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Remarkable accelerating effects of the ammonium cation (NH4
+) have been observed on photoinduced electron-

transfer reactions from the triplet excited state of tetraphenylporphyin (H2P) to quinones [p-benzoquinone
(Q) and naphthoquinone (NQ)] in dimethyl sulfoxide (DMSO). The tetrabutylammonium cation (NBu4

+) is
also effective to accelerate the electron-transfer reduction of Q and NQ in dichloromethane (CH2Cl2). The
hydrogen bonding interaction between the semiquinone radical anion (Q•- or NQ•-) and NH4

+ was confirmed
by the ESR spectra of the Q•-/NH4

+ and Q•-/(NH4
+)2 [NQ•-/NH4

+ and NQ•-/(NH4
+)2] complexes in DMSO.

Accelerating effects of NH4+ in DMSO and NBu4+ in CH2Cl2 on the rates of photoinduced electron-transfer
reduction of Q by H2P result from the positive shift of theEred value of quinones together with a constantEox

value of H2P determined from cyclic voltammetry measurements. The driving force dependence of the rate
constants for photoinduced electron-transfer reduction of quinones in the presence of various concentrations
of ammonium cations was evaluated in light of the Marcus theory of electron transfer.

Introduction

The catalytic role of metal cations in enzymatic redox
reactions has merited recent attention, since a growing number
of redox enzymes have been demonstrated to involve metal
cations at their active sites.1-7 Since most redox coenzymes
contain a lone pair of heteroatoms, an interaction of the redox
cofactor with metal cations results in enhancement of the redox
activity of the enzymes.8 A number of thermal and photoinduced
electron-transfer reactions have been demonstrated to be acti-
vated by interaction between metal cations and the one-electron
reduced species of electron acceptors.9-19 Not only metal cations
but also organic cations such as ammonium ion have been shown
to influence reactivity of the quinone cofactor in the amine-
oxidation reaction and in electron transfer from the reduced
quinone cofactor to amicyanin.20-23 In such a case, hydrogen
bond formation between the quinone cofactor and the am-
monium ion may play an important role in controlling the
electron-transfer reactions. Hydrogen bonding indeed plays a
crucial role in electron transfer between two ubiquinones (QA

and QB) through the iron-histidine bridge in bacterial photo-
synthetic reaction centers.24-27 The positively charged iron that
polarizes the imidazole ring of histidine is suggested to
strengthen the hydrogen bond with QB, leading to a negative
shift of the one-electron reduction potential of QB.27 In such a
case, the ammonium cation may further activate the electron-
transfer reduction of quinones. The interaction between am-
monium ions and reduced quinone may be further enhanced in
the protein environment which is rather nonpolar with a low

dielectric constant (ε) of ca. 2.28 However, such effects of
ammonium cations on the reactivity in the electron-transfer
reduction of quinones or on the one-electron reduction potentials
of quinones have yet to be clarified, because ammonium cations
have generally been believed to be inert in electron-transfer
reactions.29-32 In fact, ammonium cations such as tetra-n-
butylammonium salts are commonly employed as “inert”
electrolytes in electrochemical measurements.30-32

We report herein the remarkable accelerating effects of
ammonium cations on the rates of the photoinduced electron-
transfer reactions of quinones [p-benzoquinone (Q) and naph-
thoquinone (NQ)] by hydrogen bonding or electronic interaction
of ammonium cations with semiquinone radical anion in
accordance with the changes of one-electron reduction potentials
of quinones. The hydrogen bonding interaction between Q•-

(NQ•-) and NH4
+ was confirmed by ESR measurements in

DMSO. Determination of redox potentials with a large variation
of ammonium cation concentration is made possible even in a
low polarity solvent such as dichloromethane (CH2Cl2) by using
a microelectrode in a microcell that requires only small
concentrations of an electrolyte (see Experimental Section).30,31b

The effects of NH4PF6 and NBu4PF6 on the redox potentials of
quinones in several solvents are compared with what is observed
for porphyrins, hexyl viologen, and Ru(bpy)3

2+ (bpy ) 2,2′-
bipyridine), which exhibit little or no effect of NBu4PF6 on their
redox potentials. The driving force dependence of the observed
rate constants of photoinduced electron transfer from the triplet
excited state of the porphyrins to quinones was determined in
solutions having a large variation of ammonium cation con-
centration and evaluated in light of the Marcus theory of electron
transfer.33 The present study provides valuable insights into the
important role of ammonium cations in controlling biological
redox reactions.
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Experimental Section

