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Excited-state proton transfer (ESPT) from pyranine (8-hydroxypyrene-1,3,6-trisulfonate, HPTS) to acetate
has been studied by picosecond and femtosecond emission spectroscopy inγ-cyclodextrin (γ-CD) and
2-hydroxypropyl-γ-cyclodextrin (HP-γ-CD) cavities. In both the CDs, ESPT from HPTS to acetate is found
to be very much slower (90 and 200 ps) than that in bulk water (0.15 and 6 ps). From molecular modeling,
it is shown that in the cyclodextrin cavity the acetate is separated from the OH group of HPTS by water
bridges. As a result, proton transfer in the cavity requires rearrangement of the hydrogen-bond network involving
the cyclodextrin. This is responsible for the marked slowdown of ESPT. ESPT of HPTS in substitutedγ-CD
is found to be slower than that in the unsubstituted one. This is attributed to the hydroxypropyl groups, which
prevent close approach of acetate to HPTS.

1. Introduction

Proton-transfer reaction plays a significant role in many
chemical and biological processes.1-12 Excited-state proton
transfer (ESPT) in bulk liquids and confined assemblies provide
valuable information about the mechanism and nature of acid-
base reactions. A supramolecule consisting of cyclodextrin (CD)
as a host with an organic guest molecule encapsulated inside
the cavity is an elegant example of a confined system.13-15 γ-CD
is a cyclic oligomer containing eight glucose units. The height
of γ-CD cavity is 8 Å while the maximum inner diameter is
9.5 Å.14 In an aqueous solution, a cyclodextrin may encapsulate
an organic molecule. This has important applications in targeted
drug delivery.15 Dissociation of an acid (AH) in an aqueous
solution involves transfer of a proton to a water molecule to
form a hydrated proton and the anion (A-).1,2 This process has
implications in many natural processes, e.g., abnormally high
mobility of proton in water (“Grotthuss mechanism”) and
transport of a proton through a membrane.2e Because of its
fundamental importance, the primary steps of the proton-transfer
process have been studied in great detail in liquid solutions3-8

as well as in many organized assemblies.9-12 Common example
of the photoacids include pyranine [8-hydroxypyrene-1,3,6-
trisulfonate (HPTS), Chart 1],3-8,10,11 HMF,9 and naphthols.12

pKa of HPTS decreases from 7.4 in the ground state to 0.4 in
the first excited state.8 Thus an excited HPTS molecule rapidly
transfers a proton to a water molecule even in a highly acidic
media (e.g., pH∼ 1). ESPT from HPTS to water involves three
basic steps: proton transfer (kPT) and recombination (krec) and
dissociation (kdiss) of the geminate ion pair (Scheme 1).1,4,9 In
the reactive stage, a fast short-range charge separation occurs

and a solvent-stabilized ion pair is formed.4 The next step is
the geminate recombination of the ion pair.4

Tran-Thi et al.3a,b have studied the ESPT process of HPTS
in water by femtosecond upconversion spectroscopy. They found
that the fluorescence decay contains three time constants: 0.3,
2.5, and 87 ps. They ascribed the initial ultrafast components
(0.3 and 2.5 ps) to solvation dynamics and LE-CT transition,
respectively, and the 87 ps component to proton dissociation
and diffusion in water.3a,b However, according to Mohammed
et al.,3c the LE to CT transition occurs on a time scale<150 fs.
Using femtosecond mid-IR spectroscopy, they studied the
transient response of the O-H stretch of HPTS. They detected
two ultrafast components (0.3( 0.2 ps and 3( 1.5 ps), which
they assigned to solvent relaxation affecting the hydrogen bonds
between HPTS and water. They observed two additional
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CHART 1: Structure of HPTS (AH)

SCHEME 1: Schematic Representation of ESPT from
HPTS to Acetate
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components arising from proton transfer to solvent (90( 30
ps) and rotational diffusion (200( 50 ps).3c

Pines et al.5 studied ESPT from different photoacids to
acetate. They found that at a very high concentration (8 M) of
acetate the direct proton-transfer rate is much faster than the
diffusion-controlled rate.5 At a very high concentration, the base
reacts with the proton before it recombines with the anion or is
transferred to the solvent. This retards the geminate recombina-
tion process.5,6 Genosar et al.6a reported that in 4 M acetate the
pseudo first order rate is∼(3 ps)-1. They showed that the fastest
(0.7 ps) component in bulk water remains unaffected while the
second component decreases from 3 to 1 ps at high acetate
concentration.6a This is attributed to the formation of a “tight”
complex in which HPTS is hydrogen-bonded to the acetate ion.
At low acetate concentration, the proton transfer is “solvent-
mediated”.6

