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Propofol (2,6-di-isopropylphenol) is probably the most widely used general anesthetic. Previous
studies focused on its complexes containing 1 and 2 water molecules. In this work, propofol clusters
containing three water molecules were formed using supersonic expansions and probed by means
of a number of mass-resolved laser spectroscopic techniques. The 2-color REMPI spectrum of
propofol · (H2O)3 contains contributions from at least two conformational isomers, as demonstrated
by UV/UV hole burning. Using the infrared IR/UV double resonance technique, the IR spectrum of
each isomer was obtained both in ground and first excited electronic states and interpreted in the
light of density functional theory (DFT) calculations at M06-2X/6-311++G(d,p) and B3LYP/6-
311++G(d,p) levels. The spectral analysis reveals that in both isomers the water molecules are
forming cyclic hydrogen bond networks around propofol’s OH moiety. Furthermore, some evidences
point to the existence of isomerization processes, due to a complicated conformational landscape and
the existence of multiple paths with low energy barriers connecting the different conformers. Such
processes are discussed with the aid of DFT calculations. © 2012 American Institute of Physics.
[http://dx.doi.org/10.1063/1.4743960]

INTRODUCTION

Propofol (2,6-di-isopropylphenol, Scheme 1) and its wa-
ter clusters constitute an interesting case of study for spec-
troscopists for two reasons. On the one hand, the steric hin-
drance introduced by the two isopropyl substituents makes the
hydroxy moiety less appealing for solvent molecules to es-
tablish hydrogen bonds than its homologue phenol and there-
fore many molecules may prefer the interaction with the π -
cloud of the aromatic ring. Thus, propofol offers the chance
to study the competition between two fundamental types of
interactions, namely, hydrogen bond (O−H · · · O) and weak
hydrogen bond (O−H · · ·π ) with contribution from disper-
sion forces.1 On the other hand, characterization of the mi-
crosolvation of propofol may eventually lead to biologically
relevant conclusions, as demonstrated in previous studies.2, 3

Propofol is probably the most widely used non-volatile gen-
eral anesthetic.4–6 Once it is injected in the body, most of it is
captured by the human serum albumin and travels through the
body.7 A small amount arrives at the brain and finally ~2%
of the initially injected propofol crosses the blood-brain bar-
rier. In the central nervous system, propofol is able to attach
to gamma amino butyric acid A (GABAA) receptors, acting as
agonist and delaying the closing of the ion channel, which re-

a)Author to whom correspondence should be addressed. Electronic mail:
josea.fernandez@ehu.es. Telephone: + 34 94 601 5387. Fax: + 34 94 601
35 00. URL: https://sites.google.com/site/gesemupv/.

sults in a blockage of the neuronal impulse.4, 5, 8 The docking
process is controlled by the difference in Gibbs free energy
between propofol solvated by the extracellular medium and
propofol interacting with the receptor’s active site. Therefore,
a deep knowledge of the interactions both inside and outside
the cavity will help to understand the docking process.

Previous works have reported on the structure and con-
formational landscape of bare propofol, propofol · (H2O)1,2,
and propofol · phenol complexes using either microwave9 or
IR and UV laser spectroscopy.2, 3 Depending on the condi-
tions of the expansion, it is possible to detect up to four of
the five conformers of propofol (Fig. S1 of the supplementary
material).10 The shallow barrier between the two most sta-
ble conformers, namely, GG and Gg, can be surmounted if a
buffer gas heavier than He is used, so the structure GG is not
observed when Ne or Ar are used as carrier gas. Microsolva-
tion with one or two water molecules leads to a reduction on
the number of isomers detected by mass-resolved IR and UV
spectroscopy: from four in the bare molecule to three in the
monohydrated species and to two in the complex with two wa-
ter molecules. In the latter, both isomers are based in the same
propofol conformer and only differ in the orientation of the
water molecules.2 Furthermore, isomerization processes were
detected not only in ground but also in the excited electronic
state: there is a change in the arrangement of the isopropyl
groups upon excitation, leading to the existence of a com-
mon excited state for the two propofol most stable isomers.
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SCHEME 1. Propofol (2,6-di-isopropylphenol).

