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Solid and liquid carbon monoxide studied with the use
of constant-pressure molecular dynamics
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Constant-pressure molecular-dynamics calculations have been carried out for the zero-pressure

condensed phases of carbon monoxide using an intermolecular potential based on previous lattice-

dynamics calculations. We have explored the nature of phonons in the low-temperature cubic a
phase and the properties of the hexagonal plastic phase and the liquid. The proposed potential

model accounts for the dynamics of the a phase and gives a semiquantitative description of the

phase diagram of condensed CO.

I. INTRODUCTION

Lattice dynamics is one of the basic techniques used to
study the behavior of classical solids. Recent advances
have led to sophisticated treatments of complex molecular
crystals and ionic salts with molecular anions and ca-
tions. ' However, the treatment of orientationally disor-
dered solids remains a difficult problem even for semi-
analytical theories. A useful complementary approach
is provided by molecular dynamics. Such calculations
can be used to study ordered solids, and can equally be ap-
plied to disordered (plastic) phases and liquids. In con-
ventional inolecular dynamics (MD), the Newtonian equa-
tions of motion are integrated numerically for a system of
N molecules, interacting with a specific intermolecular
potential and confined to a fixed volume V. Quite recent-
ly, Andersen proposed how one might carry out MD cal-
culations on liquids under conditions of constant pressure
and/or constant temperature. ' A generalization of the
Andersen (NPH) ensemble MD technique to handle solids
was introduced by Parrinello and Rahman. "'2 They al-
lowed the MD cell to change its shape as well as its
volume. This development was particularly important for
the study of phase transformations in molecular solids. '

Both the lattice-dynamics' and MD methods, ' and
their applications to molecular systems, are well docu-
mented in the literature, so we omit most of the details
here.

Although complex systems have been studied by MD
methods with a certain degree of success, ' there is also
renewed interest in smaller molecules, whose intermolecu-
lar potentials continue to pose problems. ' ' In this
respect, carbon monoxide is a system worthy of further
study. Recently, we proposed an intermolecular potential
for CO which was based in part on theoretical and experi-
mental studies of the CO molecule. ' The potential

was arrived at by making extensive use of both harmonic
and anharmonic lattice-dynamics calculations on a hy-
pothetical orientationally ordered a phase with a P2&3
structure. Since the agreement with measured infrared
and Raman frequencies was rather good, it seemed in-
structive to use the potential in a MD study of the disor-
dered P phase and the liquid.

Preliminary constant-volume MD simulations, per-
formed using a MD cell of only 32 molecules, showed
that the potential model'9 was able to account for a stable
ordered cubic ct phase. This finding convinced us to em-
bark on the more extensive series of constant-pressure
MD calculations reported here. Thus we provide a more
complete dynamical study not only of the cubic a phase,
but also the hexagonal plastic phase and the liquid. The
paper is structured as follows. In the next section we re-
view the properties of condensed CO. Then, in Sec. III
the intermolecular potential of Ref. 19 is described. The
MD calculations and results are detailed in Secs. IV and
V.

II. PROPERTIES OF CONDENSED
CARBON MONOXIDE

At low pressure condensed CO exists in two solid allo-
tropes. At temperatures below 61.5 K it is a cubic
crystal (a-CO) with the molecules aligned along the
(111)body diagonals. ' The residual entropy detected
in calorimetric measurements ' is evidence of random
head-to-tail disorder of the molecules (a finding which is
confirmed by recent dielectric, (NQR), ' and NMR
measurements). The kinetics of the molecular reorienta-
tion in the cubic phase has also been discussed. Reorder-
ing of the molecules via quantum tunneling was ruled
out, and the extremely low dipolar ordering temperature
(5 K, according to Ref. 35) implies that the cubic phase is
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likely to exist with nonequihbrium short-range order.
It is therefore convenient to carry out calculations on a
fully ordered antiferroelectric structure' which belongs
to the group P2i3 (T ). There are four molecules per cu-
bic unit cell, and the C and 0 atoms occupy sites of type
a. The distortion s =~3(xo+xc) from the centrosym-
metric Pa 3 structure is rather small. In Ref. 19 we found
that the potential described in the next section yields
a minimum of the static lattice energy with xc
= —0.0513ao and xo ——0.0641ao and hence the distortion
s =0.022ao, where ao is the cubic lattice constant. In this
fully ordered structure there are three Raman-active k=0
lattice modes (one translation with symmetry A, and two
mixed translation-libration modes with symmetry E), and
four mixed modes which are both infrared and Raman ac-
tive (all four with symmetry F). Both the infrared373s
and Raman spectra for the lattice-mode region have
been reported.

