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We have studied the reaction dynamics for Hgl, in methanol by
using time-resolved x-ray diffraction (TRXD). Although numerous
time-resolved spectroscopic studies have provided ample informa-
tion about the early dynamics of Hgl,, a comprehensive reaction
mechanism in the solution phase spanning from picoseconds up to
microseconds has been lacking. Here we show that TRXD can
provide this information directly and quantitatively. Picosecond
optical pulses triggered the dissociation of Hgl,, and 100-ps-long
x-ray pulses from a synchrotron probed the evolving structures
over a wide temporal range. To theoretically explain the diffracted
intensities, the structural signal from the solute, the local structure
around the solute, and the hydrodynamics of bulk solvents were
considered in the analysis. The results in this work demonstrate
that the determination of transient states in solution is strongly
correlated with solvent energetics, and TRXD can be used as an
ultrafast calorimeter. It also is shown that a manifold of structural
channels can be resolved at the same time if the measurements are
accurate enough and that global analysis is applied. The rate
coefficients for the reactions were obtained by fitting our model
against the experimental data in one global fit including all
g-values and time delays. The comparison between all putative
reaction channels confirms that two-body dissociation is the dom-
inant dissociation pathway. After this primary bond breakage, two
parallel channels proceed. Transient Hgl associates nongeminately
with an iodine atom to form Hgl,, and I, is formed by nongeminate
association of two iodine atoms.

Hgl, | hydrodynamics | liquid phase | molecular structural dynamics
transient structure

he knowledge of temporally varying molecular structures

during ultrafast processes is vital in understanding the mech-
anism and function of molecular reaction. During the last
decades, the dynamics of molecular reactions have been inves-
tigated by numerous spectroscopic techniques with femtosecond
time resolution. However, the direct determination, at atomic
resolution, of the structural dynamics involved in such processes
can only be obtained by time-resolved x-ray (1-5), electron
diffraction (6-9) and x-ray absorption spectroscopy (10, 11)
acting as atomic probes. The methodology of time-resolved
x-ray/electron diffraction is similar to ultrafast optical pump-
probe experiment: a femtosecond laser pulse triggers a reaction
in the molecules, and a delayed electron or x-ray pulse, rather
than an optical pulse as in optical spectroscopy, probes the
structural evolution. The changes in the nuclear coordinates are
directly recorded by varying the time delay between the laser and
the x-ray/electron pulse.

Because the scattering cross section of hard x-rays is 6 orders
of magnitude lower than for electrons (12, 13), time-resolved
x-ray diffraction (TRXD) can penetrate condensed samples such
as liquids. In the condensed phase, the dynamics are not only
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determined by the potential energy surfaces of the reactant-
product species, but the surrounding solvent also plays a crucial
role in modifying the energies of all species and imposing the
reaction pathway (14). Because the diffraction method is sensi-
tive to all species in the solution, the changes in scattering due
to photoexcitation fall in several classes of diffraction modifi-
cations: (7) the structural changes in the solutes by the photo-
reaction, (if) the changes of cage structure, and (iii) the solvent’s
structural change due to the energy transfer [such as heating and
thermal expansion (1, 15-18)]. By calculating these three con-
tributions using molecular dynamics (MD) simulations, the
complex structural dynamics of photo-excited C,Hyl, in meth-
anol was recently elucidated (1). In our continuing effort to
develop TRXD, we report here the determination of the reaction
pathway and structural dynamics spanning a time window from
100 ps to 1 us after the photodissociation of Hgl, in methanol.
The unprecedented precision in the evaluation of transient-state
concentrations and the energy transduction pathway allows one
to determine the signature of subtle structural reorganization of
solvation cage. In our approach, the solvent differentials for
methanol (16) due to density and temperature changes were
quantified separately by using near-IR laser pulse, and they were
used in this work. This approach provides excellent agreement
between experimental and theoretical diffraction curves.
Several femtosecond-resolved spectroscopic studies of the
dissociation of Hgl, in the gas phase have been performed
(19-21). Zewail and coworkers (20) focused on the two-body
reaction (Hgl, — Hgl + I) by monitoring Hgl formation up to
3 ps using laser-induced fluorescence. On the other hand, both
two- and three-body dissociations (Hgl, — Hg + I + I) were
observed and studied by using time-resolved mass spectrometry
(21). In the solution phase, Hochstrasser and coworkers (22-24)
investigated the solvation dynamics of Hgl, dissolved in ethanol
at delays up to 15 ps by using femtosecond absorption spectros-
copy and discussed in detail the vibrational relaxation process
and rotational dynamics of Hgl molecules generated through
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Fig. 1. Schematic diagram for reaction channels and energies in photodis-
sociation of Hgl; in solution. (A) Putative reaction channels after photodisso-
ciation of Hgl, in solution. (B) Relative energies of the dissociation products of
Hgl; in solution. All values were calculated by density functional theory.

