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Abstract

Solvation dynamics of water molecules around a probe, 4-aminophthalimide (4-AP) inside a heptakis(@-3y&thiyl){3-cyclodextrin
(TRIMEB) cavity has been studied using picosecond time dependent fluorescence Stokes’ shift. The solvation time of 4-AP within the
TRIMEB cavity in water is found to be 25050 ps. This is substantially slower than the solvation time observed in bulk watey).
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction inclusion complexes comprising cyclodextrin as ahostand an
organic guest molecule along with several solvent molecules
Dynamics in confined environments is of fundamentalim- have been studied in great def@il—23]
portance to understand the structure and reactivity incomplex  So far, only two time dependant fluorescence Stokes’ shift
biological systemfLl-5]. In bulk water, solvation dynamicsis  studies have been reported for a cyclodex}iif,19] Va-
extremely fasf6—8]. Using several coumarin dyes as a probe, jda et al. studied solvation dynamics of water confined in
it has been shown that solvation dynamics in bulk water is de- a y-CD cavity using coumarin 480 as a prof3]. They
scribed by a major componentin 0.1 ps time scale and a minorobserved that inside theCD cavity the solvation dynam-
component of-1 ps[7,8]. Most recently, it is reported thatin  ics exhibits a very slow component. The slow dynamics
confined environments water exhibit a 100-1000 ps compo-in y-CD is described by three components of 13, 109 and
nent which is slower by 2—3 orders of magnitude compared 1200 ps, respectivelji8]. We had previously reported that
to bulk water[9-19]. solvation dynamics of 4-aminophthalimide (4-AP) iBa
Perhaps, the most well characterized example of a con-cyclodextrin 3-CD) cavity in a non-aqueous solvent (DMF)
fined liquid, is the water molecules entrapped inside a is described by a component of 48®0 ps (25%) and an-
nanocavity of a cyclodextrin. A cyclodextrin molecule pos- other slow component of 80691000 ps (75%)19]. This is
sesses a nanocavity of heighBA and diameter 4.5, 6.5  substantially slower than the solvation time(ps) in bulk
and 8A for a-, B-, and y-cyclodextrin, respectively, and DMF. Nandi and Bagchi attributed the slow component to
may encapsulate a guest molecule along with several solvenfalmost complete suppression of the translational modes of
moleculeq20]. The interior of a cyclodextrin cavity resem- the confined water molecules within the cyclodextrin cavity
bles a cyclic ether and is hydrophobic in nature. Structures of [10].

There is no report on solvation dynamics in a substi-
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(TRIMEB). In TRIMEB all the secondary hydroxyl hydro- 3. Results

gens of the cyclodextrin are substituted by methyl groups. The

methyl substituted cyclodextrins are generally more soluble 3.1. Steady-state absorption and emission

than the unsubstituted ones. The non-availability of hydroxyl

groups at the rim of such a substituted cyclodextrin excludes In water, the lowest energy absorption bands of 4-AP

the possibility of hydrogen bonding with the carbonyl groups appear at 370 and 300 nm. Of these, the 370nm band is

of 4-AP molecule. nw* in nature and the 300 nm band contains contribution
of ww* transition[23-25] On addition of heptakis(2,3,6-
tri-O-methyl)f3-cyclodextrin (TRIMEB), the absorbance of

2. Experimental 4-AP at 370 nm remains unchanged, while the absorbance at
300 nm increases with TRIMEB concentratidfid. 1).
4-Aminophthalimide (4-APScheme A) was purchased Emission maximum of 4-AP is very sensitive to polarity of
from Kodak and was purified by repeated recrystalliza- the environmeni23-25] In water, 4-AP exhibits an emission
tion from methanol-water mixture. Heptakis(2,3,6x- maximum at 550 nm with emission quantum yietl)(of

