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Abstract

Electron-transfer absorption of substituted benzene donors with tetracyanoethene (TCNE) is studied in dichloromethane and at several
temperatures. For quantitative comparison of the intensities of electron-transfer absofbaindiéferent electron donor/acceptor (D/A)
pairs at various free donor and acceptor molar concentratiémadCa) an absorption coefficient = A/(CpCa) is introduced. The
results indicate that values of sterically bulky alkyl substituted D/A pairs are several orders of magnitude lower than those of the
corresponding sterically unhindered pairs with similar structures and electron transfer properties. For a series of comparable sterically
bulky and unhindered donors, when strong donors are compared to weak donors, a more than 10-fold incvadsesins observed for
the sterically unhindered donors, while the change is less than two-fold for sterically bulky donors. This supports the view that the electron
transfer absorption of the sterically bulky D/A pairs originates from unassociated random pairs. Further evidence comes from the fact that
« values of sterically bulky D/A pairs show very weak or no temperature dependence. By fitting the absorption spectra of the CT bands
of the electron D/A complexes formed between TCNE and sterically unhindered donors, electronic coupling elements and reorganization
parameters are obtained. Based on these parameters, the electron transfer absorption spectra of the random pairs discussed earlier a
simulated and compared with experiments.
© 2003 Published by Elsevier Science B.V.
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1. Introduction D/A pairs, the contributions of distantly separated pairs con-
tribute an important part to the total absorption. Apart from
For non-adiabatic electron transfer, rate constants are usuthe EDA complexes, free D/A molecules are present in the
ally expressed as the product of an electronic coupling ma- solution as random pairs with statistical separation distances
trix elementHap, and a Franck—Condon weighted density of from a fraction of a nanometer to infinity. We propose that
stateg1-3]. Electron donor—acceptor (EDA) complexes are these random pairs are likely to make a significant con-
weakly associated neutral D/A pairs in which photo-induced tribution to the CT band. So far no detailed analysis has
electron transfer can occur directly by excitation in a charge been given for the relative contribution of such EDA pairs
transfer (CT) absorption barid,5]. Parameters needed to at different separation distances to the total absorption. The
define the Franck—Condon weighted density of states canBenesi—Hildebrand method provides a measure of the total
be obtained by fitting the CT absorption band proff@&3]. equilibrium constant of all the EDA complexes with various
The electronic coupling matrix elemeigy,, can be calcu-  separation distances, while the obtairecborresponds to a
lated by the Mulliken—Hush equation if the molar absorptiv- weighted average molar absorptivity.
ity (¢max), transition energyHapg, bandwidth Av1,2) and In recent work, we found that, when in moderately polar
electron separation distance @re known[8,9]. Weak in- solvents, an EDA complex is excited in its CT band; the
teraction between donor and acceptor in their ground statesfree ion yields exhibit strong wavelength dependefidy.
in solution makes the EDA association loose and reversible. We proposed that weak absorption by long-distance, unas-
EDA pairs with different separation distances and orienta- sociated or “random” D/A pairs is mainly responsible for
tions might contribute to the absorption of the CT band. We the free radical ion yield10,11]}. In this work, we measured
show that for EDA complexes formed by weakly complexed the absorption spectra of solutions of the electron accep-
tor, tetracyanoethene (TCNE) with a series of comparable
* Corresponding author. Tel:1-6036462500; fax:1-6036463946. sterically bulky and unhindered donors. In some cases, for-
E-mail addresscharles.l.braun@dartmouth.edu (C.L. Braun). mation of EDA complexes was prevented by using donors
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with large steric bulk. However, bulky donors like 1,3,5- FC(g) is the Franck—Condon weighted density of states. This
tri-tert-butylbenzene (TBB), hexaethylbenzene (HEB) and term is a function ofAG?, the standard state free energy
1,2,4,5-tetraso-propylbenzene (TIPB) still give weak CT change associated with the electron transfer reactiorg)FC(
absorption spectra in solution with TCNE. A random D/A is also a function of several other factors, the reorganization
pair model can satisfactorily explain these spectra. The pho-energyas, associated with solvent and other low-frequency
toexcitation of the CT absorption of these weakly interacted modes, and the reorganization enekgy associated with a
but non-complexed donor and acceptor pairs will directly single averaged high frequency mode of frequengyj is
result in the formation of long distance EDA ion pairs. A the number of quanta of the; mode.
large portion of these ion pairs are actually solvent separated The Benesi—Hildebrand method cannot provide infor-
ion pairs which are important in producing free ions by fur- mation about the relative contribution at each separation
ther separation. To probe the interaction strength of different distance in the total absorptiofp]. The dependence of
D/A pairs, temperature dependence experiments are con-absorption on distance is calculated with following assump-
ducted. Finally, the profiles and intensities of electron trans- tions. The concentrations of both EDA complex and random
fer absorption spectra of the random pairs discussed earliempairs with separation distancere proportional to the prod-
are simulated and compared with the experimental results. uct of free donor and acceptor concentration. At given free
donor and acceptor concentrations, the EDA complex con-
centration is controlled by its formation constal, while
the concentration of random pairs at each separatig)
is directly related to the statistical distribution of free donor
The acceptor used in the experiment was tetracyanoethenand acceptor molecules in bulk solution. CT absorption is
(TCNE, Acros, 98%), which is a strong electron accep- the sum of that from EDA complexes and random pairs at
tor [12]. Donors used were 1,3,5-trimethylbenzene (TMB, different separation distancesd. (3).
Aldrich, 99%), 1,3,5-triethylbenzene (TEB, Aldrich, 98%),
1,3,5-tritert-butylbenzene (TBB, Aldrich, 97%), 1,3,5-tri-

