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Electron-transfer absorption of sterically bulky donor–acceptor pairs:
electron donor–acceptor complexes or random pairs?
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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 absorbance,A of different electron donor/acceptor (D/A)
pairs at various free donor and acceptor molar concentrations (CD andCA) an absorption coefficientκ = A/(CDCA) is introduced. The
results indicate thatκ 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 increase inκ values is 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
κ 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 are
simulated and compared with experiments.
© 2003 Published by Elsevier Science B.V.
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1. Introduction

For non-adiabatic electron transfer, rate constants are usu-
ally expressed as the product of an electronic coupling ma-
trix element,Hab, and a Franck–Condon weighted density of
states[1–3]. Electron donor–acceptor (EDA) complexes are
weakly associated neutral D/A pairs in which photo-induced
electron transfer can occur directly by excitation in a charge
transfer (CT) absorption band[4,5]. Parameters needed to
define the Franck–Condon weighted density of states can
be obtained by fitting the CT absorption band profiles[6,7].
The electronic coupling matrix element,Hab, can be calcu-
lated by the Mulliken–Hush equation if the molar absorptiv-
ity (εmax), transition energy (Eabs), bandwidth (�ν1/2) and
electron separation distance (r) are known[8,9]. Weak in-
teraction between donor and acceptor in their ground states
in solution makes the EDA association loose and reversible.
EDA pairs with different separation distances and orienta-
tions might contribute to the absorption of the CT band. We
show that for EDA complexes formed by weakly complexed
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D/A pairs, the contributions of distantly separated pairs con-
tribute an important part to the total absorption. Apart from
the EDA complexes, free D/A molecules are present in the
solution as random pairs with statistical separation distances
from a fraction of a nanometer to infinity. We propose that
these random pairs are likely to make a significant con-
tribution to the CT band. So far no detailed analysis has
been given for the relative contribution of such EDA pairs
at different separation distances to the total absorption. The
Benesi–Hildebrand method provides a measure of the total
equilibrium constant of all the EDA complexes with various
separation distances, while the obtainedε corresponds to a
weighted average molar absorptivity.

In recent work, we found that, when in moderately polar
solvents, an EDA complex is excited in its CT band; the
free ion yields exhibit strong wavelength dependence[10].
We proposed that weak absorption by long-distance, unas-
sociated or “random” D/A pairs is mainly responsible for
the free radical ion yield[10,11]. In this work, we measured
the absorption spectra of solutions of the electron accep-
tor, tetracyanoethene (TCNE) with a series of comparable
sterically bulky and unhindered donors. In some cases, for-
mation of EDA complexes was prevented by using donors
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with large steric bulk. However, bulky donors like 1,3,5-
tri-tert-butylbenzene (TBB), hexaethylbenzene (HEB) and
1,2,4,5-tetra-iso-propylbenzene (TIPB) still give weak CT
absorption spectra in solution with TCNE. A random D/A
pair model can satisfactorily explain these spectra. The pho-
toexcitation of the CT absorption of these weakly interacted
but non-complexed donor and acceptor pairs will directly
result in the formation of long distance EDA ion pairs. A
large portion of these ion pairs are actually solvent separated
ion pairs which are important in producing free ions by fur-
ther separation. To probe the interaction strength of different
D/A pairs, temperature dependence experiments are con-
ducted. Finally, the profiles and intensities of electron trans-
fer absorption spectra of the random pairs discussed earlier
are simulated and compared with the experimental results.

2. Experiments

The acceptor used in the experiment was tetracyanoethene
(TCNE, Acros, 98%), which is a strong electron accep-
tor [12]. Donors used were 1,3,5-trimethylbenzene (TMB,
Aldrich, 99%), 1,3,5-triethylbenzene (TEB, Aldrich, 98%),
1,3,5-tri-tert-butylbenzene (TBB, Aldrich, 97%), 1,3,5-tri-
iso-propylbenzene (TriIPB, Acros, 97%), durene (DUR,
Aldrich, 99%), 1,2,4,5-tetra-iso-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 was 2×10−4 ∼ 0.2 M.

