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Abstract: Hydrogen bonding networks play a very important role in biological electron-transfer processes.
The free energy dependence of electron transfer in a few small-molecule-cimuaptor systems, having
hydrogen bonding appendages, were studied by fluorescence lifetime quenching measurements. Two types of
electron transfers take place in these systems. A fraction of the molecules associates and exists as hydrogen
bonded species and electron transfer in this segment is unimolecular. A major fraction of the donors and
acceptors freely diffuse in the medium and electron transfer is bimolecular in this segment. Free energy
dependence studies showed that the former obeys the Marcus equation and the latter follows the Rehm
Weller behavior. The absence of the inverted region in bimolecular charge separation reactions is thus attributed
to diffusion in the moderately large driving force regime.

Introduction

Study of photoinduced electron-transfer reactions (PET),
wherein the donor (D) and acceptor (A) are assembled by
hydrogen bonding interactions, has attracted considerable interes
in recent year3.These investigations have clearly established
that hydrogen bonds can act as an effective conduit for the
transfer of electrons from D to A. These studies are extremely
important because of their direct relevance to the study of

electron transfer in biological systemBor example, in the case

of protein electron transfer, electronic coupling through hydro-
gen bonds is extremely important due to the prevalence of
hydrogen bond networks in proteins. Because of the direction-

ality of hydrogen bonds it is possible to know the separation
and relative orientation of the components in hydrogen bonded
systems. Hence hydrogen bonded:-BA systems provide an
fa\ttractive alternative to covalently linked-EA systems for the
study of electron-transfer reactions. Although a large number
of reports dealing with studies of electron-transfer reactions in
hydrogen bonded systems are available, systematic studies
dealing with the effect of factors such as driving force, distance,
etc. on the rate of electron transfer in such systems are absent
in the literature. In this paper we report the first systematic study
of the dependence of the rate of electron trandfg) ¢n free
energy AG®°) in hydrogen bonded dons@acceptor systems.
According to Marcus theory for nonadiabatic electron transfer
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Research Unit, Regional Research Laboratory, Trivandrum.

* Corresponding author. Phone: 9471-490674. Fax: 9%471—
490186. E-mail: gopidas@csrrltrd.ren.nic.in.

(1) (a) Piotrowiak, PChem. Soc. Re 1999 28, 143. (b) Ward, M. D.
Chem. Soc. Re 1997, 26, 365. (c) Sessler, J. L.; Wang, B.; Springs, S. L.;
Brown, C. T. InComprehengie Supramolecular ChemistnAtwood, J.
L., Davies, J. E. D., MacNicol, D. D., Vogtle, F., Murakami, Y., Eds.;
Pergamon: Oxford, 1996; Vol. 4, p 311. (d) Williamson, D. A.; Bowler,
B. E.J. Am. Chem. S0d998 120 10902. (e) Sessler, J. L.; Brown, C. T;
O’Connor, D.; Springs, S. L.; Wang, R.; Sathiosatham, M.; Hirose].T.
Org. Chem.1998 63, 7370. (f) Osuka, A.; Yoneshima, R.; Shiratori, H.;
Okada, H.; Taniguchi, S.; Mataga, 8hem. Commuri998 1567. (g) Deng,
Y.; Roberts, J. A.; Peng, S.-M.; Chang, C. K.; Nocera, DA@gew. Chem.,
Int. Ed. Engl.1997, 36, 2124. (h) Kirby, J. P.; Roberts, J. A.; Nocera, D.
G. J. Am. Chem. Socl997, 119 9230. (i) Hayashi, T.; Miyahara, T.;
Kumazaki, S.; Ogoshi, H.; Yoshihara, Kngew. Chem., Int. Ed. Endl996
35, 1964. (j) Cukier, R. I.J. Phys. Cheml996 100, 15428. (k) Arimura,
T.; Brown, C. T.; Springs, S. L.; Sessler, J.@hem. Commuri996 2293.

