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Abstract

The intramolecular proton transfer and the internal rotations of the 2-(2′hydroxyphenyl)-4-methyloxazole (HPMO) in the first electronically
excited singlet state (S1) have been theoretically studied. Electronic calculations have been carried out within an all-single configuration
interaction scheme (CIS). Time-dependent DFT (TDDFT) calculations have been performed to correct the energies of the proton transfer as
CIS tends to overestimate the energy barriers. The effect of confinement of the HPMO molecule inside the cavity of�-cyclodextrin (�-CD)
has also been studied. The ONIOM hybrid method is used to deal with the large host–guest system. Within the ONIOM procedure two levels
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f calculation are defined: CIS or TDDFT for the HPMO and the semiempirical PM3 method for the�-CD. A comparison of the electron
nergies reveals that the proton-transfer process has a lower energy barrier than the subsequent internal rotation of the keto ta

n the isolated system and in the host–guest complex. However, the initial energy of the wavepacket accessed upon photoexcitat
ransition) is high enough to surpass both barriers, so that electronic energies alone are not able to explain the different reaction
or both processes by means of time-resolved (femtosecond) fluorescence experiments. A dynamic method based on the RRK
heory has been used to account for this difference. The so calculated rate constants also reproduce the increment in the time fo
otation process when HPMO is confined inside the�-CD cavity. Analysis of the different factors that contribute to the rate constant dis
hat this delay is due to the increment of rigidity of HPMO that takes place upon encapsulation.

2005 Elsevier B.V. All rights reserved.
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. Introduction

The study of reactions in nanocavities is presently a hot
opic that embraces virtually all the fields of chemistry[1–8].
uch nanostructures are usually formed through weak non-
ovalent bonding between the (usually small) reactive sub-
trate (the guest) and a large molecule (the host) that pos-
esses a cavity (a “molecular pocket”) that wraps up the
uest. Among the best known hosts are cyclodextrins (CDs)

2,3,9]. CDs are cyclic oligosacharides with a small num-
er of glucose units. The best known CDs are�-, �- and
-cyclodextrin that differ in the number of D-glucopyranose
C6H10O5) units: 6, 7 and 8, respectively. The hydrophobic
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nanocavity of CDs allows the experimental study of s
controlled nanoenvironment effects such as reduced de
of freedom of the guest[8].

In the recent past a considerable effort has been devo
the study of CD complexes with aromatic organic molec
[3,5,10–12]. These experimental studies usually show th
fects of molecular restrictions in the photophysical and p
tochemical properties of the encapsulated guest. Thes
fects are usually attributed to the cavity size of the host
the protection of the guest provided by the CD cavity
its low polarity relative to that of water[7,13–18]. Therefore
the chemistry inside CDs can be very rich, and applica
that would be of interest at the industrial level have b
proposed[6,19–22]. The understanding of the fundamen
chemical processes taking place inside CDs is then o
the main goals of the physical chemistry studies on t
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Fig. 1. Scheme of the intramolecular proton transfer and the internal rotations of reactant and product.

systems. Among them the works that make use of femto-
chemistry techniques are remarkable in that they provide a
real-time picture of the molecular motions[8,23–26].

A paradigm of the different photochemistry exhibited by a
molecule in gas phase (or apolar media) and inside a cavity is
the system 2-(2′hydroxyphenyl)-4-methyloxazole (HPMO),
an heterocyclic molecule with two moieties, capable of es-
tablishing an intramolecular hydrogen bond. Upon irradiation
to the first excited singlet state, the molecule undergoes an
ultrafast intramolecular proton-transfer reaction. This pro-
cess can be tracked down from the observation of a large
Stokes shift (ca. 10,000 cm−1) in the emission spectrum of
HPMO [27]. In Fig. 1 a scheme of the molecule is shown.
The enol form (E) is the most stable in the ground state but
electronic promotion to the first singlet excited state (S1) im-
plies an electronic redistribution that makes the keto tautomer
(K) more stable. Femtosecond studies in gas phase or apo-
lar media have revealed that the excited state intramolecular
proton transfer (ESIPT) inS1 is an ultrafast process taking
place in less than 300 fs[16–27]. Later on detailed studies
of the caging effect on the dynamics of the ESIPT were car-
ried out by Douhal et al. First, the effect of encapsulating
HPMO inside one molecule of�-CD was studied[14]. Later
on the effect of other hosts such as micelles or proteins was
also considered[8,28]. By using a femtosecond pump pulse
at 325 nm that excited HPMO to theS1 state and record-
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rigidity of the guest. This fact is also accounted for by the
anisotropy time decays measured for HPMO in the differ-
ent environments, that show a considerable increment as the
rigidity of the guest increases[8,28].