Between 61.5 and 68.1 K carbon monoxide is an
hexagonal-close-packed crystal (P-CO) belonging to the
space group P6ilmmc (D6~), with two molecules per
unit cell and a c/a ratio of 1.624. The a-P transition is
characterized by an enthalpy change of 0.628 kJ mol
and an increase in the molar volume of about 1X10
cm'mol '. ' The elastic constants of P-CO have been
measured using Brillouin scattering. ' Also, self-diffusion
of CO molecules due to migration of monovacancies has
also been detected. As in the case of P-N2, P-CO is a
plastic crystal in which the molecules undergo rotational
diffusion. This motion is likely not quasifree precessional
motion about the e axis.

At 68.1 K carbon monoxide melts with a heat of fusion
of 0.829 kJmol '. The density of the liquid at vari-
ous temperatures is also known. NMR and NQR stud-
ies ' studies have been made of the molecular diffusion
in liquid CO and the behavior is virtually identical to that
of liquid Nz.

III. THE POTENTIAL MODEL

The intermolecular potential used in the present MD
calculations is the same as described in Ref. 19. The
molecular bond length is 1.128 A. Three point charges
are placed on each molecule with magnitudes and
positions given, respectively, by ( —0.636~ e ~, —1.0820
A), (0.831

~

e ~, —0.6446 A), and ( —0.195
~

e ~, 0.3256
A). Here charges are expressed in units of the electron
charge and positions are given with respect to the molecu-
lar center of mass. The atomic sites, in the same coordi-
nate system, are located at —0.6446 A (C) and 0.4834 A

(O). These sites, together with the center of mass (c.m. ),
are used to specify the dispersion and the exchange forces
by means of a site-site potential of the form

V ~(R)=A ~exp( 8—~R) F—(R)(C6~/R +Cs~/R

+C, I'/R io),

F(R)=1, R &R ~

F(R)=exp[ (R —R~—) /R2), R &R ~

with a,P=C, 0, c.m. The parameters characterizing the
interactions are listed in Table I. Lattice-dynamics results
for this potential are given in Table II. The final form of
the potential was arrived at by optimizing the static lattice
energy and the Raman- and the infrared-active phonon
frequencies of the a phase. '9 Most of the lattice normal
modes show both librational and translational com-
ponents, which indicates the overall importance of the
translation-rotation coupling. However, the high-
frequency modes are mostly librational, and the low-
frequency ones are more translational in character. In
particular, the mixing of the lowest E mode with the
transverse-acoustic branches lead to anomalous acoustic
dispersion in the (110) direction of the Brillouin zone. '

The experimental sublimation energy is —8.30
kJ/mol, and at the experimental lattice constant
(ao ——5.644 A) the potential described above yields the
value —8.14 kJ/mol, of which —7.80 kJ/mol is due to
the atom-atom potential, —2.40 kJ/mol to the electrostat-
ic interactions, and 2.06 kJ/mol to the zero-point energy.

IV. MOLECULAR-DYNAMICS CALCULATIONS

The constant-pressure MD calculations were performed
on a Cray-1S using a fourth-order quaternion and third-
order predictor-corrector algorithms. The single-
particle time-dependent properties for the u phase were
obtained from constant-volume MD calculations per-
formed on a DEC-20 system, using the Verlet algorithm
with the atoms-plus-constraint method. '

The constant-pressure calculations were initiated by
arranging CO molecules in the fully ordered P2i3 struc-
ture. The cubic MD cell contained 108 molecules. As
usual, periodic boundary conditions were employed, and
the temperature was adjusted by scaling the linear and an-
gular velocities. The equations of motion were integrated
using a time step of 2 X 10 ' s.

