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Supplementary note S1. Determination of the main reaction pathway for HgX2 

The structural parameters of the HgX2 molecules used for calculation of the scattering signals were taken 

from the published works1,2 and are summarized in Table S1. 

To determine the main reaction pathway of HgX2, we fitted the data recorded at various time delays with 

candidate structures and compared the goodness of fit. The theoretical scattering signals were calculated 

using the following equation: 

Δ𝑆𝑡ℎ𝑒𝑜𝑟𝑦(𝑞, 𝑡) = 𝛾(𝑡)Δ𝑆𝑠𝑜𝑙𝑢𝑡𝑒(𝑞) + Δ𝑇(𝑡) (
𝛿𝑆(𝑞)

𝛿𝑇
)

𝑉
+ Δ𝜌(𝑡) (

𝛿𝑆(𝑞)

𝛿𝜌
)

𝑇
   (1) 

where 𝑞  and 𝑡  are transferred momentum and measured time delay; Δ𝑆𝑡ℎ𝑒𝑜𝑟𝑦(𝑞, 𝑡) is the theoretical 

signal; 𝛾(𝑡) is the excited state fraction; Δ𝑆𝑠𝑜𝑙𝑢𝑡𝑒(𝑞) is the difference scattering calculated for the solute 

using Debye formula; Δ𝑇(𝑡)  and Δ𝜌(𝑡)  are the temperature rise and density change, respectively; 

(
𝛿𝑆(𝑞)

𝛿𝑇
)

𝑉
 and (

𝛿𝑆(𝑞)

𝛿𝜌
)

𝑇
 are the short- and long term solvent heating response differentials measured 

separately using azo-dye compounds.3 We note that the solute-solvent cross term (cage term) was not 

considered in this work because its contribution is small as discussed below (Note S3). In the model, the 

calculated theoretical Δ𝑆𝑠𝑜𝑙𝑢𝑡𝑒(𝑞) was corrected for polychromaticity of the x-ray pink spectrum using 

standard procedures.4 

The data is fitted using a standard 𝜒2 estimator determined as 

𝜒2 = ∑ (
Δ𝑆𝑒𝑥𝑝(𝑞,𝑡)−Δ𝑆𝑡ℎ𝑒𝑜𝑟𝑦(𝑞,𝑡)

𝜎(𝑞,𝑡)
)𝑞

2

       (2) 

where Δ𝑆𝑒𝑥𝑝(𝑞, 𝑡) and 𝜎(𝑞, 𝑡) are the measured experimental signal and standard errors of the signal. To 

evaluate the models’ quality of fit, we used reduced 𝜒𝑟𝑒𝑑
2 =𝜒2/(𝑁 − 𝑝 − 1) with N being the number of  𝑞 

points and 𝑝 being the number of fitted parameters. 

The resulting fits and corresponding 𝜒𝑟𝑒𝑑
2  are shown in Figures S1 and S2 for HgI2 and HgBr2, respectively. 

For HgI2 and HgBr2 the chosen time delays are 70 ps and 60 ps, respectively, where the TRWAXS signal is 

at maximum. We tested four possible channels: (1) two-body dissociation resulting in formation of the 

HgX and X radicals, (2) three-body dissociation resulting in formation of the Hg and two X radicals, (3) 

direct formation of molecular X2 along with the Hg radical, (4) formation of an isomer HgX-X. Additionally, 

for HgBr2, we consider the possibility of undergoing a mixture of two- and three-body dissociations. In the 

case of HgI2, we find that the two-body dissociation model fits the data significantly better than models 

involving the other channels. In the case of HgBr2, we find that using a combination of two- and three- 

body dissociation channels provide the best fit. These results are in a good agreement with the previous 

TRWAXS studies.1,2 
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Table S1. Structural parameters of HgX2 and its potential photoproducts from previous works1,2 and from 

TRWAXS refinement in this work.  The experimental values are marked (exp). 

Channel Hg-X (Å) X-X (Å) X-Hg-X (deg) Hg-X-X (deg) 

HgI2 
2.587 

2.60 ± 0.01 (exp) 
5.174 

5.02 ± 0.02 (exp) 
180.0 

150 ± 2 (exp) 
- 

HgI-I 2.799 2.893 - 180.0 

HgI+I 
2.814 

2.80 ± 0.02 (exp) 
- - - 

Hg+I2 - 2.669 - - 

Hg+2I - - - - 

HgBr2 
2.405 

2.44 ± 0.04 (exp) 
4.810 

4.85 ± 0.10 (exp) 
180.0 

160 ± 20 (exp) 
- 

HgBr-Br 2.573 2.600 - 180.0 

HgBr+Br 
2.625 

2.69 ± 0.07 (exp) 
- - - 

Hg+Br2 - 2.286 - - 

Hg+2Br - - - - 
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Figure S1. Comparison of structural signals with the experimental data recorded for HgI2 in acetonitrile at 

70 ps. 
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Figure S2. Comparison of structural signals with the experimental data recorded for HgBr2 in acetonitrile 

at 60 ps. 