() Kirby, J. P.; van Dantzig, N. A.; Chang, C. K.; Nocera, D.Tgtrahedron
Lett. 1995 36, 3477. (m) de Rege P. J. F.; Williams, S. A.; Therien, M. J.
Sciencel995 269, 1409. (n) Roberts, J. A.; Kirby, J. P.; Nocera, D.J.
Am. Chem. S0d.995 117, 8051. (0) Osuka, A.; Shiratori, H.; Yoneshima,
R.; Okada, T.; Taniguchi, S.; Mataga, ®@hem. Lett1995 913. (p) Sessler,
J. L.; Wang, B.; Harriman, AJ. Am. Chem. Sod 993 115 10418. (q)
Turro, C.; Chang, C. K.; Leroi, G. E.; Cukier, R. |.; Nocera, D.JGAm.
Chem. Soc1992 114, 4013. (r) Harriman, A.; Kubo, Y.; Sessler, J. L.
Am. Chem. Sodl992 114, 388.

10.1021/ja993872d CCC: $19.00

for electron transfer is given by eq*Wwhereti is the Planck’s
kee= (lh °2ksT) | Hg | exp[—(AG® + 1)7142k5T] (1)

constant divided by 2, 1 is the reorganization energlyg is

the Boltzmann constant, is the temperature, ande is the
coupling matrix element. Equation 1 envisages three typical
kinetic regimes for electron-transfer reactions depending on the
driving force range: (i) a “normal” regime for small driving
forces AG® > —1) where the process is thermally activated
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and is favored by an increase in the driving force; (ii) an excitation, electron transfer takes place in the associated as well
“activationless” regime AG° = —1); and (iii) an “inverted” as free forms, and the rate constants of these reactions can be
regime for strongly exergonic reactions@° < —A1) where the determined by fluorescence lifetime quenching studies. Thus,
process slows down with increasing driving force. Although a direct comparison of electron-transfer rates in associated (fixed
the inverted region is well established in thermal charge shift distance) and unassociated (diffusion mediated) forms of the
and charge recombination reactionis,is almost nonexistent ~ same donoracceptor pair is possible in these systems. In the
for bimolecular photoinduced charge separation reactions exceptwork described here, we have assembled donors and acceptors
for a couple of recent reporfsBimolecular charge separation through two-point hydrogen bonding interactions involving
reactions normally obey the RehtiVeller behavior, i.e., the  carboxylic acid groups. Study of electron transfer in a few
plot of the rate constant versus free energy rises rapidly in the systems associated through carboxylic acid groups is already
normal region and then reaches the diffusion limit and stays available in the literatur&™"9The association constants were
there no matter how exergonic the process becdnSzeral determined byH NMR or fluorescence studies. Electron
reasons have been suggested for not observing the invertedransfers in these doneacceptor systems were studied by
region in charge separation reactiénThese include the  fluorescence lifetime quenching measurements. By systemati-
following: (1) limiting of the rate constant by diffusion, (2) cally varying the redox potentials of the quencher molecules
formation of products in the excited state, (3) presence of extra we have studied the dependence of the rate of electron transfer
reaction channels other than electron transfer, and (4) lack of aon driving force in these systems.

true homogeneous series of donors and acceptors. In a recent

report, Tachiya and Murata made a distinction between Marcus Experimental Section

and Rehm-Weller type electron transfePsSThe Marcus equation o ) ) )

gives the first-order rate constant for a doracceptor pair at Methods. Proton NMR binding studies were carried outusing a 300

a fixed separation, while the Rehriweller behavior is con- MHz Bruker Avance DPX spectrometer. The absorption spectra were

cerned with a second-order rate constant. They have calculate ecorded on a Shimadzu UV-2100 or a GBC double beam Uy
’ y pectrometer. Fluorescence spectra were recorded on a SPEX Fluorolog

the second-order diffusion mediated rate constant by using ar 115x spectrofiuorimeter. Fluorescence lifetimes were determined
recently developed theory for diffusion mediated reactions which ysing an Edinburgh Instruments FL900CD single photon counting

takes into account the doneacceptor distance dependence of system and the data were analyzed by Edinburgh software. For the
the first-order rate constant. The theory they developed also fluorescence measurements, probe concentrations werel@> M
predicted the inverted region, but at very large driving forces and quencher concentrations were in the range e#{1x 103 M.