Such effect is dramatically increased in propofol/phenol clus-
ters, where the isopropyl wagging motions connects several
species.3

All these systems present a complex spectroscopy, which
is also reflected in the difficulty of the calculations to correctly
predict the stability of the different species. For example, the
lowest calculation level that can correctly predict the relative
stability of the bare molecule is MP2/ cc-pVTZ, while both
M06-2X/6-311++G(d,p) and MP2/6-311++G(d,p) predict
that propofol · (H2O)2 most stable structures are those with
the water molecules forming a hydrogen bond network be-
tween propofol’s hydroxy group and the π -cloud of aromatic
ring. However, such structures are not detected using high-
resolution IR and UV spectroscopy and the two conformers
experimentally detected present cyclic cooperative hydrogen
bond structure, such as those observed in phenol · (H2O)2.11

Furthermore, the success of MP2/cc-pVTZ in predicting the
energetic order may well be just due to cancellation errors and
further increasing of the base functions may lead to contradic-
tory results.12

Following such studies, we present here a spectro-
scopic study on propofol · (H2O)3. Addition of a third wa-
ter molecule raises considerably the number of possible sta-
ble structures, although there is still a competition between
cyclic and linear cooperative hydrogen-bond networks. In this
study, we address the questions of whether water can still
form cyclic structures with propofol’s hydroxy moiety or if
water prefers to self-aggregate and interacts with the aromatic
ring. For the latter scenario, water may find a less hostile envi-
ronment due to its larger cluster-size, as the isopropyl groups
cannot shield the ring from interacting with water. Addition-
ally, it will be interesting to discover if an increase of the sys-
tem’s size leads to further reduction on the number of iso-
mers, or if a change in the previous observed tendency takes
place. Finally, comparison of the results obtained with those
from phenol · water clusters by other groups11, 13–21 allows us
to evaluate the influence of the isopropyl groups in the solva-
tion of the chromophore.

METHODS

Experimental

Detailed description of the experimental procedure can
be found elsewhere.22, 23 Propofol (97%, Sigma-Aldrich) was
seeded in He, Ne, and/or Ar without further modifications and
the mixture was expanded inside the chamber of a linear time-
of-flight (Jordan Inc.). Propofol is liquid at room temperature
and therefore it was not necessary to heat the sample to obtain
enough vapor pressure. To form the propofol–water clusters,
the seed gas flows through a small water reservoir. Water was
picked up by the seed gas and clusters were formed in the

supersonic expansion. Typical backing pressures of 1–2 bars
were employed before the expansion.

The supersonic beam passes through a 2 mm skimmer
before entering the ionization chamber of a time-of-flight
mass spectrometer (Jordan Inc.) where it is interrogated with
a variety of UV and IR laser-based techniques. In the 2-
color REMPI experiments, the UV pump laser is tuned to
propofol · (H2O)3 S1 ← S0 electronic transition. The excited
molecules are further ionized by the UV probe laser, with lit-
tle excess of energy, avoiding fragmentation and therefore in-
terference from higher order clusters. UV-UV hole-burning
spectroscopy was performed using a three-laser scheme. The
UV depopulation laser was tuned to the transition to be
probed, while the above described 2-color REMPI scheme
was used to ionize the formed clusters. The pump/probe laser
beams were delayed by 100–400 ns. An active subtraction
is also performed to improve S/N ratio. A similar scheme is
employed for the ground state IR/UV ion-dip spectroscopy
(IRIDS) experiments, but now using an IR laser for depopula-
tion. The IRIDS experiments require very low power density:
usually 100 μJ of a focused IR laser is enough to achieve
a 70%–80% depopulation of the REMPI signal. A delay of
100–400 ns was set between the IR and the UV lasers. Excited
state IRID experiments were conducted firing the IR laser be-
tween the two UV lasers, with delays of 10 ns between UV
pump and IR and UV probe lasers.