Materials. 1,4-Benzoquinone (Q) and 1,4-naphthoquinone
(NQ) were commercially obtained and purified using standard
methods.34 Tris(2,2′-bipyridyl)ruthenium dichloride hexahydrate
(Ru(bpy)3Cl2‚6H2O) was obtained commercially from Sigma-
Aldrich Co., USA. 5,10,15,20-Tetraphenyl-21H, 23H-porphine
(H2P) and 5,10,15,20-tetraphenyl-21H, 23H-porphine zinc(II)
(ZnP) were purchased from Aldrich. The synthesized 1,1-
dihexyl-4,4′-dipyridinium dibromide and the corresponding
diperchlorate salt (hexyl viologen: HV2+) were described
previously.35,36 1,4-Benzoquinone-d4 (98at.%) was purchased
from Aldrich Co. Benzonitrile (PhCN) was purchased from
Aldrich Co., USA and Tokyo Kasei Organic Chemicals, Japan
and purified by successive distillation over P2O5.34 Dichloro-
methane (CH2Cl2), acetonitrile (MeCN), and dimethyl sulfoxide
(DMSO) were received from Aldrich Co. and used as received
without further purification. Tetra-n-butylammonium hexa-
fluorophosphate (NBu4PF6), tetra-n-butylammonium perchlorate
(NBu4ClO4), and tetra-n-butylammonium bromide (NBu4Br)
were purchased from Aldrich Co., purified using standard
methods,34 and dried under vacuum at 40°C for at least one
week prior to use. Ammonium hexafluorophosphate (NH4PF6)
was purchased from Aldrich and used as received without further
purification. Dimeric 1-benzyl-1,4-dihydronicotinamide [(BNA)2]
was prepared according to the literature.37

Electrochemical Measurements.Cyclic voltammetry (CV)
measurements were performed on an EG&G model 173
potentiostat coupled with an EG&G model 175 universal
programmer in deaerated solutions containing the supporting
electrolyte at 298 K. A three-electrode system was used,
consisting of a∼10 µm diam Pt disk microelectrode as a
working electrode, a platinum wire counter electrode, and a
saturated calomel reference electrode (SCE). The microelectrode
is used in order to keep the ohmic drop small. In the case of
very small currents, glassy carbon (3 mm diameter) was used
as the working electrode. The reference electrode was separated
from the bulk of the solution by a fritted-glass bridge filled
with the solvent/supporting electrolyte mixture; the concentration
of supporting electrolyte in the bridge was the same as that in
the sample solution. In the absence of salt, however, the
reference electrode contained supporting electrolyte (0.10 M).
Ferricenium ion/ferrocene (Fc+/Fc) was used as an internal
standard. MeCN, PhCN, and DMSO solutions containing
samples and electrolyte were deoxygenated by argon for 10 min
prior to the measurements. CH2Cl2 solutions were deoxygenated
by argon for 5 min prior to the measurements.

Time-Resolved Absorption Measurements.Nanosecond
transient absorption measurements were carried out using a
Panther OPO pumped by a Nd:YAG laser (Continuum, SLII-
10, 4-6 ns fwhm) at 515 nm with the power of 20 mJ as an
excitation source. DMSO solutions were deoxygenated by argon
purging for 15 min prior to the measurements. CH2Cl2 solutions
were deaerated by five freeze-pump-thaw cycles.

Fluorescence Quenching.Quenching experiments of the
fluorescence of H2P were carried out on a SHIMADZU
spectrofluorophotometer (RF-5000). The excitation wavelength
of H2P was set atλ ) 425 nm in CH2Cl2 or DMSO. The
monitoring wavelength corresponds to the maximum of the
fluorescence band atλmax ) 652 nm. Typically, a CH2Cl2
solution was deaerated by five freeze-pump-thaw cycles. A
DMSO solution was deaerated by argon purging for 15 min
prior to the measurements. There was no change in the spectral
shape andλmax due to weak binding in the steady state but there
was a change in the intensity of the fluorescence spectrum by

addition of a quencher and ammonium salts. The Stern-Volmer
relationship (eq 1) was obtained for the ratio of the fluorescence
intensities in the absence and presence of quinone

derivatives. The observed quenching rate constants of photo-
induced electron transferket () KSVτ-1) were obtained from
the Stern-Volmer constantsKSV and the fluorescence lifetime
τ. The fluorescence lifetimes of H2P were determined asτ )
10.8 ns in CH2Cl2 and 12.6 ns in DMSO by an exponential
curve fit of the fluorescence decay using a microcomputer.
Time-resolved fluorescence spectra were measured by a Photon
Technology International GL-3300 with a Photon Technology
International GL-302, nitrogen laser/pumped dye laser system
(50 ps pulse duration), equipped with a four channel digital
delay/pulse generator (Stanford Research System Inc. DG535)
and a motor driver (Photon Technology International MD-5020).
The excitation wavelength was 425 nm using POPOP (Wako
Pure Chemical Ind. Ltd., Japan) as a dye in toluene. All samples
were excited at 425 nm with a repetition rate of 10 Hz (pulse
width 3-4 ns), and the fluorescence signal was analyzed after
passing through a monochromator set at the peak emission of
the corresponding sample.