Rini et al.7a,b studied ESPT from HPTS to acetate by
monitoring the rise of the carbonyl IR band at 1720 cm-1 arising
from acetic acid. The rise of this band clearly monitors arrival
of the proton to the acetate ion. They reported two different
time constants for ESPT to acetate. For those HPTS that are
hydrogen-bonded to the acetate in the ground state, the ESPT
occurs in<150 fs (0.15 ps).7a,b For complexes where HPTS
and acetate are separated by water molecules, the overall proton-
transfer time is 6 ps and is likely to occur through a Grotthuss-
type proton transfer.7a,bMohammed et al.7c showed that proton
transfer from HPTS to monochloroacetate (-OAc-Cl) in D2O
involved “loose complexes” with D2O bridges separating HPTS
and-OAc-Cl. They proposed that proton transfer involves three
steps. In the first step, the deuteron is transferred to the D2O to
form an intermediate (HPTS-‚‚‚D3O+‚‚‚-OAc-Cl). This pho-
toacid dissociation process occurs within 150 fs. Then the
deuteron is transferred to the acetate in 25 ps to form the “loose”
product complex (HPTS-‚‚‚D2O‚‚‚DOAc-Cl). Finally, the
product complex dissociates in 50 ps in a diffusion-controlled
process.

Recently, we have studied ESPT from HPTS to water in many
confined environments, for example, in micelles,10ain protein-
surfactant aggregates,10b and inside γ-cyclodextrin (γ-CD)
cavity.11 We found that inside the nanocavity ofγ-CD, the initial
proton transfer (kPT) is ∼2 times slower than in bulk water.
Compared to bulk water inγ-CD, the geminate recombination
(krec) of the ion pair is faster by∼3 times and the dissociation
of the ion pair is∼1.5 times slower.11 Thus, the overall rate of
ESPT (formation of solvent-separated proton and deprotonated
species) is markedly retarded in aγ-CD cavity. This is attributed
to the rigidity of the water hydrogen-bond network and slowing
down of solvation inside the cavity.11

In this work, we focus on ESPT from HPTS to acetate inside
a cyclodextrin nanocavity. We use both the unsubstitutedγ-CD
and hydroxypropylγ-CD (HP-γ-CD) for two reasons. First,
substituted CDs are more soluble in water and have a high
affinity for an organic probe.16aHence, at a high CD concentra-
tion almost all probes bind to the CD cavity, and contribution
of the free probe in bulk water is negligible. Second, height of
the HP-γ-CD cavity is larger than that of unsubstitutedγ-CD.16b

We will show that the rate of ESPT from HPTS to acetate in
HP-γ-CD is much slower than that inγ-CD.

2. Experimental Section

HPTS (Fluka),γ-cyclodextrin (γ-CD, Aldrich), 2-hydrox-
ypropyl γ-CD (HP-γ-CD, Aldrich), and sodium acetate (anhy-
drous,g99.5%, Fluka) were used as received. The steady-state

spectra were recorded on a Shimadzu UV-2401 spectropho-
tometer and a Spex, FluoroMax-3 spectrofluorometer. The
viscosity of the 50 mM HP-γ-CD solutions was measured on a
Ubblehode viscometer and found to be 1.15 mPa‚s at 25°C. In
all the experiments the pH is∼6.

For picosecond lifetime measurements, the samples were
excited at 405 nm by use of a picosecond diode laser (IBH
Nanoled-07) in an IBH Fluorocube apparatus. The emission was
collected at a magic-angle polarization by use of a Hamamatsu
MCP photomultiplier (5000U-09). The time-correlated single
photon counting (TCSPC) setup consists of an Ortec 9327
constant fraction discriminator (CFD) and a Tennelec TC 863
time-to-amplitude converter (TAC). The data were collected
with a PCA3 card (Oxford) as a multichannel analyzer. The
typical full width at half-maximum (fwhm) of the system
response with a liquid scatterer is about 90 ps. The fluorescence
decays were deconvoluted with IBH DAS6 software.

