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Solvation dynamics of Coumarin 480 (C-480) in a tetraethyl orthosilicate (TEOSQgsbimatrix has been
studied using time-resolved emission spectroscopy. In the macroscopically solid TEOS matrix the solvation
dynamics of C-480 is described by a major (85%) component 0120 ps and a minor (15%) component

of 800+ 100 ps. These components are substantially slower than the solvation dynamics in bulk water. The
rotational relaxation time of C-480 in this matrix is found to be very she(Q ps).

1. Introduction

Water molecules in confined environments play a crucial role

in many natural processes and control the structure, function,
and dynamics of many biomolecules. Recently, several groups
studied the dynamics of water and other small molecules in a

wide variety of confined environments!! These include water
surfacel* proteins? cyclodextrin® microemulsior, sol-gel
matrix87 zirconia particlé® polymer hydroge?, lipid,° and
micelles!! The dielectric relaxation time of pure water is 10
ps1?In bulk water, solvation dynamics occurs on the subpico-
second time scaf!®However, in most of these organized and
confined media both solvation dynamiés%11 and dielectric
relaxatior?14 of water are found to be slower by-3 orders of
magnitude. In the case of a microporous solid (e.g.;-gel
matrixé” or polymer hydrogé) the bulk viscosity is very high
and, hence, a very slow relaxation dynamics is expected.
However, recently it is reported that both the sgeFf and
polymer hydrogél exhibit very fast solvation dynamics and
rotational relaxation. The fast dynamics is attributed to the
presence of large pores in these méditLarge biomolecules

SCHEME 1: Structure of Coumarin-480
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They observed that for both the liquids the decay of the OKE
signal in a sotgel glass is multiexponential with a major
component similar to that in bulk liquid and an additional
component, which is about 4 times slower. The ratio of the
amplitudes of the fast (bulk) and the slow component increases
with the pore sizé.In this work, we report on a picosecond
time dependent Stokes shift (TDSS) study of solvation dynamics
of water molecules trapped in a tetraethyl orthosilicate (TEOS)
sol—gel matrix using coumarin 480 (C-480, Scheme 1) as a
probe.

2. Experimental Section
TEOS (Aldrich, 99%) and C-480 (Exciton) were used as

can pass through these pores, and hence, the dynamics of smafeceived. To 1 mL of a 3« 1074 M solution of C-480 in neat
water molecules or fluorescent probes is very fast in these medialiquid TEOS taken in a quartz tube was added 1 mL of ax2.5

The inorganic soetgel composite obtained from the hydrolysis
of tetraalkyl orthosilicate acts as a good host for many biological
materialst’” Many enzymes such as glucose oxiddSaspart-
asel’® ureasé/cand nonenzymes such as bacteriorhoddpsin
can be encapsulated in biologically active form for a very long
period in a sotgel glass. Such selgel glasses doped with

103 N aqueous HCI solution drop by drop. The mixture is
vortexed for 30 min and then allowed to stand at °4D for
several hours to facilitate hydrolysis. Once the gel is formed,
the gel was kept exposed to air for nearly 2 months to allow
the alcohol formed to escape and to complete aging of the gel.
The reported pore size of the sajel glass prepared at pH

biomolecules have potential applications as chemical sensors3 and HO/Si ratio~ 12, is 10-20 A 18 The absorption (against

It is obviously interesting to find out the dynamics occurring

water as reference) and emission and excitation spectra of the

in such an interesting material. However, there have been gel were recorded periodically. It is observed that after 1 month

relatively few studies on relaxation dynamics in -sgel

matrices. Bright et &l.studied relaxation of acrylodan-labeled
BSA in a sol-gel matrix using phase fluorometry and reported
that the protein molecule remains highly mobile in this matrix.

the spectra display no further change. All steady state and time-
resolved studies were made using a sufficiently aged gel (2
months old). The setgel matrix was found to cause scattering.
At the wavelength of excitation (300 nm), due to scattering

Pant and Levinger employed femtosecond upconversion to studytransmittance of the selgel sample without C-480 is 50%. The

the solvation dynamics of coumarin-343 (C-343) adsorbed to
zirconia particles in watet.Fourkas and co-worketsarried

out a careful study on the optical Kerr effect (OKE) of methyl
iodide and acetonitrile in selgel glasses of different pore sizes.

