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The effect of head-tail disorder on the low frequency Raman spectrum of solid N,O is investigated by means of molecular
dynamics simulations. The main features of the experimental spectrum are reproduced in the calculation under the assumption

that about 10% of the molecules are orientationally disordered.

1. Introduction

The dynamics of molecular crystals of diatomic and
small linear molecules belonging to the cubic system,
such as N,, CO CO,, N,O, have been extensively
studied, both from the theoretical and the experi-
mental points of view. N, [1-5] and CO [2,6] are
known as typical anharmonic crystals, characterized
by large librational amplitudes and broad phonon
linewidths at very low temperature [4-6]; both crys-
tals undergo solid-state phase transitions to disor-
dered structures. In this respect CO, and N,O behave
quite differently: the molecular librational ampli-
tudes are in fact rather small [2,7], and their anhar-
monicity is definitely low. Only one solid phase is
known for both crystals under normal pressure. In
CO and N,O crystals, the lack of molecular inver-
sion symmetry allows two possible orientations of
the molecular dipoles parallel to the body diagonals
of the unit cell; in fact, both crystals are character-
ized by a certain degree of orientational disorder
[8-13]. Solid N,O is known to be orientationally
disordered at low temperature from the early calor-
imetric work by Giauque et al. [9]. Several papers
have been published to clarify the mechanism of the
molecular reorientation and to asses the actual de-
gree of disorder in such crystals. Thermodynamic
[10], dielectric [11], electron [12] and neutron [13]
diffraction data have been utilized, leading to the
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conclusion that the large orientational disorder of
solid N,O near the melting point is almost com-
pletely frozen-in when the temperature is lowered
[11]. On the other hand, the rate of molecular reo-
rientation at low temperatures is negligible [11]. In
this respect, N,O differs substantially from CO crys-
tals which are characterized by molecular flipping at
very low temperatures [8].

The experimental phonon spectra of solid N,O
have been interpreted on the basis of the T{ space
group, corresponding to a fully disordered crystal
[14]. In contrast, the harmonic lattice dynamics cal-
culations published up to now [14,15] have neces-
sarily been based on a perfectly ordered T, structure.
The good agreement between experiment and theory
is actually not surprising, in view of the very small
molecular dipole and the similarity of the oxygen and
nitrogen interaction potentials: randomizing the mo-
lecular orientations then results in a minor pertur-
bation of solid N,0O. However, although the phonon
frequencies are apparently unaffected by the crystal
disorder, the same does not necessarily hold for the
phonon lineshapes. We have thus investigated the
low-frequency Raman spectrum of solid N,O at low
temperature and compared the experimental line-
shapes with the spectra calculated from molecular
dynamics and anharmonic lattice dynamics, in order
to clarify the effects of molecular disorder on the
linewidths and lineshapes of the phonon spectra.
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2. Raman spectrum

The Raman spectrum of solid N,O has been pub-
lished by Anderson and Sun [15]. However, since
the shape of the phonon bands is the main interest
of the present work, we re-measured the spectrum in
the low-frequency region at 10 K. The sample was
deposited from the vapour on a cold finger and an-
nealed repeatedly at 80 K. The good resolution of the
factor group and LO-TO components of v, was taken
as a check of the complete crystallization of the sam-
ple. The frequencies of the spectrum shown in fig. 1
coincide with those of ref. [15]. Not surprisingly, the
peak positions are very close to those observed in the
corresponding spectrum of solid CO, [16]: the cell
dimension, the molecular mass, the moment of in-
ertia and the intermolecular forces are in fact similar
in the two crystals. In contrast, the lineshapes of the
band in fig. 1 differ substantially from those of car-
bon dioxide: the phonon lines of crystalline CO, at
low temperatures are in fact very narrow (at 5 K they
are 0.12, 0.24 and 1.5 cm~!, with increasing fre-
quency [16,17]). The N,O spectrum on the other
hand shows quite broad lines, with linewidths much
larger than the instrument resolution (1 cm~!); more
surprisingly, the linewidths do not increase with the
phonon frequency (following the pattern of the two-
phonon density of states) as observed in several other
cases [5-7]. The broadest band in fact corresponds
to the phonon at 70.5 cm~!; in our spectrum this
band clearly shows an asymmetry on the low fre-
quency side, although we did not observe the well-
defined shoulder at about 66.5 cm~' reported by
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Fig. 1. Raman spectrum of solid N,O measured at 10 K.

