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Photoinduced Electron Transfer in a-Cyclodextrin-Based Supramolecular
Dyads: A Free-Energy-Dependence Study

Bijitha Balan and Karical R. Gopidas*"*!

Abstract: Photoinduced electron trans-
fer (PET) between a-cyclodextrin-ap-
pended pyrene (PYCD) and a few ac-
ceptor molecules was studied in aque-
ous solutions. The pyrene moiety in
PYCD is located above the narrower

dyads and the remaining fraction as
free molecules. Free-energy-depend-
ence studies showed that electron
transfer in the supramolecular dyads
follows the Marcus equation. The
donor-acceptor coupling and the reor-

ganization energy were determined
from fits of the data to the Marcus
equation. The electronic coupling was
found to be similar to those reported
for hydrogen-bonded systems. It ap-
pears that the actual 4., values are

rim of the a-CD and is fully exposed to
water. The acceptors are monocyclic
organic molecules and, upon dissolu-
tion in water in the presence of PYCD,
a fraction of the donor-acceptor sys-

. lecular dyads
tems is present as supramolecular

Introduction

During the last decade, a large number of noncovalently
bound donor-acceptor systems was designed and studied
both as models for the naturally occurring photosynthetic
reaction centers and also to explore unnatural systems for
light harvesting.! Hydrogen bonding, n-stacking, and
metal-ligand coordination are the noncovalent interactions
often exploited to assemble donor-acceptor systems for this
purpose. Although modest success has been achieved with
these systems, they suffer from the disadvantage that the
noncovalent assembly involving these interactions generally
occurs in nonaqueous solutions. A better approach to mimic
the biological systems is to build the donor-acceptor assem-
bly in aqueous solutions by means of hydrophobic interac-
tions. Examples of such studies include photoinduced elec-
tron transfer in peptides, nucleic acids, micelles, and other
related systems.” In this context, water-soluble host-guest
systems based on cyclodextrins (CDs) are increasingly being
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somewhat lower than values calculated
with the continuum model. The experi-
mental design has also allowed, for the
first time, a visual demonstration of the
inverted region on the basis of the raw
fluorescence lifetime data.

donor—

used to study and model various aspects of photoinduced
energy and electron-transfer reactions in aqueous environ-
ments.”!

CDs are cyclic oligosaccharides with hydrophobic cavities
capable of encapsulating suitably sized organic molecules
from aqueous solutions.! CDs are ideal molecular receptors
to build water-soluble supramolecular functional systems.
The commonly available CDs, namely a-, -, and y-CDs
have, respectively, six, seven, or eight D-glucopyranose units
linked by a-(1,4) linkages. These are shaped like truncated
cones with the primary hydroxy groups arranged around the
narrow rim of the cone and the secondary hydroxy groups
assembled on the wider rim. A very important attribute of
CDs is that they are transparent to UV and visible light. Be-
cause of its water solubility, guest-encapsulation properties,
and ability to mimic natural enzymatic systems, CDs are
now increasingly being used in the design of supramolecular,
photoinduced, electron-transfer systems. Although CDs
have been used in the past as constrained media to carry
out photochemical reactions,”! the use of a CD as an assem-
bler of donor—acceptor systems for photoinduced electron-
transfer reactions emerged only recently. There are only a
few examples of such systems reported in the literature.
Although these studies have established that electron trans-
fer from a CD-appended chromophore to an encapsulated
guest is feasible, several important aspects of electron trans-
fer in these systems remain unaddressed. For example, the
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magnitude of the electronic coupling between the CD-ap-
pended chromophore and the encapsulated guest, depend-
ence of the electron-transfer rate on the free-energy change,
and the influence of the CD cavity on the reorganization
energy of the encapsulated guest are some of the important
aspects that need to be studied. The present paper is an at-
tempt to address some of these aspects.

Herein we describe a study of the free-energy dependence
of the PET reaction between a-CD-appended pyrene
(PYCD) and encapsulated acceptors. The reaction involves
the excitation of the pyrene moiety to the singlet excited
state followed by transfer of this electron to the acceptor en-
capsulated in the a-CD cavity. The reaction is performed in
water so that these systems thus resemble the biological
electron-transfer conditions more closely in which hydro-
phobic interactions play a very important role in holding the
donor and acceptor at a proper distance and orientation.
The acceptors selected are mono- or 1,4-disubstituted ben-
zene derivatives and could lead to a AG® range of ~0 to
—1.5eV. Because all the quenchers are monocyclic benzene
derivatives, the reorganization energy associated with their
one-electron reduction are expected to be similar. Thus the
systems selected form a truly homogeneous series for a free-
energy-dependence study.

