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The spectral changes as well as the reaction kinetics of the transient species of 4,4′-bipyridyl (4,4′-bpy) have
been experimentally investigated by pulse radiolysis techniques up to 400°C. The results show that the
transient species such as OH adduct 4,4′-bpyOH•, monoprotonated electron adduct 4,4′-bpyH•, and doubly
protonated electron adduct 4,4′-bpyH2

+ • have 15-20 nm blue shifts from room temperature to 400°C. For
a deaerated neutral solution of 4,4′-bpy in the presence oftert-butyl alcohol, ethanol, or NaCOOH, the doubly
protonated electron adduct is the main transient species at room temperature. But at temperatures> 350 °C,
a monoprotonated form, the N-hydro radical 4,4′-bpyH•, becomes predominant. Interestingly, at room
temperature, CO2- • could not efficiently react with 4,4′-bpy, but the reaction was accelerated with increasing
temperature; at 350°C, this reaction completed within 2µs. Using an alkaline solution (pH) 11.5) of 4,4′-
bpy in the presence oftert-butyl alcohol, we studied the N-hydro radical 4,4′-bpyH• from room temperature
to 400°C at 25 MPa. An estimation of the temperature-dependentG(eaq

-) at 25 MPa agrees with our previous
result with methyl viologen as a scavenger.

1. Introduction

Supercritical water is a peculiar medium, which is very
different from water in the conventional phasessgas, liquid,
and solid phase. As an environmentally friendly “green” solvent,
it has many applications such as the destruction of hazardous
waste, the synthesis of new materials, etc.1-4 Recently it has
been proposed also to use supercritical water as a coolant for
nuclear power plants, so-called supercritical water cooled reactor
(SCWR).5 Study of the water radiolysis and radiation-induced
reactions is thus inevitable. For the modeling of water radiolysis
in nuclear reactors, the basic data on the rate constants of a set
of reactions as well as the radiolytic yields of water decomposi-
tion products are necessary. In our recent work, methyl viologen
has been used as a scavenger for the estimation of radiolytic
yields of water decomposition products,G(eaq

-) and{G(eaq
-)

+ G(OH) + G(H)}, from room temperature to 400°C.6

However, it has been shown that methyl viologen has a problem
with thermal stability at elevated temperatures, although it is
still usable for pulse radiolysis studies of supercritical water
under conditions of relatively high flow rate. Its decomposition
product in supercritical water has been identified to be 4,4′-
bpy.6

Therefore, in the present work, we choose 4,4′-bpy to study.
As a scavenger of water decomposition products, 4,4′-bpy has
the following advantages. First, the thermal stability of 4,4′-
bpy is expected to be better because it is the pyrolysis product
of methyl viologen. In fact, we have been searching a suitable
scavenging system for temperatures> 400°C because the core
average temperature of SCWR will be> 500°C.7 Second, 4,4′-

bpy and methyl viologen are analogues and their reactivities
are very similar.8,9 The absorption coefficients of the transient
species are fairly high. This is important for the studies in low-
density supercritical water, where the apparent absorbance
(without correction for density) is much lower than that at room
temperature. Third, in neutral medium, 4,4′-bpy is electrically
neutral. This is also a favorable factor because the solubility of
salts decreases dramatically in supercritical water.10

As electron acceptors and electron carriers, 4,4′-bpy as well
as its derivatives have been intensively studied by pulse
radiolysis techniques8,9,11,12 and by time-resolved resonance
Raman spectroscopy.13 The reactivity of 4,4′-bpy toward
hydrated electron, H atom, and OH radical, as well as the pH-
dependent spectral properties, have been reported.8,9 However,
to our knowledge, there is no report of the temperature effects
on the pulse radiolysis of 4,4′-bpy aqueous solution.

