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1. Introduction

The structure and dynamics of liquid water are extremely com-
plicated, despite the relatively simple chemical structure of the
water molecule. This complexity results from the fact that each
water molecule can form up to four hydrogen bonds with
other water molecules, leading to the formation of extended
and complicated hydrogen-bonded networks. The dynamics of
these networks form the basis of many of the anomalous prop-
erties of liquid water, such as its negative volume of melting,
its density maximum at 4 8C, and its extremely high melting
and boiling temperatures.[1, 2]

The hydrogen-bonded networks of liquid water consist of a
large number of conjugated O�H···O systems. The effect of this
conjugation on the strength of the hydrogen-bond interaction
can be investigated by studying the vibrational spectrum of
extremely small volumes of water. These small volumes of
water can be realized in the form of inverse micelles : small
droplets of water covered by a surfactant and contained in an
apolar solvent matrix.[3, 4] As the size of the micelle decreases,
the frequency of the O�H stretching vibration increases, which
shows that the hydrogen-bond interaction becomes weaker
when the hydrogen-bonded network is truncated.[5, 6] Because
confinement influences the strength of the hydrogen-bond in-
teractions, it will also affect the dynamics and the relative ar-
rangement of the water molecules, that is, the local structure
of the liquid. This is an important notion, considering the fact
that the structure and function of large (bio)molecules are
often determined by water molecules that are confined in one
or more dimensions.

[7–11]

Recently, the dynamics of water interacting with biomole-
cules were studied by comparing the spectral dynamics of a
chromophore dissolved in bulk liquid water with those of the
same chromophore embedded in a hydrated biomolecule.[12]

These spectral dynamics reflect the collective rearrangement of
the water near the chromophore, and were found to be much
slower within the hydrated (bio)molecule than in bulk water.
This indicates that water molecules interacting with large bio-
molecular structures show slower orientational dynamics than
the molecules in bulk liquid water. The spectral dynamics of a
chromophore are mainly determined by surface layers of

water, that is, by water that is confined in only one dimension.
For water molecules that are completely surrounded by other
molecules or molecular groups, that is, that are confined in
three dimensions, the effect of confinement is expected to be
even stronger.

Herein, we report on the properties of strongly confined
water molecules. The systems studied consist of single water
molecules that are hydrogen bonded to acetone. These hydro-
gen-bonded complexes are dissolved in an apolar solvent
(carbon tetrachloride), and constitute the limiting case of an in-
verse micelle in which the micelle contains only a single water
molecule. We found that these confined water molecules show
energy transfer and relaxation dynamics that strongly differ
from the corresponding dynamics of the molecules in bulk
liquid water.

Experimental Section

We prepared hydrogen-bonded complexes of water and acetone
molecules by dissolving water in a mixture of acetone and CCl4. In
this solution, structures were formed in which a single water mole-
cule is hydrogen-bonded with its O�H groups to the C=O groups
of surrounding acetone molecules. The methyl groups of these
acetone molecules have a favorable interaction with the apolar
CCl4 solvent molecules, thus allowing the hydrogen-bonded com-
plexes to enter the apolar solvent. We varied the concentration of
water and acetone and found that the maximum concentration
ratio of water to acetone is 1:10. Hence, the solution always con-
tained an excess concentration of acetone. We observed the same
dynamics at all concentrations, which shows that the formed hy-
drogen-bonded complexes of water and acetone do not depend
on the concentration. The results presented here were obtained
for a solution of 0.4 m water and 4.0 m acetone in CCl4. The molec-
ular ratio of H2O, acetone, and CCl4 was 1:10:40. The hydrogen-
bonded systems of HDO and acetone molecules were prepared by
using a mixture of H2O and D2O instead of pure H2O. The molecu-

We study the structure and dynamics of hydrogen-bonded com-
plexes of H2O/HDO and acetone dissolved in carbon tetrachloride
by probing the response of the O�H stretching vibrations with
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lar ratio of the resulting system of HDO, D2O, acetone, and CCl4

was 1:4:50:200. The structure and dynamics of the hydrogen-
bonded complexes were studied using linear mid-infrared spec-
troscopy and femtosecond mid-infrared pump–probe spectrosco-
py.[13–19] In both techniques, the system was studied via the re-
sponse of the O�H stretching vibrations of the H2O/HDO molecule.
The linear absorption spectra were measured using a Perkin–Elmer
spectrometer.

In the pump–probe experiments, an intense femtosecond mid-
infrared pulse (pump) was used to excite a fraction of the water
molecules to the first excited vibrational state of the O�H stretch-
ing vibration. The absorption changes that result from this excita-
tion were probed with a second, much weaker pulse (probe). The
probe pulse was sent through a variable delay to measure the
time-dependence of these absorption changes. In the experiments
on vibrational relaxation, the probe polarization was at the magic
angle (54.78) with respect to the polarization of the pump. In the
experiments on the orientational relaxation, the probe was polar-
ized at 458 with respect to the direction of polarization of the
pump, and was split after the sample into a parallel and a perpen-
dicular part. The transmitted probe beams were dispersed by a
monochromator, and detected by a 3 � 32 MCT (mercury–cadmi-
um–telluride) array detector. The frequency resolution was 16 cm�1

per pixel of the array.

By measuring the absorption changes with probe pulses having
polarizations parallel (Dak) and perpendicular (Da? ) to the polari-
zation of the pump, we determined the dynamics of the anisotro-
py of the excitation. The excitation was initially anisotropic, be-
cause predominantly O�H groups that were oriented parallel to
the pump polarization were excited. The anisotropy is defined by
Equation (1):

R ¼
Dak�Da?

