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Photoinduced electron transfer (PET) fromN,N-dimethylaniline (DMA) to four coumarin dyes (C151, C481,
C153, and C480) inside the cavity of hydroxypropylγ-cyclodextrin (hpCD) is studied using femtosecond
upconversion. The rate of PET is found to be nonexponential and to vary significantly with the coumarin
dyes. The rate for C481 is 100 times faster than that for C480. The PET rate displays a bell-shaped dependence
on the free energy change and thus reveals a Marcus-type inverted region. The anisotropy decay of the four
dyes in hpCD are found to be very similar, and hence the observed variation in the rate of PET is not due to
variation in rotational diffusion of the acceptors (coumarin dyes).

1. Introduction

Electron transfer (ET) in a confined region play a crucial role
in many biological processes.1,2 The classic Marcus model
predicts a bell-shaped dependence of rate of ET on the free
energy change. According to Marcus theory, the rate of electron
transfer (kET) is given by1,3

whereVel is an electronic matrix element,∆G is the free energy
difference between the reactant and the product,λ ) λs + λI,
λS andλI, being the solvent and nuclear reorganization energy.
For -∆G < λ, the rate of electron transfer (ET) increases with
increase in-∆G. This is referred to as the normal region.
However, for-∆G > λ the rate of ET decreases with increase
in -∆G. This is known as the Marcus inverted region.

An implicit assumption of the Marcus theory is that solvation
is very fast, and at each point along the reaction coordinate the
solvent reorganizes in a time scale faster than electron-transfer
rate.1,3-6 Zusman first considered the role of finite solvation
time in electron transfer and showed that in the adiabatic limit,
rate of ET is inversely proportional to the solvation timeτL.4a,c

Subsequently, several groups showed that electron transfer is
strongly influenced by factors other than the solvent relaxation
time. Ovchinnikova and later Zusman incorporated the role of
fast classical vibrational modes in the stochastic electron transfer
theory and used a coordinate-dependent sink.4 This model is
generally not valid in the inverted regime where ET is ultrafast
and essentially irreversible. In a seminal paper, Sumi and Marcus
introduced an irreversible stochastic model of ET with a wide
sink term.6 This led to the so-called 2D-ET model. This model
involves a solvent polarization coordinate (X) and a low-
frequency classical vibrational coordinate (Q). According to this
model, the relaxation alongQ is much faster than that alongX
and the effect ofQ is included using a position dependent rate
constantk(X).6

Yoshihara and co-workers first reported that in neat donor
(as solvent) photoinduced electron transfer (PET) displays a
component faster than the solvation time.7 Interestingly, even
for ultrafast PET, the rate shows a bell-shaped dependence on
∆G and thus, a Marcus inverted region.7 In order to explain
the ultrafast ET process, Barbara and co-workers proposed a
hybrid model which involves a classical low-frequency vibra-
tion, a classical solvent co-ordinate (X) and a high-frequency
quantum mode.8 Bagchi and co-workers developed a non-
Markovian model and correlated the highly nonexponential ET
process with the highly nonexponential solvation dynamics.3

They noted that in most solvents, the solvation dynamics consist
of an ultrafast subpicosecond inertial component and a slower
component in tens of picoseconds. They showed that 30-40%
of the solvent energy relaxation is sufficient to bring about
ultrafast electron transfer.3

Recently, many groups have reported that solvation dynamics
in nanoconfined systems exhibits a component which is slower
by 2-3 orders of magnitude compared to that in bulk liquids.9-15

It is obviously of interest to study how PET is influenced by
the slow solvation dynamics and proximity of the donor and
acceptor, in a nanocavity. Very recently, we have studied
ultrafast ET fromN,N-dimethylaniline (DMA) to four coumarin
dyes of C151, C153, C480, and C481 (Scheme 1) in a micelle.16

We found that the ultrafast ET in a micelle exhibits a Marcus
inverted region. In the present study, we show that similar
Marcus inverted region exists for ultrafast PET in the nanocavity
of a cyclodextrin, hydroxypropylγ-cyclodextrin (hpCD, Scheme
2A). We avoidedγ-cyclodextrin because one of the coumarin
dyes (C153) forms nanoaggregates inγ-cyclodextrin.15

2. Experimental Section

Laser grade coumarin dyes (C151, C481, C153, and C480)
were purchased from Exciton Inc. and were used without further
purification. Hydroxypropylγ-cyclodextrin (hpCD, Aldrich) and
N,N-dimethylaniline (DMA, Aldrich) were used as received. The
steady-state absorption and emission spectra were recorded in
a Shimadzu UV-2401 spectrophotometer and a Spex Fluoro-
Max-3 spectrofluorometer respectively. The viscosity of the 50
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mM hpCD solutions was measured using a Ubblehode viscom-
eter and found to be 1.15 mPaS at 25°C.

