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ABSTRACT: The reaction of •OH with Br- has been re-investigated by picosecond pulse 

radiolysis combined with streak camera absorption detection and the obtained spectro-kinetics 

data have been globally analyzed using Bayesian data analysis. For the first time, the 

absorption spectrum of the intermediate species BrOH•- has been determined. This species 

absorbs in the same spectral domain as Br2
•-: the band maximum is roughly at the same 

wavelength (max = 352 nm instead of 354 nm) but the extinction coefficient is smaller 

(max = 7800  400 dm3 mol-1 cm-1 compared with 9600  300 dm3 mol-1 cm-1) and the band is 

broader (88 nm versus 76 nm). Quantum chemical calculations have also been performed and 

corroborate the experimental results. In contrast to Br2
•-, the existence of several water-

BrOH•- configurations leading to different transition energies may account for the broadening 

of the absorption spectrum in addition to the higher number of degrees of freedom. 
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1. INTRODUCTION 

The oxidation of bromide ions, Br-, and the subsequent formation of Br2
•- and Br3

- in 

aqueous solutions has been the subject of many radiolysis studies.1-14 The dibromine radical 

anion (Br2
•-) is a strong oxidising radical characterized by a broad optical absorption band 

centred at 360 nm with an extinction coefficient, max(Br2
•-), of 9900 ± 600 dm3 mol-1 cm-1,15 

while the tribromine ion (Br3
-) is a stable species which has an intense but narrow absorption 

spectrum located at 266 nm with , max(Br3
-) = 40900 ± 400 dm3 mol-1 cm-1.12, 16 It has been 

established that the oxidation of Br- by the hydroxyl radical (•OH) is not a simple electron 

transfer reaction but involves the intermediate adduct BrOH•-. The latter may react with the 

hydronium cation (H3O
+), dissociate to produce the bromine atom (Br•) as well as react with 

another Br- and produce Br2
•-. The oxidation mechanism is in fact quite complex with 

reversible reactions: 

•OH  +  Br-    BrOH•-  k1 = (1.06 ± 0.08)  1010 dm3 mol-1 s-1   5 (R1) 

  k -1 = (3.3 ± 0.4)  107 s-1  5 

BrOH•-   Br•  +  OH-  k2 = (4.2 ± 0.6)  106 s-1  5 (R2) 

   k -2 = 1.3  1010 dm3 mol-1 s-1  17, 18 

BrOH•-  +  Br-   Br2
•-  +  OH-  k3 = (1.9 ± 0.3)  108 dm3 mol-1 s-1  5 (R3) 

   k -3 = (2.7 ± 0.5)  106 dm3 mol-1 s-1  8  

BrOH•-  +  H3O
+            Br•  (+  2H2O) k4 = (4.4 ± 0.8)  1010 dm3 mol-1 s-11  5 (R4) 

   k -4 = 1.36 s-1  17 

Br•  +  Br- Br2
•-    k5 = (1.2 ± 0.1)  1010 dm3 mol-1 s-1  19 (R5) 

   k -5 = 1.9  104 s-1  19 

Br2
•-  +  Br2

•- Br3
-  +  Br- k6 = (1.9 ± 0.1)  109 dm3 mol-1 s-1  9 (R6) 

Br2  +  Br- Br3
-    K7 = 16.1 ± 0.3 dm3 mol-1  16 (R7) 

The intermediate BrOH•- was first suggested by Matheson, et al. 3 and then supported by 

works of Behar6 and Zehavi and Rabani.4, 5 While it was identified in irradiated frozen 
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aqueous solutions of alkali metal halides by electron spin resonance spectroscopy,20 its optical 

characterization was not obvious and it was reported that BrOH•- either does not absorb6 or 

has an absorption similar to Br2
•-.5 In the sixties, there were also some disagreements on the 

values of the rate constant of the reaction between •OH and Br-, mainly due to pH sensitivity 

of the system. Sutton et al. reported that, in contrast to the corresponding reaction with 

chloride ion, the reaction between •OH and Br- was exothermic and occurs rapidly even in 

neutral solution (k1  109 dm3mol-1s-1).2 The pulse radiolysis of deaerated aqueous bromide 

solutions by Matheson at al. yielded the value k1 = (1.2  0.15)  109 dm3mol-1s-1.3 Then, 

Zehavi and Rabani elucidated the mechanism of bromide oxidation by •OH radicals and 

determined a tenfold higher value for k1.
5 This value given above corresponds to the value 

now used as a reference.21 Zehavi and Rababi attempted to measure the absorption spectrum 

of BrOH•-. They found that the absorption of the intermediate BrOH•- is quite similar to that 

of Br2
•-; the spectrum of BrOH•- exhibits a band around 360 nm broader than that of Br2

•- and 

with a lower extinction coefficient.5 Taking into account the absorbance of BrOH•-, Mamou et 

al. removed some discrepancies in the kinetics data.8 Even if it is now admitted that BrOH•- is 

an absorbing species,10 to our knowledge its absorption spectrum has not yet been 

characterized. In this paper, we present a pulse radiolysis study of sodium bromide solution. 