Dak þ 2Da?
ð1Þ

For an ensemble of randomly oriented dipolar oscillators, Dak=
3Da? at zero delay, so that R = 0.4. At later delays, R decays be-
cause of the reorientation of the water molecule and/or because
of energy transfer between the two O�H groups of the H2O mole-
cule.

The femtosecond mid-infrared pulses used in the pump–probe ex-
periments were generated via frequency-conversion processes that
were pumped by the pulses of a commercial system of a Ti:Sap-
phire oscillator (SpectraPhysics), a regenerative amplifier, and a
multipass amplifier (Quantronix). These pulses have a central wave-
length of 800 nm, a pulse energy of 2.6 mJ, and a pulse duration
of 100 fs. The mid-infrared pump pulses were generated via para-
metric generation and amplification in BBO and KTP crystals. The
probe pulses were generated via parametric generation and ampli-
fication in a BBO crystal, followed by difference frequency genera-
tion in an AgGaS2 crystal. The pump and probe pulses were inde-
pendently tunable between 2.6 and 3.3 mm (3000–3800 cm�1). The
energies of the pump and probe pulse were 10 and 0.1 mJ, respec-
tively, and their respective spectral widths were 75 cm�1 and
300 cm�1 (full width at half maximum, FWHM). From frequency-re-
solved cross-correlation measurements, it follows that the large
bandwidth of the probe pulse is not the result of a linear chirp.

2. Results

2.1. Linear Absorption Spectra

In Figure 1, linear absorption spectra are shown for the solu-
tion of H2O, acetone, and CCl4 (solid curve), and for the solu-
tion of HDO, D2O, acetone, and CCl4 (dashed curve). Both spec-

tra contain a strong broad band at 3530 cm�1 and a weak
narrow band at 3690 cm�1

. These frequencies were obtained
from a decomposition of the spectrum into Gaussian bands.
The bands at 3530 cm�1 and 3690 cm�1 cannot be assigned to
the symmetric and asymmetric O�H stretching modes of H2O,
because they were also observed for the solution containing
HDO. Because of the similarity of the spectra of the systems
containing H2O and HDO, we assign the band at 3530 cm�1 to
an O�H group that is hydrogen bonded to a C=O group of an
acetone molecule (nb), and the band at 3690 cm�1 to an O�H
group that is not hydrogen bonded (nf).

[20, 21] Hence, in the
dominant conformation formed by H2O/HDO with acetone
(structure S in Figure 1), only one of the two O�H/O�D groups
of the H2O/HDO molecule is hydrogen bonded to an acetone
molecule. Owing to this hydrogen bond, the two O�H vibra-
tions are tuned out of resonance and no longer form mixed
symmetric and asymmetric combination modes. The absorp-
tion of the band at nb is much stronger than the band at nf,
because the cross-section of the O�H stretching vibration in-
creases upon hydrogen-bond formation.

Figure 1. a) Spectra of H2O and HDO dissolved in a mixture of acetone and
carbon tetrachloride. b) Also shown are schematic pictures of the two con-
formations S and T of the hydrogen-bonded water–acetone complex. The
labels nb and nf denote the stretching vibrations of the hydrogen-bonded
and the non-hydrogen-bonded O�H group of structure S, respectively. The
labels ns and na denote the symmetric and asymmetric stretching vibrations
of the two hydrogen-bonded O�H groups of structure T. The peak at
3400 cm�1 represents the absorption of the overtone of the C=O stretching
vibration of acetone.
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The spectrum of the solution containing H2O shows a weak
additional band at 3610 cm�1 that is not observed for HDO.
This band indicates the presence of a less abundant second
conformation (structure T in Figure 1), in which the water mol-
ecule forms two hydrogen bonds of about equal strength with
two acetone molecules. As a result, the O�H stretching vibra-
tions of H2O form delocalized symmetric and antisymmetric vi-
brations. The antisymmetric O�H stretching vibration is the
band at 3610 cm�1 (na). The symmetric O�H stretching vibra-
tion has a weaker absorption than the antisymmetric O�H
stretching vibration and absorbs at a lower frequency. The ab-
sorption of this vibration cannot be discerned in the spectrum,
likely because it is completely dominated by the strong nb

band of structure S.
The frequency of the asymmetric O�H stretching vibration

of 3610 cm�1 indicates that the frequency of the uncoupled
hydrogen-bonded O�H stretching vibration in structure T is
approximately 3560 cm�1, because the frequency splitting of
the symmetric and asymmetric O�H stretching vibration of
H2O is �100 cm�1.[22] This means that hydrogen bond forma-
tion leads to a smaller red-shift of the O�H stretching frequen-
cy in structure T than in structure S, which shows that the hy-
drogen bonds of structure T must be weaker than the single
hydrogen bond of structure S. This difference in hydrogen-
bond strength can be explained by steric effects. The forma-
tion of structure T requires the proximity of two acetone mole-
cules. Because the methyl groups of the acetone molecules
repel each other, the hydrogen bonds to the water molecule
remain relatively long and weak, making structure T less stable
and less abundant than structure S.