impulsive photodissociation. However, a comprehensive reac-
tion mechanism in the solution phase spanning from picosec-
onds up to microseconds has been lacking, and TRXD can now
provide this information directly. Upon UV excitation, Hgl, in
solution can dissociate in four ways (Fig. 1): (i) a new transient
species Hgl plus an I atom, (ii) Hg + I + I, (i7i) Hg + I, and (iv)
an Hgl-I isomer. Fig. 1 displays the schematics and reaction
energies of these reaction channels. This molecular system was
previously investigated by using TRXD, but because of the poor
signal-to-noise ratio and limited data analysis, the transient
reaction pathway could not be clearly unraveled (25). Because
the difference diffraction curve of each reaction channel is
similar in the high g region, solvent contributions due to the
energy transfer from excited solute molecules should be included
in the analysis to discriminate the primary reaction channel.
Here we determined the primary reaction pathway and subse-
quent structural dynamics of dissociated Hgl, in methanol by
analyzing the data globally (1). The results presented in this work
demonstrate that determination of transients in solution is
strongly correlated with solvent energetics and that TRXD is, in
addition to being a very sensitive structural probe, an ultrafast
calorimeter. We also show that a manifold of structural channels
can be resolved at the same time if only the measurements are
sufficiently accurate and if global analysis is applied.

Results and Discussion

General Information from Difference-Diffraction and Radial Curves.
To resolve the structural changes during the course of photo-
dissociation, diffraction data were collected for 10 time delays
from —200 ps up to 1 us, and each delay was interleaved by a
measurement at —3 ns, which served as reference for the
unperturbed sample. Because the diffracted intensities from
the structural changes are much smaller than total intensities, the
difference intensities caused by the photoexcitation needs to be
extracted carefully, a prerequisite for the analysis of structural
relaxations (1, 15-18) (see also Figs. 6 and 7, which are published
as supporting information on the PNAS web site, for details and
control experiments).
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Fig.2. TRXDsignal as a function of time delay for Hgl, in methanol. (A) Raw
difference images on the detector for selected time delays. (B) Difference-
diffraction intensities, gAS(q), excited minus nonexcited. Shown are radial
averages of the 2D images from A. Error bars represent the experimental error
associated with each scattering angle. (C) Difference RDFs, rAS(r). Shown are
sine-Fourier transforms of the difference intensities in B.

