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Rate coefficients for the reactions of the hydrated electron (eaq
-) with pyridinium salts in aqueous solutions

have been determined using pulse radiolysis techniques. The rate coefficients for pyridine, 1-hydropyridinium
chloride, and 1-hydropyridinium nitrate were observed to be 1.4 × 1010, 4.5 × 1010, and 5.3 × 1010 M-1 s-1,
respectively. The eaq

- was found to primarily attack the pyridine ring, the proton coordinated to the nitrogen
atom, and the nitrate counterion, but not the chloride. Results for the corresponding dimer structures of 4,4′-
dipyridyl, 1,1′-dihydro-4,4′-bipyridinium dichloride, and 1,1′-dihydro-4,4′-bipyridinium dinitrate had similar
trends for eaq

- attack sites. The rate coefficients for pyridinium salts were lower when the pyridinium nitrogen
atom is coordinated to a methyl group rather than to a proton. This reduction is probably due to the increase
in electron density of the pyridine ring due to the electron-donating methyl group. Pyridinium salts are not
major contributors to the production of molecular hydrogen in the radiolysis of aqueous solutions and actually
decrease molecular hydrogen yield due to scavenging reactions of the eaq

-. The yield of molecular hydrogen
decreases from 0.45 to ∼0.2 molecule/(100 eV) over the scavenging capacity range for the eaq

- of 105-109

s-1. Absorption spectra of the transient species produced by the reactions of pyridinium salts with OH radical
and H atom formed in water radiolysis were observed, and rate coefficients for these reactions were determined.

Introduction

Electron-driven chemistry is a fundamental process that is
an important factor in radioactive waste management, especially
plutonium recovery.1-3 Plutonium with four positive charges
is the most stable oxidation state in nitric acid, forming the
divalent hexanitrato complex Pu(NO3)6

2-.4-6 The plutonium can
be removed selectively from the nitric acid by organic polymers
such as Reillex HPQ and Reillex 402, which are common anion-
exchange resins.7 Reillex HPQ is a poly(vinylpyridine)-based
resin cross-linked with divinylbenzene that contains an N-
methylpyridinium cation and nitrate (NO3

-) or chloride (Cl-)
anions. Reillex 402 is similar, except that a proton is attached
to the nitrogen. These resins are packed into a column through
which the nitric acid solution is flowed, resulting in the strong
retention of the divalent plutonium hexanitrato complex with
two positively charged nitrogen sites of the resin. The plutonium
recovery processes can lead to the formation of potentially
explosive gases due to the self-radiolysis of water. Molecular
hydrogen formation is especially important because enhance-
ment of its yield can cause serious engineering and management
problems.1,8-10 Studies have examined the production of mo-
lecular hydrogen from pyridinium-based resins,11 but little is
known about the basic chemistry of this class of compounds.
Fundamental kinetic information on the reactions of pyridinium
salts in aqueous solutions provides mechanistic details that can
be applied to other compounds containing multiple components
of different reactivity.

Energy deposited by the passage of ionizing radiation in liquid
water initially forms the parent water cation and a nonhydrated
electron, which decays with a lifetime of 240 fs to give the
hydrated electron (eaq

-).12,13 The eaq
- is a strong reducing

species, and it is produced with an initial yield of ∼4.2

molecules/(100 eV) with γ-rays and fast electrons. 14-16 There
is a reduction in the yield of eaq

- to ∼2.6 molecules/(100 eV)
at 1 µs, primarily due to the intratrack reactions of eaq

- with
H3O+ and with OH radical.17 The hydrated electron and its
precursor are major contributors to the production of molecular
hydrogen in the radiolysis of liquid water. 18

The hydrated electron is a good nucleophile and will reduce
a solute that has a positive electron affinity to give the solute
anion.

eaq
-+ solutef solute- (1)

Time-resolved techniques can follow this reaction by examining
the formation of the anion or the loss of eaq

-, which has a strong
absorption at about 720 nm.19 A large component of molecular
hydrogen production is also due to reactions of the eaq