Some time ago, we performed theoretical calculations on
the ESIPT reaction in HPMO in gas phase[27] and encap-
sulated in�-CD [29]. We found no significant differences
between both media, a result which is in agreement with
the femtosecond results just discussed. The internal rotations
were studied in the isolated HPMO system though no much
attention was paid to them[27]. No attempt was made to
study the effect of encapsulation on these rearrangements. In
this paper we undertake such a work aimed at understanding
how the intermolecular host–guest interactions are affecting
the internal rotation process, that is, how can we explain at
the molecular level the increment of rigidity of HPMO upon
encapsulation. As it will be shown later on, some kind of
dynamic calculations have to be carried out to account for
the experimental facts. We have adopted a strategy based on
the statistical RRKM model. Of course statistical models are
not expected to accurately deal with ultrafast processes such
as the ones studied here, but the use of more sophisticated
dynamic calculations is beyond the present computer capa-
bilities because of the complexity of the whole process, as
inferred from the femtosecond results, that would require the
consideration of a too large number of degrees of freedom.
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ng the time-resolved fluorescence spectra at different w
engths, Douhal et al. observed two groups of time-reso
uorescence emission transients overlapping at 430 nm
hort wavelengths all the transients show fast decays
he initial rise (l00–250 fs), whereas at longer wavelen
he transient shows a competition between rise and dec
xplain this behavior two different trajectories for the di
roton-transfer reaction have been proposed[28]. A direct
ne in which the proton transfer takes place directly wi

ess than 300 fs and a second one where the system e
long two different coordinates: the proton-transfer motio
arlier times and the twisting motion of the heterocyclic m
ties later on. This last motion would account for the slo
ise component (on the order of a few picoseconds) fo
t long interrogated wavelengths. Upon confinement o
uest by CD or protein, the times along the second traje
ecome significantly longer. These results seem to su

hat encapsulation does not alter much the intramolecul
ond but, because of the confinement, it greatly affect
. Calculational details

For the isolated HPMO molecule an ab initio method
een considered. In particular the ground electronic staS0

s studied by the restricted Hartree-Fock (RHF) method
he split-valence 6-31G(d) basis set that includes a set
olarization functions on atoms other than hydrogens[30].
o deal with the first electronically excited singlet stateS1)
e have used an all-single configuration interaction (C
cheme with a spin-restricted HF reference ground state[31].
tationary points have been located through the minimiz
rocedure of Schlegel[32] by using redundant internal coo
inates. The energy of the stationary points correspondi

he ESIPT reaction inS1 has been recalculated through
ime-dependent formalism within the density functional
ry (TDDFT) [33–35]. In particular we have used the th
arameter hybrid functional of Becke with the correla
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functional of Lee et al. (B3LYP)[36–38]. The basis set cho-
sen for the TDDFT calculations was also the 6-31G(d).

For the HPMO encapsulated in a�-CD molecule the hy-
brid ONIOM method has been used[39]. In this method one
can define up to three layers of atoms that are to be dealt at dif-
ferent levels. We have restricted the layers to only two (high
and low levels). The obvious choice is to put the HPMO in
the high level layer and the whole CD in the low level layer.
In order to have results that can be readily compared with
the gas phase calculations, the high level is the same used
to deal with the isolated HPMO molecule. That is: RHF for
the ground state and CIS and TDDFT for the first electroni-
cally excited singlet state always with the 6-31G(d) basis set.
For the lower level we have picked the semiempirical PM3
method of Stewart[40]. All the quantum electronic calcula-
tions have been performed with the GAUSSIAN 98 series of
programs[41].