As seen in Fig. 2 B and C, there is no difference intensity at
—200 ps, which confirms the accurate timing between the laser
and x-ray pulses. At positive time delays, the difference features
appear and progress with the time. Because the high-Z Hg and
I atoms in the solute scatter the x-rays more strongly than the
low-Z atoms in methanol, the structural changes in the solutes
stand out in the radial distribution functions (RDFs). Therefore,
an intuitive interpretation of the structural changes in the solutes
can be obtained from the RDF. The RDFs in Fig. 2C exhibit both
negative and positive peaks: there are strong depletlons of
correlation at 2.65 and 5.30 A with a corresponding rise at 3.50
A at early times. Because the structural parameters of Hgl, are
well known and also confirmed by our calculations (Table 1), one
can easﬂy assign the two negative peaks to the bond breakage of
Hg-1 in Hgl,. More spemﬁcally, 530 A corresponds to the
depletion of I-I internuclear pairs in Hgl,, and 2.65 A corre-
sponds to the depletion and formation of Hg-I pair. The detailed
analysis must include all three contributions: solute—solute,

Table 1. Summary of structural parameters and energies
for various molecular species from the density functional
theory calculations

Relative

energy,
Channel Hg-l, A -, A I-Hg-1, ° Hg-I1-, ° kJ/mol
Hgl, 2.649 5.298 180.00 — 0.0
Hgl-l 2.752 2.974 — 179.62 356.8
Hgl 3.064 — — — —
Hgl + | — — — — 316.6
Hg + I, — — — — 367.1
Hg + 2 — — — — 559.3
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solute—solvent, and solvent-solvent (1, 17), which are described
in the following section.

Global Fitting Analysis of Difference-Diffraction Curves. To fit the
measured AS(q, t) [¢ = (47/)\)sin(26/2), where A is the wave-
length of the x-rays, 6 is the scattering angle, and ¢ is the time
delay] curves for all time delays, the total theoretical intensities
were calculated by considering the three principal contributions
to the signal. Theoretical diffraction curves, which include the
structural changes of solutes and cages, were generated by MD
simulations for the putative reaction pathways described above.
The structural change in the solute-solvent cages is due to
changes in interatomic distances between solute—solvent pairs.
The pure solvent contribution originates from heating and
subsequent thermal expansion. This heating is induced by the
transfer of energy from the photon-absorbing solutes to the
surrounding solvent. The underlying general mechanism is that
vibrational relaxation of a nascent molecule is very fast, typically
over in 10-100 ps, which causes the temperature of the solvent
to rise locally on that time scale. The time scale for expansion
relaxation, in contrast, is linked to the release of the pressure
gradient in the laser spot, which generates a density wave that
travels outwards at the speed of sound. The overpressure is
typically released in 50 ns for our sample dimensions.

The adiabatic expansion reestablishes the ambient pressure in
~50 ns (18). Recently, we showed that these hydrodynamic
effects, i.e., the solvent response to an ultrafast temperature rise,
can be determined experimentally in pure methanol, without
inducing any chemical change, by exciting it with near-IR laser
pulses that excite overtones in C—-H and O-H vibrations (16).

In the following, the global fitting of the diffraction curves
to the theoretical model will be described. The basis set of
model functions consists of the solvent terms {(3S(g, t)/97T),
and (05(q, t)/dp)r}, the difference scattering functions from
transitions in the solutes alone, and their caged equivalents. If
we consider two-body dissociation, we have three possible
species and photoproducts (Hgl,, Hgl, and I) that were
MD-simulated in methanol. From the MD pair correlation
functions g.g(r) for atom pairs o and B, the solution scattering
is derived from

5@) = 2 fa@)fo(@)

aB

NNg |~ sin(gr
N85 + BJ (8ap() — 1) q(:] ) daridr |, [1]