ESR Measurements. The ESR spectra of ammonium ion
complexes of semiquinone radical anions were recorded on a
JEOL X-band spectrometer (JES-RE1XE) with a quartz ESR
tube (1.2 mm i.d.). The ESR spectra were measured under
nonsaturating microwave power conditions. The magnitude of
modulation was chosen to optimize the resolution and the signal-
to-noise (S/N) ratio of the observed spectra. Theg values were
calibrated with an Mn2+ marker and the hyperfine coupling(hfc)
constants were determined by computer simulation using Calleo
ESR Version 1.2 program coded by Calleo Scientific on an
Apple Macintosh personal computer.

Results and Discussion

Second-Order Acceleration Effect of NH4
+ on Rates of

Photoinduced Electron-Transfer Reduction of p-Benzo-
quinone in DMSO. Transient absorption spectra of a deaerated
DMSO solution of H2P in the presence of 0.2 M NH4PF6

measured at 10 and 200µs after the laser pulse excitation (515
nm) are shown in Figure 1a, where the triplet-triplet (T-T)
absorption band is observed at 440 nm due to3H2P* (* denotes
the excited state).38 The inset shows the triplet decay. Addition
of Q (1.0 × 10-3 M) to the 3H2P*-NH4PF6 system results in
photoinduced electron transfer from3H2P* to Q to yield H2P•+

(650 nm) and the Q•-/NH4
+ complex (440 nm). The decay of

the T-T absorption at 440 nm in the presence of Q becomes
much faster than the decay in the absence of Q (compare inset
of Figure 1b with that of Figure 1a), which is accompanied by
an increase in absorbance at 650 nm due to H2P•+. The
absorption band of the Q•-/NH4

+ complex appears in the same
wavelength region as the T-T absorption band with a smaller
extinction coefficient,39 as indicated by the residual absorption
at 440 nm due to the Q•-/(NH4

+)2 complex (Figure 1b). Similar
photoinduced electron transfer from3H2P* to NQ occurs
efficiently in the presence of NH4PF6. The occurrence of
photoinduced electron transfer is clearly shown by the appear-
ance of the transient absorption band at 650 nm due to H2P•+.
The triplet band of H2P is indeed overlapped with the absorption
band due to Q•- and NQ•-.

The second-order rate constant (ket) of photoinduced electron
transfer from3H2P* to NQ increases parabolically with increas-
ing concentration of NH4PF6 as shown in Figure 2 (theket values

I0/I ) 1 + KSV[Q] (1)
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are listed in Table 1), where the rate constant of the electron
transfer was separated from the dependence of the decay rate
constant on quinone concentration.40 Such a parabolic depend-
ence ofket on concentration of NH4PF6 results from formation
of a 1:2 complex between Q•- and NH4

+ (vide infra).
The rate constants of photoinduced electron transfer from

1H2P* to NQ were also determined from fluorescence quenching
of 1H2P* by NQ in the presence of various concentrations of
NH4PF6 in deaerated DMSO (see the Experimental Section).
Theket values are listed in Table 1, where theket values exhibit
a slight increase with increasing concentration of NH4PF6,
because they are close to being diffusion-limited (2.9× 109

M-1 s-1 ∼ 4.5 × 109 M-1 s-1).

ESR Detection of NH4
+ Complexes with Semiquinone

Radical Anions. The Q•-/NH4
+ complex is successfully

detected by ESR in photoinduced electron transfer from dimeric
1-benzyl-1,4-dihydronicotinamide [(BNA)2] to Q in the presence
of NH4PF6 in DMSO at 298 K. The (BNA)2 is known to act as
a unique electron donor to produce the radical anions of electron
acceptors.37b The ESR spectrum of Q•- in the absence of
NH4PF6 at g ) 2.0051 with hyperfine splitting due to four
equivalent protons of Q•- [a(4H) ) 2.37G] in Figure 3a (the
computer simulation spectrum is also shown together with the
observed spectrum) is drastically changed to the spectrum atg
) 2.0041 in the presence of 2.0× 10-3 M NH4PF6 in DMSO
at 333 K as shown in Figure 3b.41 The observed ESR spectrum
consists of the superhyperfine splitting due to four equivalent
protons [a(4H) ) 0.43G] and one nitrogen [a(N) ) 4.57G] of
NH4

+ in addition to the hyperfine splitting due to two sets of

Figure 1. Transient absorption spectra of H2P (5.0× 10-5 M) with
[NH4PF6] ) 0.2 M (a) in the absence of Q (Inset: time profile at 440
nm) and (b) in the presence of [Q]) 1.0× 10-3 M (Inset: time profiles
at 440 and 650 nm) excited at 515 nm in deaerated DMSO.

Figure 2. Plot of the second-order rate constant (ket) vs [NH4PF6] for
photoinduced electron transfer from3H2P* to NQ in the presence of
NH4PF6 in deaerated DMSO.

