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Molecular dynamics study of diﬀusion of formaldehyde in ice
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b
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Abstract
We report a Molecular Dynamics simulation study of the diﬀusion process of formaldehyde (CH2O) in proton-disordered ice Ih at
atmospheric pressure, in the temperature range 200–273 K. CH2O molecules diﬀuse in ice predominantly by jumping between B sites
(bond-breaking mechanism), but substitutional diﬀusion can also be observed. At 260 K, the diﬀusion constant is predicted to be
4 · 107 cm2/s with the TIP4P–Ew water model, and 3 · 107 cm2/s with the TIP4P/Ice water model.
 2006 Elsevier B.V. All rights reserved.

1. Introduction
Interest in the interactions between trace gases and ice
surfaces has been stimulated in recent years by the recognition of the crucial role that ice surfaces can play in catalytic
ozone destruction and in partitioning of photochemically
active trace gases between air and ice [1]. More recently,
the role of the snowpack in the atmospheric chemistry of
gases such as formaldehyde (CH2O) and NOx above
snow-covered surfaces has also been evidenced and it
appears now essential to take into account the trace
gases/snow interactions in the atmospheric studies above
polar regions [2–4].
However, understanding the possible exchange of such
trace gases between snow and the lower atmosphere
requires the knowledge of their incorporation, diﬀusion,
and release mechanisms in snow crystals. Recent studies
have in particular focused on the formaldehyde molecule
[5–11], because its photolysis produces oxidizing radicals
that enhance the oxidizing capacity of the atmosphere in
polar regions, where the other sources of these radicals
are reduced. Although the location of CH2O in snow
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appeared controversial from the conclusions of these studies, the diﬀusion coeﬃcient of CH2O in ice is certainly one
among several key parameters that need to be known to
quantify the contribution of the snowpack to the atmospheric chemistry of CH2O [11].
Unfortunately, diﬀusion measurements of trace gases in
ice are scarce due to experimental challenges. Conﬂicting
results have been reported for HCl, with diﬀusion coeﬃcients ranging from D . 105 cm2/s to D . 1013 cm2/s
at T = 185 K [12–17]. This wide range of diﬀusion coeﬃcients has been attributed to diﬀerent ice preparation conditions, species concentrations, variable defects and grain
boundaries, and trapping phenomena [17]. Notice that a
strong acid such as HCl certainly dissociates at the above
temperatures, inﬂuencing thereby the diﬀusion mechanism.
A partially oxidized organic compound such as formaldehyde does not dissociate in ice, but the experimental studies
of its diﬀusion are still very rare. To our knowledge, only
one value can be found in the literature, namely
D . 8 · 1011 cm2/s at 258 K [11]. A similar value has been
reported for the diﬀusion of methanol in ice, but at a much
lower temperature (D . 2 · 1011 cm2/s at 185 K) [18].
In the present Letter, we use Molecular Dynamics
(MD) simulations to characterize the diﬀusion mechanisms of formaldehyde in ice at a molecular level, and
to provide an accurate value of the diﬀusion coeﬃcient
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of CH2O in a perfect 3D proton-disordered ice Ih crystal
at atmospheric pressure, for temperatures in the range
200–273 K. Indeed, such simulations have been recently
proved to be an accurate tool for investigating the diﬀusion mechanisms of small guest particles in ice, such as
He, H2O, CO2, N2, O2 and CH4 [19–22].
2. Computational method
2.1. Intermolecular potentials
Many eﬀective pair potentials have been devised to
simulate water at liquid densities. We decided to use the
TIP4P model of Jorgensen et al. [23], as reparametrized
by Horn et al. [24] for use with Ewald summations,
because this four-site model is a good compromise
between accuracy and speed of computation. The melting
temperature of TIP4P–Ew ice at atmospheric pressure is
244 ± 3 K [25]. Although higher than the melting temperatures of the SPC/E and standard TIP4P models, this
value is still signiﬁcantly below the experimental result
273 K. For comparison purposes, we performed also the
same simulations with the new TIP4P/Ice model [26],
which was designed to reproduce correctly the melting
temperature of ice Ih.
For consistency with the chosen water model, we treat
the formaldehyde molecule as a rigid body having only
translational and rotational degrees of freedom. The interaction sites of a CH2O molecule are taken from the OPLS
force ﬁeld, and are summarized in Table 1 of Ref. [27]. The
cross interaction between a formaldehyde and a water molecule is deﬁned by using the usual Lorentz–Berthelot combining rules (geometric mean of C(6) and C(12) van der
Waals coeﬃcients) for each site–site interaction pair. The
combination of OPLS and TIP4P parameters has been validated in Ref. [27].
As the models used in this study are slightly diﬀerent
from the original TIP4P model, we carried out energy minTable 1
Diﬀusion constant of formaldehyde in ice, computed with the TIP4P–Ew
water model (a) and with the TIP4P/Ice water model (b)
T (K)

