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Abstract The self-assembly of non-toxic well-consumedexplore the structural evolution of the dimer upon com-
small caffeine molecules into well-defined structures haglexation with the probes. We have extended our studies in
important implications for future medical applicationsvarious temperatures in order to explore structural evolution
seeking to target the transport of small drugs in humaaf the self assembled structure and consequently the
body. Particularly, the solvation of the microenvironmentglynamics of solvation in the interior of the dimer. Pico-
of the self assembly ultimately dictates the interaction witlseconds/femtosecond resolved dynamics and the polariza-
the drug molecules and their therapeutic efficacy. Wéon gated spectroscopic studies unravel the hydration and
present femtosecond-resolved studies of the dynamics ehergetics associated with activated viscous flow of the
aqueous solvation within self-assembled dimeric structumnfined probes. Our studies indicate that the interior of the
of caffeine molecules. We have placed small hydrophobicaffeine dimer is well-solvated; however, the dynamics of
probes 4-(dicyanomethylene)-2-methyl-6-(p-dimethylamisolvation is retarted significantly compared to that in bulk
nostyryl) 4H-pyran (DCM), coumarin 500 (C500) into thewater, clearly revealing the dimers maintain some ordered
caffeine dimer to enable spectroscopic examinations of thveater molecules. We have also explored the consequence of
interior. While molecular modeling and NMR studies of thethe retarded dynamics of solvation on the photo-induced
probes in the caffeine dimers reveal a well-defined locatioalectron transfer (ET) reaction of a model probe, 2-(p-
(stacked in between two caffeine molecules), dynamicabluidino) naphthalene-6-sulfonate (TNS) encapsulated in
light scattering (DLS), Fourier transform infrared (FTIR)the dimer.
spectroscopy, densimetric and sonometric experiments

Keywords Femtosecond-resolved hydration dynamics
Electronic supplementary material The online version of this article Caffeine dimer '”t‘?”f"NMR _SpeCtrO_SCOD_y of caffeln_e—
(doi:10.1007/s10895-011-1011-3) contains supplementary material, T NS hetero associatieICT in caffeine dimerActivation
which is available to authorized users. energy for the viscous flow
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abundance of methylxanthines (mainly caffeine) in humasimilar binding mechanism of caffeine with DNA-base
diets, has directed extensive research on the activity of tipairs has been proposetsy.
molecule in the cellular environments in the recent gast [ It has to be noted that the most of the DNA-binding
2]. It is clearly demonstrated that caffeine has multiplicitydrugs reveal charge transfer (CT) reaction upestacking
of effects on cells. Particularly, it has been shown in avith DNA base pairs]7, 18]. Thus the possibility of CT
number of earlier studies that caffeine has variety of rolegaction of any drug upon complexation with caffeine
on the molecular recognition of DNA by intercalating drugsmolecule would be an interest for the molecular under-
[2, 3]. For example, when combined with a wide range ofstanding of the interaction of caffeine with the drug. It is
DNA-damaging agents (e.g. mitomycin C, cytophosphawell established that the solvent relaxation time scales
mide, cisplatinum, hydroxyl urea), caffeine enhances celhfluence the dynamics of charge transfer reactions by
killing [4+6]. On the other hand another set of studies havexerting a time dependent dielectric friction. In these
indicated that caffeine can diminish the cytotoxic/cytostaticases the CT reaction rates are limited by the rate of
effects of doxorubicin, ethidium bromide/H{Ll0] and solvent relaxation around the concerned moleclig [
reverses cytotoxic effect of the antitumor agent mitoxan21]. However, till date no attempt has been made to
trone, eilipticine and doxorubicin analoguekl]] The explore the dynamics of solvent relaxation around caffeine
rational answer of the obvious question from the earlieapon complexation with other aromatic molecules. The
studies that why does caffeine potentiate toxic effects idynamics of CT of small molecules upon complexation
one group of drugs while having opposite effect on othersyith caffeine also remain unexplored and are the motives
would be the specific molecular interaction of caffeine withof the present study.
individual drug molecule underlying in thnterceptdt In the present study we have explored the structure of
action of caffeined, 3]. For the physiological activity of caffeine aggregation by DLS and FTIR techniques. Tem-
the drugs in presence of caffeine another mechanism pérature dependent DLS studies followed by densimetric &
action calledtprotecto?, has been proposed, in which theresonometric measurements of the caffeine molecules in
is competition between caffeine and another aromatic drugueous solutions explore the structural evolution of
for the binding sites on DNA3J]| 11]. The activity of the caffeine self-aggregation with temperature. These studies
molecule as mood altering substance is within the centrare of particular interest as caffeine is consumed as low and
nervous system where it acts as stimulant, perhaps ygh temperature beverages. Here we have also explored
competitive blockage of endogenous adenosine,aardl  the details of the complexation (solubilisation) of caffeine
A, receptors 12]. with a hydrophobic (completely insoluble in water) model
From the brief survey of the earlier studies it is clear thgprobe 4-(dicyanomethylene)-2-methyl-6-(p-dimethytami
caffeine can be used to host small ligands (drugs) ambstyryl) 4H-pyran (DCM), a well known fluorescent
deliver/remove the same in a specific site of adenosimeporter for the relaxation of solvent molecules, in water.
receptor or DNA. In other words the molecular basis of us®ur molecular modeling on the complexation of DCM with
of the well known molecules as drug delivery/recoverycaffeine molecules reveals that two caffeine molecules
system needs some attention. It is well known that specifinmake stack geometry in order to encapsulate DCM inside
interaction of a molecule/macromolecule with each other ithe dimeric structure (SchemB. We have measured
aqueous solutions heavily depends on hydration of thsolvation response of water molecules around the probe
molecule/macromoleculesld]. In this regard caffeine DCM at 80 C in the host caffeine dimer with limited
should be considered as an interesting system becausenaimber of water molecules and compared the time scales of
the simultaneous presencexfH; and+OH groups on its  the solvation with bulk water at elevated temperature. In
structure (Schemg). The structure of the molecule limits order to establish the general nature of the solvation
the solubility in water because of the self association of thdynamics (independent of probe), we have used another
molecule by hydrophobic interaction and it is alsowell known solvation probe coumarin 500 (C500), where
responsible for complexation with other drug molecules isimilar complexation geometry with the caffeine molecules
aqueous solutions. A detail NMR followed by molecularhas been modelled. Polarization gated fluorescence upcon-
modeling studies confer that most stable self aggregation @érsion and time correlated single photon counting
caffeine is its dimeric forml1f, 15]. Earlier, spectroscopic (TCSPC) have been employed to confirm the geometrical
and molecular modeling studies of caffeine complexes withestriction of the probes under investigation. In order to
other aromatic drugs reveal replacement of water molecul@s/estigate the consequence of the slower solvation of
solvating the drugs by the more hydrophobic caffeinavater molecules and restricted geometry on the photo-
molecules 2]. The studies have also concluded thatinduced charge transfer reaction, we have studied twisted
caffeine could make complex with drugs viee type of intramolecular charge transfer (TICT) of the probe 2-(p-
interaction. In a recent Monte Carlo simulation studytoluidino) naphthalene-6-sulfonate (TNS) in the dimer at
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Scheme 1The molecular struc-
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C500-Caffeine Complex gﬂ

