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ABSTRACT: Time-resolved X-ray liquidography (TRXL) has emerged as a powerful technique
for studying the structural dynamics of small molecules and macromolecules in liquid solutions.
However, TRXL has limited sensitivity for small molecules containing light atoms only, whose
signal has lower contrast compared with the signal from solvent molecules. Here, we present an
alternative approach to bypass this limitation by detecting the change in solvent temperature
resulting from a photoinduced reaction. Specifically, we analyzed the heat dynamics of TRXL
data obtained from p-hydroxyphenacyl diethyl phosphate (HPDP). This analysis enabled us to
experimentally determine the number of intermediates and their respective enthalpy changes,
which can be compared to theoretical enthalpies to identify the intermediates. This work
demonstrates that TRXL can be used to uncover the kinetics and reaction pathways for small
molecules without heavy atoms even if the scattering signal from the solute molecules is buried
under the strong solvent scattering signal.

Time-resolved X-ray liquidography (TRXL), which is also
known as time-resolved X-ray solution scattering,

employs an optical pulse as the pump and the scattering of
an X-ray pulse as the probe. This technique can be used to
directly visualize the structural dynamics of various molecular
systems in the liquid solution with the atomic-level
sensitivity.1−32 Thus far, the application of TRXL has been
limited to the solute molecules containing heavy atoms
because the high-intensity scattering of the heavy atoms
prevents the scattering signal of the solutes from being
obscured by large background scattering from solvent
molecules in a dilute solution. For solute molecules lacking
heavy atoms, a strategy of chemically attaching heavy atoms to
the solute molecule has been used to increase the scattering
contributions of solutes,1,2,5,6,9,14,22,29,31 but such chemical
modification may lead to a change in reaction dynamics.
Regarding the limited applicability of current TRXL, a recent
study proposed that it is in principle possible to directly
visualize the motions of solute molecules without heavy atoms
once next-generation X-ray sources such as LCLS-II HE
become available.32

As a step toward this goal, here we present an alternative
way of extending the applicability of TRXL to a broader range
of molecular systems by using the scattering signal of solvent
molecules. Specifically, we take advantage of the fact that the
heat exchange between solute and solvent molecules during a
reaction induces the change in the solvent temperature and
accordingly the solvent scattering. In principle, the TRXL
signal of a solution sample comprises three principal

components: solute-only term, solute−solvent cross term,
and solvent-only term.3,10,12,27 Among these components, the
solvent-only term is highly sensitive to the variation of
temperature, T, and density, ρ, of the solvent. These
thermodynamic parameters change sensitively with the heat
exchange between light-absorbing solute molecules and their
surrounding solvent molecules with the progress of a reaction,
as illustrated in Figure 1. As a result, the scattering response of
solvent also changes over time with the changes of temperature
and density, giving rise to the time-resolved solvent heating
response manifested as q(∂S/∂T)ρΔT(t) at early time delays
(on the time scale of tens of picoseconds) and q(∂S/
∂ρ)TΔρ(t) at late time delays (on the time scale of hundreds
of nanoseconds).3 Especially, at the early time delays after
photoexcitation, the solvent scattering intensity changes
linearly with the temperature change of the solvent. Thus,
the solvent response of TRXL can be used as an ultrafast
thermometer and/or densimeter with high sensitivity. This
strategy of monitoring the heat exchange can be applied even
to the solution-phase reactions of molecules without any heavy
atom, as long as the heat exchange with the surrounding
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solvent molecules occurs during the reaction. In other words,
the solvent heating response can serve as an excellent tool for
monitoring the dynamics of a photochemical reaction,
regardless of the presence of heavy atoms in the molecular
systems of interest.
In this work, by analyzing the solvent-only term of the