D (107 cm2/s)

(a) TIP4P–Ew
210
220
230
235
240
245
250

0.44
0.78
1.45
1.80
1.92
2.27
2.37

(b) TIP4P/Ice
230
240
250
260
270
275

1.00
1.53
2.73
2.31
3.29
3.71
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imization calculations for the CH2O–H2O dimer, and compared with quantum chemistry calculations (B3LYP/631+G(d,p) and MP2/6-311+G(d,p)). Both models,
TIP4P–Ew and TIP4P/Ice, lead to the same geometry with
comparable bond lengths and bond angles. However this
conﬁguration is slightly distorted when compared to the
ab initio or TIP4P dimer conﬁgurations. From an energetic
point of view, very similar binding energies are obtained
with TIP4P–Ew (229 meV) compared to TIP4P (221
meV) and ab initio values (220 meV (B3LYP) and
228 meV (MP2)), whereas the TIP4P/Ice model tends to
overestimate the CH2O–H2O interaction (245 meV).
Since the energy discrepancies (more important in the case
of the TIP4P/Ice) do not alter signiﬁcantly the binding
properties of CH2O with H2O, both models should reproduce the CH2O–H2O and CH2O/ice interaction within reasonable accuracy.
2.2. Simulation details of ice Ih
The system consists in an orthorhombic simulation cell,
with edges a . 2.69, b . 3.14 and c . 2.89 (in nm units),
containing 768 water molecules for one CH2O molecule.
In the starting conﬁguration, the water molecules are
arranged according to the crystallographic structure of
hexagonal ice Ih [28]. The protons are oriented randomly,
under the restriction that the Bernal–Fowler ice rules are
respected [28] and that the system carries no net dipole
moment. The simulation cell accommodates a lattice made
up of 8 layers, each containing 6 · 8 hexagonal rings, that
are stacked vertically (i.e. along the z- or c-axis). The formaldehyde molecule is placed initially at the centre of an
interstitial cavity.
The MD simulations were performed using GROMACS
[29], in the NpT ensemble. The temperature and pressure
are kept constant by coupling the system to a Berendsen
thermostat and barostat. Periodic boundary conditions
are applied in all three directions, and long-range electrostatic interactions are calculated using Ewald summations
(Ewald splitting parameter a = 3.47 nm1). The cut-oﬀ
for Lennard-Jones and real-space coulombic interactions
was set to 0.9 nm. The Smooth Particle Mesh Ewald
method was used to compute reciprocal electrostatic forces
and energies; the mesh had a size of 5 · 6 · 6 cells, and
cubic splines were used.
The equations of motion were integrated using the leapfrog algorithm with a time step of 2 fs. Each production
run lasted at least 100 ns. This very long simulation time
is necessary to gather enough statistics on the diﬀusion of
the CH2O molecule, which is a slow process at low
temperatures.
2.3. Determination of diﬀusion constant
In an isotropic medium, the diﬀusion constant D of a
molecule is related to its mean square displacement
(MSD) according to Einstein’s formula
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D ¼ lim

