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ABSTRACT
In this work, we present a detailed investigation on the recombination dynamics of mercury halides HgX2 (X = I, Br) in acetonitrile solu-
tion after UV-induced photodissociation. The study is performed by combining time-resolved wide-angle x-ray scattering (TRWAXS) and
optical transient absorption spectroscopy. Up to 68% of the UV (266 nm) photodissociated HgX and X radicals that escape the solvent cage
surrounding parent HgX2 recombine within a nanosecond after photodissociation. In contrast to classical primary geminate recombination,
occurring on much faster time scales, we interpret the sub-nanosecond recombination channel as secondary geminate recombination (SGR),
also referred to as diffusion-limited geminate recombination. The family of triatomic mercury halides therefore represents an important
class of molecules to study chemical mechanisms of solvent-dependent SGR by TRWAXS. The methodology described here allows for direct
mapping of the time-dependent inter-radical distance distribution function, a critical parameter for the assessment of the SGR dynamics in
solution phase and solvation in general.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5096422., s

INTRODUCTION

The solvent plays a determining role in the yield, rate, and out-
come of chemical reactions in solution. For photodissociation and
recombination reactions, collisions between the solute fragments
and the solvent molecules result in more complex radical recom-
bination dynamics compared to their gas phase analogs. For the
simplest systems, the recombination of radicals proceeds via three
different channels.1 First, upon photodissociation, a portion of the
newly formed radicals bounces off the surrounding solvent cage
and undergoes so-called primary geminate recombination (PGR)
on the sub-picosecond time scale. Second, a fraction of the pho-
todissociated radicals that initially escaped the solvent cage or the

first solvation shell will diffuse and reside in its proximity until they
eventually recombine geminately with their partner radicals to
reform the parent molecule. This channel is called secondary gemi-
nate recombination (SGR), and it occurs within tens to hundreds of
picoseconds after the dissociation event.2–5 Finally, the radicals that
did not undergo PGR or SGR may recombine nongeminately (NGR)
on the time scales from nanoseconds to seconds or longer, depend-
ing on the physical properties of the solutes and the solvent, as well
as the concentration of the radicals.

All three recombination channels have been investigated in
detail for a number of molecular systems providing insights into
the microscopic aspects of solution phase reactivity.1,6–10 However,
due to the limited number of SGR studies, the exact mechanism and
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physical interpretation are still unclear and being disputed. From a
theoretical point of view, two approaches have been proposed.2 The
first description of SGR is based on the diffusion equation approach,
where the liquid is assumed to be a structureless uniform medium.
Shin and Kapral argued, however, that right after photodissociation,
the radicals are typically separated by only a few solvent molecules,
which invalidates the continuum model for describing the solvent-
solute interactions. Therefore, in the second model they proposed a
kinetic approach that takes into account the collisional character of
the solvent-solute interactions. Both the diffusion and kinetic theo-
ries allow us to calculate the recombination probabilities of radicals
as a function of time, which depend on their initial inter-radical
separation, the macroscopic diffusion coefficients, and the in-cage
recombination rate constants. Both theories predict nonexponential
population kinetics; however, the kinetic approach results in slower
recombination rates on short time scales as compared to the diffu-
sion model due to strong solvent caging.2 Theoretical simulations
of SGR using Monte Carlo methods supported the diffusion model;
however, the agreement was likely due to omission of the caging
properties of the solvent.11