In our femtosecond upconversion setup (FOG 100 femtosec-
ond optically gated system, CDP Corp.) the sample was excited
at 405 nm by the second harmonic of a mode-locked Ti-sapphire
laser (Tsunami, Spectra Physics) pumped by a 5 W Millennia
(Spectra Physics). The fundamental 810 nm beam (∼50 fs, 700
mW) was frequency-doubled in a nonlinear crystal [1 mm
â-BaB2O4 (BBO), θ ) 25°, φ ) 90°]. The polarization of the
second harmonic (SH) excitation beam was rotated by a Berek
compensator so as to collect the emission at magic-angle
polarization. To avoid possible photodegradation, neutral density
filters were placed before the sample to reduce the SH power
and the sample was placed in a rotating cell of path length 1
mm. The temporal characteristics of the femtosecond transient
signals were found to be independent for SH power in the range
4-10 mW. However, at SH power>10 mW, the sample
degrades too rapidly, and hence all the femtosecond decays were
recorded at a SH power∼4 mW. The fluorescence emitted from
the sample was collected by an achromatic lens and focused
by use of another lens on a BBO crystal (0.5 mm,θ ) 38°, φ

) 90°) for upconversion using a gate beam at 810 nm. The
upconverted light is dispersed in a monochromator and detected
by photon counting electronics. In order to get instrument
response function (IRF), a cross-correlation was recorded with
the Raman scattering from ethanol. The IRF (for SH excitation)
displays a full width at half-maximum (fwhm) of 350 fs. The
femtosecond fluorescence decays were fitted to a Gaussian shape
for the exciting pulse.

In order to study picosecond fluorescence anisotropy decay,
the analyzer was rotated at regular intervals to get perpendicular
(I⊥) and parallel (I||) components of fluorescence decay. The
anisotropy functionr(t) was calculated from the formula

In our setup, theG value is 1.8 at an emission wavelength of
440 nm and 1.95 at 520 nm.

3. Results

3.1. Steady-State Spectra.In water, HPTS exhibits an
absorption peak at 405 nm due to the protonated form (AH)
with a weak absorption band at 450 nm for the deprotonated
form (A-).11 At pH ∼ 6, addition ofγ-CD (or HP-γ-CD) and
sodium acetate does not affect the absorption spectrum of HPTS
significantly.

r(t) )
I||(t) - GI⊥(t)

I||(t) + 2GI⊥(t)
(1)
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In aqueous solution, HPTS exhibits a very weak emission at
435 nm (from AH) and a strong emission at 515 nm (from A-).11

Upon addition of theγ-CDs, the AH emission increases with a
concomitant decrease in the A- emission. The effect is much
more pronounced for HP-γ-CD than for unsubstitutedγ-CD
(Figure 1). The binding constant (Kb1) of HPTS to γ-CD
corresponds to the following equilibrium:

If If denotes the observed emission intensity of HPTS at 435
nm, then∆If () If - I0) is given by17

whereI0 andI∞ denote emission intensity of the protonated form
(435 nm) in free and completely bound HPTS. The value of
Kb1 was obtained by a double reciprocal plot of∆If against [CD].
The value ofKb1 is slightly higher for HP-γ-CD (160 ( 20
M-1) than that ofγ-CD (120( 20 M-1).11 At 50 mM HP-γ-
CD, ∼88% of the probe is bound to the CD cavity, while at 40
mM γ-CD, ∼83% of the probe is bound to the CD cavity.

Addition of sodium acetate to an aqueous solution of HPTS
in γ-CD (also HP-γ-CD) causes a gradual decrease in the AH
emission (at 435 nm) along with a concomitant increase of the
A- emission (at 515 nm). The effect of acetate on the emission
spectra of HPTS is more drastic forγ-CD compared to that for
HP-γ-CD (Figure 1).

The binding of acetate to the HPTS/CD complex corresponds
to the following equilibrium with a binding constant ofKb2:

The value ofKb2 may be obtained from a double reciprocal
plot of ∆If against acetate concentration (Figure 1). The linearity
of the plot indicates a simple 1:1:1 stoichiometry for the ternary
complex HPTS/CD/Ac. The value of the binding constants are
9 ( 1 M-1 and 11 ( 1 M-1 for γ-CD and HP-γ-CD,
respectively. Thus∼95% of the HPTS/CD complex remain
bound to an acetate ion in both 40 mMγ-CD and 50 mM HP-
γ-CD.

