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Abstract: The free energy dependence of electron transfer in a few small-molecule-timuaptor systems

having hydrogen-bonding appendages was studied to evaluate the role of diffusion in masking the inverted
region in bimolecular PET reactions. A small fraction of the probe molecules associate and this led to the
simultaneous observation of unimolecular and diffusion-mediated quenching of the probe fluorescence. Free
energy dependence studies showed that the unimolecular electron transfer obeys Marcus behavior and the
diffusion-mediated electron transfer obeys ReHiieller behavior. The absence of an inverted region in
bimolecular PET reactions is thus attributed to diffusion. The results of the free energy dependence studies
suggest that distance dependence of electron transfer plays a role in masking the inverted region. To ascertain
this aspect we have carried out a study of the distance dependence of electron transfer in the hydrogen-bonded
donor-acceptor systems. For a system in the normal region an exponential rate decrease was observed. For
a system in the inverted region it was observed that the rate depends very feebly on distance. Thus distance
dependence studies did not confirm the prediction of enhanced rates at larger distances in the inverted region.

Introduction electron transfer (PET) reactions, however, are extremely’rare.
) ) ) These reactions follow the Rehtiveller behavior, i.e., the rate
According to the Marcus theory fo_r nqnadlabatlc electron jncreases with an increase in driving force, reaches a maximum,
transfer, the rate of electron transfer is givert by and stays there, no matter how exergonic the process bedomes.
The following four reasons have been suggested to explain the
ko = (21M)H A(4miksT) Y2 exp[—(A + AG®)24ksT] (1) nonobservance of the inverted region in bimolecular charge
separation reactiorts(1) diffusion, (2) formation of products

where fi is the Planck’s constant divided byr24 is the in the excited state, (3) lack of a true homogeneous series of
reorganization energys is the Boltzmann constart, is the donors and acceptors, and (4) the presence of extra reaction

temperature, anH is the coupling matrix elemeritlg is given (2) (@) Miller, J. R.; Beitz, J. V.J. Chem. Phys1981, 74, 6476. (b)
by Miller, J. R.; Calcaterra, L. T.; Closs, G. . Am. Chem. Sod.984 106,
3047. (c) Closs, G. L.; Miller, J. RSciencel 988 240, 440. (d) Wasielewski,
5 5 M. R.; Niemczyk, M. P.; Svec, W. A.; Pewitt, E. B. Am. Chem. Soc.
= — — 1985 107, 1080. (e) Wasielewski, M. R.; Johnson, D. G.; Svec, W. A. In
He (He'o) expl=f(d — o)l 2) Supramolecular Photochemistigalzani, V., Ed.; D. Riedel: Amsterdam,
1987; p 255. (f) Harrison, R. J.; Pearce, B.; Beddard, G. S.; Cowan, J. A.;

HeC is the coupling element at distande= dy andf is the Sanders, J. K. MChem. Phys1987 116, 429. (g) Mataga, N.; Ashai, T;

. . . i . Kanda, Y.; Okada, T.; Kakitani, TThem. Physl1988 127, 249. (h) Segawa,
damping factor. Equation 1 envisages three kinetic regimes for H.. Takehara, C.. Honda, K.; Schimidzu, T.. Ashai, T ; Mataga) Nhys.

electron-transfer reactions depending on the driving force chem.1992 96, 503. (i) Gould, I. R.; Farid, SJ. Am. Chem. S0d.988
range: (1) a “normal regime” for small driving forceA®° > 110, 7883. (j) Gould, |. R.; Ege, D.; Moser, J. E.; Farid,5Am. Chem.

_ ; ; ; S0c.1990,112 4290. (k) Gould, I. R.; Farid, $Acc. Chem. Red4.996 29,
A), where the process is thermally activated and is favored 522, () Osuka, A Noya G.. Taniguchi, S.- Okada, T.. Nishimura, Y.:

by an increase in the driving force, (2) an “activationless” regime yamazaki, I.; Mataga, NChem. Eur. J200Q 6, 33. (m) Fox, L. S.; Kozik,
(AG® = —1), and (3) an “inverted regime” for strongly M.; Wink_ler, J. R.; Gray, H. BScience199Q 247, 1069. (n) McCleskey,
exergonic reactions\G°® < —1), where the process slows down - M. Winkler, J. R.; Gray, H. BJ. Am. Chem. S04992 114, 6935. (0)

s : ) L . Zou, C.; Miers, J. B.; Ballew, R. M,; Dlott, D. D.; Schuster, G. B.Am.
with increasing driving force. The prediction of the inverted cnem. soc1991 113 7823.

region, although controversial for a long time, is now well- (3) (@) Turro, C.; Zaleski, J. M.; Karabatsos, Y. M.; Nocera, D.JG.