A few studies addressed the SGR channel experimentally, where
it was attempted to compare predictions from the diffusion theory
with spectroscopically measured radical concentration kinetics. In
the study of the tetraphenylhydrazine photolysis, it was reported that
theoretical parameters, such as the initial inter-radical separation
and in-cage recombination rates, are highly correlated and cannot be
determined based solely on the kinetic traces.3 Further works on azo
compounds and phenylthiyl radicals attempted to circumvent this
problem by assuming a solvent-independent inter-radical separation
distance, as well as by measuring the SGR rates and yields as a func-
tion of solvent viscosity to impose an additional constraint on the
diffusion coefficients.4,5 While qualitative agreement between the
diffusion model and the experiments was found, no direct compar-
ison between the diffusion and the kinetic models was performed.
More recently, the diffusion-based model of SGR was proposed and
applied for describing the recombination of a protein with aromatic
disulfide radicals.12,13 It was concluded that the recombination is
driven by the protein motions along a rough potential energy sur-
face rather than by a random diffusion in solution.12,13 Spectroscopic
studies on a series of inorganic compounds,14 as well as alkylcobal-
amins,15 addressed the effect of radical mass, size, and solvent on the
ratio between SGR and PGR yields. Although these works addressed
some specific aspects of the SGR dynamics, the understanding of the
underlying mechanisms is still limited. Developing a general quan-
titative model of SGR will help to elucidate the role of the solvent
environment in the radical reactivity and determine the time- and
the length-scale limits for validity of the continuum model.

In this work we focus on the identification of a class of sys-
tems and tools that allow getting a deeper understanding of SGR,
such as distinguishing between kinetic and diffusion processes. Here
we investigate the recombination dynamics of the radicals formed
after UV photodissociation of mercury halides HgX2 (X = I, Br) in
acetonitrile by optical transient absorption (OTA) spectroscopy and
time-resolved wide-angle x-ray scattering (TRWAXS), also known
as time-resolved x-ray liquidography (TRXL).7,16 The UV excitation
of HgX2 in solution results in two-body dissociation for HgI2 and in
a mixture of two- and three-body dissociation for HgBr2.17–19 Since
the vibrational and rotational relaxations of the photoproducts are

completed within the first few picoseconds after the excitation,20–23

these processes have no effect on the SGR process occurring on time
scales between 10 ps and 1 ns.1 The combination of picosecond OTA
spectroscopy and synchrotron TRWAXS provides a complete set of
observables to study the picosecond electronic kinetics and the tran-
sient structural dynamics of radicals during SGR. We further discuss
a strategy for a deeper investigation of SGR by tracking the time-
dependent inter-radical distance by femtosecond TRWAXS at free
electron lasers.

METHODS
Sample preparation

HgI2 and HgBr2 powders (≥99.0% purity) and acetonitrile
(≥99.5% purity) were purchased from Sigma-Aldrich and used with-
out further purification. The samples were prepared by dissolving
the powders in acetonitrile to optimal concentrations for OTA and
TRWAXS measurements (see below).

OTA experiments

The OTA data were acquired using an optical pump/optical
probe setup based on a Ti:sapphire femtosecond Legend-II ampli-
fier laser from Coherent. The 267 nm pump beam and 493 Hz pulse
repetition rate was focused on the sample to a round spot of about
0.7 mm in diameter (FWHM). The probe beam at 400 nm and
with 986 Hz pulse repetition rate was focused to a 0.3 mm round
spot (FWHM). The pulse energies of the pump and the probe were
10 μJ/pulse and 0.2 μJ/pulse, respectively. The pulse duration for
both pump and probe was 1.2 ps. The sample was flown through
a sapphire nozzle forming a flat liquid sheet with 300 μm thickness.
Changes in the transmitted probe pulse were measured as a function
of the pump-probe delay by moving a mechanical delay stage and
detecting the probe intensity with a Si photodiode. The transient sig-
nal from the photodiode was gated and digitized by a combination of
a boxcar integrator and a lock-in amplifier (Stanford Research Sys-
tems). Acetonitrile solutions of 0.5 mM and 2 mM concentrations
were used for the HgI2 and the HgBr2, respectively. Measurements
were done at room temperature.