Thanks to a new detection set-up based on a CCD camera with a high resolution and a global 

Bayesian data analysis, we were able to distinguish between BrOH•- and Br2
•- and determine 

the optical spectrum of the intermediate BrOH•-. Indeed, Bayesian data analysis has been used 

with success in the past years for the analysis of spectrokinetic data.22-30 It has proved to be an 

essential tool to tackle parametric identification problems, which are omnipresent in the 

kinetic modeling of time-resolved spectra. Quantum calculations have also been performed 

for both species to provide some insights on the electronic transitions responsible of the 

absorption. 

 

2. EXPERIMENTAL AND COMPUTATIONAL SECTION 

Materials. The aqueous solutions were prepared using ultra-pure water from a Millipore 

system. The chemicals, sodium bromide NaBr (purity >99%) and acetone, were obtained 

from Sigma-Aldrich and used as received without further purification. The solutions were 

saturated with dinitrogen or argon (N2, Ar, purity >99.995% from Air Liquide) by bubbling 

before and during experiments. The solutions with a natural pH around 5.5 were stable at 
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room temperature under room light. All solutions were irradiated at room temperature 

(~20°C). 

Pulse radiolysis measurements. The experiments were carried out on the picosecond 

laser-triggered electron accelerator ELYSE at University Paris-Sud (Orsay) coupled with an 

absorption spectroscopic detection system.31, 32 Electron pulses with 7.9 MeV energy, ~6 nC 

charge and 15 ps duration were delivered at a repetition rate of 2 Hz. The dose deposited in 

water was around 50 Gy in the irradiated volume (i.e. [eaq
-]  2  10-5 M). The studied sample 

was contained in a 10  10 mm irradiation quartz cell. A close circulation system from a 100 

mL N2-purged stock solution was used to renew the sample between each pulse (peristaltic 

pump, flow rate 80 mL/min). Absorption measurements were performed using the white light 

beam of a homemade Xenon flash lamp.33 The light was focused through the sample 

collinearly with the electron beam and then directed onto the detection set-up which was 

composed of a spectrograph (Chromex 250IS) and a high dynamic range streak camera 

(Hamamatsu C7700-01). For this study, a 150 grooves/mm and 300 nm blaze grating and 200 

µm slits were used and 20 ns, 50 ns or 500 ns sweep time/full screen were performed. For 

each flash, an image (1024 × 1344 pixels) resolved in time and wavelength (340 nm full 

screen) was acquired but to get a good signal to noise ratio series of 700 images were 

averaged in a unique image. Then, the time-resolved absorbance of the sample was calculated 

using average images obtained with and without the electron pulses. The full spectra from 300 

to 590 nm were obtained by two series of absorption measurements using two different 

optical filters (UG 5 and GG325) to optimize the light intensity on a specific spectral domain 

(290 to 420 nm and 360 to 590 nm, respectively). The spectral overlap between 360 and 420 

nm allows us to check the good stability and reproducibility of the irradiation measurements.  

Bayesian data analysis. A general introduction on Bayesian data analysis can be found in 

Gregory’s book,34 and a more focused treatment on spectrokinetic data in the paper written by 

Ruckebusch and co-workers.35 A minimal overview is provided here. 

Bayesian data analysis is based on the posterior probability density function (pdf) 

p(θ|D,H), which is a Nθ-dimensional distribution over the values of a set of Nθ  uncertain 

parameters θ, conditional to the values of the experimental data D and to an ensemble of 

hypotheses H. The posterior pdf can be built from available information through the Bayes 

theorem:  

p(θ|D,H)  p(D|θ,H) × p(θ|H) (1) 
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The function p(D|θ,H) is called the likelihood; it describes the statistical model of 

measurement uncertainties, while the prior pdf p(θ|H) represents the state of knowledge on 

the parameters before analyzing the data. For the present study, the norm factor of the 

posterior pdf is not useful and has been left unspecified. 

Technically, a search for the optimal parameter set, the so-called Maximum A Posteriori 

(MAP) parameters, is performed in order to assess the goodness-of-fit of the model and to 

provide a favorable starting point for the random walk (Markov Chain Monte Carlo, MCMC) 

through which a representative sample of the posterior pdf is generated by a Metropolis-

Hastings algorithm.36 Estimates of the parameters and their uncertainties are obtained from 

this sample.  

In the present study, the experimental data images were downsized to a 70 × 70 

spectrokinetics data matrix D with a final resolution of 3.4 ns and 2.7 nm. We used a hybrid 

spectrokinetic model M, where the kinetic traces are described by a parametric kinetic model 

and the spectra are treated non parametrically, as described by Ruckebusch et al.35 The 

recovery of the spectra is affected by various sources of uncertainty: (i) data uncertainty 

(measurement noise, time and wavelength calibration), and (ii) uncertainty associated to the 

parameters of the spectrokinetic model and the model itself.  

The first source of uncertainty is accounted for by a proper treatment of data noise by using 

a variance/covariance matrix in the likelihood function. In the present study, we assumed that 

the time and wavelength are known without random uncertainty. They might be affected by a 

systematic error without impact on the results of the present study. The data noise is 

heteroscedastic (not uniform) in wavelength for two reasons: composite image and camera 

sensitivity. Before downsizing the noise structure was analyzed in the time-asymptotic part of 

the image, where there is no/few signal evolution. For each wavelength channel, the standard 

deviation (corrected from a possible linear variation) was estimated over 200 time points of 

the raw data matrix (Supporting Information, blue dots in Figure S1). A wavelength-wise 

local linear regression (loess interpolation) of the noise amplitude was used as a proxy for the 

average noise amplitude used to calculate weighted residuals. In order to get a standard 

Gaussian distribution of the weighted residuals, we had to correct the noise amplitude by a 

multiplicative factor (1.4). This new noise level corresponds approximately to the 

wavelength-dependent upper bound of a symmetric 90 % confidence interval for the noise 

amplitude (Supporting Information, red curve in Figure S1). The likelihood function is 

expressed, up to its norm factor, as 
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where the indices l and k cover the wavelength and time grid, respectively, and l represents 

the wavelength-dependent standard deviation of measurement noise. 