2.2. Femtosecond Pump–Probe Measurements

In Figure 2, three transient spectra are shown at early delays
after predominant excitation of either the nb, the na, or the nf

mode of H2O hydrogen bonded to acetone. Figure 2 also
shows decompositions of the spectra into increased transmis-
sions and induced absorptions associated with the nb, na, and
nf modes. In all spectra, there was an increased transmission of
the three bands at nb, na, and nf, which resulted from the
bleaching of the fundamental 0!1 transition of the O�H
stretching vibrations. In addition, induced absorptions were
observed at 3180, 3350 cm�1, and 3570 cm�1. The broad band
at 3350 cm�1 represents the 1!2 excited state absorption of
both the nb and na modes. This band is red-shifted compared
to the fundamental transitions because of the anharmonicity
of the O�H stretching vibrations. The band at 3180 cm�1 is
much weaker than the band at 3350 cm�1, and was only ob-
served for the solution containing H2O. Hence, this band likely
results from the transition from the n= 1 state of the nf mode
to the n= 2 state of the nb mode of the H2O molecule, which is
a transition that involves a change of three vibrational quanta.
The presence of this transition shows that the two O�H
groups of the H2O are strongly (anharmonically) coupled. The
induced absorption at 3570 cm�1 is only clearly observed at
early delays after pumping of the nf mode (Figure 2 c). There-
fore, we assign this band to the 1!2 excited state absorption

of this mode. When the nb and na bands were predominantly
excited (Figures 2 a and 2 b), the band at 3570 cm�1 is dominat-
ed by the bleaching signals of the 0!1 transitions of the nb

and na modes.
In Figure 3, transient spectra are shown at three different

delays after excitation of the nb, na, and nf modes. At early

Figure 2. Transient spectra of complexes of H2O hydrogen bonded to ace-
tone dissolved in CCl4 measured with three different pump frequencies. The
pump frequencies lead to preferred excitation of the nb mode (3530 cm�1),
the na mode (3610 cm�1), and the nf mode (3690 cm�1). The spectra are de-
composed into six spectral components. The central frequencies, widths,
and cross-sections of these spectral components are listed in Table 1. All
curves result from a fit of the measurements to the kinetic model described
in the text.
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delays, all transient spectra show a strong bleaching signal of
the band that was predominantly excited. In the first few pico-
seconds after the excitation, the pumped band shows a rapid
decay. The bleaching bands corresponding to the other two
modes decay more slowly (Figures 3 a and 3 b), or even show
an in-growth (Figure 3 c). These results indicate that the excita-

tion of the initially excited O�H band is transferred to the
other two bands, leading to an equilibration of the excitation
over the nb, na, and nf modes. For delays >3 ps, the shapes of
the transient spectra no longer change, and only the ampli-
tudes of the spectra decrease as a result of vibrational relaxa-
tion.

When the nb band was pumped (Figure 3 a), the signals mea-
sured at frequencies corresponding to the na and nf modes did
not show an in-growth. This is because these modes are super-
posed on the high-frequency wing of the strong, broad nb

band. The signals measured at frequencies corresponding to
the na and nf modes thus not only represent the in-growth of
these modes due to energy transfer, but also the decay of the
wing of the nb mode. The net effect is that the signals at fre-
quencies corresponding to the na and nf modes show a decay
at all time delays, although the initial decay is much slower
than the decay at frequencies corresponding to the pumped
nb mode.

To study the dynamics of the energy transfer and the vibra-
tional relaxation in more detail, we measured the signal as a
function of the time delay between the pump and probe
pulses. In Figure 4 a, the signal measured for the hydrogen-
bonded complex containing HDO at a probing frequency of
3530 cm�1 (corresponding to the maximum of nb) is shown. In
the first three picoseconds, the dynamics show an additional
fast decay when the nb band is pumped, and a fast in-growth
when the nf band is pumped. These dynamics result from the
equilibration of the excitation over the nf and nb bands. In Fig-
ure 4 b, results are shown measured at the same pump and
probe frequencies as in Figure 4 a, but now for the hydrogen-
bonded complex containing H2O. The observed dynamics are
the same as observed for the solution containing HDO. The re-
sults shown in Figure 4 c were obtained by pumping the na

band of the hydrogen-bonded complex containing H2O. If the
na band was also probed, the signal contained a rapid addi-
tional decay. If the nb band was probed, a rapid in-growth was
observed. This additional decay and in-growth were faster
than the additional decay and in-growth observed in Figures
4 a and 4 b, which implies that the equilibration between nb

and na is faster than the equilibration between nb and nf. After
the equilibration, which is complete after �3 ps, all signals of
Figure 4 show the same decay with a time constant of 6.3�
0.3 ps. This time constant represents the averaged lifetime T1

of the excitation of the n= 1 state of the nb, na, and nf modes.
To obtain more insight into the mechanism of the energy

transfer, we measured the anisotropy decay of the vibrational
excitation. In Figure 5, the anisotropy is shown as a function of
delay after excitation of the nb mode. For the hydrogen-
bonded complex containing HDO, the anisotropy showed a
single exponential decay with a time constant of 6�1 ps (Fig-
ure 5 a). For the hydrogen-bonded complex containing H2O,
the dynamics of the decay strongly depended on the probe
frequency (Figure 5 b). If the probe frequency was resonant
with the nb mode, the signal showed a biexponential decay.
The time constant of the first component is very similar to the
time constant of the initial decay and in-growth observed in
Figures 4 a and 4 b. The time constant of the second compo-

Figure 3. Transient spectra of complexes of H2O hydrogen bonded to ace-
tone dissolved in CCl4 measured with the same pump frequencies as in
Figure 2. Spectra are shown at three different delays, illustrating the equili-
bration between the nb, na, and nf modes and the vibrational relaxation. All
curves result from a fit of the measurements to the kinetic model described
in the text.
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nent is very similar to the time constant of the anisotropy
decay of the hydrogen-bonded complex containing HDO:D2O.
If the anisotropy was probed at a frequency that is resonant
with the na mode, only the second component was observed,
and the anisotropy starts at a value of �0.12.

3. Interpretation

From the results of the previous section, it follows that both
for H2O and HDO the nb, nf, and na modes show a rapid energy
equilibration that is complete within three picoseconds. For
HDO, there is only one O�H vibration that in structure S has to
be either a nb or a nf mode. Hence, for HDO the transfer be-
tween nb and nf has to result from the interconversion be-
tween a structure SI in which the O�H group is hydrogen
bonded and the O�D group is non-hydrogen-bonded, to a
structure SII in which the O�H group is non-hydrogen-bonded
and the O�D group is hydrogen bonded.