Results and Discussion

Synthesis, characterization, and photophysical properties of
PYCD: The strategy for the selective functionalization of
the narrower rim of a-CD is well established in the litera-
ture,” and we employed this method to prepare PYCD
(Scheme 1) in 30% yield. The structure of PYCD is as-
signed based on spectral evidence (see the Experimental
Section). For example, the MALDI-TOF spectrum consists
of only one peak at m/z 1209.2 that corresponds to
[PYCD+Na]* (see Supporting Information). The peak cor-
responding to native CD is not observed. The extinction co-
efficient (calculated assuming a molecular weight of 1186)
of the PYCD absorption maximum is very close to that of
the unsubstituted pyrene, and this confirms that only one
pyrene unit is attached to the CD ring. The regiochemistry
was assigned based on a comparison of >C NMR chemical
shifts with those in earlier reports (vide infra).

a-CD is built up of six glucose units, and PYCD has a
pyrene attached to one of these glucose units. *C chemical

HO OH HO
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Scheme 1. Synthesis of PYCD.
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shifts of the pyrene-attached glucose unit are expected to
differ somewhat relative to those for unsubstituted glucose
units; within the pyrene-attached glucose unit, >C chemical
shifts are expected to vary depending on the position of at-
tachment. When an alcohol is alkylated, the *C NMR chem-
ical shifts of the a- and y-carbon atoms are known to move
downfield by approximately 10 and 1 ppm, respectively, and
that of the P-carbon atom is known to move upfield by
~2 ppm. D’Souza and co-workers™ used this argument to
assign the regiochemistry of monosubstituted cyclodextrins.
They assumed that, if C6-OH is substituted, the C4 carbon is
expected to shift downfield by ~10 ppm, CS is expected to
shift upfield by ~1 ppm, and C4 is expected to shift down-
field by ~0.3 ppm. There are five intense peaks in the car-
bohydrate region of the *C NMR spectrum of PYCD (see
Supporting Information). Based on a comparison with the
spectrum of a-CD and literature precedence, these intense
peaks are assigned to the carbon atoms in the five unsubsti-
tuted glucose units at 6 = 102.09 (C1), 82.23 (C4), 73.45
(C3), 72.23 (C2 and CS5), and 60.19 ppm (C6). In addition to
this, there are eight smaller peaks. The small peak at 6 =
71.02 ppm is assigned to the CH, group attached to pyrene.
Six of the remaining seven peaks can then be assigned to
the six carbons in the pyrene-attached glucose ring. Of
these, the peak at 6 = 69.34 is assigned to the C6 carbon
and this signal is 9.15 ppm downfield from the normal value
because of attachment to the pyrene unit. The other signals
were: C5 at 6 = 71.29 (0.94 ppm upfield), C4 at 82.61
(0.4 ppm downfield), C3 at 73.05 (0.4 ppm upfield), C2 at
72.59 (0.36 ppm downfield) and C1 at 102.52 ppm (0.43 ppm
downfield). Because the C6 signal is shifted by more than
9 ppm and CS5 is shifted by nearly 1 ppm, this confirms that
the pyrene is attached to the C6 carbon, which is on the nar-
rower rim of a-CD. The above assignments are consistent
with those given by D’Souza and co-workers.[""!

A small signal at 6 = 60.68 ppm (0.49 ppm downfield
from unmodified C6 signal) remains unaccounted. D’Souza
and co-workers!™ also observed such a peak, but they have
not assigned it. When a relatively large molecule, such as
pyrene, is attached to the narrower rim of a-CD, the
CH,OH groups projecting out of the narrower rim may ex-
perience steric crowding. This effect may be greater on adja-
cent glucose rings. In consideration of this, we tentatively
assign this signal to the C6 carbon atoms of the glucose
unit(s) adjacent to the one to which pyrene is attached.

Several examples of pyrene attached to y-CD are report-

ed in the literature and some

of these are useful as sensors
r of organic molecules in aque-
ous solutions.”! In these sys-
tems, pyrene is hosted by the
v-CD cavity. Because of its rel-
atively large size, pyrene
cannot be hosted in the cavi-
ties of a- and B-CDs.” Never-
theless, size considerations
cannot rule out partial inclu-
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sion of pyrene within the a-CD cavity in PYCD. Absorption
and emission spectral studies described below, however, sug-
gested that the pyrene moiety in PYCD is fully exposed to
water.

The absorption and emission spectra of PYCD in water
are shown in Figure 1. The absorption spectral profile and
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Figure 1. Absorption (——) and emission (-—-) spectra of PYCD in
water, and the emission spectrum (-----) of 1-pyrenemethanol in water.

extinction coefficient of PYCD closely resemble those of
pyrene in common solvents. This indicates that there is only
negligible interaction between pyrene and a-CD moieties in
PYCD. The emission spectrum of PYCD was superimposa-
ble on the emission spectrum of 1-pyrenemethanol in water
(as shown by the dotted line in Figure 1), which again indi-
cated that the pyrene moiety is fully exposed to water in the
most stable conformation of PYCD. On the basis of the ab-
sorption and emission maxima, the excitation energy (Ey)
of PYCD was calculated and the value obtained was 3.5 eV.
The fluorescence decay of PYCD was monoexponential
with a lifetime of 204 ns.

