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Abstract. We present an ab initio molecular dynamics study of vibrational spectral diffusion and hydrogen
bond dynamics in aqueous solution of acetone at room temperature. It is found that the frequencies of OD bonds
in the acetone hydration shell have a higher stretch frequency than those in the bulk water. Also, on average,
the frequencies of hydration shell OD modes are found to increase with increase in the acetone–water hydrogen
bond distance. The vibrational spectral diffusion of the hydration shell water molecules reveals three time
scales: A short-time relaxation (∼80 fs) corresponding to the dynamics of intact acetone–water hydrogen bonds,
a slower relaxation (∼1.3 ps) corresponding to the lifetime of acetone–water hydrogen bonds and another longer
time constant (∼12 ps) corresponding to the escape dynamics of water from the solute hydration shell. The
present first principles results are compared with those of available experiments and classical simulations.
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1. Introduction
This paper is concerned with calculations of vibrational
spectral diffusion and hydrogen bond dynamics in an
aqueous solution of acetone from first principles simulations. When acetone is dissolved in water, hydrogen bonds can be formed between the carbonyl oxygen of acetone and hydrogen of water molecules in its
first hydration shell and the strength and dynamics of
these hydrogen bonds can greatly influence the energetics, dynamics and vibrational characteristics of both
water and acetone molecules in the solutions. Also, the
water molecules that are hydrogen bonded to the carbonyl group can behave differently from those near the
hydrophobic methyl group of the acetone solute or from
those of the bulk water. The goal of the present study
is to investigate such differences in the equilibrium and
dynamical behaviour of water molecules in the acetone hydration shell as compared to those outside the
hydration shell with a special focus on their hydrogen
bond kinetics and frequency fluctuations. We note that
such a study is extremely relevant not only in solution
chemistry but also in biological chemistry where water
molecules can frequently come in direct contact with
such type of polar groups.
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For water–acetone systems, in addition to the
hydrophilic hydrogen bonded solvation of the carbonyl
group, there is also the hydrophobic solvation of the
methyl groups of acetone by water molecules and these
different solvation characteristics are believed to give
rise to very different water–acetone interactions as compared to the interactions in the respective neat liquids. The interest in studying these mixtures can also
be gauged by the many experimental 1–10 and theoretical 11–15 studies that have already been devoted to look at
various macroscopic and molecular properties of water–
acetone systems. For example, Chapados and coworkers 10 carried out Fourier transform infrared attenuated
total reflectance spectroscopic studies of acetone–water
mixtures. These authors found that the OH stretch band
is blue shifted as acetone is added to water. Recently,
Bakker and coworkers 16 looked at the dynamical properties of water molecules that are directly hydrogenbonded to acetone molecules at high concentration
and enclosed in a fluid organic matrix by using femtosecond mid-IR pump-probe laser spectroscopy. These
authors also found weaker acetone–water hydrogen
bonds compared to those in bulk water, however,
the dynamics of water–acetone hydrogen bonds was
found to have a slower time scale because of confinement. Very recently, Gupta et al. 17 carried out classical molecular dynamics simulations of water–acetone
mixtures of varying composition and found a faster
dynamics of water–acetone hydrogen bonds than those
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between water molecules. So, the acetone–water hydrogen bonds were calculated to be weaker than water–
water bonds in agreement with IR experiments. 10 There
have also been a few studies on acetone–water system through ab initio molecular dynamics 18–21 and
combined quantum-classical (QM/MM) 22–24 methods,
but these studies have not looked at the fluctuations
of acetone–water hydrogen bonds or the vibrational
spectral diffusion which originate from such hydrogen
bond fluctuations. We address these latter issues in the
present work by means of ab initio molecular dynamics
without using any empirical interaction potentials.
In the present work, we have carried out a first
principles theoretical study of vibrational spectral diffusion and hydrogen bond dynamics in dilute aqueous solution of an acetone molecule by employing
the method of ab initio molecular dynamics 25,26 and
wavelet analysis. 27–29 In addition to looking at the
hydration shell structure and frequency–structure correlations, we have also looked at the dynamics of hydration shell water around an acetone molecule, especially
for those molecules which are hydrogen bonded to the
carbonyl oxygen. We first looked at the distribution of
hydration shell OD frequencies as compared to that of
bulk water and also the influence of hydrogen bonds
on the OD stretch frequencies and how they correlate with the hydrogen bond distance. Subsequently, we
calculated the hydrogen bond and residence dynamics
of hydration shell molecules by means of population
time correlation function approach and the dynamics
of vibrational spectral diffusion through frequency time
correlation calculations. The observed dynamics of the
spectral diffusion of hydration shell water molecules
are analysed in terms of the dynamics of the intact
acetone–water hydrogen bonds, lifetime of acetone–
water hydrogen bonds and also the residence time of
water molecules in the acetone hydration shell.