In our femtosecond upconversion setup (FOG 100, CDP) the
sample was excited at 405 nm using the second harmonic of a
mode-locked Ti-sapphire laser (Tsunami, Spectra Physics)
pumped by 5W Millennia (Spectra Physics). The fundamental
beam was frequency doubled in a nonlinear crystal (1 mm BBO,
θ ) 25°, φ ) 90°). The fluorescence emitted from the sample
was upconverted in a nonlinear crystal (0.5 mm BBO,θ ) 38°,
φ ) 90°) using a gate pulse of the fundamental beam. The
upconverted light is dispersed in a monochromator and detected
using photon counting electronics. A cross-correlation function
obtained using the Raman scattering from ethanol displayed a
full-width at half-maximum (fwhm) of the excitation pulse is
350 fs. The femtosecond fluorescence transients were fitted
using a Gaussian shape for the excitation pulse.

To fit the femtosecond data, one needs to know the long decay
components. These were detected using a picosecond set-up in
which the samples were excited at 405 nm using a picosecond
diode laser (IBH Nanoled-07) in an IBH Fluorocube apparatus.
The emission was collected at a magic angle polarization using
a Hamamatsu MCP photomultiplier (5000U-09). The time-
correlated single photon counting (TCSPC) setup consists of
an Ortec 9327 CFD and a Tennelec TC 863 TAC. The data is
collected with a PCA3 card (Oxford) as a multichannel analyzer.
The typical fwhm of the system response using a liquid scatterer
is about 90 ps. The picosecond fluorescence decays were
deconvoluted using IBH DAS6 software.

The time-resolved emission spectra (TRES) are constructed
using the steady-state emission intensity and the fluorescence
decay parameters following the method of Maroncelli and
Fleming.21 The solvation dynamics is described by the decay
of the solvent response functionC(t), defined by,21

whereν(0), ν(t), andν(∞) are the emission frequencies at time
zero,t, and infinity.

In order to study fluorescence anisotropy decay, the analyzer
was rotated at regular intervals to get perpendicular (I⊥) and
parallel (I|) components. Then the anisotropy function,r(t) was
calculated using the formula

The G value of the set-up was determined using a probe
whose rotational relaxation is very fast, e.g., coumarin 153 in
methanol, and theG value was found to be 1.5.

The oxidation and reduction potentials in a micelle exhibit a
general shift from those in acetontrile.19,20hpCD contains eight
glucose units linked by a ether linkage and is thus structurally
similar to a poly oxyethelene surfactant, Triton X-100 (TX-
100). Therefore, we used the reported reduction and oxidation
potentials of coumarins and DMA reported in TX-100 micelle.19a

In TX-100, the potentials differ by 0.13 V from those in
acetonitrile.19a We have used this to calculate the reduction
potential for C480 in hpCD.

3. Results

3.1. Binding of Coumarin Dyes to Hydroxypropyl γ-Cy-
clodextrin (hpCD). Figure 1 shows the effect of addition of
hpCD on the emission spectrum of C481. In an aqueous solution,
addition of 50 mM hpCD causes a blue shift of the emission
maxima of the coumarin dyes along with an increase in

SCHEME 1: Structures of Coumarin Dyes: (a) C153,
(b) C480, (c) C151, and (d) C481

SCHEME 2: (A) Structure of Hydroxypropyl γ-CD and
the (B) Coumarin-CD Complex

Figure 1. Emission spectra of C481 in (i-viii) 0-30 mM hpCD. The
inset shows double reciprocal plot of∆φf vs concentration of hpCD.