For parametric uncertainty, we distinguish amongst internal parameters, int, which are 

directly related to the conditions of the current data (initial concentrations of reagents, initial 

time calibration...), and external parameters, ext, for which, in the case where the model is 

valid, we do not expect to gather information from the data. Initially, the rate constants are 

treated as external uncertain parameters, because it is not a priori obvious that there is enough 

information in the present data to get a reasonable inference on their values. A contrario, we 

include the absorption coefficient max(Br2
•-) into the internal or Optimized Parameters Set 

(OPS), because its value in the experiment could be affected by the calibration of the dose, for 

instance. In the course of the analysis, the OPS might be augmented by recruiting parameters 

of the external set, until residuals analysis enables to conclude to a reasonable fit of the data.  

 As the parameters in the OPS are uncorrelated in the present study, the prior pdf is 

simply the product of the prior pdfs of the individual parameters: 

( ) ( )M Mi

i

p p =    (3) 

Monte Carlo Uncertainty Propagation (MCUP). Bayesian inference in the OPS is 

conditional to the values of the parameters in the external set. As the latter are uncertain, we 

have to check their influence on the inferred values. Expliciting the partition of the 

parameters, the posterior pdf for the parameters of the OPS can be noted p(int|ext,D,M), and 

the effect of the uncertainty in the external parameters obtained by Uncertainty Propagation 

(Markov Equation, see reference 37) 

( ) ( ) ( ),M , ,M Mint ext int ext extp d p p    = D D  (4) 

where the design of p(ext|M) is similar to the prior pdf defined above.  

Implementation of Equation 4 is commonly done by a Monte Carlo approach (noted MCUP 

thereafter), where a representative sample of the left hand side pdf is obtained by evaluating 

the posterior pdf for a representative sample of p(ext|M). As the posterior pdf is itself 

obtained by Markov Chain Monte Carlo sampling, this results in a double Monte Carlo 

method, which is very computer intensive. We used here an approximation evaluating the 
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impact of p(ext|M) on the Maximum A Posteriori for the internal parameters int
MAP. This is 

often sufficient to appreciate the impact of the external parameters. An approximation of the 

total variance of the internal parameters, u2(int), due to the data and external parameters can 

be obtained as: 

( ) ( )2 2 2u ( ) u , u MAP
extint int int   = +D D  (5) 

where ext  denotes the nominal value of the corresponding external parameters. 

All calculations have been performed with the R language.38 URL http://www.R-project.org/ #71 

URL http://www.R-project.org/ #71 

Quantum calculations for transition energies. To determine the electronic transitions of 

BrOH•- and Br2
•- in aqueous solution, the systems Br2

•-(H2O)n and BrOH•-(H2O)n, with n 

small were studied using a conventional TDDFT method on a set of configurations and 

modeling the solvent with a PCM reaction field in the SMD formalism. The SDD core 

pseudo-potentials and basis sets were used supplemented with polarization Gaussians on all 

atoms: one d on O atoms (exponent: 0.8) and Br atoms (0.3) and one p on H atoms (1.1).39 

This polarized SDD basis set is noted pSDD. All calculations were carried out with the 

Gaussian 09 program40 and Molpro ab initio program41 packages. 

 

3. RESULTS AND DISCUSSION  

Pulse radiolysis. Radiolysis of neutral aqueous solutions mainly generates hydrated 

electrons (eaq
-), hydroxyl radicals (•OH) and hydrogen atom (H•). •OH and H• absorb weakly 

far in the UV spectral domain 21 and will not be detected above 300 nm, our spectral domain 

of interest. In contrast, eaq
- presents a strong and very broad absorption band centred at 720 

nm which overlaps the spectral domain of Br2
•- absorption. Indeed, the molar extinction 

coefficient of eaq
- at 360 nm (360 nm(eaq

-) = 1790 dm3 mol-1 cm-1) is roughly one fifth of that of 

Br2
•-. In order to get rid of the eaq

- contribution to the absorption signals, acetone was used to 

scavenge the hydrated electron as the formed alcohol radical, (CH3)2C•OH, hardly absorbs in 

the explored spectral domain ( < 500 dm3 mol-1 cm-1 for  > 300 nm): 42, 43 

eaq
-  +  (CH3)2CO (CH3)2C•O- k8 = 6.5  109 dm3 mol-1 s-1  21 (R8) 

(CH3)2C•OH (CH3)2C•O-  +  H+ pKa = 12  44 (R9) 
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•OH can also react with acetone but the rate constant is two orders of magnitude lower than 

that of reaction R1 with Br-: 

•OH  +  (CH3)2CO   products k10 = 1.3  108 dm3 mol-1 s-1  45 (R10) 

The generated products do not absorb in the studied spectral domain. Indeed, pulse-radiolysis 

of Ar-purged aqueous solutions containing acetone alone shows only a weak absorption due 

to (CH3)2C•OH generated by R8-9 (Supporting Information, Figure S2). 