2. Details of simulations and frequency
calculations
The ab initio molecular dynamics simulations have
been carried out by employing the Car-Parrinello
method 25,26 and the CPMD code. 30 The present system
contains a single acetone molecule dissolved in a solvent of 31 D2 O, which was kept in cubic box of length
10.17 Å. Periodic boundary conditions were applied in
all the three dimensions and the electronic structure of
the extended systems was represented by the density
functional theory within a plane wave basis. The core
electrons were treated via the atomic pseudopotentials
of Troullier–Martins 31 and the plane wave expansion of

the orbitals was truncated at a kinetic energy of 80 Ry.
We employed the so-called BLYP 32 functional in the
present study. This functional has been used in earlier
ab initio molecular dynamics simulations of acetone–
water systems 18,19 and also for a host of other hydrogen bonded systems such as liquid and supercritical
water, 33–41 aqueous ionic solutions, 42–50 methanol, 51–53
ammonia 54,55 and also mixed liquids such as watermethanol mixtures. 56 Previous studies 18,19 have shown
that BLYP yields good results for solvatochromic shift
of acetone in water when compared with the corresponding experimental results, hence it reliably captures the solute-solvent interactions in these aqueous
solutions of acetone. On the dynamical side, this functional, like many other functionals within generalized
gradient approximation (GGA), predicts a somewhat
slower translational and rotational diffusion of aqueous
systems 37–39 which, in part, could be the fact that the
GGA functionals do not describe the dispersive interactions satisfactorily. The BLYP functional has also
been used for simulating chemical reactions in aqueous
media. 57 For proton transfer processes in aqueous solutions, it has been shown recently that BLYP performs
reliably while some of the other functionals produced
results which were inconsistent with experiments. 58,59
In the present simulations, a fictitious mass of μ =
800 a.u. was assigned to the electronic degrees of freedom and the coupled equations of motion describing the
system dynamics was integrated by using a time step
of 5 a.u. All hydrogen atoms were assigned the mass of
deuterium to reduce the influence of quantum effects on
the dynamical properties. Also, our choice of deuterium
ensures that electronic adiabaticity and energy conservation are maintained throughout the simulations for the
chosen values of the fictitious electronic mass parameter and time step. We note that the choice of a proper
value of the fictitious electronic mass parameter is an
important issue in carrying out Car–Parrinello molecular dynamics in the correct manner. The proper value
of the electronic mass paremeter to be used in a simulation depends on various factors such as nuclear mass,
time step, temperature, etc. The value of 800 a.u. has
been found to be acceptable for the present systems as
no significant drift of the electronic kinetic energy was
observed during the entire simulations. Hence, we do
not expect any significant effects of the electronic drag
on nuclear motion due to the fictitious electronic mass
parameter used in the present study. The initial configuration of water molecules and acetone were generated by carrying out a classical molecular dynamics simulation. For water molecules, we have used the
SPC/E interaction potential 60 and for acetone, an OPLS
all atom model 61 is adopted. Then, during ab initio
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molecular dynamics simulation, we equilibrated the
system for 8 ps in canonical ensemble at 300 K and,
thereafter, we continued the run in NVE ensemble for
another 60 ps for averaging of structural and dynamical properties. We note that this run period of 60 ps,
although seem quite short compared to typical lengths
of classical simulations, is rather long in the context of ab initio molecular dynamics. To our knowledge, all of the existing ab initio simulations of aqueous acetone solutions 18–21 involved run lengths which
were significantly shorter than than that of the present
simulations.
It is known that the vibrational frequency of an OD
bond in the solutions fluctuates due to fluctuations in its
interactions with the surrounding molecules. A quantitative calculation of the time dependent vibrational frequencies of OD bonds can be carried out through a time
series analysis of the ab initio molecular dynamics trajectories using the wavelet method. 27 This method has
already been discussed in our previous studies of pure
water 39 and, therefore, we refer the reader to these references for methodological details of the time dependent frequency calculations of all the OD modes of the
solution along the simulation trajectory.
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Figure 1. (a) The distribution of OD stretch frequencies
of the bulk modes (solid) and hydration shell OD bonds
(dashed), each normalized to the maximum value of 1.
(b) The radial distribution functions between acetone and
water molecules. The solid and dashed curves are for acetone oxygen (Oa )-water oxygen (O) and acetone oxygen
(Oa )-water deuterium (D) correlations.