In addition, 4,4′-bpy is the main pyrolysis product of methyl
viologen (known as paraquat) which is one of the most
dangerous and controversial herbicides in the world.14 Nowadays
the global ban and phaseout of the production and use of
paraquat have been strongly called for.15 For the treatment of
paraquat-contaminated waters, photodegradation methods and
adsorption by activated carbon have been reported.16,17But for
complete destruction of paraquat, supercritical water oxidation
could be one of the most effective and more “green” approaches
since it has been proved to be very powerful for the destruction
of organic compounds.2 This study could provide useful
information for the supercritical water oxidation (SCWO) of
paraquat, for example, the oxidation reaction with OH radical,
etc. In this work, we mainly focused on the spectral changes
and reaction kinetics of the transient species in various scaveng-
ing systems from room temperature to 400°C. In a forthcoming
paper, we will report the results obtained at temperatures>
400 °C.
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2. Experimental Section

4,4′-Bipyridyl [C10H8N2], sodium formate, ethanol, andtert-
butyl alcohol were purchased from Wako Pure Chemical
Industries, Ltd., and used as received. Fresh solutions were
prepared with Millipore-filtered water (resistivity> 18.2 MΩ‚
cm). pH was adjusted by addition of HClO4 or NaOH. The
solutions were immediately purged with argon or N2O after the
measurement of pH. In the case of alcohol as a scavenger, to
compensate for the loss of alcohol after extensive gas purging,
an appropriate amount of alcohol was added to the bulk solution
every 2-3 h.

The pulse radiolysis experiments were carried out at the
Nuclear Engineering Research Laboratory, University of Tokyo.
The energy and pulse duration of the electron beam were 28
MeV and 2, 10, or 50 ns, respectively. The high-temperature/
pressure flow cell was made of Hastelloy HC22 with sapphire
windows. Details of the apparatus were described elsewhere.18,19

Here we point out only some important parameters. The highest
temperature and pressure for the flow cell guaranteed by the
factory (Taiatsu Techno) are 400°C and 40 MPa, respectively.
The optical path length is 15 mm. The flow system is composed
of a pump, a preheater, a heater, a back-pressure regulator, and
a power supply with a temperature control unit. Four thermo-
couples are used to monitor temperatures at the preheater and
the heater; one of these thermocouples is placed inside the
solution for monitoring the temperature of irradiated samples.

For the measurement of the rate constants of the reaction
between 4,4′-bpy and hydrated electron, an experimental setup
with two HPLC pumps was employed so that the initial
concentration of 4,4′-bpy could be adjusted by changing the
flow rate of the pumps. This allows us to measure the rate
constant at a given temperature under the same beam conditions.

The dosimetry was done with the 10 mM KSCN dosimeter
saturated with N2O. A value ofGε[(SCN)2• -] ) 5.2 × 10-4

m2/J at 475 nm was used.20 The dose was normally adjusted
between 10 and 90 Gy/pulse. The density of water is temper-
ature-dependent and it was assumed that the absorbed energy
is proportional to the density. We could not measure the dose
pulse by pulse because of the use of full-metal high-temperature
cell, but the dose fluctuation is less than 5% during a daylong
experiment.

3. Results and Discussion

3.1. Thermal Stability and Pulse Radiolysis of 4,4′-Bpy
at Room Temperature. Before pulse radiolysis experiments,
we tested the thermal stability of an aqueous solution of 25
µM 4,4′-bpy. The solution flowed through the high-temperature/
pressure cell with a flow rate of 3 mL/min (corresponds to 12
s residence time at room temperature) at different temperatures.
Samples were collected at the exit of the pressure regulator and
then measured at ambient temperature on a UV-vis spectrom-
eter within the wavelength range 200-300 nm. At room
temperature, an absorption peak is located at 239 nm; with
increasing temperatures up to 450°C, the peak position and
the spectral shape, as well as the absorbance at 239 nm, have
not shown notable change. These facts suggest that there is no
pyrolysis of 4,4′-bpy within the temperature range tested.
Therefore we may do pulse radiolysis experiments without the
problem of decomposition of 4,4′-bpy, at least up to 450°C.
However, in the present work, the temperature is limited at 400
°C.

It is important to point out that there are various forms of
4,4′-bpy according to the acid-base properties: bpyH22+ (pKa

) -0.2) and bpyH+ (pKa ) 4.25).21,22 The absorption spectra

of transient species as well as the reactivity are strongly
dependent on pH. Figure 1 shows the transient spectra of 4,4′-
bpy aqueous solutions at various pH at room temperature. For
acidic solution (pH 1.75), there are at least three absorption
bands, which are at 375, 450, and 580 nm. The radical forms
4,4′-bpyH2

+ • and 4,4′-bpyH3
+ • (including H adduct on ring

carbons and on N-atom), as well as the dimer of 4,4′-bpyH2
+ •,

have been attributed to these absorption bands.9 For neutral
solution, two main absorption bands are presented, which are
at 375 and 580 nm. They characterize the N,N′-dihydro radical
cation 4,4′-bpyH2

+ • 9,13 according to

or

because in aqueous solution the unquaternized 4,4′-bpy N atom
is H-bonded.