} TNS-Caffeine Complex
various temperatures. Our detail experimental evidencesernight stirring at room temperature. The whole solution
clearly establish caffeine dimer as an excellent host of smallas then filtered and used for spectroscopic studies. Highly
molecules, which could be useful to the further research aroncentrated caffeine solution (0.9 M) was prepared at 80 C
the application of the well consumed beverage as #or femtosecond-resolved fluorescence study with DCM. For
potential carrier of drug for targeted delivery system. NMR studies the samples were prepared in phosphate buffer

at pH 7.2 using HPLC water. The concentrations of caffeine
and TNS in sample solutions were determined spectrophoto-

Experimental Section metrically from the absorption intensity lat272 nm and
350 nm respectively. (molar extinction coefficient of caffeine
Sample Preparation [22] is 9900 M * cni"*at 272 nm while that of TNS2B)] at

350 nm is 6640 N crm' ).
Caffeine (99.99%) was purchased from Fluka, 4-(dicyano-
methylene)-2-methyl-6-(p-dimethylaminostyryl) 4H-pyranNMR Measurements
(DCM) and coumarin 500 (C500) from Exciton and 2-(p-
toluidino) naphthalene-6-sulfonate (TNS) from Sigma. AI'H-NMR experiments were performed on caffeine, TNS
the chemicals were used without further purificationand a mixture of the two (titrations) in aqueous phosphate
Aqueous solutions of caffeine and TNS were prepared ihuffer at pH 7.2 (Watergate solvent suppression) using a
double distilled water. DCM and C500 were solubilized byBruker DRX 500 MHz spectrometetH-signals were
adding them into aqueous caffeine solution followed byassigned either by comparing with literatugf][or by
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performing TOCSY and NOESY/ROESY experimentsCambridgeSoft ) ultra software. The force field employed

using standard protocols. for these calculations is MM2 with default parameters
provided with the software. Conjugate gradient methods
Steady State Measurements were used to search for geometry-optimized structures with

a convergence criterion of 0.0001 kcal/". The minimized
Steady-state absorption, emission and Fourier transforemergy values of the various complexes as investigated in
infrared spectra (FTIR) were measured with Shimadzthe present study (caffeine-caffeine, caffeine-DCM,
Model UV-2450 spectrophotometer, Jobin Yvon Modelcaffeine-C500 and caffeine-TNS) were obtained by first
Fluoromax-3 fluorimeter and JASCO FT/IR-6300 specgeometry optimizing each component of the complex in
trometer (transmission mode) respectively. Dynamic lightacuum. These geometry-optimized components were then
scattering (DLS) measurements were done with Nano &ought together in a face to face orientation and to within
Malvern instruments employing a 4 mW HMe laser (=  van der Waals radii and re-optimized. Relative binding
632.8 nm) equipped with a thermostatted sample chambenergies were determined by subtracting the sum of the
The density and ultrasonic velocitimetric studies were dongeometry-optimized energies of the isolated components
with a DSA 5000 instrument from Anton Paar, with thefrom the total energy obtained for the geometry-optimized
measurement accuracy of density and sound velocity of 5¢omplex. In general the lowest energy conformation is that
10°° g cni® and 0.5 m%', respectively. The details of DLS in which the caffeine is oriented directly over the
and densimetric measurements can be found in theonjugated rings of the various dyes with an average face
aSupporting informatichsection. to face distance of 3.5". It must be pointed out that the

orientation of the caffeine relative to the dyes in the
Femtosecond to Nanosecond Resolved Measurements geometry-optimized complexes is not unique. For example,

small displacement (~1") and rotation of the caffeine by
All picosecond transients were measured by using coni-80 relative to a dye ring system does not significantly
mercially available (IBH, UK) picosecond-resolved timealter the relative binding energy. The relative binding
correlated single photon counting (TCSPC) setup (instrienergies derived from molecular mechanics methods can
ment response function (IRF) of 80 ps) using 409 nnbe further deconvoluted into individual components that
excitation laser source with temperature control setup frommakeup the total energy. In our present study we like to
Julabo (Model: F32). The temperature dependertie limited in the overall stabilization energy of the
femtosecond-resolved fluorescence is measured usingcamplexes as shown in Tablé. However, we have
femtosecond upconversion setup (FOG 100, CDP) alongcognized that the dominant force in the formation of
with an indigenous temperature controller sef].[The  such complexes appears to be van der Waals interactions
sample is excited at 410 nm (0.5 nJ per pulse), using thesulting in maximal ring overlap between the two
second harmonic of a mode-locked Ti-sapphire laser wittnolecules of the complexes.
an 80 MHz repetition rate (Tsunami, Spectra Physics),
pumped by 10 W Millennia (Spectra Physics). The
fundamental beam is frequency doubled in a nonlineaResults and Discussion
crystal (1 mm BBO,! =25, " =90). The fluorescence
emitted from the sample is up-converted in a nonlineaCharacterization of Caffeine Dimer in Aqueous Solution
crystal (0.5 mm BBO! =10, " =90 ) using a gate pulse of
the fundamental beam. The upconverted light is disperse&s shown in Tablel and Schemel, our molecular
in a double monochromator and detected using photomodeling studies reveal a stable stacked dimer of caffeine
counting electronics. A cross-correlation function obtainednolecules with stabilization energy of~10 kcal/mole.
using the Raman scattering from water displayed a fulDur estimated value of the stabilization energy is close
width at half maximum (FWHM) of 165 fs. The details of proximity of the reported value of 39.9 kJ/mole (~ 9.5 kcal/
time resolved measurements and data analysis procedunele) from the molecular modeling (using Gaussian

can be found in th&Supporting informatidhsection. package) and X-ray crystallographic studi@§].[ As a
direct evidence of the formation of caffeine aggregates,
Molecular Modeling Studies we perform temperature and concentration dependent

DLS measurements of aqueous caffeine solution
For the molecular modeling studies, we have followed théFig. 1). High concentration of caffeine in agueous
procedure as reported earlier for the calculation of caffeir@lution (0.9 M) is reached at a high temperature of
hetero-dimer with a number of DNA-intercalating dygs [ 80 C. We observe a hydrodynamic diameter of~1 nm
We have used commercially available ChemBio3D (fronwith no signature of any larger sized aggregates, and this
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Table 1 Summary of molecular modeling caffeine-dye complexes. Error #7%

Complex Total Energy (E)  Complex Energy  # E¥ (kcal/mole)
(kcal/mole) (kcal/mole)