established in fixed distance electron-transfer reacfiodb- ~ Am. Chem. Socl996 118 6060. (b) Thanasekaran, P.; Rajendran, T.;
Rajagopal, S.; Srinivasan, C.; Ramaraj, R.; Ramamurthy, P.; Venkatacha-

servations of the inverted region in bimolecular photoinduced lapathy, B.J. Phys. Chem. A997 101,8195.
(4) (@) Rehm, D.; Weller, ABer. Bunsen-Ges. Phys. Cheb969 73,
* Address correspondence to this author. Phone: 91-471-490674. Fax:834. (b) Rehm, D.; Weller, Alsr. J. Chem197Q 8, 259. (c) Bock, C. R.;
91-471-490186. E-mail: gopidas@csrrltrd.ren.nic.in. Meyer, T. J.; Whitten, D. GJ. Am. Chem. Socl975 97, 2909. (d)
(1) (a) Marcus, R. Alnt. J. Chem. Kinet1981, 13, 865. (b) Marcus, R. Ballardini, R.; Varani, G.; Indelli, M. T.; Scandola, F.; Balzani, ¥.Am.
A.; Siders, PJ. Phys. Cheml982 86, 622. (c) Siders, P.; Marcus, R. A. Chem. Soc1978 100, 7219. (e) Scheerer, R.; Gral, M. J. Am. Chem.
J. Am. Chem. Sod 981, 103 741. (d) Marcus, R. AFaraday Discuss. Soc.1977, 99, 867. (f) Nagle, J. K.; Dressick, W. J.; Meyer, T.JJ.Am.
Chem. Soc1982 74, 7. (e) Marcus, R. A.; Sutin, MBiochim. Biophys. Chem. Socl979 101, 3993. (g) Indelli, M. T.; Ballardini, R.; Scandola, F.
Acta 1985 811, 266. (f) Sutin, N.Acc. Chem. Red982 15, 275. J. Phys. Chem1984 88, 2547.
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Scheme 1.Scheme Outlining the Strategy for Simultaneous of P used is extremely small (1® M), the concentration of
Observation of the Unimolecular and Bimolecular Quenching P~P species will be extremely low and this does not present
Rate Constants any problem in the analysis. Assuming a self-association
Ka constant of 100 M! for Q, we obtain a value of 1@ M for
P+Q == P~Q the concentration of th&@~Q species when the quencher
concentration used is 1 mM. Thus about 10% of the quencher
hv\ hv will be present as self-associated species and the error in the
value of diffusional quenching may be about 10%. This error
P +Q P~Q limit may still be smaller because of the slower diffusion
coefficient of the large associated species. In one of the earlier
kg ket papers in this area, Nocera and co-workers studied the quenching
of excited (bpy)Ru(bpy-amidine}" by 3,5-dinitrobenzoic acié!
They have shown that the diffusional bimolecular quenching
rate constants in the absence and presence of the hydrogen-
bonding interface are similar. This shows that the error due to

channels. It is also suggested that if these problems areself-assouatlon of the quencher is small. e .
circumvented by choosing appropriate reactants, it is possible _ !N the present paper we analyze the role of diffusion in detail.
to observe the inverted region in bimolecular PET reactigns. Diffusion can mask the inverted region in two ways: (1) by
We reasoned that the role of diffusion in masking the inverted I|m|t_|ng the rate constant and (2) by_enhanc_mg th? rate constant
region can be proved or disproved conclusively by a study of at_d|st:_:1nces greater than contact distance in the inverted region
electron transfer in noncovalently bound donacceptor sys- (vide infra). Free energy dependence studies suggest that

tems. If the association constant for such systems is low, rated'ﬁus'()mjll electron transfer in the inverted region may have

; - e . higher rates at larger distances. To throw some light into this
constants for fixed distance and diffusion-mediated electron . X
. ; aspect, we have carried out a study of distance dependence of
transfers involving the same doreaicceptor systems can be

obtained simultaneously from the same set of experiments. Theelect(on transfer in hydroge n-bonded systems. We have studied
strateqv is outlined in Scheme 1. where™stands for an the distance dependence in systems which fall in the normal as
9y ' y well as in the inverted regions. The results show very different
noncovalent bond that keeps the probe (P) and quencher (Q) . ! i
molecules at a fixed distance apart. K is small, a small dlsta_nce dependt_ence for electron-transfer reactions in the normal
fraction of the probes and quenchers remain associated and thé‘nd inverted regions.
remaining fraction are free to diffuse in solution. Upon
irradiation both the associated and unassociated probe molecule
are excited. Fluorescence of the associated probes will be Methods. The absorption spectra were recorded on a Shimadzu UV
quenched by unimolecular, fixed-distance electron transfer 2100 or a GBC double-beam UWis spectrometer. Fluorescence
involving the associated quencher, whereas fluorescence of thespectra were recorded on a SPEX Fluorolog F112X spectrofluorimeter.
unassociated probes will be quenched by diffusion-mediated Fluorescenge lifetimes were de_termined with an Edinburgh Instruments
bimolecular electron transfer. The rate constants for both theseFL900CD single-photon counting system and the data were analyzed
reactions can be obtained simultaneously by fluorescencePy Edinburgh software. Fsor the fluorescence measurements probe
lifetime measurements (vide infra). The role of diffusion in concentrations were x 10 M and quencher concentrations were in
masking the inverted region will be proved unequivocally if the range of (1 to 4) 10°* M. Proton NMR binding studies were
L L ) carried out with a 300 MHz Biker Avance DPX spectrometer. Cyclic
Marcus behavior is observed for quenching in the associated,q|tammograms were recorded with a BAS CV50W voltammetric
fraction and RehmWeller behavior is observed for quenching  analyzer. Solutions of the aromatic compounds X110 M) in
in the freely moving segment. If RehnWeller behavior is acetonitrile containing 0.1 M tetrabutylammonium tetrafluoroborate
observed for both cases, it can be concluded that diffusion hasas supporting electrolyte were thoroughly deaerated before use. A glassy
no role in masking the observation of the inverted region. With ca_trbon electrode was used as the working electrode and a platinum
this idea in mind, we have carried out a study of free energy Wire was used as the counter electrode.
nden f electron transfer in weakl iated hydrogen
SEpS ge Ceto elec (;’ ans el' 1 wea yasltsocaed ygllo?]e | (1) (@) Piotrowiak, PChem. Soc. Re 1999 28, 143. (b) Ward, M. D.
onae s_ys e_ms_ and our preliminary resuits were publiSn€d cpem, Soc. Re 1997 26, 365. (c) Sessler, J. L.; Wang, B.; Springs, S. L.;
recently in this journal. We have observed Rehnweller Brown, C. T. InComprehensie Supramolecular Chemistryitwood, J.
behavior for the bimolecular and Marcus behavior for the Ig-, Davies, JO- E 3"1'\438'\]\'/“;"4[3' %ilvczg;l?/’v‘ﬁ:' Mufak%m:&Yé ECiS-:
H : H . ergamon: Xrord, , Vol 4, p . liamson, D. A.; bowiler,
un|mqlecqlar Qlectron tr.ansfer reactions and th|s.study cpnflrmed B. E.J. Am. Chem. S0099§ 120, 10902, (e) Sessler, J. L.: Brown, C. T ;
that diffusion is the major reason for not observing the inverted o'Connor, D.; Springs, S. L.; Wang, R.; Sathiosatham, M.; Hirose].T.