At first, a constant-volume equilibration run of 6 ps
was performed at a temperature of 30 K. Each subse-
quent constant-pressure run' included an equilibration

0
TABLE I. Intramolecular potential parameters for CO taken from Ref. 19 in units of kJ/mol and A

(c.m. denotes center of mass).

CaP

C-O
C-c.m.
O-O
O-c.m.
C.m. "C.H1.

367 271.0
289465.0

—87 587.0
352 959.0

—161 878.0
30 305.0

3.269
3.512
3.113
3.505
3.333
2.971

3298.0
0.0
0.0
0.0
0.0

1383.0

27654.0
0.0
0.0
0.0
0.0

9480.0

247 853.0
0.0
0.0
0.0
0.0

103 701.0

3.55

4.45
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TABLE II. Zero-wave-vector modes for the ordered P2~3 structure solid CO in units of cm

L
LT
LT
LT
T
T
T

Symmetry

F
F

F

F
E

b
Qh,

114.6
84.9
72.7
59.2
48.3
46.4
43.4

115.8
82.2
76.3
65.5
48.7
46.7
43.7

22.0
9.6
8.6

13.4
2.6
8.0
7.7

90.5
85
64.5
58

52,49
44

7
12

57

L (libration), T (translation), and LT (mixed libration-translation).
Reference 19.

'References 37—39.

TABLE III. MD results for the cubic a phase of solid CO. Averages taken over the 2000 time steps
of each production run. E is the total energy and U is the mean configurational energy. The lattice
constants (a, b, c) and angles (a,p, y) refer to the crystal unit cell.

Run

T (K}
P (kbar)
V (cm /mol)
E (kJ/mol)
U (kJ/mol)
H (kJ/mol)
a (A)
b (A)
c (A)
a (deg)

P (deg)

r (deg)

30.97
—0. 14
26.66
—8.69
—9.33
—7.62

5.60+0.03
5.62+0.04
5.61+0.02
89.0+0.4
90.0+0.3
90.0+0.2

41.56
—0. 12
27.20
—8. 13
—9.00
—7.04

5.65 %0.03
5.65+0.02
5.65+0.04
89.9+0.3
89.9+0.5
90.0+0.5

45.87
—0. 11
27.47
—7.88
—8.83
—6.77

5.66+0.06
5.68+0.05
5.66+0.03
89.9+0.3
90.0+0.5
90.0+0.5

53.28
—0.07
28.64
—7. 13
—8.24
—5.97

5.69+0.10
5.78%0.09
5.77t0.07
90.4+0.8
90.6+0.7
91.3% 1.6

TABLE IV. MD results for liquid CO (see caption in Table III).

T (K)
P {kbar)
V (cm3/mol)
E {kJ/mol)
U {kJ/mol)
H (kJ/mol)
D (10 ' cm /sec)

61.35
0.01

30.25
—6.52
—7.93
—5.34

1.0+0.3

71.15
—0.04
32.14

—5.85
—7.33
—4.75

1.9+0.6

75.81
0.06

32.24
—5.57
—7.15
—4.17

4.3+1.3

88.34
0.07

33.61
—4.90
—6.73
—3.44

5.4+1.6

94.66
0.11

35.08
—4.45
—6.42
—2.93

6.221.8

TABLE V. MD results for the hexagonal p phase of solid CO (see caption in Table III).