2. Experiments

iso-propylbenzene (TrilPB, Acros, 97%), durene (DUR,
Aldrich, 99%), 1,2,4,5-tetréso-propylbenzene (TIPB,

Aldrich, 96%), hexamethylbenzene (HMB, Aldrich, >99%)
and hexaethylbenzene (HEB, Aldrich). Solvents used
were dichloromethane. TCNE was recrystallized from

dichloromethane before use. All other reagents were used as

received. For all the experiments, the concentration of TCNE
was 0.04 M. The donor concentration wasZ0~4 ~ 0.2 M.
Absorption spectra were recorded in 1cm cells using a

m o)
A = Agpa + Arandom= / dA () +/ dArandondr)
1o m

= /rmS(V) dCepa(r) +[®8(r) dCg" M)

.
0 m

I
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e(r)CpCa dK (1)
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Perkin-Elmer Lambda 9 spectrometer. The cell temperaturewhereNp is Avogadro’s constant, can be understood as

was controlled by using Brinkmann RM6 circulation system.
Moisture is removed from the cavity by blowingNas.

3. Results and discussion
3.1. Introduction of the concept of “random pairs”

For a homogeneous solution of donor and acceptor,
the molar absorptivity €(v,r)) of D/A pairs at separation
distancerpa is related to the electronic coupling matrix
element Hap(r)), the Frank—Condon factor (F@J) and
electron transfer distancepa) by Eq. (1) and (2) [6]

8N €? DOP[Hab(V)]Z"%A
3000:2¢vIn 10

FC(g) (1)

e(v,r) =

o
FC(g) — ZFj(47T)\SkBT)71/2 e*(jhUV+8+)»S)2/4)»SkBT (2)

j=0
F= Y N Y
J hvy

a critical separation distance beyond which specific EDA
interaction decays to zero. Frofq. (3) it is clear that
absorption intensities of both EDA complexes and random
pairs are proportional to the product of free donor and
acceptor concentrations.

For a quantitative comparison of the intensities of
electron-transfer absorptions, of different electron D/A
pairs at various free donor and acceptor molar concentra-
tions,Cp andCa, a concentration-independent parameter
is introduced:

A

= 4
= CoCa 4)
ThusEg. (3)can be written as
K = KEDA —+ Krandom pair

m 00
= / e(r)dK(r) +/ 47 x 1072 Norle(r) dr (5)
rg rm

Thek value depends on both the molar absorptifs) and
the formation equilibrium constant at each individual sepa-
ration distance. The formation equilibrium constant at each
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K, x0.04 . . . . . .
150 ouR.TCNE tively. There is no significant change in their electron do-