 

 

Supplementary note S2. Structural refinement using TRWAXS. 

To further assess the structures of ground state HgX2 and the photodissociated HgX radicals, we 

performed a structural fitting of the data. To avoid potential contributions from the cage, albeit small, we 

confined the fitting to the high-q part of the data, 𝑞 ≥ 4 Å−1. Using the structural parameters from Table 

S1 as starting values, we fitted theoretical TRWAXS signals to the data. The fits are shown in Figure S3 and 

the resulting best fit parameters are summarized in Table S1. For HgI2 we find that the ground state 
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converges to a symmetric geometry with the HgI bond length in good agreement with previous 

calculations. The I-Hg-I angle, on the other hand, converges to ~150o, which deviates from the expected 

linear geometry. Similarly, the refined structure of HgBr2 gives a symmetric molecule with a HgBr bond 

length in agreement with calculations and with an Br-Hg-Br angle of 160o. The angle is statistically 

insignificantly different from the linear geometry due to limited signal-to-noise ratio of the data. Finally, 

we find that the HgX bond length for the excited state photofragments are also in fair agreement with 

calculations. 

We note that calculations predict linear equilibrium geometry for mercury halides;1,2 however, bending 

vibrations are known to “shrink” the distance between the terminal atoms in triatomic molecules, which 

has been observed in electron diffraction,5–7 as well as in spectroscopic measurements.8 While we intend 

to investigate the origin of the apparent bending in the future, we find that the bending angle of the 

ground state geometry have little to no effect on the recombination kinetics of the HgX/X radicals, which 

is the focus of this work. 

 

 

Figure S3. Structural fitting of HgI2 (left) and HgBr2 (right) data recorded at 70 and 60 ps, respectively. Solid 

red lines show the fits for 𝑞 ≥ 4 Å−1 and the dashed lines show the extrapolation to low-q. 

 

 

Supplementary note S3. Cage contribution effect. 

In previous work we demonstrated that the cage contribution can be obtained from the residuals of the 

fit from the high-q part of the data using naked solute structures and solvent heating.9 In this way we 

extrapolated the curves to lower 𝑞, 𝑞 < 4 Å−1 (Figure S3, see red dashed lines), and obtained the cage 

term as the difference between the data and the model curve (Figure S4). We note that the cage 

contribution extracted this way represents the highest limiting signal for a possible cage term, since it also 

includes a possible fitting uncertainty of the selected structural model to the experimental data in the 

low-q region. 

 



7 
 

An estimate the effect of the cage contribution on the transient species concentrations, is done as follows. 

For HgI2, the cage signal is confined to  1 < 𝑞 < 3.5  Å−1 with the maximum amplitude constituting ~10 % 

of that for the solute. Since the cage signal is affecting a third of the data recorded at low-q below 3.5 Å−1, 

the effect on the parameter fitting in the entire q-range up to 8 Å−1 is at most a third of the maximum 

cage amplitude, i.e. about 3-4%. In the case of HgBr2, the estimated cage contribution is about 20%, while 

being confined to q values below 2.5 Å−1, i.e. affecting only 20% of the data, which will result in the 

maximum bias of ~4%. In both cases, the effect of the cage on the concentrations is well within the general 

uncertainty in the analysis (see main text), and it can therefore safely be omitted. 

We note that the cage contribution is “slaved” to the solute changes, i.e. changes in tandem with the 

solute concentration. Therefore omission of the cage may affect the total concentrations of the transient 

species, but will not affect their time dependence. 

 

 

Figure S4. Estimation of the cage contribution in acetonitrile solution for HgI2 (left) and HgBr2 (right) 

recorded at 70 and 60 ps, respectively. 

 

 

Supplementary note S4. Differential equations used to describe NGR channel. 