To account for the dynamics in the excited stateS1 we
have considered the statistical transition state theory. As in
the excited state there is no thermodynamic equilibrium, the
temperature is not well defined, so that a microcanonical en-
semble that takes the energy as a fixed value comes into play.
In this way the well-known RRKM methodology has been
applied[42]. Within the RRKM formalism the rate constant
can be obtained through the expression:
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approximation the tunneling probability can be analytically
calculated (the final expressions can be found in Ref.[44]).

3. Results and discussion

In a previous letter[29] we presented the results for the
ESIPT reaction of HPMO in the ground (S0) and first elec-
tronically excited singlet (S1) states. Both the isolated HPMO
(gas phase) and the molecule encapsulated inside�-CD, were
studied. In both cases theS1 state comes from a�→�* tran-
sition which is also the HOMO-LUMO excitation. Both� or-
bitals are delocalized between the two aromatic rings. A care-
ful conformational analysis was carried out for the host–guest
complex aimed at finding the more stable geometries of the
enol tautomer (the only stable structure inS0) inside�-CD.
Different minima were localized for the whole complex. Here
we will only consider the most stable one depicted inFig. 2.
In this structure the oxazole ring is sequestered by the CD
cavity, the phenol ring resting mostly out of the CD cavity.
This geometry agrees with the experimental evidence based
on analysis of the1H-NMR spectra[16]. This structure was
also used as a starting point to locate all the stationary points
along bothS0 andS1 electronic states. In this paper we con-
sider both the intramolecular proton-transfer reaction and the
following inter-ring rotation of the keto tautomer. In addition
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hereN(E) andN ′
0(E) are the integral densities of states

he transition state and for the reactant molecule, respect
pecifically

(E) =
∑
n

h(E − ε‡n) (2)

0(E) =
∑
n

h(E − εn) (3)

hereh is the usual step function andε‡n andεn are the vi-
rational energy levels of the transition state and the rea
olecule. As usual we have assumed that they are obtain
set of separable harmonic oscillators (the vectorn contains

he vibrational numbers of all the vibrational modes).
Both values have been calculated through direct c

f the vibrational states at a given energy using
eyer–Swinehart algorithm[43]. The rotational states ha
ot been included in the calculation. In the original form

ation of Eq. (1)N(E) is zero when the energy falls belo
he adiabatic energy barrierVAG (including the zero poin
nergy correction). For the proton-transfer reaction it is
ssary to include the tunneling effect[44]. This implies tha

he numerator in Eq. (1) has to be substituted byP(E), the
ne-dimensional tunneling probability as a function of
nergy along the reaction coordinate. This probability
een evaluated by assuming a generalized Eckart pot

45] whose parameters are fitted to the energy of the
ionary points along the proton-transfer reaction. Within
o the initial geometry of E inside�-CD, Fig. 2 shows the
eometries of the keto tautomer K′ and its rotameric form
R′ in S1 (where the ESIPT takes place) along with the

ransition states labeled TS′
2 (ESIPT) and TS′3 (internal rota

ion on the keto side). The primes in the names are us
dentify excited state geometries.

As we discussed in the previous work[29], it is not easy
o analyze the nature of the intermolecular forces that m
he host–guest complex a stable structure. The intramole

H N bond remains almost unperturbed upon encap
ion. HPMO retains also its planarity inside the cavity. A c
o the stabilization is given by the dipole moments of the
nd the guest, 1.78 and 2.47 D, respectively, and the
etween them (119◦), as a value larger than 90◦ indicates a

avorable dipole–dipole interaction[46,47].
As for the energies of the internal rearrangement

PMO, the most reliable results obtained are schematiz
igs. 3 and 4. Fig. 3shows the energy profiles for the HPM
olecule alone, so that these results are to be used to e

he behavior of HPMO in gas phase or inside an apolar
ent.Fig. 4 gives an identical scheme for the HPMO-�-CD
omplex. In both figures the energy profiles for bothS0 and
1 states are given.