nation properties. Space-fill molecular models indicate that
the face-to-face contact separation distances for TCNE with
TMB and TBB are 3.5 and 4.8 A, respectiveljg. 2shows
thex profiles of TCNE with similar donors like TMB, TEB,
TrilPB and TBB in dichloromethane. Thevalues for TCNE
with these donors decrease as the donor becomes bulkier,
from 3620 to 1150, 100 and 22. This means thatthel-
y y T ues exhibit strong dependence on the contact separation dis-
30 25 20 15 . : . o
34 tance. Assuming that separation distance distribution for the
(b) Wavenumber /10" cm . . . L
above D/A pairs at long distances are similar and steric hin-
drance affects only the short distance distribution, the more
than three-fold decrease anvalue from TMB to TEB indi-
cates that more than 70% of the absorption in TCNE-TMB
is caused by D/A pairs with separation distances between
3.5 and 3.8 A. Similarly, the more than 30-fold decrease in
« value from TMB to TrilPB shows that about 97% of the
absorption in TCNE-TMB is caused by D/A pairs with sep-
aration distances from 3.6 to 4.1A. The extremely weak
absorption of TCNE-TBB« = 22) compared with that of
TCNE-TMB shows that absorption by D/A pairs with large
separation distances (>4.8 A) contributes only 0.4% to the
d v T total absorption of TCNE-TMB. Control experiment indi-
30 25 20 15 S . "
© Wavenumber /x10%m” cates that the weak absorption is not caused by impurities
like tert-butylbenzene and dert-butylbenzene. For stronger
Fig. 1. The absorption spectra of electron acceptor, TCNE with three €l€ctron donors, an even larger decreasevalues induced
pairs of electron donors in DCM. (a) TMB vs. TBB; (b) DUR vs. TIPB; by steric hindrance can be expected. For example, as the
(c) HMB vs. HEB. donor is changed from sterically unhindered HMB to steri-
cally bulky HEB, the correspondingvalue decreases from
individual separation distance is directly related to the sep- 87800 to 43. A more than 2000-fold decrease is observed.
aration distribution oD/A pairs. For a quantitative descrip- In Eq. (3) absorption caused by D/A pairs at a given sep-
tion of CT absorption in EDA systems, detailed information aration distance is determined by molar absorptiwfy),
about the separation distance distribution of EDA complexes and D/A pair concentration at that separation distance. As
and random pairs is needed. To probe such a separation diswe will discuss later, the molar absorptivity shows only a
tance distribution, the CT absorption of TCNE and a series relatively weak distance dependence at separation from 3.5
of donors with similar structures and electronic properties to 4.8 A, which means that the main reason for the weak
but with different steric hindrance are comparéey( 1 and absorption at long separation comes from the low D/A pair
Scheme L concentration. Such a low concentration can only be possible
The oxidation potentials for unhindered donor TMB and when there is no interaction between a donor and an acceptor
bulky donor TBB are 2.1113] and 2.10,[14], respec- molecule. In another word, they are statistically distributed.
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Scheme 1. Structures of donor and the acceptor molecules and their abbreviations.

For these long distance D/A pairs from TCNE with sterically HMB. As discussed earliex, values of TCNE with stronger
bulky donors, if there is no specific EDA interactiorkgY) donors exhibit larger decreases when bulky substituents are
between donor and acceptor molecules, we call them ran-introduced. From TMB to HMB, a more than 20-fold in-
dom pairs. For these random paiEs). (5)can be simplified crease ing value is observed. However, for the sterically

to bulky donors TBB, TIPB and HEB, only less than two-fold
Absorbance o0 PSR increase inc value can be_ seen. The smaller ch_ange_s in
k(v) = “ocn 4 x 107" Nor“e(r) dr (6) values for TCNE with sterically bulky donors having differ-
D-A "m ent electronic donation properties imply that the separation
distance distribution for these D/A pairs is similar. This can
3.2. Influences of driving force and bulkiness on EDA be understood from our view that the electron transfer ab-
system absorption sorption of the sterically bulky D/A pairs originates from

random pairs.

Thek values for TCNE with various sterically unhindered Apart from the weakness of electron transfer absorption
donors are collected iffable 1 It is clear thatx values of TCNE with sterical bulkiness, another feature of the ab-
exhibit strong dependence on both electron donation and thesorption is that they should exhibit clear blue shifts com-
steric bulk of the donors. pared with absorptions of TCNE with sterically unhindered

As can be seen frofiable 1 the change in electron do- donors of similar electronic donation properties. As we have
nation properties from TBB to TIPB to HEB is almost the discussed before, the transition energy at maxingax(r)
same as that of unhindered donors from TMB to DUR to for electron transfer absorption at a given D/A separation