It is noted that, for reaction 2, the reaction of eaq
- with 4,4′-

bpy should result first in the formation of the radical anion 4,4′-
bpy- •, which has an absorption spectrum similar to that of 4,4′-
bpyH2

+ • (λmax ) 385, 570 nm).13,23-25 However, the spectrum
at pH 7.4 in Figure 1 is apparently not of the radical anion 4,4′-
bpy- • because it is strongly pH-dependent, as we can see below.
The radical anion undergoes rapid protonation on nitrogen to
form N-hydro radical 4,4′-bpyH• and then 4,4′-bpyH2

+ •.13,26

In alkaline solution, there are also two absorption bands: 360
and 530 nm. The transient species was assigned to N-hydro
radical 4,4′-bpyH•.13

In the present work, we focused mainly on the neutral
solutions in the presence of various scavengers and an alkaline
solution in the presence oftert-butyl alcohols. We did not deal
with acidic solutions at elevated temperatures because the
problem of the interaction of acid with the Hastelloy cell will
arise.

Figure 1. Pulse radiolysis of 0.5 mM 4,4′-bpy solutions in the presence
of 0.2 M tert-butyl alcohol at different pH values with a dose of 75
Gy. For pH 7.4 and 11.5 the absorbencies were recorded at 500 ns,
while for pH 1.75 they were recorded at 4µs after the electron pulse.

H2O98
γ,e-

eaq
-, H, OH, H2, H2O2, HO2 (1)

4,4′-bpy + eaq
- + H2O f 4,4′-bpyH• + OH-

k ) 2.2× 1010 M-1 s-1 (pH 8.3)9 (2)

4,4′-bpyH• + H+ h 4,4′-bpyH2
+ • (3a)

4,4′-bpyH•‚‚‚HOH h 4,4′-bpyH2
+ • + OH- (3b)
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It was found that there existed an equilibrium between doubly
protonated and monoprotonated electron adducts:

The pKa of this reaction was estimated to be 10.5 by Simic´ and
Ebert.8 To elucidate the temperature effect on this equilibrium,
we prepared a series of aqueous solutions of 0.5 mM 4,4′-bpy
in the presence of 0.2 Mtert-butyl alcohol at different pH and
measured the absorbance at 580 nm by pulse radiolysis at 25,
50, 100, 150, and 200°C. From Figure 2, which plots the change
of absorbance at 580 nm at various temperatures versus the
room-temperature pH, we may obtain the pKa in units of room-
temperature pH of 4,4′-bpyH2

+ • varying with temperatures, as
shown in the inset of Figure 2. From this figure, it is clear that
the increase of temperature is favorable for 4,4′-bpyH•. This is
reasonable if compared with the temperature effect of water
dissociation. As is known, the ion product of water increases
within the temperature range 0-300 °C (however, in super-
critical water, the ion product is very small).10 The pKw is 14
at room temperature while it is about 11.4 at 300°C.

3.2. OH Adducts of 4,4′-Bpy. Figure 3 was obtained by pulse
radiolysis of an N2O-saturated solution of 0.5 mM 4,4′-bpy.
The hydrated electrons produced by water radiolysis are

converted to•OH radicals:

This leads to the formation of additional•OH radicals and creates
nearly a one-radical system consisting of•OH in the aqueous
solution. The•OH radicals react with 4,4′-bpy to form OH
adducts [4,4′-bpyOH]•.

Unlike H-adducts and electron adducts of 4,4′-bpy (Figure
1), at room temperature, the absorption spectrum of OH adducts
shows only one absorption band withλmax ) 365 nm, in
agreement with the literature data.8 Judging from the rather
intense absorption and from the similarity with the OH adducts
to nitrobenzene,28 this absorption band is assigned toπ f π*
transition absorption band.•OH radicals are expected to add to
the two possible positions (ortho and meso) of the pyridyl ring,8

but the absorption bands of the two OH adducts are undistin-
guishable.