Absorption spectra were recorded in 1 cm cells using a
Perkin-Elmer Lambda 9 spectrometer. The cell temperature
was controlled by using Brinkmann RM6 circulation system.
Moisture is removed from the cavity by blowing N2 gas.

3. Results and discussion

3.1. Introduction of the concept of “random pairs”

For a homogeneous solution of donor and acceptor,
the molar absorptivity (ε(ν,r)) of D/A pairs at separation
distancerDA is related to the electronic coupling matrix
element (Hab(r)), the Frank–Condon factor (FC(g)) and
electron transfer distance (rDA) by Eq. (1) and (2) [6].

ε(ν, r) = 8N0π
3 e2DOP[Hab(r)]2r2

DA

3000h2cν ln 10
FC(g) (1)

FC(g) =
∞∑
j=0

Fj(4πλSkBT)
−1/2 e−(jhνV+g+λS)

2/4λSkBT (2)

Fj = e−S Sj

j
S = λV

hνV
g = �G0 − hν

FC(g) is the Franck–Condon weighted density of states. This
term is a function of�G0, the standard state free energy
change associated with the electron transfer reaction. FC(g)
is also a function of several other factors, the reorganization
energyλs, associated with solvent and other low-frequency
modes, and the reorganization energyλV, associated with a
single averaged high frequency mode of frequencyνV, j is
the number of quanta of theνV mode.

The Benesi–Hildebrand method cannot provide infor-
mation about the relative contribution at each separation
distance in the total absorption[5]. The dependence of
absorption on distance is calculated with following assump-
tions. The concentrations of both EDA complex and random
pairs with separation distancer are proportional to the prod-
uct of free donor and acceptor concentration. At given free
donor and acceptor concentrations, the EDA complex con-
centration is controlled by its formation constant,K, while
the concentration of random pairs at each separationr (Å)
is directly related to the statistical distribution of free donor
and acceptor molecules in bulk solution. CT absorption is
the sum of that from EDA complexes and random pairs at
different separation distances (Eq. (3)).

A = AEDA + Arandom=
∫ rm

r0

dA(ri) +
∫ ∞

rm

dArandom(r)

=
∫ rm

r0

ε(r)dCEDA(r) +
∫ ∞

rm

ε(r)dCrandom
D,... ,A(r)

=
∫ rm

r0

ε(r)CDCA dK(r)

+
∫ ∞

rm

4π × 10−27N0r
2ε(r)CDCA dr (3)

whereN0 is Avogadro’s constant,rm can be understood as
a critical separation distance beyond which specific EDA
interaction decays to zero. FromEq. (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,A, of different electron D/A
pairs at various free donor and acceptor molar concentra-
tions,CD andCA, a concentration-independent parameterκ

is introduced:

κ = A

CDCA
(4)

ThusEq. (3)can be written as

κ = κEDA + κrandom pair

=
∫ rm

r0

ε(r)dK(r) +
∫ ∞

rm

4π × 10−27N0r
2ε(r)dr (5)

Theκ value depends on both the molar absorptivityε(r) and
the formation equilibrium constant at each individual sepa-
ration distance. The formation equilibrium constant at each
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Fig. 1. The absorption spectra of electron acceptor, TCNE with three
pairs of electron donors in DCM. (a) TMB vs. TBB; (b) DUR vs. TIPB;
(c) HMB vs. HEB.

individual separation distance is directly related to the sep-
aration distribution ofD/A pairs. For a quantitative descrip-
tion of CT absorption in EDA systems, detailed information
about the separation distance distribution of EDA complexes
and random pairs is needed. To probe such a separation dis-
tance distribution, the CT absorption of TCNE and a series
of donors with similar structures and electronic properties
but with different steric hindrance are compared (Fig. 1and
Scheme 1).