IR spectra in the mid-IR and fingerprint region (500–
1500 cm−1) were recorded at the Free Electron Laser for In-
frared Experiments (FELIX) at the FOM Institute of Plasma
Physics Rijnhuizen.24 Briefly, the experiments have been car-
ried out in a differentially pumped molecular beam setup
equipped with a reflector time-of-flight mass spectrometer.25

The skimmed free jet enters the ionization region, where it is
crossed by counter-propagating IR and UV laser beams. Both
the molecular beam and the UV laser beam were running at
10 Hz, while FELIX was running at 5 Hz. In order to min-
imize signal fluctuations due to long-time drifts in the UV
laser power or source conditions, a normalized ion-dip spec-
trum is obtained by recording separately the alternating IR-off
and IR-on signals. Additionally, the IR spectra are corrected
for the intensity variations on the IR power over the complete
wavelength range.

Calculations

Density functional theory (DFT) calculations were con-
ducted using GAUSSIAN 09 suite26 running on the super-
computers in the UPV/EHU computation facility and in
the i2BASQUE Foundation. A conformational search was
done using molecular mechanics (MMFFs) and a number
of algorithms for structure generation (large amplitude-low
mode and Monte Carlo), as implemented in Macromodel
(Schrodinger Inc.). A minimum of 100 000 runs were per-
formed, obtaining thousands of candidate structures, most of
them redundant. Such structures were grouped into families
attending to their similarity. Those structures in a 25 kJ/mol
stability window, together with representative structures from
each family were selected for further optimization at the
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M06-2X/6-311++G(d,p) level. Twenty-four fully optimized
structures were obtained in this way (Fig. S2 of the supple-
mentary material). All the structures were tested to be true
minima running a normal mode analysis and looking for the
absence of negative frequencies. All the energy values given
in this work are zero point energy corrected. Table S1 of
the supplementary material10 collects the binding energy val-
ues for the calculated propofol · (H2O)3 clusters. Such values
are corrected for the basis-set superposition error (BSSE) us-
ing the Boys and Bernandi counterpoise method.27 The final
structures are named as s1, s2, s3,. . . , etc., where the number
refers to their energetic order, being s1 the global minimum.

During this work, the meta-DFT method M06-2X was
chosen for most of the calculations, as it is able to describe
the interactions due to dispersive forces,28 which may be im-
portant in some of the calculated structures. However, such
functional is computationally more expensive, compared with
other functionals, such as B3LYP, which works reasonably
well when only hydrogen bond interactions are into play. Thus
the latter was employed together with the 6-311++G(d,p) ba-
sis set for the exploration of several reaction coordinates, in
which the main interaction is due to hydrogen bond. The ex-
ploration of reaction coordinates requires of a considerably
large number of iterations and a large number of points were
calculated for each coordinate. Thus, employing B3LYP in-
stead of M06-2X results in a considerable reduction on the
calculation time.

RESULTS AND DISCUSSION

Conformational landscape exploration

Propofol has a complicated conformational landscape for
a molecule of its size, due to the flexibility of its isopropyl
groups that raise five conformational possibilities, namely, Gg
(global minimum), GG, EG, GE, and EE (Fig. S1 of the sup-
plementary material).10 The water molecules are expected to
stabilize more of those bare molecule conformers in which the
hydroxy group is more exposed (i.e., conformers GG and Gg,
which are in turn the two most stable conformers). Figure 1
shows a ball and stick representation of the eight most stable
calculated species of propofol · (H2O)3, while the rest of the
optimized structures can be found in Fig. S2 of the supple-
mentary material,10 together with their relative stability, bind-
ing energy, zero-point energy (ZPE), and BSSE (Table S1).10