Interaction of acceptors with PYCD: The acceptor mole-
cules employed in the study are 4-chlorobenzonitrile (CBN),
dimethylterephthalate (DMP), 1,4-dicyanobenzene (DCB),
acetophenone (ACP), benzaldehyde (BZA), nitrobenzene
(NB), 4-chloronitrobenzene (CNB), and methyl-4-nitroben-
zoate (MNB). Structures of the acceptor molecules are
shown in Scheme 2. The reduction potentials of all these
molecules are known in the literature!"”! and the values are
also given in Scheme 2. These molecules have been em-
ployed as acceptors in several photoinduced electron-trans-
fer reactions. Earlier workers have documented photoin-
duced electron-transfer reactions between pyrene and most
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CN COOCH; CN COCH,
cl COOCH; CN
CBN(24) DMP(-2.07) DCB(-1.97) ACP (-1.46)
CHO NO, NO, NO,
cl COOCH;
BZA(-1.28) NB(-1.15)  CNB(-1.06) MNB (-0.95)

Scheme 2. Structures of acceptors used in the study. Reduction potentials
[in V] versus SCE are given in parentheses.

of the quenchers listed in Scheme 2 by means of fluores-
cence quenching and laser flash-photolysis techniques.'!!
Radical cations of pyrene and radical anions of most of the
acceptors were also characterized in these studies thereby
establishing that photoinduced electron-transfer takes place
in these donor-acceptor systems. The onset of absorption
for all these acceptors is below 4 = 320 nm (see Supporting
Information). This indicates that singlet energies of these
molecules are higher than that of pyrene. Hence singlet—sin-
glet energy transfer from pyrene to the acceptors would be
endothermic and this eliminates the possibility of pyrene
fluorescence being quenched by these acceptors by an
energy-transfer mechanism.

Because of their smaller sizes, the monocyclic aromatics
shown in Scheme 2 could easily be included in the small
cavity of a-CD. In fact, inclusion behavior of several mono-
and 1,4-disubstituted benzene derivatives in a-CD (includ-
ing some molecules shown in Scheme 2), was studied both
theoretically and experimentally."”? These compounds were
found to associate with a-CD in water with association con-
stants (K,) in the range 50-400m .

All the acceptor molecules were soluble in water in the
10*-10°m concentration range. Upon addition of the
quenchers to aqueous PYCD solutions, the long wavelength
absorption of PYCD remained unaffected (Figure 2a) indi-
cating that the pyrene moiety in PYCD has no ground state
interactions with the acceptors. On the other hand, the ab-
sorption spectra of the quenchers undergo slight changes
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Figure 2. a) Changes in the absorption spectrum of PYCD (i) (5x10°m) with varying concentrations (8-40x10~*m) of CBN (ii-vi); b) Changes in ab-
sorption spectrum of CBN (i) (4x 10~*m) with varying concentrations (1.0-2.5x 107°m) of PYCD (ii-iv); ¢) Change in absorption spectrum of CBN (8 x

107*m) in the absence (—) and presence (
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of native a-CD (1x107°m).
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upon addition of small

amounts of PYCD (Figure 2b).

Because the pyrene moiety of

PYCD also absorbs in the

same region, the spectral shifts

could not be analyzed to

obtain K, values. In Figure 2c,
absorption spectra of one of

the acceptors, CBN, in the ab-

sence and presence of native .
a-CD are presented, which
clearly shows the association
process.

Other quencher molecules
also exhibited similar behav-
iors. Figure 2 seems to suggest
that PYCD interacts with the
quenchers, but the interactions
are with the o-CD part of
PYCD and the pyrene moiety
remains unaffected by this in-
teraction. Inclusion of the ac-
ceptors probably occurs
through the wider rim of a-CD, which is away from the
pyrene moiety. Park et al. have recently shown that encapsu-
lation of guest molecules in CDs preferably takes place
through the secondary face.!”

Fluorescence quenching: All the acceptors shown in
Scheme 2 quench the fluorescence of PYCD in aqueous sol-
utions. Figure 3 shows an example of this quenching in
which the fluorescence intensity progressively decreases

00 02 04
[Q]/10%m —

04€ . . -
360 400 440 480
Alnm——
Figure 3. Fluorescence spectra of PYCD in the absence (a) and in the
presence (b—f) of DCB. Concentration of DCB varied from 1-4x10~*m.
Inset is a plot of /I for this quenching.

with addition of increasing amounts of DCB. The /I plot
for the fluorescence quenching is shown in the insert in
Figure 3 and shows an upward curvature at higher concen-
trations of the quencher, which indicates that two types of
quenching are taking place in the system. Similar behaviors
were also observed with other quenchers.