TRWAXS experiments

The TRWAXS data for the HgI2 and the HgBr2 solutions in
acetonitrile were collected at the ID09 beamline of the European
Synchrotron Radiation Facility using the standard TRWAXS exper-
imental protocol described elsewhere.7 The experiments were per-
formed using the same laser system as the one used for OTA. The
photodissociation was triggered by 267 nm excitation and probed
by 100 ps x-ray pulses collecting scattering patterns on a 2D cam-
era placed downstream the sample. For HgI2, the laser pulses with
energy 150 μJ were focused onto a round spot with a FWHM of
210 μm, giving a fluence of 0.32 J/cm2. For HgBr2, the laser pulses
with energy 80 μJ were focused onto a round spot with a FWHM
of 150 μm, giving a fluence of 0.33 J/cm2. In both cases, an x-ray
beam with a “pink” spectrum produced by the U17 undulator with
a peak energy of 18 keV and a bandwidth of ∼3% was focused to
a 100 μm (H) × 60 μm (V) spot. The sample was flown through a
sapphire nozzle to form a 300 μm thick flat liquid sheet with a flow
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speed of ∼3 m/s so that each pump/probe event occurs in a fresh
sample volume, given that the repetition rate of the stroboscopic
pump-probe experiment was 986 Hz. The solution concentrations
were 7 mM and 25 mM for the HgI2 and HgBr2 samples, respec-
tively, resulting in an optical density of ∼1 for each sample. The
2D scattering patterns were measured with a FreLoN 4M camera24

40.7 mm and 42.5 mm from the sample for HgI2 and HgBr2, respec-
tively. Measurements were run at room temperature. The scatter-
ing images were azimuthally integrated, normalized, and reduced
to difference scattering patterns using standard procedures.7,25 The
data were collected using the so-called “slicing” technique, i.e., the
time-delay between the laser and x-ray pulses is scanned in steps
of 10 ps which has the advantage of probing sub-100 ps dynamics
as previously demonstrated.26 For each scattering pattern, the aver-
age time delay between laser and x-ray pulses was recorded using
a fast diamond (for x-rays) or GaAs (for laser) photodiode with
∼100 ps and ∼70 ps rise-times, respectively. The recorded images
were sorted according to the measured time delays, which allowed
for correction of long-term drifts in the beamline. The effect of
the impulsive solvent heating was corrected using reference solvent
responses collected using azo-dye solutions following the standard
protocol.27 The theoretical difference curves were calculated by the
Debye equation using the molecular structures of HgX2 and pos-
sible reaction products from the literature (see notes S1 and S2 in
the supplementary material);18,19 a table with structural parameters
used for scattering signal calculations can be found in the supple-
mentary material. The cage contribution was omitted since it has a
little effect on the fitting results (see note S3 in the supplementary
material), which is in agreement with previous experiments on simi-
lar solutions with high-Z solute atoms in organic solvents and when
the analysis-relevant q-range extends well beyond 1 Å−1.7,18,28,29 The
high quality of the fits shows that the chosen procedure is adequate
for the current study. The fitting was performed according to the
standard procedures;7,19,25 the uncertainties listed for best fit values
correspond to a 95% confidence interval.

RESULTS
OTA spectroscopy

The OTA results for HgI2 and HgBr2 in acetonitrile using
267 nm pump and 400 nm probe are shown in Figs. 1(a) and 1(b).
The 400 nm wavelength probes the band from the X → B transi-
tion in the HgX radical (380–520 nm), which has been used before
for characterizing relaxation processes in mercury halides.22,30 The
photolysis of both samples results in the appearance of a sharp
increase in the absorption signal at time-zero, which first decays on
the sub-10 ps time scale, then slowly decreases up to 250 ps, and
decays even further up to 2 ns. To quantify the time scales of the
decays, the signals were fitted with a triple exponential decay func-
tion: A(t) = A0 + A1 exp(−t/τ1) + A2 exp(−t/τ2) + A3 exp(−t/τ3).
In the fitting procedure, the theoretical signal was convoluted with
the instrument response function and corrected for time-zero. For
HgI2, we obtained the following decay constants: τ1 = 7 ± 2 ps,
τ2 = 73 ± 6 ps, and τ3 = 530 ± 60 ps, while for HgBr2, the follow-
ing decay constants were observed: τ1 = 5 ± 2 ps, τ2 = 56 ± 4 ps, and
τ3 = 730 ± 100 ps. The sub-10 ps lifetimes are attributed to ultrafast
vibrational and rotational relaxations of the HgX radicals and the

FIG. 1. (a) OTA time profiles obtained for HgI2 in acetonitrile using 267 nm pump
and 400 nm probe. (b) The same as (a) but for HgBr2 in acetonitrile. The signals
are normalized by the maximum observed values.

in-cage relaxation of the photoproducts, which include radicals
undergoing PGR and internal conversion (IC) of excited HgX2
molecules directly to the ground state. The longer lifetimes indicate
a presence of slower relaxation dynamics in the systems that were
not reported in the previous spectroscopic studies. These long-lived
photoproducts were identified in the TRWAXS measurements.