(AG® < =2 eV). Cyclic voltammetric studies were carried out by using a BAS CV50W

We reasoned that the role of diffusion in masking the inverted Voltammetric analyzer. Solutions of the aromatic compounds (D"

region can be proved or disproved conclusively by a study of ?IA) i”bacettoni””e' Co:.taini?g tO.Il tM te”a't?]uwla”mo;i“m ttet(;at; .
electron transfer in hydrogen bonded-{A systems for the uoroborale as supporting electrolyte, were thoroughly deaerated belore

following r. n Th iation constant in hvdr n bond duse. A glassy carbon electrode was used as the working electrode and
oflo g. eason. 1he assop ation consta ydrogen bo . edy platinum wire was used as the counter electrode.
systems is usually low. This means that only a small fraction

- . : Materials. All the probes and quencher molecules used for the study
of the donors and acceptors remains associated while the,ere repared by known procedures. These were thoroughly purified

remaining molecules are free to diffuse in solution. Upon anq dried before use. CDQused for the NMR experiments was dried
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Dependence of Rate on Free Energy

Chart 1. Structures of the Probes and Quencher Molecules
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—

Used in This Study § — —
PROBES s 45 M3
CH,COOH O - -
CI -'\ “
~— -
CH,COOH 3.04 L
& & 2
3
O p= S
S N
PA AA g =
& 1.54 F1
Eox = 1.08V Eox= 094V =
Ered=-2.12V Ered=-1.99V -§
2]
QUENCHERS =
= 0.0 — T T T 0
DONORS 5 300 350 400 450 500
CH,COOH
CHZC‘())z: Wavelength, nm
/@ Figure 1. Absorption and emission spectra of pyrene-1-acetic acid in
MeO NMe, dichloromethane. For the emission spectrum, the excitation wavelength
1 5 was 345 nm.
Eox= 133V Eox= 0.85V 10.5
ACCEPTORS
CH,COOH CH,COOH CH,COOH CH,COOH 10.0-
o NO, ’
0 £
= 4
CN NO, NO, s 03
3 4 5 6
Ered=-2.46V Ered=-1.23V Ered=-1.12V  Ered=-0.99V 9.0+
2 The redox potentials are all referenced to SCE. A
. . . 8.5 — T T
using these probe molecules it was possible to study electron 0.00 0.05 0.10 0.15

transfer over a wide range &G° values. [Guest]/[Host]

_ Figure 1 shows the absorption and emission specti@of i e 2. 14 NMR binding isotherm for2 with PA in CDCl; at 25

in dichloromethane solution. The absorption maximum was 344 o¢.

nm and the emission maximum was 375 nm. The singlet state

energy Eo o calculated from the absorption spectrum was 3.6 yery low extinction coefficientdna= 25 M1 cm~* at 430 nm)

eV. The fluorescence decay &fA was exponential with a  for jts long wavelength absorption, energy transfer quenching

lifetime (zo) of 100+ 10 ns. FOIAA, the absorption maximum by the Faster mechanism can be ruled out. Since the quinone

was 387 nm and the emission maximum was 412 nm.Bd¥e  is nonfluorescent, it is not expected to interfere in the fluores-

andro values were 3.2 eV and 58 0.2 ns, respectively. Itis  cence lifetime determinations.

clear from these data that the presence of the carboxyl group The association of the probe and quencher molecules was

affects the photophysice}l parameters of pyrene or anthracenes,died in some of these cases!byNMR in CDCl; solution.

chromophore only marginally. The chemical shift of the carboxylic acid proton undergoes an
The quencher molecules we have used are also shown inypfield shift upon complexation. Figure 2 shows the change in

Chart 1. The absorption spectra and redox potentials of the the chemical shift of the carboxyl proton 2fin the presence

parent aromatics are relatively unaffected by the presence ofof pA. The data were analyzed according to a literature méthod

the acetic acid moieties in these cases also. All these aromaticgg optain a value of 207 Mt for K, in this case.

