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Nanosecond Transient Absorption Studies of the pH-Dependent
Hydrated Electron Quenching by HSO;".

William A. Maza,* ? Vanessa M. Breslin,® Noah T. Plymale,® Paul A. DeSario,® Albert Epshteyn,®
Jeffrey C. Owrutsky, * ® and Bradford B. Pate*®

The large standard reduction potential of an aqueous solvated electron (eaq”, E° = -2.9 V) makes it an attractive candidate
for reductive treatment of wastewater contaminants. Using transient absorption spectroscopy, the nanosecond to
microsecond dynamics of eaq~ generated from 10 mM solutions of Na2SOs at pH 4 to 11 in H20 and DO are characterized,
resulting in the determination that between pH 4 and 9 it is the HSOs~, and not H* as previously postulated by others, that
effectively quenches eaq~. The observed bimolecular quenching rate constant (k = 1.2x10% M s?) for eaq~ deactivation by
HSOs™ is found to be consistent with a Bronsted acid catalysis mechanism resulting in formation of H and SOs*". A large
solvent isotope effect is observed from the lifetimes of the eaq™ in H20 compared to D20 (kn20/ko20 = 4.4). In addition, the
bimolecular rate constant for eaq deactivation by DSOs3™ (k = 2.7x10” M s) is found to be an order of magnitude lower than
by HSOs™. These results highlight the role of acids, such as HSO3™, in competition with organic contaminant targets for eaq”
and, by extension, that knowledge of the pKa of eaq™ sources can be a predictive measure of the effective pH range for the

treatment of wastewater contaminants.

Introduction

There are emerging reduction methodologies for the
treatment of wastewater that take advantage of high-energy
reducing species to decompose contaminants including long
chain hydrocarbons, aromatics, and perfluoroalkanes.> 2 With a
standard reduction potential (E®) of -2.9V,3® the hydrated
electron (eaq”) is the most potent reducing agent that can exist
in water; albeit short-lived, it may be useful in decomposing
wastewater contaminants. 2 7-13 Herein we re-investigate the
reason for the poor performance of advanced reduction water
treatment processes involving the photochemical generation of
eaq” from sulphite solutions at pH <9, and show that HSOs,
which is present at pH values near the HSO3/SO3% pK,,
quenches the e,q~ that is generated by irradiation of SO32- at
266 nm. The rate constant for the quenching of e.q~ by HSO3™ is
1.2x108 M-1:s1, The reaction occurs via a Bronsted acid catalysis
mechanism to form H and SO3Z-, with a large kinetic isotope
effect (KIE = 4.4) for the eag” quenching by HSO3~ versus DSOs3™.
We attribute the large KIE to an order of magnitude decrease in
the deactivation rate constant for the interaction of e,q~ and
DSO5™.
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Like sulphite, UV-irradiation of certain anions (e.g.,
ferrocyanide, iodide, and hydroxide) is a known method of
producing solvated electrons.’* The characterization of the
formation of e,q~ and its subsequent interactions with water
soluble species has been previously reported.* 1>17 The ey~
lifetime typically observed is on the order of microseconds and
is sensitive to a variety of factors such as the ionic strength, pH,
and the presence of electron acceptors.’> 1727 The rate
constants for the interaction of e,q~ with electron acceptors can
vary between 10* to 1019 M-1l.s116 using
nanosecond flash photolysis, Huang et al. reported a rate
constant of 1.7x107 M1-s? for the reduction of sodium
perfluorooctanoate by photodetached e,q~ from KsFe(CN)e
solutions.?8 By the same technique, Levin et al. demonstrated
that the rate constant for e.q~ quenching by phosphate anions
varies with pH and depends on the protonation state of the
anion.?? Sulphite (SO32-), has been shown to be a particularly
effective source of photochemically generated e.q~ for the
degradation of aqueous film-forming foams (AFFF) and its
constituents (e.g., perfluoroalkylsulfonate), as well as other
small molecule contaminants including pharmaceuticals.30-37
The SO32- system, as stated earlier, is limited in that it is only
effective at pH > 8, unlike other systems that are active over
broader pH ranges.30-32 36, 38 |t has been shown that the
degradative efficiency of SO32~ is improved in the presence of
additives, like iodide, that increase pH upon irradiation and help
maintain the solution conditions necessary for the SO32- system
to be effective.34 39