It is to be noted that N2O-saturated solution (2.5  10-2 M N2O) could have been used to 

convert eaq
- into •OH: 

eaq
-  +  N2O N2  +  O•- k10 = 9.1  109 dm3 mol-1 s-1  21 (R11) 

O•-  +  H2O •OH  +  OH- pKa = 11.9 21 (R12) 

But, these reactions would have produced •OH for roughly 4.5 ns, what would have 

complicated the kinetics analysis on the nanosecond time scale. 

Figure 1 shows the time evolution of the optical absorption spectrum obtained by pulse 

radiolysis of N2-purged aqueous solutions containing 0.01 M NaBr and 0.1 M acetone. The 

optical absorption spectrum registered 0.85 ns after the electron pulse (Figure 1, red) presents 

two bands: one band located around 360 nm and one band above 450 nm. While the band 

around 360 nm rises with time, the band in the red decreases rapidly and vanishes. After 10 

ns, the spectra present only the absorption band around 360 nm which reaches a maximum at 

~300 ns. The band above 450 nm is due to the hydrated electrons (eaq
-) which disappears by 

reaction R8 with acetone. The band around 360 nm is associated with the oxidation of Br- and 

the formation of BrOH•- and Br2
•-.  

The time dependence of absorbance at different wavelengths: 305, 360, 400 and 570 nm 

are shown on Figure 2. The absorption signal at 570 nm (Figure 2a, orange) due to the 

hydrated electron rises during the electron pulse and then decays exponentially. A pseudo-first 

order rate constant for the disappearance of eaq
- is found to be 6.7  108 s-1. Taking into 

account the concentration of acetone, that corresponds to a bimolecular rate constant of 

6.7  109 dm3 mol-1 s-1; this value is in the range (from 5.6  109 dm3 mol-1 s-1 to 8  109 

dm3 mol-1 s-1) of the reported values46-51 and in good agreement with the average selected 

value (6.5  109 dm3 mol-1 s-1)21 of k8. Regarding the signals registered at 360, 305 and 400 

nm i.e. near the absorption maximum and on the blue and red side of the absorption band, the 

kinetics profiles are clearly wavelength dependent. Whatever the wavelength, an absorbance 
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has built up during the electron pulse duration and the signals present a fast rise for about 15 

ns (Figure 2a) showing the very fast formation of an absorbing species. Then, the signal at 

305 nm decays slowly and the absorbance at 400 nm remains nearly constant while the signal 

at 360 nm continues to grow regularly till 300 ns to reach a plateau in our explored time 

window (Figure 2b). The fast rise in absorbance during the pulse duration is partly due to the 

production of eaq
- but also attributed to reaction R1 and the appearance of BrOH•-. The fast 

increase in the signals at wavelength below 425 nm is also associated with the formation of 

BrOH•- whereas the following slow evolutions (increase at 360 nm, decay at 305 nm) are 

related to the formation of Br2
•- at the expense of BrOH•-.  

Figures 3 and 4 depict the spectral changes and kinetics profiles obtained by pulse 

radiolysis of N2-purged aqueous solutions containing 0.05 M NaBr and 0.1 M acetone. The 

observed changes are similar to those just described for 0.01 M NaBr solution, but on a 

shorter time scale. As expected by the increase in Br- concentration, the formation kinetics of 

BrOH•- and Br2
•- are accelerated. In addition, under these conditions, after 200 ns the 

absorbance at 360 nm starts to decay slightly due to the slow disappearance of Br2
•- and the 

formation of Br3
- according to reaction R6. 

Those results corroborate the kinetics and spectral measurements performed by Zehavi and 

Rabani5 and confirm their overall statement that the intermediate BrOH•- absorbs in the same 

spectral domain as Br2
•- but with a broader spectrum. Indeed, the normalized absorption 

spectra recorded at 10 ns and 400 ns for the solution containing 0.01 M NaBr and 0.1 M 

acetone are clearly not identical (Figure 1b). While the spectrum at 400 ns is close to the 

absorption spectrum reported for Br2
•-, the spectrum at 10 ns seems slightly shifted to the blue 

and much broader. It is to be noted that a broader spectrum for BrOH•- compared with Br2
•- is 

not surprising because BrOH•- is a triatomic ion with more degrees of freedom than the 

diatomic Br2
•- anion and with the ability of H-bond formation with the solvent water 

molecules, what may induce many solvation micro-environment and energy differences. 

 

Bayesian data analysis. The spectrokinetic data obtained for aqueous solutions containing 

0.01 M NaBr and 0.1 M acetone have been analyzed using a Bayesian method for parametric 

identification. Singular Value Decomposition of the data matrix indicates that its rank is 2. 

Considering the strong overlap of the candidate spectra, rotational ambiguity prevents the 

recovering of unique spectra, even when positivity and/or unimodality constraints are 
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enforced.35 In order to reduce the solution space, we used an explicit model of the kinetic 

traces taking into account reactions/equilibriums R1 to R6, R8 and R10.  