Table 1

The effect of bulky substituent groups aenvalues of EDA pairs of TCNE with different donors

Donors o (A) k (M~2cm 1) Maximum (x10%cm™1) Avijp (x103em) E1/2(D*/D) (V vs. SCE)
TMB 3.5 3620 21.5 5.6 2.11
TEB 3.8 1150 21.1 5.6

TrilPB 4.1 100 20.6 6.4

TBB 4.7 22 23.8 9.9 2.10
DUR 35 8440 20.9 7.4 1.78
TIPB 4.7 38 20.2 7.8 1.77
HMB 35 87800 18.6 53 1.59
HEB 4.6 43 18.8 10.3 1.61

2We could not see an obvious blue shift in TIPB/TCNE and HEB/TCNE spectra. This may be the result of the limited precision in determining the
maximum of a weak absorption spectrum.
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distance can be written §%5] 60

vmax(r) = As(r) + Ay + AGO(r) 7

As(r) anday are the solvent and intramolecular reorganiza-
tion energies, respectivelAGO(r) is the standard free en-
ergy change of the electron transfer transition. Under the
Marcus two-sphere assumptior(r) (eV) can be written as

O O S S AW @
0= (25 2~ +) (5en " 02

% /100 M?

T T T

whererp andra are radii of donor and acceptor molecules, 30 25 20 15
Dop andDs are optical and static dielectric constants of the (a) Wavenumber /10°cm™

medium.AGO(r) (eV) can be written as

Dt A 1
AGO(r) = |:E1/2 <3) — E1p2 (A_ﬂ iy )

WhereEl/z(D+/D) and Ey2(A/A™) are the redox poten-
tials of donor and acceptor, respectively. Introdudtug. (8)
and (9)into (7), we have

Dt A
Vmax(r) = Ay + |:E1/2 <F> — Eyp <A_>}

11 11 1 0
- - - — 10 T T T
* (2rD + ZVA> (DOP Ds) Dopr (10) 30 25 20 15

(b) Wavenumber /10°cm™

30

204

K M2

10

From Eqg. (10) it is obvious that an increased separation
distance between donor and acceptor will result in increasesrig. 3. (a) Absorption spectra of TMB/TCNE at different temperatures;
in transition energy or blue shifts in the CT absorption band. (b) absorption spectra of TBB-TCNE at different temperatures.

It is generally believed that there exists a wesakr in-
teraction between donor and acceptor molecules in EDA
complexes. The strength of such interactions in EDA com-
plexes can be evaluated directly by measuring the formation
enthalpy of the complexes. For TCNE with sterically unhin-
dered donors, if the electron transfer absorption is caused
by random D/A pairs, we can expect that the formation en-
thalpy will be zero or negligible.

To obtain formation enthalpyAH®, a modified method
based on the conventional Van't Hoff equation is used.
By combining the Benesi—Hildebrand methf] and the
Beer—-Lambert law, we have

0.15M TMB in DCM at different temperatures. The absorp-
tion intensity is very sensitive to the change in temperature.
As temperature increases from 273 to 308K, maximum
« values decrease from ca. 5300 to 20002V From the
linear dependence of b on 1/T the formation enthalpy,
AHO, of the EDA complex between TCNE and TMB is
—20.7+ 1.2 kd/mol.AH? of EDA complexes of TCNE with
other sterically unhindered donors are determined similarly.
They are listed inTable 2 As expected,AH?| increases as
methyl substitution of the donor molecule increases.
By definition, we consider random pairs to be EDA pairs
_ A (11) with no interactions, that is, the formation enthalpies are
(CB — CDA)(CR — Cpa)eb zero. No temperature dependence should be observed for
pure random pair absorption spectrufig. 3bshows the ab-
whereA s the absorbancé;g andCR are the initial concen-  sorption spectra of 0.05M TCNE with 0.2M TBB in DCM
trations of the donor and acceptor, respectively, @pd is at different temperatures. As discussed earlier, TBB is a ster-

the concentration of the EDA complex. Under the condition jcally bulky donor with almost the same electron donation
thatC > €% and the assumption tha — Cpa and mo-

lar absorptivity are temperature independent, the following

relationship can be deduced: Table 2
The formation enthalpyAH® of EDA complexes of TCNE with TMB,
d(Ink) _ d(InekK) _ d(In K) N d(In A) (12) DUR and HMB
d(1/7) d(1/7 d(1/7) d(1/D Donor AHC (kJ/mol)
The formation enthalpyAH?, for different D/A pairs can ~ TMB —20.7+£12
be obtained from the slope of the plot ofAnversus 1T. DUR —2rl+28