TRXL data, we address the kinetic components and reaction
mechanism of a small molecule without heavy atoms. For this
purpose, we chose the photoinduced reaction of p-hydrox-
yphenacyl diethyl phosphate (HPDP), which consists of the p-
hydroxyphenacyl (pHP) cage and the leaving group of diethyl
phosphate. The pHP group is an efficient phototriggerable cage
that can be used for the liberation of various chemicals and
biological stimulants.33−54 In particular, the pHP group has
been envisioned as a phototrigger for real-time monitoring of
physiological responses in nonphotoactive biological systems
such as proteins and DNAs. In an aqueous environment, the
photolysis of the pHP group induces the photo-Favorskii
rearrangement (also known as the photosolvolytic rearrange-
ment), which converts the pHP cage into p-hydroxy-
phenylacetic acid (HPAA).33−54 For the photo-Favorskii
rearrangement, several plausible reaction mechanisms were
proposed based on time-resolved spectroscopic and theoretical
studies,40,42,43,46,50 but its reaction mechanism and reaction
intermediates are still in debate due to discrepancies between
those studies. For example, as summarized in Figure S1 and
Table S1 in the Supporting Information, there have been
controversies regarding the identities of reaction intermediates
among solvated triplet species of contact ion pair character
(3CIP), allyloxy−phenoxy triplet biradical (3AP), and
spirodienedione (1SK).40,42,43,46,50 We extract reaction-induced
enthalpy changes ΔHexp of HPDP from the TRXL data and
offer a plausible mechanism by comparing ΔHexp with the

theoretical ones, ΔHDFT, calculated for the candidate
intermediate species of the reaction.
In Figure 2, difference TRXL curves, qΔS(q,t), measured for

a solution sample of HPDP (Figure 2a) are shown together

Figure 1. Scheme of a TRXL experiment at an X-ray facility and the workflow of data analysis. (a) Solute molecules in a solution are excited by a
laser pulse. Subsequently, a picosecond X-ray pulse incident with a time delay, Δt, probes the changes in the solvent scattering with the progress of
the photoinduced reaction of solute molecules. In this experiment, the X-ray beam propagated along the x-axis and the sample was flown along the
z-axis. The laser beam was overlapped with the X-ray beam at the focal point at a crossing angle of 10°. (b) Probing of the temperature change of
the solvent as a means of investigating the reaction dynamics of solute molecules. Most importantly, the linear dependence of the solvent scattering
signal on the temperature change of the solvent allows us to estimate the absolute amount of heat exchange between the solute and solvent
molecules.

Figure 2. Time-resolved difference X-ray solution scattering curves
(black), qΔS(q,t), measured from the TRXL experiment and
theoretical scattering curves (red) for a solution sample of (a)
HPDP and (b) FeCl3 in H2O/MeCN cosolvent. The time delay after
photoexcitation is indicated above each curve. Theoretical scattering
curves were generated by multiplying q(∂S/∂T)ρ calculated from the
MD simulation with the time-dependent temperature of the bulk
cosolvent obtained from the TRXL measurement.
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with qΔS(q,t) measured for a solution sample of FeCl3 (Figure
2b) in H2O/MeCN (2:1, v/v). The latter measurement was
performed as a control experiment for obtaining only the
contribution of the heating of H2O/MeCN, without any
contribution of structural change of the solutes (see the
Supporting Information for details). Since HPDP and FeCl3,
which were used as solutes in this work, do not contain any
heavy-atom constituent (in the case of HPDP) or do not
involve any noticeable structural change (in the case of
FeCl3),

21,23,32 we expect that qΔS(q,t) from both samples
would be dominated by the solvent-only signals (see Figure
S3). Especially, because we measured the TRXL data in the
time range of 100 ps to 10 ns, whose upper limit is much
earlier than the onset time for the density change of solvent
(∼100 ns in this work),3 qΔS(q,t) would be described simply
by q(∂S/∂T)ρ multiplied by ΔT(t). The q(∂S/∂T)ρ term is the
specific change of scattering pattern characteristic of a solvent,
and ΔT(t) is a quantity that varies in proportion to the
enthalpy change (ΔH) characteristic of a photochemical
reaction.
To examine our prediction described above, we first

extracted a scattering pattern common to both solution
samples (presumably q(∂S/∂T)ρ of the H2O/MeCN) by
performing singular value decomposition (SVD) analysis28