TABLE 1: Driving Force and Rate Constants of
Photoinduced Electron Transfer from Singlet or Triplet
Excited State of Free-Base Tetraphenylporphyrin to NQ and
Q in the Presence of NH4PF6 in DMSO

3H2P* 1H2P*

quencher
[NH4PF6],

M
-∆Get,

eV
ket,

M-1 s-1
-∆Get,

eV
ket,

M-1 s-1

NQ 0.002 -0.20 b 0.27
0.01 -0.09 1.8× 105 0.38 2.9× 109

0.1 -0.02 6.8× 105 0.45 4.5× 109

0.2 (0.02)a 1.7× 106 (0.48)a,c 4.4× 109

0.3 (0.04)a 3.1× 106 (0.49)a,c 4.2× 109

Q 0.002 0.02 0.49
0.01 0.10 2.0× 107 0.57 4.4× 109

0.1 0.16 7.8× 107 0.63 4.3× 109

0.2 (0.20)a 1.3× 108 (0.49)a,c 4.6× 109

a Estimated from Nernst plots in Figure 6.b Too slow to be
determined accurately.c Obtained using theEox values of H2P in the
presence of 0.1 M NH4PF6.

Figure 3. ESR spectra of (a) Q•- generated in the photoirradiation of
Q (1.0 × 10-6 M) by (BNA)2 (1.0 × 10-5 M) at 298 K, (b) Q•--
NH4PF6 complex generated in the photoirradiation of Q (1.0× 10-4

M) by (BNA)2 (3.0× 10-4 M) in the presence of NH4PF6 (2.0× 10-3

M) at 333 K (top) with the computer simulation spectra (bottom), the
hyperfine coupling constants and the maximum slope line widths
(∆Hmsl).
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two equivalent protons of Q•- [a(2H) ) 3.64G, 4.57G]. These
hyperfine and superhyperfine splitting constants are determined
by the computer simulation spectrum which agrees well with
the observed spectrum (Figure 3b). The observation of the
superhyperfine structure due to NH4

+ and two differenta(2H)
values clearly indicates that NH4

+ forms the 1:1 complex with
Q•- and that no proton transfer occurs from NH4

+ to Q•- to
produce QH•.

When the concentration of NH4PF6 is increased to 1.0× 10-2

M, the ESR spectrum is changed to that shown in Figure 4a,
which consists of hyperfine splitting due to four equivalent
protons of Q•- [a(4H) ) 1.07G] and superhyperfine splitting
due to two equivalent nitrogens of NH4

+ [a(2N) ) 4.71G] as
indicated by the agreement with the computer simulation
spectrum. This indicates formation of the 1:2 complex between
Q•- and NH4

+: Q•-/(NH4
+)2. The superhyperfine splittings due

to eight equivalent protons are not observed probably due to
the larger line width. Deuterium substitution of four hydrogen
atoms of Q results in a change in the splitting pattern from the
spectrum in Figure 4a to that in Figure 4b, where Q is substituted
by p-benzoquinone-d4. The computer simulation spectrum using
the same hyperfine coupling (hfc) constant values except for
the deuterium (a(4D) ) 0.16G), which are reduced by a factor
of 0.153, agrees well with the observed ESR spectrum of the
Q•-/(NH4

+)2 complex (Figure 4b). Such an agreement confirms
the hfc assignment in Figure 4a. The observed smalla(4H)
values and largea(2N) values clearly indicate the existence of
orbital interaction, i.e., hydrogen bonding between Q•- and two
NH4

+ cations in addition to the electrostatic interaction in the
Q•-/(NH4

+)2 complex.

The ESR spectrum of NQ•- (Figure 5a) is also changed
significantly in the presence of NH4PF6 to those of the NQ•-/
NH4

+ complex and NQ•-/(NH4
+)2 complex depending on the

concentration of NH4PF6 as shown in Figure 5, parts b and c,
respectively. The comparison of the observed spectra with the
computer simulation spectra affords the hyperfine and super-
hyperfine splitting constants (Figure 5).

Effect of NH4
+ on One-Electron Reduction Potentials of

Quinones in DMSO. Significant positive shifts of the one-
electron reduction potentials (Ered) of Q and NQ are observed
in the presence of NH4PF6 as compared with those in the
presence of NBu4PF6. This is shown in Figure 6, whereEred

determined from the cyclic voltammetry measurements in
DMSO are plotted against log[electrolyte]. The slopes of the
plot of Ered for Q/Q•- and NQ/NQ•- vs log[NH4PF6] are the
same (0.12 V), whereas the slope of the plot ofEred of Q/Q•-

vs log[NBu4PF6] is only 0.026 V. The slope of 0.12 V is twice
the expected slope (2.3RT/F at 298 K) by the Nernst equation
(eq 2) for a 1:1 complex formation between Q•- (or NQ•-) and
NH4

+.
Ered is given as a function of concentration of NH4PF6, in

accordance with the Nernst equation (eq 2) for a 1:1 complex
formation between Q•- (or NQ•-) and NH4