-.

eaq
-+ eaq

- (+2H2O)fH2 + 2OH-

2k2 ) 1.1 × 1010 M-1 s-1 (2)

eaq
-+H+ (+H2O)fH2 +OH- k3 ) 2.5 × 1010 M-1 s-1

(3)

The rate coefficients are taken from the compilation of Buxton
et al. 19 Competition of the eaq

- in reaction 1 with reactions 2
and 3 has been experimentally shown to lead to a decrease in
molecular hydrogen yield. 17,18,20-26 Molecular hydrogen yields
decrease with increasing solute concentrations from 0.45 to ∼0.2
molecule/(100 eV) over the scavenging capacity range of
105-109 s-1 for the eaq

-.24 Scavenging capacities are defined
as the product of the solute concentration and the scavenging
rate coefficient. Reillex resins carry a pyridinium ring and the
counterion, as shown in Figure 1. The former is electron-poor
due to the electron-withdrawing nitrogen atom, while the latter
is a good electron scavenger, especially nitrate. Knowledge of
the rate coefficients for the various constituents of the solute is
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needed to estimate the overall reactivity of the eaq
- and to help

develop radiolytic models using kinetic simulation.
In this work, rate coefficients for the reactions of eaq

- with
pyridinium salts in aqueous solutions were determined using
pulse radiolysis techniques. OH radical and H atom reactions
with pyridinium salts also were examined. The pyridinium salts
were selected to mimic the Reillex HPQ and 402 resins.
Molecular hydrogen yields were determined using γ-rays, and
the effect of scavenging capacity for eaq

- on the yield of
molecular hydrogen was examined.

Experimental Section

Materials. Pyridine (HPLC grade), 4-picoline, 4,4′-dipyridyl
(4,4′-dpy), and 1,1′-dimethyl-4,4′-bipyridinium dichloride (meth-
yl viologen, 4,4′-dpy-(CH3)2

2+(Cl-)2) were from Aldrich and
used without further purification. 1-Hydropyridinium chloride
(py-H+Cl-; Aldrich) was purified by recrystallization from
ethyl acetate and chloroform. All solutions were prepared using
water purified by an in-house H2Only commercial system,
consisting of a UV lamp and multiple micoporous filters to give
a resistance of >18.2 MΩ cm and a total organic carbon content
of <10 ppb.

Synthesis of the Pyridinium Salts. The salts not com-
mercially available were prepared as follows. For the synthesis
of 1-hydropyridinium nitrate (py-H+NO3

-), a solution of
pyridine (0.81 mL, 10 mM) in tetrahydrofuran (THF; 25 mL)
was added to HNO3 (1.4 mL, 15 mM) at room temperature.
The crystalline precipitate formed was filtered and then washed
with THF (2 × 25 mL) and dried in vacuo. The solid was
purified by recrystallization from methanol and chloroform to
give the py-H+NO3

- (96% yield). For the synthesis of 1,1′-
dihydro-4,4′-bipyridinium dichloride (4,4′-dpy-H2

2+(Cl-)2), a
solution of 4,4′-dipyridyl (0.31 g, 2.0 mM) in THF (25 mL)
was added to HCl (0.40 mL, 4.8 mM) at room temperature.
The crystalline precipitate formed was worked up in a manner
similar to that above to give the 4,4′-dpy-H2

2+(Cl-)2 (94%
yield). For the synthesis of 1,1′-dihydro-4,4′-bipyridinium
dinitrate (4,4′-dpy-H2

2+(NO3
-)2) a solution of 4,4′-dipyridyl

(0.31 g, 2.0 mM) in THF (25 mL) was added to HNO3 (0.44
mL, 4.8 mM) at room temperature. The crystalline precipitate
formed was worked up in a manner similar to that above to
give the 4,4′-dpy-H2