As shown in Figure 3,λmax shifts to shorter wavelength (a
blue shift) with increasing temperature: at 400°C, λmax ) 350
nm. This blue solvatochromic shift of theπ f π* absorbance
of [4,4′-bpyOH]• indicates that the excited state is more polar
than the ground state. Decrease of solution density and reduced
hydrogen bonding as well as reduced solvent (water) polarity
with increasing temperature result in less stabilization of the
excited state and a shift ofλmax to higher energies.29 Similar
behavior has been reported for benzophenone30 and nitroben-
zene28 in subcritical and supercritical water.

Then we studied the reactivity of 4,4′-bpy toward•OH radical.
Since the absorption band of•OH radical is in the deep UV
region and its absorption coefficient is low (ε235nm ≈ 590 L
mol-1 cm-1),31 and also 4,4′-bpy has a strong absorption band
in the same region, a direct observation of the decay of•OH
radical is rather difficult. Therefore, we monitored the formation
of [4,4′-bpyOH]• at 360 nm rather than the decay of•OH radical.
By fitting the kinetic signals, we may obtain the rate constants
at different temperatures. The rate constant at 20°C was 6.6×
109 M-1 s-1 (pH 7.4), which is comparable to the reported data,
5.3 × 109 M-1 s-1 (pH 9.3).8 Figure 4 shows the Arrhenius
plot of the reaction between•OH and 4,4′-bpy from room

Figure 2. Absorbencies at different temperatures vary with initial pH
values measured at room temperature of 0.5 mM 4,4′-bpy/0.2 M tert-
butyl alcohol aqueous solution. Pressure was 25 MPa. Inset: pKa as a
function of temperature.

Figure 3. Temperature-dependent transient absorption spectra of OH
adducts to 4,4′-bpy obtained by pulse radiolysis of 0.5 mM 4,4′-bpy in
N2O-saturated solutions.

Figure 4. Arrhenius plot of the reaction between 4,4′-bpy and OH
radical obtained by pulse radiolysis of 4,4′-bpy in N2O-saturated
aqueous solutions.

eaq
- + N2O f N2 + •OH + OH-

k5 ) 9.1× 109 M-1 s-1 (ref 27) (5)

4,4′-bpyH2
+• h 4,4′-bpyH• + H+ (4)
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temperature to 350°C at a constant pressure of 25 MPa. The
rate constant is insensitive from room temperature to 250°C
but there is an increase above 250°C.

Ashton et al.32 have reported the nonlinear Arrhenius behavior
of rate constants when they studied the reactions of•OH with
aromatic compounds from room temperature to 200°C. They
proposed a mechanism that [HOC6H5X] • radical is formed
through an intermediate that can dissociate back to the reactants
in competition with the forward step. The intermediate is a
π-complex in which the electrophilic•OH interacts with the
π-electrons of the aromatic ring as a precursor of the more stable
σ-bonded [HOC6H5X] •. We suggest that this model is also
applicable to 4,4′-bpy, and we propose the following mecha-
nism:

Recently, Marin et al.33 and Feng et al.28 extended the study
of the rates of reaction of nitrobenzene with•OH to supercritical
water. An increase of rate constants at elevated temperature
(above 300°C) was reported. Both groups adopted the mech-
anism of Ashton et al.,32 with more or less modification,
succeeded in modeling the experimental data over the entire
temperature range.

Figure 5 shows the decays of [4,4′-bpyOH]• from room
temperature to 400°C. The decays mostly follow second-order
law from 20 to 200°C, but at 300 and 400°C they do not obey
either first- or second-order law. Therefore, in addition to
reactions 6-8, the following reaction also should be included:

And probably a hydrolysis reaction also takes place:

From room temperature to 200°C, reaction 9 is predominant
and the decays show mostly second-order behavior. At higher
temperatures, reactions 7 and 10 become more and more

important, so the decay is much more complicated. According
to Ashton et al.,32 in the case of aromatic compounds, the rates
and activation energies for the reactions similar to 7 were about
4.0 × 109 M-1 s-1 and 20 kJ/mol, respectively. So at 400°C,
the rate constant of reaction 7 could be 2 orders of magnitude
higher, that is, 4.0× 1011 M-1 s-1 (not taking into account the
density effect).

Moreover, according to our previous work,6 a general trend
is that{G(eaq

-) + G(OH) + G(H)} increases with temperature
at 25 MPa. This implies that the absorbance atλmax would
increase with temperature under the above-mentioned conditions.
However, the experimental data show that the absorbance
decreases quickly with increasing temperature (Figure 3). This
can be well explained by the existence of reactions 7, 9, and
10.

