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Clathrate hydrates consisting of HCFC (hydrochlorofluorocarbon) guest molecules within host water cages
represent a promising new medium for water desalination. The HCFC used in this study, 1,1-dichloro-1fluoroethane (R141b), forms a structure II hydrate phase at mild conditions (0 °C, 0 atm). We present a
detailed molecular picture of the structure and dynamics of guest R141b molecules within water cages, obtained
from ab initio calculations, molecular dynamics simulations, and Raman spectroscopy. Such information will
be needed to understand and control the nucleation and growth of these hydrates for industrial applications.
Density functional theory calculations were used to provide an energetic and molecular orbital description of
R141b stability in both large and small cages in a structure II hydrate. Additionally, the hydrate of an isomer,
1,2-dichloro-1-fluoroethane, does not form at ambient conditions due to extensive overlap of electron density
between guest and host. Results for the isomer hydrate were supported by classical molecular dynamics
simulations and synthesis attempts. Molecular dynamics simulations show that R141b hydrate is stable at
temperatures up to 265 K, while the isomer hydrate is only stable up to 150 K. Despite hydrogen bonding
between guest and host, R141b molecules rotate freely within the water cage. The Raman spectrum of R141b
in both the pure and hydrate phases is also compared with vibrational analysis from both computational
methods. In particular, the frequency of a carbon-halogen stretch mode (585 cm-1) undergoes a shift to
higher frequency in the hydrate phase. Raman spectra also indicate that this peak undergoes splitting and
intensity variation as the temperature is decreased from +4 to -4 °C.

Introduction
Clathrate compounds consist of a solid framework of host
molecules that surround guest molecules. The term clathrate
hydrate applies when water is the host molecule, and clathrate
hydrates are characterized by forming conditions of temperature
e0 °C and pressure g1 atm.1 Structure I hydrates consist of
two types of water cages: a small cage consisting of 20 water
molecules and denoted 512 and a large cage consisting of 24
water molecules (51262). Structure II hydrates also have the 20water small cages as well as large 28-water cages (51264). In
both structure I and structure II hydrates, water molecules
maintain tetrahedral coordination through four hydrogen bonds
per molecule, as in hexagonal ice. The molecular diameter of a
guest molecule determines the appropriate cage and therefore
the type of hydrate formed.1 Clathrate hydrates consisting of
natural gas guest molecules (e.g., methane) have received
attention as a potential energy source, although pressures greater
than 20 atm and temperatures near 273 K are required for
hydrate stability.2
Clathrate hydrates can form in the presence of dissolved
solutes and therefore have potential use in water desalination
processes. Guest molecules considered for this application
include propane3 and chlorofluorocarbons.4,5 However, many
complex and fundamental issues remain to be solved before
* To whom correspondence should be addressed. E-mail: jagreat@
sandia.gov.

hydrate desalination can be considered as a commercial technology. Specifically, hydrate nucleation, growth, and crystal
agglomeration must be understood. In the presence of dissolved
solute, trapped solute and recovery of pure water from a hydrate
phase must also be considered. Using computational and
spectroscopic techniques, our aim is the characterization of
guest-water interactions at the molecular level to aid in
understanding the more complex issues associated with the
hydrate desalination process.
Experimental studies of the structure and phase equilibria of
gas hydrates formed by chlorofluorocarbons and other large
guest molecules have been reviewed elsewhere.1,6-9 However,
Raman spectroscopic techniques have been used recently to
better understand guest-host interactions at the molecular
level.10-12 Comparisons between spectroscopic and computational techniques will enable more effective use of gas hydrates
in industrial applications. Computational studies of gas hydrates
typically include as guest molecules either methane13-25 or
hydrogen21,26,27 because of their potential use in energy storage
and production. The guest is usually treated as a single LennardJones particle,17,19,20,22-24,28 although atomistic models for both
methane13,15 and hydrogen26,27 have been published. In some
cases, ab initio calculations have been performed, and guestwater interaction parameters were derived for classical simulations.18,21,28,29 Simulation techniques have also been used to
study the thermodynamics of hydrate formation and dissociation,
although simulation time scales of at least 10 ns are
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Figure 1. Hydrate formers considered in this work: 1 (1,1-dichloro1-fluoroethane, R141b) and 2 (1,2-dichloro-1-fluoroethane).

