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Remarkable accelerating effects of the ammonium cation,{Nitave been observed on photoinduced electron-
transfer reactions from the triplet excited state of tetraphenylporphyiR)(kb quinonesg-benzoquinone

(Q) and naphthoquinone (NQ)] in dimethyl sulfoxide (DMSO). The tetrabutylammonium cations{INBu

also effective to accelerate the electron-transfer reduction of Q and NQ in dichloromethast@d,JCFhe
hydrogen bonding interaction between the semiquinone radical anioro(@QQ~) and NH;* was confirmed

by the ESR spectra of thee@NH," and Q/(NH4%), [NQ*/NH," and NQ/(NH4),] complexes in DMSO.
Accelerating effects of Nkt in DMSO and NBy" in CH,CI, on the rates of photoinduced electron-transfer
reduction of Q by HP result from the positive shift of theeq value of quinones together with a const&gt

value of HP 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 dielectric constante] of ca. 228 However, such effects of
ammonium cations on the reactivity in the electron-transfer
The catalytic role of metal cations in enzymatic redox reduction of quinones or on the one-electron reduction potentials
reactions has merited recent attention, since a growing numberof quinones have yet to be clarified, because ammonium cations
of redox enzymes have been demonstrated to involve metalhave generally been believed to be inert in electron-transfer
cations at their active sités! Since most redox coenzymes reactiong® 32 In fact, ammonium cations such as tetra-
contain a lone pair of heteroatoms, an interaction of the redox putylammonium salts are commonly employed as “inert”
cofactor with metal cations results in enhancement of the redox electrolytes in electrochemical measureméitg?
activity of the enzyme%A number of thermal and photoinduced _ We report herein the remarkable accelerating effects of
electron-transfer reactions have been demonstrated to be actizmmonium cations on the rates of the photoinduced electron-
vated by interaction between metal cations and the one-electrony ansfer reactions of quinonep-benzoquinone (Q) and naph-
reduced species of electron acceptof$ Not only metal cations  thoquinone (NQ)] by hydrogen bonding or electronic interaction
but also organic cations such as ammonium ion have been shownyt 3 mmonium cations  with semiquinone radical anion in
to influence reactivity of the quinone cofactor in the amine- ,ccordance with the changes of one-electron reduction potentials
oxidation reaction and in electron transfer from the reduced ¢ quinones. The hydrogen bonding interaction between Q
quinone cofactor to amicyanﬁ‘?ﬁ%_ln such a case, hydrogen (NQ) and NH* was confirmed by ESR measurements in
bond formation between the quinone cofactor and the am- py\155. petermination of redox potentials with a large variation
monium ion may play an important role in controlling the ¢ 5\ monium cation concentration is made possible even in a
elec'gron-trar)sfer reactions. Hydrogen bonding !nd_eed plays a,q,, polarity solvent such as dichloromethane (CH) by using
crucial role in electro_n tran_sf(_ar_betwgen two ubqu|_none§ Q a microelectrode in a microcell that requires only small
and %). through the iron-histidine br_lqlge in bactengl Photo-  concentrations of an electrolyte (see Experimental Sectieh).
synthetic reaction centet$:2” The positively charged ironthat 1.4 ctfects of NHPF; and NBuPF; on the redox potentials of
polarizes the imidazole ring Of. hlst|d|n_e IS suggestgd to quinones in several solvents are compared with what is observed
str_engthen the hydrogen bond_wnh;,Qea(_jlng to a negative . porphyrins, hexyl viologen, and Ru(bp$} (bpy = 2,2-
shift of the one-electron reduction potential of.& In such a bipyridine), which exhibit little or no effect of NRIPF; on their

case, the ammonium cation may further activate the electron- redox potentials. The driving force dependence of the observed

trans_fer _reductuzjn Og qU|gone_s. The |nt%ra$t|($ betV\;]een a(;n_- rate constants of photoinduced electron transfer from the triplet
monium i1ons and reduced guinone may be furtheér ennanced g, o state of the porphyrins to quinones was determined in

the protein environment which is rather nonpolar with a low solutions having a large variation of ammonium cation con-

. centration and evaluated in light of the Marcus theory of electron
“To whom correspondence should be addressed. E-mail: (S.F.) transfer3® The present study provides valuable insights into the
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Experimental Section addition of a quencher and ammonium salts. The Steigimer
relationship (eq 1) was obtained for the ratio of the fluorescence

Materials. 1,4-Benzoquinone (Q) and 1,4-naphthoguinone intensities in the absence and presence of quinone

(NQ) were commercially obtained and purified using standard
methods** Tris(2,2-bipyridyl)ruthenium dichloride hexahydrate I/l =14 Kg,[Q] (1)
(Ru(bpy)Cly6H,0) was obtained commercially from Sigma-