simultaneously for the TRXL data of HPDP and those of
FeCl3. SVD decomposes the original data into time-invariant
features (left singular vectors, LSVs), their relative contribu-
tions (singular values), and their time profiles (right singular
vectors, RSVs). From the SVD analysis in the q range of 1.5−
7.5 Å−1 and the time range of 100 ps to 10 ns, only a single
LSV (which is common for the TRXL data of HPDP and those
of FeCl3) and its corresponding RSV (which is each for the
data of HPDP and those of FeCl3) showed significant
contributions, whereas the rest account for noises as shown
in Figure S4. To understand the origin of the sole significant
LSV, we performed the MD simulation for the neat H2O/
MeCN using the MOLDY program,55 as shown in Figure S4b.
Two thermodynamic conditions of the solvent (C1: T1 = 300
K, ρ1 = 929 kg/m3; C2: T2 = 330 K, ρ2 = 929 kg/m3) were
considered in the MD simulation. From the simulation, q(∂S/
∂T)ρ was obtained from the difference between the scattering
intensity of the solvent at C2 and the one at C1 divided by the
temperature change (ΔT = T2 − T1). It can be seen in Figure
S4a that q(∂S/∂T)ρ calculated from the MD simulation is in
excellent agreement in its shape with the principal LSV
obtained from the SVD analysis, indicating that the principal
LSV corresponds to q(∂S/∂T)ρ of the H2O/MeCN and
furthermore confirming our prediction that qΔS(q,t) would be
described simply by q(∂S/∂T)ρ multiplied by ΔT(t).
In general, from the TRXL data measured for a solution

sample, one may extract multiple principal LSVs and their
corresponding principal RSVs.21,24,28,32 The LSVs are time-
independent scattering patterns and, when combined together,
give the structural information on solute species involved in a
photoinduced reaction, that is, reactant, intermediate, and
product species. The RSVs are temporal profiles of the
amplitudes of the LSVs and contain information on the
population kinetics of the solute species. In many cases, for the
TRXL data measured for solution samples of heavy-atom-
containing solutes, the SVD analysis gives the information on
how many structurally distinguishable transient solute species
are involved in the dynamic processes of interest and how fast
the population of each solute species changes after photo-

excitation. This is possible because the large scattering of the
heavy atoms allows for achieving a signal-to-noise ratio high
enough for distinguishing the solute-related signals (that is,
solute-only and solute−solvent cross terms) against the
solvent-only signal, which generally dominates the solution
scattering signal.3,10,12,27 In this work, however, the only
principal LSV identified commonly for both HPDP and FeCl3
solution samples corresponds to the solvent heating response
induced by the temperature change of solvent at a constant
density, q(∂S/∂T)ρ, while its corresponding principal RSV
identified separately for HPDP and FeCl3 solution samples
contains the information on the dynamics and the absolute
amount of heat transfer between the solutes and the solvent for
the cases of HPDP and FeCl3, respectively.
Figure 3a shows the difference TRXL curve of HPDP

measured at 100 ps after photoexcitation, qΔS(q,t = 100 ps),

which is well fit by q(∂S/∂T)ρ (shown in Figure S4b)
multiplied by the temperature change (approximately +0.55
°C) at 100 ps after photoexcitation, ΔT(t = 100 ps). Before
fitting qΔS(q,t = 100 ps) to find ΔT(t = 100 ps), we first
appropriately scaled the experimental scattering curve of
HPDP by using the absolute scaling factor, αβ, described in
the Supporting Information. In the same way, as in Figure 3a,
we determined ΔT(t) at all time delays from the experimental
qΔS(q,t) from 100 ps to 10 ns (see Figure 3b). The obtained
ΔT(t) is the same as the first RSV in its shape (see Figure
S4c,d). For FeCl3, ΔT(t) can be fit well with a single
exponential with a relaxation time of 70 ± 30 ps, indicating
that FeCl3 molecules release heat into the surrounding solvent
only by vibrational cooling.21,23,32 The relaxation times
associated with the photochemical reaction of HPDP were
determined by fitting ΔT(t) of HPDP using a sum of two
exponentials. From the fitting, we obtained the relaxation times
of 230 ± 20 ps and 1.7 ± 0.6 ns for HPDP as shown in Figure

Figure 3. Temperature changes of the bulk cosolvent due to the
photochemical-reaction-induced energy exchange between the solute
(HPDP) and the cosolvent (H2O/MeCN mixture) molecules. (a)
TRXL data of HPDP measured at 100 ps (black) are well fitted by the
scattering intensity change from bulk cosolvent arising from the
temperature change at a constant density, (∂S/∂T)ρ, multiplied by the
temperature change at 100 ps (red). The experimental errors are
indicated by vertical lines. (b) Time-dependent temperature changes
of the bulk cosolvent due to the photochemical-reaction-induced
energy exchange between the solute (HPDP) and the cosolvent
(H2O/MeCN mixture) molecules are shown (black open circles).
The experimental errors are indicated by vertical lines. Red curve was
obtained by performing the fitting analysis of hydrodynamics. The
shaded area indicates a 95% confidence interval, which represents a
range of values within which the true value is expected to fall with
95% probability.
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S5. To verify the validity of using two exponentials to fit ΔT(t)
of HPDP, we tested fits using fewer or more exponentials.
With a single exponential, the fit quality significantly
deteriorates. Using three exponentials does not result in a
noticeable improvement in the fit quality, supporting the use of
two exponentials for fitting the ΔT(t) of HPDP (see Figure
S6a). The obtained relaxation times were used in the fitting
analysis of hydrodynamics based on a kinetic model, the details
of which will be described later.
To identify the intermediate species of the photochemical