are known quenchers of pyrene or anthracene fluorescence by Assuming a two-point hydrogen bonding interaction of the

the electron-transfer mechanisfAll these molecules, except probe and quencher acetic acids, the association complex will

for the quinone derivative, have their singlet energies higher paye the structure shown in Scheme 1. The length of acetic

than those of the probe molecules and hence energy transfer agciq dimer (determined by electron diffraction patterns and also

a possible pathway for fluorescence quenching is ruled out. In from calculations) is 6.90 A. In our systems an additional

the case of the quinone derivative, even though energy transfersing|e bond is present on either side of the hydrogen bond

quenching is a possibility, we rule out this possibility because interface and hence the edge-to-edge distance between the probe

of the following. In hydrogen bonded assemblies sings#tglet  and quencher will be-9.40 A. This is indicated in Scheme 1.

energy transfer is known to take place by thsteo mechanism  Tjs distance remains constant in all our probe/quencher

and the Dexter mechanism is not expected to contribute systems.

significantly!* The rate constant for energy transfer by the ~“Tpe decays of the probe molecules were exponential in

Forster mechanism will be proportional to the extinction gichioromethane solution. When a quencher molecule is added,
coefficient of the quinone. Since the quinone derivative has a

(12) Kelly, T. R.; Kim, M. H.J. Am. Chem. S0d.994 116, 7072.
(13) (a) Derissen, J. L1. Mol. Struct.1971, 7, 67. (b) Doan, V.; Kppe,
R.; Kasai, P. HJ. Am. Chem. Sod.997 119 9810.

(11) Sessler, J. L.; Wang, B.; Harriman, &. Am. Chem. Sod995
117, 704.



3194 J. Am. Chem. Soc., Vol. 122, No. 13, 2000 Prasad and Gopidas

Scheme 1. Structure of the Hydrogen Bonded Complex and Table 1. Association Constants<(), Free EnergiesXG°® and

Scheme Showing the Excitation and Quenching of the AG°qr), and Rate Constantkg andkg) for the Donor-Acceptor
Associated and Unassociated Forms Systems
0--H-0 kg,
CHz—C' ‘(j—CH2 donor-acceptor AG®, Ket, AG%i, 10°M-1
‘0—H--0" system Kb eV 10°st eV st
PA/1 15 —0.04 6.2+0.62 -—-0.07 --
° PA/2 195 (207) —0.52 89.9£1.8 -0.56 9.29
940 A PA/3 16 (59) 0.05 1.9 0.19 0.02 0.21
PA/4 20(59) —1.18 39.0+7.8 -—-1.21 1238
S Ka . . PA/5 50 —-129 8.9+0.18 —-132 226
P b —_— ) == )
CH,COOH + QCH,COOH PCH,COOH === HOOCCH,Q PA/G c3 142 591025 —145 128
AA/2 40 —0.24 43.0+43 -0.28 7.36
hv hv AA/4 22 —0.92 144.0+14 —-0.95 16.6
* 2The numbers in column 1 corresponds to the number of the
PCH,COOH + QCH,COOH *pCHZCO()H ==2: HOOCCH,Q guenchers in Chart .Values in parentheses are those obtained by
NMR.
Kq ket
bimolecular unimolecular
quenching quenching 10000
a fraction of the probe becomes associated and the rest remains
unassociated. Upon photoexcitation, the fluorescence of the 1000
associated molecules will be quenched by electron transfer with £
the associated quencher, whereas the unassociated probe 5 100
molecules will be quenched by free quencher molecules in
solution (Scheme 1). This leads to a biphasic decay of the probe
fluorescence that can be expressed by 10
Ly = Xp-q) EXPCUTY) + x(p) EXP(T)) (2) 1 . I . .
0 50 100 150 200 250
where, .
Time, ns
— -1 Figure 3. Fluorescence decay profile for tR&\/2 system. Excitation
1= (ot k) ®) was at 345 nm and emission monitored at 375 nm.
— -1
7, = (K 1 k[QI) (4) 10000
xr-q) and yp) are the mole fractions of the associated and
unassociated probe molecules, respectivily(=1/r¢) is the 1000
intrinsic decay rate of the probég; is the unimolecular rate
constant of electron transfer within the associated complex, and £ 100
kq is the bimolecular quenching rate constant of the unassociated 5
probe molecules. According to eqs-2, the short lifetime
component £;) is independent of the quencher concentration 104
and the long lifetime components) is dependent on the
qguencher concentration. From the short lifetime component, the
rate constant of electron transfer within the hydrogen bonded 1 T .
complex can be calculated by using eq 5. As mentioned 0 50 T 100 150
ime, ns
ket = 1/1'1 — 1/10 (5) Figure 4. Fluorescence decay profile for ti\/4 system. Excitation

was at 345 nm and emission was monitored at 375 nm.