The model shown in Scheme 3 can explain the different
types of quenching taking place in the PYCD/acceptor sys-
tems. Up on mixing acceptor A with PYCD in aqueous solu-
tions, a fraction of A undergoes encapsulation in the cavity
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Scheme 3. Scheme showing unimolecular and bimolecular quenching pathways for a-CD-appended pyrene.

of PYCD to give A@PYCD and an equilibrium as shown in
Scheme 3 is established. When irradiated, the pyrene moiet-
ies in free PYCD and A@PYCD are excited. As shown in
Scheme 3, free *PYCD is quenched by free moving A mole-
cules in a bimolecular, diffusion-mediated electron-transfer
reaction. The excitation in A@*PYCD, on the other hand, is
quenched by the encapsulated A, in a fixed-distance, unimo-
lecular electron-transfer reaction. The unimolecular and bi-
molecular components of the electron-transfer reactions can
be evaluated separately by fluorescence lifetime quenching
experiments.

Fluorescence decay of PYCD was monoexponential in
the absence of acceptors. Addition of an acceptor results in
unimolecular and bimolecular quenching pathways and this
leads to biexponential decays that can be expressed as in
Equation (1), where 7, and 7, are defined by Equations (2)
and (3), and Y aepycp) is the mole fraction of the encapsulat-
ed species, ypycp 1S the mole fraction of free PYCD, k, (= 1/
7,) is the intrinsic decay rate of the probe, k. is the unimo-
lecular rate constant of electron transfer within the encapsu-
lated segment, k, is the bimolecular quenching rate constant
for the unassociated PYCD molecules and [A] is the con-
centration of the acceptor.

]l = X(A@PYCD)CXP(_[/TI) + X(PYCD)eXP(_[/ZZ) (1)
T = (ke + ket)71 (2)
0, = (ko + kezolA])™ 3)

According to Equations (1)—(3), the short lifetime compo-
nent (7;) is independent of the acceptor concentration and
the long lifetime component (7,) is dependent on the accept-
or concentration. From the short lifetime component, the

Chem. Eur. J. 2006, 12, 6701 -6710
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rate constant for electron transfer within the encapsulated
complex A@PYCD can be calculated with Equation (4).

ke = 1/1, = 1/7, 4)

The quenching rate constant k, for the bimolecular proc-
ess can be obtained from the slope of the Stern—Volmer plot
of 7,/t, vs acceptor concentration [Eq. (5)].

To/T, = 1 + ki7olA] 5)

According to Equation (5), a plot of 7,/7, versus acceptor
concentration will give a straight line with k.7, as the slope.
Thus, the rate constants k., and k, can be obtained from the
same set of experiments.

The equilibrium association constant, K, for the encapsu-
lation process shown in Scheme 3 can also be determined
from these experiments. yaepycp) and Xpycp) values, ob-
tained from fitting the lifetime data, are proportional to the
concentrations of the associated and unassociated fractions,
respectively. Since the concentration of the acceptor is large
compared to that of the associated complex, we can write
Equation (6).

K X(AaPYCD)

@ T X(PYCD) [A} (6)

Thus a plot of yepycoyXpycp) versus [A] will be linear
and gives K, as the slope.

Fluorescence decays of PYCD were measured in the pres-
ence of several concentrations (10~*~107>m) of all acceptors
listed in Scheme 2. A representative example is shown in
Figure 4, where the fluorescence decays of PYCD in the

Counts

200 400 600 800
t/ng —
Figure 4. Fluorescence decay profiles of PYCD in the absence (a) and
presence (b—e) of different concentrations (5-55x10>m) of DMP. Spec-
trum f is the lamp profile

presence of different concentrations of DMP are presented
(decay curves for other systems are given in the Supporting
Information). The biexponential nature of the decay is very
evident from the figure. Analysis of the decay curves
showed that: i) the short lifetime component 7, is independ-
ent of the acceptor concentration, ii) the relative contribu-
tion of 7, increases with acceptor concentration, and iii) 7,
decreases with increase in acceptor concentration. We also
noted that the short lifetime component disappears upon ad-
dition of methanol (15% by volume) to the above solutions.

Chem. Eur. J. 2006, 12, 6701 -6710
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The role of methanol is to prevent the hydrophobic interac-
tion between PYCD and acceptors, thereby preventing the
encapsulation process. The unimolecular fluorescence-
quenching component will be absent in this case.