reaction of HPDP, we extracted the enthalpy changes, ΔHexp,
of the intermediate species by following the temperature
change of the solvent. In the fitting analysis of hydrodynamics,2

by minimizing the discrepancy quantified by the χ2 value
between the experimentally obtained temperature changes
(black open circles in Figure 3b) and the theoretically
calculated ones (red solid curve in Figure 3b), we optimized
ΔHexp of the intermediate species involved in the reaction. In
choosing the optimum kinetic model in our previous TRXL
studies,15,20,25,28 the results of SVD analysis, that is the number
of distinct solute species and the number of kinetic
components, often led us to consider more complex kinetic
models than a simple sequential kinetic model. For example,
those complex kinetic models include biphasic kinetics,
backward reaction pathways such as geminate recombination,
and bimolecular reaction pathways. Unlike those cases, the
SVD results in this work only tell us the number of kinetic
components and do not provide information on the number of
distinct solute species. Two apparent relaxation times pose two
possible assignments: (i) 230 ps corresponds to vibrational
cooling of HPDP, and only a single relaxation time, 1.7 ns,
accounts for a process related to the photo-Favorskii
rearrangement, and (ii) both 230 ps and 1.7 ns account for
the processes related to the photo-Favorskii rearrangement.
Based on the facts that (1) the time scale of vibrational cooling
in liquid solution is typically faster than the temporal
r e s o l u t i o n o f o u r TRXL me a s u r emen t ( 1 0 0
ps)2,3,8,10,12−14,17,18,27,31 and (2) the relaxation time of 230
ps obtained in this work follows well the dependence of the
decay dynamics of 3CIP on the water fraction in the cosolvent
reported in previous studies,40,43,46,50 we assigned the two
relaxation times (230 ps and 1.7 ns) to the photo-Favorskii
rearrangement. In addition, by following the previously
proposed kinetic frameworks shown in Figure S1, we
considered a simple sequential kinetic model containing
three species (A, B, and C) and two relaxation times (230
ps for A → B and 1.7 ns for B → C) shown in Figure 4. The
assignment suggests that the HPDP data are minimally affected
by vibrational cooling and does not reveal the relaxation time
for this process. However, prior to performing the hydro-
dynamic fitting analysis, we were uncertain about the extent to
which vibrational cooling contributed to the HPDP data. As a
result, we introduced the fitting parameter ( f vib) to account for
the relative contribution of vibrational cooling to the data and
to consider the fast recovery of the ground state of HPDP via
vibrational cooling. In the absence of any contribution of
vibrational cooling, f vib would converge to zero in the fitting
results. In addition, because the HPDP data are not strongly
sensitive to the relaxation time for vibrational cooling, we
simply assumed that the relaxation time for vibrational cooling
of HPDP is the same as that of FeCl3 (70 ps) in order to
determine the relative contribution of vibrational cooling ( f vib)
in the case of HPDP. From the fitting analysis of hydro-

dynamics, we determined that 36.5 ± 1.3% of the photoexcited
HPDP molecules undergo the photo-Favorskii rearrangement,
which is consistent with previous studies (33−
40%),33,40,42,43,46,50 and 1.8 ± 0.2% of the photoexcited
molecules relax to the ground state via vibrational cooling
(see the Supporting Information for details). The errors here
account for only random errors, not systematic errors. Judging
from the quantum yields of photo-Favorskii rearrangement and
vibrational cooling we obtained in this work, the remainder
(61.7 ± 1.5%) is likely to rapidly relax to the ground state
without heat release into the surrounding solvent via
fluorescence emission from the initially populated singlet
excited states.38 ΔHexp of the three intermediate species were
determined to be 249 ± 10 kJ/mol for A, 178 ± 14 kJ/mol for
B, and 160 ± 13 kJ/mol for C relative to the enthalpy of the
HPDP parent molecule in the ground state. In addition, here
we note that even if a much faster relaxation time, for example,
10 ps, is used instead of 70 ps as the relaxation time for
vibrational cooling in the fitting analysis of hydrodynamics,
there is no significant difference in the relative contribution of
vibrational cooling ( f vib) in the case of HPDP.
The ΔHexp values of the three intermediate species