t!1

hðrðtÞ  rð0ÞÞ i
6t

ð1Þ

(r(t) is the position of the centre of mass of the molecule).
Admittedly, ice is anisotropic, but we observed in our simulations that the diﬀusion of formaldehyde parallel and
perpendicular to the c-axis are of the same order of magnitude. We analyse therefore the simulation data by using the
isotropic formula.
The ensemble average in the MSD cannot be performed
here as usual by averaging over diﬀerent molecules (since
there is only one formaldehyde molecule in the system).
The MSD must therefore be computed by averaging the
squared displacement measured in several independent trajectories. (This averaging is important because the molecule
can travel back and forth and end up very close to its starting position at the end of a simulation). In practice, we use
a very long trajectory (duration Tsim . 100 ns) that we
regard as being composed of N ‘independent’ trajectories
of duration Dt = Tsim/N. The ensemble average is then
approximated by
PN 1
HðT sim  t  ti Þðrðt þ ti Þ  rðti ÞÞ2
2
hðrðtÞ  rð0ÞÞ i ’ i¼0
PN 1
i¼0 HðT sim  t  t i Þ
ð2Þ
where ti = iDt is the starting time of the ith segment of the
trajectory, and H is the Heaviside function. At short times,
0 6 t 6 Dt, the MSD is thus obtained as an average of the
displacements observed in the N segments, while obviously
less statistics is available at longer times. Fig. 1 contains an
example of the above ‘ensemble’ averaging for the MSD of
a typical trajectory. We use very small ‘restart’ times
Dt = Tsim/N to ensure optimal exploitation of the data
(Dt = 200 ps is small enough for Tsim = 100 ns).

2

3.1. Diﬀusion constant
The diﬀusion of formaldehyde in ice was simulated at
constant atmospheric pressure for various temperatures
in the range 210–275 K using two diﬀerent water models:
TIP4P–Ew and TIP4P/Ice (see previous section for simulation parameters). The diﬀusion constant is measured in
each run using formulae (1) and (2), and Table 1 summarizes the results.
The highest temperatures chosen (250 K for TIP4P–Ew
and 275 K for TIP4P/Ice) are slightly above the melting
temperature of these models, but the ice crystal did not
melt on the timescale of the simulation (100 ns). Such metastable superheated phases do not exist experimentally, but
are known to occur in simulations of bulk systems [25,30],
because simulation times are much shorter than the typical
time needed to cross the activation energy barrier for
melting.
Fig. 2 represents the evolution of the diﬀusion constant
as a function of the (inverse) temperature for the two simulated models. The error bars are rough estimates of the
uncertainties based on the convergence of D: they correspond to the maximum diﬀerence between D and the values
of the diﬀusion constants which would be obtained by considering only the ﬁrst, resp. the last, 50 ns of the simulation.
For both models, the points clearly follow a linear relationship, showing that the diﬀusion process obeys, not surprisingly, to Arrhenius law
D ¼ D0 expðEdiff =kT Þ

ð3Þ

where Ediﬀ is the activation energy of the diﬀusion process.
For the TIP4P–Ew model, we get Ediﬀ . 20.2 kJ/mol
and D0 . 5 · 103 cm2/s, while Ediﬀ . 14.3 kJ/mol and
D0 . 2 · 104 cm2/s for the TIP4P/Ice model. In the
range 230–250 K, the diﬀusion constant predicted by both
models agree within simulation uncertainties. With the
results of the TIP4P/Ice model at higher temperatures

8
1

6
0

5

0
15

10

2

4

2

2

0

Diffusion constant [cm /s]

Mean Square Displacement (nm2)