typically needed,19,22,23,25 and effects of finite system sizes should
also be considered.14
The classical simulation approach used in this study follows
from previous work in which a general force field for organics
(consistent valence force field, CVFF)30 was used to calculate
thermal expansion parameters and vibrational spectra of methane
hydrate.16 The advantage of a general force field is its transferability to new hydrate systems without the need to derive new
water-guest interaction parameters. In this paper, we use
molecular simulation techniques to examine the structure and
stability of gas hydrates formed from two isomers of dichlorofluoroethanes. One of these isomers, 1,1-dichloro-1-fluoroethane (R141b, 1 in Figure 1), is being considered as a hydrate
former in water desalination processes.31 Its high heat capacity
and mild hydrate-forming conditions (0 °C, 75 mbar)6 make
R141b an ideal candidate for low-energy water desalination.
Additionally, we compare simulated vibrational spectra with
Raman spectra to investigate changes in R141b vibrational
frequencies before and after formation of the hydrate phase.
United States law now prohibits the production or importation
of R141b, but we chose it on the basis of the availability of
experimental data on R141b hydrates.6,8,32-34 Industrial applications of hydrates made from trihaloethanes will include refrigerants that are allowed under current law.
Methods
Due to their size, dichlorofluorohaloethanes form structure
II hydrates, where we assume an occupancy of one molecule
in each of the eight large cages. The 16 small cages are empty
in the pure hydrate, but smaller guest molecules such as methane
could be included in the small cages. Cavity diameters for
accommodation of guest molecules have been estimated at 6.7
and 5.0 Å for the large and small cages, respectively.1
Density Functional Theory (DFT) Methods. Electronic
structure calculations for cluster models of the structure II large
(51264) and small (512) hydrate cages with the R141b molecule
were completed using the density functional code DMol3.35,36
Because atomic coordinates were not provided with the crystal
structure data for R141b hydrate,6 we chose to use both the
coordinates and lattice parameter of a mixed gas hydrate
(structure II, space group Fd3m, a ) 17.192 Å), with Xe atoms
occupying the small cages and CCl4 molecules occupying the
large cages.37 This lattice parameter is very close to 17.234 Å
reported for R141b hydrate.6 We are confident that 17.192 Å
is an adequate estimate of the R141b hydrate lattice parameter
for the DFT calculations. Hydrogen positions of the water
molecules were classically optimized as described below. Allelectron configurations were obtained for the geometryoptimized R141b molecule within each hydrate cage with fixed
positions for the water molecules. Similar calculations were
performed for the isomer (1,2-dichloro-1-fluoroethane, 2 in
Figure 1; gauche and anti configurations) to determine the
relative energies and suitability as a hydrate-forming compound.
Calculations incorporated the nonlocal gradient-corrected or
generalized gradient approximation, with double numerical plus
polarization (DNP) functionals to ensure a proper description
of hydrogen bonding for the water and organic molecules.38 The
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DNP basis set includes a second set of valence atomic orbitals
beyond the minimal basis, plus polarization orbitals involving
d-functions for non-hydrogen atoms and p-functions for hydrogen atoms.35 This numerical basis set provides the highest
accuracy for the electronic structures calculated for the selected
hydrate models. Iteration of the wave equations to a selfconsistent field solution required an energy difference of less
than 0.0063 kJ‚mol-1. Energy-minimized structures were derived through a series of steepest descent, conjugate gradient,
and Newton-Raphson methods, allowing all atoms to relax
during the optimization. An energy convergence criterion of
0.013 kJ‚mol-1 was used for the geometry optimization of the
dichlorofluoroethane while the water molecules were kept
constrained to their observed structural positions.
A similar computational approach was used to examine the
electronic structure of crystalline models of the R141b hydrate
and isomer hydrate systems. The periodic simulation cells were
equivalent to the isometric structure II unit cell with 136 water
molecules, 8 dichlorofluoroethane molecules occupying each
of the large cages, and vacant small cages. Wave functions were
calculated using a single integration in reciprocal space (Γ point).
The cell parameter (ao ) 17.192 Å) was held constant for
constant-volume conditions during the optimization, and no
symmetry was imposed on the atomic positions (P1 space
group). In contrast to the cluster calculations, all atomic positions
were relaxed during the optimization of the periodic models.
Vibrational spectra for the cluster models of R141b and
R141b hydrate were derived using the standard approach of
Wilson39 in which the components of the second derivative of
the energy (Hessian matrix F) are used to derive harmonic
frequencies

Fij )