In summary, the steady-state studies indicate that there is only
one acetate ion in the immediate vicinity of HPTS in theγ-CD
and HP-γ-CD cavities.

3.2. Fluorescence Anisotropy Decay.In bulk water the
rotational relaxation time of HPTS is 140 ps.11 In the presence
of 2 M acetate, the anisotropy decay of HPTS is slower with a
time constant of 260 ps (Table 1, Figure 2). In 40 mMγ-CD,
at 440 nm, emission from HPTS in bulk water is negligible.11

At this emission wavelength, in 40 mMγ-CD, the fluorescence
anisotropy decay of HPTS is markedly slower (720 ps) than
that in water (140 ps). This is evidently because of the larger
volume of the HPTS/γ-CD complex compared to free HPTS.
At 520 nm, there is∼20% contribution of the uncomplexed
HPTS molecules from the bulk water. In this case, in 40 mM
γ-CD, the fluorescence anisotropy decay exhibits two compo-
nents, 140 ps (20%) and 720 ps (80%).11 These two components
correspond, respectively, to the uncomplexed HPTS and the
HPTS bound toγ-CD.

For HPTS/HP-γ-CD complex, the time constant of anisotropy
decay at 440 nm is 1000 ps. This is longer compared toγ-CD
and is due to the larger size of HP-γ-CD. In 50 mM HP-γ-CD,
at 520 nm, the anisotropy decay of HPTS is characterized by
two components: a fast (140 ps, 20%) one arising from
uncomplexed HPCD and a long (1000 ps, 80%) component
originating from HPTS/HP-γ-CD complex (Table 1, Figure 2).

The size of the HPTS/CD complexes for the unsubstituted
and substituted CDs may be estimated as follows. The time
constant of anisotropy decay (τR) is related to the hydrodynamic
radius (rh) as18

Figure 1. Steady-state emission spectra of HPTS (λex ) 405 nm) in
(A) 40 mM γ-CD containing (i-iv) 0, 0.5, 1, and 2 M acetate and in
(B) 50 mM HP-γ-CD containing (i-iv) 0, 0.5, 1, and 2 M sodium
acetate. (‚‚‚) Emission spectrum of HPTS in water. (Insets) Double
reciprocal plots of∆I f vs [acetate] forγ-CD (9) and HP-γ-CD (O).

HPTS+ CD y\z
Kb1

[HPTS/CD] (2)

1
∆If

) 1
(I∞ - I0)

+ 1
(I∞ - I0)Kb1[CD]

(3)

[HPTS/CD]+ Ac y\z
Kb2

[HPTS/CD/Ac] (4)

TABLE 1: Fluorescence Anisotropy Decay Parameters of
HPTS in Different Systemsa

system r0
b a1 τR1,b ps a2 τR2,b ps

waterc 0.23 1.00 140
water/2 M acetate 0.24 1.00 260
γ-CDc 0.25 0.20 140 0.80 720
γ-CD/2 M acetate 0.36 0.20 260 0.80 1280
HP-γ-CD 0.30 0.20 140 0.80 1000
HP-γ-CD/2 M acetate 0.37 0.20 260 0.80 1600

a λem ) 520 nm,λex ) 405 nm.b (10% c Reference 11.

Figure 2. Fluorescence anisotropy decay of HPTS (λex ) 405 nm,
λem ) 520 nm) in (A) 40 mMγ-CD and (B) 50 mM HP-γ-CD with (i)
0 M (4) and (ii) 2 M (O) acetate.

τR )
4πηrh

3

3kT
(5)
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whereη is the coefficient of viscosity andT is the temperature.
From the observed time constants of anisotropy decay, the values
of hydrodynamic diameter (2rh) of the γ-CD and HP-γ-CD
complexes are calculated to be 17 and 19 Å, respectively.

