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Solvation dynamics of a nonaqueous solvéhi-dimethylformamide (DMF) has been studied for the first
time in a $-cyclodextrin (3-CD) cavity using picosecond time dependent fluorescence Stokes’ shift and
4-aminophthalimide (4-AP) as a probe. Solvation dynamics of confined DMF molecules withfi Gl
cavity is found to be described by a component of 4080 ps (25%) and a slow component oft81 ns
(75%). This is substantially slower than the solvation timé. (ps) in bulk DMF.

1. Introduction dextrin cavities. This includes study of kinetics of entry into

. i : X
Most biological systems involve water in a confined region, and exit from the cavity? orientational relaxatiof; and

a few nm in size. Study of liquids in confined environments is Isomerization dynamicS.Surprising.ly, there is only one TDF.SS
of fundamental importance to understand how they influence StUdY reported so far in CB.Fleming et al. studied solvation
the structure, dynamics, and reactivity in complex biological dynamics of water confined in-CD cavity using coumarin 480
systems. As a result of this, the dynamics of liquids in confined S @ probés They observed that, while in bulk water solvation
environments is a subject of very active area of contemporary dynamics occurs in subpicosecond time scales @-361[5%32,4
research2° Recently many groups have demonstrated that in inside they-CD cavity the solvation dynamics exhibits a very
confined environments water and other liquids behave very Slow component. The slow dynamics#rCD is described by
differently from the corresponding liquid in bufk2® Among three components of 13, 109, and 1200 ps, respectidlgndi
all of the techniques used to study dynamics in liquids, ultrafast and Bagchi attributed the slow component to almost complete
time dependent fluorescence Stokes’ shift (TDFSS) or the more suppression of the translational modes of the confined water
recent three photon echo peak shift (3PEPS) technique standnolecules within the/-CD cavity?2 Subsequently, similar slow
out because of their superior time resolution down to femto- dynamics of water has been reported in many other organized
second time scafe?! Perhaps the most important finding of media, such as water surfatgrotein}®® DNA,® microemul-
the recent TDFSS studies in confined systems is the observatiorsion?*? sol-gel matrix}? lipid,** micelles?® and so on. More
of a bimodal decay with one bulk liquid like fast component recently, several groups have studied nonaqueous solvents in
and another very slow component which is slower by8rders the confined solvent pool of microemulsions. Levinger éfal.
of magnitude® The origin of the slow component has been the studied solvation dynamics of formamide, whereas Shirota and
subject of intense debateand several interesting theoretical Horie studied acetonitrifé® and methandf’ in AOT micro-
models have already been proposed to expladliThe slow emulsions. In bulk, each of these three liquids exhibit solvation
component of relaxation in confined systems is also detected dynamics in~1 ps time scale. However, inside microemulsions,
in dielectric relaxatiof? and NMR studied? they exhibit very slow dynamics with solvation times of 250
Among all of the confined systems, cyclodextrins is most ps for formamid&® and several 1000 ps for acetonitrile and
well chracterized? A cyclodextrin is a cyclic polymer of asugar  methanoltof
(a-amylose) containing si(CD), seven §-CD), or eight -
CD) monomers, and hence, the size or shape of the cyclodextrin
cavity is more or less fixe# The structure of a supramolecule
consisting of cyclodextrin as a host and an aromatic hydrocarbon
along with several solvent molecules as guests is quite well
defined!* Such a supramolecule is free from complications
arising from the motion of individual surfactants in a surfactant
assembly (e.g., in micelle, microemulsion, or lipid) or confor-
mational motion of a macromolecule (e.g., protein or DNA).
There are several reports on dynamics of molecules in cyclo-

Solvation dynamics of nonaqueous solvents inside a CD
cavity has not been reported in any previous work. Vast majority
of the works on CD is in aqueous solutioldlowever, it was
known for a long time that organic molecules bind to CD in
many nonaqueous solvents, such as dimethyl sulfoxide, dim-
ethylformamide, acetonitrile, and so &rin this work, we report
on the solvation dynamics of dimethylformamide (DMF) in
B-CD cavity using 4-aminophthalimide (4-AP, Scheme 1) as a
probe. It has been reported already that 4-AP bings@D in
aqueous solution®2 Binding of 4-AP to-CD in nonaqueous

*To whom correspondence should be addressed. E-mail: pckb@ SOlUtions has not been reported earlier. In bulk DMF solvation
mahendra.iacs.res.in. Fax: (91)-33-473-2805. occurs in 1 ps time scafé.In this work, we will show that in
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Figure 1. (a) Absorption spectra of 4.7% 1075 M 4-AP (i—iv) in 1/[p-CD] (M)
neat DMF, and in the presence of 24, 72, and 155 flID in DMF, Figure 2. Plot of 1/A¢ vs 1/[3-CD] for 4.75x 10°5M 4-AP in DMF.