3. Vibrational frequencies of water in the vicinity
of acetone
In figure 1a, we have shown the frequency distributions
of OD bonds which are hydrogen bonded to acetone and
also of those which are in the bulk water. For this figure and also for figure 2 shown later, we have used the
MATLAB package to smooth the raw simulation data
using the loess method with a span of about 5–10 percent. 62 The existence of a hydrogen bond between the
D (of OD) and the carbonyl oxygen of acetone (Oa )
is found out by using a simple geometric criterion that
the D··Oa distance should be less than 2.4 Å. On the
other hand, a water molecule is taken to be in the solvation shell of Oa when their O··Oa distance is less than
3.10 Å. Note that these distances correspond to the first
minimum of the intermolecular D··Oa and O··Oa radial
distribution functions (figure 1b). The corresponding
cut-off distances for water–water hydrogen bonds are
taken to be 2.45 and 3.35 Å, respectively (figures not
shown). Integration of the acetone–water radial distribution functions up to their first minima give coordination and hydrogen bond numbers of 2.05 and 1.8 for
the carbonyl oxygen. In figure 1a, we observe a blue
shift in the frequencies of hydration shell OD bonds as
compared to those of the bulk OD modes. The average
frequencies of the hydration shell (ω̄hyd ) and bulk (ω̄b )

Figure 2. (a) The distribution of the Oa · ·D distance for
fixed values of the OD frequency. The solid, dashed-dotted
and dashed curves are for OD frequency ω = 0 ± 5 cm−1 ,
−100 ± 5 cm−1 and 100 ± 5 cm−1 , respectively, where ω
represents the deviation from the average frequency. (b) Joint
probability distribution of OD frequency and Oa · ·D distance. The contour levels of different fractions of the maximum value are shown in different colour codes. The results
are for water molecules in the acetone hydration shell.
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OD groups are found to be 2414 and 2368 cm−1 , respectively. The present value of the average frequency of
bulk OD groups is very close to the corresponding result
for pure water (2380 cm−1 ), 34 the small difference may
be attributed to the influence of the acetone solute on
water molecules beyond the first hydration shell. The
present result of the blue shift in the stretch frequency of
hydrated OD bonds is in general agreement with experimental findings of infrared spectroscopy results for a
mixture with low acetone content in water. 10
Next, we perform further analysis of the relation
between the frequency of an OD bond in the hydration shell and the D··Oa hydrogen bond distance. The
results are now averaged over all the OD groups pointing toward the Oa in its hydration shell. In figure 2a, we
have shown the distribution of D··Oa distance for three
fixed values of the OD frequency (within ± 5 cm−1 ). It
is seen that as the frequency increases, the corresponding distribution of D··Oa distance is also shifted toward
its larger values. Although the distributions are fairly
wide with significant overlaps, a one-to-one frequency–
structure correlation can be extracted on average. This
is more clearly shown in figure 2b where we have
shown the contour plots of the conditional probability distributions of observing a particular frequency for
a given D··Oa distance. Clearly, there is a substantial
width in the probability distributions which rules out
the possibility of assigning a single instantaneous frequency to a given D··Oa distance. On an average, however, the frequency is seen to be a monotonic function of the D··Oa distance, as shown by the dashed
line in figure 2b, which means, like pure water, 39,63–66 a
frequency–structure correlation is also present on average in the acetone hydration shell where the frequency
of an OD bond decreases with decrease of the associated D··Oa hydrogen bond distance. We note that a
first principles calculation of such conditional probability distributions for hydration shells of acetone solute
is presented here for the first time. Our calculations of
the power spectra of the velocity time correlation of the
D atoms of hydration shell water molecules (figure not
shown) also show a blue shift of the stretch band for the
hydration shell water when compared with the corresponding bands of bulk water. Such shifts of the power
spectral bands for hydration shell water molecules are
consistent with the results of figure 1 and also with
experimental results of infrared studies. 10