For example,
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The decline in degradative efficiency of the e,q~ in Na>SO3
solutions at pH < 8 was previously attributed to competitive
scavenging of the eaq~ by protons (H*) with increasing [H*].3% 3%
33 At pH values near the reported pK, of 7.2 for the [HSO3~
1/[S0327] equilibrium, however, the [H*] is at least an order of
magnitude less than [HSO3~] when the concentration of Na,SO3
is greater than 1 uM (Figure 1). Although Li et al. mention the
potential role of HSO5'in deterring degradation of perfluoroalkyl
contaminants, they did not explore its role in relation to H* any
further.40

In this report, transient absorption spectroscopy is used to
re-evaluate the roles of H* and HSOs~ in scavenging
photodetached e,q~. The nanosecond to microsecond dynamics
of eaq™ produced by UV irradiation (Aexc =266 nm) of NaySO3
solutions are probed by monitoring the change in absorption of
the eag~at 790 nm (Acw probe = 790 Nnm). The 790 nm probe is used
to monitor the dynamics of the e.q since the e,q~ has a broad
absorption between 400 nm and 1200 nm with a maximum at
ca. 720 nm and a molar extinction coefficient, €720nm, Of ca.
19000 Mt cm.4 4143 The effect of pH on the lifetime of eaq™ is
investigated and the results are discussed in relation to the role
of the [HSO37]/[SO527] equilibrium.

(JAW) uoneIUIIU0I SIS

pH

Figure 1. Concentration profiles of SO32~ (black line), HSO3™ (red line) and H* (orange line)
calculated as a function of pH for a 10 mM Na,SOj3 solution using a pK, of 7.2.28.43.44

Experimental

General Considerations: All chemicals, (Na,SO3; 98% Alfa Aesar,
KNOs = 99% Sigma-Aldrich, and KsFe(CN)s-3H20 99.95% Sigma-
Aldrich) were used as received with no further purification.
Stock solutions of 0.5 M Na;SOs; were freshly prepared in
deionized water and stored under N;. Samples of 10 mM
Na;S0s3 used for flash photolysis were prepared in a standard
quartz cuvette (1 cm pathlength) from the 0.5 M stock, sealed
with a rubber septum and parafilm, and purged with N, for at
least 10 minutes. The sample pH was adjusted by addition of
either HClIO4 or NaOH.

Flash Photolysis: The solvated aqueous electron, e.q,
dynamics were monitored on a flash photolysis system built in-
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house (~ 100 ns resolution) shown in Scheme 1. The fourth
harmonic of a Continuum Minilite Il Nd:YAG laser (Aexc = 266 nm,
5 ns pulse width, 150 W per pulse output at sample) and the
output of a continuous wave diode laser (Aprobe =790 Nm
Thorlabs model CPS780S; Aprobe = 405 nm Power Technology
model LDCU12/459U; Aprobe =633 nm Spectra Physics HeNe
model 102-4) were directed collinearly into the sample. The
excitation and other stray light were filtered with a bandpass
filter (785 nm centre, 405 nm centre, or 633 nm centre; 10 nm
FWHM each) and the change in probe intensity monitored using
a photomultiplier tube (Hamamatsu R375, 9 ns rise time, 70 ns
transit time). The resultant analogue transient signal (each
transient is the average of ~ 300 shots) was digitized on a
Tektronix TDS 420A oscilloscope (200 MHz, 100 MS s sampling
rate).

samplle

o

Scheme 1. Schematic of the laser flash photolysis system used to measure the
nanosecond to microsecond transient absorption dynamics of e 4.

Results and Discussion

Assignment of the transient signal as e.q~. Excitation of an
anaerobic (nitrogen-purged) solution containing 10 mM Na,SO3
(pH ~ 9) with a 266 nm pulse produces a positive transient
absorption signal at 790 nm that obeys first-order kinetics with
a lifetime of 8.6 £ 0.2 ps (Figure 2). No detectible signal was
observed at a probe wavelength of 405 nm, where the molar
absorption of e,q~ approaches zero (supplemental Figure S1). In
contrast, when probing at 633 nm using a HeNe laser, we
observed a signal amplitude commensurate with the expected
absorption spectrum of eyq~.* 4% 42 The lifetimes obtained at
both 790 and 633 nm are in very good agreement (Figure S1).
To positively assign the signal observed at 790 nm as eaq~, KNO3
was introduced to the solution resulting in a decrease in the eaq~
lifetime with increasing [KNOs] (Figure S3). Both the
wavelength-dependence of the transient absorption and the
effect of an electron scavenger on lifetime support the
assignment of the transient signal observed at 790 nm as being
due to the decay of photodetached e.q~ (Figure 2).

