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The photoreduction of 4,4′-bipyridine (44BPY) by 1,4-diazabicyclo[2.2.2]octane (DABCO) has been studied
in water by picosecond transient absorption spectroscopy and time-resolved resonance Raman spectroscopy.
The kinetics of formation of the anion radical 44BPY-• by electron transfer have been analyzed and compared
with those obtained previously for the same reaction in acetonitrile. The 44BPY-• anion is linked via H-bonding
to the surrounding water molecules immediately after its formation and undergoes proton transfer along the
H-bond to reach an acid-base equilibrium of pKa = 15. The nature of the ion pair produced initially in the
electron-transfer reaction is discussed.

1. Introduction

4,4′-Bipyridine (44BPY) is easily reduced by aliphatic amines
upon photoexcitation due to favorable free energy change values
for electron transfer at both the lowest excited singlet (S1) and
triplet (T1) states. The precursor excited states, S1 nπ*1-3 and
T1 ππ*,4,5 and the transient reduced species, the anion radical
44BPY-•4,6 or the N-hydro radical 44BPYH•5,7-9, have been
well characterized by electronic (transient absorption) and
vibrational (time-resolved resonance Raman) spectroscopy. In
addition, the electronic configuration and geometrical structure
of these species have been determined by quantum chemical
calculation.10-12 The 44BPY molecule appears thus well-suited
for performing an extensive spectroscopic investigation of the
mechanism of phototransfer of electron.

Recently, the photoreduction of 44BPY by triethylamine
(TEA) and 1,4-diazabicyclo[2.2.2]octane (DABCO) has been
examined in acetonitrile from picosecond transient absorption
and time-resolved resonance Raman measurements.13 It was
found that, in the case of DABCO, the reaction at the S1 state
is essentially unproductive but the reaction at the T1 state leads
efficiently to the free anion radical in a picosecond time scale
via the formation of a contact ion pair (CIP). In the presence of
TEA as electron donor, a fast intrapair proton-transfer competes
with the dissociation of the CIP and yields the N-hydro radical
44BPYH•, in agreement with the highly basic character of the
44BPY-• anion14 and the strong acidity of the TEA+• cation
radical.15,16 The vibrational properties of the anion radical
involved in a CIP were characterized by a specific Raman
spectrum clearly distinguishable from the free anion one.
Interestingly, the analysis of these data demonstrated that,
despite the fast intrapair proton jump arising in the case of TEA,
the 44BPY anion radical implicated in a CIP is not bound to
the amine cation via hydrogen bonding. It was concluded that
the transfer of proton arises as soon as the anion and cation
species are favorably oriented, that is, the process is governed
by the dynamics of reorientation of the two partners within the
pair after the transfer of electron.

We are now interested in examining how the reaction
dynamics is modified in the presence of protic solvents. The
possible formation of a hydrogen bond between the highly basic
anion radical and the surrounding solvent molecules may change
drastically the intrapair reactivity. In particular, fast protonation
by the solvent can be expected. In this respect, this reaction
may be well-suited for studying the dynamics of intermolecular
proton transfer through hydrogen bonding. In this paper, we
present an experimental investigation of the picosecond dynam-
ics of photoreduction of 44BPY by DABCO in water by using
transient absorption and time-resolved Raman spectroscopy.
Water was chosen as protic solvent because it does not interfere
in the photochemistry of 44BPY. Alcohols were not appropriate
to this study because they are efficient hydrogen atom donors
toward the 44BPY excited states.1,2,5,9 On the other hand, in
contrast to TEA+•, the cation radical of DABCO is not a proton
donor because its rigid bridged structure is unfavorable to the
loss of a proton. The system investigated here is thus the
simplest one for obtaining unmixed information on the role of
water in the process.

2. Experimental Section

4,4′-Bipyridine (44BPY) and 1,4-diazabicyclo[2.2.2]octane
(DABCO) were purchased from Aldrich. 44BPY was sublimed
at 80°C in vacuo prior to each measurement, and DABCO was
used as received. All measurements were performed on 10-3-
10-2 M aqueous solutions of 4,4′-bipyridine using distilled
deionized water or deuterium oxide (99.9 atom % D, Interchim).

The subpicosecond transient absorption and picosecond
Raman scattering experiments have been already described.1-3

Briefly, they were carried out by using a 1 kHz Ti-sapphire
laser system based upon a Coherent (MIRA 900D) oscillator
and a BM Industries (ALPHA 1000) regenerative amplifier. This
system was set in a femtosecond configuration for all of the
absorption measurements. Tripling the initial 90 fs pulses at
800 nm (0.5 mm BBO crystal) provided the pump excitation at
266 nm. Its power was limited to 10-20 µJ per pulse (1.0-2.0
mJ/cm2). A probe white light continuum pulse was generated
at 800 nm in a CaF2 plate. The probe pulse was delayed in
time relative to the pump pulse using an optical delay line
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(Microcontrol model MT160-250PP driven by an ITL09 con-
troller, precision(1 µm). The overall time resolution (fwhm
of the pump-probe intensity cross-correlation) is estimated to
be about 300 fs from the two-photon (pump+ probe) absorption
signal in pure hexane. The time dispersion of the continuum
light over the 300-700 nm region of analysis is about 0.8 ps.
The transmitted light was analyzed by a CCD optical multi-
channel analyzer (Princeton Instrument LN/CCD-1340/400-EB
detector+ ST-138 controller). Samples were circulating in a
flow cell with 2.5 mm optical path length. Data were ac-
cumulated over 3 min (∼180 000 pump-probe sequences).