C(t) )
ν(t) - ν(∞)

ν(0) - ν(∞)
(2)

r(t) )
I|(t) - GI⊥(t)

I|(t) + 2GI⊥(t)
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fluorescence intensity (Table 1). The emission maxima of C151,
C481, C153, and C48D in hpCD are found to be at 485, 510,
535, and 474 nm, respectively (Table 1). Comparing these with
the reported22 emission maxima of the coumarin dyes in different
solvents, it is inferred that the polarity inside the nanocavity of
hpCD is lower than that in bulk water and close to that in
alcohol.

If the stoichiometry of the coumarin dye (C):cyclodextrin
(CD) (Scheme 2B) is 1:1, the equilibrium is given by

If φf andφ0 denote the emission quantum yield of coumarins
in the presence and in the absence of CD,∆φf () φf - φ0) is
given by,23

where,φ∞ denotes the emission quantum yield of the coumarin
dye when completely bound to hpCD. The value ofK1 was
obtained from a double reciprocal plot of∆φf against [CD]
(Figure 1, inset). The values of binding constant and fraction
of the dyes bound to hpCD are given in Table 1. Obviously,
almost all (∼90%) of the coumarin dyes remain bound in the
presence of 50 mM hpCD.

3.2. Binding of DMA with Coumarin:Cyclodextrin Com-
plex and Quenching of Steady-State Emission.The absorption
spectra of the coumarin dyes in hpCD remain unaffected on
addition of DMA (Figure 2). This suggests that no complex
involving the donor (DMA) and the acceptor (coumarins) is
formed in the ground state of the coumarin dyes. On addition
of DMA (electron donor) the emission intensity of the coumarin
dyes inside the nanocavity decrease quite significantly while
the emission maxima remain unaffected. The quenching of
fluorescence intensity may be ascribed to electron transfer from
DMA to the coumarin dyes. Figure 3 shows the effect of
addition of DMA on the emission spectra of C481 in 50 mM

hpCD. It is readily seen that addition of 15 mM DMA causes
nearly 3.7 times decrease in the emission intensity of C481.
Similar quenching was also observed for other coumarin dyes.
In the case of C480, the extent of quenching is∼1.5 times.

The binding of DMA to the C481-hpCD complex corresponds
to the following equilibrium,

The value of the binding constant,K2 is obtained from the
double reciprocal plot of∆If against DMA concentration, where,
∆If ) If - I0. I0 and If are the emission intensities of C481 in
50 mM hpCD, respectively, in the absence and in the presence
of DMA. The inset of Figure 3 shows such a plot for C481.
The linearity of the plot indicates a simple 1:1:1 stoichiometry
for the ternary complex coumarin-CD-DMA. The value of
the binding constants is 175 M-1. Thus, at 50 mM hpCD and
15 mM DMA, about 75% of the C481-hpCD complexes contain
a bound DMA molecule.

In the absence of hpCD, effect of DMA is found to be far
less efficient with much smaller quenching (∼10%) of the
emission intensity.

3.3. Time-Resolved Studies.Evidently, the DMA induced
quenching should be accompanied by a shortening of fluores-
cence lifetime of the coumarin dyes. We, therefore, studied the
fluorescence decays using a picosecond and a femtosecond set
up.

3.3.1. Picosecond Studies of ET from DMA to Coumarin
Dyes in the hpCD Cavity. Figure 4 shows the fluorescence
decays of C481 and C480 in hpCD (recorded in a picosecond
set-up) in 0 mM and 15 mM DMA. It is readily seen that for
all the coumarin dyes the long component of decay remains
almost unaffected on addition of DMA (Figure 4B). Also for
C481, in hpCD the picosecond decays display no wavelength
dependence in 15 mM DMA (Figure 4A). Thus, the picosecond
decays do not explain the quenching of the emission intensity
of coumarin dyes by DMA in the hpCD cavity. It seems that
DMA affects the ultrafast part of the decay which is not resolved
in a picosecond set-up (IRF∼90 ps). In the next section, using
a femtosecond up-conversion set-up we show that addition of
DMA markedly shortens the ultrafast part of the fluorescence
decay.

TABLE 1: Steady-State Emission Maxima and Binding
Constant of Coumarin Dyes with hpCD

probe
λem

maxin
water (nm)

λem
maxin

50 mM hpCD (nm)

binding
constant,
K1 (M-1)

fraction
bound in

50 mM hpCD

C151 494 485 75 0.80
C481 528 510 295 0.93
C153 549 535 300 0.93
C480 489 474 375 0.95

Figure 2. Absorption spectra of C481 in 50 mM hpCD in presence of
(i) 0 mM and (ii) 15 mM DMA.