region in bimolecular PET reactions in the moderately large Org. Chem.1998 63, 7370. (f) Osuka, A.; Yoneshima, R.; Shiratori, H.;
driving force regime. Okada, H.; Taniguchi, S.; Mataga, 8hem. Commuri998 1567. (g) Deng,
. Y . Y.; Roberts, J. A.; Peng, S.-M.; Chang, C. K.; Nocera, DAGgew. Chem.,

The simplistic picture presented in Scheme 1 does not take nt. Ed. Engl.1997 36, 2124. (h) Kirby, J. P.; Roberts, J. A.; Nocera, D.
into consideration the presencefpfP andQ~Q species. Since  G. J. Am. Chem. Socl997 119 9230. (i) Hayashi, T.; Miyahara, T.;

_ ; f ; e Kumazaki, S.; Ogoshi, H.; Yoshihara, Kngew. Chem., Int. Ed. Endl996
hydrogen-bonding interactions are nonspecific in nature, these35y 1064. () Cukier, R. 1. Phys. Chemil996 100, 15428. (K) Arimura,

species may also be present in solution. Since the concentrationr : grown, C. T.; Springs, S. L.; Sessler, J.Chem. Commuri996 2293.

() Kirby, J. P.; van Dantzig, N. A.; Chang, C. K.; Nocera, D.T&trahedron
(5) (&) Suppan, PTop. Curr. Chem1992 163 95. (b) Hug, G. L,; Lett. 1995 36, 3477. (m) de Rege P. J. F.; Williams, S. A.; Therien, M. J.

Marciniak, B.J. Phys. Chem1995 99, 1478. (c) Efrima, S.; Bixon, M. Sciencel995 269, 1409. (n) Roberts, J. A.; Kirby, J. P.; Nocera, D.B.

Chem. Phys. Letfl974 25, 34. (d) Weller, A.; Zachariasse, IChem. Phys. Am. Chem. S0d.995 117, 8051. (0) Osuka, A.; Shiratori, H.; Yoneshima,

Lett. 1971, 10, 590. (e) Joussot-Dubien, J.; Albrecht, A. C.; Gerischer, H.; R.; Okada, T.; Taniguchi, S.; Mataga, @hem. Lett1995 913. (p) Sessler,

Bimolecular Quenching Unimolecular Quenching
Diffusion Mediated No Diffusion

e

Experimental Section

Knox, R. S.; Marcus, R. A.; Schott, M.; Weller, A.; Willig, F. lhight J. L.; Wang, B.; Harriman, AJ. Am. Chem. Sod 993 115 10418. (q)
Induced Charge Separation in Biology and ChemisBgrischer, H., Katz, Turro, C.; Chang, C. K.; Leroi, G. E.; Cukier, R. |.; Nocera, D.JGAm.
J. J., Eds.; Verlag Chemie: New York, 1979; p 129. Chem. Soc1992 114, 4013. (r) Harriman, A.; Kubo, Y.; Sessler, J. L.

(6) Prasad, E.; Gopidas, K. R. Am. Chem. So00Q 122 3191. Am. Chem. Sod 992 114, 388.
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Scheme 2. Structure of the Hydrogen-Bonded Complex
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Materials. All the probes and quencher molecules used for this study
were prepared by known procedures. These were thoroughly purified
and dried before use. CDglised for the NMR experiments was dried
over molecular sieves. The dichloromethane, chloroform, and toluene
used for fluorescence lifetime measurements were rigorously dried and
deaerated before use. Spectroscopic grade acetonitrile was used for the
cyclic voltammetric studies.

Results and Discussion

Study of photoinduced electron-transfer reactions in nonco-
valently bound doneracceptor systems, particularly hydrogen-
bonded donocracceptor systems, is an area of active current

interest! For our studies we have selected donors and acceptors

that can be assembled by two-point hydrogen-bonding interac-
tions involving carboxylic acid groups as shown in Scheme 2,
where P is the probe and Q is the quencher aret n = 1.

The length of the acetic acid dimer is 6.9CB4n our systems

an additional single bond is present on either side of the

hydrogen bond interface and hence the edge-to-edge distance

between the probe and quencher wilb@.40 A. For carboxylic
acid groups directly attached to aromatic rings, the association
constants reported are in the 35000 M1 range’»mnAdThe

CH, groups present in our system reduce the association
constants to the 56200 M1 range in dichloromethane solu-
tion.8 These CH groups also serve to isolate the chromophores
of P and Q from the carboxylic acid bridge.