CAF-CAF 55.56 45.53 «10.03
CAF-DCM 51.91 40.7 «11.21
CAF-DCM-CAF 79.69 57.48 «22.21
CAF-C500 46.89 36.18 «10.71
CAF-C500-CAF 74.67 52.91 +21.68
CAF-TNS (Phenyl side) 28.58 20.85 *7.73
CAF-TNS (Naphthalene side) 28.58 18.41 «17.32
CAF-TNS-CAF (Both CAF are in Phenyl side) 56.36 39.04 *17.32
CAF-TNS-CAF (One CAF is in Phenyl side another is in Naphthalene side) 56.36 29.29 «27.07
CAF-TNS-CAF (Both CAF are in Naphthalene side) 56.36 28.07 *28.29
CAF=Caffeine

*Mathematical sum of energy (E) for each molecule in the complex.
$Total energy calculated for various configurations of the molecular complexes.
¥Difference between mathematical sum of energies of individual molecules and calculated energies of each complex.

feature does not show any significant change with thérations. The spectrum is in good agreement with
variation of temperature from°%o 80 C (Fig. 1). A  previously reported studiesl4, 28, 29]. The major
similar size distribution is observed when the concentranformation of caffeine stretching is confined in the
tion of the solution is increased from 45 mM to 900 mM.170Q:1640 cmi® region in which two major peaks are
Since the radius of caffeine molecule is 3.7827] the  obtained, one in the 16%2700 cni* region (band 1) due
observed hydrodynamic diameter of~1 nm in caffeing¢o the stretching of the isolated carbonyl, and the other
solution does not support the probability of formation ofone in the 16441647 cni’ region (band 2), due to the
large caffeine aggregates over the studied temperatustretching of the conjugated carbonyl. Less intense bands
and concentration range. are produced in the 1570 ¢hregion due to C=N and C
To reconfirm the self-association of caffeine, we alsa=C stretching vibrations of the purine ring. As can be
carry out FTIR and densimetric measurements, and thabserved from Fig2a negligible change in the peak
results are shown in Fig2. Figure2a shows the FTIR position of band 1 and band 2 occurs with increase in the
transmittance spectra for caffeine at different concercaffeine concentration indicating the presence of no
higher order aggregateq, 29. It can also be noted
here that in case of stacked dimers of caffeine, full

s E :Dynamic Light Scattering hydration of th.e carbonyl group is hindered due to steri_c
. 25oc | (3 hindrance, which may in turn cause a wavenumber shift
3 55 °c'§ of C=0 stretching mode by ~20 ¢ Thus the present
s 80°C |[: —— 45 mM Caffeine result concludes the presence of the dimers with
) =l 130.5 mM Caffeine ) . i )
@ B[4 —-- 900mM Caffeine relatively Iowe'r hydratloq of caffeine which corroboratgs
o o | WY the compressibility studies (see later). Our observation
;f &)“3 S ——— complies with earlier studiesl 4] involving theoretical
o 1 10 100 1000 Monte Carlo simulation, FTIR and NMR spectroscopies
% Hydrodynamic Diameter (nm) revealing that caffeine molecules associate to form
3 stacked dimers in water that are energetically more
favourable than monomers.
il o O g e S In order to understand the nature of hydration in caffeine
1 10 100 1000 10000 aggregates, we perform density and sound velocity meas-
Hydrodynamic Diameter (nm) urements and the results are depicted inZigand Table.

As observed from Figzb and Table?, the apparent molar

Fig. 1 Hydrodynamic diameter (as obtained from DLS measure: " P : :
ments) of 130.5 mM aqueous caffeine solutions at three diﬁerer}{omme (" v} decreases with increasing concentration of

temperatures. DLS measurements of caffeine solution with thréedffeine. However, the concentration Vs, plot does not
different concentrations at 25 C are shown in the inset produce a good linear fit generally observed for many small
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Fourier Transform | 1 (8) The ultrasonic velocity and adiabatic compressibility
| | . . . . .
’?w ($) decreases with increasing caffeine concentration
8 — : i (Fig. 2c and Table2), a trend similar to that observed for
g \M electrolyte solutes3[l, 32] in which increasing electro-
%M lyte concentration makes more water molecules to
a S0 Caffeine ™ : electrorestrict resulting in a decrease in the fraction of
m | . . . .
= e ! bulk water in the solution. This is unusual for a neutral
80mM Catfelne i molecule like caffeine to show a negativé/dc slope.
gt 108 Sesd AooB $6ER i Eb However, the slope ®fdc is very small for caffeine
Wavenumber (cm ! ) indicating a low hydration number associated with
8.4 ©) caffeine, similar to that reported earlié]. It is known
o e 10:‘3 that db/dc is negative for structured water while it is
7 821 3 : 2002 positive for the non-structured on@3]. A small negative
:; % \\\\‘ . jg"c value of d&/dc thus indicates that the hydration water
< 804 \\“\‘“HHF molecules are rather weakly attached to the caffeine
T Lo ™ i I dimers.
= Sol el VT
7.8 1 B i S . . . . .
[ SR Complexation of Caffeine Dimer with DCM: Dynamics
SR .
’ . . : of Solvation
20 40 i _ao]( 6 80 100
arneinej (m
48— ©) The molecular modeling studies on the caffeine-DCM
47 | _“*"“"———-—-3_.____h complexation (Tablel, Schemel) confirm that ternary
" e complex of two molecules of caffeine and one DCM
et molecule (22.21 kcal/mole) is much stable compared to the
= 451 "’_“‘*"‘——*—2-0;6*-“__‘_ hetero dimer of caffeine and DCM (11.21 kcal/mole),
X 44 1o which has almost similar stabilization energy of caffeine
= +_h_’_hh’_3_6°_6’"“’“ dimer. DCM, being completely insoluble in water, can be
s R 0 solubilized only within some self organized assemblies in
gl A , aqueous solutiorBf]. We monitor the solubility of DCM in
0 20 40 60 80 100 caffeine solution as a function of caffeine concentration by