All the structures in Fig. 1 are stabilized by cooperative hydro-

FIG. 1. Eight most stable structures of propofol · (H2O)3 as calculated at the
M06-2X/6-311++G(d,p) level. Relative energies in kJ/mol.

gen bond networks between the water molecules and hydroxy
group and/or π -cloud of propofol. The global minimum (s1)
and structure s5 present a hydrogen bond network between
propofol’s hydroxy group and the aromatic ring. Almost iso-
energetical with the global minimum are structures in which
the water molecules form an eight-member ring built around
the hydroxy group, which can be either in the same plane than
the aromatic ring (s3) or perpendicular to it (s2, s4, and s6).
Meanwhile, structures s7 and s8 form a six-member ring with
two water molecules and propofol’s hydroxy group, while the
third water is interacting with the π -cloud of propofol. The
calculations predict a loss of stability around 5–6 kJ/mol for
such structures compared with the global minimum. Never-
theless, taking into account the system’s size, the energy dif-
ference between the structures in Fig. 1 is small enough to
expect most of them to be present in the expansion, provided
that there are no low energy barriers that allow a conforma-
tional relaxation in the jet.

It is worthy to note that propofol adopts a conformation
mid way between GG and Gg in the calculated global mini-
mum (structure s1), as one of the isopropyl hydrogen atoms
is in the plane of the ring, and that the other three most sta-
ble structures are based on a GG-propofol core. The next four
structures, following the energetic sequence, are built on EG-
propofol cores and only above 6.0 kJ/mol (structure s9) it is
possible to find structures with the bare molecule adopting a
Gg conformation. The structures based on conformer EE (the
one with the most shielded OH group) are predicted to be >12
kJ/mol above the global minimum (s17).

Spectroscopy

Figure 2 shows the 2-color REMPI spectra of
propofol · (H2O)0-3 in the 36 000–37 000 cm−1 region. At first
glance, there is a reduction in the vibrational activity with the
addition of the third water molecule, and the spectrum extends
for no more than 250 cm−1. Also, the trend in the variation
of the position of the 00

0 transition with the number of water
molecules points to formation of a cyclic water structure, as
it happens for the doubly hydrated species. Replacing the He
carrier gas by Ne leads to disappearance of some features in
the 36 100–36 200 cm−1 region of the spectrum. A similar be-
havior was observed for bare propofol and propofol · (H2O)1,
due to population migration from one of the isomers to a
more stable species. Therefore, the spectra in Fig. 2 point
to the existence of at least two isomers, separated by shal-
low energy barriers and with the water molecules forming
a cyclic hydrogen bond network around propofol’s hydroxy
moiety. Such observations are in agreement with the results
from the UV/UV hole burning (Fig. 3), which clearly show
the existence of two conformers with 00

0 transitions at 36 185
and 36 255 cm−1. The hole-burning experiment also shows
that both conformers present very different vibrational activ-
ity: while the spectrum of conformer 1 shows a very small
number of discrete features, extending for no more than ∼40
cm−1, the spectrum of conformer 2 exhibits strong transitions
forming progressions during ∼70 cm−1.
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FIG. 2. Two-color REMPI spectra of propofol · (H2O)n, n = 0–3 obtained in
a supersonic expansion of propofol/water in 2 bars of He and with the probe
laser tuned at 27 972 cm−1. The zoom also offers a comparison between
the spectra of propofol · (H2O)3 obtained using He and Ne. Disappearance
of some features is observed, probably due to population transfer between
isomers.