∂2 E
1
1/2 ∂q ∂q
(mimj)
i j

(1)

where mi and mj are atomic masses and qi and qj are Cartesian
coordinates associated with atoms i and j. The frequencies are
equivalent to the square roots of the eigenvalues of F. Finite
differences of the analytical first derivatives of the energy are
used to derive the Hessian matrix. This is accomplished by a
series of single-point energies that are obtained as each atom
in the system is displaced by 0.01 bohr in each direction.
Spectral intensities for each mode are proportional to the square
of the atomic polar tensor. Lorentzian-shaped peaks with 5.0
cm-1 full width at half-maximum were derived from the
calculated frequencies. No attempt was made to derive vibrational spectra for the crystalline models using this method due
to computational cost. Additionally, the calculated vibrational
spectra involving the hydrate cages are only approximate
representations of the cluster dynamics because the water
molecule positions were constrained to best represent the local
water cage structure. Power spectra derived from velocity
autocorrelation methods with classical simulations are closely
related to the spectra obtained through the Hessian analysis of
electronic structure results. Classical methods rely on kinetic
energy to statistically sample accessible regions of the potential
energy surface over long simulation times at a particular
temperature, while the dynamical matrix in normal model
analysis directly samples the electronic-based internal energy
surface at 0 K.
Classical Molecular Dynamics. Classical simulations were
performed with the open force field module of Cerius2 (Accelrys,
Inc.) using CVFF.30 Intermolecular potential parameters between
organic guest atoms (C, H) and host water molecules
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(simple point charge model40) were obtained from geometric
combination rules upon which CVFF is based. CVFF has
previously been shown to provide accurate structural results for
methane hydrate,16 and here we apply similar techniques to more
complex trihaloethane guests. Because CVFF includes molecular
flexibility for both water and guest molecules, we were able to
calculate vibrational power spectra from atomic velocity autocorrelation functions.41 Potential energy interactions include
intramolecular (bond, angle, torsion) as well as intermolecular
(electrostatic, van der Waals) terms. A real-space cutoff value
of 10.0 Å was used for intermolecular interactions, and Ewald
summation41 with a precision of 4 × 10-4 kJ‚mol-1 was used
for long-range electrostatic interactions. Initial simulations were
performed in the constant NPT (N ) number of particles, P )
0 atm pressure, T ) temperature) ensemble to obtain average
supercell volume and lattice parameters. Subsequent simulations
to obtain structural and vibrational data were preformed in the
constant NVT (V ) volume) ensemble using an equilibrated NPT
configuration with lattice parameters equal to their average
values at that temperature. Barostat and thermostat relaxation
times were 0.5 and 0.1 ps, respectively. All force field
parameters, including atomic charges, were taken directly from
CVFF.30 The time step for all simulations was 0.25 fs.
Our primary interest is R141b hydrate, 1, but to examine the
effect of molecular size on hydrate stability, we also considered
isomer 2. For the computational portion of this study, we only
considered the S-enantiomer of 2. Due to the symmetry of the
water cage, we would not expect different structural or
vibrational results if we had used the R-enantiomer. The initial
configuration of water O atoms was the same as that used for
the DFT calculations. The initial positions of H atoms were
determined by a series of energy minimizations with immobile
O atoms, which resulted in a hydrogen-bonded network of water
cages. Although the unit cell dipole moment is not zero in our
initial configuration, the Bernal-Fowler rules42 are satisfied.
Macroscopic system sizes would be needed to obtain a dipole
moment of zero, and the thermal energy at the temperatures
used in our MD simulations causes the net dipole moment to
fluctuate. In fact, we observe rotations of water molecules during
these simulations, which causes a cascade effect of hydrogen
bond breaking and re-forming and associated changes in the
dipole moment. A supercell was created consisting of eight unit
cells in a 2 × 2 × 2 expansion, with an initial lattice parameter
of 34.384 Å. The supercell contained 1088 water molecules,
64 large cages, each occupied by a guest (1 or 2), and 128 empty
small cages. The trihaloethane molecules were placed randomly
within the large cages while overlap of atomic van der Waals
radii was avoided.
The temperature ranges of stable hydrates were determined
by performing anisotropic NPT simulations 1000 ps in length.
R141b hydrate was stable at temperatures up to 265 K. Above
265 K, the hydrate system dissociates into an aqueous phase