Interestingly, the rate of energy transfer between nb and nf is
the same for H2O as for HDO. This is unexpected, because for
H2O the equilibration of nb and nf can in principle also result
from an energy transfer between the hydrogen-bonded O�H
and the non-hydrogen-bonded O�H group, without changing
the hydrogen-bond interaction. Apparently, this direct transfer
is very slow and does not contribute to the equilibration of
the excitation over nb and nf. This finding is surprising because
it follows, from the presence of the nf = 1!nb = 2 transition at

Figure 4. Delay time scans of complexes of HDO (a) and H2O (b,c) hydrogen
bonded to acetone dissolved in CCl4. a,b) The probe frequency was
3530 cm�1, corresponding to the nb mode, and the pump frequency was
either 3530 cm�1 (*) or 3690 cm�1 (&), corresponding to the nf mode. c) The
pump frequency was 3610 cm�1, corresponding to the na mode, and the
probe frequencies were either 3610 cm�1 (*) or 3530 cm�1 (&). All curves
result from a fit of the data to the kinetic model described in the text.

Figure 5. Anisotropy decay of complexes of HDO (a) and H2O (b) molecules
hydrogen bonded to acetone dissolved in CCl4. a) The pump and probe fre-
quencies were both 3530 cm�1, corresponding to the nb mode. b) The probe
frequency was 3530 cm�1 and the pump frequency was either 3530 cm�1 (*)
or 3610 cm�1 (&), corresponding to the na mode. All curves result from a fit
of the data to the kinetic model described in the text.
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3180 cm�1, that the two O�H groups are strongly (anharmoni-
cally) coupled. This coupling does not lead to energy transfer
between the two O�H groups, most likely because the O�H
stretching vibrations are not sufficiently coupled to low-fre-
quency solvent modes to enable a compensation of the
energy mismatch of �160 cm�1 between the n= 1 states of
the nb and nf modes.

Although there is no direct energy transfer between the two
O�H groups of H2O within a particular hydrogen-bonded S
structure, the anisotropy mea-
surements of Figure 5 b show
that such an energy transfer can
occur when the hydrogen-bond
conformation changes. When
the nb band of H2O is both
pumped and probed, the aniso-
tropy shows a decay to a value
of �0.12, with the same dynam-
ics as the transfer between nb

and nf shown in Figures 4 a,b.
The value of the anisotropy of
�0.12 can be explained from
the equilibration of the O�H
stretching excitation over the
two O�H groups. After equilibra-
tion, the anisotropy has a value
of 1

2[2
5 +

2
5P2(cosd)] ,[23] where P2 is

the second-order Legendre poly-
nomial and d is the angle be-
tween the two transition dipoles.
For d= 1048, which is the angle
between the two O�H groups of
the water molecule, this expres-
sion gives an anisotropy of 0.12,
which is in excellent agreement
with the experimental observa-
tion. Hence, the conversion between different S structures can
not only lead to a change of the vibrational frequency of the
excited O�H group, but also to a transfer of energy between
the two O�H groups of the H2O molecule. The residual aniso-
tropy of 0.12 decays with the same time constant that is ob-
served for the anisotropy decay of the HDO molecule. There-
fore, we assign this second component to the molecular reor-
ientation of the H2O/HDO molecule.

The results of Figures 4 c and 5 b show that the energy trans-
fer between the two O�H groups of the H2O molecule pro-
ceeds through structure T. From the measurements of Fig-
ure 4 c, it follows that structure T is rapidly converted into S,
and that during this conversion the excitation of the na mode
is transferred to an excitation of the nb mode. From Figure 5 b,
it follows that when the na band is pumped and the nb band is
probed, the anisotropy starts at a value of �0.12, which im-
plies that in the conversion from T to S the two O�H groups
of H2O have an equal probability of becoming the hydrogen-
bonded O�H group, and acquiring the n= 1 excitation of the
nb mode. Note that the anisotropy does not give information
on the dynamics of the conversion between T and S, because

the anisotropy parameter only reflects the orientation of the
probed excitation, and not its amplitude. Hence, when the na

band is pumped and the nb band is probed, the anisotropy di-
rectly starts at a value of approximately 0.12, despite the fact
that at early time delays the amount of population transferred
to the nb band will be small.

On the basis of the above findings, we can identify the
mechanism by which energy is transferred between the nb, nf,
and na modes. This mechanism is shown in Figure 6. First, the

hydrogen bond to one of the O�H groups of an S structure
weakens while simultaneously a new hydrogen bond is formed
at the other O�H group. When the hydrogen bonds are about
equal in strength, the system has evolved from structure S to
structure T. In structure T, the O�H stretching vibrations are in
near resonance, leading to the conversion of the original local
excitation of nb or nf to the delocalized excitation of ns or na.
Structure T is converted back into one of the four different
structures SI–IV by strengthening one of the hydrogen bonds
and breaking the other. In this process, the delocalized excita-
tion of ns or na changes into an excitation of nb or nf localized
on one of the two O�H groups.

For HDO, there are only two S structures, because the excita-
tion of the O�H stretching vibration can reside at only one
side of the molecule. Therefore, for HDO, the S structures are
either SI and SII (O�H at the right side of the molecule), or SIII

and SIV (O�H at the left side of the molecule). Hence, for HDO,
the interconversion of the S and T structures leaves the excita-
tion at the same side of the molecule. This process leads to an
equilibration of the vibrational excitation over the nb and nf

modes with the same time constant as is observed for H2O.