The IR spectrum of the two detected isomers was
recorded both in the mid-IR/fingerprint and OH stretching re-
gions, following the procedure described in the Experimen-
tal section (Fig. 4). The spectra of the two isomers in the
3100–3800 cm−1 region are very similar, which suggests that

FIG. 3. Comparison between propofol · (H2O)3 2-color REMPI spectrum
and the hole-burning traces obtained tuning the probe laser at 36 195 (*) and
36 255 cm−1 (**), respectively. Two isomers are detected in the expansion.

they have similar structures. Three broad, strong peaks are
observed in the 3200–3500 cm−1 region, accompanied by a
weaker band at 3408 cm−1 for isomer 1 and at 3348 cm−1 for
isomer 2. These 3–4 bands correspond to σ (OH) vibrations of
hydrogen bonded water and propofol and are separated from
the free σ (OH) bands at ∼3710 cm−1 by an empty spectral
region, usually called the window region,29, 30 which is associ-
ated with the formation of ring-like hydrogen bond networks.

Structural assignment

Figure 4 shows the predicted spectra for some repre-
sentative calculated structures, while the whole set of pre-
dicted spectra are collected in Fig. S3 of the supplementary
material.10 It is clear from the comparison with the experi-
mental data, that the structures in which a water molecule is
interacting with the aromatic ring (for example, s1, the most
stable calculated structure, s7, s9, s15, and s19) are not able to
reproduce the experimental results, as they present a number
of transitions in the so-called window region between 3500–
3700 cm−1, while no band is observed in the experimental
traces. One must take into account in doing the assignment
that the predicted intensity for the bands in such region is usu-
ally weaker than in the actual experimental spectrum.

Among the calculated structures with cyclic water ar-
rangements s6, which is based in propofol’s EG conformer,
is not able to correctly predict the experimental spectra. Thus,
only s2 and s3 are able to correctly reproduce the window re-
gion observed in the experimental spectra, and therefore the
experimental spectra are assigned to these two structures (see
also Fig. S3). In addition, s2 and s3 are among the most stable
calculated structures.

Certainly, the predicted spectra show four strong, well-
resolved features in the 3300–3450 cm−1 region, while only
three are clearly resolved in the experimental traces, although
they are broad enough to hide the fourth peak, which may be
assigned to one of the shoulders of the main peaks.

Both s2 and s3 assigned structures are based on propo-
fol’s GG conformer with the water molecules forming an
eight-member ring. The difference between both structures is
the orientation of the ring of waters respect to the aromatic
ring: in plane for s3 or perpendicular to the aromatic ring for
structure 2. Unfortunately, both structure s2 and s3 result in
similar spectra in the 3 μm IR region, hampering a more pre-
cise assignment.

Regarding the IR spectra obtained in the 500–1700 cm−1

region with the free electron laser, a larger spectral congestion
is observed due to the appearance of several ring deformation
and isopropyl bending vibrations, together with collective vi-
brations from the hydrogen bond network. Once more, struc-
tures s2 and s3 correctly predict the general features of the
experimental traces. Unfortunately, also in this IR region their
spectra are too similar to perform a more precise assignment.

It is possible to record the IR spectra of the first excited
electronic state (S1) by changing the IR and UV lasers fir-
ing sequence, as explained in the Methods section. Figure 5
shows a comparison between the S0 and S1 IR spectra of both
detected conformers. Propofol, as phenol, is a photo-acid,
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FIG. 4. Comparison between the experimental IR/UV traces obtained for the two detected propofol · (H2O)3 conformers and the predicted spectra for some
representative structures. Comparison with the complete set of calculated structures can be found in Fig. S3 of the supplementary material.10 A correction factor
of 0.938 was employed to account for the anharmonicity.

and therefore electronic excitation usually leads to a red shift
in the stretching vibration of its OH moiety.16 Furthermore,
in systems with cyclic hydrogen bond networks, such as
phenol · (H2O)3, a red shift of at least two of the σ (OH) vi-
brations is usually observed, as all the hydrogen bonds are
reinforced upon excitation.16 Conversely, only blue shifts are
observed for propofol · (H2O)3 upon excitation. Nevertheless,
due to a strong coupling between the vibrations of all the OH
moieties, it is not possible to isolate the σ (OH) of propo-
fol in the spectra in Fig. 5. Figure S4 of the supplementary
material10 shows sketches of all seven collective σ (OH) vi-
brations for structures s2 and s3. On the other hand, the bands
in the 3300–3600 cm−1 on the S1 spectrum (specially for iso-
mer 2) are narrower than in S0, pointing to a better coupling
between the OH stretch vibrations in the excited state.