and an organic phase. The isomer hydrate is stable only at
temperatures below 150 K. Because periodic models of solids
lack a surface nucleation site, solid phases such as ice can be
stable at temperatures well above the simulated melting temperature.43 Therefore, 265 and 150 K should be considered as
upper limits for the thermal stability of hydrates with guests 1
and 2, respectively. We have not identified a published melting
temperature of ice Ih using the flexible SPC water model, but
the simulated melting temperatures of ice Ih using the rigid SPC
and SPC/E water models have been reported as 190 and 215
K, respectively.44 Using the SPC/E water model, ice Ih was
found to be stable in NPT Monte Carlo simulations up to 295
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K, which is 80 K above its transition temperature.43 It is
therefore likely that the simulated dissociation temperatures for
hydrates of 1 and 2 using our hybrid force field are significantly
lower than 265 and 150 K. However, on the basis of our desire
to match the theoretical and experimental conditions, further
simulations were carried out in the NVT ensemble with T )
265 K. The initial configuration was taken from the equilibrated
NPT configuration of R141b hydrate at 265 K. Lattice parameters (a0, b0, c0) were 34.28, 34.54, and 33.92 Å, respectively,
which correspond to average values from the NPT simulation
at 265 K. One set of simulations were performed in which the
waters were completely mobile. However, since the isomer
hydrate is not stable at 265 K, a second set of simulations were
performed in which the water molecules were held in fixed
positions on the basis of their initial configuration. In this way,
comparisons were made between hydrates of both 1 and 2.
Initially, NVT simulations 40 ps in length were used to obtain
structure and vibrational data, but longer simulations 1000 ps
in length were used to further investigate guest rotational
mobility within the cages. For the 40 ps simulations, RDF data
were updated every 50 fs, and velocities were stored every 4
fs. Power spectra of R141b hydrate (mobile water molecules)
were obtained by taking the Fourier transform of the velocity
autocorrelation functions (VACFs) for each atom type. A VACF
window of 20 fs was used, which was also utilized to obtain
power spectra of methane hydrate.16 For comparison, power
spectra were also obtained from 40 ps NVT simulations of
hexagonal ice and pure R141b at 265 K. For ice Ih, the supercell
contained 360 molecules. The model system for pure R141b
corresponded to a pressure of 300 kbar at 265 K (120 molecules
in a cubic supercell of dimension 20.0 Å).
Hydrate Synthesis and Characterization. A stirred thermostatic pressure cell was used to synthesize R141b (CAS 171700-6) hydrate, as described elsewhere.31 Hydrate samples were
prepared at approximately 3 °C and atmospheric (total) pressure
using R141b hydrate seed crystals, prepared separately by flash
freezing, to facilitate rapid hydrate growth. Attempts to make
hydrate samples of the isomer (CAS 430-57-9) (2) were
unsuccessful. Approximately 1 g of the isomer was placed in
test tubes along with 5 mL of water. Trials were conducted
simultaneously with homogeneous nucleation and secondary
nucleation using a few milligrams of R141b hydrate seed
crystals. Comparable tubes with R141b were prepared as
controls. The test tubes were placed in a conventional refrigerator for at least 3 days at 3 °C and periodically agitated, but no
hydrate phase was observed for the isomer, although R141b
hydrates were formed. The temperature was subsequently
reduced to just above 0 °C, but no hydrates of the isomer were
detected. Raman spectra were collected using an Acton (Princeton Instruments) 0.75 m SpectraPro 2750 triple grating
spectrograph, with the 532 nm line from a Spectra-Physics
Excelsior CW diode-pumped Nd:YAG. Collection times for the
hydrate and the R141b reference were 10 and 1 s, respectively,
with a power at the sample of approximately 10 mW. Hydrate
samples and the R141b reference were held at approximately
0 °C on a thermoelectric cold plate during data collection. The
spectra were calibrated using a 20-point neon spectrum. Data
were fitted for peak locations with pseudo-Voigt and/or Gaussian
peak shapes, using FITYK 0.7.5 (www.unipress.waw.pl/fityk).
Results
DFT Methods. A comparison of the energies obtained from
the DFT calculations for the various clathrate systems is
presented in Table 1. Due to the difficulty in DFT methods in
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TABLE 1: Energies of Water, Guests, and Clathrates
Derived from DFT
no. of H2O
molecules
Cluster Models
water molecule
1
R141b
1,2-dichloro-1-fluoroethane
(gauche)
1,2-dichloro-1-fluoroethane
(anti)
small cage
20
large cage
28
R141b in small cage
20
R141b in large cage
28
isomer in large cage (gauche)
28
isomer in large cage (anti)
28