Figure 3. Emission spectra of C481 in 50 mM hpCD at DMA
concentration of (i) 0 mM, (ii) 3 mM, (iii) 6 mM, (iv) 9 mM, (v) 12
mM, and (vi) 15 mM. The inset shows double reciprocal plot of∆I f vs
DMA concentration.

C + CD {\}
K1

[C:CD] (4)

1
∆φf

) 1
(φ∞ - φ0)

+ 1
(φ∞ - φ0) K1[CD]

(5)

[C:CD] + DMA {\}
K2

[C:CD:DMA] (6)
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3.3.2. Femtosecond Studies of ET from DMA to Coumarin
Dyes in the hpCD Cavity.In order to study the effect of DMA
on the ultrafast part of the fluorescence decays we recorded the
decays using a femtosecond up-conversion set-up. Figure 5
shows the effect of addition of DMA on the ultrafast part of
decay. It is readily seen that for C481 and C151 there is a
significant change in the ultrafast initial part while the changes
are smaller for C153 and C480 (Table 2).

It should be noted that for the coumarin dyes bound to hpCD,
the fluorescence decays are wavelength dependent because of
solvation dynamics. In the absence of DMA, for all the coumarin
dyes at an emission wavelength at the red end of the emission
spectrum, a rise precedes the decay. The rise originates from
solvation dynamics. On addition of DMA the rise at the red
end vanishes for C151 and C481 and its contribution for C153
is found to be very small. The absence of the rise component
at the red end indicates that electron transfer is faster than

solvation for these dyes in the hpCD cavity. Thus, the rise is
masked by the ultrafast decay of the quenched emission of these
three dyes.

In contrast to these three dyes, C480 continues to display a
rise at the red end even in the presence of 15 mM DMA (Figure
6). This suggests that in the case of C480, ET is much slower,
and in this case the slow component of solvation precedes ET.
We studied solvation dynamics inside hpCD cavity in the
presence of 0 and 15 mM DMA using C480 as a probe. The
solvation dynamics in hpCD cavity is discussed in detail in the
following section (3.4).

In order to determine the rate constant of the electron-transfer
process (kET) we used the following equation

where τ0 and τ denote lifetime of the acceptor (coumarin),
respectively 0 mM and 15 mM DMA. Except in the case of
C480, we used the average lifetime of the fluorescence decay
at the blue end in the absence and the presence of DMA,
respectively, asτ0 andτ. Since for C480 solvation is faster than
ET, we used the long component of decay at the blue end. The

Figure 4. Picosecond transients of (A) C481 in 50 mM hpCD in the
presence of 15 mM DMA at (i)λem ) 490 nm and (ii)λem ) 550 nm,
and (B) C480 (λem ) 440 nm) in 50 mM hpCD in the presence of (i)
0 mM and (ii) 15 mM DMA (λex ) 405 nm).

Figure 5. Femtosecond transients of (A) C151 (λem ) 450 nm) and
(B) C481 (λem ) 490 nm) (C) C153 (λem ) 520 nm) (D) C480 (λem )
440 nm) in 50 mM hpCD with DMA concentration (i) 0 mM and (ii)
15 mM (λex ) 405 nm).

TABLE 2: Fluorescence Decay Parameters of Coumarin
Dyes in 50 mM hpCD in Water at 0 mM and 15 mM DMA
Concentration

acceptor
λem

(nm)
[DMA]
(mM)

τ1 (a1)a

(ps)
τ2 (a2)a

(ps)
τ3 (a3)a

(ps)

C151 450 0 1.1 (0.38) 130 (0.22) 4900 (0.4)
15 1.6 (0.64) 100 (0.13) 4600 (0.23)

520 0 1.2 (-0.29) 110 (-0.17) 5900 (1.46)
15 4.6 (0.12) 95 (0.10) 5300 (0.78)

C481 490 0 3.4 (0.27) 150 (0.23) 800 (0.50)
15 3.0 (0.53) 150 (0.29) 800 (0.18)

550 0 1.5 (-0.30) 420 (0.71) 1500 (0.59)
15 6.7 (0.21) 120 (0.28) 1550 (0.51)