2+(Cl-)2 (97% yield).
Pulse Radiolysis. Pulse-radiolysis experiments were per-

formed using 8 MeV electrons from the Notre Dame Radiation
Laboratory Q-band linear accelerator (TB-8/16-1S linac). Details
of the linac, the spectrophotometric detection setup, and the
computer-controlled data acquisition and detection systems are
described elsewhere.27 Dosimetry was performed with N2O-

saturated 10 mM SCN- solutions using the following parameters
for the observed (SCN)2

-: λ ) 472 nm, ε ) 7580 M-1 cm-1,
G ) 6.14 molecules/(100 eV). KSCN (Aldrich) was of the
highest purity commercially available and used as received. The
pulsed electron beam width was 5 ns with a dose of 6.0 Gy/
pulse as determined by the thiocyanate dosimeter. All measure-
ments were performed at 20 °C in a quartz cell of 1 cm optical
path length. The solutions were degassed with ultrahigh-purity
argon. Transient absorption data and kinetic traces were
averaged over six pulses. Analysis of the optical absorption time
dependence was performed using ORIGIN (Microcal Software,
Inc.) software.

γ-Radiolysis. Irradiations of aqueous pyridinium salts were
performed using a Shepherd 109-68 60Co γ-source in the
Radiation Laboratory at the University of Notre Dame. The dose
rate was 100 Gy/min (10 krad/min) as determined using the
Fricke dosimeter. 28

GC Analysis. Molecular hydrogen was determined using an
inline gas chromatography (GC) technique as previously re-
ported.20 The instrument was an SRI 8610 equipped with a
thermal conductivity detector. The column was a 6.4 mm
diameter 13X molecular sieve 3 m long, maintained at 40 °C.
The sample cell was made from a quartz cuvette and contained
4.0 mL of sample. The sample was purged with ultrahigh-purity
argon for 10 min at room temperature, and the cell was sealed
with a four-way valve during the radiolysis. The initial
concentration of pyridinium salts was 0.01-100 mM. Dose-
dependent studies were performed with 0.5-2 kGy (50-200
krad). Following irradiation, the sample cell was opened to the
column gas stream using the four-way valve. Calibration was
performed by injection of pure hydrogen gas.

Radiation chemical yields, G-values, are given in units of
molecules (radicals and excited spices) formed (or decayed) per
100 eV of total energy absorption.

Results and Discussion

Hydrated Electron Reactions. The transient absorption of
eaq

- in the electron pulse radiolysis of deaerated water is
observed at about 720 nm. In neat water, the eaq

- decays with
a rate determined by its reactions with sibling radicals.19 The
change in the rate of decay of the eaq

- absorption with an added
solute can be used to determine the associated rate coefficient
for the scavenging reaction. Figure 2 shows the decay profiles

Figure 1. Structures of the pyridinium-based compounds.

Figure 2. Kinetic decay profiles for the hydrated electron absorbance
at 720 nm obtained with different concentrations of py-H+NO3

- in
deaerated aqueous solutions with 10 mM CH3OH: (O) 0.05 mM, (∆)
0.2 mM, (0) 0.5 mM, (]) 1 mM, and (3) 2 mM. The solid lines are
exponential fits to the data.
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for the eaq
- absorbance at 720 nm obtained in the pulse

radiolysis of different concentrations of py-H+NO3
- in deaer-

ated aqueous solutions of 10 mM CH3OH at neutral pH. The
eaq

- absorbance exhibits first-order decay with a rate that
increases linearly with increasing py-H+NO3

- concentration.
Similar results are found for pyridine, py-H+Cl-, and 4-pi-
coline.

Figure 3 shows a plot of the pseudo-first-order rate coef-
ficients for the eaq

- reactions as a function of solute concentra-
tion for pyridine, py-H+Cl-, py-H+NO3

-, and 4-picoline. The
rate coefficient for the eaq

- reaction with pyridine is observed
to be 1.4 × 1010 M-1 s-1. On the other hand, the rate coefficient
decreases to 8.6 × 109 M-1 s-1 for the eaq

- reaction with
4-picoline, which has a methyl group at the 4-position of the
pyridine ring. The decreased reaction rate is due to the increase
in electron density of the pyridine ring by having an electron-
donating methyl group at the 4-position. The rate coefficients
for the 1-hydropyridinium salts are observed to be 4.5 × 1010

and 5.3 × 1010 M-1 s-1 for py-H+Cl- and py-H+NO3
-,

respectively. These values are considerably greater than that
for pyridine. In addition to the pyridine ring, these compounds
have additional proton (coordinated to the nitrogen atom) and
counterion nucleophile sites for the approach of the eaq

-. The
contribution of each of these sites to the overall rate coefficient
can be determined separately.