¥

CHEMICAL PHYSICS LETTERS

25 December 1987

Anderson and Sun [15]. Such a difference suggests
that the intensity of this spectral feature could be re-
lated to the size of the microcrystallites of the sample
and to the annealing procedure.

3. Lattice dynamics (LD) calculation

The ordered T, structure was adopted for the LD
calculation.

A atom-atom plus charge-charge interaction po-
tential was used for the calculation of the phonon
spectrum of solid N,O. The potential parameters,
collected in table 1, were obtained by fitting to the
harmonic k=0 lattice frequencies, to the lattice en-
ergy and to the unit cell dimension, as shown in table
2. The molecular dipole reproduces the experimental
value [21]. The quadrupole moment adopted in the
present model is larger than the value of 3Xx 102
esu recommended in ref. [22]; in ref. [11] an even
larger value (5.1 X 10~2° esu) was adopted in the po-
tential used for the calculation of the linewidths of
librons in N>O. A similar value was chosen in a re-
cent calculation of phonon linewidths in CO, [7],
where a quadrupole moment of 4.3 1025 esu was
used, 25% larger than the experimental value. In both
cases a large electrostatic contribution is required to
keep the anharmonicity of the potential model rea-
sonably low. In fact, as is shown in ref. [7], the an-

Table 1

Intermolecular potential for solid N,O. (A) Atom-atom poten-
tial: V=4¢[(a/r)'2—(a/r)®]. (B) Electrostatic potential V=
4:4;/r (units of electron charge)

Contact €(K) a (A)
A N-N 51.83 3.252
N'-N 39.25 2.967
N'-N’ - -
N-O 48.81 3.031
N’'-O 54.85 3.081
0-0 74.98 3.230

the interaction centers are placed on the nuclei;
N’ is the central atom

B g(N)=-0.3665
q(N’)=0.6858
q(0)=-0.3193

e molecular dipole u=0.166X 10~ '8 esu
molecular quadrupole g=4.426 X 10~2% esu
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Table 2
Lattice frequencies and linewidths (cm~') of N,O
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Species Exp. w LD calculation

T, TS w intensity © ar
IR Raman

T T, 126.5 1259 127.7 0.9 4.5 6.7

T T, 1182 113.0 100 2.0 7.2

E E. 92.9 - 3.0 2.5

T T, 83.02 86.0 6.6 30 1.5

A A, 81.4 - - 0.4

T T, (66.5)) 68 » 75.1 43 0.4 0.8

E E, 70.5 67.2 - 100 0.4

Ejattice —24.2° —23.8

unit cell (A) 5.641 9 5.63

2) Present work at 10 K and ref. [15] at 18 K. ™ Ref.[18],at 1.8 K. < Ref.[10] (inkJ/mol). ¢ Ref. [19].

) Calculated according to ref. [20].

harmonic terms of the potential expansion are
dominated by the atom-atom part. In this respect,
the quadrupole used here should be taken as an ef-
fective value.

The choice of different sets of potential parame-
ters for the two nitrogen atoms (corresponding to the
different electron density distribution around the
nuclei) gave us a much better fit of the experimental
data; for simplicity, the interaction between the two
central atoms was not included, since it has practi-
cally no effect on the dynamics of the crystal, and
gives only a minor contribution to the lattice energy.

The same potential and structure were used to cal-
culate the phonon linewidths; the theory of anhar-
monic lattice dynamics and the method of calculation
have been described in several articles and books
[23], and will not be given here. The linewidths of
the k=0 phonons were calculated according to the
r(2)=18a-y%

expression
N 6 B 'R Pt
B
k j1)2 (0 k —k)

X{ (A ik + A +1)[8(2 - w), (k) -, (k))
—0(Q+w; (k) +w;(k))]

+ (k=1 [0(R+ 0, (k) — ), (k)
—0(Q-w, (k) +w,(k)]}, (1)

2
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where B are the cubic anharmonic coefficients cal-
culated from the potential in table 1, w are the har-
monic frequencies and » are the thermally averaged
occupation numbers.

The calculated linewidths at 10 K are shown in ta-
ble 2. Their values follow the same pattern (2I" in-
creasing with the phonon frequency) as that observed
in the CO, crystal, in full contrast with the experi-
mental data for N,O (see fig. 1).