acetone–water hydrogen bonds. To study the breaking
dynamics of acetone–water hydrogen bonds, we calculate the so-called continuous hydrogen bond time correlation function which describes the probability that an
initially hydrogen bonded acetone–water pair remains
bonded at all times up to t. 39,68–70,72,76,77 The associated
integrated relaxation time τ H B gives the average lifetime of a hydrogen bond between acetone and a water
molecule in its hydration shell. Integration of S H B (t)
yields a value of 1.36 ps for τ H B . This acetone–water
hydrogen bond lifetime is slightly shorter than the lifetimes of hydrogen bonds in pure water which was found
to be ∼2 ps. 39 We note in this context that the time scale
of acetone–water hydrogen bond relaxation was found
to be longer in reference 16 due to confinement effects.
In the system of reference 16 water was surrounded by
acetone at high concentration which is very different
from the system of present study. We next calculated
the residence times of water molecules in the acetone
hydration shell by following a similar population correlation function approach. 76,77 In particular, we calculated the residence correlation function S R (t; t ∗ ) which
describes the probability that a water molecule, which
was in the hydration shell of the acetone molecule at
time t = 0, remains continuously in the same hydration
shell up to time t subject to the allowance time t ∗ . The
associated integrated relaxation time, τ R , gives the average residence time of a water molecule in the molecule
hydration shell. We calculated the residence time, τ R , by
explicit integration of S R (t; t ∗ ) from simulations until
5 ps and by calculating the integral for the tail part
from fitted exponential functions. Following previous
work, 76–78 we took the allowance time to be 2 ps for
the continuous residence function and found a value of
11.7 ps for the residence time of water molecules in the
acetone solvation shell.

4. Dynamics of acetone–water hydrogen bonds
and escape of water from hydration shell of acetone

Cω (t) = < δω(t)δω(0) > / < δω(0)2 >,

We have used the so-called population correlation function approach 39,67–77 to investigate the dynamics of

5. Vibrational spectral diffusion of hydration shell
water: Frequency time correlation function
In this section, we calculate the time correlations of
fluctuating stretch frequencies of water molecules that
are found in the acetone hydration shell at the initial
time. We note that this frequency time correlation function serves as a key dynamical quantity in the studies of
vibrational spectral diffusion. This correlation function
is defined as
(1)

where δω(t) is the fluctuation from the average frequency at time t. The average of equation 1 is over
the initial time and over all the OD groups present
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initially in the hydration shell of acetone. The results of
the frequency time correlation are shown in figure 3.
We observe a fast decay and a weak oscillation at
short times followed by slower decay extending to a
few ps. As before, 39,66 we used the following function including a damped oscillatory function to fit the
calculated results of spectral diffusion
f (t) = a0 cos ωs t e−t/τ0 + a1 e−t/τ1
+ (1 − a0 − a1 ) e−t/τ2