determined via analyzing the TRXL data are the key
observables crucial for determining the reaction mechanisms
and pathways via comparison with the calculated enthalpy
changes. For this purpose, by performing DFT calculations,56

we calculated the enthalpy changes, ΔHDFT, relative to the
enthalpy of the HPDP parent molecule in the ground state, of
major candidate species that were proposed in previous studies
(see Figure S1).40,42,43,46,50 Specifically, the chemical species
considered in the DFT calculations include (i) triplet excited
state (T1), (ii) solvated triplet species of contact ion pair
character (3CIP), (iii) allyloxy−phenoxy triplet biradical
(3AP), (iv) triplet cation species (3CS), (v) spirodienedione
(1SK), and (vi) p-hydroxyphenylacetic acid (HPAA). We
performed several DFT calculations, including B3LYP, CAM-
B3LYP, M06-2X, MN12-SX, and MN15, for HPDP with eight

Figure 4. Mechanism of photoinduced reaction of HPDP in H2O/
MeCN and enthalpy levels of the chemical species involved in the
reaction. The enthalpy levels (in kJ/mol) shown in the diagram are
relative to the enthalpy of the HPDP parent molecule in the ground
state. The relaxation times (70 ps for vibrational cooling, 230 ps for A
→ B, and 1.7 ns for B → C) and fractions (36.5% for photo-Favorskii
rearrangement, 1.8% for vibrational cooling, and 61.7% for
fluorescence emission) as well as enthalpies (249 kJ/mol for A, 178
kJ/mol for B, and 160 kJ/mol for C) were obtained from the TRXL
data. The enthalpy values from DFT calculations with ωB97XD/6-
311G(d,p) are also listed in the inset table for comparison.
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or thirteen explicit water molecules. The calculated results are
summarized in Table S2 in the Supporting Information. It
should be noted that the calculated ΔH’s can significantly
depend on the method, level, and model of calculations. For
example, different levels of calculations yielded different sets of
ΔHDFT values. The DFT calculations with ωB97XD/6-
311G(d,p) gave ΔHDFT of 292 kJ/mol, 252 kJ/mol, 165 kJ/
mol, 250 kJ/mol, 140 kJ/mol, and −126 kJ/mol for T1, 3CIP,
3AP, 3CS, 1SK, and HPAA, respectively. In the following, we
attempt to assign the three species visible in the TRXL data to
plausible species, based on these ΔHDFT values.
The comparison of ΔHDFT’s of the candidate species, T1,

3CIP, 3AP, 3CS, and 1SK, with ΔHexp of the first two species
supports the assignment of A to 3CIP and B to 3AP.
Specifically, 3CIP is formed within 100 ps, which is the time
resolution of the TRXL measurement, and subsequently
transforms to 3AP with a relaxation time of 230 ps (see Figure
4). This assignment regarding the formation and decay
dynamics of 3CIP is consistent with the previous studies
using TA, TRIR, and TR3 spectroscopy.40,43,46,50 Especially,
the rate of 3CIP decay obtained in this work (1/230 ps−1) for
the solution sample of HPDP in H2O/MeCN (2:1, v/v) is
faster than the rate obtained previously40 (1/350 ps−1) for the
same sample in less aqueous H2O/MeCN (1:1, v/v),
confirming the dependence of the decay dynamics of 3CIP
on the water fraction in the cosolvent as reported in the
previous studies.40,43,46,50 In addition, we can exclude the P2
pathway of the proposed mechanism 3 (see Figure S1), where
3CS is formed from 3CIP and then transforms to HPAAH+ and
HPAA sequentially because ΔHDFT of 3CS is too high (250 kJ/
mol) compared with ΔHexp of the second species (178 kJ/mol)
determined from the TRXL measurement.
We can assign the third species (C) identified from the

TRXL measurement to HPAA because its formation time, 1.7
ns, is the closest to that of HPAA determined from the
previous time-resolved spectroscopic studies (see Figure
4).40,43,50 Still, the 1.7 ns relaxation time assigned to the
formation of HPAA is larger than the values (470 and 600 ps)
reported in previous time-resolved spectroscopic studies.40,43,50