Prior to analyze the results, some words have to be
bout the methodology used to obtain the energies s

n Figs. 3 and 4. For the ground state the energies are f
he RHF method (as explained in the previous section).
evel of calculation could be easily improved but we are
eally interested inS0 as, of course, the photoreaction ta
lace in the excited electronic state. The accuracy of the
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Fig. 2. Structures of the enol tautomer (E) in the ground stateS0 and the stationary points in the first electronically excited singlet stateS1 that correspond to
the intramolecular proton transfer and the subsequent internal rotation of the keto tautomer for HPMO embedded in�-cyclodextrin.

oretical electronic methods that deal with excited states is
far below the one that can be obtained in the ground state.
Besides, calculations are much more computationally expen-
sive in the excited state, a fact that prevents the use of the
CASSCF/CASPT2 method, the most reliable method up to
now for excited states, to study the host–guest complex. As
explained in the methodological section, the single configu-
ration interaction method (CIS) has been used to optimize the
geometries in the excited state. The CIS method is known to

greatly overestimate the energy barriers for proton-transfer
reactions[48,49]. An alternative to the use of CIS is the so-
called TDDFT method that is based in a DFT calculation
of the ground electronic state and a time-dependent evalua-
tion of the electronic excitation. This method has been proved
much more reliable when dealing with intramolecular proton-
transfer reactions[48–50]but it has serious problems when
used to study excited states that come from an intramolecu-
lar charge transfer[51,52]. We have performed single-point
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Fig. 3. Schematic energy profile for the intramolecular proton transfer and the CC inter-ring rotations of isolated HPMO in the ground stateS0 and the first
electronically excited singlet stateS1. Energies are given in kcal/mol.

Fig. 4. Schematic energy profile for the intramolecular proton transfer and the CC inter-ring rotations of HPMO/�-CD complex in the ground stateS0 and
the first electronically excited singlet stateS1. Energies are given in kcal/mol.
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TDDFT calculations over CIS geometries for all the station-
ary points located inS1. For the proton-transfer process the
TDDFT calculations show a clear lowering of the energy bar-
rier (as expected). Surprisingly TDDFT calculations find that
the rotamer and the transition state for the internal rotation
are more stable than the initial keto form obtained from the
ESIPT process. Analysis of the orbitals and the electronic
excitations along the inter-ring rotation discloses that there
is a crossing between the initial�→�* state and ann→�*

one where thenorbital is fully located in the oxygen that has
lost the hydrogen. The crossing takes place in the transition
state that is a mix of both excitations. This change from a lo-
calized orbital to a greatly delocalized one seems to be badly
described by the TDDFT method. Given these facts we have
opted to use the TDDFT energies for the ESIPT process but
we have kept the CIS results to study the internal rotation.
These are the energies represented inFigs. 3 and 4.

First of all we consider the energies in the ground state.
The intramolecular proton transfer inS0 is clearly endoergic
with a high energy barrier, so that tautomerization is not tak-
ing place inS0. Inside the cyclodextrin the energy barrier and
the endoergicity are lowered but the energy barrier is still too
high to allow the transfer. As for the internal rotation of the
keto tautomer, it is also clearly impeded in the ground state
(both in isolated and encapsulated HPMO). Again the rota-
tion is more favorable in the host–guest complex but, even
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wavepacket, so that after photoexcitation the internal rotation
may also take place in an ultrafast fashion.

Figs. 3 and 4also show (on the left-most side) the energies
corresponding to the internal rotations of the enol tautomer.
The transition states in bothS0 andS1 electronic states are
high enough to disregard the possible role of this process in
the whole dynamics of HPMO. In fact, the transition states
have only been located in the isolated HPMO but the energies
corresponding to the encapsulated enol tautomer ER′ are not
greatly affected when the host is included, so that no major
differences are to be expected upon encapsulation.