For the Raman measurements, the laser source was set in a
picosecond configuration. Pump pulses at 253 nm (∼15 µJ, 20
mJ/cm2 per pulse) and probe pulses at 380 nm (∼5 µJ) were
obtained by frequency tripling and doubling, respectively, the
Ti-sapphire fundamental tuned at 760 nm. The pump-probe
cross-correlation fwhm was∼4 ps. Scattered light was collected
at 90° to the incident excitation and sent through a Notch filter
into a home-built multichannel spectrometer coupled to a CCD
optical multichannel analyzer (Princeton Instrument LN/CCD-
1100-PB-UV/AR detector+ ST-138 controller). The flowing
jet sampling technique was adopted (1 mm diameter jet). The
wavenumber shift was calibrated using the Raman spectra of
indene. Data collection times were 10-20 min. In all absorption
and Raman measurements, the pump-probe polarization con-
figuration was set at the magic angle.

3. Results

Before going into details about the photoreduction of 44BPY
by DABCO, we studied the state of solvation of the ground-
state reactants 44BPY and DABCO in aqueous solution prior
to the excitation. Both molecules are proton acceptor (pKa )
4.8214 and 8.82,17 respectively). Although they are present
exclusively as the deprotonated form in the experimental
conditions of our measurements (DABCO concentrationg 0.5
M, pH g 11), they may undergo hydrogen bonding in water.
In a previous work,1 it was shown that the Raman active ring-
breathing mode frequency in 44BPY is specifically sensitive
to hydrogen bonding, with a peak maximum at 995 cm-1 for
the “free” form in acetonitrile or hexane and 1004 cm-1 for the
H-bonded form in ethanol. In the present study, a more
comprehensive analysis of the 44BPY Raman frequencies in
aprotic solvents (including acetonitrile, diethyl ether,n-hexane,
chloroform, and acetone) and protic solvents (including metha-
nol, ethanol, 1,1,1,3,3,3-hexafluoro-2-propanol, and water),
indicated that four vibrations ascribed to the ring C-C stretching
and in-plane distortion motions, 8a, 19a, 12 and 1,10 are affected
by the formation of hydrogen bonds. These vibrations were
observed, respectively, at 1615( 1, 1507( 1, 996( 1, and
756 ( 1 cm-1 in aprotic media and at 1622( 2, 1514( 3,
1007( 3, and 764( 2 cm-1 in protic solvents. In binary protic/
aprotic solvents, a juxtaposition of the two components was
observed for each one of these modes, indicating that both the
“free” and H-bonded species are present. In water, only the high-
frequency component was present, implying that all of the
44BPY molecules are H-bonded. The same observation was
made in aqueous solutions containing 1 M DABCO: hydrogen
bonding to 44BPY is preserved despite the strong basicity of
the solution (pH) 11.4). A similar analysis made for the amine
DABCO revealed that one vibration around 970 cm-1, assigned
to a mode involving predominantly C-C stretching character,18

is particularly sensitive to the protic character of the solvent.
Its large shift from 963 cm-1 in acetonitrile to 982 cm-1 in
water is indicative of H-bonding in the latter case.

A. Quenching by DABCO in H2O. Transient absorption
spectra of solutions of 44BPY and DABCO in water were
recorded for five DABCO concentrations between 0.5 and 1.6
M at various times in the 0-1500 ps time range following
subpicosecond excitation at 266 nm. This wavelength corre-
sponds to the lowest energyππ* absorption band of 44BPY
(ε266 ) 7500 M-1 cm-1). The absorption of DABCO at 266
nm is very weak. However, at the high concentrations used in
the present study, it leads efficiently to the formation of the
cation radical DABCO+• and solvated electron by photoioniza-
tion in water. At low 44BPY concentration (below 5× 10-3

M), the photoionization of DABCO competes with the excitation
of 44BPY and the observed spectral evolution was characteristic
of the two processes, with superimposed kinetics. At high
44BPY concentration (10-2 M), excitation of DABCO was
negligible and the evolution of the 44BPY chemical process
was much easier to analyze. Measurements performed for
different 44BPY concentrations in the range 5× 10-4 to 10-2

M showed that the kinetics characterizing the 44BPY photore-
duction reaction remain unchanged in all cases. They are thus
unaffected by the presence, at low 44BPY concentration, of a
simultaneous process of photoionization of DABCO, indicating
that the solvated electron does not interfere with the 44BPY
photochemistry in the 0-1500 ps time domain experienced in
this study. They are also unaffected by the possible dimerization
of 44BPY (aggregation effect) expected at high concentration.
Accordingly, we present here the absorption measurements made
with the highest 44BPY concentration (10-2 M), which are not
obscured by the DABCO ionization process and can be analyzed
more easily.

In the absence of DABCO (Figure 1), the time evolution of
the spectra is characteristic of the intersystem crossing process
(ISC) from the lowest excited S1 state of 44BPY (382 and 590
nm bands) to the triplet state T1 (339 nm band).1 The decay of
the S1 state spectrum and the rise of the T1 state band can be fit
with the same single exponential kinetics (inset in Figure 1).
Because ISC is the only significant decay process of S1 in pure
water (φISC ) 1),1 the fit leads to a rate constantkISC of (2.8 (
0.1)× 1010 s-1 (S1 lifetime ) 36 ps). The T1 state is stable on
this time scale (lifetimeτ0 ) 70 µs4).