Thus, we checked the fitting quality of the TRXL data by
varying two relaxation times (τ1 for A → B and τ2 for B → C)
to demonstrate their statistical significance and visually
illustrate the confidence level of two relaxation times. As can
be seen in Figure S6b, we obtained the best fitting quality
when we fit the data with 230 ps and 1.7 ns. The discrepancy
between previously reported values for τ2 (470 and 600 ps)
and the value obtained in this work (1.7 ns) suggests that the
relaxation time obtained from TRXL may be slower than that
obtained from transient absorption spectroscopy for the former
method that is expected to be more responsive to the motion
of both solute and solvent. It will be possible to determine the
value of τ2 more unambiguously if our TRXL data have more
time points, especially on the nanosecond time scale. In Table
S1, we compared the chemical species and the associated
relaxation times determined in this work with the results of
previous studies.
It is noteworthy that ΔHDFT of HPAA (−126 kJ/mol)

deviates significantly from ΔHexp (160 kJ/mol) of the third
species determined from the TRXL measurement, indicating
improper description of the hydrogen-bonding network
(HBN) of water molecules around 1SK and HPAA molecules
in the DFT calculations.57,58 In our DFT calculations, we

considered the solute−solvent interaction by explicitly
solvating a solute molecule by only eight water molecules.
The good agreement between ΔHDFT’s of 3CIP and 3AP with
ΔHexp of the first two species suggests that eight explicit water
molecules are sufficient to account for the solvation effect in
the reaction steps from HPDP to 1SK where no water molecule
directly participates in. In contrast, for the reaction from 1SK
to HPAA, one water molecule directly reacts with 1SK,
resulting in the breaking and formation of covalent bonds
(solvolytic reaction),42,46 and thus the HBN needs to be
properly described to calculate their ΔHDFT’s accurately. Such
a task to describe a realistic HBN would require solvation
shells consisting of thousands of water molecules, and
therefore it is currently not feasible in the DFT calculations
(see the Supporting Information for details). Nevertheless, if
the HBN can be described more realistically in the DFT
calculations, we expect that ΔHDFT of HPAA will be lower than
but similar to that of 1SK (140 kJ/mol). With this scenario,
1SK must convert to HPAA rapidly as reported previously (see
Figure 4).43,50

In summary, we investigated the solution-phase reaction
dynamics of HPDP without heavy atom by probing the change
of TRXL signal induced by the change in solvent temperature.
We showed that TRXL can provide information on the kinetics
of intermediates and their energy values, which can be
combined with other methods like DFT calculation to identify
intermediates. This highlights the potential utility of the
approach. This approach, however, certainly has some
limitations. First of all, the calculated enthalpies, ΔHDFT, may
depend on the DFT methods and the employed solvated
environment of HPDP. Table S2 shows that except for B3LYP
and CAM-B3LYP, all DFT methods yield similar ΔHDFT
values. However, the results depend significantly on the
number of explicit water molecules used. For instance, in all
DFT calculations with 13 explicit water molecules, the 3CIP
state converged to the 3AP state. These findings indicate that
the ΔHDFT values can vary significantly with the number of
explicit water molecules. In addition, if multiple candidate
species of similar enthalpies or multiple competing pathways
occurring at similar rates are involved in the reaction, it would
be challenging to distinguish those species and reaction
pathways. Despite these limitations, the TRXL approach of
probing the heat transfer can still be a valuable tool for
studying the reaction dynamics, particularly when combined
with potential enhancements. First, by using solvents
containing much heavier atoms than the atoms in solutes,
the amount of structural information on the solute molecules
can be increased (that is, the amplification of the solute−
solvent cross term of the TRXL signal).8 Second, one may be
able to distinguish multiple competing pathways of similar
rates by making use of solvent kinetic isotope effect. Third,
next-generation X-ray sources such as LCLS-II HE should
make it possible not only to investigate the energetics of solute
molecules without heavy atoms but also to directly visualize
their motions.32 This approach of keeping track of the kinetics
and thermodynamics for the solution-phase photochemical
reactions, regardless of the presence of heavy atoms or the
involvement of the spectroscopically transparent species in a
reaction, is expected to stimulate further studies on various
photochemical reactions and associated heat-exchange pro-
cesses in solution.
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