We have obtained the fluorescence decay profiles for all
PYCD-acceptor systems and the data were analyzed by
Equation (1) (fit parameters such as 7, 75, Yepycp), and
X evcpy obtained for all systems are provided in the Support-
ing Information). The rate constants for electron transfer in
the encapsulated systems k. were calculated with 7, values
obtained from the fits [Eq. (4)]. The intermolecular compo-
nent of the decays were analyzed and plotted with Equa-
tion (5) to obtain straight-line plots. Representative exam-
ples are shown in Figure 5a. Plots of y(aepycp)/Xpycp) VETSus

a) 1.6 b) 0.2-
1.4 ]
a8
A %011
1.2 =
g
§ /A
1.04 =
. . 0.0 . -
0.0 05 10 0.0 05 10

[Acceptor] / 10°%M — [Acceptorj /103 m —

Figure 5. a) 7,/7, plot for the lifetime quenching of PYCD by CBN (e),
DCB (0), DMP (a), ACP (m) and MNB (%); b) plots of yeprvcoyXeycp)
vs [Acceptor] for CNB (a) and DCB (2).

acceptor concentrations were also made in all cases (see Fig-
ure 5b for some examples) and values of K, were deter-
mined from these plots. Values of k., k;, and K, obtained by
the analysis mentioned above are given in Table 1 for all
systems.

Table 1. Free energies (AG"), association constants (K,), and rate con-
stants (k. and k,) for the PYCD/acceptor systems.

Acceptor K,[m7'] AG’[eV] ky [10°M's7'] ke [107s71]
CBN 145 —0.11 53 83+0.3
DMP 193 —0.44 15.7 43.1+£2.0
DCB 140 —0.53 10.4 73.5+25
ACP 179 —-1.07 38.0 86.6+3.8
BZA 461 —-1.22 42.5 42.0+0.9
NB 172 —1.35 429 7.1+0.10
CNB 375 —1.44 42.8 3.0+0.04
MNB 236 —1.55 44.0 2.04+0.03

Electron-transfer rates: For nonadiabatic electron transfer
involving weakly interacting donors and acceptors, the rate
constant for electron transfer is given by the Marcus equa-
tion [Eq. (7)],1 where 7 is Planck’s constant divided by 2,
H, is the coupling matrix element, A is the reorganization
energy, kg is the Boltzmann constant, 7 is the absolute tem-
perature and AG' is the free energy change for the electron-
transfer reaction.

kg = 2uh™) Hy? (4AksT)™V? exp[—(AG® + A)?/4AkyT)
()
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The reorganization energy A is the energy required to
structurally reorganize the donor, acceptor and their solva-
tion spheres upon electron transfer. Depending on the rela-
tive values of AG® and A, Equation (7) envisages three typi-
cal kinetic regimes for electron-transfer reactions: i)a
normal region (AG’>—1) where electron transfer is ther-
mally activated and is favored by an increase in the driving
force, ii) an “activation-less” regime (AG’ = —1) where the
rate is maximum, and iii) an “inverted region” for strongly
exergonic reactions (AG" < —1), where the rate actually de-
creases with increase in driving force. The existence of an
inverted region was the most important prediction of
Marcus’ theory. Although definitive evidence for its exis-
tence was lacking for a long time, the inverted region is now
well-established in fixed-distance electron-transfer reac-
tions.”” Intermolecular electron-transfer reactions, where
the donors and acceptors are allowed to diffuse freely, how-
ever, follow the pattern known as Rehm-Weller behavior,
where the rate initially increases with driving force, reaches
a maximum at which it remains as the driving force contin-
ues to increase.!"’!

Free-energy dependence of electron-transfer rates: With
redox potentials of pyrene and acceptors measured in aceto-
nitrile, the free-energy change for electron-transfer AG® can
be calculated with Equation (8),'7' where E,, is the oxida-
tion potential of the pyrene moiety in PYCD and E, .4 are
the reduction potentials of the acceptors, rp and r, are the
radii of the pyrene and acceptors units, respectively, & is the
dielectric constant of water, and d is the distance separating
the pyrene and acceptor units.