The oxidation potentials for unhindered donor TMB and
bulky donor TBB are 2.11[13] and 2.10,[14], respec-

Fig. 2. Steric effect of a complete set of donors onκ values.

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 Å, respectively.Fig. 2shows
theκ profiles of TCNE with similar donors like TMB, TEB,
TriIPB and TBB in dichloromethane. Theκ values for TCNE
with these donors decrease as the donor becomes bulkier,
from 3620 to 1150, 100 and 22. This means that theκ val-
ues exhibit strong dependence on the contact separation dis-
tance. Assuming that separation distance distribution for the
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 inκ value 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 Å. Similarly, the more than 30-fold decrease in
κ value from TMB to TriIPB shows that about 97% of the
absorption in TCNE–TMB is caused by D/A pairs with sep-
aration distances from 3.6 to 4.1 Å. The extremely weak
absorption of TCNE–TBB (κ = 22) compared with that of
TCNE–TMB shows that absorption by D/A pairs with large
separation distances (>4.8 Å) contributes only 0.4% to the
total absorption of TCNE–TMB. Control experiment indi-
cates that the weak absorption is not caused by impurities
like tert-butylbenzene and di-tert-butylbenzene. For stronger
electron donors, an even larger decrease inκ values induced
by steric hindrance can be expected. For example, as the
donor is changed from sterically unhindered HMB to steri-
cally bulky HEB, the correspondingκ value decreases from
87 800 to 43. A more than 2000-fold decrease is observed.

In Eq. (3), absorption caused by D/A pairs at a given sep-
aration distance is determined by molar absorptivity,ε(r),
and D/A pair concentration at that separation distance. As
we will discuss later, the molar absorptivity shows only a
relatively weak distance dependence at separation from 3.5
to 4.8 Å, which means that the main reason for the weak
absorption at long separation comes from the low D/A pair
concentration. Such a low concentration can only be possible
when there is no interaction between a donor and an acceptor
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
bulky donors, if there is no specific EDA interaction (>kBT)
between donor and acceptor molecules, we call them ran-
dom pairs. For these random pairs,Eq. (5)can be simplified
to

κ(ν) = Absorbance

CDCA
=

∫ ∞

rm

4π × 10−27N0r
2ε(r)dr (6)

3.2. Influences of driving force and bulkiness on EDA
system absorption

Theκ values for TCNE with various sterically unhindered
donors are collected inTable 1. It is clear thatκ values
exhibit strong dependence on both electron donation and the
steric bulk of the donors.

As can be seen fromTable 1, the change in electron do-
nation properties from TBB to TIPB to HEB is almost the
same as that of unhindered donors from TMB to DUR to

Table 1
The effect of bulky substituent groups onκ values of EDA pairs of TCNE with different donors

Donors rD (Å) κ (M−2 cm−1) Maximum (×103 cm−1) ��1/2 (×103 cm−1) 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
TriIPB 4.1 100 20.6 6.4
TBB 4.7 22 23.8 9.9 2.10
DUR 3.5 8440 20.9 7.4 1.78
TIPB 4.7 38 20.4a 7.8 1.77
HMB 3.5 87800 18.6 5.3 1.59
HEB 4.6 43 18.5a 10.3 1.61

a We 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.

HMB. As discussed earlier,κ values of TCNE with stronger
donors exhibit larger decreases when bulky substituents are
introduced. From TMB to HMB, a more than 20-fold in-
crease inκ value is observed. However, for the sterically
bulky donors TBB, TIPB and HEB, only less than two-fold
increase inκ value can be seen. The smaller changes inκ

values for TCNE with sterically bulky donors having differ-
ent electronic donation properties imply that the separation
distance distribution for these D/A pairs is similar. This can
be understood from our view that the electron transfer ab-
sorption of the sterically bulky D/A pairs originates from
random pairs.

