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We present our first studies of the femtosecond dynamics of reactions in confined nanocavities in water
solutions. Intramolecular proton transfer and isomerization dynamics of a hydrogen-bonded molecule (HPMO)
in liquid solutions and encapsulated in the cavity formegBhyyclodextrin (diameter-8 A) is studied using

the technique of fluorescence up-conversion. Our results suggest that the proton transfer in aprotic solvents
occurs in much less than 300 fs while upon encapsulation this initial step is slowed to the subpicosecond
time scale. Furthermore, in these aprotic solvents, HPMO undergoes a picosecond twisting motion around
the interaromatic single bond, which is noticeably inhibited when the molecule is inside the nanocavity.
Such studies of condensed-phase femtochemistry in nanocavities offer several promising extensions.

I. Introduction an intramolecular hydrogen (H)-bond, and a twisting motion
about the interaromatic-©C bond. Upon electronic excitation,

In this L(_etter we report on the extension of femtochemistry the molecule undergoes intramolecular proton-transfer reaction
to the studies of reactions in nanocavities. Such structures are

. in the gas phaseéin solution, and in polymeric media.Recent
unigue and can be formed through covalent and weak, nonco-_, . . ;
. . - ab initio calculations on an analogue structure (H atom instead
valent bonding as in the case of supramolecular and catalytic f the 4-methvl ar t the presen f 2 7610- OF near
chemistry! Cyclodextrin in water solutions provides an op- of the 4-methyl group), suggest the presence of a zero- or nea|

portunity to examine intramolecular reactions and the effect of z;ro-enggjy .barr||er for thef proton_ trar:sfer 2 thl(.e dSSlte a:(nd
confined geometries on their dynamics. Our first effort in this the possible involvement of a rotational proc sBvidence for )
direction focuses on the dynamics of intramolecular proton proton transfer in the excited state comes from the observation

transfer and isomerization with femtosecond (fs) time resolution Of & large Stokes shift in the emission spectra of the keto form

in B-cyclodextrin 8-CD) whose cavity diameter is8 A. In of HPMO. Our emission spectra at room temperature are broad
Figure 1, the guest molecule of interest is shown insid¢ta® and located at-470 ¢10) nm in liquid solution of 3-methyl-
cavity with the structure of8-CD determined by X-ray  Pentane. Absorption is at320 nm, giving the Stokes shift of
techniques. ~10 000 cn?.

Guest HPMO, 2-(2hydroxyphenyl)-4-methyloxazole is a In water solutions of3-CD, a caged species of HPMO is
heterocyclic molecule with two moieties, capable of establishing formed with a 1:1 stochiometry. The steady-state absorption
and emission spectra have been shown to depend on the diameter
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t Universidad de Castilla-La Mancha. . similar molecules exhibiting intramolecular proton transfer and
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Figure 2. Femtosecond experimental apparatus. The schematic shows
the key components involved in the generation, amplification, and
compression of femtosecond pulses and the arrangement for fluores-
cence upconversion.

crystals. These pulses were subsequently compressed, using
Figure 1. Molecular structure o-cyclodextrin f-CD) encapsulating WO Silica prisms to compensate for group velocity dispersion,
the molecule (HPMO) which undergoes intramolecular proton-transfer and focused into the sample that flows in a quartz cell.
and isomerization reactions. THeCD structure was obtained by X-ray Typically, the energy of the excitation pulse at the sample
analysis (ref 2), and the larger inner diameter-8 A. was ~30 nJ. To examine the population dynamics, the
polarization of the excitation light was set at the magic angle
noticeably on going from solvation to cavitation. In 3-meth- (54.7) with respect to that of the gating pulse. The sample
ylpentane, the emission is at470 nm and in water at-415 fluorescence was collected and focused into a nonlinear crystal
nm, while it is at~465 nm inj-CD. (0.2 mm, BBO, type 1) using reflective optics. The gating pulse
In this contribution, and subsequent reports, we examine thewas delayed in time and also focused into a nonlinear crystal
femtosecond dynamics of these and other reactions in nano-to overlap with the sample fluorescence.
cavities. Cyclodextrinso(-, 8-, or y-CD), which are oligosac- The resulting sum-frequency signal in the UV region was
charides with hydrophobic interior and hydrophilic exterior, are filtered using a double monochromator and detected with a
used as cavities because of their unique structures and the facphotomultiplier tube. When necessary, the signal was also
that six @), seven @), or eight {/) glucose units determine the  normalized to the energy of the excitation pulse. The temporal
size (see Figure 1). We investigate proton-transfer and isomer-response function of the pulses and detection360 fs. Since
ization dynamics of HPMO, first in aprotic solvents (3- the pulse width is~90 fs, the resolution is only limited by the
methylpentane; free dynamics) and then in the caging moleculardetection arrangement. The signal was processed with the help
pocket (3-CD; caged dynamics). Because these cavities are of a computer, and the fit to theoretical curves was made using
expected to control the H-bonded structure and the dynamics|east-squares analysis.
in a size-controlled environment, we are able to observe the The sample of 2-(zhydroxyphenyl)-4-methyloxazole (HPMO)
influence of cavitation on the intramolecular elementary dynam- was obtained as previously descrifedt was then purified by
ics, thus opening the door to other similar studies of the effect column chromatography, repeated crystallization from water
of nanostructures on reaction dynamics in the condensed phaseethanol solutions, and vacuum sublimation. The final sample
Together with studiésof solvation and intermolecular effects,  consisted of white crystals. To check for impurities, we obtained
we should be able to separate intra- and intermolecular relaxationthe steady-state absorption and fluorescence and the mass
pathways. Perhaps, some relevance to isomerization and protonspectra. The purity of HPMO was further checked using high-
and electron-transfer processes of biological systems, such aperformance liquid chromatography (HPLC); no evidence for

those involved in bacteriorhodop&irand protein foldind! may impurities was found.