previously, a major portion of the probe molecules are quenched concentration is very large compared to the probe concentration,
by unassociated quencher molecules. The quenching rateye can write

constank, for this process can be obtained by the usual Stern

Volmer method. K = X(P-Q)

a
ot = 1+ kQ) ©) #eld)
Thus a plot ofye-qfx@) vs [Q] will be linear and giveK, as
According to this equation, a plot ofy/r, vs quencher the slope. TheK, values thus determined in dichloromethane
concentration will givekgzo as the slope. The rate constant for were slightly lower than those obtained by the NMR titration
electron transfer for the associated and unassociated forms camethod in CD{ solution (see Table 1).
thus be obtained from the same experiment. The fluorescence decay profiles BA in the presence of
The association constants can also be determined from the4-(N,N-dimethylamino)phenylacetic aci@)(and 4-nitrophen-
fractional contributionsyp-qy and yr).'™ These values are ylacetic acid 4) are shown in Figures 3 and 4, respectively.
proportional to the concentration of the associated and un- Figures 5 and 6 show plots of andz, vs quencher concentra-
associated forms of the probe, respectively. Since the quenchetion in these cases.

()
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4
2 O
& © o o e
24 o
A A A A
0 — T T T
0.0 1.0 2.0 3.0 4.0
[Quencher], mM
Figure 5. A plot showing the invariance af; in the case oPA/2 (») 0.0 -0.5 -1.0 -1.5
andPA/4 (O) systems.
(©) sy AG", eV
Figure 7. Dependence of electron-transfer ratkg) (n the hydrogen
100{ O bonded complex on free energy. The solid curve is a computed curve
of eq 1 withHe; = 5 cnrt andA = 0.70 eV.
75 E
- A 10" _
= PA/5
o 3 AA/4
< 50 4 ] 2
O A 1010_‘
A 3
25 @) 0 :m 10° 4
J o) S
04— : : . . <7 10
0 1 2 3 4
[Quencher|, mM 104
Figure 6. A plot showing the decrease of with quencher concentra- E
tion in the case oPA/2 (») andPA/4 (O) systems. 10
The invariance ofr; with quencher concentration and the Y 05 10  -15

decrease of, with quencher concentration are evident from
Figures 5 and 6. Consistent with the criteria used in other model
systems involving hydrogen bonded interfaces, our experimentalFigure 8. The plot of bimolecular quenching rate constarkg ¢s
systems display the following properties. (1) No strong elec- AG%qr. The solid line is a fit using eq 9.
tronic interaction occurs between the probe and the quencher . .
in the concentration range studied, because the electronicmg urzzf:)l( rarcl)gt:]:ngglt:|sofso;\|/le%tf:].:en::oeb\évse gﬁ\ée dj;ircrﬂgﬁdm
absorption of the probequencher mixture appears as a super- acetonitrile IC')I'he free energies for eFI)ectron transfgr in dichloro-
position of the spectra of the individual components. (2) The othane wére then calculgted by using 6§ @hereEqy is the
emission spectra of the probes in the presence of the quenchergn y 9 0%
did not show any additional bands that can be attributed to 2 2

) . . R ef1 , 1\[1 1\ ¢
exciplexes even at the highest quencher concentrations usedAG® = E,, — E 4 — Eyq— 0l T (8)
(3) The short lifetime component in the decay profile disappears €
by addition of hydrogen bonding solvents such as methanol.
(4.) The short I|f¢t|m§ component was absent when quenchersof the acceptors is the dielectric constant of dichloromethane,
without carboxylic acid functionality were used. All these factors .