In order to have a theoretical evaluation of the real-time dy-
namics of the process in the excited state, we have performed
statistical RRKM calculations. The use of a microcanonical
ensemble here is compulsory as the temperature is not well
defined in the excited state. Given the ultrafast nature of the
reactions it may well be that the actual behavior of the process
is not statistically driven. That is, the molecule may not have
enough time to randomly rearrange its internal vibrational
energy, which is a basic assumption of the RRKM method.
However, the time resolved fluorescence experiments sys-
tematically show a rising component of 100–250 fs in the
region of the keto emission. This observation indicates that
vibrational energy redistribution occurs within this time scale
[8,28]. Of course RRKM assumes a statistical distribution of
all degrees of freedom which is hardly obtained after such
a ured
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here, there is a considerable energy barrier to be surp
27.04 kcal/mol). More interesting it is to note that the
rgy barrier for the reverse process from KR to K has
noticeable energy barrier (12.62 and 11.28 kcal/mol in
hase and encapsulated, respectively) so that if the ke

amer KR is obtained after photoreaction inS1 and ulterior
eactivation toS0, it could be quite stable opening the d

o the use of HPMO as a memory device.
Let us now turn our attention to the excited state w

he intramolecular proton transfer and the inter-ring rota
ay take place. As already noted in previous works, the
tive stability of both tautomers is reversed and the rel
nergy of the transition state is also greatly lowered so th
nergy barrier for the E′→K′ process is only 0.73 kcal/m

n gas phase and 0.35 kcal/mol in the host–guest com
ven if this small energy barriers seem enough to ju

he ultrafast nature of the ESIPT process, as experime
ound, it has to be taken into account that, according to
ranck–Condon principle, the initial geometry of the reac

n S1 is not the minimum of the enol tautomer in the exc
tate E′ but the geometry of E, the minimum energy struc

n S0 as the electronic excitation is too fast to allow for
uclei to rearrange. The energy of this structure inS1 (verti-
al excitation) is 13.23 and 13.78 (gas phase and host–
omplex, respectively) relative to the keto K′ structure, th
ore stable one inS1. As for the subsequent internal rotat
f K′, relative energies of the transition states are quite

lar in both phases, whereas the stability of the rotamer′
s greater inside the cavity. In any case, the transition
S′

3 is, in both phases, clearly below the initial energy of
t

small period of time. In any case, given that the meas
imes for the ESIPT are of the same order and the int
otation much slower (5–10 ps) the use a statistical mod
he dynamics may be expected to give qualitatively co
esults. To really analyze the time evolution of the syste
uclear dynamics method should come to play. Such a
ould require a very deep analysis of the potential en
urface and the design of a dynamical model that includ
wo or three more relevant nuclear coordinates (a full dim
ional treatment is not computationally feasible up to n
n a previous work the dynamics of the ESIPT proces
PMO was studied using a quite simplified potential en
urface[53] but the host–guest complex is clearly too larg
se such a formalism. The dynamics of the internal rota
as not considered in this previous work[53].
As explained in the methodological section, the rate

tant has been evaluated making use of a direct count m
f vibrational states (rotation is not accounted for) by me
f the Beyer–Swinehart algorithm[43]. We have considere
oth the ESIPT (E′→K′) and the subsequent inter-ring ro

ion of the keto tautomer (K′→KR′). For the proton-transfe
eaction, tunneling has been included through a simple
imensional model assuming an Eckart potential. As u
e have analyzed and compared the gas phase syste

he host–guest complex. The rate constants at different
ies have been obtained and results are shown inFig. 5. As

n Figs. 3 and 4the energy is given relative to the one of′,
he more stable structure inS1.

As somehow expected, the rate constant for the pr
ransferkESIPT is clearly greater than the one for the inter
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Fig. 5. RRKM rate constants (in s−1) for the intramolecular proton trans-
fer (kESIPT) and internal rotation of the keto tautomer inS1 (kIR). Energies
are relative to the keto minimum inS1. (a) Isolated HPMO; (b) host–guest
complex.