10

3. Results and discussion
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Fig. 1. Mean square displacement of a formaldehyde molecule in protondisordered ice at 235 K. The ensemble average (2) is computed for three
increasingly small ‘restart’ times Dt. The diﬀusion coeﬃcient is obtained
from the slope of a linear ﬁt of the data for times t 6 7 ns, as shown in the
inset (dashed line). Linear behaviour is not observed at larger times
because of insuﬃcient statistics.
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Fig. 2. Arrhenius plot of the diﬀusion constant of formaldehyde in ice Ih
for two diﬀerent water models.
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Fig. 3. Left column: Trajectory of the formaldehyde molecule (oxygen atom) during the ﬁrst 70 ns of the simulation at 250 K (TIP4P–Ew water). The path
is shown as a dotted line projected onto the (0 0 0 1), (2 1 1 0) and (1 2 1 0) planes. Right column: some stable sites in the trajectory. The position of the
oxygen atom is shown as a black line when the potential energy the formaldehyde molecule is at its low value. Gray lines represent the centre of mass of the
molecule in stable sites with high potential energy.

(where statistics is quite good), we see however that the
activation energy of the latter model is about 30% lower.
The diﬀerence between the two models can be made smaller if we rescale the TIP4P results to interpret the value at
the melting point of the model (245 K), as corresponding
eﬀectively to the experimental melting temperature
(273 K), while leaving unchanged the result at the lowest
simulated temperature (210 K). If predicting an accurate
value of the activation energy is not easy, the simulations
give however theoretical estimates for the order of magnitude of the diﬀusion constant in the whole temperature
range 200–273 K.
3.2. Stable sites and diﬀusion mechanism
Fig. 3 shows the diﬀusion path followed by the formaldehyde molecule, or more precisely its oxygen atom, in the
simulation at 250 K (in this section, all references are to the
simulations performed with the TIP4P–Ew model). The
trajectory of the O atom is projected onto the (0 0 0 1),

(2 1 1 0) and (1 2 1 0) planes1, and has been smoothed, by a
running average over a 20 ps window, to reduce thermal
noise. It has been shown by previous authors that a small
apolar guest molecule, such as He, Ne, Ar or H2, diﬀuse
by jumping between Tu (trigonal uncapped) interstitial
sites, without distorting the ice lattice [19,21]. The Tu site
is located on the axis of the open hexagonal channels along
the c-axis, and can accomodate larger molecules than the
Tc interstitial site (see Fig. 4). It has been shown moreover
that large apolar molecules, such as O2, N2 and CH4, diffuse in ice by jumping between so-called B (bond) sites,
by the bond-breaking mechanism [19,22]. The B site is
located at the centre of an O–O bond in the basal plane
(the centre of an O–O bond parallel to the c-axis corresponds to a similar, but not crystallographically equivalent,
Bc site). In the bond-breaking mechanism, the dominant
1

In the Miller–Bravais notation appropriate for hexagonal structures,
the third index is redundunt [i =  h  k in (h k i l)] and is used to show the
equivalent directions by cyclic permutations of the indices.
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pﬃﬃﬃ
Fig. 4. Orthorhombic unit cell for ice Ih (a = 4.519 Å, b ¼ a 3, c = 7.357 Å at 253 K). The locations of the Tu and Tc interstitial sites are shown by little
spheres and cubes respectively. The Tu sites are located on the axis of the open hexagonal channels along the c-axis, midway between two layers. The
smaller Tc (trigonal capped) interstitial sites are located at the same height, midway between oxygen atoms that are aligned vertically (i.e. along the c-axis)
and that are not adjacent in a hexagonal ring.

Potential energy of formaldehyde molecule (kJ/mol)