+, whereE0
red is the

one-electron reduction potential in the absence of NH4PF6, Kred

Figure 4. ESR spectra of (a) the Q•--2NH4PF6 complex generated
in the photoirradiation of Q (1.0× 10-4 M) by (BNA)2 (3.0 × 10-4

M) in the presence of NH4PF6 (5.0 × 10-2 M) in deaerated DMSO at
298 K and (b) the tetradeuterated Q•--2NH4PF6 complex generated
in the photoirradiation of Q-d4 (1.0× 10-6 M) by (BNA)2 (1.0× 10-5

M) in the presence of NH4PF6 (5.0 × 10-2 M) in deaerated DMSO at
298 K (top) with the computer simulation spectra (bottom), the
hyperfine coupling constants, and the maximum slope line widths
(∆Hmsl). Figure 5. ESR spectra of (a) NQ•- generated in the photoirradiation

of NQ (1.0× 10-6 M) by (BNA)2 (1.0 × 10-5 M) at 298 K, (b) the
NQ•--NH4PF6 complex generated in the photoirradiation of NQ (2.0
× 10-4 M) by (BNA)2 (3.0× 10-3 M) in the presence of NH4PF6 (5.0
× 10-3 M) at 333 K, and (c) the NQ•--2NH4PF6 complex generated
in the photoirradiation of NQ (2.0× 10-3 M) by (BNA)2 (3.0× 10-3

M) in the presence of NH4PF6 (0.1 M) in deaerated DMSO at 298 K
(top) with the computer simulation spectra (bottom), the hyperfine
coupling constants, and the maximum slope line widths (∆Hmsl).
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is the formation constant of the Q•-/NH4
+ (NQ•-/NH4

+)
complex, andKox is the formation constant of the Q/NH4

+ (NQ/
NH4

+) complex.42

SinceKred[NH4PF6] . 1 andKox[NH4PF6] , 1, eq 2 can be
written as shown in eq 3

In a 1:2 complex formation between Q•- (or NQ•-) and 2NH4
+,

eq 3 is written as shown by eq 4, whereKred(2) is the formation
constant of the Q•-/(NH4

+)2 [NQ•-/(NH4
+)2] complex.42 When

Kred(2)[NH4PF6] . 1, the slope of the Nernst plot is expected to
be 0.12, and this is observed experimentally in Figure 6. This
indicates that Q•- or NQ•- forms a complex with two equiva-
lents of NH4

+.

The slope of the Nernst plot (0.12) in Figure 6 agrees both
with a parabolic dependence ofket on concentration of NH4PF6

and also with the ESR spectra in Figures 4 and 5c, indicating
formation of a 1:2 complex between Q•- (or NQ•-) and NH4

+.
The driving force of electron transfer from1H2P* or 3H2P*

to Q or NQ in the presence of various concentrations of NH4PF6

were determined as listed in Table S1 (Supporting Information).
Accelerating Effect of NBu4

+ on Rates of Photoinduced
Electron-Transfer Reduction of Quinones in CH2Cl2. When
NH4PF6 was replaced by NBu4PF6, no acceleration effect of
NBu4PF6 (at least up to 0.2 M) was observed in photoinduced
electron transfer from3H2P* to Q in DMSO.43 In a less polar
solvent such as CH2Cl2, however, NBu4PF6 shows a remarkable
acceleration effect on the photoinduced electron-transfer reac-
tion. Transient absorption spectra of a deaerated CH2Cl2 solution
of H2P in the presence of 0.1 M NBu4PF6 are shown in Figure
7a. Photoinduced electron transfer from3H2P* to Q in the
presence of NBu4PF6 occurs efficiently in CH2Cl2 to produce
H2P•+ and the Q•-/NBu4

+ complex as shown in Figure 7b.
Decay rates of the T-T absorption of3H2P* in the presence

of Q (or NQ) obey pseudo-first-order kinetics, and the pseudo-
first-order rate constant increases linearly with increasing
concentration of Q (or NQ). The second-order rate constants of

photoinduced electron transfer (ket) were determined from the
slopes of linear plots of pseudo-first-order rate constants vs
concentration of Q and NQ. Theket values increase linearly with
increasing concentration of NBu4PF as shown in Figure 8 (the
data are listed in Table 2 with the driving force of electron
transfer from3H2P* to Q).

The rate constants of photoinduced electron transfer from the
singlet excited state of H2P (1H2P*) to NQ were also determined
from fluorescence quenching of1H2P* by NQ in the presence
of various concentrations of NBu4PF6 in deaerated CH2Cl2 (see
the Supporting Information Figure S1). The fluorescence of H2P
is quenched by electron transfer from1H2P* to NQ. The rate

Figure 6. Nernst plots ofEred for Q or NQ against log[electrolyte];
NQ/NH4PF6 (9), Q/NBu4PF6 (O), Q/NH4PF6 (b) in deaerated DMSO.