C153 520 0 6.5 (0.11) 130 (0.18) 3300 (0.71)
15 6.2 (0.26) 100 (0.07) 3100 (0.67)

570 0 1.1 (-0.26) 900 (0.53) 3600 (0.73)
15 0.8 (-0.10) 16 (0.14) 3440 (0.96)

C480 440 0 3.7 (0.34) 140 (0.17) 4900 (0.49)
15 3.6 (0.45) 140 (0.27) 4850 (0.28)

510 0 0.4 (-0.52) 5 (-0.33) 6480 (1.85)
15 0.8 (-0.47) 130 (0.25) 5800 (0.78)

a (10%.

Figure 6. Femtosecond transients of (A) C151 (λem ) 520 nm), (B)
C481 (λem ) 550 nm), (C) C153 (λem ) 570 nm), and (D) C480 (λem

) 510 nm) in 50 mM hpCD with DMA concentration (i) 0 mM and
(ii) 15 mM (λex ) 405 nm).

1
τ

) 1
τ0

+ kET (7)

13142 J. Phys. Chem. A, Vol. 110, No. 49, 2006 Ghosh et al.



rate constants of ET for the different systems are listed in Table
3. As shown in Table 3, the rate constant of ET varies about
100 times from 21.4× 107 s-1 for C481 to 0.21× 107 s-1 for
C480.

Figure 7 shows the ultrafast decay of C481 in bulk water in
0 and 5 mM DMA. Note, in bulk water, solubility of DMA is
rather low (∼5 mM) in the absence of hpCD. It is readily seen
that the ultrafast portion of emission decays remains unaffected
on addition of 5 mM DMA. This indicates that there is no
ultrafast ET from DMA to coumarin dyes in bulk water. This
may be ascribed to the relatively large donor-acceptor distance
in bulk water. In contrast, inside the hpCD cavity the donor
and the acceptor are held in close proximity leading to ultrafast
ET.

3.4. Solvation Dynamics in hpCD in the Absence and
Presence of DMA. Solvation dynamics inside the hpCD
nanocavity was studied using C480 as a solvation probe. In the
absence (as well as in the presence) of DMA, C480 exhibits
emission wavelength-dependent decays and displays an ultrafast
(∼0.4 ps) and a comparatively slower (∼5 ps) rise component
at the red end (Table 2). Figure 8 shows decay ofC(t) for C480
in hpCD nanocavity in 0 and 15 mM DMA. In both the cases,
the solvation dynamics exhibit two components: 3( 1 ps
(∼60%) and 140( 15 ps (∼40%). This suggests that both in

the presence and in the absence of DMA, there is a major
component of solvation which is in a time scale<10 ps inside
the hpCD cavity. Apparently, presence of one DMA molecule
does not affect the solvation dynamics inside the CD cavity
which already contains many water molecules.9a The ultrafast
component of solvation obviously facilitates the ultrafast
component of electron transfer which occurs ine10 ps time
scale.

4. Discussion

The most important finding of this work is the ultrafast
component of ET from DMA coumarin dyes inside the
nanocavity of hpCD. It should be noted that in bulk water,
addition of DMA causes negligible changes in the ultrafast
component of decay of coumarin fluorescence (Figure 7), and
hence there is no ultrafast component of ET. Obviously, the
ultrafast ET in hpCD results from close proximity donor (DMA)
and acceptor (coumarin dyes) in the same nanocavity of hpCD.

Another very interesting aspect of the present work is the
marked variation of the rate of ET, depending on the acceptor.
Several authors have considered the role of diffusion in ET.17

The fluorescence anisotropy decay of all four coumarin dyes
are very similar (Figure 9) with a single-exponential decay of
time constant∼900 ps. The similarity in the anisotropy decays
suggests that the variation of ultrafast ET inside the hpCD cavity
is not due to variation in rotational diffusion. Note, the time
constant of anisotropy decay (τR) is related to the hydrodynamic
volume (Vh) as24

whereη is the coefficient of viscosity andT is the temperature.
From the time constant(τR), the hydrodynamic volume (Vh) is
calculated to be 3220 Å.3 The C:CD complexes is an ellipsoid
with semiaxesa, b, cwith volumeVh ) 4πabc/3. Fora andb,
we used the reported width (9 Å) of hpCD.25 Using this we
calculatedc ) 9.5 Å. So that the length of hpCD complex is
∼19 Å. The reported length of the hpCD is∼15 Å.25 Thus, in
a coumarin hpCD complex about 4 Å of theprobe sticks outside
the cavity.