[Catielne] (mi) measuring the optical density of DCM at the absorption

Fig. 2 aFTIR spectra of caffeine solutions at different concentrationgn@ximum  (Fig.33). From the plot it is evident that the
(10 mM, 50 mM and 80 mM). The broken line indicate C=0 solubility of DCM increases linearly beyond 40 mM, and at
stretching frequenciesh Partial molar volume of caffeine as a 140 mM caffeine concentration ¥ DCM can be

function of caffeine concentration in solution at different temperatures, . . . .
The broken lines are polynomial fits. Adiabatic compressibility of Solublized in the solution. Therefore it can be concluded

aqueous caffeine solution as a function of caffeine concentration Hpat 1.4110° molecules of caffeine are involved to
different temperatures. The broken lines are linear fits solubilize 1 molecule of DCM. Two different conditions
can give rise to such result. Firstly, if caffeine forms a large
ionic compounds. We attempt to fit the curves in aaggregate' with c'ritical concentrat?or? of 40 mM anq
polynomials of concentration (c), secondly, |'f there |§ a hetero-assgmatlon of caffe|'n.e with
DCM at high caffeine concentration. The probability of
caffeine forming large aggregate with critical concentration
of 40 mM can be ruled out from the DLS experimental
result where we found no signature of aggregate formation
and found thes{ values as 8.192!1%, 8.326!10'%,  in the solution of 140 mM caffeine with dissolved DCM
8.478!10°* and 8.602!10* m*kg'* at 10, 20, 30 and (data not shown).The relatively high solubility of DCM in
40 C, respectively, which are relatively large compared teaffeine solution compared to its water-insolubility strongly
the small solute molecules but are considerably close to tlseiggests the self-association of caffeine providing a
values reported for large organic molecul@d].[ The hydrophobic environment wherein DCM can be solublized.
departure from linear behavior of caffeine moleculeSince DCM has been found to be completely insoluble in
strongly suggests its association behavior in aqueowsjueous solution of sucrose, urea and guanidine hydro-
solution as has been found from the FTIR and DL&hloride even at a high concentration of 6 M each, the result
measurements. clearly signifies the entrapment of the probe within caffeine

oy U1 S.c "1#
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Table 2 Apparent molar vol-

ume ( ) and adiabatic [Caffeine]l mM  Density (g ci?)  Sound velocity (m's) " ,110% (m*kg'Y)  $!110%° (Pa?)

compressibility $) of

caffeine solutions at Temp.=10 C

different temperatures. 0 1.000841 1448.87 + 4.7596

Error #7% 20 1.001634 1450.99 7.9516 4.7420
40 1.002533 1451.87 7.8152 4.7320
60 1.003482 1452.88 7.7269 4.7209
80 1.004383 1454.08 7.7136 4.7089
100 1.005299 1455.36 7.6979 4.6963
Temp.=20 C
0 0.999320 1483.72 + 4.5456
20 1.000079 1485.43 8.0513 4.5317
40 1.000956 1486.20 7.8992 4.5230
60 1.00188 1486.98 7.8082 45141
80 1.002754 1487.98 7.7949 45041
100 1.003647 1489.04 7.7771 4.4937
Temp.=30 C
0 0.996749 1510.31 + 4.3878
20 0.997474 1511.56 8.1598 4.3802
40 0.998334 1512.21 7.9855 4.3726
60 0.999240 1512.84 7.8878 4.3642
80 1.000094 1513.64 7.8725 4.3553
100 1.000966 1514.54 7.8540 4.3878
Temp.=40 C
0 0.993308 1529.91 + 4.3011
20 0.994007 1530.85 8.2555 4.2928
40 0.994851 1531.36 8.0676 4.2863
60 0.995737 1531.87 7.9687 4.2796
80 0.996571 1532.61 7.9529 4.2719
100 0.997422 1533.23 7.9346 4.2648

dimers rather aqueous solution with perturbed hydrogemolecule which is more or less comparable to that in
bonding networks. micelles and large microemulsions, which in turn is close
Figure3b shows the relative emission intensity of DCMto that obtained in highly polar solvents (like methanol,
in aqueous caffeine solution as a function of caffeinethyl acetate, acetonitrile}q, 38].
concentration and the inset shows the corresponding We now focus on the dynamics of water molecules
emission spectra. The Figure shows significant increase (golvation) associated with the caffeine dimers. Figlare
the emission intensity beyond 40 mM caffeine concentradepicts the picosecond resolved fluorescence transients of
tion which corroborates the absorption results (Bg.In  DCM in 146 mM caffeine aqueous solution at 25 C. As
aqueous solution of caffeine, the only probable location adbserved from the Figure, the fluorescence transients at the
hydrophobic DCM is some hydrophobic pocket. Thus thélue end (580 nm), peak (630 nm) and at the red end
increase in emission intensity is exclusively due to th¢690 nm) do not differ considerably and there is no rise
relocation of DCM molecule in the hydrophobic environ-component in the red end, a situation markedly different
ment of low order caffeine aggregates. Earlier studies shofnom the other self-aggregated systems like miceB&g [
that the emission maximum of DCM is produced at 636 nnThe transients can be fitted biexponentially with time
in micelles B5. In microemulsion system the DCM components of ~350 ps and ~800 ps, resulting in an
emission peak is blue shifted compared to that in micellesverage lifetime of ~750 ps. It has to be noted that the
and suffers a progressive red shift from 570 nm taonvolution of cis-trans isomerization dynamics of the
625 nm with increasing water content of the micro-probe DCM B9, which is evident in the nonpolar solvents
emulsion B6]. The present observation of the peak atcould be of potential concern in the solvation time scales.
~635 nm reveals a hydrophobic environment around DCNHowever, later works on the exploration of solvation
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Fig. 3 a Solubility of DCM at m
different caffeine concentrations 004 146 mM Solubility of DCM
as obtained from absorption N Caffeine in aqueous
measurements. The 151 oos; Caffeine solution
corresponding absorption P a
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dynamics using the probe DCM have accounted a conseesolved fluorescence anisotropy of DCM at 25 C in
guent strong coupling between the locally excited (LE) and46 mM caffeine solution (Figda inset). The transient
charge transfer (CT) stated(] (~300 fs) in bulk polar can be fitted single exponentially with a time constant of
solvents rather the isomerization dynamied].] The 0.31 ns which is almost similar to that in ethanol (0.27 ns)
absence of considerable difference in the wavelengthut faster than that in micelle3q], thus corroborates with
dependent fluorescence transients rules out the existertbe other experimental results ruling out the possibility o
of any slow solvation dynamics, which is typical for formation of higher order aggregates of caffeine in
aggregates like micelles. This result identifies the hydratesblution. The rotational relaxation timé&, of the probe
water molecules to be loosely bound to the caffeine dimeiis related to the local microviscosity, experienced by
as has previously been inferred from compressibilitthe probe molecule through the StakemsteirrDebye
measurements. Identical result is obtained at 80 C usingquation (SED)42, 43,

a high caffeine concentration of 900 mM (data not shown)t. h VizksT no
concluding that the nature of aggregation and hydration’ mh
dynamics does not change with temperature as has beehere kg is the Boltzmann constant, T is the temperature
observed from the DLS measurements (E)gin order to andV, is the hydrodynamic volume of the probe. Using
study the geometrical restriction on the encapsulatettie & value in Eq.2, the hydrodynamic volume of the
DCM, in other word to investigate the change in theprobe is found to be 1.11!176’ m* in ethanol and 1.39!
overall hydrodynamic diameter of the caffeine-DCM10'?" m® in caffeine solution. The slightly higher
complex in aqueous solution, we measure the timaydrodynamic volume of the probe in the latter system
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(a)
= 0.251 Caffeine-DCM in
= 0.201% aqueous solution
0154 & at 25°C
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Fig. 4 aPicosecond resolved fluorescence transients of DCM in M6 m

caffeine solution at 25 C shown at three characteristiceleagths of
580 nm blue triangley, 630 nm §reen circles and 690 nm red