A reaction involving a solute with multiple components can
be analyzed in terms of the contributions of the different
constituents if they react independently of each other and the
overall rate is not diffusion controlled. An example will be taken
as the reaction of the eaq

- with py-H+X- (X ) counterion,
chloride or nitrate). The eaq

- can react with three possible sites:
the pyridine ring (4a), the proton (coordinated to the nitrogen
atom) (4b), and the counterion (4c).

eaq
-+ py-H+X- ≈ eaq

-+ py + (4a)

eaq
-+H++ (4b)

eaq
-+X- (4c)

Thus, the reaction kinetics of eq 4 is estimated by the simple
sum of three rate coefficients.

- d
dt

[eaq
-]) k4a[eaq

-][py]+ k4b[eaq
-][H+]+ k4c[eaq

-][X-]

(5)

Since each of the components are present in the same concen-
tration, the measured or observed rate coefficient, kobs () k4),
can be approximated by an estimated rate coefficient, kestd,

kobs ≈ k4a + k4b + k4c ) kestd (6)

where k4a is taken as the measured rate coefficient for pyridine
(1.4 × 1010 M-1 s-1). The rate coefficients of k4b and k4c can
be assumed to be equivalent to the reactivity of the eaq

- for
these nucleophiles in isolated solutions, i.e., k7 and k8, respec-
tively.

eaq
-+H+fH• k7 ) 2.3 × 1010 M-1 s-1 (7)

eaq
-+NO3

-fNO3
2- k8 ) 9.7 × 109 M-1 s-1 (8)

The rate coefficients k7 and k8 are taken from the compilation
of Buxton et al.19 The reaction of eaq

- with chloride (Cl-) has
a rate coefficient of <1.0 × 106 M-1 s-1 and can be neglected.29

The eaq
- seems to attack at two possible sites of py-H+Cl-

(because the chloride is negligible) and at three sites of
py-H+NO3

-, with estimated rate coefficients of 3.7 × 1010 and
4.7 × 1010 M-1 s-1, respectively. The estimation is the simple
sum of three rate coefficients of kobs (py), k7 (H+), and k8 (NO3

-).
The measured rate coefficients for py-H+Cl- and py-H+NO3

-

of 4.5 × 1010 and 5.3 × 1010 M-1 s-1, respectively, agree closely
with the estimated rate coefficients, suggesting that the assump-
tion of a sum of simple nucleophile reactions of the eaq

- toward
the separate components in the pyridinium salts is reasonably
valid.

Methyl viologen has been extensively studied and is known
to be a good scavenger of eaq

-, H atom, and OH radical giving
a radical cation. 30-33 The kinetics of the similar structured
dihydropyridinium salts, 4,4′-dpy-H2

2+(Cl-)2 and 4,4′-dpy-
H2

2+(NO3
-)2, are not known. Figure 4 shows a plot of the

pseudo-first-order rate coefficients for the eaq
- reactions as a

function of solute concentration in deaerated aqueous solutions
with 10 mM CH3OH at neutral pH, and the corresponding
second-order rate coefficients are given in Table 1. The eaq

-

absorbance at 720 nm exhibits a first-order decay for all solutes.
The observed rate coefficient for the eaq

- reaction with 4,4′-
dpy is 3.2 × 1010 M-1 s-1, which agrees well with previous

Figure 3. Pseudo-first-order rate coefficients for the eaq
- reactions as

a function of solute concentrations for monomer compounds: (b)
pyridine, (2) py-H+Cl-, (9) py-H+NO3

-, and ([) 4-picoline.