respectively. (b) Steady-state emission spectra of £.7857°M 4-AP

(i—viii) in neat DMF, and in the presence of 12, 24, 36, 48, 72, 120, skl
and 155 mMg-CD in DMF, respectively.
SCHEME 1: Structure of 4-Aminophthalimide (4-AP) C4Kr
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B-CD cavity solvation dynamics of DMF becomes slower by 0L —
many orders of magnitude. 0

2. Experimental Section

4-AP (Eastman-Kodak) was purified by repeated crystalliza-  SK
tion from 1:1 aqueous ethang:CD (Aldrich) and spectroscopic
grade DMF were used as received. For lifetime measurements,C 4K+
the sample was excited at 300 nm by the second harmonic of O
a Rhodamine 6G dual jet dye laser with DODCI as saturable {J 3Ky
absorber (Coherent 702-1) synchronously pumped by a CWNZK
mode locked Nd:YAG laser (Coherent Antares 76s). The T
emission was collected at magic angle polarization using a S 1K

T

Hamamatsu MCP photomultiplier (2809U). The typical fwhm

of the system response is about 50 ps. (I . \ _ : :
0 2 4 5 8 i

3. Results Time (ns)

3.1. Steady-State Absorption and Emissiord-AP exhibits F)igzé% 3. ((ja)(--';“é%roescem(:g)d,;cays of 4151(?5 M 4-Afp4ir;5[l)cl\r/lf!>: a’f
: ; ; | an 1} nm. uorescence aecays ol 4x

two absorption peaks at 310 and 375 nm in DMF (Figure 1a). ;55" 6e'1nms-cD in DMF at (i) 445, (ii) 290, and (iii) 570 nm.
On addition of5-CD, the absorption spectrum of 4-AP exhibits
a slight red shift with a clear isosbestic point at 300 nm. Emision
maximum of 4-AP is very sensitive to polarity and hydrogen-
bonding ability of the solvent and shifts from 435 nm in dioxane
to 550 nm in wateP?26 In DMF, 4-AP exhibits an emission
maximum at 465 nm with emission quantum yiedg) (of 0.47.
On addition of3-CD to DMF, the emission maximum of 4-AP
shifts to the red (Figure 1b) and the intensity of the emission
gradually decreases.

For determining the binding constaryj of 4-AP to3-CD
in DMF, emission spectra were recorded exciting the sample
at 300 nm at various concentrations @CD. The binding
constantK, corresponds to the following equilibrium:

absence off-CD with that at various concentrations @fCD.
Such a plot is shown in Figure X is determined from the
ratio of intercept and slope of this curé®&From the data in
Figure 2, the binding constant of 4-AP CD in DMF is
determined to be 12 2 ML,
3.2. Time-Resolved StudiesAlthough the effect of3-CD
on the steady-state emission properties of 4-AP is rather
innocuous, there is a very dramatic change on the temporal
decay of 4-AP on addition g§-CD. In neat DMF, 4-AP exhibits
an emission decay with a lifetime of 13 ns, and the decay is
independent of the wavelength of emission (Figure 3a). On
addition of3-CD to DMF, the nature of the emission decays of
4-AP + B-CD = [4-AP:3-CD] (1) 4-AP changes significantly. In the presence of 155 fpH@D
in DMF, fast decay is observed at the blue end, whereas at the
The value oK}, was determined from the double reciprocal plot red end, the decay is preceded by a growth. For example, the
of A¢r against concentration of-CD, where A¢s is the decay of emission of 4-AP at 570 nm (red end) is fitted to a
difference in emission quantum yield of 4-AP in DMF in the triexponential function with rise times of 0.22 and 4.9 ns along
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Figure 4. (—) 35% emission of 4.75% 10°°> M 4-AP in DMF, (- - -)

emission of 4.75< 1075 M 4-AP in 155 mM#-CD in DMF, and ¢--)

emission spectrum corresponding to 4-AP boun@-0D in DMF. Figure 5. Time-resolved emission spectra of 4-AP boung+6D in
DMF at 25 @), 1000 ), 3000 @), and 30 000 ps¥).