pH effect on e.q~ lifetime and the kinetic isotope effect. Upon
formation of the esq~ the non-geminate ei,q~ + SOz~ pair
undergoes recombination according to:

ko
503 + ez —S0% 1

Additionally, the e,q~ can interact with excess SO32~ according to
2 (supplemental information),

ky
S03™ + eqq — products 2

This journal is © The Royal Society of Chemistry 20xx
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or interact with bisulphite, HSO3", as shown in 3.43

k.
HSO3 + ez, = S03~ + H' 3

Normalized Absorbance -

10 15
time (ps)

20

Normalized Absorbance

time (us)

AmOD

N 1 N 1 N 1
0 5 10 15
—pH78
——pD 8.5

Figure 2. (Top panel) Normalized transient absorption signal at 790 nm containing
10 mM Na,SOj3 at pH 9 and (inset) 40 pM K4Fe(CN)s (enlarged figure shown in Figure S5)
in H,O (black line) and D,0 (red line). (Bottom panel) Transients were obtained from
anaerobic solutions of 10 mM Na,SO; at pH 7.83 in H,0 (black line) and pH 8.53 in D,0
(red line) where the concentration of HSO3~ and DSOs™ are approximately equivalent.

time (us)

Transients obtained for 10 mM Na,SOs solutions in H,O at
pH 4 — 11 reveal that both the signal amplitudes and lifetimes
decrease with decreasing pH. The observed pH-dependent
decrease in the e,q lifetime may be a result of either efficient
scavenging of the e.q by H*, or deactivation of e.q via
interaction with HSOs3~ (reaction 3). The high [HSOs7] as
compared to the very small [H*] over this pH range (Figure 1)
implicates HSO3™ as the more likely primary quencher of eaq™.
The concentration profile shown in Figure 1 is based on the
reported pK, value for the [HSO37]/[SOs2] equilibrium
(pKa 7.2).28:43,44

This journal is © The Royal Society of Chemistry 20xx
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To test this hypothesis, 10 mM Na,SO3 solutions were
prepared in D,O to determine whether there would be an
observable difference in the e,q lifetime in the presence of
HSO3~ vs. DSOs™. Indeed, a significant difference in the lifetime
is observed for 10 mM Na,SOs solutions in DO compared to
H,O0 under anaerobic conditions (Figure 2). The eyq lifetime in
D,0 (pD ~ 8.4) is 7.2 £ 0.7 pus compared to 4.8 0.2 us in H,0
(pH ~ 8.3). This difference in lifetime in DO compared to H,0 is
just as pronounced at equal concentrations of HSO3~ and DSO3~
(~ 1 mM, Figure 2 bottom panel, Figure S7, the respective
concentrations were estimated using data shown below) where
the eaq lifetimes are 4.3 ps in H,O (pH 7.8) and 6.9 us D,0
(pD 8.5).

Normalized Absorbance

(us)

1me

o lifeti

ea

6 8 10
Figure 3. (Top) Normalized transient absorption traces obtained at 790 nm of e,q”
photodetached from 10 mM Na,SO; solutions at varying pH. (Bottom) Solvated electron
lifetimes in H,O (black closed circles) and D,0 (red open circles) obtained from mono-
exponential fits of the transients. The solid black line represents a non-linear least

squares fit of the lifetime data to equation 5.

To support that the observed kinetic isotope effect (KIE) in
Na,SOs3 solutions prepared in H,O and D,0 arises due to the
reaction between the e,q~and HSO3™ being the rate determining
step (pH range of 4 to 10) we also probed solutions of K4Fe(CN)g

J. Name., 2013, 00, 1-3 | 3
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for comparison. In the absence of a protonated species the eaq~
transient generated from solutions of KiFe(CN)s, solutions
prepared in H,O and D,0O should have identical quenching
rates.*>47 This was indeed the case (Figure 2, inset and Figure
S8). Mono-exponential fits of the e,y transients in 40 uM
KsFe(CN)s prepared in H,O and DO (pH, pD ~7) indicated eaq~
lifetimes of 4.6 + 0.8 us and 4.1 + 0.6 s, respectively.