J. Am. Chem. Soc., Vol. 123, No. 6, 20041
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Ered=-2.12V

Chart 1. Structures of the Probes and Quenchers Used in
This Study

H,COOH

406

AA
Eox = 094V

Ered=-1.99 V

QUENCHERS

DONORS
H,COOH H,COOH

OMe
MeO

1 2

Eox = 133V x = 085V

ACCEPTORS

H,COOH H,COOH H,COOH
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o
N NO,
3 4
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,COOH
NO,

"H
NO,
6

The structures of the probes and quenchers used in the study

are shown in Chart 1. The probe molecules used, namely
pyreneacetic acidqA) and anthraceneacetic acilX), can take
part in photoinduced oxidation and reduction reactions and all
the quencher molecules are known quenchers of the fluorescenc
of these molecules by an electron-transfer mechafism.
Decays of the probe molecules were exponential in the

Ered=-1.12V Ered=-0.99 V

a2 The redox potentials are all referenced to SCE.

Ered =-2.46 V Ered=-123V

gomponent £;) is independent of the quencher concentration

and the long lifetime component,j is dependent on quencher
concentration. From the short lifetime component, the rate

absence of quenchers. When a quencher is added, a fraction ofonstant for electron transfer within the hydrogen-bonded

the probe is associated and the rest remains free. As mentione
earlier both unimolecular and bimolecular quenching pathways
exist and this results in a biexponential decay of the probe that
can be expressed by eq 3.

Ly = Zp-0) EXPCUT)) + x(p) EXP(=UT,) (3)

Where
n=(otk) @
7= (ko + k[QD " (6)

xr-q) and yp) are the mole fractions of the associated and
unassociated probe molecules, respectivily(=1/ro) is the
intrinsic decay rate of the probé: is the unimolecular rate
constant of electron transfer within the associated complex, and
kq is the bimolecular quenching rate constant for the unassociate
probe molecule®® According to egs 35, the short lifetime

(8) (a) Derissen, J. LJ. Mol. Struct.1971, 7, 67. (b) Doan, V.; Kppe,
R.; Kasai, P. HJ. Am. Chem. S0d.997, 119 9810.

(9) (a) Julliard, M. InPhotoinduced Electron TransfdPart B; Fox, M.
A., Channon, M., Eds.; Elsevier: New York, 1998; p 216 and references
therein. (b) Murakami, H.; Hohsaka, T.; Ashizuka, Y.; Sisido, MAm.
Chem. Soc1998 120, 7520. (c) Zanini, G. P.; Montejano, H. A.; Previtall,
C. M. J. Chem. Soc., Faraday Trank995 91, 1197. (d) Mataga, NPure
Appl. Chem1984 56, 1255. (e) Aoki, I.; Sakaki, S.; Shinkai, 3. Chem.
Soc., Chem. Commut992 730.

gomplex can be calculated by using eq 6.

k= 1lt, — 1, (6)
The quenching rate constagtfor the bimolecular process can
be obtained from the slope of the Stetviolmer plot of 7o/7,
Vs quencher concentration.

197, =1+ KiTo[Q] (7)

With the redox potentials measured in acetonitrile, the free
energies of electron transf&G° can be calculated by using

eq 811
2
. ef1, 1\(1 1\ &
AG® = on - Ered_ EOO_ E(ED+E)(3_7_ ZJ - m (8)
S

dvhereEoy is the oxidation potential of the donodEeq is the

reduction potential of the acceptet,is the dielectric constant
of the solventrp andrq are the radii of the probe and quencher
molecules, respectively, and™is the distance separating these
partners.

It was observed that prob&uencher association takes place
only in less polar solvents such as dichloromethane, chloroform,
toluene, etc. In the presence of quenchers, probe decays were
biexponential. Analysis of the decay showed that {1)is
independent of quencher concentration, (2) the relative contribu-
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10" Table 1. Free EnergiesAG°) and Rate Constant&e( andkg) for
» the Donor-Acceptor Systems in Dichloromethane and Chloroform
10 dichloromethane chloroform
9
10 AG, ke ke  AG,  ka ke
- 10°4 system eV 10s?! 1°Mis! eV 10s?! 1PMist
w% 10’ PA/1 —-0.04 6.2 0.04 0.15 4.7 0.32
PA/2 —052 89.9 9.29 -0.33 127.0 6.80
10° PA/3 0.05 19 0.21 0.24 10.0 0.78
s PA/4 —1.18 39.0 1280 —-0.99 66.0 11.3
107 PA/5 —-129 89 2260
10 PA/6 —1.42 5.2 1280 —1.23 2.0 15.0
AA/2 —-0.24 430 736 —0.06 30.0 0.56
10° . T T AA/4  —0.92 1440 16.60 -0.73 90.0 9.80
1.5 -1.0 -0.5 0.0 0.5