* E-mail: pckb@mahendra.iacs.res.in. Fax: (91)-33-473-2805.
10.1021/jp993484y CCC: $19.00

sol—gel matrix, however, exhibited no emission.

Steady-state absorption and emission spectra were recorded
on JASCO 7850 and Perkin-Elmer 44B instruments, respec-
tively. Quantum yieldsdgs) were measured using the repoffed
quantum yield (0.66) of C-480 in water. The sample was excited
at 300 nm with the second harmonic of a cavity-dumped
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Figure 1. Emission spectra of C-480 in (i) neat TEOS (- - -), (i) TEOS Figure 2. Absorption spectra of C-480 in (i) neat TEOS)(and (ii)
gel (=), and (iii) water {--). TEOS gel {-) and (iii) excitation spectrum of C-480 in TEOS gel
(=)
Rhodamine 6G dye laser (Coherent 702-1) pumped by a
continuous wave (cw) mode-locked Nd:YAG laser (Coherent, SKr
Antares). The emission was collected at magic angle polarization C 4K}
for lifetime measurement by a Hamamatsu MCP photomultiplier o
(2809-U). The typical system response at 300 nm excitation is udkr
about 80 ps. For rotational relaxation studies, the emission Nkl
intensity at perpendiculal{) and parallel () polarizations were T
collected alternatively for 100 s. For a typical anisotropy decay S IKF k
a peak count of 10000 counts was collected at parallel O_J
polarization. The(t) is then calculated using the relation 0 4 8 12 16 20
Time (ns)
() — Gl (1) Figure 3. Fluorescence decay of C-480 in neat TEOS.
rt) = —————~
IIl(t) + 2GID(t) sK
The G factor of the setup was determined using a dye whose C 4K
rotational relaxation time is very short (e.g., nile red in U K
methanol). N
S
3. Results Q1K
3.1. Steady-State Spectraln neat liquid TEOS, C-480 ok
exhibits an absorption maximum at 365 nm and an intense 0 0.5 1.0 1.5 2.0 25

emission with emission maximum at 430 nm (Figure 1) and Time (ns)

guantum yieldps = 0.55. The position of the maximum of C-480  Figure 4. Fluorescence decays of C-480 in TEOS gel at (i) 550 nm,
in TEOS is intermediate between those repdftéu cyclohex- (if) 480 nm, and (jii) 435 nm.

ane AM¥%ps= 360 nm andi™®,,, = 410 nm) and acetonitrile
(Amax, . = 380 nm andi™®,,, = 450 nm). In the TEOS sol while at the blue end a fast decay is observed (Figure 4). For

abs — ] '
gel matrix, the emission spectrum of C-480 exhibits a marked example, the decay at the red end (570 nm) is fitted to a

red shift to 480 nm (Figure 1) witf = 0.55 and the absorption ~ biexponential with a growth component of 200 ps and a decay
spectrum (Figure 2) also exhibits a red shift to 390 nm. The component of 6.1 ns while at the blue end (435 nm) a
excitation spectrum of C-480 in the gel (Figure 2) remains biexponential decay with an average lifetime of 3.8 ns is
identical to the absorption spectrum, which rules out the observed. Such a decay at the blue end and growth at the red
presence of any impurity. It is evident that the absorption and €nd is typical of systems undergoing solvation dynarffics.
emission maxima of C-480 in a gel are very similar to those in From the decays the time-resolved emission spectra (Figure 5)
watet? (A, = 395 nm and ™., = 490 nm). This indicates ~ Were constructed by following the method discussed by Ma-
that in the TEOS ge| C-480 experiences a h|gh|y p0|ar and protic roncelli and Flemlngo The solvation dynamiCS is described by
environment presumably due to the presence of a large amounthe decay of the solvent correlation functid®(t), defined as
of entrapped water.

3.2. Time-Resolved Study.n neat liquid TEOS, C-480 ct) = v(t) — ()
exhibits a single-exponential decay with lifetime 3.1 ns (Figure v(0) — v(0)
3) and the decay is independent of the emission wavelength.
The lifetime of C-480 in neat liquid TEOS is close to that where v(0), »(t), and v(x) are respectively the emission
reported® in acetonitrile (3.3 ns). However, in the TEOS gel, frequencies at time @, and«. The decay ofZ(t) is shown in
the emission decays of C-480 are found to be wavelength Figure 6, and the decay parameters are summarized in Table 1.
dependent. At the red end the decay is preceded by a growth,lt is readily seen that C-480 displays a fast solvation dynamics
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Figure 5. Time-resolved emission spectra of C-480 in TEOS gel at
(i) 0 ps (»), (ii) 200 ps @), (i) 2000 ps ).
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Figure 6. Decay of response functiog(t), of C-480 in TEOS gel.