Aldrich Co., USA. 5,10,15,20-Tetraphenyl2123H-porphine  gerivatives. The observed quenching rate constants of photo-
(H2P) and 5,10,15,20-tetraphenylt2123H-porphine zinc(ll) induced electron transfée; (= Ksyr~1) were obtained from
(ZnP) were purchased from Aldrich. The synthesized 1,1- he Stera-Volmer constant&sy and the fluorescence lifetime
dihexyl-4,4-dipyridinium dibromide and the corresponding ; The fluorescence lifetimes of & were determined as=
diperchlorate salt (hexyl viologen: HY) were described 10.8 ns in CHCI, and 12.6 ns in DMSO by an exponential
previously?>3° 1,4-Benzoquinonek (98at.%) was purchased  cyrve fit of the fluorescence decay using a microcomputer.
from Aldrich Co. Benzonitrile (PhCN) was purchased from  Time-resolved fluorescence spectra were measured by a Photon
Aldrich Co., USA and Tokyo Kasei Organic Chemicals, Japan Technology International GL-3300 with a Photon Technology
and purified by successive distillation ovesd.3 Dichloro- International GL-302, nitrogen laser/pumped dye laser system
methane (CELl), acetonitrile (MeCN), and dimethyl sulfoxide (50 ps pulse duration), equipped with a four channel digital
(DMSO) were received from Aldrich Co. and used as received ge|ay/pulse generator (Stanford Research System Inc. DG535)
without further purification. Tetra-butylammonium hexa-  and a motor driver (Photon Technology International MD-5020).
fluorophosphate (NB#PFe), tetran-butylammonium perchlorate  The excitation wavelength was 425 nm using POPOP (Wako
(NBusCIOq), and tetraa-butylammonium bromide (NBiBr) Pure Chemical Ind. Ltd., Japan) as a dye in toluene. All samples
were purchased from Aldrich Co., purified using standard \yere excited at 425 nm with a repetition rate of 10 Hz (pulse
methods’* and dried under vacuum at 4C for at least one \yidth 3—4 ns), and the fluorescence signal was analyzed after

week prior to use. Ammonium hexafluorophosphate {RF) passing through a monochromator set at the peak emission of
was purchased from Aldrich and used as received without further the corresponding sample.

purification. Dimeric 1-benzyl-1,4-dihydronicotinamide [(BNA) ESR Measurements The ESR spectra of ammonium ion
was prepared according to the literatéife. complexes of semiquinone radical anions were recorded on a

Electrochemical MeasurementsCyclic voltammetry (CV) JEOL X-band spectrometer (JERE1XE) with a quartz ESR
measurements were performed on an EG&G model 173 tybe (1.2 mm i.d.). The ESR spectra were measured under
potentiostat coupled with an EG&G model 175 universal nonsaturating microwave power conditions. The magnitude of
programmer in deaerated solutions containing the supporting modulation was chosen to optimize the resolution and the signal-
electrolyte at 298 K. A three-electrode system was used, to-noise G/N ratio of the observed spectra. Thealues were
consisting of a~10 um diam Pt disk microelectrode as a calibrated with an MA" marker and the hyperfine couplirfiafc)

working electrode, a platinum wire counter electrode, and a constants were determined by computer simulation using Calleo
saturated calomel reference electrode (SCE). The microelectrodeeSR Version 1.2 program coded by Calleo Scientific on an

is used in order to keep the ohmic drop small. In the case of Apple Macintosh personal computer.
very small currents, glassy carbon (3 mm diameter) was used . .
as the working electrode. The reference electrode was separatefResults and Discussion