Figure 7. Transient absorption spectra of H2P (1.0× 10-5 M) with
[NBu4PF6] ) 0.1 M (a) in the absence of Q (Inset: time profile at 440
nm) and (b) in the presence of [Q]) 1.0× 10-3 M (Inset: time profiles
at 440 and 650 nm) excited at 515 nm in deaerated CH2Cl2.

Figure 8. Plots of the second-order rate constant (ket) vs [NBu4PF6]
for photoinduced electron transfer from3H2P* to Q or NQ in deaerated
CH2Cl2.

Ered) Ered
0 + (2.3RT/F) log{(1 + Kred[NH4PF6])/

(1 + Kox[NH4PF6])} (2)

Ered) Ered
0 + (2.3RT/F) log Kred[NH4PF6] (3)

Ered) Ered
0 + (2.3RT/F) log(Kred[NH4PF6] +

KredKred(2)[NH4PF6]
2) (4)
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constants of the fluorescence quenching by the photoinduced
electron transfer (ket) were determined using the Stern-Volmer
plots (Figure S1), where the lifetime of H2P in CH2Cl2 is
determined asτ ) 10.8 ns. Theket values are listed in Table 2,
where theket values are constant irrespective of variation of
concentration of NBu4PF6, because they are already diffusion-
limited (8.2× 109∼9.0 × 109 M-1 s-1).

The Q•-/NBu4
+ complex is detected by ESR measurements

after photoinduced electron transfer from (BNA)2 to Q in the
presence of NBu4PF6 in CH2Cl2 at 298 K. The ESR spectrum
of Q•- in the presence of NBu4PF6 in CH2Cl2 exhibits the signal
atg ) 2.0043 and has a hyperfine splitting constant due to four
equivalent protons [a(4H) ) 2.39 G], which agrees with the
spectrum in the absence of NBu4PF6 (see the Supporting
Information Figure S2). This indicates that the interaction
between Q•- and NBu4+ is largely electrostatic rather than being
due to covalent bonding which would affect the spin distribution
of Q•-.

The one-electron reduction potentials (Ered) of quinones were
determined by cyclic voltammetry using a microelectrode (∼10
µm diam; see the Experimental Section) in the presence of
various concentrations of NBu4PF6 in CH2Cl2. The cyclic
voltammogram ofp-benzoquinone (Q) exhibits the one-electron
redox couple corresponding to Q/Q•- in CH2Cl2 as shown in
Figure 9, where the redox potentials (vs Fc+/Fc) are shifted in
a positive direction with increasing concentration of NBu4PF6

(Table 3). TheEred value of Q in CH2Cl2 containing 0.50 M
NBu4PF6 (-0.89 V vs Fc+/Fc) is more positive by 0.17 V than
in the presence of 2.0× 10-3 M NBu4PF6 (-1.06 V vs Fc+/
Fc). Such a positive shift of 0.17 V corresponds to 750 times
enhancement in terms of the rate constant of electron transfer,
provided that the change in the thermodynamics due to the
difference in concentration of NBu4PF6 is directly reflected in
the rate of electron transfer.44 Similar positive shifts ofEred are
observed in the case of NQ/NQ•- couple with increasing
concentration of NBu4PF6 (Table 3). In contrast, the one-electron
oxidation potential (vs Fc+/Fc) of free-base tetraphenylporphyrin
(H2P) corresponding to the H2P•+/H2P couple in CH2Cl2 remains
virtually the same with changes in concentration of NBu4PF6.
This is shown in Figure 10 and Table 3.

Positive shifts of Ered for Q and NQ with increasing
concentration of NBu4PF6 are also observed in PhCN, MeCN,
and DMSO, where the effects of NBu4PF6 onEred decrease with
increasing the solvent polarity; that is, the∆Ered for Q/Q•-

couple between concentration of 0.002 and 0.2 M electrolyte is

140 mV in CH2Cl2, 70 mV in PhCN, 80 mV in MeCN, and 50
mV in DMSO (Table 3). On the other hand, virtually no
potential shifts inEred or Eox values with variation of concentra-
tion of NBu4PF6 are observed in the case of HV2+/HV•+, Ru2+/
Ru+, or H2P•+/H2P (Table 3). The one-electron oxidation
potentials for ZnP•+/ZnP and Ru3+/Ru2+ are shifted to the
negative and positive directions, respectively, with increasing
concentration of NBu4PF6. The Zn2+ ion of ZnP may interact
with the counteranion of the supporting electrolyte, which results
in stabilization of ZnP•+ due to counteranion ligation as indicated
by Moore and co-workers.32

The counter anion effects on the redox potentials were also
examined using three different kinds of counteranions, i.e., PF6

-,
ClO4

-, and Br-, all with the countercation NBu4+. TheEred of
the Q/Q•- and NQ/NQ•- couples in deaerated MeCN were
determined from the cyclic voltammetry measurements and plots
of Ered vs log[electrolyte], electrolyte) NBu4PF6, NBu4ClO4,
and NBu4Br, are shown in Figure 11a. TheEred values are
virtually the same irrespective of the difference in the counter-
anions. On the other hand, plots ofEred values for HV2+/HV•+

vs log[electrolyte], electrolyte) NBu4PF6, NBu4ClO4, and
NBu4Br, show only random shifts with changes in the type of
counteranions and concentration of the NBu4

+ salts (Figure
11b).45 Since the counteranion has no effect on theEred values
of Q and NQ (Figure 11a), the positive shifts ofEred with
increasing concentration of NBu4PF6 (Table 3) are ascribed to
the interaction of NBu4+ with Q•- and NQ•-, respectively.