methyl)3-cyclodextrin (TRIMEB, FlukaScheme B) were 0.014[23,24] On addition of TRIMEB to water, the emission
used as received. The steady-state absorption and emismaximum of 4-AP undergoes a dramatic blue shift and a
sion spectra were recorded in a Shimadzu UV-2401 spec-marked increase in the emission intenskig( 2). At 50 mM
trophotometer and a Spex, FluoroMax-3 spectrofluorimeter, TRIMEB, 4-AP exhibits an emission maximum at 507 nm
respectively. (i.e. blue shifted by 43 nm from that in bulk water) with an
For lifetime measurements, the samples were excited atemission guantum yieldp{) of 0.11 which is nearly eight
375 nm using a picosecond diode laser (IBH Nanoled-07) in times larger compared to that in water. It may be recalled that
an IBH Fluorocube apparatus. The emission was collectedthe emission peak of 4-AP in unsubstitue€D is at 513 nm
at a magic angle polarization using a Hamamatsu MCP pho-[23] which is 6 nm red shifted from that in TRIMEB. The red
tomultiplier (5000U-09). The time correlated single photon shift of the emission spectrum of 4-AP in unsubstituged
counting (TCSPC) setup consists of an Ortec 9327 CFD CD may be because of the hydrogen bonding between 4-AP
and a Tennelec TC 863 TAC. The data is collected with a with the secondary hydroxyl groups of the unsubstitiged
PCA3 card (Oxford) as a multi-channel analyzer. The typi- cyclodextrin.
cal FWHM of the system response using a liquid scatterer ~ The binding constanti},) of 4-AP to TRIMEB corre-
is about 100 ps. The fluorescence decays were deconvolute@ponds to the following equilibrium:
;;Tg.IBH DASG software. All experiments are carried out at 4-AP+ TRIMEB — [4-AP : TRIMEB] 1)
The value oK, may be determined from the changes in ab-
sorption and emission spectra as described by Hoshino et

o al. [26]. If Ag, Ac, andA,, denote absorbance of 4-AP at a
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Scheme 1. (A) Structure of 4-aminophthalimide (4-AP). (B) Structure of Fig. 1. Steady-state absorption spectra of 4-AP in water in the presence of
heptakis(2,3,6-tr@-methyl)$-cyclodextrin (TRIMEB). 0, 3, 10, 20, 30, 40 and 50 mM TRIMEB, respectively {)(vii)).
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Fig. 4. Plot ofA—ld, VS. %D for 4-AP in water with varying TRIMEB concen-

tration. The points represent experimental values and the solid line represents
the best linear fit to the data.

Fig. 2. Steady-state emission spectra of 4-AP in water in the presence of 0,
3, 6, 10, 15, 20, 30, 40 and 50 mM TRIMEB, respectively-iXix)).

- : ibution f h free ¢' b) 4-AP. Th
wavelength. (300 nm in this case) at a cyclodextrin concen- tribution from both free’) and bound¢?) us

tration 0,Ccp and infinity, according to Hoshino et 426]: ST+ pPIP
¢= If b 3
+1
Ac — Ao
o Kp(Ax — Ac) ) wherelf®) denotes intensity of light absorbed by the free

(bound) probe. IfA¢ is the difference in emission quantum

Fia. 3shows a blot 0FC=4 versusAe. From the slopér is yieldof4-AE inwaterintheabsencgofTRIMEBwiththatat
9 P Cep e P&b acyclodextrin (TRIMEB) concentratiddcp, then according

found to be 56t 5 M‘_1 fpr 4-AP in TRIMEB—water system. 4 Hoshino et al[26]:
In the case of emission, at any concentration of cyclodex-

trin, the observed emission quantum yiefg ¢ontains con- 1 (¢° — ¢f)‘l + (P — ¢f)_15f 4
Ap KpePCep @
sl where ¢/®) denotes molar extinction coefficient of free
° (bound) probe. At an excitation wavelength (e-¢90 nm for
4-AP)where? ~ ¢f, the double reciprocal plot & ¢ against
20r concentration of TRIMEBKig. 4) yields the value oKy from
® the ratio of intercept and slope. In 4-AP-TRIMEB—water sys-
US L6 - tem the value oKy, is determined to be 452 M~1.
= ® It is evident that binding constant of 4-AP to methyl sub-
‘i 12 = stituted 3-CD (TRIMEB) is about four times smaller than
& that with unsubstitute@-CD (208 M1 [23]). One possible
w5l reason for the lower binding constant in methyl substituted,
TRIMEB (compared to unsubstitut@dCD) may be the non-
availability of hydroxyl groups in TRIMEB to form hydrogen
Dk bond with the carbonyl groups of 4-AP.
0.0 s T h 3.2. Time resolved studies
AC