. rp andrq are the radii of the probe and quencher molecules,

suggest that the short component of the fluorescence decay ISandd is the distance separating these partngrandro were
due to electron transfer within the associated complex. We have P g P Q

; ) taken as 6 and 4 A, respectively, and the center-to-center
determinedk for all quenchers W'IHDA as .the probe. When distanced, is assumed to be 12.0 A for the hydrogen bonded
AA was used as the probe, biexponential decays could be

. . S complex. For calculation ohG°y; for the diffusive quenching,
obtained only in the cases @ and4 as quenchers. This is : .
attributed to the short lifetime of the probe. For all probe d is taken as 10 A. The redox potentials of the probes and

. guenchers are given along with their structures in Chart 1 and
quencher systems studied (except forRig1 system)k, values the calculated\G® values are presented in Table 1. THgKet
were also determined by the'Ste?mOImer method.lln the case. andky values determined are also presented in Table 1.
of thePA/1 system, the long lifetime component did not exhibit Figure 7 shows a plot oke vs AG®. It can be seen from
igzequenchmg and hendq could not be determined in this Figure 7 that as the driving force increagesncreases initially,

] reaches a maximum, and then decreases. This clearly is an
To calculate the free energies of the electron-transfer reac-

; ; i ; ; (14) Lund, H.; Baizer, M. M.Organic Electrochemistry Marcell
tions, the redox potentials in dichloromethane were required. Dekker: New York. 1901,

The reduction potentials oPA, AA, and 3 could not be  ~"(15) kavarnos, G. Fundamentals of Photoinduced Electron Transfer
determined in dichloromethane because the values are outsidé/CH: New York, 1993.

0
AG diff * eV

e To/\37 ¢

oxidation potential of the donoE,eq is the reduction potential
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example of a Marcus type electron transfer and demonstrates Our experimental design thus allows for the simultaneous
the presence of the inverted region in these systems. The solidobservation of the Marcus and RehiWeller behaviors of
line in Figure 7 is a fit to the Marcus equation wik = 5 electron transfer using the same donacceptor systems. Where
cmt and A = 0.70 eV. The Marcus inverted region was the partners are held at fixed distance and allowed to react under
demonstrated only in a very few cases of charge separationunimolecular conditions, the electron transfer obeys the Marcus
reactions and this constitutes one such case. equation, and where they are allowed to diffuse freely, the
Figure 8 shows the plot d§; vs AG°qi. It can be seen from Rehm—Weller behavior is observed. This study thus confirms
Figure 8 that as the driving force increasksgfirst increases, that diffusion is the major reason for not observing the inverted
reaches a maximum, and then stays there. This clearly is anreégion in charge separation reactions. However, we do realize

example of the RehmWeller behavior. In the Rehmweller that this contention is applicable only in the region of moderately
formalism, the overall quenching rate constégtn a bimo- large driving forces AG® = —1.5 eV) studied here. At very
lecular electron-transfer reaction can be expressed by'etf®,  large driving forces, other factors such as formation of products

in the excited state or presence of other reaction channels may

20 x 10° become important.

1+ 0.25[expAG"/RT) + exp(AG°/RT)]

) Conclusions

We have studied the free energy dependence of electron
transfer in a few doneracceptor systems assembled through
hydrogen bonding interactions. Our study shows that when
diffusion is prevented, the Marcus inverted region can be
AG2 o observed, and when diffusion of the partners is allowed, Rehm
+ [( ) + (AGO#)z] (10) Weller behavior is observed. The nonobservance of the inverted

2 region in charge separation reactions is thus attributed to
diffusion in the region of moderately large driving forces.

kq:

whereAG* is the free energy of activation for electron transfer
and is given by the expression

_AG®

#
AG >

AG¢* in the above expression is the free energy of activation
when there is no driving force for the reaction. For the present
calculation, a value of 0.175 eV was assumedA@G;*. The

theoretical fit calculated using eqs 9 and 10 is also shown in
Figure 8. Notice that there is a reasonably good agreement
between calculated and experimental valueg,of JA993872D
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