Figure 6. Schematic diagram of the mechanism of energy transfer between the two O�H groups of an H2O mole-
cule hydrogen bonded to acetone. The four structures, SI–IV differ in which O�H group is hydrogen bonded and in
which local O�H vibration (nb or nf) is excited. An arrow next to an O�H group denotes that the stretching vibra-
tion of that group is excited.
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The conversion between structures S and T takes place on
an ultrashort time scale of �1 ps, which implies that this con-
version cannot involve diffusion of water and/or acetone mole-
cules through the CCl4 solvent, because such a process would
take place on a much longer time scale. On a picosecond time
scale, there can only be minor translations and rotations of the
molecules that result in a change of the length of the hydro-
gen bonds between the water and the acetone molecules. The
conversion between S and T thus results from a slight relative
repositioning of a water molecule and two acetone molecules,
and does not directly involve the CCl4 solvent molecules.

4. Kinetic Model

The rate constants of the mechanism shown in Figure 6 can be
obtained from a fit to the measurements of Figures 2, 3, 4, and
5. The populations of SI–IV and T obey a set of rate equations
that can be written in the matrix form of Equation (2):

ð2Þ

where kbt is the rate constant for the transfer from structures SI

and SIV, with an excited nb vibration to structure T with an ex-
cited ns/na vibration; ktb is the rate constant for the transfer
back from T to SI and SIV; kft is the rate constant for the transfer
from structures SII and SIII with an excited nf vibration to struc-
ture T with an excited ns/na vibration; and ktf is the rate con-
stant for the transfer back from T to SII and SIII. These equations
can be solved by finding the eigenvalues and eigenvectors of
the square matrix containing the rate constants. The five ei-
genvalues l1, l2, l3, l4, and l5 are given by Equations (3 a–e):

l1 ¼ 0 ð3aÞ

l2 ¼ �kbt ð3bÞ

l3 ¼ �kft ð3cÞ

l4 ¼
1
2
f�kbt�kft�2ktb�2ktf

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðkbt þ kft þ 2ktb þ 2ktfÞ2�4ðkbtkft þ 2kftktb þ 2kbtktfÞ
p

g
ð3dÞ

l5 ¼
1
2
f�kbt�kft�2ktb�2ktf

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðkbt þ kft þ 2ktb þ 2ktfÞ2�4ðkbtkft þ 2kftktb þ 2kbtktfÞ
p

g
ð3eÞ

The corresponding eigenvectors can be written in matrix form,
Equation (4):

ð4Þ

where N1, N4, and N5 denote normalization constants. When
the populations SI(t), SII(t), SIII(t), SIV(t), and T(t) are transformed
into X1–5(t) following the eigenvectors of Equation (4), the five
differential equations of Expression (2) are decoupled and
easily solved, Equation (5):

X iðtÞ ¼ X ið0Þeli t ð5Þ

The factors Xi(0) are obtained from Equation (6):

ð6Þ

where SI(0), SII(0), SIII(0), SIV(0), and T(0) are the populations gen-
erated by the pump–pulse excitation. The populations SI(t),
SII(t), SIII(t), SIV(t), and T(t) were obtained by multiplying X(t) with
the inverse matrix of the eigenvectors, Equation (7), which is
the transpose of the matrix of Equation (4):

ð7Þ

In the experiments, we did not measure the populations as
a function of real time, but we measured the absorption
changes of the probe as a function of the delay time t be-
tween the pump and the probe pulses. These absorption
changes not only reflect the dynamics of the populations, but
can also contain contributions from spectral diffusion and co-
herent coupling effects. We did not observe any effect of spec-
tral diffusion within each of the bands corresponding to the
0!1 transitions of the nb, na, and nf bands, because the band-
width of the pump is comparable to the spectral widths of
these bands. The coherent coupling of the pump and probe
pulses will affect the pump–probe signal for time delays that
are shorter than the durations of these pulses and that are
shorter than the time constant of the dephasing. In the pres-
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ent experiments, the time constants of all dynamics are signifi-
cantly longer than the pulse durations of the pump and probe
and the time constant of the dephasing. Moreover, we found
that the coherent coupling effects were small, probably be-
cause the probe pulse was not bandwidth limited.[24] Hence,
coherent coupling effects can be neglected in modeling the
data, and the measured pump–probe signals can be assumed
to reflect only the absorption changes associated with the
delay-dependent populations of the different structures S and
T. The delay-dependent populations can then be obtained by
convoluting the time-dependent populations with a Gaussian
function representing the cross-correlation trace of the pump
and probe pulses, Equation (8):

SiðtÞ ¼
Z

1

�1

dtSiðtÞe�4ln2ðt�tÞ2=t2
cc ð8Þ

where tcc is the FWHM of the cross-correlation trace.
To calculate the transient absorption spectra, the delay-de-

pendent population changes SI(t), SII(t), SIII(t), SIV (t), and T(t)
have to be related to spectral changes. The transient spectra
can be decomposed into seven bands. Three of these bands
represent the absorptions ab0!b1, aa0!a1, and af0!f1 of the fun-
damental n= 0!1 transitions of the nb, na, and nf modes, re-
spectively. Three other bands are formed by the induced ab-
sorptions ab1!b2, aa1!a2, and af1!f2 that correspond to the n=

1!2 transitions of the nb, na, and nf modes, respectively. The
seventh band represents the absorption af1!b2 corresponding
to the transition from the n= 1 state of the nf mode to the n=

2 state of the nb mode. The total time- and frequency-depen-
dent absorption change Datot(w,t) is given by Equation (9):

Datotðw,tÞ ¼ ½SIðtÞ þ SIVðtÞ�½ab1!b2ðwÞ�ab0!b1ðwÞ�
þ½SIIðtÞ þ SIIIðtÞ�½af1!f2ðwÞ þ af1!b2ðwÞ�af0!f1ðwÞ�
þTðtÞ½aa1!a2ðwÞ�aa0!a1ðwÞ�

ð9Þ

The initial populations SI–IV and T were determined by the
linear spectrum and the pump spectrum. The shape of the
(equilibrium) linear spectrum follows from the absorptions
ab0!b1, aa0!a1, af0!f1 and the rate constants kbt, kft, ktb, ktf. The
initial populations SI and SIV are proportional to the spectral
overlap of the pump with the nb band of the linear spectrum;
the initial populations SII and SIII to the overlap of the pump
with the nf band; and the initial population T to the overlap of
the pump with the na band.