factor governing the diﬀusion is the repulsive steric interactions between the guest and the H2O molecules. These
interactions distort the structure of the ice lattice, breaking
an O–O bond to accomodate the guest molecule in a B site.
The two water molecules of the former O–O bond are displaced from their original lattice positions, and are pushed
towards them because of the remaining hydrogen bonds
with the surrounding H2O molecules.
A comparison of the diﬀusion path of CH2O (Fig. 3)
and the positions of the interstitial sites (Fig. 4) shows that
this molecule does not diﬀuse via interstitial sites: the Tu
and Tc sites do not accomodate the large CH2O molecule.
This ﬁnding is consistent with the results obtained for N2,
O2, CH4 and CO2 [19,22].
Identifying the stable sites of CH2O in the ice lattice is a
diﬃcult task. It is done both by analysing the time evolution of the potential energy Ef(t) of the formaldehyde molecule, and by monitoring the positions ri(t) of diﬀerent sites
(i = centre of mass, oxygen, carbon) of the molecule along
the trajectory. Ef(t) is plotted in Fig. 5 for the diﬀusion path
represented in Fig. 3 (a running average has been applied
to reduce thermal noise). This quantity takes either a low
value of about 52 kJ/mol, or a higher value of about
37 kJ/mol. The lower value corresponds to conﬁgurations with in average two hydrogen bonds between the oxy-
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Fig. 5. Potential energy of a diﬀusing formaldehyde molecule at 250 K.
The discontinuous black and grey horizontal lines indicate the time during
which the formaldehyde forms one, resp. more than one, hydrogen bond
(in average) with the surrounding water molecules.

gen atom and the neighbouring water molecules. Although
these conﬁgurations minimize Ef(t), they occur only 24% of
the time at the considered temperature (250 K). The higher
energy sites are favoured because they lead to a lower total
energy for the system (CH2O and lattice). The analysis of
conﬁgurations ri(t) characterized by the lower values of
Ef shows that they correspond to rO positions at a lattice
point normally occupied by the oxygen atom of a water
molecule (see Fig. 3). These sites corresponds therefore to
the formaldehyde replacing a water molecule, which has
been pushed out from its lattice position. As a consequence, jumps between such sites correspond to the socalled ‘substitutional’ diﬀusion mechanism. Conﬁgurations
with high energies Ef correspond by contrast to the formaldehyde occupying a B site, as shown by the position rCM(t)
of its centre of mass (see Fig. 3). Formaldehyde diﬀuses
therefore predominantly by jumping between B sites by
the bond-breaking mechanism, though substitutional diﬀusion does also occur.
4. Conclusion
In this study, long simulations (100 ns) were used to elucidate the diﬀusion mechanism of formaldehyde in ice Ih, and
to get accurate values for the diﬀusion constant of this compound. In the considered temperature range 200–273 K, we
found that CH2O diﬀuses predominantly by jumping
between B sites, though substitutional diﬀusion does also
happen. Because formaldehyde can accept two hydrogen
bonds with surrounding water molecules, its diﬀusion path
is more subtle than the pure bond-breaking mechanism that
characterizes the diﬀusion of large apolar molecules.
The time over which the formaldehyde molecule jumps
between stable sites is about 20 ps. Since this is one order
of magnitude larger than the characteristic time of molecular motion (1 ps), free energy calculations can be used to
calculate precisely the jump probability between B sites
(using Transition State Theory [31]). The simulation times
used in this study are however long enough to allow relatively accurate estimates of the diﬀusion constant. This
quantity obeys Arrhenius law, as expected for an activated
process. Using the activation energies reported after Eq.
(3), we ﬁnd that the diﬀusion constant of CH2O at 260 K
is D . 4 · 107 cm2/s with the TIP4P–Ew water model,

V. Ballenegger et al. / Chemical Physics Letters 432 (2006) 78–83

and D . 3 · 107 cm2/s with the TIP4P/Ice water model.
These values are much larger than the experimental result
of Perrier et al. [11], who measured D . 8 · 1011 cm2/s
at 258 K in a macroscopic ice sample. Theory and experiment are known to agree in experimentally well controlled
materials, such as in semiconductors and zeolites [32,33].
The present discrepancy may be due to trapping phenomena in the ice crystal, which inevitably contains defects
and grain boundaries. Further experimental work on diﬀusion of CH2O (and air molecules O2, N2, CO2, CH4) would
be most welcome, especially if it probes the diﬀusion on a
molecular scale in a single crystal.
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