The free energy change of electron transfer (∆Get) from H2P
to Q and NQ in the presence of NBu4PF6 is given by eq 5,
where∆Get

0 is the free energy change of electron transfer in the
absence of NBu4PF6, which is obtained by eq 6 (e stands for
the elementary charge).

The Nernst plots of∆Get vs log[NBu4PF6] in CH2Cl2 and
PhCN are shown in Figure 12 (parts a and b, respectively). The

TABLE 2: Driving Force and Rate Constants of Electron
Transfer from Singlet and Triplet Excited States of
Free-Base Tetraphenylporphyrin (1H2P* and 3H2P*) to Q
and NQ in the Absence and Presence of NBu4PF6 in CH2Cl2

3H2P* 1H2P*

quencher
[NBu4PF6],

M
-∆Get,

eV
ket,

M-1 s-1
-∆Get,

eV
ket,

M-1 s-1

NQ 0 b 8.2× 109

0.002 -0.35 b 0.12 (8.2× 109)c

0.1 -0.25 9.0× 106 0.22 8.3× 109

0.2 -0.21 1.7× 107 0.26 8.4× 109

0.3 (-0.20)a 2.8× 107 (0.27)a 8.8× 109

0.5 (-0.19)a 4.2× 107 (0.28)a 9.0× 109

Q 0 5.0× 107 1.1× 1010

0.002 -0.15 (5.0× 107)c 0.32 (1.1× 1010)c

0.1 -0.07 2.8×108 0.40 1.0× 1010

0.2 -0.03 6.0× 108 0.44 1.1× 1010

0.3 (-0.02)a 8.3× 108 (0.45)a 1.1× 1010

a Estimated from Nernst plots in Figure 12.b Too slow to be
determined accurately.c Values in the absence of NBu4PF6.

Figure 9. Cyclic voltammograms ofp-benzoquinone (Q) (1.0× 10-3

M) in the presence of (a) [NBu4PF6] ) 0.5 M, (b) 0.1 M, and (c) 0.002
M in deaerated CH2Cl2 determined by using a∼10 µm diam Pt disk
microelectrode as a working electrode.

∆Get ) ∆Get
0 - (2.3RT/F) log Kred[NBu4PF6] (5)

∆Get ) e(Eox - Ered) (6)
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slope of each plot in CH2Cl2 was determined to be-0.059,
which agrees with the expected slope (-2.3RT/F at 298 K) by
the Nernst equation (eq 4) for formation of a 1:1 complex
between Q•- (NQ•-) and NBu4+.46 The slope (-0.025) of each
plot in PhCN is smaller than that in CH2Cl2 and this might result
from the weaker binding between Q•- (NQ•-) and NBu4+ in
the higher polar solvent.

Large positive shifts ofEred of Q and NQ in CH2Cl2 together
with constantEox values of H2P with variation of concentration
of NBu4

+ result in an enhancement of the photoinduced electron
transfer from the excited states of H2P to Q and NQ.

Driving Force Dependence of Rate Constants of Photo-
induced Electron Transfer in the Presence of NBu4PF6 and
NH4PF6. Photoinduced electron transfer from singlet or triplet
excited state of H2P to Q or NQ may occur as shown in eq 7

(illustrated in the case of Q), wherek12 and k21 are diffusion
and dissociation rate constants in the encounter complex (H2P*

Q) andkET is the rate constants of the intracomplex electron
transfer from H2P* to Q. The observed second-order rate
constant (ket) of photoinduced electron transfer is given by eq
8. The driving force dependence of logkET for adiabatic outer-
sphere electron transfer has well been established by Marcus
as given by eq 9, wherekB is the Boltzmann constant

h is Plank constant andλ is the reorganization energy of electron

TABLE 3: One-Electron Redox Potentials ofp-Benzoquinone (Q), 1,4-Naphthoquinone (NQ), Hexyl Viologen (HV2+),
Ru(bpy)3

2+, H2P, and ZnP in the Presence of NBu4PF6 in CH2Cl2, PhCN, MeCN, and DMSO

Figure 10. Cyclic voltammograms of free-base porphyrin (H2P) (1.0
× 10-3 M) in the presence of (a) [NBu4PF6] ) 0.1 M and (b) 0.002 M
in deaerated CH2Cl2 determined by using a 3 mmdiam glassy carbon
electrode as a working electrode due to small currents.