In water, 4-AP exhibits an emission decay with a life
Fig. 3. Plot of 25-40 vs. Ac for 4-AP in water with varying TRIMEB time of 1.2ns[27]. Solvation dynamics in bulk water oc-
concentration. The points represent experimental values and the solid lineCUrS IN <1ps time scale, _and IS thU§ too fast to be detected
represents the best linear fit to the data. in a picosecond setup of time resolutiol00 ps. Hence, the
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Fig. 5. Fluorescence decays of 4-AP in 50 mM TRIMEB in water at (i)
450 nm (2 =1.13) and (i) 570 nmx2 = 1.10) along with the distribution of

residuals. ) o . o
Fig. 6. Emission spectrum of 4-AP (i) in water (—), (ii) in 50 mM TRIMEB

in water ( - -), (iii) bound to TRIMEB in water (- - -) (calculated as described
fluorescence decays of 4-AP in water are independent of thein txt).

emission wavelength. ) o
In the presence of TRIMEB, significant wavelength de- TRIMEB in water, 68+ 2% 4-AP remain in the bound from.

pendence of fluorescence decays of 4-AP is observed evenhus, the observed emission intensity may be expressed as
in a picosecond setup. In the presence of 50 MM TRIMEB
in water, the fluorescence of 4-AP displays a decay at the T 1) = 0'68125()" 0+ 0'32125()" ) ®)
blue end while at the red end the decay is preceded by ayheresb(a, r) andifyx, 1) represent the contributions of re-
growth. For example, the decay of emission of 4-AP at the gpectively bound and free 4-AP molecules, to the steady-state
blue end (450 nm) is fitted to a tri-exponential function with o mission intensity at an emission wavelength
2.4ns (2400 ps)and 12.8 nsalongwitha 1.2ns (1200 ps) bulk  he emission spectrum due to 4-AP molecules bound to
water like component (corresponds to free 4-AP molecules). TR \MEB is obtained by subtracting the contribution of free 4-
However, at the red end (570 nm) the decay is fitted t0 a tri- Ap i pulk water (32 2%) from the total emission spectrum
exponential function with a 12.2ns decay component and a;, 50 mM TRIMEB in water. This is shown iffig. 6. The
0.44 ns (440 ps) rise component (along with a decay of 1.2 NSgmjission maximum of 4-AP bound to TRIMEB is observed
bulk Watgr like component)Hg. 5)..The decay components 4 pe at 507 nm with emission quantum yieg)of 0.15.
of 4-AP in 50mM TRIMEB at different wavelengths are The contribution of free and bound 4-AP to the temporal
given inTable 1 Such a wavelength dependence of emis- gecay may be accounted for as follows. At all wavelengths,
sion decays indicate that in TRIMEB cavity, 4-AP exhibits  i1e fluorescence decay of 4-AP in 50 mM TRIMEB were
solvation dynamics in a time scale much slower than the sol- tqnq to be tri-exponential function with a 1.2 ns (1200 ps)
vation dynamics observed in neat water(ps). bulk water like component) along with two other compo-
nents. While the other two components were invariably due
. ) to 4-AP bound to TRIMEB, the 1.2 ns component contains
4. Discussion contribution from both bound and free 4-AP. At any wave-
length, the decay of the emission of 4-AP bound3eCD
It should be emphasized thatin 50 mM TRIMEB in water, g given by
a significant amount of 4-AP remains in the free form in
bulk water. Thus, in order to extract the solvation dynamics _ _ _
of 4-AP bound to TRIMEB it is necessary to subtract the 1°0..1) = m[ble Tt by 4 bge ] (6)
contribution of the free 4-AP in water both from the steady '
state and the time resolved emission data. wherel24(») denotes the steady-state intensity due to bound
The contributions of free and bound 4-AP to the steady- 4-AP andb; +by +bz=1. In 50 mM TRIMEB, 32% of 4-AP
state emission spectra in the presence of 50 mM TRIMEB molecules exist in the free form and display a single expo-
may be determined as follows. According to the value of nential decay of life time 1.2ns and the rest (68%) of 4-
Kp determined in this work, at a concentration of 50 mM AP molecules remain in the bound form. Thus, the observed