Another striking characteristic of the S1 IR spectrum of
conformer 1 is the appearance of several additional peaks
around ∼3512 cm−1. Apparently, one of the bands is com-
posed of 4–5 peaks, separated 8, 11, and 8 cm−1, respectively.
The origin of these features is unclear, but it could result from
an isomerization process in the excited state or the existence
in the expansion of several species with overlapping S1←S0

transitions, but with slightly different S1 IR spectra. Both ef-
fects were observed earlier for propofol and its mono and dou-
bly hydrated clusters,2 and therefore likely to be present in
propofol · (H2O)3 as well.

Finally, the stretches of the free OH are not affected by
the electronic excitation, as observed for similar systems.15

To explain the spectra in Fig. 5, we have carried out a
calculation on the excited state of the two assigned structures,
s2, s3, and on s1, the global minimum. Using the ground state

geometries, a full optimization was carried out on each struc-
ture at CIS/6-31G(d,p) level, followed by a normal mode anal-
ysis at the same theory level. Optimization of excited state
structures is considerably more complex than in the electronic
ground state. Thus, the calculation level employed is rela-
tively modest, but increasing on the basis set size always re-
sulted in a lack of convergence of the calculations. To com-
pare experimental and predicted spectra, a correction factor of
0.88 was applied to the calculated frequencies, and was cho-
sen to adjusts the position of the free OH stretches. As can
be seen, such correction factor is considerably lower than the
one employed for the ground electronic state, confirming once
more that the calculation level employed yields a less accurate
description of the system.

The calculated frequencies in Fig. 5 qualitatively repro-
duce the two groups observed in the experimental traces and
the blue shift of the frequencies in the excited state, but the
difference with the experimental spectra is larger than the dif-
ferences between predicted spectra, and therefore they do not
help in the assignment.

Potential energy surfaces

In order to further investigate the origin of the splitting
in the S1 IR spectrum, and to explain the depopulation ob-
served with Ne in Fig. 2, a number of calculations were car-
ried out. Figure 6 shows the potential energy curve (PEC) of
the ground state obtained taking the GG-based conformer s2
and rotating the isopropyl group on the right in 30o steps,
while the rest of the coordinates are relaxed (rotating the
other isopropyl group results in a similar PEC, as the ring of
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FIG. 5. Comparison between the experimental IR/UV traces obtained for the
two detected propofol · (H2O)3 in ground and excited electronic states. The
calculated spectra for the structures s1, s2, and s3 in their first excited elec-
tronic state are also included. CIS/6-31G(d,p) calculation level was employed
in the excited state calculation. Also, a correction factor of 0.88 was used to
account for the anharmonicity.

waters moves synchronously with the isopropyl groups). A
broad minimum is obtained, which contains several species.
A more precise scan was performed around the minimum, tak-
ing 10o steps. In this case, two minima are clearly seen, sep-
arated by a ∼0.2 kJ/mol barrier and therefore such barrier is
lower than the ZPE of the vibrations involve in this coordi-
nate. Interestingly, the structure based on Gg-propofol is not
found in this search. The same kind of topography is observed
when s3 is taken as starting point (Fig. S5 of the supplemen-
tary material),10 although in this case, the Gg-propofol based