2The numbers in column 1 corresponds to the number of the

0
AG’, eV quencher in Chart 1.

Figure 1. Dependence of electron-transfer ratieg {n the hydrogen-
bonded complex on free energy in chloroform. The solid line is a the Marcus equation and bimolecular reaction follows Rehm

computed curve witHg = 5 cn* and4 = 0.55 eV. Weller behavior.
B —_— In the case described here, the only difference between a
system which obeys Marcus behavior and one which obeys
10" L Rehm-Weller behavior appears to be the free diffusion of the
PA/E PAI4 papia  pas2 partners in the latter case. This prompted us to suggest that the
T 10 F =4O A A nonobservance of the inverted region in bimolecular PET
P AA2 \  PA/3 reactions is due to diffusion in the moderately large free energy
% 10°F A \A regime. This aspect is analyzed in detail below.
ol 10°L PAN It has been suggested in the literature that diffusion can mask
] the inverted region in two ways. The first of this is by limiting
107k the rate constant to the diffusion rate. This factor was recognized
very early and has been discussed by several authors. For a
10° ! ' L ' bimolecular electron-transfer reaction, the quenching rate con-
1.5 -1.0 , 05 0.0 0.5 stant is given by eq 9,
AGT, eV
Figure 2. The plot of bimolecular quenching rate constarkg ¢s 1 1 1
AG? in chloroform. The solid line is a fit to the Rehnaweller equation. k_q = Ect"' @ 9)

tion of 71 increases with quencher concentration, and3)

decreases with increases in quencher concentration. We havgyherek, is the rate constant for activated electron tran&fer.
calculatedker andk, values as mentioned earlier for several of \Whenk, s large, 1k, can be neglected and hencg~ Ky,

the probe-quencher systems and it is shown thatfollows which leads to limiting of the rate constants by diffusion. Using
the Marcus theory ank, follows Rehm-Weller behavior. An - these arguments, it can be shown that the inverted region will
important confirmation of Marcus theory comes from the solvent pe masked in the moderately large driving force regime because
dependence of the Marcus plot. According to eq 1, the maximum of diffusion, but should be observable in bimolecular PET

rate occurs whel\G°® = —A. The reorganization energyis reactions at\G°® < —2 eV. The original RehmWeller data
expected to be smaller in less polar solvents and hence thegid not, however, show any sign of the inverted region even at
maximum in the Marcus plot is expected to shift to less negative AG° = —2.6 eVv4b

free energy values in less polar solvelit3his is found to be
true in the present case. In dichlorometharabtained was 0.7
eV, which is found to shift to 0.55 eV in chloroform. Figure 1
shows a plot oket vs AG® and Figure 2 shows the plot & vs

AG? in chloroform solution for the probequencher systems.
Table 1 presents the valuesiqf andk, in two solvents. From
Figures 1 and 2 it is clear that the unimolecular reaction obeys

Rau and co-workers have suggested that the inverted region
is not observed in bimolecular PET reactions because of the
distance dependence of electron-transfer rates brought about by
diffusion!® This can be explained as follows. In the case of
freely diffusing molecules, the distance between the probe and
qguencher is variable. In Marcus theory, the maximum rate occurs
whenAG°® = —A. For a probe-quencher system in the normal

(10) One of the reviewers has pointed out tkgd, the rate constant for region, the maximum rate occurs at contact distance. For a
the dissociation process PQ — P* + Q, should also be taken into account.  system in the inverted regiodG°® < —A at contact distance.

In that case eq 4 has to be modified @s= (ko + ket + Kdis9 . The N . . :
importance okgisshas been discussed by Gould and Farid in their analysis i,_hoyvever, is distance depgndent and increases with d_IStance
of contact and solvent separated ion pair decay kinetics (see rekg.2i (vide infra). Hence at some distance larger than contact distance
For benzoic acid in chloroform solution, the associatiegy(and dissocia- (d > dg), AG® = —A can be achieved and the rate will be

tion rate constants were determined by Borucki, (BoruckBér. Bunsen- i ; ia i ; i i
Ges. Phys. Cheni967 71, 504). At 20°C, values ofkw— 4.7 x 1C° gm;usmn controlled at this distance. We examine this suggestion
M1 s Kyiss= 7.4 x 10 571, andK, = 635 M1 were obtained. For the elow.

arylacetic acids used in this studg, values were about 6-fold smaller.

Assuming the samé&,ss values, an upper limit of 4.3 10” s~ can be (12) (a) Northup, S. H.; Hynes, J. J. Chem. Phys198Q 73, 2700. (b)
calculated forkgiss in these cases. Thus, for tiRA/1, PA/3, and PA/6 Calef, D. F.; Wolynes, P. Gl. Phys. Chem1983 87, 3387. (c) Zusman,
systems wher& values are low (Table 1), contribution frokgiss may be L. D. Chem. Phys198Q 49, 295. (d) Sutin, NProg. Inorg. Chem1983
significant. Hence, for these systems the actual valu&s ofay be slightly 30, 441. (e) Marcus, R. ADiscuss. Faraday So&96Q 29, 129. (f) Tachiya,
lower than those presented in Table 1. M.; Murata, S.J. Phys. Chem1992 96, 8441.

(11) Kavarnos, G. Jundamentals of Photoinduced Electron Transfer (13) Greiner, G.; Pasquini, P.; Weiland, R.; Orthwein, H.; RauJH.