The points denote the actual valuesGff) and the solid line denotes
the best fit to a biexponential decay.

with a major (85%) component of 128 20 ps and a minor
(15%) component of 80G 100 ps, leading to an average
solvation timelzd{1= ay71 + a2 = 220 &+ 30 ps.

3.3. Rotational Relaxation.While solvation dynamics arises

J. Phys. Chem. B, Vol. 104, No. 12, 2008615

TABLE 1: Decay Characteristics of the Solvent Response
Function, C(t), of C-480 in TEOS Gel

Av (cm™h) & 722 (pS) a ?(ps) @0 (ps)

400 0.85 120 0.15 800 220

a 420 ps.” £100 ps.¢ @= ayr1 + a2 £30 ps.

gel the rotational relaxation of C-480, i.e., the decay(tf is
very fast and occurs in a time scate80 ps.

4. Discussion

It is evident that the emission properties of C-480 in TEOS
gel are substantially different from those in neat liquid TEOS.
In the macroscopically solid gel, the probe C-480 molecule
experiences a very polar environment, as indicated by the
absorption and emission maxima, the quantum yield of emission,
and the long component of decay of about 6 ns, which is similar
to the lifetime of C-480 in water (5.9 H}. The polar
environment within the TEOS matrix may be attributed to the
presence of trapped water. It is apparent that even in the rigid
sol—gel matrix, the solvation dynamics is very fast. The average
solvation time in the gel is 228 30 ps. This is slower than
the solvation time in bulk water (0.3 p%}3 However, the
dynamics in the gel is much faster than the nanosecond
dynamics observed in cyclodextdnmicroemulsions, mi-
celles!! or lipids 1° The rotational relaxation study also suggests
that the probe C-480 remains highly mobile within the-spé|
matrix. It may be recalled that steady state anisotropy in a titania
gel indicates that though the bulk viscosity is extremely high,
the local microviscosity is extremely lo%.A previous phase
fluorometry study in the selgel matriX and a TDSS study in
the polyacrylamide hydrogelalso suggest high mobility of
organic fluorescent probes inside the gel. According to NMR
and simulatio?®® studies the diffusion coefficient of water in a
hydrogel is lower than that in bulk water only by a factor of 2.
Similar high mobility in the polyacrylamide hydrogel is also
reported by Moerner et af. Using fluorescence microscopy,
they demonstrated that almost all (98%) of the probe molecules
(nile red) remain highly mobile in the polyacrylamide hydro-
gel16

As discussed by Fee and Maroncelli, a large part of the
ultrafast component of solvation is missed in a picosecond
setup?! If the sample is excited near its absorption maximum
(about 400 nm in this case), the amount of solvation missed
may be calculated using the procedure described by Fee and
Maroncelli?! Unfortunately, using the second harmonic of our
Rhodamine 6G/DODCI dye laser, we excited the sample at 300
nm, which is at the blue end of its absorption spectrum. For
the wavelength of excitation in the present study (300 nm) the
several stages of curve fitting suggested by Fee and Mardacelli
is unlikely to give a good estimate of the missed part of the
Stokes shift. However, according to Fleming et al. for C-480
about 50% of the estimated Stokes shift is missed even in a
femtosecond upconversion sefitd)sing a femtosecond setup
they determined\v for C-480 to be 1340 cnt in water3® In
the sol-gel matrixAv for C-480 is found to be 400 cr, which
is one-third of that in water. For C-343, the femtosecond
upconversion study carried out by Pant and Levihgeticates
Av to be 150 cm? in the zirconia particle, which is nearly one-
fifth of that (800 cnT?) in water.