5 2
0~ E o Eo-Ep-S (i L) (L o)
AG" = on Ered E0~0 2(rp+rA)(37 &g Sgd (8)

The oxidation potential of PYCD in water was measured
as 0.9 V versus SCE. The reduction potentials of the accept-
ors, however, could not be measured in water because the
reduction potentials of most of them lay outside the range
possible in water. Hence we were forced to use the redox
potentials of pyrene and the acceptors measured in acetoni-
trile or DMF and make the necessary corrections for the dif-
ference in solvation by means of the fourth term in Equa-
tion (8). We used r, = 3.6 A, r, = 3.5 A for monosubstitut-
ed benzenes, and r, = 4.0-4.5 A for disubstituted benzenes.
These values were obtained with AM1 methods."® In order
to calculate d, we assumed that the acceptors are centrally
positioned in the a-CD cavity and that the midpoint of the
pyrene moiety in PYCD is positioned ~2 A above the nar-
rower rim of a-CD. This gives a d value of 6 A for the intra-
ensemble electron transfer. For diffusion-mediated electron
transfer, d may be slightly different; however, the same
values were assumed for the sake of simplicity. AG® values
thus calculated are presented in Table 1. It can be seen that
AG" values for the selected systems span a range of ~0 to
—15eV.
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Figure 6 is a plot of the bimolecular quenching rate con-
stant, k, versus AG". It can be seen that, as the driving force
increases, k, first increases, reaches a maximum, and then
stays nearly invariant with further increases in the driving
force. This is clearly an example of the Rehm-Weller behav-
ior.

DM BZA CNB

A
cBN DCB
A

Figure 6. Plot of bimolecular quenching rate constants (k,) versus AG®.
The solid line is a fit using Equation (9).

In the Rehm-Weller formalism, the overall quenching
rate constant k, in a bimolecular electron-transfer reaction
is expressed by Equation (9),'! where AG* is the free
energy of activation for electron transfer and is given by
Equation (10).

kdiff
K = 13 0.25[exp(AG#/RT) + exp(AG°/RT)] ©)
0 0\ 2 1/2
AG = %Jr K%) +(AGO#)2} (10)

AG," in Equation (10) is the free energy of activation
when there is no driving force for the reaction. We have as-
sumed a value of 0.19 eV for AG,". A value of 6.6x10° is
normally used for the diffusion coefficient in this solvent.
The fits obtained with these values are also shown in
Figure 6. Notice that there is good agreement between the
observed values and the calculated fit, which confirms that
quenching of the CD-appended pyrene by free moving ac-
ceptors in solution, obeys the Rehm—Weller formalism.

Figure 7 is a plot of k, versus AG". It can be seen from
Figure 7 that as the driving force increases (i.e., AG® be-
comes more negative), k., increases initially, reaches a maxi-

10"
10°
k,/s"
10°

10*

Figure 7. Plot of electron-transfer rate constant k., versus AG. The solid
curve is the computed curve of Equation (7).
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mum, and then decreases. Thus we conclude that the intra-
ensemble photoinduced electron transfer between the CD-
linked pyrene and encapsulated acceptors follows Marcus-
type behavior. The photoinduced electron transfer in CD-
appended chromophores is thus similar to those in hydro-
gen-bonded systems, where the unimolecular component fol-
lows Marcus-type behavior and the bimolecular component
obeys the Rehm-Weller pattern.!"”!

Electronic coupling and reorganization energy: Our results
show that photoinduced electron transfer in the supramolec-
ular-CD dyads follows Marcus-type behavior (Figure 7). The
data in Figure 7 can be fitted to Equation (7) to give H, and
A values. We have attempted to fit the data to Equation (7)
by means of various combinations of H, and 1 and the best
fit was obtained for values of H,, = 3cm ! and A = 0.8¢eV.
The fit is also shown in Figure 7. Notice that there is good
agreement between the observed values and the calculated
fit, confirming the Marcus-type electron transfer taking
place in these systems.

Although a few examples of photoinduced electron trans-
fer in CD-appended systems are reported, values of H,, and
A have not been determined in any of these cases. Therefore,
we are not able to compare our results with those in similar
systems. The H, values obtained are small, but similar to
values reported for hydrogen-bonded donor-acceptor sys-
tems.™ Considering the fact that the donor and acceptor
are not linked directly and that they most probably have a
through-space interaction, the low value obtained seems
reasonable.

The reorganization energy A obtained from the best fit is
0.8 eV. 1 is the sum of inner shell (4;,) and outer shell (4,,)
reorganization energies. A, is given by Equation (11),?
where ¢, is the optical dielectric constant of the solvent.

1 1 1 1 1
Y T N A
Ao = Ae (2rp+2rA d)(eop ss> (11)