from the bulk of the solution by a fritted-glass brldge filled Second-Order Acceleration Effect of NH;@L on Rates of
with the solvent/supporting electrolyte mixture; the concentration photoinduced Electron-Transfer Reduction of p-Benzo-
of supporting electrolyte in the bridge was the same as that in quinone in DMSO. Transient absorption spectra of a deaerated
the sample solution. In the absence of salt, however, the pMSO solution of HP in the presence of 0.2 M NRFs
reference electrode contained supporting electrolyte (0.10 M). measured at 10 and 20@ after the laser pulse excitation (515
Ferricenium ion/ferrocene (Fé~c) was used as an internal nm) are shown in Figure 1a, where the tript&iplet (T—T)
standard. MECN, PhCN, and DMSO solutions Containing absorption band is observed at 440 nm duﬁ-[gp* (* denotes
samples and electrolyte were deoxygenated by argon for 10 minthe excited state¥ The inset shows the triplet decay. Addition
prior to the measurements. @1, solutions were deoxygenated  of Q (1.0 x 10°3 M) to the 3H.P*-NH4PF; system results in
by argon for 5 min prior to the measurements. photoinduced electron transfer frotid,P* to Q to yield HP+
Time-Resolved Absorption Measurements.Nanosecond (650 nm) and the Q/NH4" complex (440 nm). The decay of
transient absorption measurements were carried out using ahe T—T absorption at 440 nm in the presence of Q becomes
Panther OPO pumped by a Nd:YAG laser (Continuum, SLII- much faster than the decay in the absence of Q (compare inset
10, 4-6 ns fwhm) at 515 nm with the power of 20 mJ as an of Figure 1b with that of Figure 1a), which is accompanied by
excitation source. DMSO solutions were deoxygenated by argonan increase in absorbance at 650 nm due tH The
purging for 15 min prior to the measurements.CH solutions absorption band of the*Q/NH,* complex appears in the same
were deaerated by five freezpump-thaw cycles. wavelength region as theT absorption band with a smaller
Fluorescence QuenchingQuenching experiments of the extinction coefficien?® as indicated by the residual absorption
fluorescence of KPP were carried out on a SHIMADZU  at 440 nm due to the Q/(NH;"), complex (Figure 1b). Similar
spectrofluorophotometer (RF-5000). The excitation wavelength photoinduced electron transfer frodH,P* to NQ occurs
of HoP was set al = 425 nm in CHCIl, or DMSO. The efficiently in the presence of N{PF. The occurrence of
monitoring wavelength corresponds to the maximum of the photoinduced electron transfer is clearly shown by the appear-
fluorescence band atmax = 652 nm. Typically, a CECI, ance of the transient absorption band at 650 nm due;RH
solution was deaerated by five freezgump—-thaw cycles. A The triplet band of HP is indeed overlapped with the absorption
DMSO solution was deaerated by argon purging for 15 min band due to @ and NQ~.
prior to the measurements. There was no change in the spectral The second-order rate constakg)(of photoinduced electron
shape andmaxdue to weak binding in the steady state but there transfer from?H,P* to NQ increases parabolically with increas-
was a change in the intensity of the fluorescence spectrum bying concentration of NiPF; as shown in Figure 2 (the; values
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(a) TABLE 1: Driving Force and Rate Constants of

aH.p* 012 Photoinduced Electron Transfer from Singlet or Triplet
‘ 2 3H,p* Excited State of Free-Base Tetraphenylporphyrin to NQ and
0.10 2 440 nm Q in the Presence of NHPFs in DMSO
< 0.0
<« 3H2P* 1H2P*
» [N H4P FB] ’ _AGeh kety _AGeb keh
3 quencher M eV M-1s1 ev M-1st
0.05 NQ 0.002 -020 b 0.27
0.01 —-0.09 1.8x1C® 0.38 2.9x 10°
0.1 —0.02 6.8x 10°  0.45 45x 10°
0.2 (0.02} 1.7x1C° (0.48p¢ 4.4x 1C°
0.3 (0.04} 3.1x10° (0.49p°¢ 4.2x 1C°
0 Q 0.002 0.02 0.49
0.01 0.10 2.0« 10 0.57 4.4% 10°
400 500 600 700 800 0.1 016 7.8x<100 063  4.3x 1C°
®) Wavelength, nm 0.2 (0.203 1.3x10® (0.49p°¢ 4.6x 1C°
0.12 agstimated from Nernst plots in Figure '6Too slow to be
3H.P* 0.06 determined accurately.Obtained using th&,y values of HP in the
2 presence of 0.1 M NiPFR.
2004
<
0.08 - < 0.02
3 — E T e e
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Figure 1. Transient absorption spectra o6 (5.0 x 10°5 M) with
[NH4PF] = 0.2 M (a) in the absence of Q (Inset: time profile at 440
nm) and (b) in the presence of []1.0 x 1073 M (Inset: time profiles

at 440 and 650 nm) excited at 515 nm in deaerated DMSO. 457G 043G

L 1
6G NHq
&
3 2" Order ©:H 364G
T Sim T H 457G
E2f AHpg =021 G
% L 1
{.‘ 6G
T o4tk Figure 3. ESR spectra of (a) Q generated in the photoirradiation of
Q (1.0 x 10°® M) by (BNA), (1.0 x 10> M) at 298 K, (b) Q——
NH4PFR; complex generated in the photoirradiation of Q (kQL0™*
| ‘ . M) by (BNA); (3.0 x 104 M) in the presence of NiPF; (2.0 x 10723
0 0 0.1 0.2 0.3 M) at 333 K (top) with the computer simulation spectra (bottom), the
hyperfine coupling constants and the maximum slope line widths
[NH;PF¢l, M (AHns).
Figure 2. Plot of the second-order rate constakf) (vs [NH;PFs] for
photoinduced electron transfer frotH,P* to NQ in the presence of ESR Detection of NH;* Complexes with Semiquinone

NH4PF; in deaerated DMSO. Radical Anions. The Q~/NH,© complex is successfully

. . detected by ESR in photoinduced electron transfer from dimeric
are listed in Table 1), where the rate constant of the electron 1-benzyl-1.4-dihydronicotinamide [(BNA)to Q in the presence
transfer was separated from the dependence of the decay ratg¢ NH.PFs in DMSO at 298 K. The (BNAyis known to act as
constant on quinone concentratirSuch a parabolic depend- 5 nique electron donor to produce the radical anions of electron
ence ofket on concentration of NiPFs results from formation acceptor§” The ESR spectrum of Q in the absence of
of a 1:2 complex between*Qand NH," (vide infra). NH4PFs at g = 2.0051 with hyperfine splitting due to four