On addition of acetate, the lifetime of the decay at 440 nm
becomes very much shorter than the rotational relaxation time.
Hence, the anisotropy decay in the presence of acetate is
monitored at 520 nm. In 2 M acetate, the time constants of
anisotropy decay for both free HPTS in bulk water and HPTS/
CD complexes are found to be slower than that in 0 M acetate.
The slowing down of rotational dynamics may be caused by
the increase in viscosity upon addition of acetate.6a In 2 M
acetate, in 40 mMγ-CD, the anisotropy decay at 520 nm
displays two components: 260 ps (20%) and 1280 ps (80%)
(Table 1, Figure 2). For HP-γ-CD, in 2 M acetate, the long
component of the anisotropy decay is 1600 ps. It is interesting
to note that the relative contributions of the free and the bound
components remain the same in 2 M acetate. This suggests that
the probes do not escape from the cavity upon addition of
acetate.

3.3. Picosecond Time-Resolved Studies.Figures 3 and 4
show the picosecond transients for HPTS in the presence of 0,
0.5, 1.0, and 2 M sodium acetate at 440 nm (AH) (Figure 3)
and 550 nm (A-) (Figure 4) inγ-CD (panels A) and HP-γ-CD
(panels B). As shown in Figure 3, the AH transients (440 nm)
become faster as acetate concentration is increased from 0 to 2
M. This may be attributed to faster ESPT from HPTS to acetate.

In γ-CD, the decay at 440 nm is triexponential with
components 140 ps (28%), 850 ps (31%), and 2000 ps (41%).11

For HP-γ-CD, the decay components are 130 ps (27%), 850 ps
(28%), and 2450 ps (45%). The decay parameters of HPTS in
40 mMγ-CD in the presence of different acetate concentrations
are given in Table 2. With an increase in acetate concentration
from 0.5 to 2 M, at 440 nm, the 120 ps component decreases
to 60 ps and the other component decreases from 450 ps in 0.5
M acetate to 160 ps in 2 M acetate. The time constants of rise
decreases from 120 and 450 ps in 0.5 M acetate to 60 and 160
ps in 2 M acetate. In 40 mMγ-CD in the absence of acetate,
both the decay and rise components are slower compared to
those in the presence of acetate. The comparatively faster decay
at 440 nm (AH) and rise at 550 nm (A-) indicates that the ESPT

process of HPTS inside aγ-CD cavity is accelerated by sodium
acetate.

The decay parameters of HPTS in 50 mM HP-γ-CD at
different acetate concentrations are summarized in Table 3. It
is clear that with increasing acetate concentration the AH decays
become faster and also the rise time of the A- emission
decreases. However, the magnitude of the changes caused by
acetate on the rise and decay times in HP-γ-CD at all acetate
concentrations is smaller compared to those inγ-CD.

3.4. Femtosecond Time-Resolved Studies.Femtosecond
upconversion study of the anion emission (at 550 nm) reveals
three distinct rise components (Tables 4 and 5 and Figure 5).
The first two components (0.8 and 8 ps) are ultrafast and could
not be detected in a picosecond setup, while the third component
is similar to the fastest component observed in a picosecond
setup. The ultrafast components (0.8 and 8.0 ps) for both the
unsubstituted and substitutedγ-CDs remain unaffected upon
addition of acetate, while the third component decreases
gradually with acetate concentration.

4. Discussion

The femtosecond transients of HPTS confined in theγ-CD
cavity display two ultrafast rise components, 0.8 and 8 ps, for
both the substituted and unsubstitutedγ-CDs. The ultrafast rise
components (0.8 and 8 ps) are much faster than the time scale
of vibrational relaxation in a cyclodextrin cavity (e.g., 30 ps
for I2 in dimethyl-â-CD).13 These two components do not change
with acetate concentration and hence, are not related to ESPT.
In γ-CD the time constant of the slow rise decreases from 140
ps in 0 M acetate to 60 ps in 2 M acetate.

In order to understand the effect of cyclodextrin on the proton-
transfer process, we carried out a simple molecular modeling.
For this purpose, the structure ofγ-CD was obtained from the
Protein Data Bank (1D3C). In order to get an idea about the
structure of theγ-CD/HPTS/acetate complex, we carried out a
MM2 calculation. Fleming and co-workers19a earlier reported
that∼10 water molecules are included in theγ-CD cavity when
an aromatic molecule is encapsulated inside the cavity. Fol-
lowing this, we included eight water molecules inside the cavity.
The optimized structure of theγ-CD/HPTS/acetate complex
along with water molecules is shown in Figure 6. Figure 7 shows

Figure 3. Picosecond transients of AH emission (λem ) 440 nm) in
(A) 40 mM γ-CD containing (i-iv) 0, 0.5, 1, and 2 M sodium acetate
and in (B) 50 mM HP-γ-CD containing (i-iv) 0, 0.5, 1, and 2 M sodium
acetate (λex ) 405 nm).