Figures 2 and 3 show the spectral evolution in the time
domains 0-60 and 60-900 ps, respectively, of the transient
absorption spectra obtained upon excitation of a solution of
44BPY (10-2 M) and DABCO (1.6 M) in water. We observe
first, in the short time domain (Figure 2), a much faster decay
of the S1 state spectrum (about 15 ps) than that in pure water
and a drastic reduction of the T1 state yield. Both effects are

Figure 1. Transient absorption spectra of 44BPY (10-2 M) in H2O at
different delay times (0-200 ps) after 266 nm excitation. The inset
shows the time dependence of the intensity measured at 335 and 585
nm.
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indicative of the fact that the S1 state is quenched by DABCO.
An isosbestic point is observed between the S1 and T1 spectra
at 348 nm from 5 to 60 ps, but the shortest time spectra (2-5
ps range) are clearly outside this point. This anomaly is due to
the effect of a band narrowing in the S1 state spectrum in the
first picoseconds, which is likely resulting from vibrational
relaxation. Then (Figure 3), the T1 state spectrum decays from
60 to 900 ps, and new bands appear simultaneously at 365 and
538 nm. These bands are unambiguously characterizing the
N-hydro radical 44BPYH•.5,8,9 An isosbestic point is apparent
between the T1 state and N-hydro radical spectra at 351 nm,
which could suggest that a direct H-atom abstraction from
DABCO arises on excitation. However, this hypothesis seems
doubtful because the photolysis of 44BPY in acetonitrile in the
presence of DABCO leads exclusively to an electron-transfer
reaction.13 On the other hand, we observe in Figure 3, in addition
to the T1 state and radical bands, the presence of two shoulders
around 380 and 600 nm that decay together with the T1 band
but do not belong to the T1 spectrum. These bands could
correspond to the spectrum of the anion radical 44BPY-•. Three
isosbestic points are noticed at 376, 409, and 583 nm between
this new spectrum and N-hydro radical spectrum. No spectral
evolution is discernible between 900 and 1500 ps.

To confirm the identification of the transient species involved
in the reaction, time-resolved resonance Raman measurements
were performed by using a probe excitation at 380 nm.
According to the UV-visible absorption characteristics of these
species, this wavelength appears in good resonance conditions
for the S1 state, anion radical, and N-hydro radical but almost

out of resonance for the T1 state. Thus, this latter species cannot
be observed in these conditions. Figure 4 shows the time
evolution of the Raman spectra observed in the 20-1000 ps
time range after excitation of a solution of 44BPY (10-3 M)
and DABCO (1 M) in water. As expected, the 20 ps spectrum
is characteristic of the S1 state.2,3 At 100 ps, the S1 spectrum
has completely disappeared (band at 726 cm-1, for example)
and new Raman bands are evolving with time up to about 1 ns.
Two sets of Raman bands can be distinguished. One corresponds
to the final spectrum of the kinetics (typical bands at 741, 997,
1589, and 1649 cm-1) and increases with time from 50 ps to 1
ns. It is typical of the N-hydro radical 44BPYH•.7 A second
one is manifested at shorter times by the 1611 cm-1 band
(indicated by a dashed line in Figure 4). Its intensity is negligible
at 20 ps, increases with time up to about 100 ps, and then
decreases concomitantly with the appearance of the radical
spectrum. It becomes undetectable after 600 ps. A better
characterization of this spectrum was obtained by subtracting
the N-hydro radical contribution (1 ns spectrum) from the 100
ps spectrum. The residual spectrum is shown in Figure 5 (lower
trace) together with the S1 state (upper trace) and N-hydro
radical (middle trace) spectra. It is obviously similar to the anion
radical spectrum recorded at the same probe wavelength in
acetonitrile13 although some frequency shifts are noticed between
the two solvents. This observation confirms definitely the
transitory presence of 44BPY-• during the reaction pathway.
No frequency shifts were perceptible in the anion radical
spectrum on going from 50 to 600 ps.

B. Kinetic Analysis. To examine quantitatively the mecha-
nism of photoreduction of 44BPY by DABCO in water, we
analyzed the experimental transient absorption spectra into three

Figure 2. Transient absorption spectra of a solution of 44BPY (10-2

M) and DABCO (1.6 M) in H2O at different delay times (0-60 ps)
after 266 nm excitation. The inset shows an enlargement of the 310-
405 nm region.

Figure 3. Transient absorption spectra of a solution of 44BPY (10-2

M) and DABCO (1.6 M) in H2O at different delay times (60-900 ps)
after 266 nm excitation. The inset shows an enlargement of the 310-
405 nm region.

Figure 4. Time-resolved resonance Raman spectra of a solution of
44BPY (10-3 M) and DABCO (1 M) in H2O probed at 380 nm at
different delay times (20-1000 ps) after pump excitation at 253 nm.
The probe-only spectrum (solvent and ground-state peaks) has been
subtracted to all spectra. Some characteristic Raman frequencies are
indicated. The dashed line points out the position of the 1611 cm-1

band typical of the anion radical 44BPY-•.
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contributions. The first two ones were the T1 state and N-hydro
radical contributions, for which the 200 ps spectrum observed
in the absence of DABCO (Figure 1) and the 900 ps spectrum
observed in the presence of an excess of DABCO (1.6 M, Figure
3), respectively, were chosen as reference spectra. The third
contribution was the residual spectrum obtained after subtraction
of the above T1 and N-hydro radical components. Below 60
ps, it corresponds to the sum of the S1 state and anion radical
contributions, which cannot be easily resolved because the two
spectra are entirely overlapping (see Figure 2 in ref 13). Above
60 ps, it characterizes exclusively the anion radical species,
44BPY-•. The spectrum obtained in this way for the anion
radical remains unchanged at all times in the 60-600 ps domain.
It presents a sharp line at 378 nm and a broad band with maxima
around 530, 562, and 604 nm. The kinetics characterizing the
three above spectral contributions were plotted at the band
maxima 339, 365, and 381 nm, respectively. The kinetic data
corresponding to the series of absorption measurements shown
in Figures 2 and 3 (1.6 M DABCO solution) are displayed in
Figure 6, together with the best fit calculated according to a
reaction model schematized by Scheme 1. This model assumes
a sequential electron-transfer-proton-transfer reaction: the
anion radical formed by electron-transfer quenching of the
excited 44BPY is then protonated by the surrounding water
solvent (tests to fit the experimental data with a model based
on a parallel formation of the anion and N-hydro radical products
were unsuccessful). The kinetic parameters describing the time
evolution of the four transient species involved in this reaction
scheme, that is, the S1 and T1 states, the anion radical, and the
N-hydro radical, were determined to reproduce the three
experimental kinetic contributions mentioned above for the five
different DABCO concentrations investigated in this study.