TRWAXS

The TRWAXS signals for the HgI2 dissociation at early time
delays between −100 ps and 1 ns, as well as the q-integrated abso-
lute signal, are shown in Figs. 2(a) and 2(b). The rise of the signal
around time zero is broadened by the instrument response func-
tion from the 100 ps x-ray pulse. The qΔS(q, t) signal between
50 and 200 ps decays on the 100 ps time scale, which is followed
by a further decrease on the nanosecond time scale. For HgBr2,
the rise of a strong signal around time-zero is followed by a sub-
nanosecond decay and then plateauing on the nanosecond time scale
[Figs. 2(c) and 2(d)]. In both cases, the fast decays indicate the pres-
ence of a rapid relaxation process, similarly to the OTA results;
however, the assignment of the relaxation origin requires detailed
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FIG. 2. (a) TRWAXS for HgI2 in acetonitrile using 267 nm excitation. (b) Total absolute integrated TRWAXS signal for HgI2 as a function of time. [(c) and (d)] The panels (c)
and (d) are the same as (a) and (b), but for HgBr2 in acetonitrile.

analysis of the scattering spectra based on the structural and kinetic
models.

Previous analysis of the reaction energetics suggests that the
following four channels are energetically allowed upon UV excita-
tion of HgX2 (X = Br, I):18,19 (1) two-body dissociation resulting in
the formation of HgX and X radicals, (2) three-body dissociation
resulting in the formation of Hg and X radicals, (3) direct formation
of molecular X2 and a Hg radical, and (4) formation of the isomer
HgX–X. While TRWAXS experiments on HgX2 in methanol18,19

have ruled out (3) and (4) in acetonitrile, the photochemistry of
HgX2 may differ. To evaluate the structural signatures of poten-
tial halide radicals upon dissociation, a linear combination fitting
of the reduced difference scattering traces at early delays (70 ps
and 60 ps) was performed using the published structures of the
ground-state HgX2 and its possible photoproducts (see note S1 in
the supplementary material). For HgI2, the best fit corresponds to
simple two-body dissociation to HgI and I, while for HgBr2, the
analysis converges to a mixture of two- and three-body dissocia-
tion channels with a ratio of 4:1 and adding other photoproducts
from the list of potential species does not improve the fit. The same
type of analysis performed on the data from other time delays gives
the same assignment of the photoproducts. However, for the later
delays (>100 ns), the formation of small amounts of I2 and Br2 are
observed due to the NGR of I and Br. These findings in acetoni-
trile are in agreement with earlier reports for methanol solutions.18,19

We also find that the refinement of the HgX2 and HgX geometries
yields structures in good agreement with previous calculations; how-
ever, some bending of the HgI2 structure is observed. We tentatively
attribute this to the effect of bending vibrations that result in effec-
tive shrinkage of the average I-I distance, which have been previously
reported from electron diffraction and Coulomb explosion imaging
measurements.31–34