Apart from the weakness of electron transfer absorption
of TCNE with sterical bulkiness, another feature of the ab-
sorption is that they should exhibit clear blue shifts com-
pared with absorptions of TCNE with sterically unhindered
donors of similar electronic donation properties. As we have
discussed before, the transition energy at maximumνmax(r)
for electron transfer absorption at a given D/A separation
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distance can be written as[15]

νmax(r) = λS(r) + λV + �G0(r) (7)

λs(r) andλV are the solvent and intramolecular reorganiza-
tion energies, respectively.�G0(r) is the standard free en-
ergy change of the electron transfer transition. Under the
Marcus two-sphere assumption,λS(r) (eV) can be written as

λS(r) =
(

1

2rD
+ 1

2rA
− 1

r

) (
1

DOP
− 1

DS

)
(8)

whererD andrA are radii of donor and acceptor molecules,
DOP andDS are optical and static dielectric constants of the
medium.�G0(r) (eV) can be written as

�G0(r) =
[
E1/2

(
D+

D

)
− E1/2

(
A

A−

)]
− 1

DSr
(9)

whereE1/2(D
+/D) andE1/2(A/A

−) are the redox poten-
tials of donor and acceptor, respectively. IntroducingEqs. (8)
and (9)into (7), we have

νmax(r) = λV +
[
E1/2

(
D+

D

)
− E1/2

(
A

A−

)]

+
(

1

2rD
+ 1

2rA

) (
1

DOP
− 1

DS

)
− 1

DOPr
(10)

From Eq. (10), it is obvious that an increased separation
distance between donor and acceptor will result in increases
in transition energy or blue shifts in the CT absorption band.

It is generally believed that there exists a weak�–� 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 enthalpy,�H0, a modified method
based on the conventional Van’t Hoff equation is used.
By combining the Benesi–Hildebrand method[5] and the
Beer–Lambert law, we have

K = A

(C0
D − CDA)(C

0
A − CDA)εb

(11)

whereA is the absorbance,C0
D andC0

A are the initial concen-
trations of the donor and acceptor, respectively, andCDA is
the concentration of the EDA complex. Under the condition
thatC0

D � C0
A and the assumption thatC0

A −CDA and mo-
lar absorptivity are temperature independent, the following
relationship can be deduced:

d(ln κ)

d(1/T)
= d(ln εK)

d(1/T)
= d(lnK)

d(1/T)
≈ d(lnA)

d(1/T)
(12)

The formation enthalpy,�H0, for different D/A pairs can
be obtained from the slope of the plot of lnA versus 1/T.
Fig. 3ashows the absorption spectra of 0.02 M TCNE with

Fig. 3. (a) Absorption spectra of TMB/TCNE at different temperatures;
(b) absorption spectra of TBB–TCNE at different temperatures.

0.15 M TMB in DCM at different temperatures. The absorp-
tion intensity is very sensitive to the change in temperature.
As temperature increases from 273 to 308 K, maximum
κ values decrease from ca. 5300 to 2000 M−2. From the
linear dependence of lnA on 1/T the formation enthalpy,
�H0, of the EDA complex between TCNE and TMB is
−20.7±1.2 kJ/mol.�H0 of EDA complexes of TCNE with
other sterically unhindered donors are determined similarly.
They are listed inTable 2. As expected, |�H0| increases as
methyl substitution of the donor molecule increases.

By definition, we consider random pairs to be EDA pairs
with no interactions, that is, the formation enthalpies are
zero. No temperature dependence should be observed for
pure random pair absorption spectrum.Fig. 3bshows the ab-
sorption spectra of 0.05 M TCNE with 0.2 M TBB in DCM
at different temperatures. As discussed earlier, TBB is a ster-
ically bulky donor with almost the same electron donation

Table 2
The formation enthalpy,�H0 of EDA complexes of TCNE with TMB,
DUR and HMB

Donor �H0 (kJ/mol)

TMB −20.7 ± 1.2
DUR −27.1 ± 2.8
HMB −30.2 ± 0.8
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properties as that of TMB. In comparison to TCNE with
TMB, no detectable temperature dependence is observed.
This proved that there is no specific interaction between
donor and acceptor molecules in the solution. It is evident
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
extremely weak temperature dependence can be understood
as non-pure random pair parts of the system, since they are
less bulky than TBB.