Figure 4. Pseudo-first-order rate coefficients for the eaq
- reactions as

a function of solute concentrations for dimer compounds: (b) 4,4′-
dpy, (2) 4,4′-dpy-H2

2+(Cl-)2, (9) 4,4′-dpy-H2
2+(NO3

-)2, and ([) 4,4′-
dpy-(CH3)2

2+(Cl-)2.
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reports34,35 and is essentially twice that for pyridine (1.4 × 1010

M-1 s-1). This result suggests that each pyridine ring of 4,4′-
dpy is an independent site for the eaq

- attack. The rate
coefficients for 4,4′-dpy-H2

2+(Cl-)2 and 4,4′-dpy-H2
2+(NO3

-)2

are observed to be 6.5 × 1010 and 8.6 × 1010 M-1 s-1,
respectively. The eaq

- would be expected to react at four possible
sites of 4,4′-dpy-H2

2+(Cl-)2 (because the chloride is negligible)
and at six sites of 4,4′-dpy-H2

2+(NO3
-)2, with estimated rate

coefficients of 7.4 × 1010 and 9.3 × 1010 M-1 s-1, respectively,
as listed in Table 1. The agreement between the observed and
estimated rate coefficients is good, but with some noticeable
differences. The observed rate coefficients are slightly lower
than expected, which is probably due to stereometric effects
because of the large size of the solutes and the diffusion limit.
Diffusion is the ultimate rate determining process, and the
summation
of the rate coefficients for individual constituents cannot exceed
the diffusion limited rate coefficient. The results observed here
are somewhat surprising in that additivity seems to hold for
rates very near to the diffusion limit and for reaction sites that
are physically close to each other. These observations are not
necessarily applicable to other compounds.

The observed rate coefficient for the reaction of eaq
- with

methyl viologen, 4,4′-dpy-(CH3)2
2+(Cl-)2, is found to be 5.9

× 1010 M-1 s-1, in good agreement with previous reports.32,36,37

This rate coefficient is closer to the rate coefficient for 4,4′-
dpy-H2

2+(Cl-)2 than for 4,4′-dpy-H2
2+(NO3

-)2 because of the
lack of contribution from the Cl- groups. The rate coefficient
for 4,4′-dpy-(CH3)2

2+(Cl-)2 is slightly less than that for 4,4′-
dpy-H2

2+(Cl-)2 because of the electron-donating nature of the
methyl group. A similar effect was observed between pyridine
and 4-picoline.

Molecular Hydrogen Production. The eaq
- is a major

contributor to the production of molecular hydrogen in the
radiolysis of liquid water. 20,23-26 Figure 5 shows the yield of
molecular hydrogen as a function of the scavenging capacity
for each of the pyridine-based compounds in the radiolysis of
liquid water with γ-rays. Also shown are the results with NO3

-

obtained in a previous work. 20 The scavenging capacity for
the pyridinium salts is the product of the solute concentration
and the associated scavenging rate coefficient from Table 1.
The lifetime of the eaq

- is approximately equal to the inverse
of the scavenging capacity. With increasing scavenging capacity,
the yields of molecular hydrogen decrease because a smaller
amount of eaq

- is available for its production. The agreement
between the results for the pyridine-based compounds and that
for NO3

- suggests that a simple scavenging mechanism is valid
and that very little H2 is formed directly from the pyridinium
salts. Previous studies with neat pyridine found a yield of H2

of 0.027 molecule/(100 eV).38 Dry Reillex HPQ resins have
yields of H2 of only 0.066 and 0.047 molecule/(100 eV) for the
chloride and nitrate forms, respectively.11 Similar small values
are expected for the other pyridine-based salts, suggesting that
in aqueous solutions they act mainly as eaq

- scavengers and
not major sources of H2.