T {K)
P (kbar)
V (cm /mol)
E (kJ/mo1)
U (kJ/mol)
H (kJ/mol)
a {A)
b (A)
c (A)
a (deg}
P (deg)

X «eg)

42.96
—0. 12
29.37
—7.59
—8.40
—6.72

4.07+0.04
4.18+0.03
6.62+0.05

90.76+ 1.2
90.5+0.9

118.6+0.4

53.26
—0. 10
29.86
—7. 15
—8.26
—6. 13

4.31+0.06
4.04+0.03
6.71+0.04
93.2+1.8
90.2+1.3

121.8+0.3

55.73
—0.09
29.89
—7. 14
—8.26
—6. 11

4.18+0.04
4.1020.04
6.68+0.05
88.1+1.1
89.5+0.9

120.0%0.7

IV

60.93
—0.08
30.62
—6.68
—7.94
—5.68

4.45 +0.05
4.20+0.05
6.51+0.07
86.3+1.9
91.9+1.8

123.3+ 1.3
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phase of 1000 time steps and a production phase of 2000
time steps. The value of the external pressure P,„, was al-

ways chosen with due consideration of the contribution to
the pressure arising from the truncated tails of the electro-
static and atom-atom potentials. Throughout, the kinetic
energy associated with variations in shape of the MD cell
was calculated using a mass parameter roughly equal to
the mass of one CO molecule. ' We used a cutoff radius
for the site-site potentials of 7 A, but an Ewald sum was
used for the electrostatic interactions. Starting from the
ordered P2i3 configuration at 30 K, the temperature was
increased in stages to 94 K, while keeping the total pres-
sure P=0 kbar. The results are contained in Tables III
and IV.

The hexagonal rotator phase was equilibrated with a
constant-volume MD run at T=39 K, the hexagonal MD
cell containing 128 molecules. Then, constant-pressure
MD runs were performed with P=O kbar, in an analo-
gous fashion to those for the cubic phase but for tempera-
tures up to 71 K. The simulation data are presented in
Tables IV and V.

Two constant-volume MD runs were also performed at
30 and 5 K on the fully ordered antiferromagnetic struc-
ture, using a time step of 5&(10 ' s. Here an equilibra-
tion stage of 2000 time steps was followed by production
runs of S200 time steps.

V. RESULTS

The molar volume corresponding to each MD run is
compared with experimental data in Fig. 1, and the calcu-
lated enthalpies are plotted in Fig. 2. In both figures Ro-
man numerals are used to denote runs initiated from an
hexagonal structure while Arabic numerals label those ini-
tiated from a cubic structure. The inset of Fig. 1 is the
measured heat capacity of CO, which is used to indicate
the experimental transition temperatures.

0
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z
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FIG. 2. Temperature dependence of the enthalpy of CO as
derived from constant-pressure MD calculations. The open cir-
cles Oabeled with Arabic numerals) refer to the P2~3 structure
and the liquid, while the squares (labeled with Roman numerals)
refer the hcp structure (see the text).

0-0
a- Co

A. Stability of the Cubic phase

Figure 3 shows g~p(R), the angle-averaged atom-atom
distribution function obtained from the MD run of Table
III at T =31 K. The coordination numbers obtained by
integrating the areas under the peaks of goo(R} reproduce
the value (i.e., 6} expected in a static P2i3 structure.
Similar results are obtained from the carbon-carbon and
carbon-oxygen distributions. The g(R)'s clearly show
that the proposed potential yields a stable ordered P2,3
structure for the cubic phase of solid CO. This structure
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FIG. 1. Temperature dependence of the molar volume and
heat capacity of CO under its own vapor pressure. The solid
circles are the experimental data from Refs. 24, 29, and 45. The
open circles (labeled with Arabic numerals) are the constant-
pressure MD results for the P2~3 structure and the liquid, while
the squares (labeled with Roman numerals) refer to the MD re-
sults for the hcp structure (see the text).
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FIG. 3. Angle-averaged atom-atom distribution functions

g ~(R) for CO in the ordered solid (phase a), the plastic solid
(phase P), and the liquid (see the text). The dots refer to the po-
sitions of the peaks in a static P2~3 structure.
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is substantially preserved for temperatures up to 53 K
(run 4 in Table III), where thermal motion starts blurring
the distinction between the fourth and fifth peaks in
g(R). In run 5 of Table IV at T=61 K, the cubic struc-
ture was no longer stable: certain peaks in the radial dis-
tribution functions merge and the MD cell continually de-
forms with large fiuctuations, which we interpret as the
onset of the melting process. We found no evidence of a
transition towards the hexagonal plastic phase.