The model incorporates quenching reactions of both the S1

and T1 states by DABCO. The triplet-state decay kinetics is
monoexponential with a rate constantk3 increasing linearly with
the DABCO concentration, as expected for diffusional electron-
transfer quenching (pseudo-first-order kinetics,k3 ) (τ0

3)-1 +
kq

3[DABCO], whereτ0
3 is the T1 state lifetime in the absence of

electron-donor quencher). A Stern-Volmer analysis provides
a quenching rate constant ofkq

3 ) (4.8 ( 0.3) × 109 M-1 s-1.

In contrast, a biexponential decay kinetics is found for the S1

state. A first decay component is characterized by a rate constant
ka

1 linearly increasing with the DABCO concentration. It
corresponds thus to diffusional electron-transfer quenching:ka

1

) kISC + kq
1[DABCO] with kISC ) (2.8 ( 0.1) × 1010 s-1 (see

part A) and a quenching rate constantkq
1 ) (1.7 ( 0.5)× 1010

M-1 s-1. A second, faster component is observed at high
DABCO concentration. Its contribution in the S1 state decay
kinetics becomes significant for [DABCO]g 1 M. Its rate

Figure 5. Comparison of the normalized Raman spectra of the 44BPY
S1 state (10 ps spectrum), 44BPYH• radical (1 ns spectrum), and
44BPY-• anion radical ([100 ps spectrum]- 0.25[1 ns spectrum]),
obtained from the series of spectra displayed in Figure 4. The main
band frequencies are indicated.

Figure 6. Time dependence of the extracted contributions of the T1

state absorption at 339 nm (O) and N-hydro radical absorption at 365
nm (0) and of the residual absorption (S1 state+ anion radical) at 381
nm (b) and best fit (solid lines) based on reaction Scheme 1 (see the
text) for a solution of 44BPY (10-2 M) and DABCO (1.6 M) in H2O
excited at 266 nm. The dashed lines correspond to the 365 and 381
nm kinetics calculated in the assumption of an exclusive T1 state origin
of the anion radical. Inset a shows an enlargement of the early time
(0-200 ps) kinetics. Inset b shows early time (0-200 ps) detail of the
381 nm kinetics and decomposition of the calculated fit (full line) into
the individual contributions of the S1 state and anion radical species
(dotted lines).

SCHEME 1
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constant,kb
1, is roughly independent of the DABCO concen-

tration (1/kb
1 ) 3 ( 1 ps). This fast kinetics indicates that part

of the 44BPY S1 state population is concerned with static
electron-transfer quenching, that is, electron transfer from a
DABCO molecule in close contact:kb

1 ) kISC + kst
1 (kst

1 )
static quenching rate constant). In fact, at high amine concentra-
tion, the distribution of amines about 44BPY is such that a
significant fraction of the 44BPY molecules should have an
amine within the first solvent shell (population noted (S0,
DABCO) in Scheme 1). Similar processes of electron-transfer
static quenching within the first solvent shell have been observed
to occur in less than 20 ps in the photoreduction of benzophe-
none19 and anthracene20 derivatives (static quenching is different
from the direct electron-transfer process occurring on excitation
of ground-state charge-transfer complexes. In the case of the
44BPY/DABCO system, we found no indication of the existence
of such a ground-state complex). In reality, intersystem crossing
(1/kISC ) 36 ps) cannot compete with static electron transfer,
sokb

1 = kst
1. The appearance kinetics of the T1 state, well-fitted

by a single-exponential growth of rate constantka
1, is in

agreement with this observation. Moreover, at 1.6 M DABCO
(Figure 6) at which the contributions of the S1 state static and
diffusional quenching processes are found to be 32% and 68%,
respectively, the amplitude of the T1 kinetics is indeed in
agreement with an intersystem crossing process originating from
only two-thirds of the initial S1 population.

Comparing Figures 1 and 2 reveals that the quenching of the
S1 state by DABCO (kq

1 + kst
1) reduces considerably the T1 state

yield but does not lead to important amounts of the photore-
duction products. The absorption bands due to the anion radical
and N-hydro radical species are dramatically weak at the end
of the S1 state decay (60 ps spectrum in Figure 2) and are
growing essentially during the T1 state decay in the 60-700 ps
time range (Figure 3). The quenching reaction involving the S1

state appears to be thus strongly unproductive, and a quenching-
induced deactivation pathway with quantum yieldΦdeac

1 ) 1 -
Φet

1 was incorporated in the kinetic model (Scheme 1) to
account for this observation. In contrast, the yieldΦet

3 of
formation of the anion radical from quenching of the T1 state
was nearly unity. Assuming that the anion radical originates
exclusively from the T1 state (Φdeac

1 ) 1) leads to the simulated
kinetic plots indicated by dashed lines in Figure 6. Obviously,
the predicted rise of the anion radical is too slow at short times,
which leads to an underestimated S1 + anion kinetic plot in the
10-150 ps time domain (inset a in Figure 6). Also the kinetics
calculated in this case for the N-hydro radical lies below the
experimental data at all times. The best fit (full lines in Figure
6) is obtained for a deactivation yield ofΦdeac

1 ) 0.95( 0.02,
which means that only 5% of the excited S1 molecules that are
quenched by DABCO lead effectively to the production of the
anion radical. Finally, the anion radical decay and the N-hydro
radical growth were well-fitted by a single-exponential kinetics,
which denotes a first-order or pseudo-first-order proton-transfer
process. The corresponding rate constant,kH, was found to
decrease with increasing DABCO concentration on the 0.5 M
(1/kH ) 13 ps) to 1.6 M (1/kH ) 40 ps) range. The anion species
is produced as long as the triplet state is present. This explains
why, despite its short lifetime, it is observed as a “stationary”
intermediate on a 60-700 ps time range with an apparent decay
kinetics following the T1 state decay kinetics (see Figure 6).