Figure 4. Picosecond transients of A- emission (λem ) 550 nm) in
(A) 40 mM γ-CD containing (i-iv) 0, 0.5, 1, and 2 M sodium acetate
and in (B) 50 mM HP-γ-CD containing (i-iv) 0, 0.5, 1, and 2 M sodium
acetate (λex ) 405 nm).
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the hydrogen bonding in the immediate neighborhood of the
hydroxyl (OH) group of HPTS and the acetate group inside the
γ-CD cavity. From Figure 7, it is readily seen that the acetate
group is not directly hydrogen-bonded to the OH group of
HPTS, the O-O distance being∼4 Å. Instead, the acetate group
remains hydrogen-bonded to the two OH groups ofγ-CD (O-O

distance<3 Å). The OH group of HPTS is found to be
hydrogen-bonded to a OH group ofγ-CD that is not hydrogen-
bonded to the acetate. The OH group of HPTS is also hydrogen-

TABLE 2: Picosecond Decay Parameters of AH and A- Emission of HPTS in 40 mM γ-CD at Different Acetate
Concentrations

AH emissiona (at 440 nm) A- emissiona (at 550 nm)

[acetate](M) τ1, ps (a1) τ2, ps (a2) τ3, ps (a3) rise timeτ1, ps (a1) rise timeτ2, ps (a2) τ3, ps (a3)

0.0b 140 (0.28) 850 (0.31) 2000 (0.41) 140 (-0.53) 850 (-1.62) 6500 (3.15)
0.5 120 (0.39) 450 (0.28) 750 (0.33) 120 (-0.45) 450 (-1.53) 6000 (2.98)
1.0 80 (0.38) 350 (0.47) 650 (0.15) 80 (-0.80) 350 (-1.35) 6000 (3.15)
2.0 60 (0.35) 160 (0.40) 400 (0.25) 60 (-0.07) 160 (-1.06) 6000 (2.13)

a (10% b Reference 11.

TABLE 3: Picosecond Decay Parameters of AH and A- Emission of HPTS in 50 mM HP-γ-CD at Different Acetate
Concentrations

AH emissiona (at 440 nm) A- emissiona (at 550 nm)

[acetate] (M) τ1, ps (a1) τ2, ps (a2) τ3, ps (a3) rise timeτ1, ps (a1) rise timeτ2, ps (a2) τ3, ps (a3)

0.0 130 (0.27) 850 (0.28) 2450 (0.45) 130 (-0.18) 850 (-1.24) 7300 (2.42)
0.5 130 (0.37) 650 (0.48) 1440 (0.15) 130 (-0.58) 650 (-1.68) 6500 (3.26)
1.0 130 (0.37) 550 (0.36) 1150 (0.27) 130 (-0.33) 550 (-1.42) 6500 (2.75)
2.0 130 (0.44) 450 (0.39) 1000 (0.17) 130 (-0.98) 450 (-0.79) 6500 (2.77)

a (10%.

TABLE 4: Femtosecond Decay Parameters of AH and A- Emission of HPTS in 40 mM γ-CD at Different Acetate
Concentrations

AH emissi ona (at 440 nm) A- emissiona (at 550 nm)

[acetate] (M) τ1, ps (a1) τ2, ps (a2) τ3, ps (a3) τ4, ps (a4) rise timeτ1, ps (a1) rise timeτ2, ps (a2) rise timeτ3, ps (a3) τ4, ps (a4)

0.0 0.8 (-0.13) 8 (0.01) 140 (0.49) 2000 (0.63) 0.8 (-0.47) 8 (-0.75) 140 (-3 19) 6500 (5.41)
0.5 0.8 (-0.29) 8 (0.06) 120 (0.57) 750 (0.66) 0.8 (-1.9) 8 (-1.7) 120 (-8.2) 6000 (12.8)
1.0 0.8 (-0.27) 8 (0.16) 80 (0.63) 650 (0.48) 0.8 (-1.4) 8 (-1.7) 80 (-5.1) 6000 (9.2)
2.0 0.8 (-0.04) 8 (0.18) 60 (0.50) 400 (0.36) 0.8 (-2.0) 8 (-2.1) 60 (-5.3) 6000 (10.4)

a (10%.

