodine

atom. Of particular interest is the molecular structure of the

haloethyl radical because a bridged structure rather than open
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classical structure (anti and gauche) had been proposed to

explain the observed stereoselectivity of certain chemical pro-

cesses25 but had never been directly observed. The distinc-

tion between fits to the bridged and anti forms is emphasized

when the contribution of the haloethyl radical (C2H4I or C2F4I)

alone is carefully extracted by subtracting from the original

data other contributions of solvent, cage, and other nascent

solutes, and the high q range is used to deduce the transient-

only structural changes. This approach allows the transient

haloethyl radical to be modeled as a naked gas-phase struc-

ture. For the data at 100 ps, the experimental and theoreti-

cal curves for the putative reaction channels (Figure 5C,D)

visually demonstrate that C2H4I has the bridged structure10,26

whereas C2F4I is a mixture of anti and gauche conformers.20

The negative peak near 5 Å corresponding to the depletion of

the I · · · I internuclear distance in the parent molecule is com-

mon for both reaction channels leading to either bridged struc-

ture or classical structure, and both models agree with the

data in this region. The peaks between 1 and 3 Å, the finger-

print region, are sensitive to the position of the I atom rela-

tive to the two carbon centers. A comparison of C2H4I and

C2F4I provides a valuable chance to directly visualize the effect

FIGURE 3. Structural dynamics of the photochemistry of HgI2 in methanol upon photolysis at 267 nm determined by TRXL: (A)
Experimental difference-diffraction intensities, q∆S(q,t) (in black) with experimental errors and theoretical curves (in red) as a result of global
fitting analysis; (B) difference radial distribution curves, r∆R(r,t), corresponding to panel A; (C) the population changes of the various chemical
species as a function of time delay determined from global fitting analysis; (D) the change in the solvent density (red) and temperature (blue)
determined from global fitting analysis; (E) a reaction mechanism determined by TRXL.

Visualizing Solution-Phase Reaction Dynamics Ihee

Vol. 42, No. 2 February 2009 356-366 ACCOUNTS OF CHEMICAL RESEARCH 361



of fluorine substitution on the molecular structure of a radi-

cal. The reaction mechanisms also turn out to be completely

different as summarized and compared in Figure 5A,B. The

C2H4I radical does not decay through the formation of C2H4

+ I; rather it reacts with an iodine atom to form a new spe-

cies, the C2H4I-I isomer, with a bimolecular rate constant of

(2.1 ( 0.3) × 1012 M-1 s-1, which is larger by 2 orders of

magnitude than the rate constant for nongeminate formation

of molecular iodine. Eventually this isomer also decays into

C2H4 + I2 with the rate constant of (4.8 ( 0.9) × 105 s-1. By

sharp contrast, 20% ( 1.3% of the C2F4I radical decays into

C2F4 + I with the time constant of 153 ( 24 ps. These val-

ues can be compared with the 55% ( 5% and 26 ( 7 ps

time constants determined from gas-phase ultrafast electron

diffraction,27 showing that the solvent reduces the rate and

yield of secondary dissociation significantly. No three-body

dissociation to C2F4 + 2I is observed in the investigated time

regime.

C. Structural Dynamics of Ru3(CO)12 in Cyclohexane.

The triangular metal carbonyl cluster Ru3(CO)12 has served as

the paradigm for the photochemistry of transition metal car-

bonyls. The complex is used as a catalyst in controlled pho-

toactivated synthesis where specific types of bonds in the

complex are broken at specific wavelengths. Because the

mechanism leading to the cleavage of metal-metal bonds is

of great theoretical and practical interest, the photolysis of

Ru3(CO)12 had been extensively studied with spectroscopy.

With the exception of ultrafast infrared spectroscopy, which

has been most efficient in identifying intermediates based on

the detection of bridging CO ligands, most techniques have

FIGURE 4. Determining the major reaction channel for HgI2 in methanol excited at 267 nm and decomposition into three components for
peak assignment: (A) q∆S(q,100 ps) for four candidate reaction pathways are compared. Experimental curves with experimental errors,
theoretical curves and their differences (residuals) are shown in black, red, and blue, respectively. The two-body dissociation channel gives
the best fit. (B) The q∆S(q,100 ps) curve is decomposed into the solute-only, cage, and solvent-only contributions. (C) The same
decomposition in the real space for r∆R(r,100 ps) corresponding to panel B. (D) The solute-only component of r∆R(r,t). (E) The cage
component of r∆R(r,t). (F) The solvent-only component of r∆R(r,t). The peak assignments for atom-atom pairs are also shown in the bottom
of each panel.
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failed to characterize the structure of the intermediates. Recent

ultrafast infrared spectroscopy measurements have shown that

the photoexcited Ru3(CO)12 in noncoordinating solvents like

cyclohexane yields two transient intermediates containing

bridging carbonyls, Ru3(CO)11(µ-CO) for the metal-metal

cleavage reaction channel and Ru3(CO)10(µ-CO) for the CO loss

reaction channel, respectively.28 We have applied TRXL to the

photodissociation at a wavelength of 390 nm of Ru3(CO)12

dissolved in cyclohexane (shown in Figure 6A).21 This sys-

tem is one of the most complicated studied by TRXL because

there are so many reaction channels that needed to be con-

sidered. Figure 6B shows the solute-only terms of the reac-

tion channels considered in this work. The data analysis shows

that the main photoproduct is one of the Ru3(CO)10 complex

isomers with a Ru3-ring with terminal carbonyls only, which

has a lifetime of tens of nanoseconds. The other Ru3(CO)10

isomers with bridging carbonyls do not match the time-re-

solved scattering data. The kinetics determined by TRXL is

summarized in Figure 6C. Because the Ru-Ru distances con-

tribute more than 90% of the scattering signal from the sol-

ute, an attempt has been made to optimize the initial DFT

geometries of Ru3(CO)12 and the transient intermediates by

refining a single scaling parameter applied to all Ru-Ru dis-

tances calculated by DFT. The optimized experimental bond

lengths are shorter by a factor of 0.983 than those obtained

by DFT, which is consistent with the general tendency for DFT

to overestimate metal-metal distances.