3.3. Theoretical consideration ofκ in random pair
absorptions

To perform an accurate calculation of profile and strength
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-
dressed. The solvent structure and its implication in con-
trolling the donor/acceptor separation distance distribution
also need to be taken into consideration. The development
of such a precise model that covers all these factors in the
calculation is beyond the purpose of this work. The present
calculation will be based on the framework of electron trans-
fer theory under two-spherical assumption with a dielectric
continuum model for solvent. The result will provide us a
simple estimation of the delectability of absorption caused
by random pair under the donor and acceptor concentrations.
Under the earlier assumptions,κ(ν) of random pairs can be
calculated byEq. (6)if the molar absorptivity,ε(r,ν), at dif-
ferent separation distances is known. To calculateε(r,ν) by
using Eq. (1), Hab(r), λs(r), λV, �G0(r) are needed. The
electronic coupling between donor and acceptor molecules
is assumed to decay exponentially as the separation distance
r increases and can be calculated byEq. (13) [9,16]if the
electronic coupling at separationr0 is known.

Hab(r) = H0
ab(r0)e−β(r−r0)/2 (13)

Based onEqs. (8) and (9), the solvent reorganization en-
ergy,λs(r) and free energy,�G0(r), at separationr can be
calculated byEqs. (14) and (15) [1]

λS(r) = λS(r0) +
(

1

r0
− 1

r

) (
1

DOP
− 1

DS

)
(14)

�G0(r) = �G0(r0) −
(

1

r
− 1

r0

)
1

DS
(15)

where λs(r0) and �G0(r0) are the solvent reorganization
energy and standard free energy change at the separation
r0. Values ofH0

ab(r0), λs(r0) and�G0(r0) at the separation
r0 can be obtained by fitting the absorption spectra of EDA
complexes of TCNE with TMB and HMB.

As discussed inSection 3.1, the interaction between
donor and acceptor is very sensitive to changes in sepa-

Fig. 4. Experimental absorption spectrum of TMB–TCNE in DCM at room
temperature and theoretical fitting byEqs. (1), (2) and (16)usingκ = 1.56,
H0

ab = 1400 cm−1, λv = 2400 cm−1, λs = 5800 cm−1, νv = 1400 cm−1

and�G(r0) = 13 940 cm−1.

ration distance. Because of the strong interaction between
D/A molecules at short distance, most of the CT absorption
for TCNE with sterically unhindered donors such as TMB
and HMB comes from EDA complexes which are close
to contact in separation. The separation distance distribu-
tion and contributions of random pairs to the absorption
can be ignored in these systems. The EDA complexes can
then be described as single specie with a contact separation
distance. For these systems,Eq. (4)can be simplified as

κ(r0, ν) = ε(r0, ν)K (16)

Fig. 4 exhibits the theoretical and experimentalκ(ν) profile
of the CT absorption of TCNE–TMB complex in DCM. To
fit the κ(ν) profile by Eq. (1), Eq. (16) is introduced into
Eq. (1) and aK value of 1.56 is used according to litera-
ture [12]. The other parameter used in the fitting isνv =
1400 cm−1, which is a typical value for a skeletal stretching
mode of the ring system involved[6,7]. The shape of the
spectrum is found to be very sensitive to the parameters. As
can be seen, the fit to experiment is good. From the fitting of
CT absorption to theκ(ν) profile of TCNE–TMB in DCM,
we obtained reorganization energies,λV = 2400 cm−1,
λS = 5800 cm−1, �G0(r0) = 13 940 cm−1, and the
electronic coupling factorH0

ab = 1481 cm−1. Results of
HMB/TCNE are also shown inTable 3.