Fig. 3ashows the absorption spectra of 0.02 M TCNE with HMB —30-2+08
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properties as that of TMB. In comparison to TCNE with 4000 Experimental
TMB, no detectable temperature dependence is observed. - - - - Calculated
This proved that there is no specific interaction between

donor and acceptor molecules in the solution. It is evident 3000+
that the CT absorption band is from random pairs between
TCNE and TBB. For solutions of TCNE with sterically bulky ?
donors TIPB and HEB, the CT absorption intensities exhibit
non-zero but very weak temperature dependence. We believe
that the intensity arises from EDA random pairs also. The 1000+
extremely weak temperature dependence can be understood

as non-pure random pair parts of the system, since they are 0- - o
less bU”(y than TBB. 30 2l5 zlo 1I5

2000

x/M

. . . . . Wavenumber /10°cm™
3.3. Theoretical consideration afin random pair

absorptions Fig. 4. Experimental absorption spectrum of TMB-TCNE in DCM at room
temperature and theoretical fitting Bgs. (1), (2) and (16)sing«x = 1.56,
HY, = 1400cnT?, A, = 2400cm?, As = 5800cnT?, v, = 1400cnT?

To perform an accurate calculation of profile and strength ang AG(ro) — 13940 e,

of random pair absorption, the impact of structures and ori-

entations of donors and acceptor molecules on separation ) . .
distance distribution and electronic coupling needs to be ad-"ation distance. Because of the strong interaction between
dressed. The solvent structure and its implication in con- D/A molecules at short distance, most of the CT absorption

trolling the donor/acceptor separation distance distribution for TCNE with sterically unhindered donors such as TMB
also need to be taken into consideration. The development2"d HMB comes from EDA complexes which are close
of such a precise model that covers all these factors in thel© contact in separation. The separation distance distribu-
calculation is beyond the purpose of this work. The presen

ttion and contributions of random pairs to the absorption
calculation will be based on the framework of electron trans- ¢&n be ignored in these systems. The EDA complexes can
fer theory under two-spherical assumption with a dielectric

then be described as single specie with a contact separation
continuum model for solvent. The result will provide us a

distance. For these systenis). (4)can be simplified as
simple estimation of the delectability of absorption caused (4, v) = e(rg, V) K (16)
by random pair under the donor and acceptor concentrations.
Under the earlier assumptiong(y) of random pairs can be  Fig. 4 exhibits the theoretical and experimentéb) profile
calculated byEq. (6)if the molar absorptivitye(r,v), at dif- of the CT absorption of TCNE-TMB complex in DCM. To
ferent separation distances is known. To calcutgte) by fit the «(v) profile by Eq. (1) Eqg. (16)is introduced into
using Eq. (1) Han(r), As(r), Av, AGY(r) are needed. The Eg. (1)and aK value of 1.56 is used according to litera-
electronic coupling between donor and acceptor moleculesture [12]. The other parameter used in the fittingvis =
is assumed to decay exponentially as the separation distancd400 cnt!, which is a typical value for a skeletal stretching

r increases and can be calculatedHy. (13) [9,16]if the mode of the ring system involvel®,7]. The shape of the

electronic coupling at separatiog is known. spectrum is found to be very sensitive to the parameters. As
_B(r— can be seen, the fit to experiment is good. From the fitting of

Har) = H3y(ro) #0012 (13) " 0 ’

CT absorption to the(v) profile of TCNE-TMB in DCM,
Based onEgs. (8) and (9)the solvent reorganization en- Wwe obtained reorganization energies, = 2400cnt?,
ergy, As(r) and free energyAGO(r), at separatiom can be ~ As = 5800cnt!, AG%rg) = 13940cnt?, and the

calculated byEgs. (14) and (15) [1] electronic coupling factongb = 1481cnrl. Results of
HMB/TCNE are also shown iffable 3
1 1 1 1 . - .
As(r) = As(ro) + <— — —) (— - —) (14) For the calculation of the(v) profile of random pairs,
ro r/) \Dop Ds spherical models are used and the solvent is considered a
0 0 1 1\ 1 structureless dielectric continuum. The radii of both donor
AG™(r) = AG™(ro) — (; - g) Ds (15)  and acceptor spheres are calculated from their molecular