potential E
(kJ‚mol-1)

∆Eform
(kJ‚mol-1)

-200 682
-2 883 584
-2 883 573
-2 883 577
-4 014 219
-5 619 886
-6 897 642
-8 503 679
-8 503 661
-8 503 646

+161
-209
-201
-184

Periodic Models
R141b in large cage
136
-50 371 742
isomer in large cage (gauche)
136
-50 371 594

-4743
-4682

reproducing dispersion-related effects in intermolecular systems,
caution must be used in interpreting the results of the optimized
cluster and periodic systems. Results from the cluster models
demonstrate the size restrictions associated with the incorporation of R141b or other similarly sized guest molecules in the
small hydrate cage. The formation energy for R141b in the
optimized large water cagespresented here relative to the water
cage structuresindicates a stability of -209 kJ‚mol-1 in contrast
to +161 kJ‚mol-1 for R141b in the small cage.
Figure 2 provides a graphical comparison of the electron
density derived from the calculations and clearly shows
significant overlap of the organic molecule with the water
molecules of the small cage leading to this destabilization.
Electron density derived for the large cage model shows the
isolated R141b electron density distinct from that associated
with the water molecules, which exhibit several pairs of
prominent hydrogen bonds within the plane of the electron
density map. The formation energies for the clathrate cluster
with gauche and anti configurations of 2 are slightly less stable
than that calculated for the clathrate with 1. The gauche isomer
clathrate is more stable than the anti isomer even though the
isolated anti isomer has a lower energy (4 kJ‚mol-1) than the
gauche isomer. This stabilization is primarily due to the ability
of the gauche isomer to coordinate the chlorine atoms to the
nearby water molecules rather than those across the cage that
would be limited by the anti configuration of chlorine atoms.
Calculations for the optimized periodic hydrate models indicate
the stability of the R141b hydrate relative to that for the gauche
isomer by 148 kJ‚mol-1‚(unit cell)-1 (or 61 kJ‚mol-1 difference
in the formation energy). This energy difference is small
compared to the potential energy difference observed (kJ‚mol-1‚
(unit cell)-1) in the classical simulations for the same two
systems (see below). This comparison of simulation results
emphasizes the limitation of DFT methods in accounting for
intermolecular dispersion for systems such as hydrates involving
guest-cage interactions.45-47 The empirically derived force field
parameters used in the classical simulations provide a more
accurate evaluation of these electron correlation effects.
It would be insightful to directly compare the cluster and
periodic formation energies presented in Table 1 by normalizing
the values on a per guest or cage basis. Simply dividing the
periodic model values by the number of guest molecules per
unit cell indicates a substantial stabilization of the guest molecule
in the large cage of the structure II hydrate. However, this
approach ignores the complex interactions associated with the
occupied cages that share cage faces with other occupied cages;

Figure 2. Optimized R141b-water clusters derived from DFT
quantum calculations for the large water cage (top) and the small water
cage (bottom) of R141b hydrate. The color maps represent the electron
density and indicate the presence of destabilizing interactions between
coordinating water molecules and the R141b guest in the small cage
(top).

each large cage shares faces with four tetrahedrally disposed
large cages and their guest molecules. Compared with the
formation energies reported in Table 1, which are thermodynamic state values and rigorously determined for multiple
reference states, the comparison of periodic and cluster energy
values is limited by our inability to fully evaluate the multiple
cage-cage, guest-guest, and cage-guest interactions of the
periodic models.
The fully optimized periodic hydrate structures provide
confirmation of the water oxygen positions observed by
McMullan and Kvcik37 for the structure II hydrate. We observe
local perturbations of the oxygen position (∼1.0 Å difference)
for about 10% of the water molecules when associated with
the organic guest, but overall there is very good agreement for
the remaining water oxygen positions (0.22 ( 0.17 Å difference). Additionally, periodic DFT results support the optimized
hydrogen-bonding configuration as derived through the classical
simulations. Finally, we compared the hydrate-forming abilities
of 1 and 2 by calculating the largest “molecular diameter” from
the DFT electron density of each molecule. Following the
method of Hout and Hehre,48 a surface contour of 0.002 e‚Å3
was used, which corresponds to van der Waals radii. The
calculated molecular diameters were 6.8 Å (1) and 7.4 Å (2).
Using the estimate of 6.6 Å as the “free diameter” inside a large
cage of structure II hydrate,49 it is apparent that isomer 2 is too
large to fit inside the large cage of a structure II hydrate.
Classical Molecular Dynamics. All force field simulations
discussed below were performed in the NVT ensemble at 265
K, with lattice parameters corresponding to the NPT-averaged
values as discussed previously. We first investigated the effect
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TABLE 2: RDF Results for R141b Hydrate (1)
immobile water
RDF
paira

peak
max (Å)

peak
min (Å)

Cl-Hw
F-Hw
H-Hw
H-Ow

3.15
3.19
2.85
3.04

3.91
3.91
3.49
4.05

mobile water
CNb
0.71
0.34

peak
max (Å)

peak
min (Å)

3.19
3.13
2.93
3.09

3.91
3.79
3.49
3.99

CN
0.70
0.29

a
Hw and Ow refer to water H and O atoms, respectively. b Coordination number calculated at an interatomic distance of 3.0 Å.