The full concentration kinetics of the radicals were extracted by
fitting the data at individual time points as shown in Fig. 3. For HgI2,
we observe a rapid decay of the initial HgI and I concentrations by
200 ps and an additional weaker decay between 200 ps and 3 ns. For
HgBr2, a similar rapid decay of the HgBr and Br concentrations on
the 100 ps time scale is observed as in HgI2 although the Hg radi-
cal does not show a significant reduction within the first 100 ps. For
both HgI2 and HgBr2, the concentration kinetics on the nanosecond
to microsecond time scales indicate further recombination which
can be attributed to NGR as reported previously.18,19 Since the rapid
recombination occurs from a few tens of picoseconds to a nanosec-
ond, the concentration decay of the HgX and X radicals cannot be
attributed to the PGR that is usually complete within picoseconds
inside the first solvation shell.1 On the other hand, the 100 ps time
scale from the rapid recombination of the HgX and X radicals is
of the same order as reported for the SGR process for other small
molecules.3–5 We therefore assign it to SGR, i.e., to diffusion-limited
geminate recombination.
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FIG. 3. (a) Fitting of select TRWAXS curves for HgI2 in acetonitrile. (b) Transient concentrations of the HgI, I, and I2 radicals as a function of time from TRWAXS (circles) and
kinetic fits (solid line). Note that the time axis is shifted by +100 ps to include negative time delays on a logarithmic scale. (c) Fitting of select TRWAXS curves for HgBr2 in
acetonitrile. (d) Transient concentrations of HgBr, Br, Br2, and Hg as a function of time from TRWAXS (circles) and kinetic fits (solid line). The time axis is shifted by +100 ps
to include negative time delays on a logarithmic scale.

To quantitatively assess the SGR time scales and the fraction
of radicals participating in this process, we performed a kinetic
fitting of the transient concentrations. The simplest diffusion-based
description of SGR predicts a nonexponential decay of the con-
centrations: free radicals typically undergo rapid recombination on
short time scales with the rate proportional to t−1/2 followed by
a slower phase which decays at a rate proportional to t−3/2.2,12,13

Since, as discussed above, the fitting of SGR models is not fea-
sible due to the high correlation between the parameters, a phe-
nomenological double exponential model with a “fast” and “slow”
phase can be used. This description is in line with the simple model
employed for the description of the OTA results presented above.
We note, however, that the OTA data required a triple exponential
model, where one of the decays is associated with ultrafast relax-
ation on the picosecond time scale. The fastest component is not

needed for the description of the TRWAXS data since the slic-
ing technique utilized in this work (see Methods) can only resolve
processes as short as a few tens of picoseconds. Moreover, it appears
that for HgBr2, the “slow” phase of the SGR decay is not determined
from the data due to the limited signal-to-noise ratio. To fit the NGR
process at longer time delays as well as the Hg concentration on the
nanosecond time scale, we use a standard set of differential equations
describing second order reactions (see note S4 in the supplementary
material for details). The fits to the transient radical concentrations
are shown in Figs. 3(b) and 3(d) for the HgI2 and HgBr2, respec-
tively. Additionally, as in previous works,18,19 from the difference
between the expected and observed temperature rise at 1 μs, we indi-
rectly infer the in-cage relaxation yield for both molecules (see note
S5 in the supplementary material for details), which includes radicals
undergoing PGR and the decay of excited HgX2 via IC. The best fit
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TABLE I. Photodissociation and recombination of HgX2 in acetonitrile: Rates, yields, and lifetimes.

HgI2 HgBr2

Excitation efficiency, primary geminate recombination, and dissociation channel yields

Excited state fraction 0.20± 0.02 0.06± 0.01
In-cage recombination yielda 0.46± 0.06b 0.5± 0.2
Two-body dissociation yieldc 1 0.78± 0.06
Three-body dissociation yield 0 0.22± 0.06

Secondary geminate recombination

SGR yieldd 0.33± 0.04 (TRWAXS) 0.5± 0.2 (TRWAXS)
0.68± 0.02 (OTA) 0.60± 0.02 (OTA)

Relative amplitude of the fast phasee 0.75± 0.10 (TRWAXS) 1.0 (TRWAXS)
0.73± 0.06 (OTA) 0.77± 0.08 (OTA)

Time constant of the fast phase, ps 70± 30 (TRWAXS) 35± 20 (TRWAXS)
73± 6 (OTA) 56± 4 (OTA)

Relative amplitude of the slow phasee 0.25± 0.10 (TRWAXS) 0.0 (TRWAXS)
0.27± 0.06 (OTA) 0.23± 0.08 (OTA)