The rate constants of photoinduced electron transfer from equivalent protons of Q [a(4H) = 2.37G] in Figure 3a (the
H,P* to NQ were also determined from fluorescence quenching computer simulation spectrum is also shown together with the
of *H,P* by NQ in the presence of various concentrations of observed spectrum) is drastically changed to the spectrgm at
NH4PFs in deaerated DMSO (see the Experimental Section). = 2.0041 in the presence of 2:0 10-3 M NH4PFs in DMSO
Theketvalues are listed in Table 1, where thevalues exhibit at 333 K as shown in Figure 3B.The observed ESR spectrum
a slight increase with increasing concentration of JNF;, consists of the superhyperfine splitting due to four equivalent
because they are close to being diffusion-limited (2.9.0° protons p(4H) = 0.43G] and one nitrogend(N) = 4.57G] of
Mlsl~45x 1°M1sD), NH4* in addition to the hyperfine splitting due to two sets of
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Figure 4. ESR spectra of (a) the*Q-2NH,PR; complex generated w88 a
in the photoirradiation of Q (1.&x 104 M) by (BNA), (3.0 x 10 O

M) in the presence of NiPFs (5.0 x 1072 M) in deaerated DMSO at

298 K and (b) the tetradeuterated @ 2NH,PR complex generated

Q.
*NH,

in the photoirradiation of @ (1.0 x 1076 M) by (BNA), (1.0 x 1075 Sim

M) in the presence of N§PFs (5.0 x 1072 M) in deaerated DMSO at AHing =046 G

298 K (top) with the computer simulation spectra (bottom), the 4G

hyperfine coupling constants, and the maximum slope line widths

(AHms). Figure 5. ESR spectra of (a) NQ generated in the photoirradiation

of NQ (1.0 x 1076 M) by (BNA), (1.0 x 1075 M) at 298 K, (b) the

NQ~—NH4PFK complex generated in the photoirradiation of NQ (2.0
two equivalent protons of Q [a(2H) = 3.64G, 4.57G]. These x 107 M) by (BNA); (3.0 x 10-* M) in the presence of NiPFs (5.0
hyperfine and superhyperfine splitting constants are determinedx 107% M) at 333 K, and (c) the NQ —2NH,PF; complex generated
by the computer simulation spectrum which agrees well with N the photoirradiation of NQ (2.6 1072 M) by (BNA), (3.0 x 10°2

. : M) in the presence of Ni#PFs (0.1 M) in deaerated DMSO at 298 K
the observed spectrum (Figure 3b). The observation of the (top) with the computer simulation spectra (bottom), the hyperfine

superhyperfine structure due to hiHand two differenta(2H) coupling constants, and the maximum slope line widthisl{s).
values clearly indicates that NH forms the 1:1 complex with

Q@ and that no proton transfer occurs from NHo Q™ to The ESR spectrum of NQ (Figure 5a) is also changed
produce QH significantly in the presence of NjJRF; to those of the NQ/

When the concentration of NJRFs is increased to 1.6 1072 NH4+ complex and N@/(NH4"), complex depending on the
M, the ESR spectrum is changed to that shown in Figure 4a, concentration of NEPFs; as shown in Figure 5, parts b and c,
which consists of hyperfine splitting due to four equivalent respectively. The comparison of the observed spectra with the
protons of @ [a(4H) = 1.07 G] and superhyperfine spliting  computer simulation spectra affords the hyperfine and super-
due to two equivalent nitrogens of NH[a(2N) = 4.71G] as hyperfine splitting constants (Figure 5).
indicated by the agreement with the computer simulation Effect of NH4" on One-Electron Reduction Potentials of
spectrum. This indicates formation of the 1:2 complex between Quinones in DMSO. Significant positive shifts of the one-
Q@ and NH;™: Q/(NH4")2. The superhyperfine splittings due  electron reduction potential&¢g of Q and NQ are observed
to eight equivalent protons are not observed probably due toin the presence of NWPR as compared with those in the
the larger line width. Deuterium substitution of four hydrogen presence of NBiPFs. This is shown in Figure 6, wherg.q
atoms of Q results in a change in the splitting pattern from the determined from the cyclic voltammetry measurements in
spectrum in Figure 4ato that in Figure 4b, where Q is substituted DMSO are plotted against log[electrolyte]. The slopes of the
by p-benzoquinonel,. The computer simulation spectrum using plot of Eeq for Q/Q~ and NQ/NQ~ vs log[NH;,PFs] are the
the same hyperfine coupling (hfc) constant values except for same (0.12 V), whereas the slope of the ploEgf; of Q/Q~
the deuteriumg(4D) = 0.16G), which are reduced by a factor  vs log[NBwPF] is only 0.026 V. The slope of 0.12 V is twice
of 0.153, agrees well with the observed ESR spectrum of the the expected slope (FR3/F at 298 K) by the Nernst equation
Q7/(NH4"), complex (Figure 4b). Such an agreement confirms (eq 2) for a 1:1 complex formation betweerr@or NQ@~) and
the hfc assignment in Figure 4a. The observed sa@H) NH4*.
values and larga(2N) values clearly indicate the existence of Ereq is given as a function of concentration of WP, in
orbital interaction, i.e., hydrogen bonding between @nd two accordance with the Nernst equation (eq 2) for a 1:1 complex
NH," cations in addition to the electrostatic interaction in the formation between @ (or NQ~) and NH;™, whereECqis the
Q7 /(NH4M)2 complex. one-electron reduction potential in the absence of\fg, Kreg
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Figure 6. Nernst plots ofE.q for Q or NQ against log[electrolyte];
NQ/NH,PF; (M), Q/NBwPF; (O), Q/NH,PF; (@) in deaerated DMSO.