TABLE 3: RDF Results for 1,2-Dichloro-1-fluoroethane
Hydrate (2)
immobile water

mobile water

RDF
paira

peak
max (Å)

peak
min (Å)

CNb

Cl-Hw
F-Hw
H-Hw
H-Ow

2.96
2.83
3.27
3.53

3.75
3.57

0.59
0.25

4.91

peak
max (Å)

peak
min (Å)

3.23
3.07
3.19
3.15

3.93
3.71
3.29
4.41

CN
0.70
0.27

a

Hw and Ow refer to water H and O atoms, respectively. b Coordination number calculated at an interatomic distance of 3.0 Å.

of water mobility on guest-host interactions. Radial distribution
functions (RDFs) between guest atoms (Cl, F, and H atoms)
and water molecules (Hw and Ow atoms) are shown for 1 and 2
in Tables 2 and 3. For R141b (1), the Cl-Hw and F-Hw peak
data are nearly identical, regardless of water mobility (Table
2). However, Table 3 shows a loss of structure when the isomer
(2) hydrate is modeled with mobile water molecules. Further
comparisons of hydrate structure between 1 and 2 were made
on the basis of simulations of immobile water molecules. Figure
3 shows the Cl-Hw and F-Hw RDFs. For 2, the Cl-Hw and
F-Hw peaks are shifted inward by 0.19 and 0.36 Å, respectively.
The larger diameter of 2 (7.4 Å compared to 6.8 Å for R141b)
results in smaller guest-water distances, as quantified in Table
3 by comparing X-Hw (X ) Cl, F) coordination numbers at a
distance of 3.0 Å (immobile water molecules). This distance
falls within the range of hydrogen bond lengths for both ClHw pairs (2.86-3.21 Å) and F-Hw pairs (2.62-3.01 Å).50 The
larger coordination numbers for 2 again indicate a closer
interaction with the water cage due to size constraints. When
the isomer hydrate system is simulated with mobile water
molecules at 265 K, the hydrate structure dissociates into
aqueous and organic phases. Only at much lower temperatures
is the isomer hydrate stable. As discussed previously, our
calculated molecular diameters for 1 (6.8 Å) and 2 (7.4 Å)
suggest that size effects should be considered when the ability
of these isomers to form hydrates is being predicted. Finally,
we note that the average potential energy of R141b hydrate is
approximately 7100 kJ‚mol-1 lower than that of the isomer.
These results highlight the ability of molecular simulations to
examine trends in hydrate stability.
We also attempted to quantify the rotational motion of 1 and
2 within the water cages. First, we examined the time dependence of the mean-square displacement (MSD)41 for both Cl
and F atoms in an attempt to see a difference in atomic
diffusivity between the isomers. For 1 and 2, the MSD values
reached plateaus after 5.0 ps (data not shown), which is
characteristic of solids and not gases or liquids. The plateau
value for Cl and F atoms in R141b hydrate (6.3 Å2) and the
isomer (7.4 Å2) mirrors the difference in van der Waals diameter
of the two molecules, which reinforces the concept that the
isomer requires a larger volume than is available in a structure
II hydrate (Figure 2). Second, the (x, y, z) trajectories of F atoms

Figure 3. Cl-Hw (upper) and F-Hw (lower) RDFs for R141b hydrate
(1) and the isomer hydrate (2).