Wave number (cm'l)

with a decay of 13 ns (Figure 3b). However, for the same

solution, at 445 nm (blue end), there is a triexponential decay molecules remain in the bound form, the emission intensity is
with three decay components of 0.98, 2.84, and 13 ns. Such agiven by

wavelength dependence of emission decays indicate that, in the

B-CD cavity, 4-AP exhibits solvation dynamics in a time scale lor (A1) = 0.692(A,1) + 0.355(2.1) (3)
much slower than the solvation dynamics observed in neat DMF
(1 ps)¥ wherelf(1,t) is the contribution of free 4-AP. Thus
4. Discussion |2;l) |241)

The most spectacular observation of this work is the detection ly(,t) = 0.65——b, &' + 0.65——h, e /> +
of slow rise time in the red end of the emission spectrum of zbifi Zbifi
4-AP in 3-CD cavity in DMF. It should be emphasized that in . .
155 mM 3-CD in DMF a significant amount of 4-AP remains |f5(l) Ibs(l)
in the unbound, free form. Thus, to extract the solvation 0.35 " + 0.65—p.| et (4)
dynamics of 4-AP bound t@-CD, it is necessary to subtract T, 3
the contribution of the free 4-AP in DMF both from the steady Zbifi

I

state and the time-resolved emission data. According to the value
of Ky determined in this work, at a concentration of 155 mM
B-CD and 4.75x 1075 M 4-AP in DMF, 654 4% 4-AP remain

in the bound from. Thus, contribution of free 4-AP to the total
steady-state emission spectrum in 155 D is 0.35 times
the emission intensity of 4-AP in DMF in the absencgeED.
The emission spectrum due to 4-AP molecules boungt@D

is obtained by subtracting the contribution of free 4-AP {35
4%) from the total emission spectrum in 155 n®MCD in DMF.
This is shown in Figure 4. The emission maximum of 4-AP

From the ratio of steady-state emission intensities of bound and
free form (24159 from Figure 4 and from the amplitudes of
the triexponential decay components in Figure 3, one can obtain
the amplitudes of the decay componei¥ for the bound form.
Then the time-resolved emission spectra (TRES, Figure 5) is
constructed following the method of Maroncelli and Flemitfy.
The solvation dynamics are described by the decay of the solvent
response functio€(t), defined by

bound tos-CD is observed to be at 490 nm which is red shifted w(t) — v(c0)
by 25 nm from that of 4-AP in DMF. Ct)y=———-—+= (5)
At all wavelengths, the decay of emission of 4-AP in 155 v(0) — v(e)

mM (-CD were found to be triexponential function with a very
long bulk like component of 13 ngd) along with two other
faster components. Although the two fast components were
invariably due to 4-AP bound t#-CD, the long component
contains contribution from both bound and free 4-AP. At any
wavelengtht, the decay of the emission of 4-AP boungt&D

wherev(0), (t), andv(w) are the emission frequencies at time
zero,t, and infinity. The decay of(t) for 4-AP in 155 mM
B-CD in DMF is shown in Figure 6. It is readily seen that the
decay ofC(t) is biexponential with one component of 4&®%0
ps (25%) and a long component of48l ns (75%; Table 1).

It is obvious that we are missing a part of the solvation

is given by dynamics which occurs in a time scale faster than the time
b resolution (50 ps) of the set up used in the present work. The
b Isd4) e e s amount of solvation missed may in principle be estimated using
@A) =——be ™ the ™ +be ™ ) the procedure formulated by Fee and Maronééfli.The
Zbiri procedure is rather simple when one excites the sample at the
I

lowest energy absorption maximum. However, using our dye

laser, we excited 4-AP at 300 nm which is far from its lowest
wherelggxl) denotes the steady-state intensity due to bound energy absorption maximum at 375 nm. When we are so far
4-AP andb; + by + by = 1. In 155 mMfS-CD when 35% of away from the absorption maximum, the several stages of
4-AP molecules exist in the free form and displays a single- curve fitting suggested by Fee and Maroné&llare not likely
exponential decay of lifetime 13 ns and the rest (65%) of 4-AP to provide reliable numbers. However, following Fee and
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Figure 6. Decay of response functiog(t), of 4-AP bound tg3-CD

in DMF. The points denote the actual valuesdgf), and the solid line
denotes the best fit to a biexponential decay. The decay of the initial
portion is given in the inset.

TABLE 1: Decay Parameters of C(t) of 4-AP Bound to
p-CD in Dimethylformamide
Av (cm™?) 71 (PS)
980+ 20 400+ 50

a
0.25

a
0.75

72 (ns)
8.0+ 1.0

Maroncell?1dit is estimated that if the sample is excited at 375

Sen et al.

the -CD cavity is smaller than thg-CD cavity, whereas a
DMF molecule is larger than a water molecule.
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