This expression gave A,, = 0.7 eV. This suggested that A,
is only 0.1 eV for these systems. This value of ;, seems to
be somewhat lower than expected. In our previous studies
with hydrogen-bonded systems, we obtained 4;,, = 0.2eV
for similar donor-acceptor systems."” Other groups also
have used 4;, = 0.2 eV for small aromatic donor-acceptor
systems.”" Because A, is solvent-insensitive, a similar value
was expected here. We use the following argument to ex-
plain the low value calculated for 4;,. 4., was obtained with
Equation (11), and is the A,, expected if both product ions
are stabilized by solvation with water molecules. In the pres-
ent systems, the pyrene moiety is fully exposed to water and
the pyrene radical cation formed as a result of PET will be
stabilized by solvation with water. However, the acceptor
radical anions formed inside the a-CD cavity are not ex-
posed to water molecules and hence they may not be stabi-
lized by solvation. Thus the actual A, for the present sys-
tems will be somewhat less than the 0.7 eV obtained from
Equation (11). If we assume that 4;, is 0.2 €V, then A, will
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turn out to be 0.6 eV. This may be the correct picture and
based on these arguments we can suggest that encapsulation
of the acceptor fragment in a-CD results in a lowering of
the outer shell reorganization energy by 0.1 eV (compared
to that in pure water). Fukuzumi et al. reported results simi-
lar to this for photoinduced electron transfer between
DNA-bound donors and intercalated acceptors.”” For intra-
molecular photoinduced electron transfer in these systems,
the reorganization energy was found to be reduced by
0.1 eV compared to that of the intermolecular process.

Visual demonstration of the inverted region: A very impor-
tant aspect of the experimental design is that the raw fluo-
rescence data obtained in this case provide a direct visual
observation of the inverted region. Figure 8a—h shows the
fluorescence decay profiles of PYCD in the presence of dif-
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Figure 8. Fluorescence decay profiles of PYCD in the presence of differ-
ent acceptors.

—— 6707

www.chemeurj.org


www.chemeurj.org

CHEMISTRY—

K. R. Gopidas and B. Balan

A EUROPEAN JOURNAL

ferent acceptors arranged in the order of increasing driving
force. Values of AG" are also shown in the plots. The biex-
ponential nature of the fluorescence decays can be distin-
guished by the naked eye in all cases. The intra-ensemble
PET rate constant k. is obtained from the short lifetime
component 7, as per Equation (4). As 1/t;>1/7, (see the
Supporting Information), k. ~ 1/r;. This means that the
faster the initial decay, the higher is the k., value. An exami-
nation of the decay profiles (Figure 8a-h) reveals the follow-
ing: as we proceed from a—b—c, the steepness of the initial
decay component (shown in the box on the curve) increases,
indicating that k. increases from a—-c. This corresponds to
the normal region of the Marcus parabola. The steepness of
the initial component is a maximum for ¢ and d, indicating
that these systems correspond to the top of the parabola. As
we proceed further from d—e—f—g—h, the steepness of
the initial component decreases, indicating that k., decreases
from d—h. This segment represents the inverted region.
The experimental fluorescence profiles thus serve as a visual
demonstration of the Marcus parabola in electron-transfer
reactions (note that the acceptor concentrations are slightly
different for the plots; however, this is immaterial because
the short lifetime is independent of the acceptor concentra-
tion). The existence of an inverted region was the most im-
portant prediction of the Marcus theory, and definitive evi-
dence for the inverted region was lacking for a long time.[']
Although the inverted region is now a well-established
aspect of Marcus theory, papers dealing with the observation
of an inverted region in newer systems continue to appear
frequently in the current literature®>! (references [22] and
[23] list only papers that have appeared in the last three
years). Visual observation of the inverted region on the
basis of raw experimental data, as presented here, has never
been carried out before.

When log(counts) is plotted against time (or channel
number), bimolecular decays can be clearly distinguished by
the naked eye if 7, <7,. For systems at the bottom of the
Marcus parabola, both in the normal and inverted regions,
7, is relatively large and the differences between 7, and 7,
are small. In the inverted region, diffusion-mediated
quenching is maximum, and hence 7, decreases rapidly with
quencher concentration. This leads to further decreases in
the difference between 7, and 7, in the inverted region. In
the hydrogen-bonded systems studied earlier, 7,~ 100 ns and
quencher concentrations required were in the 1-5 millimole
range.””! Because of this, the condition that 7, <7, was ach-
ieved only for systems near the top of the Marcus parabola.
In the present system with the cyclodextrin-appended
pyrene, 7, is 204 ns and quencher concentrations employed
were about ten times less. Because of this, the condition that
7, <71, was achieved for all the systems studied and this ena-
bled a visual observation of the Marcus parabola from the
raw fluorescence lifetime data. Most of the earlier observa-
tions of the inverted region actually involved thermal elec-
tron-transfer reactions, which are generally not amenable to
studies by fluorescence quenching.™® In most of the publish-
ed examples of the inverted region in intramolecular elec-
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tron-transfer reactions, the bell-shaped function consisted of
two distinct parts: i) a photoinduced forward process, which
is restricted to the normal region, and ii) a thermal back-
electron transfer, which is restricted to the inverted region.
Thus, in these experiments, the Marcus parabola was built
up from different types of experiments, the normal region
constructed on the basis of fluorescence quenching experi-
ments and the inverted region constructed from flash pho-
tolysis or pulse radiolysis experiments. Because of this, a
visual demonstration of the inverted region could not be
achieved from raw data. In our previous experiments with
the hydrogen-bonded systems and also in the present
system, the complete Marcus parabola was constructed from
photoinduced forward electron-transfer reactions. In the
present case, we are able to visually demonstrate the exis-
tence of the inverted region and also the total Marcus pa-
rabola on the basis of fluorescence decay curves and this
constituted a very straightforward demonstration of the in-
verted region.