in R141b hydrate were plotted, with an example shown in Figure
4. During the shorter simulation of 40 ps, only a portion of the
free volume within the cage was sampled by the F atom (Figure
4, top). However, a trajectory from a longer 1000 ps simulation
shows that the F atom mapped out the entire free volume of
the cage (Figure 4, bottom). The same behavior was seen by
both isomers, so we conclude that the difference in hydrate
stability between 1 and 2 is caused mainly by intermolecular
(hydrogen bonding, van der Waals) interactions due to size
effects. The confined space within the large cage did not appear
to hinder the rotational motion of either isomer.
Vibrational Analysis of R141b Hydrate. A comparison of
the calculated DFT vibrational spectra for the optimized cluster
model of R141b and R141b clathrate is provided in Figure 5.
Although a scaling factor is often used to correct quantum-based
frequencies for comparison to experimental spectra,45 no such
corrections are made in this study; emphasis is placed on the
relative changes in the vibrational energy and peak position.
Calculations for the cluster model of R141b generated 18 active
modes (3N - 6, where N ) number of atoms) once the
molecular translations and rotations were removed. In the midinfrared region, the R141b spectrum is dominated by C-F and
C-Cl stretch modes. Bending modes involving the halogen and
carbon atoms occur at lower frequencies (less than 600 cm-1),
while those involving C-H bends are observed between 1100
and 1500 cm-1. Stretch modes for C-H occur at the highest
frequencies (∼2700 cm-1) and are characterized by relatively
small intensities. These spectral features are generally consistent
with experimental values as provided by Nakanishi and Solomon.51
The calculated spectrum for R141b hydrate is more complex
due to the large number of combination modes associated with
the large hydrogen-bonding network of water molecules. The
spectrum is characterized by a large group of high-frequency
O-H stretch modes (2700-3300 cm-1) associated with the
water molecules. The associated H-O-H bend modes are
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Figure 6. Simulated power spectrum of R141b hydrate (black line),
showing contributions from water atoms (red line) and R141b atoms
(blue line). Intensities of the R14b peaks were scaled to enhance
visibility.

Figure 4. Trajectories (gray spheres) of a fluorine atom in a large
cage R141b hydrate during a 40 ps NVT simulation (top) and a 1000
ps simulation (bottom) of R141b hydrate. The spheres represent the
location of the F atom every 0.25 ps during the simulations. The black
lines represent the immobile water cage, with water oxygen atoms at
each vertex.

Figure 7. Comparison of power spectra (H atoms only) of R141b
hydrate (solid line) and hexagonal ice (dotted line). The intensities at
lower frequencies (top) have been amplified for ease of viewing.

Figure 5. Calculated DFT vibrational spectra obtained from a normal
mode analysis of optimized cluster models from DFT for R141b (red)
and R141b hydrate (blue).

observed at approximately 1700 cm-1. The libration modes for
the water molecules dominate much of the region from 300 to
1200 cm-1, while the relatively small intensities for the R141b
molecule within the large cage are observed at 605 and 904
cm-1, respectively, for the C-Cl and C-F stretch modes.
Considering the limitations of the DFT method, the calculated
spectra are generally consistent with those observed by classical
simulation (see below). Animation of the vibrational modes
associated with the R141b molecule suggests the symmetric

carbon-halogen stretch at 559 cm-1 is most sensitive to
hydration and exhibits a shift to higher frequency.
The vibrational power spectrum of R141b hydrate obtained
from the classical molecular dynamics simulations is shown in
Figure 6. The overall spectrum is dominated by contributions
from water molecules, but peaks due to R141b are visible after
rescaling their intensities. The water modes can be classified
as follows: O-H stretch (3600-3750 cm-1), H-O-H bend
(1500-1700 cm-1), and librations (400-1000 cm-1). Similarly,
for R141b, the modes are C-H stretch (2850-3050 cm-1), C-F
stretch and CH3 bend (1400-1550 cm-1), and C-C stretch
(1200-1300 cm-1). Several modes between 600 and 1530 cm-1
involve both Cl and F atoms, and the mode at 630 cm-1 is
primarily a symmetric carbon-halogen stretch. The spectrum
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TABLE 4: Halogen-Water Coordination Numbers for
Hydrates of 1 and 2 Measured at 3.0 Å

a

RDF
paira

R141b
(1)

isomer
(2)

Cl-Hw
F-Hw

0.12
0.06

0.17
0.11

Hw and Ow refer to water H and O atoms, respectively.

TABLE 5: Fitted Peak Positions in R141b Hydrate and the
Liquid R141b Reference at 0 °C
R141b hydrate

Figure 8. Simulated power spectrum of R141b in both the hydrate
and (pure) gas phases. The inset shows the peak shift at 628 cm-1.

Figure 9. Raman spectra of R141b hydrate (black line) and liquid
sample (red line) at 0 °C, using a 532 nm laser line. Peak shifts between
the clathrate and liquid sample are below 1 cm-1, except in the region
near 586 cm-1 and above 2900 cm-1, as discussed in the text.