Table 3 Temperature-dependent rotational relaxation time constants
(&) of DCM in 146 mM aqueous caffeine solutiony (defines
anisotropy at timé=0). Error #7%

Temperature ( C) of & (ps)
06 0.25 484
14 0.24 413
23 0.25 314
33 0.23 240
43 0.23 171
55 0.20 143
66 0.20 109

Where E is the activation energy for the viscous flow.
The plot of In () against 1/T (Fig4b) can be linearly
fitted within an experimental error of #1.5%. Aqueous
micellar solutions show a relatively large deviation from
linear behavior (#10%) of temperature dependent micro-
viscosity, which can be explained by the presence of higher
order aggregates in the solution in the close proximity of
Kraft temperaturedfd]. The relatively strong linear behav-
ior in the caffeine system confirms the low order self-
associated stacked caffeine dimers. The obtainedhlEe
of 3.7 kcal mol* is comparable to that of the bulk water
(3.9 kcal molY), but considerably smaller than micellar
systems44].

To ascertain the dynamical states of water molecules
associated with the caffeine dimer, we measure the
femtosecond resolved fluorescence spectra of DCM in
caffeine solution. In order to ensure high signal to
noise ratio, we measure the transients at 80 C where
the caffeine solubility is high enough (900 mM) to

diamond. The Instrument response function (IRF) is shown forprovide high signal from the fluorophore. We have also

comparison (Excitation at 409 nm). The solid lines are el
fittings. The insets shows time resolved anisotropy, f(@M in the
corresponding solution. The solid line is exponentiabfiRlot of In( )
against 1/T for caffeine solution. The solid line is a lirféar

checked the stability of the probe at such elevated
temperature in our system and found it to be highly
stable. Figure5a depicts the femtosecond resolved
transients in the blue end (560 nm), peak (620 nm) and

assures the interaction of the probe with the caffeing the red end (700 nm). As can be observed from the
molecules and simultaneously confirms the absence of higheigure, the transient in the blue end can be fitted
order aggregates of caffeine in agueous solution. To havettiexponentially with three decay components of 0.46 ps
detailed understanding of the microenvironment around DCNB6%), 22.7 ps (11%) and 519 ps (3%). On the other
at higher temperatures, we measure temperature dependenged, the red end transient exhibits a distinct rise
of the rotational relaxation dynamics. It is observed &at component of 0.94 ps with a decay component of
decreases gradually with increasing temperature indicati®d O ps. This is a clear indication of the solvation of the
that the probe experiences less rotational hindrance at higtire and we construct the TRES (see BEilg.inset) as per
temperature (Tabl@). The ease of rotation with increasing the procedure described in th8upporting informatioh
temperature can be related to an activation energy barrierom the time dependent Stokes shift we measure the
crossing model and the microviscosity changes with tempesolvent correlation function, C(t) and plot it against time
ature following the relatiormf], (Fig. 5b). The curve is well fitted biexponentially with

" ot time constants of 0.6 ps (82%) and 5.85 ps (18%)
hm  hCexp YE w34 (Table4) with a considerable Stokes shift of 800 ¢m
RT It should be noted here that we miss a considerable
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Maroncelli 5], where ((0) can be calculated by the
following equation,

nEO#  NnBps% &Gb % ngh: "4
wherenBy,s nib, and nif are the absorption peak in polar

solvent, absorption peak in nonpolar solvent, and emission
peak in nonpolar solvent, respectively. In the preseny,stwel

Caffeine-DCM in aqueous ) . .
solution at 80°C use dioxane as the nonpolar solvent with absorption and

emission maxima of DCM at 455 and 554 nm, respectively.
Agueous solution of caffeine is used as the polar solvent in
] e e e L - PRPN? which DCM produces an absorption peak at 480 nm. We
_ﬂ calculate a 34% loss in the dynamical Stokes shift within the
0

Norm. Fl. Intensity

experimental time resolution. The observed C(t) decaydtmu
slower than that of the pure wate] (126 fs (20%) and

880 fs (35%)) wherein about half of the solvation process
lﬁ_! occurs in a time scale of experimental time resolution 0630 f

5 10 15 20 25
Time (ps)

18 pS = Ops A previous femtosecond-resolved study from our gr@%p [
' shows that the solvation time scale of C500 in water is 0.3
and 0.7 ps at room temperature and it reduces to 0.3 ps at
55 C. In presence of a large ion like guadinium hydrochlo-
ride the process becomes slower with time constants of 0.5
and 2.1 ps at room temperature and 0.8 ps at 55 C. All these
time scales are however, faster than those observed for
caffeine solutions even at elevated temperature congirmin
the structured nature of the hydrated water molecules in
000 16000 {7600 caffeine solution with respect to an ionic solution. On the
Wavenumber (cm™") other hand these time scales are rather comparéljler
(b) ‘%«o—._._._._._._ faster §8] in reverse micelles or micelle35 confirming our
0‘0“, - - ?_'_'1 finding that caffeine is aggregated as dimers in aqueous
0 5 10 15 solution and with a rather weakly structured water network
Time (ps) around it. The smaller inset inside Fifb inset shows
Fig. 5 a Femtosecond-resolved fluorescence transients of DCM iffuorescence anisotropy of DCM at 80 C in 900 mM caffeine
900 mM caffeine at 80 C at three characteristic wavelendihs. solution. The transient can be fitted single exponentiatty
o e e T S e i e me consiant of 0.33 s (Tapuhich i lose o e one
2(r)nlission spec?ra (TRES) élong W?t?l the anisotropy (smaller inset) c%btam_ed for the prqbe n 146_ mM caffeine ,at 25 Cf ,Slnce
the same sample DCM is extremely insoluble in water and its solubility in
aqueous caffeine solution is only possible due to its
fraction of Stokes shift due to our limited instrumentalConflnement inside caffeine dimer, the rotational timestzon

resolution, and we determined the loss in the dynamigbtained for the probe actually signifies the time requived

Stokes shift using the procedure developed by Fee arfgtation of the caffeine in dimeric form. In view of the fact
that the anisotropic time scale is much longer comparee to th

Table 4 Femtosecond-resolved solvation correlation functions c(tpbtained solvation time scales of the same sample it can be

for DCM and C500 in aqueous caffeine solution at different tempereoncluded that the solvation time scales obtained refleets

atures (T) along with the Corl’esponding rotational relaxation tlm@ynamlcs Of the bound water around the Caﬁelne dlmer and
0, . . .

constants&). Error #7% not due to the dynamics of caffeine dimer close to one another