Transient Spectra. Figure 6 shows the observed transient
absorption spectra in the pulse radiolysis of deaerated aqueous
solutions of 5 mM 4,4′-dpy, 4,4′-dpy-H2

2+(Cl-)2, 4,4′-
dpy-H2

2+(NO3
-)2, and 4,4′-dpy-(CH3)2

2+(Cl-)2 at natural pH.
The 4,4′-dpy involves the capture of eaq

- formed from the

TABLE 1: Rate Coefficients of Pyridinium-Based Compounds with the Hydrated Electron, Hydrogen Atom, and Hydroxyl
Radical

eaq
- H OH

compound R X
kobs × 10-10,

M-1 s-1
kestd × 10-10,

M-1 s-1
k × 10-9,
M-1 s-1

k × 10-8,
M-1 s-1

pyridine 1.4
4-picoline 0.86
py+-HX- Cl 4.5 3.7

NO3 5.3 4.7
4,4′-dpy – – 3.2 2.8 0.20a 53a

4,4′-dpy-R2
2+(X-)2 H Cl 6.5 7.4 1.1 0.16

H NO3 8.6 9.3 1.0 0.15
CH3 Cl 5.9 0.25 1.4

a Reference 35.

Figure 5. Molecular hydrogen yields as a function of the eaq
-

scavenging capacity: (A) scavenger experiments for the monomers (b)
pyridine, (2) py-H+Cl-, and (9) py-H+NO3

-; (B) scavenger experi-
ments for the dimers (b) 4,4′-dpy, (2) 4,4′-dpy-H2

2+(Cl-)2, (9) 4,4′-
dpy-H2

2+(NO3
-)2, and ([) 4,4′-dpy-(CH3)2

2+(Cl-)2, (+) NO3
- (these

NO3
- data from ref 20).
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decomposition of water to give the radical anion 4,4′-dpy•-.
The protonation reaction of the 4,4′-dpy•- with H+ then occurs
immediately, giving the monohydro radical 4,4′-dpy-H•, which
has been assigned λmax ) 370 and 560 nm.39-45

eaq
-+ 4,4′-dpyf 4,4′-dpy · - (9)

4,4′-dpy•- +H2Of 4,4′-dpy-H• +OH- (10)

At 0.1 µs after the pulse (Figure 6a), the absorption bands of
4,4′-dpy-H• are observed at 370 and 560 nm, which agree well
with the previous studies of Poizat et al.41-45 On the other hand,
at 1 µs after the pulse (Figure 6b) the observed absorption bands
of 4,4′-dpy-H• are sifted to longer wavelengths at 375 and 580
nm. The 4,4′-dpy-H• formed at 0.1 µs after the pulse seems to
coordinate with the water (N · · ·H-OH) to give the dihydro
radical cation 4,4′-dpy-H2

•+, which is assigned λmax ) 375 and

580 nm and has attained equilibrium by 5 µs after the pulse
(Figure 6c). 34,41-45

4,4′-dpy-H• · · · H-OH/ 4,4′-dpy-H2
· + +OH-(11)

Thus, the absorption bands at 375 and 580 nm can be assigned
to the 4,4′-dpy-H2

•+.
As expected, the reaction of eaq

- with the dimer salts (4,4′-
dpy-H2

2+(Cl-)2 and 4,4′-dpy-H2
2+(NO3

-)2) gives a reduced
transient (4,4′-dpy-H2

•+, dihydro radical cation) due to a one-
electron reduction similar to that for 4,4′-dpy. At 0.1 µs after
the pulse (Figure 6a), the absorption bands for 4,4′-
dpy-H2

2+(Cl-)2 and 4,4′-dpy-H2
2+(NO3

-)2 appear at 375 and
580 nm, respectively, which closely agree with that observed
for the 4,4′-dpy-H2

•+. Furthermore, at 5 µs after the pulse
(Figure 6c) the absorption spectra of 4,4′-dpy, dpy-H2

2+(Cl-)2

and dpy-H2
2+(NO3

-)2 are nearly identical. Figure 7 shows the
time profiles recorded at 375 and 720 nm in the pulse radiolysis
of deaerated aqueous solutions of 0.5 mM 4,4′-dpy-H2