Time constant of the slow phase (ps) 600± 300 (TRWAXS) . . .
530± 60 (OTA) 730± 100 (OTA)

Nongeminate recombination

KNGR
HgX+X→HgX2

(M−1 s−1) (6.5± 0.4) × 1010 (7.5± 0.5) × 1010

KNGR
Hg+X→HgX (M−1 s−1) . . . (2± 1) × 1012

KNGR
X+X→X2

(M−1 s−1) (6± 2) × 109 (2± 1) × 1010

aThe in-cage recombination yield is calculated as the ratio between concentrations of the molecules that undergo this channel and the excited molecules:
[HgX2]PGR
[HgX2]excited

.
bCombination of the OTA SGR yield with TRWAXS for HgI2 results in in-cage recombination yield of 0.26 ± 0.06.
cThe two-body dissociation yield is calculated as a ratio between the concentrations of HgX radicals and a sum of concentrations of HgX and Hg radicals, which escaped the initial
cage: [HgX]esc

[HgX]esc+[Hg]esc .
dThe SGR yield is calculated as a ratio between the concentrations of HgX radicals that undergo SGR and those that undergo both SGR and NGR: [HgX]SGR

[HgX]SGR+[HgX]NGR .
eThe relative amplitudes of the fast and slow phases are calculated as ratios between the concentrations of the HgX radicals that undergo fast and slow phases, respectively, and the

total concentration of the HgX radicals that undergo SGR: fSGR,fast =
[HgX]SGR,fast
[HgX]SGR and fSGR,slow =

[HgX]SGR,slow
[HgX]SGR .

values of the reaction yields, time scales, and bimolecular diffusion
coefficients for different recombination channels are summarized in
Table I along with the analysis results of the OTA data.

While the TRWAXS data allow us to identify the origin of the
rapid radical concentration as the SGR, the 100 ps width of the
x-ray pulse in the current measurements causes a temporal smear-
ing of the kinetics. This could bias the SRG amplitudes and time
scales despite the analysis taking the instrument response func-
tion into account. To assess the potential errors arising from this
smearing, we compared the SGR parameters from TRWAXS and
OTA. For HgI2, the relative amplitudes and time scales of the
fast and slow phases obtained from OTA and TRWAXS agree
within the uncertainty. Even for HgBr2, where the TRWAXS could
only resolve the fast component, the decay constant matches the
OTA result. Notably, the overall SGR yield for HgBr2 from the
two measurements is in fair agreement, whereas for HgI2, the
TRWAXS estimate is almost twice lower compared to the OTA

result. The exact origin of the latter disagreement may be addressed
in future TRWAXS measurements performed with better temporal
resolution, whereas in the present work, we will deem the OTA
results as more reliable (see note S6 in the supplementary material
for further details).

DISCUSSION

Our results demonstrate that the recombination of the radi-
cals formed after photodissociation of HgX2 is a complex process
spanning multiple time scales and involving different mechanisms.
Based on TRWAXS and OTA, we propose the following picture of
the recombination dynamics in mercury halides. The overall reac-
tion pathways for both molecules are schematically summarized in
Fig. 4. Upon photodissociation of HgI2, a quarter of the excited HgI2
molecules relaxes back to the ground state in-cage. This includes
the photofragments that undergo PGR as well as the excited HgI2

J. Chem. Phys. 151, 054310 (2019); doi: 10.1063/1.5096422 151, 054310-6

Published under license by AIP Publishing

https://scitation.org/journal/jcp
https://doi.org/10.1063/1.5096422#suppl


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

FIG. 4. Global reaction scheme derived from TRWAXS and OTA measurements
for (a) HgI2 and (b) HgBr2 in acetonitrile. The in-cage and out of cage percent-
ages represent the fractions of the excited HgX2 molecules undergoing either
in-cage relaxation or dissociation into radicals that escape the cage. For HgBr2,
percentages of radicals that escape the cage and undergo two- and three-body
dissociation are shown. The SGR and NGR percentages represent fractions of
initially formed HgX radicals that undergo SGR and NGR.