1242)
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Table 1

Fluorescence decay parameters of 4-AP in 50 mM TRIMEB in water

Aem (NM) by (21)? 71 (psf b, (a2)? 72 (ps) bs (ag)? 73 (psf
450 Q14 (0.12) 2400 0.38 (0.46) 1200 0.48 (0.42) 12800
470 Q14 (0.12) 3930 0.09 (0.21) 1200 0.77 (0.67) 13700
485 026 (0.22) 5800 0.02 (0.16) 1200 0.72 (0.62) 15400
495 —0.63 (—0.45) 350 0.22 (0.39) 1200 1.41 (1.06) 12800
505 —0.85 (—0.62) 320 0.22(0.43) 1200 1.63 (1.20) 12900
520 —0.83 (—0.56) 350 0.21 (0.46) 1200 1.62 (1.10) 12900
535 —1.48 (—0.81) 380 0.43 (0.68) 1200 2.05 (1.12) 12800
550 —1.78 (—0.79) 390 0.48 (0.77) 1200 2.30(1.03) 12500
570 —2.76 (—0.87) 440 0.91(0.97) 1200 2.85 (0.90) 12200
590 —4.06 (—0.84) 470 1.30 (1.06) 1200 3.76 (0.78) 12000

a’s are the experimentally obtained amplitudes of decay time constastare the calculated values of the corresponding amplitudes of decay time constants
for 4-AP bound to TRIMEB.

2 +10%.
temporal decayl[pq2, t)] may be expressed as solvent response functidit), defined by
v(t) — v(c0)
2 0 ClO)=—5—"— (8)
Iobs(A, 1) = 0.681575()0171 e /m 4 0.681575mb2 e /T v(0) — v(c0)

BT bt
2ibiti iVt wherev(0), v(t) and v(co) are the emission frequencies at
£ 1242) B time zerot and infinity. The decay dE(t) for 4-AP in 50 mM
+10.32 w T 0.68=" - b3| €™ (7) TRIMEB in water is shown irFig. 8. It is readily seen that
: decay ofC(t) is purely single-exponential with decay constant
) o - of 250+ 50 ps. The observed time-dependent Stokes’ shift is
From the ratio of steady-state emission intensities of bound g0+ 50 cnr1.
and free form (3g/ 159 from Fig. 6and from the amplitudes It is obvious that, the hydration dynamics of 4-AP in
of the tri-exponential decay components, one can obtain theso mM TRIMEB is much slower than that in bulk water.
amplitudes of the decay componeriig for the bound form.  There could be many reasons for the slowing down of sol-
Then the time resolved emission spectra (TRE§, 7) are  yation dynamics in cyclodextrin cavity. The hindered water
constructed following the method of Maroncelliand Fleming  molecules inside the nano-vessel may be responsible for the
[28]. The solvation dynamics is described by the decay of the |\ solvation dynamics. As noted earlier, Nandi and Bagchi
[10] ascribed the slow components of solvation dynamics
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Fig. 8. Decay of response functid®t) of 4-AP bound to TRIMEB in water.

Fig. 7. Time resolved emission spectra of 4-AP bound to TRIMEB in water The points denote the actual value<gf) and the solid line denotes the best
at Ops W), 150 ps (O), 300 ps &) and 1500 psv). fit to an exponential decay.
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