0.8+

0.64

0.4+

Normalized Fl. Intensity

oo [ 5] oe s 12
Time (ns)

0.2+

Solvation Correlation Function, C(t)

Aqueous caffeine T (C) C(t) in ps & (ps)  at such a high concentration (900 mM).
solution containing
probe & & Complexation of Caffeine Dimer with C500: General
DCM 80 0.6 (82%) 5.85 (18%) 330 Picture of the Dynamics of Solvation for Caffeine Dimer
C500 20 0.8 (59%) 5.42 (41%) 55 i L : .
80 0.44 (94%) 25 (6%) a1 To confirm the solvation time scales around caffeine dimer

at room temperature we repeated the femtosecond-resolved

@ Springer



J Fluoresc (2012) 22:7%369 763

experiment using another solvation probe C500 whicldistinct rise component of 0.67 ps with decay components of
unlike DCM is sparingly soluble in water. Since solubility 57 ps and 5 ns. This is a clear indication of the solvation of the
of C500 in 100 mM caffeine solution is high enough todye and we construct the TRES (see Big.inset) as per the
provide good signal from the fluorophore we did not userocedure described in earlier section. From the time
high caffeine concentration. Molecular modeling studieslependent Stokes shift we measure the solvent correlation
(Table 1 and Schemd) on the association of C500 with function, C(t) and plot it against time (Figb). The curve is
caffeine also reveal stacked ternary complex of two caffeingell fitted biexponentially with time constants of 0.8 ps
molecules and one C500 molecule. We have also checké®9%) and 5.42 ps (41%) (Tabdg. The recovery of similar

the stability of the probe at such elevated temperature in ogolvation time scales even after changing the solvation probe
system and found it to be highly stable just like DCM asreconfirms the dynamical nature of water molecules associ-
mentioned before. Since C500 was dissolved in 100 mMted with caffeine dimer. The smaller inset inside Bly.
caffeine we were able to check the results both at rooiimset shows fluorescence anisotropy of C500 at 20 C in
temperature and at 80 C. FiguBa depicts the femtosec- 100 mM caffeine solution. The transient can be fitted single
ond resolved transients at room temperature in the blue eedponentially with a time constant of 55 ps (Ta#jje The

(450 nm), peak (500 nm) and in the red end (600 nm). Asolvation time scales obtained at 80 C using C500 are found
can be observed from the Figure, the transient in the blue be 0.44 ps (94%) and 25 ps (6%) (data not shown). The
end can be fitted triexponentially with three decaylack of significant weight of the slower component in the
components of 0.65 ps (82%), 4.35 ps (15%) and 5 ndynamics indicates the release of the probe C500 from
(3%). On the other hand, the red end transient exhibits tae caffeine dimer to the solvent (water). Since the
concerned probe C500 is sparingly soluble in water and
with temperature its solubility increases, the solvation
time scales thus obtained reflects the nature of dynamics
of water molecules associated with the probe C500 and
not with the caffeine dimer.

TNS in Caffeine Dimer: Excited State Ultrafast Charge
Transfer in the Caffeine Dimer

Caffeine-C500 in aqueous solution
at20°C

Norm. Fl. Intensity

In order to investigate the consequence of the geometrical
restriction of guest molecules in the caffeine dimer and the
relatively slower dynamics of solvation in the interior of the
dimer, we have studied excited state charge transfer
Time (ps) reaction of a model probe TNS in the microenvironment.

- ] 21ps < e Upon UV excitation TNS undergoe_zs a twi;ted i_ntrglmolec—
i (b) " ular charge transfer (TICT) reaction, which significantly
% 5, =0 \N_ § depends on the local solvation and geometrical restriction
i z o on the probe 49]. By observing the picosecond to
a E Tins (p2) nanosecond dynamics of population and polarization-
087 3 'TE- i analyzed anisotropy for the TNS-caffeine complex, we
5 1 3 can also elucidate the nature of local solvation and polarity
0.4 ",' E in the interior of the caffeine dimer. As shown in Talle
4 and Schem@, our molecular modeling reveals most stable
- '\-\“ = T T T T T complex of TNS with caffeine molecules to be ternary
i '\i‘ix__ 17000 18000 19000 20000 21000 22000 .
e, st oarie] aggrggate of two molecules qf caffelne and one mole<_:ule of
i S TNS in stacked geometry. It is evident that the stacking of
0‘0_6 T p e m— ;' the caffeine molecules in the close proximity of naphtha-

lene ring offers more stabilization compared to other
complex geometry.

Fig. 6 a Femtosecond resolved fluorescence transient. of C500 in Interaction of caffeine with TNS was studied by NMR
100 mM caffeine at 20 C at three characteristic Wavelengjhs. Spectroscopy_ The aromatic resonances of TNS are shown

Solvation correlation function, C(t) of the corresponding sample. The, 0 poommost panel of Figa A complete assignment
solid line is exponential fit. The bigger inset shows the time-resolve

emission spectra (TRES) along with the anisotropy (smaller inset) 6_?‘( all resonances was possible USin_g standard 2D. correla-
the same sample tion experiments. Each resonance is annotated with atom

Time (ps)
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Fig. 7 aNMR spectra (aromat-
ic region) of 2 MM TNS in
absence and presence of caffeine
(caffeine signals are capped by a
double bar) at 27 C and pH 7.2.
The resonances are annotated
(see atom numbering shown in
panel b).b A cartoon of TNS
molecule. The relative sizes of
the blue (phenyl ring) and the
red (naphthyl ring) circles
correspond to the relative
change in chemical shift of TNS
protons upon addition of 50 mM
caffeine (see panel @) Change
in chemical shift of TNS protons
upon caffeine titration. Associa-
tion constants () obtained by
fitting the ftitration data with

Eq. 5 are indicated within
parenthesis (in units of M)

numbers consistent with Figrb. All protons showed Fig. 7a and c The titration data were fitted with the
upfield shifts upon addition of caffeine as shown infollowing equation $0],

* % ) &&&&&%ﬁ&&&&&&%}&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&é

| dsat $
dobs Oo! =———— 11 Ky &'71&T'; % 1! Ky &11&T'7 - %AKZ& &'y "5t
Ky &'

where )ops )o and #) 5 stand respectively for TNS naphthyl protons feel uniform upfield shift, the H3 proton
chemical shifts at a given caffeine concentration, in abseneéll feel an additional effect from the phenyl ring that will
of caffeine and change in chemical shift in presence of larggepend upon how the relative orientation of the naphthyl/
excess of caffeine; \{ [C]+ and [T} stand for caffeine- phenyl ring (twist) changes upon complexation with
TNS association constant, total caffeine and TNS concegaffeine. In summary, NMR experiments show the follow-
trations, respectively. The naphthyl ring protons (except fang: i) TNS binds caffeine with a §~57 M?, ii) the
position 3) showed an average,Kalue of 57.4#5.7 M mechanism of binding is stacking between caffeine and the
while the phenyl protons and H3 of the naphthyl ringTNS naphthyl ring, iii) stacking is accompanied by a
showed a slightly lower k. These two groups of protons change of the twist angle in the TNS molecule.