The relative amplitudes of the kinetic curves calculated for
the S1 state, the T1 state, the anion radical, and the N-hydro
radical were set on the basis of a 1:1.5:0.9:1 ratio of the

respective extinction coefficients in water solvent and adjusted
to the experimental data according to the initial S1 state
absorption. The relative S1 and T1 coefficients were estimated
from the ratio of the T1 band intensity at the end of the S1 f
T1 kinetics and initial S1 band intensity obtained by extrapolating
the exponential decay fit of the S1 absorption at time zero in
water in the absence of DABCO (Figure 1). The relative anion
radical extinction coefficient was that previously deduced from
the initial T1 absorption and final anion absorption in the case
of photoreduction by DABCO in acetonitrile.13 Finally, the
relative N-hydro radical coefficient was deduced similarly from
the initial T1 state absorption in the reaction of photoabstraction
of hydrogen atom from 2-propanol.5 We observe in Figure 6
that there is a good agreement between the experimental and
calculated kinetics concerning the profiles, as well as the relative
amplitudes. The main rate constant values are summarized in
Table 1. Fits of comparable quality were obtained for the
different DABCO concentrations (0.5-1.6 M range) experi-
enced in this investigation.

C. Kinetic Isotope Effect in D2O. Changing the solvent from
H2O to D2O was found to modify the reaction kinetics. Figure
7 shows the time evolution of the S1 state+ anion radical
contribution to the absorption at 381 nm on one hand (circle
symbols) and of the N-hydro radical absorption contribution at
365 nm on the other hand (square symbols) in the case of
photoreduction of 44BPY by DABCO (1.6 M) in D2O (open
symbols). The corresponding data obtained in H2O (taken from
Figure 6) are displayed in the figure for comparison (solid

Figure 7. Time dependence of the extracted contribution of the
N-hydro radical absorption at 365 nm (0) and of the residual absorption
(S1 state+ anion radical) at 381 nm (O) and best fit (solid lines) based
on reaction Scheme 1 (see the text) for a solution of 44BPY (10-2 M)
and DABCO (1.6 M) in D2O excited at 266 nm. The corresponding
data (9 andb, respectively) and calculated fits (dashed lines) obtained
in H2O are also given for comparison.

TABLE 1: Summary of the Kinetic Parameters Involved in
the Photoreduction of 44BPY by DABCO in H2O, D2O, and
H2O + KOH (1 M) Solutions (Scheme 2)

H2O D2O
H2O +

KOH (1 M)

kISC(1010s-1) 2.8( 0.1 2.8( 0.1 3.1( 0.1

kq
1 (1010 M-1 s-1) 1.7( 0.5 1.5( 0.5 1.8( 0.5

kst
1 (1010s-1) 33 ( 11 31( 10 33( 11

kq
3 (1010 M-1 s-1) 0.48( 0.03 0.40( 0.03 0.44( 0.03

kH(D) (1010 s-1), 0.5 M DABCO 7.7( 2.0 3.0( 1.0 2.5( 1.0
kH(D) (1010 s-1), 1.6 M DABCO 2.5( 1.0 1.0( 0.5 2.0( 1.0

Φdeac
1 0.95( 0.02 0.94( 0.02 0.94( 0.02

Φet
1 0.05( 0.02 0.06( 0.02 0.06( 0.02

Φet
3 ∼1 ∼1 ∼1
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symbols). Also shown in the figure are the theoretical fits
obtained by using the above reaction model with the rate
constant values given in Table 1. The major change observed
on going from H2O to D2O solvent is a significant slowing of
the anion radical decay and N-hydro radical rise kinetics, which
is indicative of a slower rate constant for deuteron transfer (kD)
than for proton transfer (kH). The measured kinetic isotope effect
is kH/kD ) 2.5. A small reduction of the quenching rate constants
kq

1 andkq
3 is also remarked in D2O.

D. Influence of KOH. To analyze the influence of pH on
the kinetics of protonation of the bipyridine anion radical, the
photoreduction of 44BPY by DABCO has also been investigated
in aqueous solutions containing 1 M KOH. Measurements were
made for two DABCO concentrations, 0.5 and 1.6 M. In both
cases, the evolution of the transient absorption spectra is
essentially similar to that observed in Figures 2 and 3 in the
absence of KOH. However, at long time delays (>500 ps), the
UV and visible absorption bands of the N-hydro radical species
show a slightly broader band foot on the low-energy side, that
is, at the position of the absorption bands of the anion radical.
As a matter of fact, subtracting the 1.5 ns spectrum obtained in
the absence of KOH from that obtained with 1 M KOH leads
to a spectrum comparable in band shape and position to the
anion radical spectrum observed in the absence of KOH. This
observation is confirmed by the time-resolved resonance Raman
measurements displayed in Figure 8: the spectra probed at 380
nm, in optimum resonance with the anion radical absorption,
clearly show that the 1611 cm-1 Raman peak characteristic of
the anion radical (indicated with a dashed line in the figure)
survives at 1500 ps. The residual anion spectrum obtained by
subtracting the N-hydro radical contribution at 1500 ps is

characterized by the same band frequencies as those found at
100 ps in the absence of KOH (bottom spectrum in Figure 5).
The kinetic data obtained from the absorption measurements
in the case of 1.6 M DABCO concentration are shown in Figure
9 for the S1 state+ anion radical contribution at 381 nm and
the N-hydro radical contribution at 365 nm (open symbols). The
data obtained in the absence of KOH (taken from Figure 6) are
also shown for comparison (solid symbols). These data confirm
clearly that the anion radical does not disappear completely when
KOH is present. The anion radical and N-hydro radical
populations appear to be stabilized after 600 ps. The best
theoretical fits are also displayed in Figure 9. The rate constants
corresponding to these fits are listed in Table 1. The reaction
model used for the fit is the same as that established above
(Scheme 1), but it has been modified to incorporate an acid-
base equilibrium between the anion and N-hydro radicals. The
relative amounts of the two species at equilibrium are found to
be 9%( 2% and 91%( 2%, respectively. These proportions
are independent of the DABCO concentration, as expected from
the fact that a constant pH of ca. 14 is imposed by the 1 M
KOH content (the presence of DABCO does not modify
significantly the basicity of the solution). An approximate pKa

value of 15 is thus deduced for the 44BPY-• species. This value
is consistent with the lower limit of pKa > 14 previously
reported for this anion.14