(2)

and found time scales of 0.080, 1.5 and 12 ps with
weights of 0.56, 0.33 and 0.11, respectively. The frequency of the damped oscillation is found to be about
100 cm−1 . We carried out a separate calculation of the
power spectra of the relative velocity of initially hydrogen bonded O··Oa pairs (results not shown). Enhanced
intensities are found at around 40 and 115 cm−1 in the
power spectra arising from intermolecular bending and
stretching vibrations of the hydrogen bonded acetone–
water pairs. Both bending and stretching modes of intermolecular vibrations can modulate the OD frequencies
and hence contribute to the short-time oscillation of
the spectral diffusion. It is also clear from the results
of the previous section that the two slower relaxation
times of spectral diffusion correspond to the lifetimes
of acetone–water hydrogen bonds and the residence
time of water in the acetone hydration shell, respectively. In a dynamical equilibrium situation, hydrogen
bonds continuously break and reform and also water
molecules leave and enter the acetone hydration shell
and these dynamical processes alter the OD frequencies
and induce characteristic time scales in the decay of the
spectral diffusion of hydration shell water molecules.
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Figure 3. The time correlation functions of OD fluctuating
frequencies averaged over water molecules of solvation shell
of acetone oxygen at the initial time. The grey solid curve
represents the fit by the function as given by equation 2.
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We note that the presence of three time scales as discussed above is found when vibrational spectral diffusion calculations are done exclusively for those water
molecules which were in the hydration shell of the carbonyl oxygen of the acetone molecule. When the spectral diffusion calculations are done over all the OD
modes of the solution, only two time scales corresponding to intermolecular hydrogen bond stretch and hydrogen bond lifetime are found without the third time scale
of the residence time. This is likely due to the rather
small weight that hydration shell OD groups make to
the overall spectral diffusion in the presence of only one
acetone molecule in the solution.
6. Conclusions
We have presented a theoretical study of the hydrogen bond dynamics and vibrational spectral diffusion in
aqueous solution of an acetone molecule at room temperature. Our calculations are based on ab initio molecular dynamics for trajectory generation and wavelet
analysis for frequency calculations without involving
any empirical potential parameters. We first looked
at the frequency distributions and frequency–structure
correlations of water molecules in the acetone hydration shell and found that the frequencies of OD bonds
in the hydration shell, i.e., those which are hydrogen
bonded to the carbonyl oxygen of acetone, have higher
stretch frequencies than those in the bulk water in agreement with experimental observations. 10 Also, on average, the frequencies of hydration shell OD modes are
found to increase with increase in the acetone–water
hydrogen bond distance, thus establishing the presence
of a frequency–distance correlation which is so crucial in the interpretation of vibrational spectral diffusion
experiments.
On the dynamical side, we found that the acetone–
water hydrogen bonds have a shorter lifetime than
water–water hydrogen bonds. When the vibrational
spectral diffusion is studied exclusively for water in
the hydration shell of the carbonyl oxygen, the dynamics revealed three time scales: a short-time relaxation of ∼80 fs corresponding to the dynamics of intact
acetone–water hydrogen bonds, a slower relaxation of
∼1.3 ps corresponding to the acetone–water hydrogen
bond lifetime and another longer time constant ∼ 12 ps
corresponding to the escape dynamics of water from the
acetone hydration shell. However, the longest time scale
was not noticed when the spectral diffusion was calculated by averaging the over all water molecules which
is likely due to the rather small weight contribution that
the hydration shell water makes to the overall behaviour
for a single solute.
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In the present study, we have considered only one
acetone molecule dissolved in water. It would be interesting to consider such solutions at higher acetone concentrations and investigate possible non-ideal aspects
in equilibrium and dynamical properties. In particular, concentrated water–acetone solutions have been
reported to show aggrerate formation when the size of
the simulations systems are big enough. 13 In the present
case, we have considered a rather small system because
of the use of ab initio molecular dynamics methodology. Although, the goal of the present study has been
to look at the behaviour of water molecules in hydration shells of acetone from spectral diffusion point of
view, it would nevertheless be worthwhile to consider
bigger systems in future studies to explore such aggregate formation kinetics from first principles. It would
also be interesting to investigate aqueous solutions of
other molecular solutes such as alcohols, amino acids
and peptides. We hope to address some of these systems
in our future work.
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