FIG. 6. (Lower panel) Electronic ground state potential energy curve ob-
tained using the calculated structure s2 as starting point and rotating the iso-
propyl group on the right in 30o steps, while the rest of the coordinates are
relaxed. (Upper panel) A more detailed scan around the global minimum was
performed, rotating the same isopropyl group in 10◦ steps. Two shallow min-
ima separated by a very small barrier are found. Calculations performed at
B3LYP/6-311++G(d,p) level. The blue lines represent a spline fit, added as
an eye guide.

isomer is the global minimum and the GG-propofol based s2
structure is not reached. The PECs presented in Figs. 6 and
S5 demonstrate that very small differences in the starting op-
timization geometry result in a different optimized GG/Gg-
propofol based structure, demonstrating once more that the
barriers separating such minima are small. A more exhaus-
tive calculation involving multiple degrees of freedom would
be required to map the paths connecting all the minima. Such
calculation is beyond the scope of the present study. Never-
theless, we can conclude that the depopulation observed with
Ne is not due to population transfer between GG/Gg-based
propofol · (H2O)3 conformers, as the barriers between such
structures are too small to be able to isolate both species in the
beam. On the other hand, the structural differences between
structures s2 and s3 require more complicate rearrangements
during the isomerization process, and therefore the barriers
separating them are high enough to find the two minima, as
demonstrated experimentally. Furthermore, as there is popu-
lation migration during the cooling process with Ne, such bar-
riers may not be higher than ∼5 kJ/mol.31 However, finding
the path connecting those two minima is not straightforward.
We scanned the rotation of propofol’s hydroxy group in the S0

state using either s2 or s3 as starting structures (Figs. S6 and
S7 of the supplementary material)10 and although a barrier-
less path could not be found, certainly both minima are con-
nected through such coordinates. Therefore, it is very likely
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FIG. 7. (Lower panel) Reaction coordinate scan from structure s2 to s1 in the
electronic ground state, calculated at M06-2X/6-311++G(d,p) level. A true
transition state was located. (Upper panel) Estimation of the same reaction
path in the first excited electronic state, built running a single point TD-DFT
calculation on each structure of the S0 path. The blue lines represent a spline
fit, added as an eye guide.

that adding further degrees of freedom to our search, a re-
action path whose barriers may be surmounted by collisions
with Ne may be found.

Electronic origins’ observed shifts

The observed trends in the shifts on the electronic ori-
gins of the detected conformers also deserve some attention.
As explained above, formation of ring-like structures usually
result in a blue shift with the increase in the number of com-
ponents. Certainly, conformer 2 follows such trend. However,
conformer 1 presents a red shift respect to the 1:2 species.
On the other hand, it has been already demonstrated that
electronic excitation induces conformational changes in this
system2 and that may well be the present case, hampering
a precise location of the 00

0 transition. In such situation, the
more likely explanation for the observed shifts is the open-
ing of the water ring, also postulated for other systems.15

Figure 7 (lower panel) shows the S0 reaction path that con-
nects (ring-like) s2 with (open ring) s1, calculated at the
M06-2x/6-31++G(d,p) level. As can be seen, a small bar-
rier of ∼3.5 kJ/mol was found in the electronic ground state.
A TD-DFT calculation was carried out in each of the points
of the ground electronic state reaction path, in order to have a
rough estimation of such path in the excited state (Fig. 7, up-
per panel). The energy order of structures s2 and s1 changes
upon excitations, becoming an s1-like structure considerably
more stable. In addition, the barrier to move from s2 to the
s1-like structure decreases to slightly more than 1 kJ/mol.
Such small barrier is in good agreement with the shape of
conformer 1 electronic spectrum (Fig. 3), whose discrete fea-
tures extend for ∼40 cm−1. Thus, electronic excitation may
lead to an isomerization, which may be also the origin of the
multiplet observed in Fig. 5. Hence, this evidence leads us
to assign isomer 1 to the calculated structure s2 and isomer
2 to s3.

TABLE I. Band origins and frequencies (cm−1) of the observed OH stretching vibrations of propofol · (H2O)3

and phenol · (H2O)3.