4. Discussion

The reaction model of Scheme 1 allows reproducing of all
of the kinetic data observed for the photoreduction of 44BPY
by DABCO in H2O, H2O + 1 M KOH, and D2O solutions for
different amounts of the DABCO quencher. For each experi-
ment, both the profiles and relative amplitudes of the S1 state,
T1 state, anion radical, and N-hydro radical kinetics are properly
fitted. This correlation confirms the sequential electron-transfer-
proton-transfer mechanism.

The S1 state reaction is nearly unproductive (Φet
1 ) 0.05),

although strong excited singlet-state quenching is observed (kq
1

) 1.7× 1010 M-1 s-1). The same situation was previously found
in acetonitrile solvent,13 in which case it was concluded on the
basis of thermodynamical considerations that the low yield of
anion radical was the result of an ultrafast, spin-allowed back
electron transfer occurring within the singlet ion pair formed
initially from the forward electron-transfer process. It is reason-

Figure 8. Time-resolved resonance Raman spectra of a solution of
44BPY (10-3 M), DABCO (1 M), and KOH (1M) in H2O probed at
380 nm at different delay times (20-1500 ps) after pump excitation at
253 nm. The probe-only spectrum (solvent and ground-state peaks)
has been subtracted to all spectra. Some characteristic Raman frequen-
cies are indicated. The dashed line points out the position of the 1611
cm-1 band typical of the anion radical 44BPY-•.

Figure 9. Time dependence of the extracted contribution of the
N-hydro radical absorption at 365 nm (0) and of the residual absorption
(S1 state+ anion radical) at 381 nm (O) and best fit (solid lines) based
on reaction Scheme 1 (see the text) for a solution of 44BPY (10-2 M),
DABCO (1.6 M), and KOH (1 M) in H2O excited at 266 nm. The
corresponding data (9 andb, respectively) and calculated fits (dashed
lines) obtained in the absence of KOH are also given for comparison.
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able to assume that, in the case of water solvent, intrapair back
electron-transfer deactivation process also competes with the
dissociation of the pair into free ions. In this hypothesis, the
dissociation to deactivation yield ratio measured in aqueous
solution, Φet

1 /Φdeac
1 ) 0.05:0.95, implies that the intrapair

charge recombination is∼20 times faster than the dissociation
of the pair. The singlet ion pair considered in this analysis is
supposed to result indistinguishably from the two types of
electron-transfer quenching processes, static and diffusional,
identified in the above kinetic analysis. In reality, different ion
pairs with specific structures and deactivation to dissociation
yield ratios may be formed in these two reactions. Differentiating
these specific behaviors should be possible in principle from
transient absorption by analyzing the short-time kinetics of the
anion radical. However, because of the extremely low amount
of anion issuing from the S1 state and also the close resemblance
of the anion and S1 spectra, distinguishing two components in
the short-time anion kinetics was unfeasible.

The diffusional quenching rate constantskq
1 andkq

3 observed
for the photoreduction of 44BPY by DABCO in water (1.7×
1010 and 4.8× 109 M-1 s-1, respectively) are weaker than those
found previously13 in acetonitrile (3.5× 1010 and 1.2× 1010

M-1 s-1, respectively). The corresponding drops by factors 2.06
(kq

1) and 2.5 (kq
3) are consistent with the increase in the solvent

viscosity in going from acetonitrile to water (ηwater/ηacetonitrile)
2.6) and can thus be accounted for by changes in the rate
constant of diffusion in the two solvents. Similarly, the reduction
of the electron-transfer rate constant by factors of 1.13 (kq

1) and
1.2 (kq

3) in going from H2O to D2O (see Table 1) correlates
approximately to the increase in viscosity of H2O compared to
D2O (ηH2O/ηD2O ) 1.25). Another effect that might contribute
to the observed decrease in the electron-transfer rates in water
compared to acetonitrile is the fact that, as shown above, the
ground-state bipyridine and amine species are hydrogen-bonded
in aqueous solution. In fact hydrogen bonding with DABCO is
expected to increase the activation energy for the reaction
because the hydrogen bond must be broken prior to transfer.21

As discussed above, the existence of a singlet ion pair is
deduced indirectly from the observation of an ultrafast, non-
diffusional back electron-transfer process. In the case of the
triplet state quenching reaction, there is no kinetic manifestation
of a triplet ion pair because no specific intrapair reaction takes
place. From a spectroscopic point of view, no change in band
shape and position is perceptible in the UV-visible absorption
spectrum of the 44BPY anion radical during the 0-700 ps time
range when this species is present. This spectrum is also identical
to the residual anion spectrum observed in the presence of 1 M
KOH at 1500 ps. This is consistent with our previous report
that in acetonitrile, in which a contact ion pair is formed upon
photoreduction, the free and ion-paired 44BPY-• have identical
absorption spectra.13 However, also in this study, it was found
that the free and ion-paired anion species are distinguishable
from Raman spectroscopy by slightly different vibrational
frequencies in such a way that, in acetonitrile, a progressive
shift of the band frequencies with time characterized the
dissociation of the ion pair into the free ions.13 This shift reflects
the high sensitivity of some vibrational modes of 44BPY-• to
the changes of the ion environment accompanying the ion pair
dissociation. These changes can be of two types: an increase
of the ion solvation and the cancellation of the intrapair
electronic coupling. In contrast, we observe here that, in water,
the 44BPY-• Raman bands do not manifest any significant
frequency shift with time (Figures 4 and 8). Before discussing
the different behavior observed in acetonitrile and in water, it