The most significant observation of this work is the observa-
tion of a very long component of solvation in the-sgel matrix.

due to the motion of the trapped water molecules in the TEOS The solvation time of C-480 in the segel matrix (220+ 30
gel, the motion of the probe C-480 gives rise to the time ps) is nearly 700 times slower compared to that in bulk water
dependent optical anisotropy. It is observed that in the TEOS (0.3 psb) and is about 100 times slower than that (0.24 ps) in
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zirconia particle$. It should, however, be emphasized that we generous research grants. S.K.P., D.S., D.M., and S.S. thank
are missing a large part of the Stokes shift, which continues to CSIR for awarding fellowships.
occur on a subpicosecond time scale, and are observing only a
long-lived component of the overall solvation dynamics. Fourkas References and Notes
et al’ reported a very fast and almost bulklike OKE relaxation (1) (a) Eisenthal, K. BChem. Re. 1996 96, 1343. (b) Zhu, S.-B.;
in the sol-gel glass. For instance, at 290.6 K for gHh a Singh, S.; Robinson, G. WAdy. Chem Phys 1994 85, 627.
~gel gl f pore size 24 A, they found that the contribution (2) (@) Nandi, N.; Bagchi, BJ. Phys. Chem. A998 102 8217. (b)
soi-gel glass of p 24 A, hey | : Nandi, N.; Bagchi, BJ. Phys. Chem. B997 101, 10954.
of the bulklike component is 87% while thata4 times slower (3) (a) Nandi, N.; Bagchi, BJ. Phys. Chem1996 100, 13914. (b)
Component is Only 130/763 The SlOW Component Of Solvent Vajda, S.; Jimenez, R.; Rosenthal, S.J,; Fidler, V., Fleming, G. R.; Castner,
: . . . E. W., Jr.J. Chem. Soc., Faraday Trank995 91, 867.
relaxation and the fast rotational dyn.amllcs, reported in the (4) Zimdars, D.. Dapad, J. I.; Eisenthal, K. B.; Heinz, T.Ehem.
present study and the fast OKE relaxation in the-gll glas$ Phys. Lett1999 301, 112.
may be reconciled as follows. The pore size of the glasses used67 éf%)?éa)(tl)-)ugdgkren,l\ll- SI-D; He;zz, II\D/I.tl:-; 2rig[f)lt, F.S\AnBc’ﬂ. gher:nl%;? <
H H y . arkar, N.; Das, K.; Datta, A.; bas, S.; attacharyyal, K.
by Fourkas et al.are much bigger than the size of the small gp 2"t 3 506500 " 0553" (¢) Riter, R. E.. Undiks, E. P« Kimmel, J.
CHsl or CHsCN molecules, and hence, dynamics of the latter r.’pant, D. D.; Levinger, N. EJ. Phys. Chem. B998 102, 7931. (d)
is largely unhindered in the porous glass. However, in our case, Shirota, H.; Horie, KJ. Phys. Chem. B999 103 1437.
the pores (1920 A)ls are only Slightly bigger than the probe éG) Jordan, J. D.; Dunbar, R. A.; Bright, F. ¥nal. Chem1995 67,
C-480 molecule. Since the probe C-480 fills up the pore, the (7) (a) Loughanne, B. J.; Farrer, R. A.: Scodinu, A.; Fourkas, J. T.
movement of the water molecules becomes highly hindered. Chem. Phys1999 111, 5116. (b) Loughanne, B. J.; Fourkas, JJTPhys.
The other possible cause of retardation of motion of water Che(rg)- E199:8D102L 10228. N. E3. Phys. Chem. R999 103 7846
: : ant, D.; Levinger, N. . yS. em. .
moleculeg_ is hydrogen bonding betwee_n the wa_ter moIeCl_JIes (9) Datta, A; Das, S: Mandal, D; Pal, S. K.. Bhattacharyya, K.
and the silicate network. It appears that like solvation dynamics, Langmuir1997 13, 6922.
a major part of the rotational dynamics remains bulklike and  (10) Datta, A.; Pal, S. K.; Mandal, D.; Bhattacharyya JXPhys. Chem.
very fast in the gel. This fast component presumably obscuresB 1998 102 6114.
. ' . . (11) Sarkar, N.; Datta, A.; Das, S.; Bhattacharyya, JKPhys. Chem
observation of any slow component of rotational dynamics. It 1996 700 15483.
seems that the relatively free rotational movement and presence (12) Kaatze, UChem. Phys. Letfl993 203 1. ‘
of a large amount of water within the TEOS gel allows the _ (13) Jimenez, R.; Fleming, G. R.; Kumar, P. V.; Maroncelli, Nature