Propofol · (H2O)3

Isomer 1 Isomer 2 Phenol · (H2O)3

00
0 36 185 36 255 36 261a

S0

3327 3327 3236b

3379 3348?c 3345b

3408?d 3379 3401b

3429 3420 3451b

3710 3710 3715b

3718e 3714 3719b

3717 3722b

S1

3347 3343 3325b

3441 3430 3435b

3504, 3512, 3523, 3531f 3523 3515b

3710 3708 3713b

3718 3716 3719b

3725b

aReference 32.
bReference 16.
cShoulder.
dSmall peak.
eThis is probably a combination of two bands.
fMultiplet.



074303-8 Leon et al. J. Chem. Phys. 137, 074303 (2012)

FIG. 8. Comparison between the calculated structures of propofol · (H2O)3
s2 and phenol · (H2O)3 at M06-2X/6-311++G(d,p). The atoms of
phenol · (H2O)3 are shown as white spheres.

Regarding the observed shift for isomer 2 (structure s3),
it does follow the expected trend, probably due to the similar-
ity of its structure with that of propofol · (H2O)2, in which the
water molecules form an in-plane 6-member ring with propo-
fol’s hydroxy moiety.2

Comparison with phenol clusters

The comparison of propofol · (H2O)3 observed species
with those detected for phenol allows an evaluation of the iso-
propyl groups on the solvation process. Table I collects the
position of the 00

0 transitions for the two isomers detected and
the position of the σ (OH) vibronic bands in the IR spectra
for propofol · (H2O)3, together with the data reported in the
literature for phenol · (H2O)3. According to Table I, the OH
stretches in propofol · (H2O)3 lie closer together than in phe-
nol, which points to smaller differences between the hydrogen
bonds. A comparison between propofol · (H2O)3 isomer 2 and
phenol · (H2O)3 structures (Fig. 8) shows that the ring of wa-
ters is repelled by one of the isopropyl groups, and therefore
it cannot reach the optimal geometry, decreasing the system’s
stability. Such structural difference may in addition facilitate
ring opening upon electronic excitation.

Nevertheless, the most striking difference between
phenol · (H2O)3 and propofol · (H2O)3 clusters is the coexis-
tence in the expansion of two isomers of the later, while only
one isomer is found for the former. Thus, introduction of the
isopropyl groups increases the number of species, increasing
the entropy of the system.

Conclusions

In this work, we analyze the spectroscopy of
propofol · (H2O)3 using a number of mass-resolved spec-
troscopic techniques. Two isomers are found to compose
the 2-color REMPI spectrum, using hole-burning spec-
troscopy, with 00

0 transitions at 36 185 and 36 255 cm−1.
Comparison between the experimental IR/UV spectra ob-
tained both in the σ (OH) and mid-IR/fingerprint regions
and the spectra predicted for the structures calculated at
M06-2X/6-311++G(d,p) level lead to assign conformer 1
to s2, a structure with the water molecules forming a ring in
a plane perpendicular to the aromatic ring, and conformer 2
to s3, in which the ring of waters are in the same plane than
the aromatic ring. Therefore, although the isopropyl groups
cannot shield the OH moiety from interacting with water,

they give raise to two isomers, while in phenol · (H2O)3 only
the equivalent structure to s2 is detected.

A number of calculations are carried out to explain the
population migration between conformers 1 and 2 and the
changes observed in the IR spectra upon electronic excitation.
The calculations point to the existence of paths with small en-
ergy barriers connecting s2 and s3. Also, calculations show
that the electronic excitation favors transition from s2 to s1
structures, i.e., water-ring opening. Such mechanism may ex-
plain the blue shift observed in the IR spectrum of conformer
1 and the appearance of a multiplet around 3512 cm−1 in the
S1 IR spectrum.

Analysis of higher propofol/water clusters is already in
progress.
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