is worth remarking that the three Raman peaks of the anion
species lying at 1611, 1509, and 992 cm-1 in water (bottom
trace in Figure 5) have notably higher frequencies than those
previously measured for the free anion in acetonitrile13 (∆ν )
+5, +8, and+9 cm-1, respectively). A fourth line at 741 cm-1

shows a less significant shift (∆ν ) +3 cm-1). According to
the assignment of the anion radical vibrations established on
the basis of ab initio calculations,10 these lines correspond to
the ring distortion modes 8a, 19a, 12, and 1. These are precisely
the modes that have been underlined as sensitive to H-bonding
in the case of the ground-state molecule (∆ν ) +7, +7, +11,
and+8 cm-1, respectively; see the Results section) and of the
N-hydro radical (∆ν ) +12, +9, +10, and+4 cm-1, respec-
tively).7 We ascribe thus the mode-specific frequency shifts
observed in the anion radical Raman spectrum on going from
acetonitrile to water solvent to the presence of hydrogen bonds
in the latter case. On the other hand, the absence of any time
dependence of the frequency values in water, even at the shortest
time delays, indicates that the anion radical is H-bonded as soon
as it is produced.

On the basis of these results, an open question concerns the
nature of the ion pair formed in these conditions: does the
occurrence of H-bonding between water and the ground-state
parent molecules, 44BPY and DABCO, and also the reduction
product, 44BPY-•, imply that the ion pair produced in water
differs in nature from the contact ion pair (CIP) formed in
acetonitrile? Considering that the electron-donor center of
DABCO is restricted to the N-atoms, steric hindrance by
H-bonding is expected to prevent any close contact between
the donor center and the acceptor molecule. This point and the
fact that the 44BPY-• anion radical is also H-bonded as soon
as it is produced suggest that the electron transfer could occur
through a solvent layer and lead to the formation of a solvent-
separated ion pair (SSIP). In this respect, the fact that the
dissociation of the ion pair into free ions has been characterized
by significant frequency shifts in the Raman spectrum of
44BPY-• in acetonitrile but not in water could be explained by
the different state of solvation of the ions in the two types of
pairs. As discussed by Gould et al.,22 the overall solvation of
the ions is weaker in a CIP compared to that in a SSIP. This
results from the fact that, first, there are no solvent molecules
between the ions in a CIP. Second, the two ions being closer
together in a CIP than in a SSIP, their opposite orienting
influences on the solvent shell cancel each other out notably
more in the case of CIP. As a consequence, a larger change in
solvation is expected on going to the free ions from a CIP than
from a SSIP. A larger change in electronic coupling is expected
as well. Thus the environment of the ions is presumed to be so
similar in a SSIP and in the bulk solution that the dissociation
of the SSIP could arise without any perceptible change of the
vibrational frequencies. However, it is worth remarking that the
absence of perceptible frequency shifts with time in the 44BPY-•

Raman spectrum recorded in water may have other causes than
a change in the ion pair nature. It could result from a lower
sensitivity to the environment of the 44BPY-• normal modes
in water than that in acetonitrile due to H-bonding. It could
also result from slower ion pair dissociation in water because
of its high viscosity compared to acetonitrile. In fact, in this
hypothesis, the 44BPY-• ion may decay by proton transfer from
water while still in the pair. Thus, the suggestion that a SSIP is
formed upon photoreduction of 44BPY in water remains
tentative at the moment.

As observed for the Raman spectrum, the transient absorption
spectrum in water differs from that in acetonitrile. A notable
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shift to higher energy characterizes the visible band (vibronic
maxima at 555, 580, and 638 nm in acetonitrile and at 530,
562, and 604 nm in water), whereas the position of the UV
band remains unchanged (maximum at 379( 1 nm). According
to the above discussion of the Raman data, this shift effect can
be ascribed to the presence of H-bonding in water. On the basis
of semiempirical6 and ab initio23 calculations, the visible
absorption of 44BPY-• has been ascribed to a quasi-one-electron
ππ* transition involving the unpaired electron derived from the
Φ7 f Φ10 excitation of the biphenyl anion radical.24,25 As a
matter of fact, a manifest resemblance noticed between the UV-
visible absorption and resonance Raman spectra of 44BPY-•,
on one hand, and those reported24-28 for the biphenyl anion
radical, on the other hand, provided an experimental confirma-
tion of the analogous electronic properties of these two ions.4,6

According to the structure and electronic configuration of
44BPY-•,10,11the negative charge is essentially localized on the
nitrogen atoms. H-bonding is thus expected to stabilize this
configuration in such a way that a higher energy must be
required to excite the unpaired electron in protic solvents than
in aprotic solvents. This is consistent with the increase in energy
observed for the absorption band associated with theΦ7 f Φ10

excitation in going from acetonitrile to water. However,
rigorously, this assumption is correct only if the electronic
configuration of the upper state involved in the transition is less-
stabilized by H-bonding than the ground state, that is, if the
charge is more delocalized on the rings after excitation.
Therefore, theππ* Φ7 f Φ10 transition of the 44BPY-• species
contains probably some character of charge transfer from the
nitrogen atom to the ring.