For the calculation of theκ(ν) profile of random pairs,
spherical models are used and the solvent is considered a
structureless dielectric continuum. The radii of both donor
and acceptor spheres are calculated from their molecular

Table 3
Parameters obtained from fitting absorption spectra of EDA complexes
of TCNE with TMB and HMB

Donors λV (cm−1) λS (cm−1) �G0 (r0) (cm−1) H0
ab (cm−1)

TMB 2400 5800 13940 1400
HMB 2200 6300 10780 1800
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volumes, respectively. The limit and error involved in
the dielectric continuum solvent model is discussed later.
E1/2(D+/D) values (versus SCE) for TMB, TBB, HMB
and HEB are 2.11[13], 2.10[14], 1.61[13] and 1.59[14],
respectively. The steric hindrance has almost no effect on
E1/2(D+/D). From Eq. (9), we expect that, at the same
separationr, the standard free energy change,�G0(r) of
the CT absorption of TCNE with a sterically unhindered
donor equals that of TCNE with a comparable sterically
bulky donor. The�G0(r0) which is obtained by fitting the
CT absorption of EDA complexes and corresponds to the
free energy change at contact separationr0 between TCNE
and sterically unhindered donors can be used to calculate
�G0(r) of random pairs between TCNE and sterically bulky
donors by usingEq. (15). Similarly, Hab(r) andλS(r) can
be calculated fromEq. (13) and (14)by usingH0

ab(r0) and
λS(r0) values obtained from fitting the CT absorption of
TCNE with sterically unhindered donors. Other parameters
used in the calculation are the same as for TMB except that
here the contact separation distance of 7.2 Å between TCNE
and TBB is chosen asrm. Both TBB and TCNE are planar
molecules, with face-to-face contact separation of ca. 4.8 Å
and edge-to-edge contact separation of ca. 9.5 Å. We expect
that a space-fill model for acceptor and donor molecules
provides an adequate approximation that allows calculation
of the κ(ν) profile of random pairs at long separation. The
contact separation of 7.2 Å arising from a spherical model
for both donor and acceptor should be regarded as a statisti-
cal average of contact separations for different orientations
from 4.8 (face-to-face) to 9.5 Å (edge-to-edge). Such EDA
pairs may be regarded as random pairs. A more sophisti-
cated model will be needed if accurate calculations of prob-
abilities for random pairs at different separation distances
is expected at small separation (r < 10 Å) (see, for example
[17]). Another factor that should be taken into consideration
in any detailed modeling is that the orientation distribution
depends on the separation distance when the separation dis-
tance is smaller than the edge-to-edge contact separation. At
a separation of 4.8 Å, the EDA pair must be face to face. As
the separation distance increases, other configurations are
permitted. This will have an important effect on the evalua-
tion of Hab at different separation.H0

ab(rm) is calculated to
be 232 cm−1 from Eq. (13)by usingH0

ab(r0) = 1481 cm−1

at r0 = 3.5 Å and β = 1.0 Å−1 ([18,19] as discussed in
Section 3.1, the 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 Å. Because of
EDA complex formation, the separation distance distribu-
tion does not play a significant role in the CT absorption of
TMB and TCNE. Instead of using the separation distance of
6.7 Å based on a spherical model asr0, a more realisticr0 of
3.5 Å is used together withH0

ab(r0) of 1481 cm−1 obtained
from a spectral fit of the CT band to calculate theH0

ab(rm) of
the random pairs of TCNE with TBB. Aβ-value of 1.0 Å−1

should work well (see references[18,19]) in the calculation
of decay ofHab of EDA pairs with similar orientation or