In the calculation of the anisotropy, we assumed that initially
only one of the populations SI(t), SII(t), SIII(t), SIV (t), or T(t) was
excited by the pump pulse. The anisotropy of the excitation
can then be calculated by Equation (10):

Rðw,tÞ ¼ Ae�t=tor þ B
DatotðwtÞ f½SIðtÞ�SIVðtÞ�½ab1!b2ðwÞ�ab0!b1ðwÞ�

þ½SIIðtÞ�SIIIðtÞ�½af1!f2ðwÞ þ af1!b2ðwÞ�af0!f1ðwÞ�g
ð10Þ

where tor is the molecular reorientation time. The coefficients
A and B are determined by the angle between the two O�H
groups in the H2O molecule. Hence, A = 0.12 and B = 0.28.

For HDO, the dynamics will be somewhat different because
the O�H stretching excitation can reside at only one side of
the molecule. However, this will neither affect the equilibration
between nf and nb, nor the equilibration between the S struc-
tures and T. The only dynamics that will not be present for
HDO are the equilibration dynamics between SI and SIV and the
equilibration dynamics between SII and SIII. These dynamics
only affect the decay of the anisotropy. Hence, the population
dynamics of the hydrogen-bonded complexes containing HDO
can be calculated with the same equations that are used for
the complexes containing H2O if we take SI(t) + SIV(t) as the
population of the hydrogen-bonded nb mode, and SII(t) + SIII(t)
as the population of the non-hydrogen-bonded nf mode. The
anisotropy decay of HDO can be described by taking A = 0.4
and B = 0 in Equation (10).

The model described above was fitted to all transient spec-
tra measured with different delays. The seven spectral compo-
nents ab0!b1, aa0!a1, af0!f1, ab1!b2, aa1!a2, af1!f2, and af1!b2 are
all described as Gaussian functions: a= (s/Dn)e�4ln2(n�n0)2/Dn2

. Be-
cause we could not distinguish aa1!a2 from ab1!b2 in the transi-
ent spectra, we assumed these absorption changes to have
the same spectral shape. The fit parameters are thus the cen-
tral frequencies n0, widths Dn, and cross-sections s of six spec-
tral components, the rate constants kbt, kft, ktb, ktf, and the time
constants T1 and tor. The parameters resulting from the fits are
listed in Tables 1 and 2.

5. Discussion

From Table 1, it follows that the cross-sections of the hydro-
gen-bonded nb and na modes are larger than the cross-section
of the non-hydrogen-bonded nf mode. This agrees with the

Table 1. Central frequencies n0, widths Dn and cross-sections s of the
seven spectral components used to fit the data of Figures 2–5. The cross-
sections s are defined relative to that of the 0!1 transition of the nb

mode.

n0 [cm�1] Dn [cm�1] s

ab0!b1 3520�5 90�5 1
aa0!a1 3610�10 70�5 1.09�0.05
af0!f1 3690�5 40�5 0.36�0.05
ab1!b2 3350�10 145�10 1.13�0.05
aa1!a2 3350�10 145�10 1.13�0.05
af1!f2 3570�15 70�5 0.35�0.10
af1!b2 3170�10 155�20 0.48�0.10

Table 2. Rate constants and time constants T1 and tor used to fit the data
of Figures 2–5.

k�1
bt 1.1�0.2 ps

k�1
ft 0.8�0.2 ps

k�1
tb 1.0�0.3 ps

k�1
tf 1.0�0.3 ps

T1 6.3�0.3 ps
tor 6�1 ps
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notion that the cross-section of the O�H stretching vibration
increases with increasing hydrogen-bond interaction.[1] Hence,
it may be surprising that aa0!a1 is even somewhat larger than
ab0!b1, because the two hydrogen bonds of the T structure are
weaker than the hydrogen bond of the S structure. However,
the asymmetric O�H stretching vibration na takes a larger part
of the cross-sections of the constituting local O�H stretching
oscillators than the symmetric ns mode, because the angle be-
tween the two O�H groups of H2O is larger than 908.

The equilibrated population ratio of structures S and T is
(SI + SIV):(SII + SIII):T is 2ktb/kbt :2ktf/kft :1. With the time constants
obtained from the fit, this ratio is 2.2:1.6:1, meaning that struc-
ture S is approximately four times more abundant than struc-
ture T. If the ratio of structures S and T were statistical, struc-
ture S would have been twice as abundant as structure T, be-
cause there are two possible realizations for structure S (the
hydrogen bond of structure S can be at the left or at the right
O�H/O�D group) and only one for structure T. The four-fold
higher relative abundance of S structures implies that structure
T has a higher energy than the S structures. Hence, the rate
constants ktb and ktf are rate constants of downhill reactions,
whereas kbt and kft are rate constants of uphill reactions. Thus,
when the energy barriers of the reactions are small, ktb and ktf