Figure 10. Peak splitting at 586 cm-1 in the R141b hydrate sample at
0 °C. Two pseudo-Voigt peaks (dashed line) were required for a
satisfactory fit to the clathrate sample data. The liquid reference peak
(dotted line) shows no splitting.

due to water molecules in R141b hydrate is very similar to that
of hexagonal ice (Figure 7). However, for both the high- and
low-frequency modes, the ice spectrum shows a more detailed
structure. The water peaks are in relatively good agreement with
the Raman peaks of hexagonal ice at -4 °C (3150-3375, 1640,
and 600-870 cm-1).52 The increased rotational motion of water
molecules in the hydrate phase compared to hexagonal ice may
explain the difference in fine structure between 3600 and 3750
cm-1.
A comparison of the R141b hydrate power spectrum with
that of pure R141b is shown in Figure 8. For all bending and
stretching modes that involve C-Cl or C-F bonds, hydrate
peaks were shifted 5-10 cm-1 higher than those in pure R141b.

Raman shift
(cm-1)

error

255.75
290.19
374.81
392.04
428.07
585.17
593.44
740.00
915.86
1082.96
1109.10
1151.43
1380.13
1433.48
2748.12
2858.06
2944.42
3002.48
3017.39
3159.40
3343.36

0.06
0.24
0.04
0.09
0.03
0.05
0.10
0.09
0.17
0.30
0.14
0.47
0.33
0.10
0.09
0.14
0.02
0.64
1.05
0.23
0.69

R141b liquid reference
Raman shift
(cm-1)

error

peak shift
(cm-1)

255.99
290.75
374.67
392.75
428.07
586.03
586.03
740.23
915.67
1083.16
1108.26
1150.94
1380.21
1434.24
2747.66
2857.73
2943.24
3004.68
3020.37

0.05
0.15
0.04
0.10
0.04
0.01
0.01
0.10
0.18
0.27
0.11
0.43
0.39
0.12
0.10
0.17
0.02
0.29
0.44

-0.24
-0.56
0.14
-0.71
0.00
-0.86
7.42
-0.23
0.18
-0.20
0.84
0.49
-0.08
-0.76
0.46
0.33
1.18
-2.20
-2.98

Modes involving C-H bonds occur at identical frequencies in
the two phases. No peak shifts were seen in the librational modes
(<500 cm-1), which indicates that the nonbonding environments
experienced by R141b in the two phases are similar. Despite
the presence of hydrogen bonds between halogen atoms and
water molecules (Table 2), the overall hydrophobic effect of
R141b surrounded by water molecules is a strengthening of
intramolecular interactions (blue shift in bonded modes) with
no change in intermolecular interactions.
Hydrate Synthesis and Characterization. The 0 °C Raman
spectra for R141b hydrate and pure liquid R141b are shown in
Figure 9. Table 5 shows the peak fit data and calculated peak
shifts. The 586.03 cm-1 peak in the liquid reference spectrum
is split in the hydrate, as shown in Figure 10. It was necessary
to use two pseudo-Voigt peaks to obtain a satisfactory fit to
this region of the hydrate spectrum, while the liquid reference
spectrum was easily fitted with a single pseudo-Voigt peak. The
most likely analogue to the 586.03 cm-1 peak in the Raman
spectrum occurs in the computational spectra at 559 cm-1 (DFT,
Figure 5) and 628 cm-1 (MD simulation, Figure 8). Analysis
of atomic power spectra (data not shown) indicates that this
peak is comprised of a mode involving C, Cl, and F atoms, but
animation of the corresponding DFT peak indicates that this is
primarily a symmetric carbon-halogen stretch mode. The
hydrate peak is shifted approximately 7 cm-1 higher than the
pure R141b peak in both computational calculations. As noted
above, the confining effects of the water cage result in higher
vibrational frequencies for bonded modes in the R141b spectrum.
The temperature-induced shift of the R141b liquid peak at
586 cm-1 is less than 0.3 cm-1 between -78 and 0 °C (data
not shown). The splitting and relative shift of the peaks in the
hydrate sample at this Raman shift are larger than 0.3 cm-1
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that R141b molecules are in dynamical equilibrium with all
water molecules in the large cage of the hydrate and are not
fixed at any local coordination. Additionally, the anti and gauche
isomers of 2 are found to have a relatively small energy barrier
between conformers, and both can occur in the equilibrated
systems.
X-ray diffraction results of R141b hydrate indicate a crystallography consistent with a structure II unit cell. Constantpressure simulations show that R141b hydrates are stable at
ambient pressure up to 265 K, which is slightly lower than but
in good agreement with the experimental limit of 281.4 K.6
Peaks in the Raman spectra were assigned on the basis of calculated vibrational spectra from DFT simulations. Of particular
note is a shift in R141b vibrational modes between the liquid
and hydrate phases. No shift is observed in the low-wavenumber
librational modes, so the local (nonbonding) environments
around R141b molecules in both phases are similar.
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