In the present case, the model M of the absorbance data matrix is: 

2 2BrOH BrOH Br Br
M S ( ) C ( ) S ( ) C ( ) nlk l k l k lkt t t t   •− •− •− •−=  + +  + +  (4) 

where 
BrOH

C ( )kt t•− +  and 
2Br

C ( )kt t•− +  represent the time-dependent concentration of 

BrOH•- and Br2
•-, respectively; t is an small time-shift compensating for the uncertainty in 

the exact initial time due to the width of the Cherenkov dip, and nlk is a random variable 

representing measurement noise. The spectra of both species, 
BrOH

S ( )l•−  and 
2Br

S ( )l•− , which 

correspond to the extinction coefficients, (BrOH•-) and (Br2
•-), multiplied by the optical 

path length (equal to 1 cm in our case), are obtained wavelength-wise by linear regression. 

The maximum absorption coefficient of 
2Br

S •− , max(Br2
•-), is constrained around 9900 ± 300 

dm3 mol-1 cm-1, while -BrOH
S •

 is left unconstrained except positivity. The homogeneous 

chemistry model used to model the kinetic traces is not designed to reproduce the short-time 

kinetics of the system and the matrix model M (Eq. 4) does not take into account the 

absorption of the solvated electron. Consequently, the analyzed data matrix is restricted to the 

time range above 20 ns (the exact value depends on the zero-time shift parameter t) when the 

solvated electron has vanished. 

The kinetic traces are calculated by numerical integration of the kinetic model (R1 – R6, 

R8, R10), with the initial concentrations: [H3O
+]0 = [eaq

-]0 = 2 × 10-5 M, [(CH3)2CO]0 = 0.1 M, 

[OH•]0 = 2 × 10-5 M and [Br-]0 = 0.01 M. The latter two initial concentrations are treated as 

uncertain with 20% and 5% relative uncertainty, respectively. 

In order to get estimation of the spectra and of their uncertainty, we proceeded in 5 steps: 

(1) identification of the Maximum A Posteriori (MAP) parameters with the initial Optimized 

Parameters set (OPS) and validation of the model (analysis of residuals); 

(2) in the presence of improper residuals, addition of new parameters in the OPS on the basis 

of a sensitivity analysis; 

(3) identification of the MAP parameters with the augmented OPS and validation of the 

model (analysis of residuals); 

(4) generation of the possible set of spectra compatible with the full posterior pdf of the 

OPS; 
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(5) study of the influence of the external parameters on the recovered spectra called Monte 

Carlo Uncertainty Propagation (MCUP). 

(1) A first attempt was performed with an OPS including four parameters (t, [OH•]0, 

[Br-]0 and max(Br2
•-)). The details on the prior pdfs of the parameters and the results, MAP1, 

are reported in Table 1: a rather good optimal point could be obtained (2
R=1.06, P=0.01), 

with normally distributed residuals. However, the analysis of the residual map revealed a 

significant structure along the time axis. After considering and rejecting various error sources, 

we decided to resolve this residual structure by relaxing a minimal set of reaction rate 

constants. 

(2) The minimal set of relevant rate constants was obtained by sensitivity analysis (SA) of 

the estimated BrOH•- spectrum vs. all uncertain parameters, for which a sample of 500 draws 

was generated from their prior pdf. The BrOH•- spectrum at 20 wavelengths between 300 and 

500 nm was generated for each point of the sample. We used an ANOVA-SA type 

approach:52 the sensitivity coefficients are the fractions of the total output variance 

apportioned to each input variable. They are obtained analytically from a quadratic least-

squares fit of the response as a function of the inputs. We adapted a procedure proposed by 

Zhang and Goutsias53 to the case of inputs with non-Gaussian densities.54 Among the reaction 

rates, k1, k-1, k2 and k10 stand out (Supporting Information, Figure S3). Although k-1 has a 

rather uniform sensitivity index across the wavelength scale, k2 and k10 seem to contribute 

mostly near the wings of the spectrum. These reaction rate constants have been included in 

the OPS.  

(3) The optimization process was repeated with the augmented OPS (8 parameters) and 

lead to a new optimal set MAP2 (Table 1). The improvement of the 2
R is significant 

(2
R=1.02, P=0.13), and the structure in the residuals has vanished (Figure 5). The model can 

be considered as statistically valid, and we can now sample the posterior pdf of the 

parameters. The spectra and time-dependent concentrations of Br2
•- and BrOH•- obtained at 

this analytical step are given in Figure S4, Supporting Information.  

(4) A posterior sample was generated for the 8 parameters in the OPS (see section 2), and 

1000 points were retained to evaluate the mean and standard deviation of the parameters 

(Table 1). The corresponding set of 1000 numerical spectra for Br2
•- and BrOH•- (Figure 6) 

has been used to estimate spectral properties by quadratic fit of the log-spectra in the energy 

scale. The statistics for these results are reported in Table 2. Note that the quadratic model 

cannot accommodate a hump near the maximum of Br2
•-, which provides an underestimation 
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of max(Br2
•-) by this procedure, when compared with the (preferred) value reported in Table 

1. 