Finally, the presence of H-bonding between 44BPY-• and
water implies that the protonation of the anion radical by water
to yield the N-hydro radical occurs through the hydrogen bond.
Therefore, at first sight, this process might be considered as a
nondiffusional, intracomplex reaction, in agreement with the
observed first-order kinetics. In this perspective, according to
recent theoretical developments relating to proton transfer in
solution phase,29-31 the small kinetic isotope effect (kH/kD )
2.5) suggests that the proton-transfer process is adiabatic, that
is, it does not occur via proton tunneling. Adiabatic proton
transfer is expected along strong hydrogen bonds, in which case
the small intrinsic barrier allows large proton coupling. However,
with respect to the fact that the (44BPY-•‚‚‚H2O) complex is
not isolated in the solvent but is linked to the surrounding water
molecules through an extended hydrogen-bond network, the
reaction is probably more complex than a simple intracomplex
transfer and may involve collective molecular motions associated
with the rearrangement of the hydrogen-bond network. The
observation that the proton-transfer rate constant,kH, decreases

with increasing DABCO concentration emphasizes the role
played by the environment in the reaction dynamics. From
evidence, the basic poles represented by the amine molecules
disseminated in the solution exert a significant long-distance
influence, through the hydrogen-bond network, on the dynamics
of intracomplex proton jump. In this regard, the effect of
increasing the DABCO concentration onkH may result from a
reduction of the proton-donor ability of the water molecule
bonded to the ion (decrease of local acidity), a lengthening of
the N‚‚‚H distance between the 44BPY-• acceptor and water
donor in the H-bonded complex (structural change of the water
network), or a reduction of the ability of the solution to
accommodate the OH- species produced after proton transfer
(solvation effect). The results obtained at pH 14 (1 M KOH)
show that the reaction leads to a mixture of the neutral
(44BPYH•) and ionic (44BPY-•) species according to an acid-
base equilibrium with pKa = 15. This high pKa value explains
why, in the absence of KOH, the reaction is completely
displaced toward the neutral radical form. In fact, at pH values
of 11-12 (aqueous solution containing 0.1-1.6 M DABCO),
a concentration ratio, [44BPY-•]/[44BPYH•], of 10-3-10-4 is
expected at equilibrium, in which case the anion radical
contribution in the spectra is too weak to be perceptible. As
can be seen in Table 1, adding 1 M KOH to the 0.5 M DABCO
solution reduces the protonation ratekH in a similar way as
increasing the DABCO concentration from 0.5 to 1.6 M.
However, adding KOH to the 1.6 M DABCO solution does not
affect notably thekH value. The effect of pH on the rate of
proton transferkH and on the acid-base equilibrium dynamics
is thus not clear.

This reaction of fast protonation of the 44BPY anion radical
can be related to the similar but opposite reaction of excited-
state proton dissociation observed, for instance, for aromatic
alcohols, ROH.32,33In fact, whereas the 44BPY-• species is more
basic than the neutral parent molecule, aromatic alcohols are
more acidic in their S1 state than in S0. Therefore, in both cases,
the sudden introduction of a base/acid into an otherwise
unchanged solution by photoexcitation gives rise to a pH jump
and initiates a proton-transfer process from/to the solvent,
leading to a release of OH-/H+ in the solution. The solvent
molecule plays a dual role as OH-/H+ acceptor and as a
solvating medium. In the case of excited-state proton transfer,
a number of time-resolved investigations in different environ-
ments, for example, small molecular clusters34,35and solutions
in water and in mixed water/organic solvents,36-42 have
evidenced the influence of water structure in the reaction
kinetics, but the exact nature of the process remains not
completely clear. The formation of water clusters as proton-
solvating entities has been suggested to control the reaction

SCHEME 2
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dynamics,36,37 but this point is still debated. To get the same
type of information about the role of water structure on the
dynamics of proton abstraction by the 44BPY anion radical and
understand the factors governing the dynamics of proton transfer
along hydrogen bonds in aqueous solution, we are currently
performing a systematic kinetic analysis of the photoreduction
of 44BPY by aliphatic amines as a function of the pH in water
and in a series of binary acetonitrile/water solutions.

5. Conclusion

In conclusion, the photoreduction of 44BPY by DABCO has
been studied in water by picosecond transient absorption
spectroscopy and time-resolved resonance Raman spectroscopy.
The kinetics of formation of the anion radical 44BPY-• by
electron transfer have been analyzed and compared with those
obtained previously for the same reaction in acetonitrile. The
overall mechanism is summarized in the reaction Scheme 2. It
must be recalled that the term (S0‚‚‚HO-H, DABCO) in Scheme
2 does not refer to a ground-state charge-transfer complex
between 44BPY and DABCO but to the population of 44BPY
molecules that have a DABCO species in the first solvent shell
at the moment of the excitation. The whole set of kinetic
parameters is reported in Table 1. The following results have
been obtained:

(1) The rates of diffusional quenching of both the S1 and T1

states by electron transfer are lowered in going from acetonitrile
to water solvent according to the increase of the medium
viscosity.

(2) In water as in acetonitrile, the S1 state reaction is
essentially unproductive because of ultrafast intrapair back
electron transfer. The anion radical 44BPY-• is essentially
produced from the T1 state.

(3) The 44BPY-• anion is linked by H-bonding to the
surrounding water molecules immediately after its formation
and undergoes proton transfer along the H-bond to reach an
acid-base equilibrium of pKa = 15 with the N-hydro radical
44BPYH•. The precursor ground-state 44BPY and DABCO
molecules are also H-bonded in aqueous solution prior to
excitation.

(4) Whereas in acetonitrile a contact ion pair formed upon
reduction could be distinguished from the free ions by the
observation of specific Raman frequencies of the 44BPY-•

anion, no such discrimination was possible in water. We suggest
that, in aqueous solution, steric hindrance by H-bonding prevents
any close contact between the acceptor and donor species. As
a consequence, the reaction leads to the formation of a solvent-
separated ion pair in which the environment of the ions is close
to that in bulk water. However, we cannot rule out the possibility
that quenching of the 44BPY-• anion by proton transfer from
water arises within the ion pair before its dissociation, in which
case no vibrational shifts are expected even if a contact ion pair
is produced by electron transfer. More information on this point
and on the dynamics of the proton transfer process should be
obtained from similar time-resolved investigations of the 44BPY
photoreduction reaction in mixed water/acetonitrile solutions.
These experiments, currently in progress, will be the object of
a further report.
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