rotation of the keto tautomerkIR. The inverse of this rate con-
stant gives, of course, the mean times of the reactions. At the
energy of the vertical transitionskESIPT= 6.51× 1011 s−1 and
kIR = 5.68× 107 s−1 in gas phase. In the host–guest complex
the corresponding values arekESIPT= 1.27× 1011 s−1 and
kIR = 1.82× 105 s−1. Comparing our results with the time-
resolved fluorescence experiments[14,28], it is first noted
that theoretical rate constants give too low reaction mean
times (the inverse of the rate constant). Taking into account
the large number of approximations, results are not so bad
for the ESIPT process that is predicted to take place on the
picosecond time range rather than the subpicosecond order
experimentally found. As for the keto internal rotation, ex-
pected to take place in few picoseconds, it falls down to the
nanosecond scale or below in our model. These discrepancies
could be in principle attributed to the inability of the statisti-
cal RRKM strategy to deal with such a processes. However
the previous dynamical work, that does not make any statis-
tical assumption, also find mean times for the ESIPT process
in HPMO of around 4–5 ps[53]. Then the inability to cor-
rectly reproduce the observed reaction times is to be found

more likely in the electronic calculations as excited electronic
states energies are far less reliable than ground state ones. In
any case, our results account for the most interesting results
of the precedent femtosecond studies. That is, the internal ro-
tation process is much slower than the intramolecular proton
transfer. What is more relevant, comparing the rate constants
obtained in isolated HPMO with the host–guest system, is
that the ESIPT process is not much affected by the confine-
ment (kESIPT is lower in the complex but of the same order).
Conversely, the internal rotation is dramatically slowed down
upon encapsulation of the HPMO askIR drops by more than
two orders of magnitude.

It is quite interesting to analyze what are the factors that
lead to such a different rate constants for the same process
in different media. We can also extend this discussion to the
understanding of the different rates for the two elementary
processes. In the experimental work the different rates ob-
served for the ESIPT and the subsequent internal rotation of
the keto product is attributed to the fact that the first process is
barrierless, whereas the second one involves the crossing of
an energy barrier[28]. This energy barrier would be higher in
the encapsulated HPMO thus accounting for the slower rate
of the internal rotation inside the cavity. Within our theoret-
ical calculations, both processes are in practice barrierless.
In fact, there is an energy barrier from the corresponding
minimum inS for both elementary processes but the initial
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he molecular level the wavepacket does not evolve alo
ne dimensional path so that the actual process might n
arrierless). However, the higher energy of TS′

3 with respec
o TS′

2 implies that the number of states available for
ystem to cross the barrier (N(E) in Eq. (1)) is lower for the
nternal rotational process than for the intramolecular pr
ransfer.

To acquire a deeper understanding of what are the fa
hat govern such difference of rate constants for the two
ions, it is interesting to use here the simplified expressio
he rate constant that can be obtained assuming a conti
f vibrational states which gives the “classical” expres

or the RRKM rate constant[44]:

(E) =

s∏
i=1
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s−1∏
i=1
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(
E − VAG

E

)s−1

(4)

here the two productories are over all the real frequen
or the reactants and the transition state. At the vertical
ition energy, we have verified that this simple expres
ives not much different results than the more exact d
ount used by us. Eq.(4) clearly shows that two factors a
ount for the magnitude of the rate constant: the quocie
he productory of the frequencies and the quocient of e
ies. In a thermodynamic language, the first quocient
e related with the entropic factor and the second one
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the enthalpic barrier. We have calculated the two factors for
each reaction. More interesting that the actual figures is the
comparison of the different terms so that we have evaluated
the two factors in thekESIPT/kIR relationship using Eq.(4).
For the isolated HPMO molecule at the vertical transition en-
ergy the frequency factor is 8.72, whereas the energy term
amounts to 32.59. As usual the energy factor is more impor-
tant than the entropic term. For the HPMO molecule inside
the CD, the frequency factor is higher (32.69) and the en-
ergy one also higher (85.02). Then both factors contribute,
more or less equally, to the larger difference in the reaction
times of both processes upon encapsulation. At first sight,
it is surprising to see such a large increment of the energy
term in the host–guest complex as the electronic energies of
the involved reactants and transition states are quite invariant
upon confinement (compareFigs. 3 and 4). The difference is
to be found in the frequencies of the transition state for the
rotation of the keto tautomer as they are globally larger in
the host–guest complex than in absence of the CD. This fact
leads to a smaller frequency factor in Eq.(4) but also to a
small energy factor, as the zero point energy of the transition
state in the host–guest complex is also higher. The zero point
energies have not been considered in the energy profiles of
Figs. 3 and 4but they have to be included when evaluating
the rate constant through Eqs. (1) and (4) as indicated in Eqs.
(2) and (3). Then our results point to an increment of the
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Fig. 6. Quocients of the RRKM rate constants as a function of the total en-
ergy relative to the keto minimum inS1 K′. (a) Isolated HPMO; (b) host–guest
complex.

orders of magnitude belowkESIPTand the difference between
both is more prominent in the host–guest complex (note the
change of the scale factor in they-axis betweenFig. 6(a) and
(b)).