(5) Finally, the influence of the external parameters (k-2, k3, k-3, k4, k-4, k5, k-5, k6 and k8) 

was studied by repeating the MAP2 identification, step (3), for a random sample of values of 

these parameters, drawn from their prior pdf (MCUP sampling). The prior pdfs of the 

external rate constants are Lognormal distributions using the mean value and uncertainty 

factor reported in the literature or taken as 20%. As can be seen in Tables 1 and 2, the mean 

values of the MCMC and MCUP procedures are statistically compatible. Moreover, the 

uncertainty of the inferred parameters due to the external parameters is never larger than the 

uncertainty obtained by the MCMC procedure, which confirms that the important parameters 

are effectively in the MAP2-OPS. The uncertainties reported at the MCMC stage can be 

considered as representative, but in the few cases where both uncertainties are of similar 

amplitudes, one could use the combination of variances to derive an overall uncertainty. For 

instance, the global uncertainty on max(BrOH•-) could be estimated as 

(3652 + 1402)1/2 = 390 dm3 mol-1 cm-1.  

To summarize, the spectrum of BrOH•- could be differentiated from that of Br2
•- (Table 2 

and Figure 6). Both spectra peak at similar wavelength (352 vs. 354 nm), but the molar 

absorption coefficient of BrOH•- at its maximum is 7800 ± 400 dm3 mol-1 cm-1, significantly 

smaller than max(Br2
•-). However, the spectrum of BrOH•- is significantly wider (fwhm = 88 

vs. 76 nm) and both species have nearly identical oscillator strengths (ratio 

OS(BrOH•-)/OS(Br2
•-) = 0.95 ± 0.03). Our results confirm the general trends of the work of 

Zehavi and Rabani.5 In their attempt to measure the absorption spectrum of BrOH•-, they 

determined absorbance ratios at a few wavelengths and deduced that the BrOH•- peak seemed 

broader than the Br2
•- peak; they also estimated the extinction coefficient of BrOH•- to be 

about 8000 dm3 mol-1 cm-1 but with an extinction coefficient of 12000 dm3 mol-1 cm-1 for 

Br2
•-. However, it is worth noticing that the position of the maximum of Br2

•- absorption 

spectrum is found slightly blue-shifted compared to the reference value (354 instead of 360 

nm) but that this position is in agreement with recent measurements.14 Moreover, it is to be 

noted that the rate constants k1 and k2 have also been slightly adjusted from the literature 

values and found to be k1 = (8.4 ± 0.5)  109 dm3 mol-1 s-1 and k2 = (8.2 ± 0.6)  1010 

dm3 mol-1 s-1. 
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Quantum calculations. The simulation of the two species Br2
•- and BrOH•- in solution is 

difficult because of the quantum resonance between two mesomeric forms, BrBr- and Br-Br in 

the first case, BrOH- and Br-OH in the second case. This makes the elaboration of a classical 

force field difficult. In a first attempt, we performed CPMD simulations of the solutes with 64 

water molecules and found that the interatomic distances of the solutes were unrealistically 

large and the transition energies much too small.55 Then, we performed QMMM simulations 

with a PM3 solute and 250 classical water molecules and found that conversely the 

interatomic distances of the solutes were unrealistically small.55 Thus, we used a conventional 

DFT method with optimization of a set of configurations of the systems Br2
•-(H2O)n and 

BrOH•-(H2O)n, with n small and the remaining of the solvent modeled with a PCM reaction 

field in the SMD formalism.40  

As a preliminary step, for Br2
•-, we compared two functionals of the literature: BHHLYP 

which had already been used on the Br2
•-(H2O)n system in the vacuum56  and B3LYP.57 We 

used the pSDD basis set and tested the addition of diffuse Gaussians: s (exponents 0.07, 0.03, 

0.01) and p (exponents 0.02, 0.01). Table 3 gives the excitation energy obtained for Br2
•-. It 

was found that adding diffuse functions had no effect on the calculated excitation energy of 

Br2
•- and that the B3LYP results were closer to the experimental value (around 360 nm) than 

the BHHLYP value (Table 3). Consequently, we used B3LYP and the pSDD basis set for all 

the systems. 

First, we calculated the transition energies of the solutes with zero explicit water molecules 

(Tables 4 and 5). This means that the solvent is completely modeled by the PCM method. It is 

found that the two solutes absorb at different wavelengths, with the Br2
•- transition energy 

(3.33 eV, 372 nm) significantly larger than the BrOH•- one (3.07 eV, 404 nm). These two 

values differ from the observed value for both solutes (around 3.49 eV, 355 nm). Moreover, 

the oscillator strength of Br2
•- (0.45) is larger than the oscillator strength of BrOH•- (0.34), but 

the ratio of these values amounts to 0.75, in qualitative agreement with the measured value 

(0.9). The present TDDFT calculations yield absorption lines and no band widths. 

Nevertheless we note that the Br2
•- solute has six degrees of freedom in the solvent cage while 

BrOH•- has nine. For this reason we may expect that the absorption band of BrOH•- is larger 

than that of Br2
•-. This is in agreement with the measurements. 