V
0

where f,(q) is the atomic formfactor of the a atom, N, is the
number of a atoms in the MD simulation, and V' is the volume
of the MD box. After having calculated all putative structural
transitions, the experimental difference curves at each time
delay were fit to a linear combination of all putative components
constrained to energy conservation within the x-ray illuminated
volume. It should be noted that the multiplicative parameters for
the components are not simple floating parameters, but they are
mathematically linked by energy and mass conservation and
hydrodynamics (e.g., the transformation of an Hgl, molecule
into the Hgl radical and an iodine atom requires that from the
initial 448.2 kJ/mol photon, 131.6 kJ/mol is dissipated into the
solvent, whereas 316.6 kJ/mol amounts for the potential energy
of the products; after recombination this energy will also be
dissipated). From the simulation of the time-dependent solute
concentrations, which release energy into the solvent, the time-
dependent temperature and density changes of the solvent are
obtained (15). The strategy of the least-squares fits to the
experimental data with the set of the model functions is to
minimize the total x? iteratively in a global-fitting procedure
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Fig. 3. Spatiotemporal reaction kinetics determined by TRXD. (A) The
population changes of the various molecular species as a function of time
delay after photodissociation of Hgl, in methanol. (B) The change in the
solvent density (red) and temperature (blue), where the baseline stems from
the geminate ultrafast reaction pathway. Note the duality between the decay
in excited-state population and the rise in temperature. (C) A schematic
reaction mechanism determined by TRXD in solution.
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(simultaneously minimizing the curves at all positive time delays)
by using a home-made algorithm

= 2 X

j=time delay

and [2]

2 (Astheory(qb tj) - ASexperimental(qia tj)) ’
Xi = E ’
i Tij
where o is the error bar on the experimental curves calculated
as the standard deviation of the different repetitions of a given
time delay. The fitting parameters are the rate constants for
dissociation, Hgl, — Hgl + I, geminate and nongeminate
recombination Hgl + I — Hgl,, and the nongeminate formation
of molecular iodine I + I — I,. Furthermore, the occupancies of
the respective species enter the fitting under the restriction
that the number of atoms is conserved. The last fitting parameter
is the laser beam size, which is used to optimize the time constant
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Fig. 4. Contributions from the solute-only, solute-solvent (cage), and sol-
vent-solvent correlations to the difference intensities and the difference RDFs
for Hgl, in methanol. The curve fitting is based on MD and experimental
solvent differentials and includes intramolecular and intermolecular contri-
butions from the solutes and the solvent. The experimental (black, with
experimental errors) and theoretical (red) difference intensity (A) and differ-
ence RDFs (B) at 100 ps are shown. Also shown are the decomposed compo-
nents: solute without cage (orange), cage effects (blue), and solvent contri-
bution (green). Decomposed components of cage effects (blue) and solvent
contribution (green) in Bare multiplied by a factor of 3 to magnify major peaks
and valleys. The assignments of the main components for the major peaks and
valleys in B are given as follows: (a) Hg-I of Hgl, and Hgl; (b) I+l of Hgly; (c)
Hg-solvent; (d) I--solvent; and (e) I*solvent and Hg--solvent. The assignments
for the solvent-only term (the last curve) are not shown here but were given
in one of our previous publications (1).

of thermal expansion. Optimal fits to all experimental data using
a kinetic model for Hgl, — Hgl + I and following several
reactions are shown in Fig. 2 B and C. The fitted theoretical
curves successfully reproduce experimental difference curves.
The global-fitting process provides, as a function of time, chem-
ical population changes and the temperature and density change
of the solvent (Fig. 3 4 and B).

Structural Dynamics and Energy Dissipation. Fig. 34 shows the
population changes of all related chemical species from the
global fitting. Hgl and I are the dominant species at 100 ps, and
they originate from two-body dissociation, which is essentially
completed within a few picoseconds (26, 27). Then 71 * 1.2%
of the transient Hgl radicals recombine nongeminately with
iodine atoms that have escaped from another solvent cages to
form the parent molecule Hgl,. A bimolecular rate constant of
1.0 (+0.1) x 10" M~s~! for the nongeminate formation of
Hgl, was determined. On the other hand, 29 * 0.5% of all iodine
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Fig. 5. Determination of the photodissociation pathway of Hgl, in metha-
nol. Theoretical (red) and experimental (black) difference intensities for can-
didate channels are shown in gAS(q) curves (A) and rAS(r) curves (B). The
differences (residues) between theoretical and experimental curves are also
shown in blue. 2 values for each channel from the global-fitting at 100 ps are
shown. The channel Hgl; — Hgl + | gives the best fit.

atoms combine to form I, with the rate constant 3.3 (+0.5) X
101 M~1s~1. The time constant for the nongeminate recombi-
nation of I, is close to the values found in CCly solutions from
optical spectroscopy (28). Hgl, forms faster than I,, implying
that the activation energy for the formation of Hgl, is lower than
that for I.