H2TPP* + Q y\z
k12

k21
(H2TPP* Q)98

kET

+NR4PF6

H2TPP•+ + Q•-/NR4PF6 R ) Bu, H (7)

Figure 11. (a) Nernst plots ofEred for Q or NQ against log[electrolyte],
electrolyte) NBu4PF6 (9 and0), NBu4ClO4 (b andO), and NBu4Br
(2 and4), in deaerated MeCN. (b) Nernst plots ofEred for HV2+ against
log[electrolyte], electrolyte) NBu4PF6 (9), NBu4ClO4 (b), NBu4Br
(2), in deaerated MeCN.

ket ) kETk12/(kET + k21) (8)

kET ) (kBT/h) exp(-(∆Get + λ)2/4λkBT) (9)
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transfer. From eqs 8 and 9 is derived eq 10 whereZ () (kBT/
h)(k12/k21)) is the collision frequency for an intermolecular
reaction which is taken as 1× 1011 M-1 s-1.47 The k12 values
in CH2Cl2 and DMSO are taken as 1.1× 1010 and 7.0× 109

M-1 s-1, respectively.48

Figure 13 shows the driving force dependence of logket in
CH2Cl2 and DMSO, where theket and-∆Get values are taken
from Tables 1 and 2. The logket values increase with an increase
in the -∆Get values to reach a diffusion rate constant as the
photoinduced electron transfer becomes energetically favorable.

The driving force dependence ofket is well reproduced using
eq 10 as indicated by the line in Figure 13, where theλ values
are taken as 0.40 eV in CH2Cl2 and 1.05 eV in DMSO. This
indicates that the change inket with variation of concentration
of ammonium ions (NBu4+ and NH4

+) results from the change
in the driving force due to the complex formation of Q•- and
NQ•- with NBu4

+ and NH4
+ in accordance with the Marcus

theory of electron transfer and that theλ value remains constant
with variation of concentrations of NBu4

+ and NH4
+. The larger

λ value in DMSO as compared to the value in CH2Cl2 is ascribed
to the larger solvent reorganization energy in the more polar
solvent (DMSO). The constantλ value with variation of
concentration of ammonium cations in ammonium ion-promoted
photoinduced electron transfer from the excited states of H2P
to Q or NQ (Figure 13) sharply contrasts with the case of metal
ion-promoted electron-transfer reactions in which the re-
organization energy (λ ) 2.20 eV) is much larger and theλ
value decreases with increasing concentration of metal ions.17b

Such a difference comes from the relatively weak binding of
Q•- and NQ•- with NBu4

+ and NH4
+ as compared with the

strong binding with metal ions which act as Lewis acids.17b

In conclusion, the electrostatic complex formation between
quinone radical anions and NBu4

+ in CH2Cl2 results in a positive
shift of the one-electron reduction potentials of the quinones,
leading to a significant enhancement of the rates of photoinduced
electron transfer-reduction involving the quinones. Such an
interaction between quinone radical anions and NBu4

+ is largely
diminished in a polar solvent (DMSO). However, complex
formation between the quinone radical anions and two-
equivalents of NH4+ through hydrogen bonding also results in
a large positive shift in the one-electron reduction potentials of
the quinones, leading to a significant enhancement in the rates
of photoinduced electron transfer-reduction of quinones, even
in DMSO. The driving force dependence of the observed rate
constants for photoinduced electron transfer from porphyrins
to quinones with large variation of ammonium ion concentration
is well evaluated in light of the Marcus theory of electron
transfer.33 Large effects of ammonium ions on the one-electron
reduction potentials of quinones and the rates of their electron-
transfer reduction, particularly through hydrogen bonding,
provide valuable insights into the versatile important role of
ammonium ions in the biological redox reactions, including the
photosynthetic reaction center.
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Figure 12. Nernst plots of∆Get vs log[NBu4PF6] (a) in deaerated
CH2Cl2 and (b) in deaerated PhCN.

ket )
k12Z exp(-

(∆Get + λ)2

4λkBT )
k12 + Z exp(-

(∆Get + λ)2

4λkBT )
(10)

Figure 13. Driving force (-∆Get) dependence of logket for photo-
induced electron transfer from singlet and triplet excited states of H2P
to Q and NQ in the presence of NBu4PF6 in deaerated CH2Cl2 and in
the presence of NH4PF6 in deaerated DMSO at 298 K. The lines
represent the fits to eq 10 withλ ) 0.40 eV in CH2Cl2 andλ ) 1.05
eV in DMSO.
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DMSO (Table S1), fluorescence spectra of H2P in the presence
of various concentrations of NQ in CH2Cl2 and Stern-Volmer
plot (Figure S1), and ESR spectra of Q•- in CH2Cl2 in the
absence and presence of NBu4PF6 (Figure S2). This material is
available free of charge via the Internet at http://pubs.acs.org.
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