3.3. Reaction of Hydrated Electron with 4,4′-Bpy. 3.3.1.
Neutral Solution.Figure 6 shows the Arrhenius plot of the
reaction between hydrated electron and 4,4′-bpy. We measured
the rate constants using deaerated solutions containing various
concentrations of 4,4′-bpy in the presence of 10 mMtert-butyl
alcohol. For the measurements, two HPLC pumps system were
used. We prepared two bulk solutions, one containing only 10
mM tert-butyl alcohol and another containing 100µM 4,4′-
bpy and 10 mMtert-butyl alcohol. The concentration of the
solutions passing through the high-temperature cell was adjusted
by changing the flow rate of the two HPLC pumps. The pulse
duration of the electron beam was 2 ns and the dose per pulse
was about 8 Gy. The concentration ranges of 4,4′-bpy were
different depending on temperature. For example, at room
temperature, it was 40-80 µM, while at 350°C, it was 25-40
µM. At each temperature, 3-4 concentrations were measured.
At room temperature, the rate constant was determined to be
2.2 × 1010 M-1 s-1 at pH 7.2. This is in very good agreement
with the reported values 2.5× 1010 M-1 s-1 (at pH 8.3)9 and
3.3 × 1010 M-1 s-1 (at pH 9.3).8 The Arrhenius plot shows a
linear relationship between logk and 1/T for temperaturese
350°C. An activation energy of 19.6 kJ/mol was obtained within
this temperature range. This value is very close to that of methyl
viologen.6 The inset of Figure 6 shows density dependence of
rate constants at 380°C. Similar behavior has been observed
previously by Cline et al.34 for the reactions of solvated electrons
with SF6 and O2, etc.

Figure 5. Time profiles at 370 nm of the decay of OH adducts to
4,4′-bpy obtained by pulse radiolysis of 0.5 mM 4,4′-bpy in N2O-
saturated solution at different temperatures. The pressure was 25 MPa
for temperature range 20-300 °C and 30 MPa for 400°C. Figure 6. Arrhenius plot of the reaction between 4,4′-bpy and hydrated

electron obtained by pulse radiolysis of 4,4′-bpy in Ar-saturated aqueous
solutions. Inset: Logk as a function of density at 380°C.

•OH + 4,4′-bpy f [4,4′-bpyOH]•π (6)

[4,4′-bpyOH]•π f •OH + 4,4′-bpy (7)

[4,4′-bpyOH]•π f [4,4′-bpyOH]•σ (8)

[4,4′-bpyOH]• + [4,4′-bpyOH]• f products (9)

[4,4′-bpyOH]•98
-H2O

products (10)
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Figure 7 shows the absorption spectra of the electron adduct
to 4,4′-bpy, which were obtained by pulse radiolysis of an
aqueous solution containing 0.5 mM 4,4′-bpy and 0.2 Mtert-
butyl alcohol at pH 7.4. Figure 7a shows the temperature-
dependent spectra in the UV region. At room temperature, a
very sharp absorption band is located atλmax ) 375 nm. With
increasing temperature, the component atλmax ) 375 nm
becomes smaller and smaller, the absorbance at 360 nm
increases, and at 400°C/30 MPa,λmax ) 360 nm. Figure 7b
shows the temperature-dependent spectra in the visible region.
At room temperature, a broad absorption band is located atλmax

) 580 nm with a shoulder at about 530 nm. With increasing
temperature, the component atλmax ) 580 nm becomes smaller,
the absorbance at 530 nm increases, and at 400°C/30 MPa, the
transient species at 530 nm becomes predominant. From the
similarity of kinetics at 375 and 580 nm as well as the ratio of
A375nm/A360nm andA580nm/A530nm, the entity at 375 and 580 nm
is considered to be the same entity, which has been attributed
to 4,4′-bpyH2

+ •.9 The entity at 360 and 530 nm is also the same
component but it is not 4,4′-bpyH2

+ •. From the similarity of
spectra and Figure 2, we attributed it to 4,4′-bpyH•. The
following facts also strongly support our attribution.