For HgI2, the time-dependent concentration of the radicals undergoing NGR channel was obtained by 

numerically solving the following system of equations: 

𝜕𝐶𝐻𝑔𝐼2
(𝑡)

𝜕𝑡
= 𝐾𝐻𝑔𝐼+𝐼→𝐻𝑔𝐼2

𝐶𝐻𝑔𝐼(𝑡)𝐶𝐼(𝑡) 

𝜕𝐶𝐻𝑔𝐼(𝑡)

𝜕𝑡
= −𝐾𝐻𝑔𝐼+𝐼→𝐻𝑔𝐼2

𝐶𝐻𝑔𝐼(𝑡)𝐶𝐼(𝑡) 

𝜕𝐶𝐼(𝑡)

𝜕𝑡
= −𝐾𝐻𝑔𝐼+𝐼→𝐻𝑔𝐼2

𝐶𝐻𝑔𝐼(𝑡)𝐶𝐼(𝑡) − 2𝐾𝐼+𝐼→𝐼2
𝐶𝐼

2(𝑡) 

𝜕𝐶𝐼2
(𝑡)

𝜕𝑡
= 𝐾𝐼+𝐼→𝐼2

𝐶𝐼
2(𝑡) 
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Where 𝐶  represents the concentration of respective species and 𝐾  is the bimolecular recombination 

coefficient of the respective pair of species. The system was solved with a the following set of initial 

conditions: 𝐶𝐻𝑔𝐼2
(0) = −𝐶0 , 𝐶𝐻𝑔𝐼(0) = 𝐶0 , 𝐶𝐼(0) = 𝐶0 , 𝐶𝐼2

(0) = 0 , with 𝐶0  being the initial 

concentration of the species that undergo NGR. 

Similarly, for HgBr2, the following system of equations was used: 

𝜕𝐶𝐻𝑔𝐵𝑟2
(𝑡)

𝜕𝑡
= 𝐾𝐻𝑔𝐵𝑟+𝐵𝑟→𝐻𝑔𝐵𝑟2

𝐶𝐻𝑔𝐵𝑟(𝑡)𝐶𝐵𝑟(𝑡) 

𝜕𝐶𝐻𝑔𝐵𝑟(𝑡)

𝜕𝑡
= −𝐾𝐻𝑔𝐵𝑟+𝐵𝑟→𝐻𝑔𝐵𝑟2

𝐶𝐻𝑔𝐵𝑟(𝑡)𝐶𝐵𝑟(𝑡) + 𝐾𝐻𝑔+𝐵𝑟→𝐻𝑔𝐵𝑟𝐶𝐻𝑔(𝑡)𝐶𝐵𝑟(𝑡) 

𝜕𝐶𝐵𝑟(𝑡)

𝜕𝑡
= −𝐾𝐻𝑔𝐵𝑟+𝐵𝑟→𝐻𝑔𝐵𝑟2

𝐶𝐻𝑔𝐵𝑟(𝑡)𝐶𝐵𝑟(𝑡) − 2𝐾𝐵𝑟+𝐵𝑟→𝐵𝑟2
𝐶𝐵𝑟

2 (𝑡) − 𝐾𝐻𝑔+𝐵𝑟→𝐻𝑔𝐵𝑟𝐶𝐻𝑔(𝑡)𝐶𝐵𝑟(𝑡) 

𝜕𝐶𝐵𝑟2
(𝑡)

𝜕𝑡
= 𝐾𝐵𝑟+𝐵𝑟→𝐵𝑟2

𝐶𝐵𝑟
2 (𝑡) 

𝜕𝐶𝐻𝑔(𝑡)

𝜕𝑡
= −𝐾𝐻𝑔+𝐵𝑟→𝐻𝑔𝐵𝑟𝐶𝐻𝑔(𝑡)𝐶𝐵𝑟(𝑡) 

The initial conditions were set to 𝐶𝐻𝑔𝐵𝑟2
(0) = −𝐶0, 𝐶𝐻𝑔𝐵𝑟(0) = 𝑥𝐶0, 𝐶𝐵𝑟(0) = (2 − 𝑥)𝐶0, 𝐶𝐵𝑟2

(0) = 0, 

𝐶𝐻𝑔𝐵𝑟(0) = (1 − 𝑥)𝐶0, with 𝑥 being the fraction of radicals undergoing two-body dissociation. 

 

Supplementary note S5. Thermodynamic analysis of the photoreactions. 

The time dependent changes in the temperature and the density were determined together with the 

changes in the concentrations of the transient species, as discussed in the main text. The retrieved 

changes in the thermodynamic variables are shown in Figure S5. In case of HgI2, the final temperature 

change observed at 1 µs is 0.36 ± 0.02 K, which is higher than 0.18 K predicted solely based on the 

recombination of the species observed in the present experiment. Therefore, the additional temperature 

must come from the photofragments that relax inside the cage via PGR, as well as from the excited HgX2* 

molecules that decay via internal conversion directly into vibrationally hot HgX2 and then cool down 

vibrationally.  