VCH: New York, 1993. Photochem. Photobiol. A: Cherh99Q 51, 179.
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10" 4 S — )
1 AE,=-15V 3
10 B E,=-12V
10° 4 CE_=-1.0V 5 3
< 10%4 A §
/’\ o
51075 B Q 24
6 {e)]
10" 3
10° c 14
10*4 ]
103 T T T T T T T T 0 2'0 4'0 6'0 8'0 100
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Distance, A Ime, ns

Figure 4. Fluorescence decay profiles of AA in the (a) absence and

Figure 3. Calculated rate vs distance curves in toluene for (A) normal (b) presence o6 (4 x 10-° M). (c) is the lamp profile.

and (B and C) inverted regions. Valuestgf® = 60 cnt?, 8 = 1.1

A1 4 =02eV,rp=6A ro=4A, andE, = 1.08 V were used. .
Probe/quencher systen®A/4, PA/5 and PA/6 fall in the

The reorganization energy is the sum of the inner shell inverted region. When these systems were allowed to undergo

(Ain) and outer shelliou) reorganization energiesy is solvent electron transfer at a fixed distance, the rates were low (see
and distance independent wheréag is dependent on these Figure 1 and Table 1). When the same probe quencher systems

factors and is given by eq 16, were allowed to diffuse freely, quenching occurred with
diffusion controlled rates (see Figure 2 and Table 1). This result
1 1 1\/1 1 can be interpreted to mean that at an edegdge distance of
Aout= Aez(? + . a)(e— - e:) (10) 9.4 A quenching is slow, but at some other distance quenching
P Q op

occurred with a higher rate. A similar inference is obtained from
a study of electron transfer in th®A/6 system.

Electron transfer in the AA/6 system: The AA/6 system
falls in the inverted region. Figure 4 shows the fluorescence
decay profiles oAA (1 x 1075 M) in the absence and presence
of 6 (4 x 103 M). Both the decays fit well into single-
exponential functions. The short lifetime component which
characterizes electron transfer in the hydrogen-bonded system
is absent in the decay profile at all quencher concentrations

where ¢qp is the optical dielectric constants of the solvent.
According to this equatior,o increases with distance in polar
solvents and is independent of distance in nonpolar solvents.
An opposite trend is expected favG°, which according to eq

8 is also distance dependeXG° increases with distance in
nonpolar solvents and is relatively independent of distance in
polar solvents. The opposing effects of separation distadice “

on He andA (in polar solvents) oAG® (in nonpolar solvents) -
. : studied. From a plot ofgz vs [6], ky was calculated and the
prompted several authors to predict that for systems in the value obtained was 1.6 101 M-1 s This shows that

inverted region the rate at larger separations is several orders L e .
of magnitude larger than that in the normal region and that the qgen(_:hlng in the freely diffusing molecules takes place with
rate maximum in the inverted region occurs cit> do.?® d|ﬁu3|on-control!ed rates.- . .

Following the treatments given by these authors, we have The factthat biexponential decay is absent inA#é6 system
calculated the rate vs distance curves for our type of systemssuggests two possibilities: (1) hydrogen-bonded complex is not
in a nonpolar solvent such as toluene and this is shown in Figureformed in this case and (2) hydrogen-bonded complex is formed

3. Values ofH, =60 cmil, S =1.1 A1 1, =02¢eV,rp= but the rate of electron transfer within the complkx) (s lower
6 A, andro = 4 A were used in the calculation (for the above thanky and hence is nonobservable. NMR studies support the
values ofHel, 8, anddy = 7 A, Hei ~ 5 cni?, which is the latter suggestion. FOAA the carboxyl proton appeared as a

value obtained from the fit to Figure 1). It can be seen from broad singlet around 11 ppm in CDCUpon addition of small
Figure 3 that for a system in the normal region (curve A) the amounts of6, this peak shows an upfield shift. Although we
rate maximum occurs at short distance, but for systems in thecould not determine the association constant due to the very
inverted region (curves B and C), the rate maximum can be Poor solubility of bothAA and6 in this solvent, NMR studies
expected atl > 10 A. suggest thaBA and 6 indeed associate in solution. Thus, if
To the best of our knowledge, the prediction that for systems biexponential decay is not observed, it must indeed be due to
in the inverted region the rate maximum occurs at larger the inefficiency of the electron-transfer pr.oce.ss'within the
distances has not been experimentally verified. Our experimentshydrogen-bonded complex compared to the intrinsic decay rate
provide some indirect evidence for the above prediction and of AA. This result can be interpreted to mean that at an edge
suggest that this factor also may contribute to the masking of €dge distance of 9.4 A, the PET process is not at all efficient,
the inverted region in bimolecular PET reactions. The first of but at some other distances PET occurred with diffusion-
such evidence comes from an analysis of the data presented irfontrolled rates.
Table 1 and Figures 1 and 2. Figures 1, 2, and 4 suggest that diffusional electron transfer
in the inverted region occurs with higher rates at some distance
Anﬁlf)éi). hpﬂﬁ;csescfr%rﬁfé&hi?1%?./51956’24' 966. (b) Marcus, R-A. qther than the hydrogen-bonding distance of 9.4 A. The data
(15) (a) Brunschwig, B. S.; Ehrenson, S.: Sutin,]NAm. Chem. Soc as such do not say whether this distance is lower or higher than
1984 106, 6858. (b) Sutin, N. I'Supramolecular Photochemisfigalzani, 9.4 A. Taking the clue from Figure 3 (B and C) we suggest

V., Ed.; Riedel: Amsterdam, 1987; p 73. (c) Murata, S.; TachiyaJM. ; ;
Phys. Chem1996 100 4064. (d) Georgievskii. v.. Burshtein. A. 1. that this distance may be greater than 9.4 A. To seek some

Chernbrod, B. MJ. Chem. PhysL996 105, 3108. (¢) Angel, S. A.; Peters,  SUpport for this, we have carrigd out a study of distance
K. S.J. Phys. Chem1991, 95, 3606. dependence of electron transfer in these systems.
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Table 2. Relevant Data for the Probes and Quenchers Used in the
Distance Dependence Study