2+-
(NO3

-)2 in the presence of 10 mM CH3OH at natural pH.
Radical cation formation occurs concomitantly with eaq

- decay.
The rate coefficient for the formation of the radical cation of
4,4′-dpy-H2

2+(NO3
-)2 was determined from a fit to the radical

cation formation profile at 375 nm to be 3.5 × 1010 M-1 s-1,
which agrees well with the observed rate coefficient for the
decay of eaq

- with 4,4′-dpy, kobs ) 3.2 × 1010 M-1 s-1. This
agreement suggests that the formation of dpy-H2

•+ radical
cation is due to the eaq

- reactions with the dipyridyl rings of
4,4′-dpy-H2

2+(NO3
-)2 and not with the proton (coordinated to

the nitrogen atom) or the nitrate constituents. The rate coefficient
for the decay of the electron at 720 nm in Figure 7 (8.6 × 1010

M-1 s-1) is much faster than the radical cation formation rate
because the electron can react with the proton (coordinated to
the nitrogen atom) and the nitrate constituents.

The reaction of eaq
- with 4,4′-dpy-(CH3)2

2+(Cl-)2 gives the
4,4′-dpy-(CH3)2

•+ dimethyl radical cation, which possesses two
absorption bands at 393 and 600 nm. 32 At 0.1 µs after the pulse
(Figure 6a), the absorption bands for 4,4′-dpy-(CH3)2

2+(Cl-)2

are observed at 390 and 600 nm in agreement with the
literature.32 The two absorption bands of 4,4′-dpy-(CH3)2

2+-
(Cl-)2 appear at longer wavelengths than those of 4,4′-dpy-H2

•+

(λmax ) 375 and 580 nm) and 4,4′-dpy-H• (λmax ) 370 and
560 nm), indicating that the stability of the dipyridyl ring
systems is on the order of 4,4′-dpy-(CH3)2

•+ > 4,4′-dpy-H2
•+

> 4,4′-dpy-H•.
Figure 6. Transient absorption spectra observed in the pulse radiolysis
of deaerated aqueous solutions of 5 mM (O) 4,4′-dpy, (∆) 4,4′-
dpy-H2

2+(Cl-)2, (0) 4,4′-dpy-H2
2+(NO3

-)2, and (]) 4,4′-
dpy-(CH3)2

2+(Cl-)2 at natural pH conditions at (A) 0.1, (B) 1, and
(C) 5 µs after the pulse.

Figure 7. Time profiles recorded at (∆) 375 nm and (O) 720 nm in
the pulse radiolysis of deaerated aqueous 0.5 mM 4,4′-
dpy-H2

2+(NO3
-)2 in the presence of 10 mM CH3OH at natural pH

conditions.
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Hydroxyl Radical and H Atom Reactions. Hydroxyl ra-
dicals are the predominant oxidizing species produced in water
radiolysis with a yield of 2.7 radicals/(100 eV).46 Hydroxyl
radical reactions with aromatics mainly lead to the formation
of adducts, which could lead to structural damage to the
pyridinium salts causing changes in the physical and chemical
properties of reprocessing systems employing these salts.

Pulse radiolysis techniques were used to examine the forma-
tion kinetics of OH radical adducts in the pyridinium salts. The
oxidation of 4,4′-dpy-(CH3)2

2+(Cl-)2 leads to the formation
of the radical cation 4,4′-dpy-(CH3)2OH•+ with an absorption
band at λmax ) 470 nm,30,32 which is shown in Figure 6b at 1
µs after the pulse. At 5 µs after the pulse (Figure 6c), new
absorption bands are observed for 4,4′-dpy-H2

2+(Cl-)2 and 4,4′-
dpy-H2

2+(NO3
-)2 at 450 nm, which can be assigned to the 4,4′-

dpy-2OH •+ adducts. Figure 8 shows the time profiles of the
OH radical adducts formed in the pulse radiolysis of N2O-
saturated aqueous solutions of 5 mM 4,4′-dpy-H2