are also clearly different from each other when one Figure 8a shows the steady state emission spectra of
considers the observed change in the chemical shift @NS ( =375 nm) in water in absence and presence of
50 mM caffein® as depicted in Fig.7b, the naphthyl caffeine. TNS is almost non-fluorescent in water (quantum
protons showed almost double the amount of upfield shifgield, " {=0.001) with a very short fluorescence life time
compared to that of the phenyl group (and H3). Thd&=60 ps) p1]. The extremely low quantum yield (0.001)
observed upfield shifts indicate stacking interaction bein water 46, 51], indicates that the CT state dynamics are
tween TNS and caffeine. The greater effect felt by thelominated by non-radiative processes, for instance, the fast
naphthyl ring also indicates that caffeine mainly stacks oimtersystem crossing as proposed in the literato@e As

the naphthyl ring, which corroborates with our moleculaevident from the Figur8a the fluorescence intensity of the
modeling studies mentioned before. The odd behavior gfrobe shows a linear enhancement with increase in caffeine
the H3 proton (low net upfield shift), when compared to theconcentration. The remarkable sensitivity of TNS is due to
behavior of all other naphthyl protons, can be explained ifthe non-radiative twisted intramolecular charge transfer
one considers a concomitant change in the twist of the TNFICT) process whose rate increases very rapidly with the
molecule upon caffeine binding. The H3 proton, closest tpolarity of the mediumg2, 53]. The dramatic enhancement
the phenyl ring, experiences paramagnetic shielding/def the fluorescence intensity of TNS in presence of caffeine
shielding effect of the phenyl ring, the exact nature ofs due to the relocation of TNS molecules in the
which will depend on the relative orientation of thehydrophobic interior of caffeine dimers, which in turn
naphthyl/phenyl rings. Upon caffeine binding, while allmakes the TNS molecules more rigid, retarding the TICT

@ Springer



Author€personacopy

J Fluoresc (2012) 22:7%369 765

cyclodextrins, and consequently model drugs could faster
be released from the caffeine dimer compared to the other
hosts. The free energy chandeGf) associated with the
complex formation between TNS and caffeine using the
equation can be obtained as,

I G° % RTInKy "TH#

and the" G° value obtained for the present system is
2.4 kcal mol* which is comparable to the activation
energy of viscous flow (see later).

Picosecond resolved fluorescence of TNS in presence of
caffeine is presented in Fi§. The time resolved emission
studies lend further support to the contention that TICT
process of TNS gets retarded in presence of caffeine due to
the confinement of the probe within the caffeine dimer
because of which the lifetime of the fluorophore increases.
Figure9 indicates that while in aqueous solution lifetime of
TNS is extremely short (60 psj]], in presence of caffeine
the fluorescence decay of TNS becomes much slower. The
average lifetime of the fluorophore (Tableincreases from
60 ps in water to 168 ps and 270 ps in presence of 8 and
66 mM caffeine, respectively. The linear enhancement in
the lifetime of the fluorophore with increase in the caffeine
concentration finds analogy with previous studi&&the6,

59] where it has been reported that the lifetime of TNS
increases ~40 fold in presence of 15 MMCD compared
to water. As seen in case of CD cavity and micellar
aggregates, 56], the twisting motion of the probe gets
restricted in presence of caffeine which results in the
g_ig- 8 aETriS_SiO” spectra of 5%\"_;\‘55 in agsfl”ce a”dlpresence blockage of the nonradiative TICT process, leading to the
téxgri?tTf\laS??;Afﬂc;'}gfrv;?ité%gbzgﬁem eng)n'cemgﬂgilpm (see enhancemen.t qf fluorescence Iifetime. To get more insight
on the restriction of the probe in caffeine dimer, we
measure the time resolved fluorescence anisotropy of TNS
process in a manner comparable to cyclodextrin (CD} water and in presence of 100 mM caffeine (Bignset).
cavity or the micellar aggregateS4£56]. The binding | water the transient can be fitted single exponentially with

constant (i) of TNS with caffeine has been calculatedine time constant of 89 ps while it is 318 ps in presence of
from its steady state emission spectroscopy using the

relation suggested by Almgren et &7],

l( %l 1

(SRALUEN WS "6#

It %lg Ky @M

where |, I; and b, denote, respectively, the emission

intensities at infinite caffeine concentration, at an interme-

diate caffeine concentration and in the absence of caffeine,

[M], the caffeine concentration. We plot, {lg)/(I¢-1g)

against 1/[M] which produces good linear fit (F&h) and

Kw calculated to be 57 M which exactly coincides with

the one calculated from our NMR experiments. The binding

constant of TNS with Triton X-100 (TX) micellés]] has

been reported earlier as 3.5+ * while that with$- _ _ _ _
cyclodetins (CD) §6, 59 is 2110° M. The observed (19, Feesecond eseed forescence tansits of 1S et
binding constant of TNS with caffeine is orders ofshows the fluorescence anisotropy of TNS in water 4nd in
magnitude less compared to those with micelles anpresence of 100 mM' | caffeine
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Table 5 Change in fluorescence lifetime of TNS with increase in
caffeine concentration

[Caffeine] &(ps) &(ps) &(ps) Average lifetime
mM <& (ps)

0 60 (100%) 60

8 39 (46%) 242 (48%) 567 (6%) 168

15 39 (40%) 236 (46%) 519 (14%) 197

28 39 (37%) 251 (47%) 567 (16%) 223

37 39 (35%) 237 (43%) 549 (22%) 236

46 42 (36%) 258 (45%) 594 (19%) 244

58 46 (35%) 262 (43%) 608 (22%) 263

66 50 (37%) 287 (43%) 640 (20%) 270

& represents the time constant and the figures in the parenthesis
represent relative contribution of the component. Error #7%

100 mM caffeine. Applying SED (ER) as mentioned
before, the hydrodynamic volume of the probe found to be
0.4110°%" m® in water and 1.45!10?” m® in presence of
100 mM caffeine. The increase in the hydrodynamic
volume of the probe provides evidence of the heteroasso-
ciation of the fluorophore with caffeine dimet4[ 29,
which corroborates with the molecular modeling studies
represented in Schemieand Tablel and the NMR results
as have been mentioned before.