molecules that decay back to the ground state via IC and then vibra-
tionally cool down. About 68% of the HgI fragments that have left
the cage initially diffuse in proximity until they recombine with I
via the SGR within the first nanosecond. Most of the rest HgI and
I radicals undergo NGR to form HgI2, whereas 8% of all I radi-
cals that initially escaped the cage form molecular I2. For HgBr2,
about 50% of the excited molecules recombine in-cage, and the rest
dissociates into the fragments that escape the cage, of which about
78% undergo the two-body dissociation and the 22% undergo the
three-body dissociation. 60% of the HgBr radicals formed in the two-
body dissociation recombine with Br through SGR. Hg and Br form
HgBr which then recombines with the remaining Br radicals to form
HgBr2 via NGR. 17% of Br radicals that initially escaped the cage
form molecular Br2.

In contrast to the present work, previous TRWAXS investiga-
tions of HgX2 photodissociation reactions did not report the SGR

process.18,19 This might be due to one of the two following rea-
sons. First, the previous works used methanol as solvent, which has a
higher dynamic viscosity compared to acetonitrile (ηMeCN = 0.34 cP
and ηMeOH = 0.54 cP) and therefore might result in a smaller SGR
yield. It has been shown for other molecules that the viscosity has
a drastic effect on the probability for a radical to escape the solvent
cage and also affects the relative yields of SGR and NGR.3–5 Second,
previous experiments were mainly focused on NGR and had limited
sampling of the early time delays, which could obstruct the obser-
vation of the rapid radical recombination from SGR. Additionally,
the observation of the SGR process requires the time “slicing” tech-
nique,26 where the time delays around time zero are finely scanned
in steps of 10 ps as in the present work.

A comparison of the SGR and NGR rates in HgI2 and HgBr2
allows us to assess the main difference in the recombination of the
two systems. For NGR, one would expect that the radical size is the
main factor affecting the bimolecular diffusion rates. This indeed
holds true for some of the radicals; for example, the HgI/I recom-
bination rate is slower than that of the HgBr/Br pair, where the
Br atom is smaller than the I atom. On the other hand, we find
that I/I and Br/Br pairs recombine slower than HgI/I and HgBr/Br,
where the latter radicals are larger compared to the former ones. We
speculate that this effect is due to the strong interactions between
the halogen atoms and the polar acetonitrile molecules, which are
known to result in the formation of contact charge transfer com-
plexes X:solvent (X = I, Br).23,35,36 These interactions may lead to
an effective increase in the X radical size and, hence, a decrease in
the diffusion coefficient of the X radicals as compared to that of
HgX. Similarly to the previous work in methanol,19 we find that the
recombination rate of the I/I pairs is slower than for Br/Br in ace-
tonitrile, which may be interpreted as a size effect; however, strong
interactions with the solvent have to be taken into account in order
to understand the dependence of the recombination rates on the type
of radical. Finally, we observe that the Hg radical has the highest
recombination rate, indicating that Hg is the most mobile radical
under our experimental conditions, which is likely due to its small
size.

For SGR, the differences between HgI2 and HgBr2 cannot be
explained in a simple way. The results indicate that the fast SGR
phase, which constitutes the bulk of the recombination (see Table I),
has a shorter time scale for HgBr/Br (55 ps) than for HgI/I (73 ps).
While the higher diffusion rate of the first pair is a natural expla-
nation for this effect, the same argument cannot be applied to the
slow component. For the slow SGR phase, the HgBr/Br recombi-
nation time scale (730 ps) is larger than that for HgI/I (530 ps),
showing an inverse trend compared to the fast SGR phase. These
observations suggest that SGR cannot be explained only in terms of
diffusion rates. As mentioned earlier, the simplest SGR description
indicates a highly nonexponential behavior, which is predicted based
on the diffusion rate, in-cage radical recombination rates, and initial
inter-radical separation distances. The difference between the dis-
sociation mechanisms of HgI2 and HgBr2, i.e., two-body only and
two- and three-body dissociation mixture, suggests a substantial dif-
ference between the dissociative potential energy surfaces. This dif-
ference might affect the distribution of kinetic energies between the
HgX and X radicals, which in turn results in different initial radical
separation distances and therefore different SGR rates. Finally, the
TRWAXS results show no significant SGR for Hg/Br pair of radicals.
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Since the three-body dissociation is more energetically expensive
and provides smaller kinetic energies for the photofragments, the
initial separation distance for Hg/Br pairs is smaller compared to
HgBr/Br pairs. The former, coupled to the high mobility of the Hg
radical, substantially shortens the characteristic time scales of SGR
for the Hg/Br pairs, likely making the Hg/Br SGR inaccessible in the
present TRWAXS study.