2+(Cl-)2, 4,4′-
dpy-H2

2+(NO3
-)2, and 4,4′-dpy-(CH3)2

2+(Cl-)2 at natural pH
conditions. The solutions were saturated with N2O to convert
the eaq

- to OH radicals with a rate coefficient of 9.1 × 109

M-1 s-1.19,33 The reaction of OH radicals with 4,4′-dpy has been
reported elsewhere.35 The formation rate coefficients for the OH
radical adducts of 4,4′-dpy-H2

2+(Cl-)2 and 4,4′-dpy-H2
2+-

(NO3
-)2 are observed to be 1.6 × 107 and 1.5 × 107 M-1 s-1,

respectively (Table 1). The chloride and nitrate anions are poor
scavengers of OH radical, and similar rate coefficients for the
two salts are expected.

The rate coefficient for formation of the OH radical adduct
with 4,4′-dpy-(CH3)2

2+(Cl-)2 is observed to be 1.4 × 108 M-1

s-1 (Table 1), which is about half of the value of 2.5 × 108

M-1 s-1 previously reported. 30,32 No reason for the discrepancy
is known, but both values are considerably higher than the rate
coefficient with 4,4′-dpy-H2

2+(Cl-)2 and 4,4′-dpy-H2
2+-

(NO3
-)2. OH radical adduct formation is about 1 order of

magnitude higher when the pyridinium nitrogen atom is
coordinated to the methyl group instead of a proton. This result
is probably due to the large increase in electron density of the
pyridine ring with the attached electron-donating methyl group.
On the other hand, H atoms formed in water radiolysis are found
to react with 4,4′-dpy-(CH3)2

2+(Cl-)2 to give the 4,4′-
dpy-(CH3)2 H •+ (λ ) 310 nm) with a formation rate coefficient
of 2.5 × 108 M-1 s-1, which agrees with previous studies.30,32

The rate coefficient for H atoms is 1 order of magnitude lower
than that with OH radicals. For 4,4′-dpy-H2

2+(Cl-)2 and 4,4′-
dpy-H2

2+(NO3
-)2, the formation rate coefficients of H atom

adducts are observed to be 1.1 × 109 and 1.0 × 109 M-1 s-1,
respectively, which are 1 order of magnitude higher compared
with OH radical reactions (Table 1). The formation kinetics of
these latter two adducts were recorded at 310 nm. The electron
density modification of the pyridine ring with the methyl group
has completely opposite effects for OH radicals and for H atoms.

Conclusions

Rate coefficients for the reactions of eaq
- with pyridinium

salts in aqueous solutions have been determined using pulse
radiolysis techniques. The rate coefficients for pyridine and
1-hydropyridinium salts (py-H+Cl- and py-H+NO3

-) were
observed to be 1.4 × 1010, 4.5 × 1010, and 5.3 × 1010 M-1 s-1,
respectively. The eaq

- was found to attack the pyridine ring and
the proton (coordinated to the nitrogen atom) and the nitrate
counterion but not the chloride. Similar results were also
observed for the rate coefficients of the corresponding dimer
structures of 4,4′-dpy, 4,4′-dpy-H2

2+(Cl-)2, and 4,4′-dpy-
H2

2+(NO3
-)2. The rate coefficient for the reactions of eaq

- with
pyridinium salts was lower when the pyridinium nitrogen atom
is coordinated to the methyl group rather than to a proton, which
is probably due to the increase in electron density of the pyridine
ring by the electron-donating methyl group. The yield of
molecular hydrogen decreases from 0.45 to ∼0.2 molecule/(100
eV) over the scavenging capacity range of the eaq

- of 105-109

s-1. Molecular hydrogen formation by the direct decomposition
of the pyridinium salts is not significant, and they mainly
scavenge the eaq

- precursor to H2 formation. The absorption
spectra of the transient species formed by the reactions of
pyridinium salts with OH radical and H atom were observed,
and rate coefficients for adduct formation were determined.
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