Figure 8 was obtained by pulse radiolysis of an aqueous
solution containing 5 mM 4,4′-bpy and 0.2 Mtert-butyl alcohol
at pH 7.4. Under these conditions, at room temperature the

scavenging rate constant of 4,4′-bpy to hydrated electron is
1.1× 108 s-1. This means the reaction completes within 10 ns.
The spectra in Figure 8a were recorded at 100 ns after the
electron pulse, while those in Figure 8b were recorded at 500
ns. A comparison of the these figures reveals that, at temper-
atures< 300°C, a component at about 530 nm appears first at
shorter time and evolves to form a component at about 580
nm, but this evolution became less important with increasing
temperature. Above 350°C, almost no evolution of the spectra
was observed. Therefore, we suppose the formation of electron
adduct of 4,4′-bpy follows the mechanism

At lower temperatures, the reaction of eaq
- with 4,4′-bpy

produced 4,4′-bpyH•, which may quickly associate a proton to
form 4,4′-bpyH2

+ • and they reach equilibrium. With increasing
temperature, the equilibrium reaction 4 is favorable for the right
side; thus 4,4′-bpyH• becomes predominant. In supercritical
water, the ion product of water is so small (e.g., at 400°C/25
MPa, pKw ) 19.43) that 4,4′-bpyH• could not associate with
H+. Consequently, only 4,4′-bpyH• is observed.

Therefore, from the above results, we know that at temper-
atures< 350 °C, there exist in fact two transient species, 4,4′-
bpyH• and 4,4′-bpyH2

+ •. Unlike methyl viologen, it is rather

Figure 7. Pulse radiolysis of 0.5 mM 4,4′-bpy solutions in the presence
of 0.2 M tert-butyl alcohol at pH 7.4, observed at 300 ns. The pressure
was 25 MPa for temperature range 25-350 °C and 30 MPa for 400
°C. (a) UV region, dose) 43 Gy; (b) visible region, dose) 49 Gy.

Figure 8. Temperature-dependent transient absorption spectra of
electron adducts to 4,4′-bpy obtained by pulse radiolysis of 5 mM 4,4′-
bpy/0.2 Mtert-butyl alcohol in Ar-saturated aqueous solutions recorded
at (a) 100 ns and (b) 500 ns.

eaq
- + 4,4′-bpy98

H+ or H2O
4,4′-bpyH• 798

H+

4,4′-bpyH2
+ • (11)
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difficult to use 4,4′-bpy as a scavenger to estimateG(eaq
-) in

this temperature range. However, in supercritical water condi-
tions, there is only a single component, 4,4′-bpyH•, so the
estimation ofG(eaq

-) would be possible.
The absorption spectra in Figure 9 were obtained by pulse

radiolysis of an aqueous solution containing 0.5 mM 4,4′-bpy
and 10 mM NaCOOH at pH 7.4. It shows almost the same
spectrum as in the presence oftert-butyl alcohol at room
temperature (Figure 7). However, here we show only the spectra
in the visible region. Again, with increasing temperature, the
absorbance at 580 nm becomes smaller and that at 530 nm
becomes predominant at 400°C/30 MPa (in fact, from 350°C/
25 MPa). But different from the case in the presence oftert-
butyl alcohol, at 400°C/30 MPa, it shows a much higher
absorbance.

In addition, a similar study with ethanol as a scavenger from
room temperature to 350°C shows the same spectral property
as tert-butyl alcohol but not as NaCOOH.

To elucidate the above spectral data, we need to look at the
kinetic behavior of the formation of the transient from 4,4′-
bpy. Figure 10a shows the time profiles at 530 nm at different
temperatures obtained by pulse radiolysis of a deaerated solution
of 0.5 mM 4,4′-bpy in the presence of 0.2 Mtert-butyl alcohol,
while Figure 10b is in the presence of 10 mM NaCOOH. From
both figures, we can clearly see the decay of hydrated electron
and the formation of 4,4′-bpyH• and also the evolution to 4,4′-
bpyH2

+ • at room temperature. With increasing temperature, the
reaction between hydrated electron and 4,4′-bpy becomes faster.
In the case oftert-butyl alcohol, the absorbance decreases with
increasing temperature: at 400°C/30 MPa we observed a fairly
stable product. In the presence of NaCOOH, at temperatures<
200°C, the temperature-dependent time profiles are almost the
same as fortert-butyl alcohol. However, at 300°C/25 MPa,
we observed a slow formation process. At 350°C/25 MPa, the
formation of a transient can be completely observed within a 2
µs time window. At 400°C/30 MPa, the formation finishes
within 400 ns and reaches a plateau. The absorbance at 400°C
is much higher than that in the presence oftert-butyl alcohol.