Then, we considered the solutes with a coating of one explicit water molecule. In this case 

the two solutes display different behaviors: Br2
•- takes up the water molecule in one way only 

(Figure 7), BrOH•- in three different ways, with the hydrogen bond of the types W → OH, 
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W → Br and W  OH (Figure 8), where W stands for the water molecule. In Table 5 are 

reported the binding mode of the three BrOH•-(H2O) configurations and the number of 

equivalent configurations, nconf, as well as the relative energy of the three BrOH•-(H2O) 

configurations. These energies (Gi = Gi – G1) have been calculated according to: 

Gi = Gi
DFT + Ei

CCSD - RTLn nconf (5) 

Ei
CCSD = Ei

CCSD – Ei
DFT (6) 

where GDFT is the B3LYP/PCM electronic and nuclear free energy of the solute; RTLn nconf is 

the conformation entropy of the configuration. ECCSD is a correction using Ei
DFT, the B3LYP 

energy of the solute in the vacuum and Ei
CCSD, the CCSD(T) energy in the aug-cc-pvqz basis 

of the same system.41  

While the three BrOH•-(H2O) configurations lie within 0.08 eV (Table 5), it is striking that 

these configurations display different absorption wavelengths, between 368 nm (W → OH, 

ground configuration) and 398 nm (W  OH). This feature is certainly an additional cause of 

the broader band of BrOH•- compared with Br2
•-. 

We also considered coated solutes with 2, 3 and 4 explicit water molecules. In each case 

we took into account only one configuration, with the lowest energy (Figures 7 and 8). The 

results converge as soon as n = 2 – 3 (Tables 4 and 5). For n = 2 the absorption wavelengths 

of Br2
•-(H2O)2 (360 nm) is larger than that of BrOH•-(H2O)2 (354 nm). Note that the 

corresponding transition energies differ by 0.06 eV only. According to the present 

measurements the two solutes absorb at similar wavelengths. Nevertheless, these two solutes 

are different ions and there is no reason for the absorption wavelengths to be equal. Our 

results suggest that the absorption wavelength of Br2
•- is slightly larger than that of BrOH•-, 

but it is worth noticing that these results correspond to the lowest energy configuration only. 

Figure 9 shows the absorption spectra of the two solutes deduced from the last values (with 

n = 3) and a convolution using two different Gaussians with full widths at half maximum 

(fwhm) of 0.75 and 0.9 eV for Br2
•- and BrOH•-, respectively. These fwhm values are 

empirically taken from the measurements.  

 

4. CONCLUSION 

In the present work, the absorption spectrum of BrOH•- has been investigated both 

experimentally by pulse radiolysis and theoretically. The measurements and data analysis 

indicate that BrOH•- absorbs at a similar wavelength as Br2
•- but presents a broader absorption 
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band with a lower molar extinction coefficient (7800  400 dm3 mol-1 cm-1 compared with 

9600 ± 300 dm3 mol-1 cm-1). Quantum chemistry calculations performed on both species 

corroborate the absorption of BrOH•- in the same spectral region as Br2
•-. They also reveal the 

existence of different water-BrOH•- configurations with different transition energies, what 

may account for the broadening of the spectrum.   
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Table 1. Values of the optimized parameters at the various stages of the process. 

 

Parameter Prior pdf MAP(1) MAP(2) MCMC Mean MCUP 

t  

(ns) 
Norm(28, 2) 21 27 27.3 (12) 27.17 (70) 

[OH•]0  

(×10-5 M) 
Lnorm(2, 50%) 2.3 2.15 2.21 (4%) 2.221 (4%) 

[Br-]0  

(M) 
Lnorm(0.010, 5%) 0.098 0.010 0.010 (4%) 0.010 (2%) 

max(Br2
•-) 

(dm3 mol-1 cm-1) 
Norm(9900, 300) 9548 9707 9700 (260) 9700 (25) 

k1  

(×1010 M-1 s-1) 
Lnorm(1.1, 10%) fixed 0.85 0.84 (6%) 0.84 (5%) 

k-1  

(×107 s-1) 
Lnorm(3.3, 20%) fixed 2.77 2.77 (10%) 2.77 (6%) 

k2 

(×106 s-1) 
Lnorm(4.2, 20%) fixed 8.33  8.17 (8%) 8.01 (7%) 

k10 

(×108 M-1 s-1) 
Lnorm(1.3, 20%) fixed 1.64 1.69 (8%) 1.70 (6%) 

2
R 1.06 1.02 - 1.022 (1) 

P 0.01 0.13 - - 

Norm(x,) corresponds to a normal or Gaussian distribution with x the location of the peak and  the standard 

deviation; Lnorm(x,y%) stands for Lognormal distributions with x the mean and uncertainty factor taken as  a 

percentage y%; 2
R is the reduced chi-square, i.e. the sum of the weighted residuals divided by the number of degrees 

of freedom (NDF); P is the probability for a 2
R issued from a chi-square distribution with the same NDF to be larger 

than the reported value. 
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Table 2. Spectral properties of Br2
•- and BrOH•- derived by Gaussian fit in the energy 

scale of the numerical spectra generated by the MCMC and MCUP procedures. 

 

Derived Spectral Properties MCMC MCUP 

max(Br2
•-) (dm3 mol-1 cm-1) 9600(260) 9540(30) 

max(Br2•-) (nm) 354.0 354.0 

(Br2•-) (nm) 38.122(50) 38.139(40) 

OS(Br2•-) 7.32(20)  7.278(16) 

max(BrOH•-) (dm3 mol-1 cm-1) 7800(365) 7800(140) 

max(BrOH•-) (nm) 352.32(10) 352.363(40) 

( BrOH•-) (nm) 43.71(12) 43.279(80) 

OS(BrOH•-) 6.87(33) 7.02(17) 

OS(BrOH•-) / OS(Br2•-) 0.938(32) 0.964(25) 

max and max correspond to the maximum value of the extinction coefficient and its the position, 

respectiveley  represents half the full width at half maximum (fwhm/2) of the absorption band ; OS stands for 

the oscillator strength. 
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Table 3. TDDFT results for Br2
•- with two functionals and two basis sets. 