The independent characterization of the inter-radical separa-
tion distance is a cornerstone for the understanding of the SGR
process and would allow us to interpret the differences between SGR
of HgI/I, HgBr/Br, and Hg/Br radical pairs in detail. The reported
TRWAXS measurements cannot directly provide this important
parameter due to the limited temporal resolution of the synchrotron
setup. Indeed, the initially well-defined inter-radical distance dis-
tribution emerging upon photodissociation is only a few solvent
molecule radii in width and it quickly broadens and becomes
smeared shortly after the excitation. Using the diffusion coefficients
obtained from the bimolecular recombination rates and 10 Å as
an average separation distance between the radicals as an example
value, we estimate that after 3 ps, the width of the distribution is ∼10
Å (see note S7 in the supplementary material for details). To char-
acterize the initial separation distance and its progression with time,
sub-picosecond resolution at x-ray free electron lasers is required.
The sensitivity of TRWAXS to the inter-radical separation dis-
tance is evident from the calculated signals for newly formed HgI/I

FIG. 5. Calculated solute-only TRWAXS signal as a function of distance R0
between the I atom and the center of mass of the HgI radical. The simulation
assumes R0 being monodisperse and the HgI radical being randomly oriented
with respect to the I atom.

radicals separated by distances of 10 and 15 Å, which correspond
to the size of several acetonitrile molecules. The theoretical signals,
along with the trace calculated for the infinite separation that cor-
responds to the dissociation signal at later time delays, are shown
in Fig. 5. A comparison of these signals indicates that the proximity
of radicals to each other results in emerging oscillations at q values
below 2 Å−1, which suggests that TRWAXS is indeed sensitive to the
long scale inter-radical separation distance.

CONCLUSIONS

In summary, we studied the recombination dynamics of rad-
icals formed upon photodissociation of mercury halides HgX2
(X = Br, I). Using complementary TRWAXS and OTA measure-
ments, we observed a sub-nanosecond recombination process not
reported before which we attribute to SGR, i.e., diffusion-limited
geminate recombination. Specifically, we estimate that 68% of HgI/I
and 50% of HgBr/Br pairs undergo rapid, biphasic decay on a time
scale between 10 ps and 1 ns. Notably, the radicals produced in the
three-body dissociation of HgBr2, Hg and Br, do not exhibit the
rapid concentration decay presumably due to their high mobility
and potentially lower initial separation distance that made the fast
process inaccessible within the temporal resolution of the reported
experiments. In-depth understanding of the SGR process requires
characterization of the time-dependent inter-radical distance dis-
tribution, which would be possible by TRWAXS with femtosecond
time resolution at x-ray free electron lasers. This work suggests that
mercury halides represent an important model system for study-
ing SGR with femtosecond resolution because of the high ampli-
tude of the scattering signals and the large reaction yield of SGR
in acetonitrile. Future experiments will allow a quantitative com-
parison between kinetic and diffusion models for SGR, which will
provide further insight into the validity of the macroscopic diffusion
approach to solution reactivity on short time- and length-scales.

SUPPLEMENTARY MATERIAL

Supplementary material contains the details of TRWAXS data
analysis, description of the equations used to fit the kinetic data,
details of the thermodynamic analysis, and estimation of the time
scale of inter-radical distance broadening for HgI2.
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