Since in hpCD the ultrafast part of solvation is present even
in the case of ultrafast ET, it is reasonable to expect a Marcus-
like inverted region.3-7 The spontaneity of the electron-transfer
process from a ground state electron donor to an excited-state
electron acceptor is determined by the standard free energy
change (∆G) of the PET reaction. In general, the∆G for a
photoinduced electron-transfer reaction between an electron
donor (D) and an electron acceptor (A) is given by the Rehm-
Weller equation.26

whereE00 is the energy difference between S0 and S1 states of
the electron-acceptor coumarin dyes. This is obtained from the
wavelength at the intersection of the fluorescence and the
excitation spectra.E(D/D+) andE(C/C-) denote the oxidation
and reduction potentials of the electron donor (DMA) and
electron-acceptor (coumarin dyes), respectively. The last term
(EIPS) of eq 9 denotes the ion pair stabilization energy in the
medium and is given by26

TABLE 3: Electron-Transfer Parameters of Coumarin Dyes
in 50 mM hpCD at 0 and 15 mM DMA Concentration

probe
[DMA],

mM ∆G (ev) <τ>a (ps) kET (s-1) ln(kET)

C151 0 4830
15 -0.82 4541 1.31× 107 16.39

C481 0 747
15 -0.72 644 21.4× 107 19.18

C153 0 3267
15 -0.50 3088 1.77× 107 16.69

C480 0 4900b
15 -0.40 4850b 0.21× 107 14.56

a <τ> ) (∑ aiτi
2)/(∑ aiτi). b Longest component of decay.

Figure 7. Femtosecond transients of C481 (λem ) 490 nm) in bulk
water with DMA concentration (i) 0 mM and (ii) 15 mM (λex ) 405
nm).

Figure 8. Decay of response function, C(t) of C480 in 50 mM hpCD
with DMA concentration (a) 0 mM (O) and (b) 15 mM (9).

τR )
ηVh

kT
(8)

∆G ) E(D/D+) - E(C/C-) - E00 - EIPS (9)

EIPS ) e2

εsr0
(10)
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where,e is the electronic charge () 1.602 × 10-19 C). The
emission maximum of the coumarin dyes in hpCD are closed
to that in methanol (εs ) 32.7) or that in micelle (εs ) 26).19

Therefore, we used theεs ≈ 30 for hpCD. In eq 10,r0 is the
interaction distance between the donor and the acceptor. To
calculater0, we have estimated the molecular volume (V) of
the donor and the acceptor using a simple MM2 calculation.
Assuming a spherical shape, we calculated the radius (r) of
donor (and acceptor) from the relation,r ) (3V/4π)1/3. The sum
of radii of the donor and the acceptor isr0 and is found to be
∼7 Å.16 Similar values of the parameters are used earlier by
other groups.7,19,20The ∆G values are listed in Table 3.

The∆G dependence of rate PET for the four coumarin dyes
in hpCD is shown in Figure 10. It is apparent that the plot of
PET rate against∆G (Figure 10) is bell-shaped and very clearly
indicates a Marcus-type inverted region.

5. Conclusion
This work indicates that inside the nanocavity of hpCD,

photoinduced ET (PET) from DMA to coumarin dyes exhibits
a component in a few picosecond time scale. The rate of PET
depends on the coumarin dyes. The rate of PET for C481 is
100 times faster than that for C480. For C481 and C151, PET
is faster than solvation dynamics, and hence no rise is observed
at the red end in presence of the quencher. For C480, even at
the highest DMA concentration, solvation dynamics occur in 3
and 130 ps. The plot of the rate of ET vs∆G shows a bell-
shaped Marcus-type inverted region.
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Figure 9. Fluorescence anisotropy decay (λex ) 405 nm) of C151
(λem ) 450 nm) in 50 mM hpCD. The points denote the actual values
of anisotropy, and the solid lines denote the best fit to the experimental
data.

Figure 10. The ln(KET) vs ∆G plot for the coumarin-DMA system
in 50 mM hpCD solution.
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