I-
CAz
UJ

z

p(k, t) = g exp[ik r;(t)] . (3)

B. Dynamics of the cubic phase

The two constant-volume MD runs mentioned above
were used to calculate the dynamical structure factor

S(k,c0)=f (p(k, r)p( —k, 0))exp( ice—t)dt, (2)

where p(k, t) is the wave-vector-dependent density func-
tion defined by +0 80

FREQUENCY (|:rn-1)
I 20

TABLE VI. Phonon frequencies (in cm ') for a-CO at the I
point.

LD'

115.8

82.2

76.3

114

82

114

Expt.

90.5

65.5

70

The angular brackets denote an average over time origins
and r;(t) is the instantaneous position of the ith atom.
S(k, ro) is directly related to the spectrum of coherent neu-
tron scattering measurements. The peaks in S(k,co) cal-
culated from the MD data at the I' point of the Brillouin
zone are reported in Table VI, where they are compared
with previous lattice-dynamics calculations' and experi-
mental data. s Figure 4 shows Raman spectra evaluat-
ed from the MD results at 5 K. The spectrum was ob-
tained by first constructing the time correlation function
describing the relaxation of the anisotropic part of the
molecular polarizability in the crystal frame, and then
evaluating its Fourier transform. The appropriate time
correlation functions have the form

)((()= QA((()QA (0)),
I Nf

FIG. 4. Calculated Raman spectrum for (a) parallel and (b)
perpendicular polarizations, based on constant-volume MD cal-
culations for a-CO at 5 K. The peaks in the parallel polariza-
tion [panel (a)] refer to the two modes with symmetry E, while
the peaks in the perpendicular polarization [panel (b)] are due to
the four modes with symmetry F.

where the summation is over all molecules. The function
A has the form —,

' (3z —1) for the E modes and xy for the
F modes, and (x,y,z) are the components of a unit vector
directed along the CO bond.

Results obtained at 5 K are shown in Fig. 4 for both the
parallel [Fig. 4(a)] and the perpendicular [Fig. 4(b)] polar-
ized scattering. The parallel components display two
peaks, corresponding to the E modes, while the perpendic-
ular component shows four peaks corresponding to the
four F bands. In constructing these spectra, we have
averaged over symmetry-equivalent components (xx, yy,
and zz for the parallel polarization, and xy, xz, and yz for
the perpendicular one).

At 30 K the calculated spectral lines are broadened, the
increased background blurring the distinction between the
peaks in the power spectrum. However, two maxima can
be distinguished for the parallel polarization (at 55 and 70
cm ', respectively) and only three for the perpendicular
one (two peaks at 72 and 105 cm ', and a broad struc-
tured band centered at 84 cm '). The correlation with ex-
perimental data is fairly good.

46.7

43.7

50

50

52,49

'Reference 19.
Calculated from the structure factor S(k,~) at 5 K. Only four

peaks were clearly distinguished, which did not allo~ the assign-
ment of the two low-frequency modes.
'From the calculated Raman spectrum of Fig. 4.
dFrom Refs. 37—39.

C. Orientational disordered hexagonal phase

We found no evidence to suggest that the instability in
the cubic phase observed between 53 and 61 K was due to
a transformation into an hexagonal phase. However, as
mentioned in Sec. III it was possible to prepare the system
in a stable hexagonal rotator phase. The corresponding
atom-atom distribution functions g ir(R) are shown in
Fig. 3, for the run at 53 K. These distribution functions
are more reminiscent of the liquid than of the ordered
solid, due to the disorder in the molecular orientation.
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D. The liquid

Above 60 K, both the cubic and hexagonal structures
became unstable. Here, the MD cells deformed and were
typically characterized by fluctuations of approximately
2'%//in their edge lengths and approximately 3% in their
angles. One of the runs started from the hexagonal phase
(V) and four (5—8} from the cubic phase produced liquids
(Table IV).