The temperature dependent fluorescence transient of
TNS in presence of 100 mM caffeine is depicted in
Fig. 10a and Table6. The average lifetime &=* g &
where & represents the lifetime and eepresents the
relative contribution of the™i component) of the fluoro-
phore when associated with caffeine decreases from 355 ps 10 aT devendent _ et
10 192 ps as temperature fses fom 6 C 1075 C. Rise i1 10 STenberius ineren oworee s o Tgent
temperature leading to the dissociation of TNS-caffeing presence of caffeine at9 C)(44 C( )and81 C¢).b The plot of In
complex releases TNS into the water facilitating the nonasg) against 1/T for TNS-caffeine solution. The solid line ie th
radiative TICT process which results faster fluorescencerresponding numerical fit of the Arrhenius equation {ee8. ¢ The
decay of the probe as observed. The result is in godaot of In’ r,_]against ;N fqr TNS-caffgine solution. The solid line is the
agreement with the temperature dependent time resolvgcc)freSpondmg numerical fit of Arrhenius type plot (se) tex
fluorescence anisotropy of TNS in 100 mM caffeine
(Fig. 10g inset). The rotational time constant of TNSstate of the probe TNS. In contrast to the nearly barrierless
decreases from 363 psat 9 Cto 80 ps at 81 C (Taple twisting motion of the probe in pure water, the energy
The ease of rotation of TNS with rise in temperaturéarrier of such motion of the probe increases upon binding
reconfirms release of TNS into water from caffeine boundo caffeine as has been observed upon binding to protein
state due to thermal dissociation of TNS-caffeine compleX49] due to the lower micropolarity on binding sites. In
The temperature dependence of the average lifetime of tbheder to estimate microviscosities we have used the simple
fluorophore can be exploited to obtain the activation energ8ED (Eq.2). Microviscosity is the friction experienced by a
of the TICT process of the fluorophore through theprobe molecule at the microscopic scale; it is an important
Arrhenius equation]. Figure 10b shows the Arrhenius parameter for characterizing the local environment because
plot for TNS in 100 mM caffeine and activation energymodest changes in local viscosity lead to variation in
(Eae) has been estimated as 1.8#0.3% kcal "mahe physical as well as chemical properties. The microviscosity
activation energy thus obtained reflects the energy barriehanges with temperature following the relation mentioned
for the transition of the locally excited (LE) state to the CTbefore in Eq3. The plot of In' ., against 1/T (Figl0¢ can
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Table 6 Change in fluorescence

lifetime of TNS in presence of T (C) & (ps) & (ps) & (ps) Average lifetime&>(ps)
100 mM caffeine with rise in
temperature (T) 6 1069 (13.7%) 432 (42.2%) 60 (44.1%) 355

16 1069 (8.7%) 432 (48.6%) 60 (42.7%) 329

24 1069 (5.8%) 432 (50.5%) 60 (43.7%) 306

. 34 1099 (4.8%) 388 (57.1%) 54 (38.1%) 295

& represents the time constant . . )
and the figures in the parenthe- 46 761 (7.5%) 330 (56%) 43 (36.5%) 257
sis represent relative contribu- 65 1294 (1.6%) 299 (57.6%) 23 (40.8%) 202
tion of the component. Error 75 1141 (1.7%) 259 (63.9%) 22 (34.4%) 192

#1%

be linearly fitted within the experimental error of #1%. Thecalculations provide a mechanistic model of confinement of
E value is estimated to be 3.7 kcal folvhich exactly such molecules within the caffeine dimer that is consistent
corroborates with the ‘Evalue obtained using DCM with the in vitro studies involving NMR experiments. We
(mentioned before) in place of TNS and thus confirms thdtave explored the hydration dynamics associated with
both DCM and TNS shares similar microenvironmentaffeine dimer, which plays a key role in the biomolecular
around them in aqueous caffeine solution i.e. both of themecognition of such xanthine alkaloids. The DLS studies
are confined within the caffeine dimer (Schem@&ablel).  associated with FTIR, sonometric, densimetric and steady
It has to be noted here that the activation energy estimatsthte optical experiments clearly reveal the dimeric nature
for the transition of LE state to the CT state of the probef the caffeine molecules in aqueous solution which is
TNS is lower compared to that of the viscous flow whichconsistent with the previously reported studies. While the
indicates that the CT state of the probe is stabilized bgonometric/densimetric studies explore the static picture of
labile water molecules at higher temperature even befotgdration around the caffeine dimers, picosecond/femto-
the probe dissociates from the caffeine dimer. The activéecond resolved experiments demonstrate the key time
tion energy of the viscous flow along with the change inscales associated with the dynamics of hydration. The
free energy associated with the complexation of TNS witlfiemtosecond resolved fluorescence study at 80 C reveals
caffeine gives us an idea about the amount of energy thatsslvation of the probe with time scales of 0.6 ps and
required to release the probe from the caffeine bound state85 ps, which are slower than that in bulk water but faster
which is noteworthy for choosing caffeine as a tool forthan micelles or reverse micelles confirming the weakly
targeted drug delivery. structured nature of the hydrated water molecules. The
dynamics of water molecules as revealed by C500 show
solvation time scale of 0.3 and 0.7 ps at room temperature
Conclusion and it reduces to 0.3 ps at 55 C. In presence of a large ion
like guadinium hydrochloride the process becomes slower
In the present study we have exploited the dimeric nature @fith time constants of 0.5 and 2.1 ps at room temperature
caffeine to host some hydrophobic molecules like DCMand 0.8 ps at 55 C. All these time scales are however,
C500 and TNS. The results of the molecular modelindaster than those observed for caffeine solutions even at
elevated temperature confirming the structured nature of the
Table 7 Temperature-dependent rotational relaxation time constanpsydrated water molecules in caffeine solution with respect

(&) of TNS in 100 mM aqueous caffeine solution, @efines O @n ionic solution. Our polarization gated picosecond
anisotropy at timé=0). Error #7% resolved experiment on the confined DCM and TNS in the

caffeine dimer at various temperature explores the activa-

Temperatre (C) v &P tion energy (B for the viscous flow and has been found to

9 0.35 363 be comparable to that of bulk water, which further suggests
15 0.35 301 that very weakly structured water molecules are associated
23 0.30 22  With the caffeine dimers. Very slow water dynamics being a
30 0.35 203  Characteristic of strongly bonded water molecules, would
44 0.30 165  have prevented the interaction of such xanthine alkaloids
53 0.30 123 With biomolecules whereas very fast dynamical nature of
62 0.26 105 bound water would not have allowed the formation of
71 0.29 93 caffeine dimer itself. The observed dynamical nature of
81 0.97 go  Wwater molecules associated with caffeine dimer makes it a

suitable subject for biomolecular interaction where the
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bound water molecules can be displaced in presence of #3:

rec
Ou
of

eptor molecule facilitating the hydrophobic interaction.
r observations may find the relevance in the exploration
such biomolecular recognition of the most widely

consumed caffeine molecules in physiologically relevant

namics of TNS in presence of caffeine gives us an idea

about the amount of energy required to release such model
drugs from the caffeine bound state and this may find4-

significance in further investigation of the use of such

xanthine alkaloids as a tool for targeted drug delivery.
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