TABLE 5: Femtosecond Decay Parameters of AH and A- Emission of HPTS in 50 mM HP-γ-CD at Different Acetate
Concentrations

AH emissiona (at 440 nm) A- emissi ona (at 550 nm)

[acetate](M) τ1, ps (a1) τ2, ps (a2) τ3, ps (a3) τ4, ps (a4) rise timeτ1, ps (a1) rise timeτ2, ps (a2) rise timeτ3, ps (a3) τ4, ps (a4)

0.0 0.8 (-0.09) 8 (0.05) 130 (0.35) 2500 (0.69) 0.8 (-0.61) 8 (-0.72) 130 (-3.68) 7300 (6.01)
0.5 0.8 (-0.04) 8 (0.05) 130 (0.48) 1440 (0.51) 0.8 (-1.5) 8 (-1.69) 130 (-7.3) 6500 (11.49)
1.0 0.8 (-0.04) 8 (0.10) 130 (0.47) 1150 (0.47) 0.8 (-1.94) 8 (-2.11) 130 (-10.5) 6500 (15.55)
2.0 0.8 (0.02) 8 (0.15) 130 (0.42) 1000 (0.41) 0.8 (-1.4) 8 (-1.9) 130 (-7.5) 6500 (11.8)

a (10%.

Figure 5. Femtosecond fluorescence transients of HPTS in 40 mM
γ-CD containing 0.5 and 2 M sodium acetate atλem ) 440 and 550
nm (λex ) 405 nm). The right-hand panel shows the initial portion of
the femtosecond transients.

Figure 6. Optimized structure ofγ-CD/HPTS/acetate along with water
molecules. Black spheres represent the oxygen atom of HPTS, acetate
ion, cyclodextrin, and water.
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bonded to two water molecules that are hydrogen-bonded to
the acetate group. In other words, inside theγ-CD cavity the
acetate is separated from the OH group of HPTS by two water
molecules as bridges. Obviously, in this case proton transfer
from HPTS to acetate is not direct and is mediated by water
bridges and thus resembles the Grotthuss mechanism. Obviously,
in the cavity ESPT from HPTS to acetate requires rearrangement
of the hydrogen-bond network and also involves the cyclodex-
trin. Note, within the cavity the acetate is constrained to remain
at a close distance (∼4 Å) from the OH group of HPTS (in
spite of the water bridges), and thus the role of diffusion may
not be very large. Solvation dynamics inside the cyclodextrin
is much slower by 2-3 orders of magnitude compared to bulk
water.19 The slow solvation dynamics and the requirement for
rearrangement of the hydrogen-bond network involving the
cyclodextrin may be responsible for slower proton transfer inside
the γ-CD cavity.

We now discuss rates of initial proton transfer (kPT) from
HPTS to acetate, geminate recombination (krec), and dissociation
of the geminate ion pair (kdiss) inside theγ-CD cavity. In Scheme
1, kAH and kA denote the total decay rates (radiative and
nonradiative other than proton transfer) of AH and A-. The
solvent-separated ion pair may be converted back into a
geminate ion pair with a ratekP[H+] that is negligible at a high
pH (∼6). The time evolution of the different species is described
by the following coupled differential equations:9

whereX ) kPT + kAH ≈ kPT, Y ) krec + kdiss + kA, andZ ) kA.
In this model, we used the amplitudes and time constants of
the triexponential picosecond decays at 440 nm, which is free
from contribution of free HPTS in bulk water. The rate constants
for HPTS in 40 mMγ-CD in the presence and absence of
sodium acetate are summarized in Table 6.

From Table 6, it is apparent that the rate of initial proton-
transfer process (kPT) increases∼3 times, from (4.0( 0.4) ×
10-3 ps-1 at 0 M acetate to (11( 2.0) × 10-3 ps-1 at 2 M
acetate in 40 mMγ-CD. The time constant of proton transfer
from HPTS to acetate in bulk water is<6 ps.7a,b However, in
a solution containing 40 mMγ-CD and 2 M acetate, the time
constant of proton transfer from HPTS to acetate is 90 ps (1/
kPT), which is much slower than that in bulk water. The probable

cause of the reduced rate could be unfavorable geometry of the
acid (HPTS) and the acetate ion inside theγ-CD cavity and
slow solvation as noted earlier.