where A5(rg) and AGY(ro) are the solvent reorganization Table 3

energy and Stg‘ndard free energyOChange at the Separatiogarameters obtained from fitting absorption spectra of EDA complexes
ro. Values of Hy(ro), As(ro) and AG"(ro) at the separation  of TCNE with TMB and HMB
ro can be obtained by fitting the absorption spectra of EDA 5~ W emd) s (eml)  AG (o) emY)  HO (cm Y
complexes of TCNE with TMB and HMB. 2
As discussed inSection 3.1 the interaction between TMB 2400 5800 13940 1400
HMB 2200 6300 10780 1800

donor and acceptor is very sensitive to changes in sepa-
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volumes, respectively. The limit and error involved in orientation distribution at each separation as the separation
the dielectric continuum solvent model is discussed later. distance increases. Most of EDA complex between TMB
E1/2(D*/D) values (versus SCE) for TMB, TBB, HMB  and TCNE are in face-to-face configuration which favors
and HEB are 2.1113], 2.10[14], 1.61[13] and 1.59[14], strong electronic coupling between the donor and acceptor
respectively. The steric hindrance has almost no effect onmolecules. However, the orientation of EDA pairs between
E1/2(D*/D). From Eq. (9) we expect that, at the same TCNE and TBB is random. When A-value of 1.0 A1
separationr, the_ standard free energy c_hangBGO(r_) of is used to calculatéigb(rm) of TBB=TCNE from Hgb(ro)

the CT absorption of TCNE with a sterically unhindered o T\B-_TCNE, differences in the orientation distribution
donor equals that of TCNE with a comparable sterically pepyeen the two systems are ignored. This will result in a
bulky donor. TheAG®(ro) which is obtained by fitting the  |3rge HO(rm) value. At this stage, the effect of orientation
CT absorption of EDA complexes and corresponds to the actor can not be addressed quantitatively. An estimate of
free energy change at contact separatiphetween TCNE  {he relative strength of random pair absorption is sketched
and sterically unhindered donors can be used to calculate;, Fig. 5. Intensities 0kmax(r) probability of finding a donor
AGO(r) of rangom pairs bet\./ve_en TCNE and sterically bulky 5+ gistancer (P(r)) and «(r) are calculated fronEgs. (1),
donors by using=q. (15) Similarly, Han(r) and&s(r) can (3) and (6) The spherical model for estimating random pair
be calculated fronkg. (13) and (14py using Hy,(ro) and absorption uses contact distances for donor and acceptor
As(ro) values obtained from fitting the CT absorption of gpheres that are larger than the real contact pair when EDA
TCNE with sterically unhindered donors. Other parameters complex is formed. Rather than the spherical contact sepa-
used in the calculation are the same as for TMB except that 4tion distance, a more realistig value of 3.5 A is used in

here the contact separation distance of 7.2 A between TCNEspectraI fitting when EDA complex is formed.

and TBB is chosen as,. Both TBB and TCNE are planar From theFig. 5bit is clear thatemax(r) decays almost
molecules, with face-to-face conta_ct separation of ca. 4.8 A exponentially with increasing separation distance, butkthe
and edge-to-edge contact separation of ca. 9.5A. We expecig|ye decays more slowly. The increasing probability and
that a space-fill model for acceptor and donor molecules ygcreasing molar absorptivity at longer separation distance
provides an adequate approximation that allows calculation 4, largely compromised in the calculation o). The

of the «(v) profile of random pairs at long separation. The r¢|ative absorption strength of random pairs at a separation
contact separation of 7.2 A arising from a spherical model

for both donor and acceptor should be regarded as a statisti-

cal average of contact separations for different orientations 1.00 _
from 4.8 (face-to-face) to 9.5 A (edge-to-edge). Such EDA
pairs may be regarded as random pairs. A more sophisti- 0.75-

cated model will be needed if accurate calculations of prob-
abilities for random pairs at different separation distances

>
is expected at small separation<{ 10 A) (see, for example § 0501
[17]). Another factor that should be taken into consideration E
in any detailed modeling is that the orientation distribution 0.25
depends on the separation distance when the separation dis-
tance is smaller than the edge-to-edge contact separation. At 0.00 . . -
a separation of 4.8 A, the EDA pair must be face to face. As s 10 15 20
(a) Separation distance /Angstrom

the separation distance increases, other configurations are

permitted. This will have an important effect on the evalua- 1.00

tion of Hyp at different separationgb(rm) is calculated to

be 232 ¢! from Eq. (13)by using HO(ro) = 1481 cnt?