orientation distribution at each separation as the separation
distance increases. Most of EDA complex between TMB
and TCNE are in face-to-face configuration which favors
strong electronic coupling between the donor and acceptor
molecules. However, the orientation of EDA pairs between
TCNE and TBB is random. When aβ-value of 1.0 Å−1

is used to calculateH0
ab(rm) of TBB–TCNE fromH0

ab(r0)

of TMB–TCNE, differences in the orientation distribution
between the two systems are ignored. This will result in a
largeH0

ab(rm) value. At this stage, the effect of orientation
factor can not be addressed quantitatively. An estimate of
the relative strength of random pair absorption is sketched
in Fig. 5. Intensities ofεmax(r) probability of finding a donor
at distancer (P(r)) and κ(r) are calculated fromEqs. (1),
(3) and (6). The spherical model for estimating random pair
absorption uses contact distances for donor and acceptor
spheres that are larger than the real contact pair when EDA
complex is formed. Rather than the spherical contact sepa-
ration distance, a more realisticr0 value of 3.5 Å is used in
spectral fitting when EDA complex is formed.

From theFig. 5b it is clear thatεmax(r) decays almost
exponentially with increasing separation distance, but theκ

value decays more slowly. The increasing probability and
decreasing molar absorptivity at longer separation distance
are largely compromised in the calculation ofκ(r). The
relative absorption strength of random pairs at a separation

Fig. 5. (a) Variation of relative values ofκ for random pairs atλmax

against separation distancer; (b) variations of relative values of molar
absorptivity (ε) at λmax and radius distribution for random pairs against
separation distancer. For details of the calculations, see text.
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Fig. 6. Experimental and calculatedκ profiles of TBB–TCNE random
pairs.

distance of 10 Å is ca. 20% of that at the contact separation.
For the systems concerned, the separation distance between
donor and acceptor with one layer of solvent molecules is
ca. 10 Å. This means that a large portion of EDA excitation
results in the direct formation of solvent separated EDA ion
pairs. As we have proved in previous work, these solvent
separated EDA ion pairs are main source that produce free
ions in moderately or weakly polar solvents. It is worthwhile
to mention that inFig. 5, calculation ofε is performed from
3.5 to 20 Å, while calculations ofP(r) andκ are from 6.7
to 20 Å.

Although theories allow a good fit to the EDA complex
absorption (seeFig. 4), the calculation of random pair ab-
sorption is only partially satisfactory. For example, the ex-
perimental and calculated spectra of TMB–TCNE are com-
pared inFig. 6. The experimental width is 9770 cm−1, the
calculated width is 6510 cm−1. Similar results are obtained
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
and acceptors used in the experiments are planar or near
planar molecules. Anisotropy effects could be large when
the donor and acceptor are close to each other. Second, a
continuum solvent model is assumed, in which the solvent
molecules have neither shape nor size and the solvent is
structureless. This means the donor and acceptor molecules
can move continuously and have a uniform distribution at
any separation distance. The relative probability of finding a
donor around an acceptor is monotonously increasing as sep-
aration distance increases. If we take the structure of the sol-
vent molecules into consideration, it is reasonable to believe
that there is a very small chance for a donor to find an accep-
tor between contact pairs and single-layer-separated-pairs.
The result of relativeκ at short separation distance is def-
initely over-calculated. Although there is no quantitative
adjustment available here, we can see the maximum of ran-
dom electron transfer should be at donor–solvent–acceptor
pairs. To summarize in a sentence, the separation distance
distribution becomes rather complicated with many factors
contributing to the absorption strength and positions. Ignor-

ing this effect will cause discrepancies between theory and
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
pairs are several orders of magnitude smaller than those of
the corresponding sterically unhindered pairs with similar
structures and electron transfer properties. When donors
are changed from weak to strong, a more than 10-fold
increase inκ value is observed for sterically unhindered
donors, while the change inκ value 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 random pairs rather than from bound
pairs. Further evidence comes from the fact thatκ values of
sterically bulky D/A pairs show very weak or no tempera-
ture dependence, which indicates a zero formation enthalpy
for D/A pairs that give CT absorption. The absorption
spectrum by such random pairs is predicted. By fitting the
absorption spectra of the CT band of the EDA complexes
formed between TCNE and sterically unhindered donors,
electronic coupling elements and reorganization parameters
are obtained. Based on these parameters, the electron trans-
fer absorption spectra of the random pairs discussed earlier
are simulated and compared with experimental results.