Distance dependence of electron transfer in hydrogen-
bonded donor—acceptor systems:n this section we report

some results of our studies on the distance dependence of chromophore nvn 71,2 NS Eo V. Ewea V
electron-transfer reactions in hydrogen-bonded deaocep_tor _ PA 1 100+ 10 (150 5) 1.08 212
systems. We are aware that the systems we are dealing with 2 90+ 10 (130+ 5) 110 —2.18
are flexible and several conformations of the systems can be 3 85+ 10 (130+ 5) 1.12 -2.13
present in the medium. Nevertheless, we have undertaken a 2 1 0.85

distance-dependence study for three reasons: (1) distance 4 i 0.98 1923
dependence of electron transfer in hydrogen-bonded systems > 117
involving small-molecule donefacceptor systems has not been 3 —1.17

studied, (2) these systems provide an opportunity to study the — -

distance dependence of electron transfer in the inverted region ar; values are in dichloromethane and the values in parentheses are
. - . those obtained in toluene.

by fluorescence methods, and (3) it may throw some light into _ _ _

our discussion regarding the masking of the inverted region duea general absence of systems in the inverted region that can be

to distance dependence of the rate constants in this free energytudied by fluorescence quenching methods. The inverted region

regime.

Electron-transfer reactions involving donors and acceptors
held together by hydrogen-bonding interactions are common
in biological systems. The “pathway model” for biological

is observed only rarely in bimolecular reactions. Even for those
intramolecular reactions where the inverted region is observed,
the bell-shaped function actually consists of two distinct parts:
(1) a photoinduced forward process, which is restricted to the

etc. modulate the electronic coupling between the donor and
acceptor® The distance between the donor and acceptor is
obviously very important. Thus a study of the distance

generally not amenable to studies by fluorescence techniques.
In the hydrogen-bonded systems at hdPl/4, PA/5, andPA/6
belong to the inverted region and can be studied by fluorescence

dependence of electron transfer in such systems is alsolifetime methods. This is a major reason for undertaking the

important. In the present work, we have varied the distance
between the probe and quencher by changing the valueg’of “
and n” for the hydrogen-bonded complex shown in Scheme
2. For every CH group the distance is assumed to increase by
1.27 A7 Although the methylene chain is flexible, for small
values ofmandn, we expect the complex to assume near-linear
configurations.

There exist several outstanding studies on the distance

dependence of electron-transfer reactithddost of these

distance-dependence study.

We have studied the distance dependence dP&i@ system,
which falls in the normal region, and that of tR&\/4 system,
which falls in the inverted region, by fluorescence lifetime
measurements discussed earlier. These studies, however, are
complicated by a few experimental limitations. The Qjfoups
make the system flexible and reduce the association constant.
As a result, the biexponential decay attributed to association is
not observed forrh + n) > 5 in dichloromethane solution.

studies, however, pertain to the normal region. Despite its greatBetter association is observed in toluene where association is

importance and significance, especially in the design of su-

observed up tond + n) = 6. In this solvent, however, tHeA/2

pramolecular devices based on PET, distance dependence opystem exhibited excimer emission even at low concentrations

electron transfer in the inverted region has not been studied in
detaill” This, we believe, is attributed to the fact that there is

(16) (a) Bowler, B. E.; Meade, T. J.; Mayo, S. L.; Richards, J. H.; Gray,
H. B. J. Am. Chem. S0d.989 111, 8757. (b) Meade, T. J.; Gray, H. B.;
Winkler, J. R.J. Am. Chem. Sod989 111, 4353. (c) Therien, M. J.;
Selman, M.; Gray, H. B.; Chang, I.-J.; Winkler, J. R.Am. Chem. Soc.
199Q 112 2420. (d) Winkler, J. R.; Gray, H. BChem. Re. 1992 92,
369. (e) Onuchic, J. N.; Beratan, D. Bl.. Chem. Phys199Q 92, 722. (f)
Beratan, D. N.; Onuchic, J. Mdv. Chem. Ser1991, 228 71. (g) Beratan,
D. N.; Betts, J. N.; Onuchic, J. N5ciencel991 252, 1285. (h) Betts, J.
N.; Beratan, D. N.; Onuchic, J. N. Am. Chem. S0d.992 114, 4043. (i)
Beratan, D. N.; Betts, J. N.; Onuchic, J. N.Phys. Cheml992 96, 2852.

(17) Yonemoto, E. H.; Saupe, G. B.; Schmehl, R. H.; Hubig, S. M,;
Riley, R. L.; lverson, B. L.; Mallouk, T. EJ. Am. Chem. S0d.994 116,
4786.

(18) (a) Johnson, M. D.; Miller, J. R.; Green, N. S.; Closs, GJ.LPhys.
Chem.1989 93, 1173. (b) Oevering, H.; Paddon-row, M. N.; Heppener,
M.; Oliver, A. M.; Cotsaris, E.; Verhoeven, J. W.; Hush, NJSAm. Chem.
So0c.1987 109, 3258. (c) Oevering, H.; Verhoeven, J. W.; Paddon-Row:
M. N.; Cotsaris, E.; Hush, N. SChem. Phys. Lett1988 150, 179. (d)
Jordan, K. D.; Paddon-Row, M. NChem. Re. 1992 92, 395. (e) Heiler,
D.; McLendon, G.; Rogalskyj, RI. Am. Chem. S0d.987 109 7540. (f)
McLendon, G.Acc. Chem. Red4.988 21, 160. (g) Helms, A.; Heiler, D.;
McLendon, G.J. Am. Chem. Sod99], 113 4325. (h) Schmidt, J. A;;
Mclintosh, A. R.; Weedon, A. C.; Bolton, J. R.; Connolly, J. S.; Hurley, J.
K.; Wasielewski, M. RJ. Am. Chem. So&988 110, 1733. (i) Wasielewski,
M. R.; Johnson, D. G.; Svec, W. A.; Kersey, K. M.; Minsek, D. WAm.
Chem. Soc1988 110 7219. (j) Wasielewski, M. R.; Niemczyk, M. P.;
Johnson, D. G.; Svec, W. A.; Minsek, D. Wetrahedron1989 45, 4785.