 

functional basis E (eV)  (nm) OS 

BHHLYP pSDD 3.17 391 0.4976 

BHHLYP pSDD + diff 3.14 394 0.4868 

B3LYP pSDD 3.33 372 0.4554 

B3LYP pSDD + diff 3.31 374 0.4432 

E and  represent the transition energy and wavelength, respectively; OS is the associated oscillator strength. 

 

 

 

 

 

 

Table 4. TDDFT results for low lying conformations of Br2•-(H2O)n obtained with 

B3LYP and the pSDD basis set. 

 

n E (eV)  (nm) OS 

0 3.33 372 0.45 

1 3.33 372 0.42 

2 3.44 360 0.43 

3 3.42 363 0.43 

4 3.41 364 0.42 

Exp. - 355 - 

E and  represent the transition energy and wavelength, respectively; OS is the 

associated oscillator strength. 
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Table 5. TDDFT results for low lying conformations of BrOH•-(H2O)n. The results are 

obtained with B3LYP and the pSDD basis set. 

 

n G (eV) binding mode 

(nconf) 

E (eV)  (nm) OS 

0 - - 3.07 404 0.34 

1 0. W → OH (2) 3.37 368 0.35 

1 +0.025 W → Br (3) 3.19 388 0.34 

1 +0.084 W  OH (1) 3.11 398 0.35 

2 - - 3.51 354 0.34 

3 - - 3.50 354 0.33 

4 - - 3.52 353 0.32 

Exp. - - - 355 - 

G is the energy difference between the BrOH•-(H2O) configurations where W stands for the water 

molecule; E and  represent the transition energy and wavelength, respectively; OS is the associated oscillator 

strength. 
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FIGURE CAPTION 
 

Figure 1. (a) Optical absorption spectra recorded by pulse radiolysis of N2-purged aqueous 

solutions containing 0.01 M NaBr and 0.1 M acetone at different time after the electron pulse; 

(b) Comparison between the normalized absorption spectra recorded at 10 ns and 400 ns.  

Figure 2. Absorption signals obtained at different wavelengths by pulse radiolysis of N2-

purged aqueous solutions containing 0.01 M NaBr and 0.1 M acetone on two different time 

scales: (a) 50 ns, (b) 500 ns. 

Figure 3. Optical absorption spectra recorded by pulse radiolysis of N2-purged aqueous 

solutions containing 0.05 M NaBr and 0.1 M acetone at different time after the electron pulse. 

Figure 4. Absorption signals obtained at different wavelengths recorded by pulse radiolysis of 

N2-purged aqueous solutions containing 0.05 M NaBr and 0.1 M acetone on two different 

time scales: (a) 20 ns, (b) 500 ns.  

Figure 5. Top left: Downsized spectrokinetic data matrix (the absorbance increases from dark 

blue to dark red); Top right: optimized absorbance matrix giving the best fit (see text for 

details); Bottom left: Residuals matrix; Bottom right: Q-Q plot comparing the residuals with 

their theoretical values. 

Figure 6. Absorption spectra of Br2
•- (black curve) and BrOH•- (red curve) derived from the 

Bayesian data analysis of the experimental results in Figure 1. The best fit spectra are 

represented by bold lines. 

Figure 7. Optimized most stable configurations of Br2
•-(H2O)n with n = 1 to 4. 

Figure 8. Optimized most stable configurations of BrOH•-(H2O)n with n = 1 (three 

possibilities) and n = 2 to 4. 

Figure 9. Calculated absorption spectra of Br2
•-(H2O)3 and BrOH•-(H2O)3 with empirical 

fwhm values. 
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Figure 1. 
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Figure 2. 
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Figure 3.  
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Figure 4.  
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Figure 5. 

 

 

 

 

 



 29 

Figure 6. 
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Figure 7.  
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Figure 8. 
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Figure 9 
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Figure S1: Wavelength-dependence of noise in data. The dots are the standard deviation 

calculated over 200 points at late time/delay. The red curve represents the 90% probability 

upper bound for the noise amplitude. 



 

 

 

Figure S2: Optical absorption spectrum (top) and time-dependent signals (bottom) obtained 

by pulse radiolysis of N2-purged aqueous solutions containing 0.1 M acetone.  

 

The found spectrum corresponds to that of the protonated radical, (CH3)2C

OH, generated by 

the reaction between acetone and hydrated electron (R8-9), as reported in the literature 

(Kasama, K.; Takematsu, A.; Arai, S. J. Phys. Chem. 1982, 86, 2420-2427; Mills, G.; 

Henglein, A. Radiat. Phys. Chem. 1985, 26, 391-399). The fast rise in absorbance during the 

pulse duration is due to the solvated electron. Then, the disappearance of the solvated electron 

is observed at 350 nm where its extinction coefficient is greater than that of (CH3)2C

OH, but 

it is not detected at 310 nm where the extinction coefficients are similar.  



 

 

 

Figure S3: Sensitivity map. 



 

 

Figure S4: Absorption spectra (left) and concentrations versus time (right) of Br2
-

 (black 

dots) and BrOH
-

 (red dots) obtained with the optimal set of parameters MAP2 during the 

Bayesian data analysis of the experimental results in Figure 1. 
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