D. Protein Structural Dynamics. In principle, TRXL

should be possible for macromolecules such as proteins, but

generally it is more difficult because proteins are at least a

thousand times larger than typical small molecules and pro-

tein concentrations are lower. Due to the inverse relationship

between the interatomic distance and the scattering angle, the

scattering from macromolecules appears in smaller scatter-

ing angles (small-angle X-ray scattering or wide-angle X-ray

scattering). Recently, promising TRXL data on prototype pho-

toactive proteins in solution have been collected, and this

methodology has been demonstrated.29 Figure 7 shows an

example for hemoglobin, a tetrameric protein made of two

identical R/� dimers. A time-resolved X-ray scattering signal

caused by the rotation of one dimer relative to the other

dimer has been successfully detected. A preliminary kinetic

analysis has suggested that the time scale for the quaternary

change is slower than those from spectroscopy. Protein fold-

ing dynamics of cytochrome c has been also detected by

TRXL. Detailed structural information such as the rotation

angle and the subtle movements of R helices could not be

directly extracted, and more development in this regard is in

progress.

FIGURE 5. Structural dynamics of C2H4I2 and its fluorine-substituted analogue C2F4I2 in methanol excited at 267 nm determined by TRXL:
(A) Reaction pathways for C2H4I2; (B) reaction pathways for C2F4I2; (C) theoretical (red) and experimental (black) r∆R(r,100 ps) for two possible
reaction channels for C2H4I2, the bridged radical (upper) versus an open radical (lower); the bridged structure gives superior agreement
between theory and experiment; (D) the same comparison for C2F4I2; the open classical structure gives superior agreement.
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Concluding Remarks and Perspectives
TRXL offers a new and complementary method to probe reac-

tion dynamics because it is sensitive to changes in the posi-

tions of all the atoms in the solution sample as a function of

time. Molecular structures of all species along the reaction

pathways including short-lived intermediates, their rate con-

stants, and associated solvent hydrodynamics can be

obtained. TRXL has been applied successfully to structural

dynamics of small to macromolecules in solution. Most mol-

ecules studied so far contain atoms heavier than Br (Z )
35).10-21 Applications to molecules without heavy atoms (for

example, stilbene) may prove to be important for direct veri-

fication of reaction mechanisms in many photoinduced

organic reactions but remain as a challenge due to the low

contrast against the solvent. This low-contrast problem may be

circumvented by labeling the solute molecule with heavy

atoms or by using a solvent much heavier than the solute.

Another challenge comes from macromolecules such as pro-

teins. Although TRXL data has been successfully measured

from protein solutions, extracting structural information by a

proper analysis has not yet been fully accomplished. Devel-

opment of data analysis should provide valuable information

about protein structural dynamics including conformational

transformation and folding/unfolding processes. The time res-

olution of TRXL is presently 100 ps, the limit imposed by the

X-ray pulse length from a synchrotron. Due to this limited time

resolution, ultrafast structural dynamics involved in ultrafast

excited-state dynamics and direct observation of bond-break-

ing and -making processes cannot yet be accomplished with

TRXL. This limit will be improved with future X-ray free elec-

FIGURE 6. TRXL of Ru3(CO)12 in cyclohexane excited at 390 nm. (A) Time-resolved difference scattering intensities, q∆S(q,t). The black
curves correspond to the experimental data with experimental errors and the red curves to the theoretical least-squares fits (global fitting
analysis). The values in the low q region of the first 13 curves and the last 3 curves have been divided by 3 and 6, respectively, for clarity.
(B) Solute-only curves for all considered candidate reaction channels. (C) Reaction pathways for Ru3(CO)12 determined by global fitting
analysis of TRXL data.
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tron lasers (XFELs), which promise to deliver 100 fs long

X-ray pulses with ∼1013 photons per pulse. In the current

setup (detailed in the Experiment and Data Processing sec-

tions), a single diffraction image is a result of scattering 5

× 103 X-ray pulses comprising ∼5 × 1012 X-ray photons

in total. Thus, a single-shot of the X-ray pulse from an XFEL

source contains enough photons to generate a diffraction

image comparable to an exposure of a few seconds using

the third generation synchrotron source. This single-shot

possibility should aid the synchronization between the laser

excitation and the X-ray probe as each pair of the laser and

X-ray pulses can be time stamped and thus the timing jit-

ter can be essentially eliminated. It may be possible to take

advantage of another important characteristic of XFEL X-ray

pulses, high coherence, which can produce so-called speck-

les in the diffraction pattern. The real challenge with XFEL

may come from the data analysis. In the current data anal-

ysis of TRXL data with 100 ps time resolution, the X-ray

scattering pattern can be approximated to depend only on

a one-dimensional scalar quantity q rather than the two-

dimensional vector q since 100 ps is long enough. In addi-

tion, the scattering patterns could be well represented by

considering equilibrium structures. These approximations

may no longer be valid if the time resolution is improved

1000-fold. In summary, many exciting challenges and

opportunities are waiting to be discovered.
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