Acknowledgements

The authors acknowledge support of this work from the
Division of Chemical Sciences, Office of Basic Energy Sci-
ences, US Department of Energy, under grants DE-FG02-
86ER13592.

References

[1] R.A. Marcus, J. Chem. Phys. 24 (1956) 966.
[2] N.R. Kestner, J. Logan, J. Jortner, J. Phys. Chem. 63 (1975) 4358.
[3] R.A. Marcus, N. Sutin, Biochim. Biophys. Acta 811 (1985) 265.
[4] R.S. Mulliken, W.B. Person, Molecular Complexes, Wiley, New York,

1969.
[5] M. Tamres, R.L. Strong, in: R. Foster (Ed.), Molecular Association,

vol. 2, Academic Press, New York, 1979 (Chapter 5).
[6] I.R. Gould, D. Noukakis, L. Gomez-Jahn, R.H. Young, J.L. Goodman,

S. Farid, Chem. Phys. 176 (1993) 439.
[7] W. Jarzeba, S. Murata, M. Tachiya, Chem. Phys. Lett. 301 (1999)

347.
[8] N.S. Hush, Prog. Inorg. Chem. 8 (1967) 391.
[9] M.D. Newton, N. Sutin, Annu. Rev. Phys. Chem. 35 (1984) 437.



C. Zhong et al. / Journal of Photochemistry and Photobiology A: Chemistry 161 (2003) 1–9 9

[10] J. Zhou, B.R. Findley, A. Teslja, C.L. Braun, N. Sutin, J. Phys.
Chem. A 104 (2000) 11512.

[11] J. Zhou, B.R. Findley, C.L. Braun, N. Sutin, J. Chem. Phys. 114
(2001) 10448.

[12] J.E. Frey, A.M. Andrews, D.G. Ankoviac, D.N. Beaman, L.E. Du
Pont, T.E. Elsner, S.R. Lang, M.A. Oosterbaan Zwart, R.E. Seagle,
L.A. Torreano, J. Org. Chem. 55 (1990) 606.

[13] S.M. Hubig, J.K. Kochi, J. Am. Chem. Soc. 121 (1999) 1688.
[14] S.M. Hubig, R. Rathore, J.K. Kochi, J. Am. Chem. Soc. 121 (1999)

617.

[15] Y.-g.K. Shin, B.S. Brunschwig, C. Creutz, N. Sutin, J. Phys. Chem.
100 (1996) 8157.

[16] M.D. Newton, Chem. Rev. 91 (1991) 767.
[17] J. Zhou, B.R. Findley, C.L. Braun, N. Sutin, J. Chem. Phys. 114

(2001) 10448.
[18] H.L. Tavernier, M.M. Kalashnikov, M.D. Fayer, J. Chem. Phys. 113

(2000) 10191.
[19] K.W. Penfield, J.R. Miller, M.N. Paddon-Row, E. Cotsaris, A.M.

Oliver, N.S. Hush, J. Am. Chem. Soc. 209 (2987) 5061.


	Electron-transfer absorption of sterically bulky donor-acceptor pairs: electron donor-acceptor complexes or random pairs?
	Introduction
	Experiments
	Results and discussion
	Introduction of the concept of "random pairs"
	Influences of driving force and bulkiness on EDA system absorption
	Theoretical consideration of kappa in random pair absorptions

	Conclusions
	Acknowledgements
	References