is the formation constant of the *QNH4" (NQ/NH4")
complex, andKy is the formation constant of the Q/NH(NQ/
NH4") complex??

E,eq= Engt (2.3RTIF) log{ (1 + K NH PF])/
(1 + K INHPRD} (2)

SinceKe{NH4PFR] > 1 andKyNH4PFR] < 1, eq 2 can be
written as shown in eq 3

Eres= Enat (RTF) logK JNHPR]  (3)

500 600 700
Wavelength, nm

In a 1:2 complex formation betweertQor NQ ™) and 2NH;™, ) ) ) )
eq 3 is written as shown by eq 4, whdtgqis the formation Figure 7. Transient absorption spectra off(1.0 x 1075 M) with

+ . + 42 [NBusPRj] = 0.1 M (a) in the absence of Q (Inset: time profile at 440
constant of the Q/(NH,™)2 [NQ™/(NH,™),] complex-®When nm) and (b) in the presence of [8]1.0 x 103 M (Inset: time profiles

Kred2fNH4PFg] > 1, the slope of the Nernst plot is expected t0 4 440 and 650 nm) excited at 515 nm in deaeratedQLH
be 0.12, and this is observed experimentally in Figure 6. This
indicates that ¢ or NQ~ forms a complex with two equiva- 1.0 8

lents of NH;™.

3HPYQ
E,oq= Eogt (2.3RTIF) log(K,.{NH,PF] +
KreKreaeINHPRI?) (4)

The slope of the Nernst plot (0.12) in Figure 6 agrees both
with a parabolic dependence kaf on concentration of NEPFs
and also with the ESR spectra in Figures 4 and 5c, indicating
formation of a 1:2 complex betweertQor NQ ) and NH,;*.

The driving force of electron transfer frob,P* or 3H,P*

-

3HP*/NQ

E =
107k, M 57

) ; . 0 ‘ : 0
to Q or NQ in the presence of various concentrations of\l 0 0.2 0.4 0.6
were determined as listed in Table S1 (Supporting Information). [NBu,PFgl, M
Accelerating Effect of NBu" on Rates of Photoinduced  Figure 8. Plots of the second-order rate constda) (s [NBuPR]
Electron-Transfer Reduction of Quinones in CH,Cl,. When for photoinduced electron transfer fréid,P* to Q or NQ in deaerated

NH4PF was replaced by NBi#PFs, no acceleration effect of ~ CH:Cl.

NBu4PFs (at least up to 0.2 M) was observed in photoinduced

electron transfer fromH,P* to Q in DMSO#3 In a less polar photoinduced electron transfde{ were determined from the

solvent such as Ci€l,, however, NByPF; shows a remarkable  slopes of linear plots of pseudo-first-order rate constants vs

acceleration effect on the photoinduced electron-transfer reac-concentration of Q and NQ. The; values increase linearly with

tion. Transient absorption spectra of a deaerateg3C+olution increasing concentration of NBRF as shown in Figure 8 (the

of H,P in the presence of 0.1 M NBRF; are shown in Figure data are listed in Table 2 with the driving force of electron

7a. Photoinduced electron transfer froid,P* to Q in the transfer from®H,P* to Q).

presence of NB4PFs occurs efficiently in CHCI, to produce The rate constants of photoinduced electron transfer from the

H.P* and the @ /NBus™ complex as shown in Figure 7b. singlet excited state of {2 (\H,P*) to NQ were also determined
Decay rates of the FT absorption ofH,P* in the presence  from fluorescence quenching &f,P* by NQ in the presence

of Q (or NQ) obey pseudo-first-order kinetics, and the pseudo- of various concentrations of NBRFs in deaerated CyCl, (see

first-order rate constant increases linearly with increasing the Supporting Information Figure S1). The fluorescence#f H

concentration of Q (or NQ). The second-order rate constants ofis quenched by electron transfer froitd,P* to NQ. The rate
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TABLE 2: Driving Force and Rate Constants of Electron
Transfer from Singlet and Triplet Excited States of
Free-Base Tetraphenylporphyrin (H,P* and 3H,P*) to Q
and NQ in the Absence and Presence of NBRFs in CH,Cl,