To calculate the fraction of the molecules undergoing in-cage recombination, we can use the standard 

formula: 

𝐶𝑃𝐺𝑅 = 𝑇𝑜𝑓𝑓𝑠𝑒𝑡 [
𝑉𝑚𝑜𝑙𝑁𝐴

𝐶𝑃
ℎ𝜈]

−1

 

where 𝑇𝑜𝑓𝑓𝑠𝑒𝑡  is the difference between observed and expected temperatures at 1 µs, 𝑉𝑚𝑜𝑙  is molar 

volume of acetonitrile, 𝑁𝐴 is the Avogadro number, 𝐶𝑉 is  

We predict that 0.65 ± 0.1 mM undergo this channel. Similarly, in case of HgBr2, the observed change in 

the temperature at 1 µs is 0.38 ± 0.04 K, which is higher compared to predicted 0.15 K. Therefore, we 

estimate that about 0.8 ± 0.3 mM have recombined/relaxed in-cage. 
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Figure S5. Changes in temperature in K (HgI2 – top-left, HgBr2 – bottom-left) and in density in kg/m3(HgI2 

– top-right, HgBr2 – bottom-right) as a function of time, as determined from the fitting of the TRWAXS 

data. 

 

 

Supplementary note S6. The effect of the instrument response function (IRF) on the TRWAXS analysis. 

The finite temporal resolution of the TRWAXS measurements, arising from the the ca. 100 ps long x-ray 

pulse from the ESRF synchrotron, results in smearing of the kinetic data recorded around time-zero. 

Therefore, to correctly estimate the rates and yields of the recombination processes, especially the SGR 

channel, it is important to include the IRF in the kinetic fitting. The effectiveness of this procedure is 

determined by the accuracy of the IRF characterization. In our study, we used the IRF from streak camera 

measurements of the x-ray pulse temporal profiles, i.e. the asymmetric gaussian shape (see below).5 

While these measurements provide a good estimate of the IRF, we note that the current in the 

synchrotron ring was decaying throughout the multi-hour measurement of the TRWAXS data, which 

directly affected the x-ray pulse shape and duration used for collecting the individual repetitions of the 

data collection. Due to these changes, the effective IRF that is reflected in the averaged data may deviate 

from the temporal profile measured by the streak camera. Therefore, the accuracy of the estimates 

concerning the SGR process are limited by the accuracy of the IRF used for fitting, which may be 

responsible for the factor of 2 difference in the obtained SGR yields from TRWAXS and OTA. 
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Supplementary note S7. Time scale of the inter-radical distance distribution broadening for the HgI/I 

radical pair. 

In the simplest case, following the photolysis the radicals are separated by a well-defined distance 

corresponding to several solvent molecules. As the time progresses, the radicals diffuse through the 

solvent causing the inter-radical distance to broaden. The concentration of radicals at a specific distance 

𝑑 as a function of time 𝑡 can be derived from the diffusion equation and is expressed as 

𝐶(𝑑, 𝑡) =
𝐶0

(4𝜋𝐷𝑡)3/2
exp (−

(𝑑 − 𝑑0)2

4𝐷𝑡
) 

with 𝑑0  being the initial separation distance and 𝐷  being the relative diffusion constant. The time-

dependent FWHM of the inter-radical distance distribution can then be expressed as  

𝐹𝑊𝐻𝑀 ≈ 2.355√2𝐷𝑡 

The relative diffusion constant 𝐷 for the HgI/I pair of radicals is related to bimolecular recombination rate 

𝐾𝐻𝑔𝐼+𝐼→𝐻𝑔𝐼2
 as12 

𝐾𝐻𝑔𝐼+𝐼→𝐻𝑔𝐼2
= 2𝜋𝐷𝑅 

where 𝑅 is the encounter distance at which reaction occurs instantaneously. Assuming the encounter 

distance 𝑅 = 6 Å, i.e. the approximate size of the parent molecule cavity, and using the obtained in this 

work 𝐾𝐻𝑔𝐼+𝐼→𝐻𝑔𝐼2
= 6.5 × 1010𝑀−1𝑠−1, we estimate 𝐷 = 2.8 × 10−4 𝑐𝑚2/𝑠. From this we obtain that 

the time required for the FWHM of distance distribution to broaden up to 10 Å is 𝑡 ≈ 3 𝑝𝑠. 
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