In contrast, in the case of HP-γ-CD the initial proton-transfer
rate (kPT) remained almost unaffected upon addition of acetate
(Table 6). It seems that the hydroxypropyl group present in HP-
γ-CD protect the encapsulated HPTS molecule from the acetate.
Hence, acetate can access the HPTS molecule more easily in
unsubstitutedγ-CD than in HP-γ-CD.

The effect of sodium acetate on the rate of recombination
(krec) of the geminate ion pair is found to be quite small for
both substituted and unsubstitutedγ-CD (Table 6). Unlikekrec,
the rate of dissociation (kdiss) of the geminate ion pair inside
the unsubstitutedγ-CD increases∼4.5 times, from 2× 10-3

ps-1 in 0 M acetate to 9× 10-3 ps-1 in 2 M acetate (Table 6).
However, in HP-γ-CD the rate of dissociation (kdiss) increases
only ∼1.5 times in presence of 2 M acetate. The difference in
kPT, krec, andkdiss for substituted and unsubstitutedγ-CDs may
be attributed to the presence of the hydroxypropyl chain in the
substitutedγ-CD. The alkyl chain makes the HP-γ-CD cavity
more hydrophobic and less hydrated thanγ-CD cavity and also
prevents close approach of the acetate ion to HPTS.

5. Conclusion

This work demonstrates that the ESPT from HPTS to acetate
insideγ-CD and hydroxypropyl-γ-CD (HP-γ-CD) nanocavities
is markedly slower compared to that in bulk water. In bulk
water, the time constant of proton transfer from HPTS to acetate
is <0.15 ps (for “tight” complexes) and 6 ps for complexes
where HPTS and acetate are separated by water. However, in 2
M acetate the same process occurs in∼90 ps (1/kPT) in γ-CD
and∼200 ps (1/kPT) in HP-γ-CD. From molecular modeling, it
is shown that inside theγ-CD cavity the acetate ion is separated
from the OH group of HPTS by two water molecules as bridges.
This prevents direct ESPT from HPTS to acetate inside the
cavity. The main reason for slower ESPT from HPTS to acetate
inside theγ-CD cavity seems to be the requirement for extensive
rearrangement of the hydrogen-bond network involving the
cyclodextrin and also slower solvation dynamics19 inside the
γ-CD cavity. It is also observed that in HP-γ-CD the hydrox-
ypropyl group prevents close approach of acetate to HPTS and
thus acetate has a smaller effect on the ESPT process in HP-
γ-CD.
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Figure 7. Hydrogen bonding in the immediate neighborhood of the
hydroxyl (OH) group of HPTS inside theγ-CD cavity. O(W) denotes
the oxygen atom of water.

d
dt[AH

A-‚‚‚H+

A- ] ) [-X krec 0
kPT -Y 0
0 kdiss -Z] × [AH

A-‚‚‚H+

A- ] (6)

TABLE 6: Rate Constantsof HPTS at 295 Ka

system
kPT × 103

(ps-1)
krec × 103

(ps-1)
kdiss× 103

(ps-1)

waterb 9.0( 2.0 0.65( 0.1 3.0( 0.6
γ-CDb 4.0( 0.4 2.0( 0.4 2.0( 0.4
γ-CD/0.5 M acetate 5.5( 1.1 2.0( 0.4 3.0( 0.6
γ-CD/1.0 M acetate 7.0( 1.5 2.6( 0.6 5.0( 1.0
γ-CD/2.0 M acetate 11.0( 2.0 2.2( 0.5 9.0( 2.0
HP-γ-CD 4.0( 0.4 2.2( 0.5 2.0( 0.4
HP-γ-CD/0.5 M acetate 4.0( 0.4 2.0( 0.4 2.5( 0.5
HP-γ-CD/1 M acetate 4.4( 0.4 1.8( 0.3 2.6( 0.5
HP-γ-CD/2 M acetate 4.8( 0.4 1.6( 0.3 3.0( 0.6

a Rate constants shown arekPT, deprotonation of the protonated
species (AH);krec, recombination of geminate ion pair; andkdiss,
dissociation of geminate ion pair.b Reference 11.
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