After thermal expansion, the density of the solvent decreased by
0.83 kg/m?3 at 1 us, which corresponds to the temperature change
of 0.71 K. Considering the final concentrations of all solute species
(Hgl,, Hgl, and L) and the reaction energies in the chemical
reactions, we predict a temperature rise of 0.22 K rather than the
observed 0.71 K. This deficiency of transiently observed species
reveals an important contribution from fast geminate recombina-
tion of initially excited molecules, which is not visible with the
current 100-ps time resolution. As a consequence, it is estimated
that 66 *+ 3.8% of initial Hgl molecules decay into the ground state
(in cage vibrational cooling) and release their energy to the solvent
by means of collisions on the 10-ps time scale (29), whereas the
remaining 34 *= 3.8% dissociates into Hgl + I. In the 10 mM
concentration of Hgl, in methanol, we find that 33 + 3.1% of the
molecules are excited by the laser pulse.

Decomposition of the Data into Structural Elements. In the global-fit
analysis, the data are decomposed into the change due to the
solvent only, the change in the solvation cage, and the hydro-
dynamics response of the solvent. In Fig. 4, the decomposition
into these contributions for 100-ps time delay is shown as gAS(q)
and rAS(r) curves. Because of the heavy Hg and I atoms in the
solute, the solute dynamics dominates over those from the cage
and the solvent. However, the contributions from the cage and
the solvent are significant in the low g region. The rAS(r) gives
a more direct structural picture. The negative peaks at ~2.65 A
are mainly due to the change in solute structure from the
depletion of the Hg-I bond in Hgl, and formation of new Hg-1
bond in the transient. The second negative peak near 5.30 A is due
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to the I:~I distance in the parent molecules. The positive peak at
~3.50 A can only be explained by changes in the cages and the
solvent. A comprehensive explanation can be given by noting
that the bond breaking in Hgl, only induces negative signals in
the change in pair correlation, while at the same time, the solvent
molecules get closer to the solutes, which explains the positive
signal in the cage correlation. The observed correlations in the
bulk solvent can be interpreted as being due to the isochoric
heating, which leads to the spreading of methanol-methanol
distance distribution.