The radial distribution functions, which are reported in
Fig. 3 for the run at 71 K, are typical of a liquid state.
Moreover, the system is now characterized by a finite
self-diffusion coefficient D (see Table IV}. In Fig. 5 the
calculated values for D are compared with the experimen-
tal values. ~ In view of the large errors (approximately

15-
11-

I

Ol

gl 7-CP

a
z
LLj

LL.

C)
C3

16 15 14 l5 12

1OOOi T {g-')

However, the absence of self-diffusion at T=53 K, as
measured by the time derivative of the center-of-mass dis-
placement hr,

1 d(Ir')
6 dt

lead us to conclude that we had generated a plastic crys-
tal. Actually, the disordering of the molecules was al-
ready evident during the constant-volume equilibration
run at 39 K. The average inclination of the CO bond vec-
tor with respect to the crystal c axis was close to the
"ideal" value of 54'44'. The increase in the molar volume
on passing from the ordered cubic phase to the disordered
hexagonal phase is no doubt due primarily to rotational
motion.

30%) in the evaluation of D and the discrepancy between

theory and experiment in the molar volumes (recall Fig.
1}, the agreement with experimental values for D is as
good as could be expected. It should be noted that the
molar volume and enthalpy of point V does not lie on the
smooth curve determined by the other liquid points 5—8,
shown in Figs. 1 and 2. Differences in system size
(128:108),periodic boundary conditions (hcp:fcc), and po-
tential truncation are likely responsible for this discrepan-
cy.

VI. CONCLUSIONS

Constant-pressure MD calculations for carbon monox-
ide have been performed, employing a potential model de-

rived in part from LD calculations for an ordered a
phase. The potential yields a stable antiferro ordered cu-
bic structure up to approximately 53 K. The dynamical
properties derived from MD calculations of low tempera-
ture are consistent with the findings from lattice-
dynamics calculations.

We did not observe the cubic-+hexagonal transition by
simply heating at constant pressure. This was unfor-
tunate, but not surprising: The simplest way to pass from
the fcc to the hcp structure involves displacements of the
molecules along the diagonal planes of the cubic lattice,
and this (with a MD cell of only 108 molecules) is prob-
ably inhibited by the boundary conditions. Nevertheless,
the model produces a stable plastic hexagonal phase, once
the system is prepared as such (with btf=0. 25 kJ/mol
relative to the a phase). In real CO the P phase exists
over a rather limited temperature range, beyond which the
system melts. We found that, starting from the cubic
phase, the system reaches a region of instability at around
53 K, and above 60 K its behavior is that of a liquid. It is
within this interval that the plastic hcp arrangement (still
fairly stable) has an enthalpy lower than that of its "cu-
bic" counterpart. We could speculate that the irregular
behavior of the cubic phase denotes an attempt of the sys-
tem to transform to the hexagonal phase, an attempt
which is frustrated by the boundary conditions. Below 53
K our model accounts for both an ordered cubic and a
plastic hexagonal phase, but, because of lower values of
both the enthalpy and the molar volume, the fcc phase is
probably the most stable of the two coexisting phases.
Above 60 K the potential predicts a liquid (with ~=0.6
kJ/mol relative to the P phase), no matter how the system
was originally prepared.

Thus we may conclude that the proposed intermolecu-
lar potential for condensed CO, obtained from lattice-
dynamics calculations on the a phase, ' not only gives a
satisfactory account of the dynamics of the cubic phase,
but is semiquantitative in reproducing the phase diagram
of condensed CG at low pressure. It may prove instruc-
tive to use this potential to explore the phase diagram of
CO at higher pressures.

FIG. 5. Temperature dependence of the self-diffusion coeffi-
cient D of liquid CO (the experimental values are from Ref. 39)
compared to the constant-pressure MD results (open circles, ori-
ginating from the P2I3 structure, and square, originating from
the hcp structure).
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