are the same but kbt and kft differ. The latter rate constants will
depend on the energy difference with structure T. From the
ratio of the rate constants, it follows that structure T is
�170 cm�1 higher in energy than structure SI/SIV, and
�100 cm�1 higher in energy than structure SII/SIII. It should be
realized that these values form averages over the energy differ-
ences in the n= 1 and the n= 0 states, because the rate con-
stants are mainly derived from the bleaching signals that rep-
resent the dynamics in both the n= 1 and the n= 0 states. In
n= 0, the energy differences between structure T and the S
structures are expected to be all the same, because in this
state all S structures are equivalent. In n= 1, the energy differ-
ence between T and SI/SIV is expected to be �160 cm�1 larger
than that between T and SII/SIII, because of the difference in ex-
citation energy of the n= 1 states of the nb and nf modes.
From the excitation energies of the n= 1 states of the S and T
structures and the values of the average energy differences
(averaged over n= 0 and n= 1), we estimate the energy differ-
ences to be �200 cm�1 between T and SI/SIV in the n= 1 state,
�50 cm�1 between T and SII/SIII in the n= 1 state, and
�140 cm�1 between T and SI–IV in the n= 0 state. From these
energy differences, the time constants for the conversion are
k�1

bt,1�1.3 ps, k�1
ft,1�0.65 ps, and k�1

bt,0 = k�1
ft,0�0.95 ps, where the

additional subscript denotes that the hydrogen-bonded com-
plexes are in either the n= 1 or the n= 0 state. In this calcula-
tion, the time constants k�1

tb,1, k�1
tf,1, k�1

tb,0, and k�1
tf,0 for the conver-

sion from T to the different structures S are assumed to be all
equal to 0.5 ps, because they correspond to downhill reactions.
From these time constants, it follows that the ratio (SI +

SIV):(SII + SIII):T is 2.6:1.3:1 in the n= 1 state and 1.9:1.9:1 in the
n= 0 state.

From the values of kbt, kft, ktb, and ktf, it follows that the indi-
vidual hydrogen bonds of the water–acetone complexes
change in strength with a time constant of approximately 1 ps.

This means that the hydrogen-bond dynamics of H2O/HDO hy-
drogen bonded to acetone are somewhat slower than the hy-
drogen-bond dynamics of bulk liquid water. For bulk liquid
water, the hydrogen-bond dynamics were observed to have
two components of similar amplitude with time constants of
�100 fs and �1 ps.[25–27] The slower hydrogen-bond dynamics
of H2O/HDO hydrogen bonded to acetone may be somewhat
surprising, because the hydrogen bonds between H2O/HDO
and acetone have a smaller binding energy than the hydrogen
bonds in bulk liquid water. However, in bulk liquid water, the
local breaking of a hydrogen bond can be directly coupled to
a strengthening of several other nearby hydrogen bonds.
Hence, in bulk liquid water, the energy required for breaking a
local hydrogen bond is lower than the binding energy of the
hydrogen bond. For a H2O/HDO molecule hydrogen bonded
to acetone, a similar coordinated weakening of one hydrogen
bond and strengthening of another hydrogen bond occurs in
the transition between structures S and T. However, because
this transfer involves only two hydrogen bonds, the energy
needed for this transfer is likely to be higher than the energy
required for the breaking of a local hydrogen bond in bulk
liquid water. An additional effect may be that the transfer be-
tween structures S and T involves the motion of acetone mole-
cules that are much heavier than water molecules, which will
slow down the hydrogen-bond dynamics.

The orientational relaxation time constant tor of 6�1 ps of
the H2O/HDO molecule hydrogen bonded to acetone is signifi-
cantly longer than the orientational relaxation time constant of
2.6 ps of HDO dissolved in D2O.[28] For HDO dissolved in D2O, it
was found that orientational relaxation only occurs after signifi-
cant weakening of the hydrogen-bond interaction. Hence, for
this system, the rate of reorientation is determined by the time
scale on which the strength of the hydrogen bond fluctuates,
and the fraction of HDO molecules for which the hydrogen
bond to the O�H group is sufficiently weak to allow reorienta-
tion. If we assume that the H2O/HDO molecule hydrogen
bonded to acetone can only reorient as a result of the rotation
of the non-hydrogen-bonded O�H/O�D groups of the S struc-
tures, we can estimate the reorientation time constant of these
groups from their relative abundance. The relative abundance
of non-hydrogen-bonded O�H/O�D groups is given by 0.5 �
(SI + SII + SIII + SIV):(SI + SII + SIII + SIV + T). Hence, the estimated re-
orientation time of the non-hydrogen-bonded O�H/O�D
group is 0.5(2.2 + 1.6)/(2.2 + 1.6 + 1) � 6 ps = 2.4 ps. The time
constant of 2.4 ps for the reorientation of a non-hydrogen-
bonded O�H/O�D group is surprisingly long. In comparison,
the rotation of a free O�H/O�D rotor takes place with a time
constant of only �100 fs, and the non-hydrogen-bonded O�
H/OD groups of HDO:D2O have a reorientation time constant
of �400 fs.[29] Apparently, the non-hydrogen-bonded O�H/O�
D groups of the H2O/HDO molecule hydrogen bonded to ace-
tone are strongly hindered in their reorientation, which shows
that the water molecule is not only strongly confined in the di-
rections along the O�H groups, but also in the directions per-
pendicular to these groups.