Determination of the Primary Reaction Pathway. To consider the
various photodissociation pathways, the gAS(g, t) curves at early
time delays (100 ps, 300 ps, and 1 ns) were fitted to a series of
candidate pathways using the global fitting. The theoretical diffrac-
tion curves for each reaction pathway (Fig. 1) were based on density
functional theory-optimized geometries and relative energies (Ta-
ble 1). Because three-body dissociation is energetically impossible
with one-photon excitation at 267 nm (448.2 kJ /mol), it is of interest
to see whether our analysis can exclude this channel. Fig. 5 shows
the comparison between gAS(q, ¢) at 100 ps and the corresponding
fit results for various trial pathways. The residuals between the
experimental data and the fits along with Xoorar Values are displayed
for each pathway. The poor agreement between experiment and
theory for the isomer channel precludes this pathway. The fit for the
Hgl, — Hgl + I channel perfectly matches the experimental data
over the whole g range as compared with other reaction channels.
The fits for Hgl, — Hg + 2I and Hgl, — Hg + I, in the high ¢
region have a rather good figure of merit, but the fit is less good than
the two-body dissociation channel. In fact, the gAS(q) curves from
the solute-only contributions show very small differences at high g
(25). In the fits for these channels, the residuals are more significant
around the positive peak near 2 A~"and around the negative peak
at 3 A~! than the fit for Hgl, — Hgl + I channel. In Fig. 44, one
can see that the contribution from the solvent to these peaks is
not negligible. Thus, the apparent disagreements of the peak at
2and 3 A~ for Hgl, — Hg + I + I and Hgl, — Hg + I, channels
indicate that the solvent contribution in these channels is inconsis-
tent with the associated transfer of energy to the solvent. These
results establish that the Hgl, — Hgl + I reaction is the dominant
pathway at 100 ps after 267-nm photodissociation of Hgl, in
methanol and that the solvent contribution helps to discriminate
between candidate channels when the energetics is included. More
importantly, when a mixture of Hgl, — Hgl + I, Hgl, — Hg + 21,
and Hgl, — Hg + I, was fitted together against the gAS(q, ), the
contributions of Hgl, — Hg + I + T and Hgl, — Hg + I, converged
to zero. We also considered the contribution of parent molecule
with bent geometry from previous studies (30), which deteriorated
the fits because the distance between I atoms in the bent structure
(=5.00 A) is slightly smaller than in the linear geometry (=5.30 A).
This finding illustrates the structural sensitivity of the TRXD data.

Conclusion

The results presented here clearly demonstrate the achievements
of TRXD in determining concurrently the structure of excited
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solutes in their cages and the structure of the bulk solvent. By
considering contributions from the solute, the solute—solvent
cage, and the solvent response, we are able to generate theo-
retical difference—diffraction curves and fit them to the exper-
imental diffraction patterns globally. The global analysis of
TRXD data over a wide time range, from 100 ps to 1 us, allows
us to determine the primary reaction pathway, the subsequent
reaction channels (recombination of various products), and the
hydrodynamics of the solvent. Time-resolved liquid diffraction
can, despite of the limited order in the liquid, reveal reaction
kinetics of rather complex nature and involving several transient
species.

Materials and Methods

Time-resolved diffraction data were acquired on the beamline
IDO09YB at the European Synchrotron Radiation Facility (ESRF)
using pump-probe technique (31). In brief, femtosecond laser
pulses from a Ti:Sapphire laser, synchronized to single pulses of
x-rays, were frequency tripled to 267 nm and temporally
stretched to 2 ps by the passage through fused silica to prevent
multiphoton excitation. The time-delayed x-ray pulses were
selected from the 16-bunch filling mode of the synchrotron ring
by using a synchronized mechanical chopper. Quasi-monochro-
matic 100-ps-long x-ray pulses with 5 X 10% photons per pulse
were focused into in a 100 X 60 wm? spot at the sample.
Diffraction data were collected with an area detector (MarCCD,
Mar USA, Evanston, IL) with a sample-to-detector distance of
43 mm. A 10 mM solution of Hgl, (Aldrich; 99.99%) in methanol
was circulated through a high-pressure sapphire slit nozzle (0.3
mm thickness and ~3 m/s jet speed). AS(q, t) values were
generated by subtracting the reference data at —3 ns from the
data at any other time delay (17).

Calculations for geometry optimization and energy minimi-
zation of the solute molecules and their presumed photoproducts
in methanol environment were performed by B3PW91 (32)
density functional theory as implemented in the GAUSSIAN 03
program (33). We used Polarizable-Continuum Model (PCM)
(34) to describe the solvent effects. To include relativistic effect,
we used Stuttgart relativistic large-core effective core potential
for Hg atom (35). The intermolecular correlations of the related
solute species with the solvent was obtained by MD simulation
using the program MOLDY (36). The scattered intensity from
each molecular configuration was calculated from the atom—
atom distribution functions g.g(r) by using our own programs
and tabulated atomic formfactors. Detail descriptions of exper-
imental and theoretical methods can be found in Supporting Text,
which is published as supporting information on the PNAS web
site.
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