SH P 1HP*
[NBusPR], —AGe, Ket, —AGg, Ket,

quencher M eV M-1lst eV M-1ls?t

NQ 0 b 8.2x 10°
0.002 -035 b 0.12 (8.2x 1®)°

0.1 -0.25 9.0x 10° 0.22 8.3x 10°

0.2 -0.21 1.7x 107 0.26 8.4x 10°

0.3 (-0.20} 2.8x 107 (0.27F 8.8x 10°

0.5 (-0.19% 4.2x 10 (0.28f 9.0x 10°

Q 0 5.0x 10 1.1x 10%
0.002 -0.15 (5.0x107° 0.32 (1.1x 109

0.1 -0.07 2.8x10° 0.40 1.0x 10%

0.2 —-0.03 6.0x 10° 0.44 1.1x 10%

0.3 (-0.02F 8.3x 10  (0.45F 1.1x 101

aEstimated from Nernst plots in Figure 12Too slow to be
determined accurately.Values in the absence of NERFs.
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(a) [NBuPFq] = 0.5 M QQ”
46V
Fcy\_ %\ 046
c‘ﬁ;

(b) [NBu,PFg = 0.1 M aQ-//

/—052V
y,;{'lb\/

0.44V
~
(c) [NBu4PFg] = 0.002 M aa-/
Fc'/Fc -0.55V
08 04 0 —04 208
Evs SCE,V

constants of the fluorescence quenching by the photoinducedFigure 9. Cyclic voltammograms gf-benzoquinone (Q) (1.8 10-2

electron transfern; were determined using the Sterkolmer
plots (Figure S1), where the lifetime of,A in CHClI; is
determined as = 10.8 ns. Thek values are listed in Table 2,
where theke values are constant irrespective of variation of
concentration of NByPFs, because they are already diffusion-
limited (8.2 x 10°~9.0 x 1® M~1s71),

The Q7 /NBus" complex is detected by ESR measurements
after photoinduced electron transfer from (BNA9 Q in the
presence of NByPF; in CH,CI, at 298 K. The ESR spectrum
of Q*~ in the presence of NBRF; in CH,Cl, exhibits the signal
atg = 2.0043 and has a hyperfine splitting constant due to four
equivalent protonsg(4H) = 2.39 G], which agrees with the
spectrum in the absence of NP (see the Supporting
Information Figure S2). This indicates that the interaction
between @ and NBu™" is largely electrostatic rather than being
due to covalent bonding which would affect the spin distribution
of Q.

The one-electron reduction potentidisef) of quinones were
determined by cyclic voltammetry using a microelectrodgé(

M) in the presence of (a) [NB&F] = 0.5 M, (b) 0.1 M, and (c) 0.002
M in deaerated CkCl, determined by using &10 um diam Pt disk
microelectrode as a working electrode.

140 mV in CHCI,, 70 mV in PhCN, 80 mV in MeCN, and 50
mV in DMSO (Table 3). On the other hand, virtually no
potential shifts inEreq Or Eox values with variation of concentra-
tion of NBwPFs are observed in the case of BIVHV**, Rt/
Ru™, or H,P*/H,P (Table 3). The one-electron oxidation
potentials for ZnP/ZnP and R&7/RwW" are shifted to the
negative and positive directions, respectively, with increasing
concentration of NByPF;. The Zr#+ 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-worker&

The counter anion effects on the redox potentials were also
examined using three different kinds of counteranions, ., ,PF
ClO4~, and Br, all with the countercation NBd. The Eeq Of
the Q/Q~ and NQ/NQ~ couples in deaerated MeCN were

um diam; see the Experimental Section) in the presence of determined from the cyclic voltammetry measurements and plots

various concentrations of NBRFs in CHCl,. The cyclic
voltammogram op-benzoquinone (Q) exhibits the one-electron
redox couple corresponding to Q/Qin CH,CI, as shown in
Figure 9, where the redox potentials (vstfrec) are shifted in

a positive direction with increasing concentration of NBEs
(Table 3). TheEeq value of Q in CHCI, containing 0.50 M
NBusPF; (—0.89 V vs F¢/Fc) is more positive by 0.17 V than
in the presence of 2.& 1072 M NBu4PFs (—1.06 V vs Fc/

Fc). Such a positive shift of 0.17 V corresponds to 750 times

of Ereq Vs log[electrolyte], electrolytee NBuyPF;, NBusClO,,

and NBuBr, are shown in Figure 1la. ThE.q values are
virtually the same irrespective of the difference in the counter-
anions. On the other hand, plotsBf4 values for H\VZH/HV "

vs log[electrolyte], electrolyte= NBusPFs, NBu,ClO,4, and
NBu,Br, show only random shifts with changes in the type of
counteranions and concentration of the MNBwsalts (Figure
11b)#5 Since the counteranion has no effect on Eag values

of Q and NQ (Figure 11a), the positive shifts Bfeg with

enhancement in terms of the rate constant of electron transfer,increasing concentration of NBRF; (Table 3) are ascribed to
provided that the change in the thermodynamics due to thethe interaction of NBy™ with Q*~ and NQ~, respectively.

difference in concentration of NBBFs is directly reflected in
the rate of electron transfét Similar positive shifts oEeqare
observed in the case of NQ/NQ couple with increasing
concentration of NByPF; (Table 3). In contrast, the one-electron
oxidation potential (vs FgFc) of free-base tetraphenylporphyrin
(H2P) corresponding to theJA**/H,P couple in CHCI, remains
virtually the same with changes in concentration of M.
This is shown in Figure 10 and Table 3.