The vibrational relaxation time constant T1 of 6.3�0.3 ps of
the H2O and HDO molecule hydrogen bonded to acetone is
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much longer than the T1 of liquid H2O[30–33] and of HDO dis-
solved in D2O.[15, 34] This large difference in T1 can be explained
by the difference in strength of the hydrogen-bond interaction.
There are several mechanisms by which a weaker hydrogen-
bond interaction can lead to an increase in the vibrational life-
time. In the first place, a weaker hydrogen bond makes the fre-
quency of the O�H stretching vibration higher, and thus influ-
ences the energy difference between the O�H stretching vibra-
tion and specific combination tones of accepting modes. For
liquid H2O, the increase in T1 with temperature has been ex-
plained by a decrease in the spectral overlap of the O�H
stretching vibration absorption and the overtone of the bend-
ing mode.[31] For H2O/HDO hydrogen bonded to acetone, the
frequency of the O�H stretching vibrations is high in compari-
son with liquid H2O. Hence, in principle, the long vibrational
lifetime of H2O/HDO hydrogen bonded to acetone could be
explained from the poorer overlap with the overtone of the
bending mode. However, the T1 values of H2O and HDO hydro-
gen bonded to acetone are very similar, whereas their bending
mode frequencies differ strongly. Therefore, it is unlikely that
the long T1 of H2O/HDO hydrogen bonded to acetone results
from a decreased spectral overlap with the overtone of the
bending mode.

The strength of the hydrogen-bond interaction also deter-
mines the properties of intermolecular modes like the hydro-
gen-bond stretching vibrations and the librational modes. In
liquid water, the hydrogen-bond stretching vibrations and the
librational modes have relatively high frequencies of
�200 cm�1 and �600 cm�1, respectively,[35] and these modes
are strongly coupled to the O�H stretching vibration. For H2O/
HDO hydrogen bonded to acetone, the frequencies of these
modes are much lower and these modes are not as strongly
coupled. Hence, if the hydrogen-bond stretching vibrations
and/or the librational modes form accepting modes in the vi-
brational relaxation, the increase in T1 going from liquid water
to H2O/HDO hydrogen bonded to acetone can be well ex-
plained from the weaker coupling to these modes.[36] This ex-
planation is also consistent with the observation that the value
of T1 is very similar for H2O and HDO hydrogen bonded to ace-
tone, because the frequencies of the hydrogen-bond stretch-
ing vibrations and the librational modes are only weakly de-
pendent on the isotopic composition of the water molecule.

6. Conclusions

We studied the structure and dynamics of hydrogen-bonded
complexes of single H2O/HDO molecules and acetone dis-
solved in CCl4 with linear vibrational spectroscopy and femto-
second mid-infrared pump–probe spectroscopy. We found that
an H2O/HDO molecule can form two different hydrogen-
bonded structures with acetone. In the dominant structure S,
only one of the O�H/O�D groups is hydrogen bonded to the
C=O group of an acetone molecule. In the less abundant struc-
ture T, both O�H/O�D groups are hydrogen bonded, but these
hydrogen bonds are weaker than the single hydrogen bond of
structure S. Structure S has a vibrational mode nb with a fre-
quency of 3530 cm�1 located on the hydrogen-bonded O�H

group, and a vibrational mode nf with a frequency of
3690 cm�1 located on the non-hydrogen-bonded O�H group.
In structure T, the H2O molecule has delocalized ns and na O�H
stretching vibrational modes, of which only the latter is ob-
served at a frequency of 3610 cm�1

.

Femtosecond mid-infrared pump–probe experiments
showed that the hydrogen bonds between the water and the
acetone molecules change in strength with a time constant of
�1 ps. These hydrogen-bond dynamics result in the intercon-
version of structures S and T and in the exchange of the excita-
tion of the O�H stretching vibration between the nb, na, and nf

modes. The hydrogen-bond dynamics also result in the transfer
of the vibrational excitation between the two O�H groups of
the H2O molecule via the mechanism that is depicted in
Figure 6.

In this mechanism, the excitation of one of the O�H groups
of H2O in structure S (nb or nf) first changes into a delocalized
excitation of structure T (ns or na). When T is converted back to
S, the delocalized excitation changes back into a localized exci-
tation of one of the O�H groups (nb or nf). Hence, structure T
forms the transition state for the energy transfer between the
two O�H groups of the H2O molecule. We found that there is
no direct energy transfer between the two O�H groups within
a fixed structure S, probably because of the energy mismatch
between the n= 1 states of nb and nf of �160 cm�1

.

From a kinetic modeling of the data, we found that the
transfer from structure S to T is somewhat faster when the nf

vibration is excited (k�1
ft = 0.8�0.2 ps) than when the nb vibra-

tion is excited (k�1
bt = 1.1�0.2 ps). This difference can be ex-

plained by the higher energy of the n= 1 state of the nf vibra-
tion. The equilibrated vibrational excitation decays with a time
constant of 6.3�0.3 ps. This vibrational lifetime is the same for
the H2O and the HDO molecule, which indicates that intermo-
lecular modes like the hydrogen-bond stretching vibrations
and the librational modes form accepting modes of the vibra-
tional energy. The molecular reorientation has a time constant
of 6�1 ps.

All dynamics (hydrogen bond, energy transfer, vibrational re-
laxation, molecular reorientation) of H2O/HDO hydrogen
bonded to acetone are much slower than the corresponding
dynamics of bulk liquid water. This difference in dynamics can
only be partly explained by the difference in strength of the
hydrogen-bond interaction. The hydrogen bond between a
water molecule and the C=O group of acetone is somewhat
weaker than the hydrogen bonds of bulk liquid water, from
which it can be expected that the vibrational relaxation and
energy transfer are slower, as is indeed observed, but also that
the hydrogen-bond dynamics and the molecular reorientation
are faster, which does not agree with the observations. The
translational and rotational dynamics of the H2O/HDO mole-
cule thus turn out to be much more dependent on the local
structure of the liquid and the nature of the surrounding mole-
cules than on the strength of the local hydrogen-bond interac-
tions.
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