Conclusion

We have studied the free-energy dependence of PET reac-
tions between a-cyclodextrin-appended pyrene and small ac-
ceptor molecules in aqueous solutions. A fraction of the ac-
ceptors associate with PYCD, leading to the formation of
supramolecular dyads. Upon excitation, both unimolecular
and diffusion-mediated electron transfers take place. The
former component is attributed to electron transfer in the
supramolecular dyad and this component followed the
Marcus equation. The dynamic component is attributed to
the freely diffusing PYCD and acceptors, and this compo-
nent obeyed the Rehm-Weller equation. Similar to hydro-
gen-bonded systems, the CD-appended systems also enabled
us to simultaneously observe Marcus and Rehm—Weller be-
haviors. The Marcus equation was used to determine donor—
acceptor coupling and the reorganization energy in the su-
pramolecular dyad systems. Electronic coupling was found
to be similar to those reported for hydrogen-bonded sys-
tems. It appears that actual 4., values are somewhat lower
than calculated values. An important success of the study is
that it enabled us to visually demonstrate the whole Marcus
parabola on the basis of raw fluorescence lifetime data.

Experimental Section

Methods: NMR spectra were recorded on a 300 MHz Bruker Avance
DPX spectrometer. MALDI mass spectrometry was conducted on a Per-
spective Biosystems Voyager DEPRO MALDI-TOF spectrometer in a
matrix of a-cyano-4-hydroxybenzoic acid. Absorption spectra were re-
corded on a Shimadzu-3101PC UV/Vis/NIR scanning spectrophotometer.
Fluorescence spectra were recorded on a SPEX FluorologF112X spectro-
fluorimeter. Fluorescence lifetimes were determined with an Edinburgh
Instruments FL90OCD single-photon counting system and the data were
analyzed by Edinburgh software.
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a-Cyclodextrin-appended pyrene (PYCD): This was synthesized by
adopting a general procedure for the selective functionalization of a
single primary OH of a-cyclodextrin.’ 1-Bromomethylpyrene (0.3 g,
1.05 mmol) was added to a solution of a-CD (1.0 g, 1.05 mmol) in 2,6-lu-
tidine (90 mL), and the mixture was heated to 150°C under an argon at-
mosphere for 3.5 h. Lutidine was then removed under vacuum, and the
solid was washed several times with ethyl acetate and purified by chro-
matography (silica gel, methanol). It was purified by further chromatog-
raphy (Sephadex column, deionized water). Yield of purified product was
30%. '"HNMR (300 MHz, [D¢]DMSO, 25°C, TMS): 6 = 8.4-7.8 (m,
9H), 5.79-5.39 (m, 12H), 4.8 (s, 6H), 4.6-4.5 (m, 7H), 3.7-3.2 ppm (m,
36H); "C NMR (300 MHz, [D;]DMSO, 25°C, TMS): 6 = 132.24, 131.69,
130.89, 130.75, 130.63, 130.47, 128.86, 128.51, 127.59, 127.09, 126.50,
125.96, 125.45, 124.83, 124.59, 124.02, 102.52, 102.10, 82.61, 82.22, 73.45,
73.05, 72.59, 72.23, 71.29, 71.02, 69.34, 60.68, 60.19 ppm; IR (KBr): 7 =
3566, 2933, 2908, 2839, 1653, 1597, 1406, 1361, 1330, 1296, 1242, 1205,
1151, 1076, and 1033 cm™'; UV/Vis (water): Ap, (¢) = 342nm
(43000 mol~'dm*’cm™"); MS (MALDI-TOF): m/z: 1209.2 [M+Na]*.
Quencher molecules: All quencher molecules were commercial samples
from Aldrich. These were purified by standard methods before use.
Stock solutions of acceptors were prepared as follows: a small amount
(10-20 mg) of the acceptors were stirred in water for 2 h. These were
then centrifuged and filtered. Concentrations of acceptors in the solution
were estimated by means of the measured extinction coefficients in ace-
tonitrile. Solutions used for the fluorescence lifetime experiments were
deaerated by purging with argon for 20 min before use. The fluorescence
lifetimes were measured with dilute solutions (OD ~0.1 at the excitation
wavelength 342 nm), and the emission was monitored at A = 373 nm.
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