Positive shifts of E.q for Q and NQ with increasing
concentration of NByPF; are also observed in PhCN, MeCN,
and DMSO, where the effects of NERR; on Eeqdecrease with
increasing the solvent polarity; that is, theE.q for Q/Q~

The free energy change of electron transfeG{;) from H,P
to Q and NQ in the presence of NBRFs is given by eq 5,
WhereAGgt is the free energy change of electron transfer in the
absence of NB4{PFs, which is obtained by eq 6e(stands for
the elementary charge).

AG,, = AGY, — (2.3RTIF) log K,.JNBu,PF]

AGet = e(on - Ered)

(5)
(6)

The Nernst plots 0AGg; vs log[NBwPFs] in CH,Cl, and

couple between concentration of 0.002 and 0.2 M electrolyte is PhCN are shown in Figure 12 (parts a and b, respectively). The
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TABLE 3: One-Electron Redox Potentials ofp-Benzoquinone (Q), 1,4-Naphthoquinone (NQ), Hexyl Viologen (H¥),
Ru(bpy)s?*, H,P, and ZnP in the Presence of NByPFs in CH,Cl,, PhCN, MeCN, and DMSO

Ereq Vs Fct/Fc, V

Eox vs Fct/Fc, V

solvent  [NBugPFgl, M Q/Q™  NQ/NQ™ HV2/HV** Ru?*/Ru* HyP™/H,P ZnP*/ZnP Ru®/Ru*
CH,Clp 0.002 -1.06 -1.26 -0.73 0.52 0.29
0.01 -1.02 -1.20 -0.72 0.52 0.29
0.1 -0.96 -1.14 -0.73 0.54 0.30
0.2 -0.92 -1.10 -0.73 0.54 0.31
0.5 -0.89 -1.07 —_ — -
PhCN 0.002 -1.02 -1.21 -0.75 0.55 0.32
0.01 -0.99 -1.18 -0.78 0.55 0.32
0.1 -0.97 -1.15 -0.79 0.55 0.34
0.2 -0.95 -1.14 -0.78 0.56 0.36
MeCN 0 -1.00 -1.20 -0.84 -1.72 n.d.
0.002 -0.97 -1.14 -0.82 -1.71 0.95
0.01 -0.96 -1.11 -0.81 -1.71 0.91
0.1 -0.92 -1.09 -0.81 -1.70 0.86
0.2 -0.89 -1.07 -0.82 -1.71 0.85
0.5 -0.85 -1.04 -0.84 — —_—
DMSO 0.002 -0.87 -0.90
0.01 -0.86 -0.89
0.1 -0.83 -0.89
0.2 -0.82 -0.89
(a) [NBu,PFg] = 0.1 M @ _;,
(slope) = 0.035
> NO/NQ~ -y
"ﬁ -1.0
(b) [NBu,PF¢] = 0.002 M o g
: o
HoP™*H,P (e7/e]
104v Fe'/Fc = s | -
0.52V 3 -2 - 0
log ([electrolyte], M)
14 12 10 08 06 04 02 0 (b)
Evs SCE, V
Figure 10. Cyclic voltammograms of free-base porphyrin,By (1.0 aadl 2 st . -
x 1073 M) in the presence of (a) [NB&@F] = 0.1 M and (b) 0.002 M HVZ/HV
in deaerated CpCl, determined by usima 3 mmdiam glassy carbon > “ a o &
electrode as a working electrode due to small currents. u? H - (L
0.8 g
slope of each plot in CyCl, was determined to be-0.059,
which agrees with the expected slope2(3RT/F at 298 K) by
the Nernst equation (eq 4) for formation of a 1:1 complex

between @ (NQ*") and NBuy*.46 The slope £0.025) of each 07, s 4 0
plot in PhCN is smaller than that in GBI, and this might result log ([electrolyte], M)

from .the weaker binding between"Q(NQ™") and NBu™ in Figure 11. (a) Nernst plots oE.qfor Q or NQ against log[electrolyte],
the higher polar solvent. electrolyte= NBu,PF; (B andd), NBu,CIO, (® andO), and NBuBr

Large positive shifts 0Ereq 0f Q and NQ in CHCI, together (a anda), in deaerated MeCN. (b) Nernst plotstéq for HV2" against
with constanE,y values of HP with variation of concentration  log[electrolyte], electrolyte= NBu,PFs (H), NBu,CIO, (®), NBu,Br
of NBu,* result in an enhancement of the photoinduced electron (a), in deaerated MeCN.
transfer from the excited states offMto Q and NQ.