Figure 11 shows the time profiles at 350°C/25 MPa in the
presence oftert-butyl alcohol, ethanol, and NaCOOH. Surpris-
ingly, unlike the scavenging system of methyl viologen in our
previous study,6 ethanol acts liketert-butyl alcohol but not like
NaCOOH. The kinetic signal of NaCOOH obviously consists
of two parts. One is a very fast formation process, which has

the same magnitude (absorbance) as the alcohols; another is a
formation process witht1/2 ≈ 100 ns. All the facts above allow
us to propose the mechanism below: fortert-butyl alcohol and
ethanol, their role is to scavenge OH radical and H atom, so
we observed 4,4′-bpyH• and 4,4′-bpyH2

+ • at temperatures<
300 °C and observed only 4,4′-bpyH• at temperatures> 350
°C. For NaCOOH, at temperatures< 300 °C, it behaves like
the alcohols, but at temperatures> 300 °C, OH radical and H

Figure 9. Pulse radiolysis of 0.5 mM 4,4′-bpy solutions in the presence
of 10 mM NaCOOH at pH 7.4. The pressure was 25 MPa for
temperature range 25-350 °C and 30 MPa for 400°C. Dose: 60 Gy.

Figure 10. Temperature-dependent time profiles at 530 nm for electron
adducts of 4,4′-bpy obtained by pulse radiolysis of deaerated aqueous
solutions of 0.5 mM 4,4′-bpy in the presence of (a) 0.2 Mtert-butyl
alcohol and (b) 10 mM NaCOOH at pH 7.4.

Figure 11. Time profiles at 530 nm obtained by pulse radiolysis of
deaerated aqueous solutions of 0.5 mM 4,4′-bpy in the presence of 10
mM NaCOOH, 0.2 Mtert-butyl alcohol, or 0.2 M ethanol at pH 7.4,
at T ) 350 °C.
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atom also have contributions to the formation of 4,4′-bpyH•.

Then the radical anion 4,4′-bpy- • undergoes rapid protonation
(with free H+ or H2O) on nitrogen to form 4,4′-bpyH•.

No literature data of a rate constant is available for reaction
14. However, in a study of 2,2′-bipyridyl, Mulazzani et al.11

pointed out that the rate constant of the reaction of CO2
- • with

2,2′-bipyridyl is <1 × 106 M-1 s-1 at room temperature.
Evidently, from our experimental results, reaction 14 also
proceeds with a rather low rate constant. The reaction is
accelerated by increasing temperature, so that at temperatures
> 300°C we observed a formation process. A rough estimation
of the formation at 350°C gives us a rate constant of 6× 109

M-1 s-1. If the rate constant at room temperature is taken as 1
× 106 M-1 s-1, then we can roughly derive an activation energy
>44 kJ/mol from the rate constants of these two temperatures.
In addition, in Figure 11, the ratio of the maximum absorbance
Aformate/Aalcohol is around 3; this agrees very well with our
previous result, where the ratio{G(eaq

-) + G(OH) + G(H)}/
G(eaq

-) at 350°C/25 MPa was 10.05/3.4≈ 3.6

Although eaq
- reduces 4,4′-bpy at a diffusion-controlled rate,

CO2
- • and CH3‚CHOH show no reactivity in pulse radiolysis

at room temperature. CH3‚CHOH is unable to reduce 4,4′-bpy
even up to 350°C, while CO2

- • can react with it but with a
rather high activation energy. This implies that the redox
potential of 4,4′-bpy would lie between those of CO2

- • and
CH3‚CHOH, that is, between-1.9037 and -1.1 V versus
NHE.38 This estimation is reasonable as compared with the
literature data on that of 2,2′-bpy (E1/2 ) -1.33 V versus SCE
in 0.1 N KC1).39

Therefore, 4,4′-bpy/NaCOOH scavenging system is not
applicable for the estimation of{G(eaq

-) + G(OH) + G(H)}
when the temperature is lower than 350°C. But it would be
suitable for supercritical water. It is also worth noting that even
at 400°C/30 MPa the apparent absorbance (without correction
for density) is still fairly high, for example, about 0.2 in Figure
9. This is an advantage for obtaining accurate data for low-
density supercritical water, especially temperatures over 400°C.