The role of HSO3™ is more evident from the differences in the
signals observed for e,q~ generated from 10 mM and 500 mM
solutions of Na,SO3z at pH 7 (Figure S9). At pH 7, the eaq lifetime
in @ 10 mM solution is ~1.5 us, whereas the lifetime in a
500 mM Na,SO; solution was found to be at or below the
detection limit of our instrumentation (Tops < 100 ns). These
results suggest that in a 500 mM Na,SOs3 solution at pH 7 the
concentration of HSOs™ is sufficiently high that the reaction
described by reaction3 dominates all other processes
(discussed further below).

A model was developed in which the lifetime of the eaq”
depends on both the recombination of e,q~ with SOs~ and the
deactivation reaction between e, and SO3?~ or HSO;3™ as
suggested in reactions 1, 2, and 3. The rate expression which
includes these irreversible processes yields the following
expression for the observed lifetime:

7= (ko[SO3] + k{[SO%7] + ky[HSO3]) ! 4

Equation 4 can be rewritten (see supplemental for derivation)
in terms of the initial SO32- concentration, [SO32],, the pK, of
the HSO37/5032- equilibrium, the solution pH, and the reciprocal
of the sum ki[SO37] + ko[SO32] represented as 1, (i.e., the
lifetime of the e.q~ at high pH where the concentration of HSO3~
is negligible) to give equation 5:

= 10PH +10PKa 5

- PH110PKa
k,10PKa [5032—]”%
[

Due to its blue shifted charge-transfer-to-solvent transition
relative to SO32-, absorption of the incident 266 nm laser pump
pulse by HSO3™ is negligible.*® Therefore, the contribution to eaq~
formation by direct excitation of HSOs™ is neglected.

The e, lifetime data obtained as a function of the solution
pH was fit to equation 5 (Figure 3) resulting in pKj, T, and k»
values of 7.2+0.1, 9.8+0.1pus, and (1.2 +0.3)x108M1s],
respectively. The pK, value obtained from the fit is in excellent
agreement with results from the ground state absorption
(pKa = 7.1+ 0.1, Figure S10) and the reported pK, value of 7.2.28
43,44 These values for pK,, k2, and t, represent the average of
multiple data sets. It should be noted that the value obtained
for k; is an order of magnitude greater than that reported by
Hayon et al. (i.e., 2x107 M s1).43 Similarly, fits of the eaq”
lifetimes in D,0 as a function of pD yield pK,, to, and k; values of
7.8+0.1,10.4 £0.9 pus, and (2.7 £ 0.02)x107 M-1.s1,
respectively.

The e, lifetime trend observed between H,0 and D,O seem
counterintuitive for a shift in the HSO37/SO32~ pK, from 7.2 to
7.8, respectively. For example, at pH 8 a shorter lifetime is
expected in D,0 relative to H,0 given the higher concentration
of H/DSO3~ expected in D,O compared to H,0 (Figure S7). This

4| J. Name., 2012, 00, 1-3

is indeed the predicted outcome according to equation 5 if ka
were the same in D;O and H,O (Figure S11). The expected
decrease in eaq lifetime at pD 8 resulting from the shift in pKj is
countermanded, however, by the 4-fold decrease of k; in D,O
which results in a longer lifetime in heavy water.

Mechanism of quenching of e,q~ by HSO3™. Conversion of e,q~
to H' by reaction with a protonated acid, BH, in aqueous
solutions is known to occur in the presence of Bronsted acids by
a general acid catalysis mechanism according to equation 6.48

BH +eg > H+B" 6

Here, BH is a protic acid and B~ is the conjugate base. Figure 4
shows the strong correlation between the e,q~ deactivation rate
constant (equivalent to k, here) and the acid pK, according to
the Bronsted equation below:

o8 (%) = s (42 7

where p and q correspond to the number of dissociable protons
available to the acid and the number of equivalent protonation
sites available to the conjugate base, respectively. Ga and a are
constants specific to similar types of acids and are sensitive to
the acid catalyzed reaction. It is believed that the reaction is
mediated by neighboring water.® For example, efficient
deactivation of e,q”, generating H, has been observed in the
presence of H3PO,4, H,PO4~, CHsCOOH, and HCOOH.4% 30 Rate
constants corresponding to the reaction of e,q~ with phosphate
acids depend on its level of protonation. Specifically, the rate
constant for the reaction between e,q~ and H3PO4 has been
reported as 1x10° M1:s'1, whereas the rate constant for the
reaction between e;q~ and H,PO4~ has been reported to be
between 10% and 107 M1.s71,4°

11 T T T T T T T T T T T T T

H,0"
|
10 - .
benzoic acid
9 .
=
8 - .
2
%JJ propionic acid I:I
Tt H,PO, i
6 .
[
3 HPO? |
1 L 1 L 1 L 1 L 1 L 1 L 1
0 2 4 6 8 10 12

pK, - log (a/p)
Figure 4. Bronsted law for the conversion of e,4™ to H by HSO3™ compared to other protic
acids. Solid line represents the best fit to equation 7. The values used for the points
present in the plot were obtained from references #3->°. The HSO3™ and DSOs™ points are
based on this work.