also emerge from future studies. To protect the sample from atmospheric oxygen, all experi-
ments were carried out in an atmosphere of dry argon. The

Il. Experimental Section steady-state absorption and fluorescence measurements were

. erformed using a Spex FluoroMax-2 spectrometer.
Two femtosecond pulses were generated and used in thesé) 9 P P

experiments; one for thg excitation Qnd the s_econd for gating IIl. Results and Discussion

the fluorescence of the different species at various wavelengths.

We use the technique of fluorescence up-conversion; the setup As mentioned above, with steady-state UV excitation HPMO

is shown schematically in Figure 2. The system consists of a exhibits a broad emission band having the maximum at 470
femtosecond Ti:Sapphire oscillator coupled to a regenerative nm in 3-methylpentane and at 465 nm when encapsulated by
amplifier that generates 90 fs, 0.6 mJ light pulses. The pulsesone molecule 0f-CD in neutral water. Both bands result from
are centered around 798 nm at 1-kHz repetition rate. A beamthe emission of the tautomers formed as result of the intramo-
splitter was used to divide the light beam into the excitation lecular proton transfer. I8-CD—water solutions, HPMO also
and gating branches with 4-to-1 ratio. The excitation pulses exhibits relatively weak emission bands at 350 and 415 nm,
were trippled to yield 266-nm pulses, using two 0.2-mm BBO assigned to the water-solvated enol and phenolate-type species,
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Figure 3. Femtosecond fluorescence transients observed at different
wavelengths for HPMO in 3-methylpentane (upper) ang-cyclo-
dextrin in water solution (lower). The detection wavelengths are

indicated. erA "-\\

respectively> The emission of tautomers is largely separated
from these weak bands, and thus, the specific dynamics can be
studied without interference from these species.

Figure 3 shows the femtosecond-resolved fluorescence tran-
sients of the emission of HPMO in 3-methylpentane and in
B-CD, when excited at 266 nm and gated at different wave-
lengths. In 3-methyl pentane, the fluorescence transient depends
markedly on the observation wavelength. At the blue side of l"-._ _.»-'“
the emission ba(r)1d (420 nm), thoe transient shows a fast d(_:‘cayFigure 4. Molecular structures of the HPMO molecule in the enol
(71 ~ 0.7 ps, 60%2 ~ 9 ps, 30%), followed by a subnano- form (A), keto tautomer (B), rotamer (C), and encapsulated into
second {0.4 ns, 11%) component. However, when the g.cyclodextrin (D).
emission is gated at470 nm, the transients display a rise with
two apparent time constantsQ.2 ps, 20% and-9 ps, 30%).  470-nm (steady-state) emission is not that of the nascent, initial
The nanosecond component is reached later, as found by probingautomer following the transfer.
in the blue region. These observations elucidate the dynamics The nascent tautomer is born with different vibrational
of free HPMO in the aprotic solvent medium (3-methylpentane). distributions*12-18 and its decay is due to a twisting around

The decay at 420 nm and the rise at 470 and 530 nm arethe C-C bond to reach different stable rotamer configuration-
indicative of the process of proton transfer (Stokes shift), which (s). The rotational motion involves a barrier crossing, while
in this case is accompanied by a twisting dynamics around thethe proton transfer requires a small or no barrier, as suggested
single C-C bond linking the oxazole and phenyl moieties. In by ab initio calculationd. The very rapid proton transfer is also
earlier studie¥® of proton transfer in 7-azaindole in liquid consistent with results from Ernsting’s grd@pbtained for a
solutions, we observed a similar behavior with two apparent similar system in solution, and with the results for methyl
time scales for the rise, reflecting two pathways for the transfer; salicylaté® and hydroxy phenyl oxazole derivati¥®l” obtained
one is a direct proton motion, and another, slower in time, is in isolated, gas-phase studies.
an indirect, equilibrated process. The fact that the 420-nm  The rise of the emission at 470 nm and at 530 nm for HPMO
emission shows no detectable rise time, within our resolution, in 3-methylpentane is not instantaneous. In fact, at 470 nm
and decays with a time constant-e0.7 ps (and larger) indicates  the rise is about-0.2 ps and at 530 nm is0.4 ps, and for
that the proton transfer is very rapic800 fs) and that the  both wavelengths the long-time rise component&ps. These
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results are consistent with the rise of a rotamer structure dynamics that are influenced by the host environment leading
following the proton transfer. Of course, upon proton transfer to a slower proton-transfer rate and a reduction in barrier
and redistribution of charges, solvent polarization and dielectric crossing. These results provide the basis for many new
friction will lead to different solvent configurations of some experiments on chemical reaction dynamics in nanocavities.
stability. Thus, the emission at longer wavelengths, for example, Work along these lines is in progress in this laboratory.
530 nm, may reflect these local rotamer structures, and further . .
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