However, even if we do not know the temperature-dependent
absorption coefficients at different temperatures, we can combine
the two scavenging systems, that is, 4,4′-bpy/tert-butyl alcohol
and 4,4′-bpy/NaCOOH, to obtain the information about the ratio
of {G(eaq

-) + G(OH) + G(H)}/G(eaq
-), where we need only

to measure the absorbencies atλmax for both systems (and the
dose if they are measured under different beam conditions). As
an example, although it is not very precise, from Figures 7b
and 9 we can obtain a value of{G(eaq

-) + G(OH) + G(H)}/
G(eaq

-) ≈ 3.8. This is comparable to the value obtained in our
previous study, which was 3.5.6

3.3.2. Alkaline Solution.Figure 12 was obtained by pulse
radiolysis of a deaerated solution of 0.5 mM 4,4′-bpy in the
presence of 0.2 Mtert-butyl alcohol. The pH of the solution
was adjusted to 11.5 by addition of NaOH. The pressure was
25 MPa for all temperatures. There is a very slight blue shift

from 535 to 525 nm within the temperature range 25-300 °C.
But at 400°C, the blue shift is much more notable, about 15
nm shift, as compared to 300°C. The spectra in Figure 12 have
been corrected for density. The absorbencies atλmax gradually
increase with temperature from 25 to 300°C while the
absorbance sharply increases at 400°C.

On the basis of Figure 12, with an assumption that the
absorption coefficient at peak position is temperature-indepen-
dent and takingG(eaq

-) ) 2.7 for room temperature, we can
obtainG(eaq

-) versus temperature plot, as shown in Figure 13
(b). G(eaq

-) increases with temperature up to about 300°C and
there is a sharp increase at 400°C. In this figure, we include
also the experimental data obtained in our recent study with
methyl viologen as a scavenger.6 Obviously, the results of the
two scavenging systems are in fairly good agreement within
the experimental error.

However, although the alkaline solution of 4,4′-bpy allows
us to estimateG(eaq

-) at elevated temperatures, it is rather
difficult to apply to temperatures higher than 400°C. In fact,
even at 400°C, the sapphire windows corroded severely by the
alkaline solution and they were easily broken during the
experiments.

OH + HCO2
- 98 CO2

- • + H2O

k12 ) 3.2× 109 M-1 s-1 (ref 35) (12)

H + HCO2
- 98 CO2

- • + H2

k13 ) 2.1× 108 M-1 s-1 (ref 36) (13)

4,4′-bpy + CO2
- • 98 4,4′-bpy- • + CO2 (14)

Figure 12. Pulse radiolysis at various temperatures of 0.5 mM 4,4′-
bpy/0.2 Mtert-butyl alcohol in deaerated aqueous solution at pH 11.5.
The pressure was 25 MPa for all temperatures and the dose per pulse
was 78.5 Gy.

Figure 13. Comparison of temperature-dependentG(eaq
-) at 25 MPa

obtained by use of different scavengers: (b) 4,4′-bpy, this work; (0)
methyl viologen, ref 6.
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4. Conclusion

4,4′-Bpy is one of the few organic scavengers that is
applicable for supercritical water without the problem of
pyrolysis. For neutral pH solutions in the presence oftert-butyl
alcohol, ethanol, or formate at room temperature, the doubly
protonated electron adduct is the predominant transient species,
while in supercritical water, only monoprotonated electron
adduct could be observed. For 4,4′-bpy/formate scavenging
system, the activation energy of the reaction between 4,4′-bpy
and CO2

-• is so high that it is difficult to observe at room
temperature by pulse radiolysis, but atT > 300°C, this reaction
is observable. Consequently, if 4,4′-bpy/tert-butyl alcohol is used
to measureG(eaq

-), 4,4′-bpy/formate can be applied to estimate
{G(eaq

-) + G(OH) + G(H)} in supercritical water. Even if we
do not know the temperature-dependent absorption coefficient
of 4,4′-bpyH•, we may obtain the ratio of{G(eaq

-) + G(OH)
+ G(H)}/G(eaq

-) at a given temperature/pressure condition. Both
of the above scavenging systems are expected to be applicable
to temperatures> 400 °C, and the studies have been ongoing.
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