. : : : : ) . 1994 370, 263.
biomolecules to attain their native or biologically active (14) (a) Fukuzaki, M.; Miura, N.; Sinyashiki, N.; Kunita, D.; Shioya,

: .; Haida, M.; Mashimo, Sl. Phys. Che , . elton, P. S.
structuret’ S.; Haida, M.; Mashimo, SI. Phys. Cheml995 99, 431. (b) Belton, P. S

J. Phys. Cheml995 99, 17061. (c) Denisov, V. P.; Peters, J.; Horlein, H.
5. Conclusion D.; Halle, B. Nature Struct. Biol1996 3, 505.

(15) (a) Chrambach, A.; Rodbard, CEciencel971 172, 440. (b)
The present work shows that C-480 dye molecules experience%gr;lli%rg,zl% grossberg, A. Yu.; Suzuki, Y.; Tanaka,JT Chem. Phys.
a highly polqr and prptlc environment thhm the solid TEQS (16) Dickson. R. M.: Norris, D. J.: Tzeng, Y.-L.; Moermer, W.Ecience
sol—gel matrix, as evidenced by the position of the absorption 1996 274 966.
and emission maxima, quantum yield of emission, and long (17) (a) Narang, U.; Prasad, P. N.; Bright, F. V.; Kumar, A.; Kumar,

e At indi N. D.; Malhotra, B. D.; Kamalasanan, M. N.; Chandra,/Ahal. Chem.
emission lifetime. The TDSS study indicates that the average 1994 66, 3139, (b) Avnir, D.: Braun, S.: Ottolenghi, M. Bupramolecular

solvation time of C-480 in the selgel glass of pore size 10 Architecture Bein, T., Ed.; ACS Symposium Series 499; American
20 A8 is 220+ 30 ps. This component is about 700 times Chemical Society: Washington, DC, 1992. (c) Narang, U.; Prasad, P. N.;
slower than that in bulk watéand about 100 times slower than ’\BA”?\*IE gﬁ;{égunsqégﬁ é*n-q? fAUaTeifig’\éADéi %%'20&%’\50 Dé,; _Ké?;ft')?/sa'\;l‘?”’
that in a zirconia partlcF’ebyt is about. 1 order of magnltude Cohan, J. S.. Dunn, B.: El-Sayed, M. A Valentine, J. S.: Zink. Chlem.
faster than the slow solvation dynamics reported in cyclodex- mater. 1993 5, 115. (e) Avnir, D.; Levy, D.; Reisfield, Rl. Phys. Chem.
trin,® microemulsions, lipids,1° and micelles! The rotational 1984 88, 5956. (f) Unger, KPorous Silica Elsevier: Amsterdam, 1979.

relaxation of C-480 in TEOS gel is observed to be very fast (lggggi”ker' C. J.; Scherer, G. Vol-Gel SciencpAcademic Press: CA,

(<80 ps). A major part of solvation and rotational dynamics of " (18) (a) Binker, C. J.; Keefer, K. D.; Schaffer, D. W.; Ashley, C.JS.

C-480 in the gel, however, continue to be very fast and missed Non-Cryst. Solid4982, 48, 47. (b) Krol, D. M.; van Lierop, J. GJ. Non-
; ; ; i Cryst. Solids1984 63, 131.

by(;a pr)llcosecond se:up. Thedhlgh rotan:)nallmobllltybof the prob_eé)I (19) Jones, G., II: Jackson, W. R.. Choi, C.-Y.: Bergmark, W.JR.

and the presence of trapped water molecules may be responsibl@pys “chem19gs 89, 294.

for the biological activity of entrapped biomolecules in the-sol (20) Maroncelli, M.; Fleming, G. RJ. Chem. Physl987 86, 6221.
gel matrix. (21) Fee, R. S.; Maroncelli, MChem. Phys1994 183, 235.
(22) Claudia-Marchi, M.; Bilmes, S. A.; Negri, Rangmuir1997, 13,

. L 3655.
Acknowledgment. Thanks are due to Council of Scientific (23) (a) Hsu, T.-P.; Ma, D. S.; Cohen, Bolymer1983 24, 1273. (b)
and Industrial Research (CSIR), Government of India, for Netz, P. A.; Dorfmuller, T.J. Phys. Chem. B99§ 102, 4875.