4. Conclusions

We have theoretically analyzed the intramolecular proton
transfer in the first electronically excited singlet state (S1) for
the 2-(2′hydroxyphenyl)-4-methyloxazole (HPMO) system.
Both the molecule alone (gas phase) and embedded inside the
cavity of one�-cyclodextrin (�-CD) have been considered.
We have also studied the internal rotation of the keto tautomer
which is the more stable form inS1. Electronic calculations
disclose that, in both cases the proton-transfer reaction takes
place with a small energy barrier, whereas the internal rota-
tion has a slightly larger barrier. In any case, the energy of
the initial wavepacket obtained through photoexcitation of
the enol tautomer in the ground electronic state (the verti-
cal transition according to the Franck–Condon principle) is
high enough to surpass both energy barriers. Femtosecond-
igidity of the HPMO molecule inside the CD cavity as
eason behind the lowering of the internal rotation rate
tant upon encapsulation by the cyclodextrin. This increm
f rigidity comes from the subtle intermolecular forces
merge between host and guest when the complex is fo
he nature of these intermolecular forces was discusse
revious work[29].

Fig. 5also shows that a further increment of the total
rgy above the vertical transition one (12–13 kcal/mol) d
ot produce a large increment of the rate constant fo
SIPT. Conversely, the rate constant for the internal rot
oticeably increases, though it always lies clearly below
ate for the proton-transfer process. At lower energies,
ate constants are also lowered the effect being again
ore prominent for the internal rotation rate constants.

urves inFig. 5do not go down beyond 8 kcal/mol as this
he energy of TS′3, the transition state for the internal rotati
t energies below that,kIR falls down to zero (no tunnelin

s to be expected for the internal rearrangement) wherea
ESIPT would remain over the 1010 s−1 value for a while a
S′

2 lies below 6 kcal/mol and tunneling is not neglectful h
his means that the slower rise component observed i
uorescence transients would eventually disappear if th
rgy of the initial excitation (the pump) were further lower
ig. 6depicts the quotient of both rate constants as a fun
f the energy, where the different dependence of both rat
nergy is more clearly seen. At low energies,kESIPT tends to
apidly increase relative to thekIR, whereas at high energi
he dependency of the quocient on the energy is less n
ble. In any case, we note thatkIR is always more than tw
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resolved fluorescence experiments indicate two trajectories
for the chemical reaction inS1 following the initial photoex-
citation: a fast process (100–250 fs) consisting on the proton
transfer and a slower motion that would also imply the inter-
nal rotation of the two rings of HPMO. Electronic energies
cannot be held fully responsible for this difference, as the rel-
ative energies for reactant and transition state are not notice-
ably affected by the confinement. To account for the dynamics
of these two processes, we have chosen a statistical RRKM
procedure to calculate the rate constants for both the proton-
transfer reaction (kESIPT) and the internal rotation of the keto
rotamer (kIR). Even if the ultrafast nature of the reaction may
cast some doubts on the validity of the statistical assump-
tions of the RRKM method, the obtained results correctly
reproduce the order of the time scale for the proton-transfer
reaction, though the internal rotational process is predicted to
be much slower than experimentally found. Our calculations
also account for the internal rotation of the keto tautomer be-
ing clearly slowed down upon confinement of the HPMO in-
side the�-CD cavity. The increment of rigidity of the HPMO
molecule in the host–guest complex leads to globally larger
vibrational frequencies. As a consequence, the zero point en-
ergy for the transition state of the inter-ring rotation is higher
and there is also a lowering in the number of states that al-
low the crossing of the barrier at a given energy. Both factors
contribute almost equally to the slowing down of the internal
r t of
t pro-
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f ional
p

A

ish
‘ o
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