at ro=35A and g =1.0A-1! ([18,19] as discussed in

Section 3.1the EDA complex between TCNE and TMB

can be described by a single species with a sandwich struc-

ture that has a face-to-face separation of 3.5 A. Because of

EDA complex formation, the separation distance distribu- 0.254

tion does not play a significant role in the CT absorption of

TMB and TCNE. Instead of using the separation distance of

6.7 A based on a spherical modelrgsa more realisticg of

3.5A is used together with3 (o) of 1481 cnt! obtained (b) Separation distance /Angstrom

from a spectral fit of the CT band to calculate ﬂiﬁo(rm) of _ o _ _

the random pairs of TCNE with TBB. &-value of 1.0 A1 Fig. 5. () Variation of relative values of for random pairs afmax
against separation distance (b) variations of relative values of molar

should work well (see refer_enc{é&,l?]) .in the _Calcu!ation absorptivity €) at Amax and radius distribution for random pairs against
of decay ofHap of EDA pairs with similar orientation or  separation distance For details of the calculations, see text.

relativee _ (r)

— = -relative P(r) /

0.75

0.50+

Intensity

0.00

20
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30 ing this effect will cause discrepancies between theory and

Experimental

AN - — Calculated experiment. Further work on such effects will be conducted.

4. Conclusions

Electron-transfer absorption of substituted benzene
donors with TCNE is studied in dichloromathane at differ-
ent temperatures. Evidence is provided to show the exis-
tence of random pairs in sterically bulky D/A systems. First,
absorbance of different electron D/A pairs at various free
donor and acceptor molar concentrations is investigated. It
is found that absorption strength of sterically bulky D/A
Fig. 6. Experimental and calculated profiles of TBB-TCNE random pairs are several orders of magnitude smaller than those of
pairs. the corresponding sterically unhindered pairs with similar

structures and electron transfer properties. When donors
distance of 10 A is ca. 20% of that at the contact separation.are changed from weak to strong, a more than 10-fold
For the systems concerned, the separation distance betweeimcrease in« value is observed for sterically unhindered
donor and acceptor with one layer of solvent molecules is donors, while the change in value is less than two-fold
ca. 10A. This means that a large portion of EDA excitation for sterically bulky donors. This supports the view that
results in the direct formation of solvent separated EDA ion the electron transfer absorption of the sterically bulky D/A
pairs. As we have proved in previous work, these solvent pairs originates from random pairs rather than from bound
separated EDA ion pairs are main source that produce freepairs. Further evidence comes from the fact thatilues of
ions in moderately or weakly polar solvents. Itis worthwhile sterically bulky D/A pairs show very weak or no tempera-
to mention that irFig. 5 calculation ofe is performed from  ture dependence, which indicates a zero formation enthalpy
3.5 to 20A, while calculations oP(r) and« are from 6.7  for D/A pairs that give CT absorption. The absorption
to 20A. spectrum by such random pairs is predicted. By fitting the

Although theories allow a good fit to the EDA complex absorption spectra of the CT band of the EDA complexes
absorption (seé&ig. 4), the calculation of random pair ab-  formed between TCNE and sterically unhindered donors,
sorption is only partially satisfactory. For example, the ex- electronic coupling elements and reorganization parameters
perimental and calculated spectra of TMB-TCNE are com- are obtained. Based on these parameters, the electron trans-
pared inFig. 6. The experimental width is 9770 crh, the fer absorption spectra of the random pairs discussed earlier
calculated width is 6510 crit. Similar results are obtained  are simulated and compared with experimental results.
for HEB-TCNE random pair. We think the following two
reasons contribute to the disagreement. First, as said earlier,
the actual molecular shape is not spherical. All the donors Acknowledgements
and acceptors used in the experiments are planar or near

planar molecules. Anisotropy effects could be large when  The authors acknowledge support of this work from the
the donor and acceptor are close to each other. Second, ®jvision of Chemical Sciences, Office of Basic Energy Sci-

continuum solvent model is assumed, in which the solvent ences, US Department of Energy, under grants DE-FG02-
molecules have neither shape nor size and the solvent isggER13592.
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