Driving Force Dependence of Rate Constants of Photo-
induced Electron Transfer in the Presence of NByPFs and
NH4PFe. Photoinduced electron transfer from singlet or triplet
excited state of BP to Q or NQ may occur as shown in eq 7

Q) andker is the rate constants of the intracomplex electron
transfer from HP* to Q. The observed second-order rate
constant Ke) of photoinduced electron transfer is given by eq
8. The driving force dependence of l&gr for adiabatic outer-
sphere electron transfer has well been established by Marcus
as given by eq 9, wherlg; is the Boltzmann constant

Ket = Kerkyd (Ker + Kop) ®)

ker = (ke T/h) eXp(—(AG, + 4)7/47ksT) 9)

his Plank constant andis the reorganization energy of electron

ket
+NR4PFs

H,TPP" + Q" /NR,PF;

k
H,TPP*+ Q= (H,TPP* Q)
1
R=Bu,H (7)

(illustrated in the case of Q), whekg, andkp; are diffusion
and dissociation rate constants in the encounter complgi*(H
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1.8 (slope) = -0.059
H,P/NQ
ZnP/INQ
1.6 |
>
@
3 H,P/Q A
<
1.4
ZnP/Q CHLCl,
1.2 -
-3 -2 -1 0
log ([NBu4PF¢l, M)
® gl (slope) = —0.025
H,P/NQ
1.6 L ZnP/NQ
> \
°
gﬁ HzP/Q
147 PhCN
znP/Q@ “© &
1.2

-2 -1
log ([NBu,PFg], M)

Figure 12. Nernst plots ofAGe vs log[NBwPFR] (a) in deaerated
CH.CI; and (b) in deaerated PhCN.

(-]

transfer. From eqs 8 and 9 is derived eq 10 whe(e= (kgT/
h)(kio/k21)) is the collision frequency for an intermolecular
reaction which is taken as ¢ 10 M~1 s7147 The k;, values
in CH,Cl, and DMSO are taken as 1 10 and 7.0x 10°

M~ s71 respectively®
(AGy+ 1)

K122 ex”(_ 47k T

ke‘_k } (AG,, + 1)°
RS T

(10)

Figure 13 shows the driving force dependence of kadgn
CH.Cl, and DMSO, where th&; and —AG; values are taken
from Tables 1 and 2. The Idg. values increase with an increase
in the —AGg values to reach a diffusion rate constant as the

Okamoto et al.

CHoCl (NBUsPFg)  osm'%PN "H,pva
- .2M
1 0 | 1H2P'/NQ 0.2 i0.3 M
0.002 IYI/D&'I’M ]
(] 0.1M
—- ) .
£ 0.01 I\/J/f/ 0.01M g2Mm
» 3 0.3 M4z Vs 0.1 M 1H P*/Q
- Hpr/Q 02 M/ & A T
s 01M@ / HPINQ
- / @ 02M
& 8- ; Y%
~ 0.5M @ 0.002 M g MM 34 p+
2 asw H.P*/Q
o 02 M B %H,pvNQ /,. 0.01 M
0.IMp/
/mo3m
; / H02M
6L / WOIM 3 PN
/ / Wo1M
DMSO (NH4PF
, / W 001M (NH4PF)
: 1 1
-0.4 0 0.4 0.8
—AGet, eV

Figure 13. Driving force (—AG¢) dependence of log for photo-
induced electron transfer from singlet and triplet excited statesBf H
to Q and NQ in the presence of NRF; in deaerated CkCl, and in
the presence of NiPFs in deaerated DMSO at 298 K. The lines
represent the fits to eq 10 with= 0.40 eV in CHCl, and1 = 1.05
eV in DMSO.

Such a difference comes from the relatively weak binding of
Q~ and NQ~ with NBus™ and NH,™ as compared with the
strong binding with metal ions which act as Lewis aditfs.

In conclusion, the electrostatic complex formation between
guinone radical anions and NBuin CH,Cl, 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 NBsilargely
diminished in a polar solvent (DMSO). However, complex
formation between the quinone radical anions and two-
equivalents of NiF™ 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

photoinduced electron transfer becomes energetically favorableis Well evaluated in light of the Marcus theory of electron

The driving force dependence k: is well reproduced using
eq 10 as indicated by the line in Figure 13, whereth&lues
are taken as 0.40 eV in GBI, and 1.05 eV in DMSO. This
indicates that the change ka; with variation of concentration
of ammonium ions (NBy and NH;) results from the change
in the driving force due to the complex formation of and
NQ -~ with NBust and NH;™ in accordance with the Marcus
theory of electron transfer and that thealue remains constant
with variation of concentrations of NBtiand NH;*. The larger
A value in DMSO as compared to the value in {4 is ascribed

transfers® 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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