4. Molecular dynamics (MD) simulation

It has long been appreciated that MD can be uti-
lized to investigate the lineshapes of phonon spectra
of molecular solids [24]. In the present calculation,
as in recent work on N, and CO, [25], the equation
of motion for the 108 molecules contained in the box
(with a cubic cell of 5.641 A), was solved using the
Verlet algorithm for the intermolecular potential of
table 1, with the atoms-plus-constraints method of
Ciccotti et al. [26], adopting an equivalent diatomic
molecule. Molecular dynamics, being a classical
method, does not account for the zero-point energy;
near 0 K the vibrational amplitudes (and the an-
harmonicity) become vanishingly small. Conse-
quently, a good equilibration of the crystal cannot be
achieved at very low temperatures; instead the sys-
tem was equilibrated for several thousand time steps
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Fig. 2. (a) MD calculated Raman spectrum for a fully ordered
sample of N,O at 20 K. The actual linewidths are below the res-
olution of the calculation method (see text). (b) MD calculated
Raman spectrum for a partially disordered sample of solid N,O
at 20 K (see text). A Gaussian smoothing with ¢ =2.0 cm~! has
been applied.

(5%10~'5 s each) at a temperature of about 40 K,
and then cooled down to 20 K. All our MD results
refer to this temperature. As expected, at 20 K no
molecular flip was observed during the runs (typical
length 61.5 ps).

The Raman spectrum was calculated from the an-
isotropic part of the crystal polarizability, stored at
each time step:

() oc Y im(E)1im(t) , (2)

where r;,, is the ith component of the orientation
vector of the mth molecule. According to eq. (2),
only autocorrelation terms are included, and the ori-
ented gas approximation is assumed. The Raman
spectrum is finally obtained as the Fourier transform
of the time-correlation function of o;(¢) [27].
Two different simulation runs were performed. In
the first (a), a starting configuration corresponding
to the perfectly ordered T, structure was adopted.
The Raman spectrum obtained at 20 K is shown in
fig. 2a. Narrow lines are observed, in agreement with
the prediction of anharmonic LD (see table 2). The
lineshapes of the two bands at 68 and 86 cm~! are
actually limited by the “instrument” resolution: the
intrinsic resolution of the calculation (0.8 cm~!) due
to the finite length of the time correlation, is lowered
by the Gaussian smoothing (6 =0.6 cm~!') applied

to the calculated spectrum. The weak bands that ap- -
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pear at about 75, 95 and 116 cm~! correspond to
mainly translational modes (see the LD calculated
frequencies and intensities in table 2), which are
Raman active according to T, symmetry. Such weak
bands are not observed in the experimental spec-
trum, although the non-zero background seen in the
90-120 cm™! region can be attributed to the scat-
tering from weak and very broad transitions.

In the second calculation (b), a partially dis-
ordered starting configuration was obtained by 180°
rotation of a fraction of the 108 molecules, randomly
chosen. Following the same procedure as above, the
Raman spectrum at 20 K was calculated for the dis-
ordered crystal. Fig. 2b shows the result for a sample
containing 12 out of 108 molecules flipped. The ef-
fect of disorder on the lineshapes is dramatic: the
lowest line broadens substantially, and a low fre-
quency shoulder appears. The highest frequency band
is also broadened and shifted to higher frequency,
while the effect is much lower for the phonon at about
85 cm~!. Such behaviour is in close agreement with
the experimental spectrum in fig. 1.

5. Conclusion

The results of the MD similation, compared with
anharmonic lattice dynamics and with the experi-
mental spectrum, show that the orientational dis-
order of solid N,O is responsible for the peculiar
features in the Raman spectrum of this crystal. A rel-
atively small proportion of flipped molecules (about
10%) is sufficient to substantially modify the line-
shapes of the external phonons. Fig. 3 shows an anal-
ysis of the distribution of flipped molecules among
the twelve first neighbours of each molecule in the
sample utilized for simulation (b): about 75% of the
molecules “see” at least one flipped molecule in their
closest neighbour shell. It should be noted that the
present results refer to a single disordered configu-
ration; different random distributions of the same
number of flipped molecules could possibly give dif-
ferent spectra, although we believe that the main fea-
tures would be unchanged. This last aspect, together
with the effects of increasing the temperature, and
extension to a constant-pressure simulation will be
the subject of future work.
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Fig. 3. Distribution of flipped molecules among the 12 first
neighbours for all 108 molecules in the simulation box. The his-
togram shows the fraction (%) of the molecules that “see” a given
number (N;) of flipped molecules in the nearest neighbour shell.
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