This journal is © The Royal Society of Chemistry 20xx
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The interaction between e,q~ and HSO3~ or DSO3™ has a large
kinetic isotope effect (KIE). The ratio of the rate constants,
k2(H20)/k2(D20), is ~ 4.4. This result is similar to the KIE
between e,q~ and H30*/D30*, as well as between e,q~ and
ammonium, which were previously reported to be ~ 4.36
Alternatively, the difference between the rate constants for
HSOs~ versus DSOjs™ is greater than the factor of two difference
between the deactivation of e;q~ by H2S04 (1.3x101% M-1-s1) and
D,SO04 (6.3x109 M-1-s1).57

The deactivation of e,q~ can be described, according to
Anbar?3, as an electron transfer reaction to HSO3-, generating a
HSO32- transient, which then decomposes to SO3?~ and H' (Eq.
8a).

HSO3 + ez, - [HS037] - H' + S02~ 8a

Alternatively, Han et al. have suggested that the deactivation of
eaq” may occur by direct H* transfer to e.q~ (Eq. 8b).58

eaq + HSO3 — [eqq--H* --S0%27| > H' + 503~ 8b

The precise mechanism for the quenching of e.q~ by HSOs™ is
difficult to assign unambiguously with the data presented here.
However, the large KIE suggests reaction 8b as the more
probable pathway. In fact, molecular dynamics simulations
performed by Marsalek, et al.>? indicate that the reaction
between e,q~ + H3O* occurs by proton shuttling via the
hydrogen-bonding network surrounding a contracted eaq
cavity, strongly supporting a proton-transfer mechanism such
as that given by reaction 8b. Additionally, Ma, et al.®® have
demonstrated a blue shift in the transient absorption maxima
(occurring within 10 ps) of the e,q~ with increasing HCIO4
concentration and proposed that this blue shift is indicative of
the formation of a H30*:--e,q~ pair. By correlation, the fast (ps)
formation of an eyq--HSO3~ pair may explain the similar KIE
between H3;O* and HSOs;~ observed on the microsecond
timescale.

Finally, the rate constants measured for reactions 1, 2, and
3 are 1 —2 orders of magnitude smaller than the diffusional rate
constants (shown in the supplemental), indicating that the
observed quenching of e,q~ is not diffusion limited. This is not
uncommon and has been observed for a number of other
inorganic ions.1% 17

Summary and Conclusions

The origin of the poor performance of advanced reduction
processes involving the photochemical production of e,q~ from
sulphite solutions at pH < 9 has been re-examined. Based on the
evidence presented, we postulate that it is the species HSO3~
(formed at pH values near the HSO37/S032™ pK,) that quenches
eaq~ generated by the irradiation of SO3%~ at 266 nm. The rate
constant for quenching of e,q~ by HSO3™ is 1.2x108 M-1-s'1 and
we propose that the reaction resulting in formation of H and
SO32- occurs via a Bronsted acid catalysis mechanism, which is
consistent and in good agreement with the general trend of the
rate of deactivation of e,q~ described by the Bronsted model for

This journal is © The Royal Society of Chemistry 20xx
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other protic acids. A large kinetic isotope effect (KIE =4.4) is
observed for the e, quenching by HSO3~ versus DSOs~ and is
attributed to a decrease in the deactivation rate constant
corresponding to the DSO3~ + e,q interaction by an order of
magnitude. Consequently, as has been shown by others, the
presence of HSOs~ imposes restrictions on the effective pH
range in which the SO32~ advanced reduction system can
function efficiently. Knowledge of the acid dissociation constant
(pKa) can serve as a predictor of the efficacy of other inorganic
salts known to generate solvated electrons upon UV-irradiation
in processes where control of pH is an engineering challenge.
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Hydrated electron lifetimes in photodetached sulfite solutions at intermediate pH (5-10) are limited by
HSO; rather than proton (H*) quenching