(k) Heitele, H.; Michel-Beyerle, M. EJ. Am. Chem. S0d.985 107, 8286.

(I) Finckh, P.; Heitele, H.; Michel-Beyerle, M. EEhem. Phys1989 138

1. (m) Ryu, C. K.; Wang, R.; Schmehl, R. H.; Ferrere, S.; Ludwikow, M.;
Merkert, J. W.; Headford, C. L.; Elliott, C. MJ. Am. Chem. S0d 992
114, 430.

of 2, which complicated the analysis of the decay functions.
Thus the PA/2 system was studied form( + n) < 5 in
dichloromethane. For th®A/4 system, (h + n) < 5 were
studied in both solvents, butn(+ n) = 6 could only be studied
in toluene. The trend observed in both solvents, however, was
the same. The redox potentials of the compounds did not show
appreciable change with additional ggroups. So for the sake
of simplicity, the redox potentials of the parent compounds (
= n= 1) were used for all systems in the calculations. Relevant
data for the probes and quenchers used are summarized in Table
2.

Results of the distance-dependence studies are given in Table
3 and plotted in Figure 5. For tHeA/2 system, which falls in
the normal region, the rate falls from 9:0 10° to 8.3 x 10’
s71, when (m + n) changes from 2 to 5. We have tried to fit
the data using egs 1, 8, and 10 and the fit obtained With=
30 cnrtandp = 0.7 A1is also shown in Figure 5. (Better fit
to the data can be obtained, but this will have very pwalues
and hence these are not presented here.) Figure 5 shows the
results of the distance-dependence study forRA& system,
which falls in the inverted region. Although the data show a
small initial increase followed by a decrease (Table 3) it may
perhaps be more appropriate to suggest that the rate depended
very feebly on distance in this system. Thus our conclusion from
the distance-dependence studies is the following: (1) distance
dependence of electron transfer in the normal region in
hydrogen-bonded systems is similar to that in covalently linked
systems, (2) systems in the normal and inverted regions exhibit
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Table 3. Kinetic Data for Electron Transfer in the PA/2 and PA/4
System

chromophore m+n ket S72

PA/2 2 9.0x 108

3 5.3x 108

4 1.7x 108

5 8.3x 107

PA/4 2 3.9x 108

3 4.4x 108

4 3.4x 108

5 3.2x 108

6 3.0x 108

aPA/2 is carried out in dichloromethane aRd\/4 is carried out in
toluene.
10" L
10°F
‘T(n o
~° 10t
10"
105 1 | | | 1 ! L
10 11 12 13 14 15 16 17
Distance, A

Figure 5. Distance dependence of rate constakiy for (a) the PA/2
system in dichloromethane an®)(for the PA/4 system in toluene.
The solid line is a fit usingde® = 30 cmt, = 0.7 A1, 1, = 0.2 eV,
re =6 A, andrq = 4 A for the PA/2 system.

very different behaviors, and (3) rates in the inverted region
failed to show a large increase in rate at larger separations. It is
to be noted here that in an earlier study in covalently linked
flexible systems, Mallouk and co-workers also did not observe

the predicted rate increase at larger separations in the inverted

regionl’?
Figures 1, 2, and 4 suggest enhanced diffusional electron
transfer rates at larger distances in the inverted region. Distance

dependence studies in the inverted region in hydrogen-bonded
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more rigid systems will show large enhancements. In any event
this factor may not contribute significantly toward the masking
of the inverted region in diffusional electron-transfer reactions
in the deep inverted region. In the familiar two-sphere model
on which eq 10 is based,,: becomes independent of separation
distance at largd. For two identical spheregq,: changes only

by a factor of 2 when distance changes from contact distance
to infinite separation. Extrapolation of the curve in Figure 1
yields ket < 10* s71 when AG® —1.5 eV in chloroform
solution. In this situation, the predicted enhancement in rate
will be much smaller than the diffusion-controlled rates. Thus
masking of the inverted region in bimolecular PET reactions in
the deep inverted region is most probably due to other factors
such as formation of products in the excited states or presence
of other reaction channels.

Conclusions

We have studied the free energy and distance dependence of
electron transfer in a few donoacceptor systems assembled
through hydrogen-bonding interactions. Our study shows that
when diffusion is prevented Marcus behavior is observed and
when diffusion is allowed RehmWeller behavior is observed.
Thus the nonobservance of the inverted region in PET reactions
is attributed to diffusion. Results of the free energy dependence
studies suggested that the distance dependence of electron
transfer plays a role in masking the inverted region. Studies on
the dependence of rate on distance in hydrogen-bonded systems
reveal different behaviors for the normal and inverted regions.
In the normal region the rate shows an exponential decrease
with distance, whereas rates are relatively distance independent
in the inverted region. Thus distance-dependence studies did
not confirm the prediction of enhanced rates at larger distances
in the inverted region. In any case, this factor may not contribute
significantly to the masking of the inverted region in bimolecular
PET reactions in the large driving force regime.
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