Chlorine NQR and Phase Transitions in NOCI*
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Chlorine NQR studies of solid nitrosyl chloride NOCI at temperatures below 200 K were
undertaken. They indicate an ionic character of the N-CI chemical bond and confirm the phase
transition near 140 K. Thermal hysteresis of the transition temperature was observed.

1. Introduction

Nitrosyl chloride NOCI has previously mainly been
studied in the gaseous state by different methods, e. g.
the microwave technique [1, 2]. It is suitable as a
model compound for studying the N-O and N-Cl
chemical bonding. The gas phase investigations indi-
cate a considerable degree of ionic character of the
N-CI bond [3]. Vibrational spectra in the solid [4, 5]
show an even increased ionicity, and below 85 K the
appearance of new low frequency Raman lines sug-
gests a solid phase with completely ionized Cl atoms
and NO groups [5].

Because of the reactivity of NOCI, samples are usu-
ally kept in sealed glass tubes at lower temperatures.
At room temperature the vapor pressure rises to about
2 bars and the compound slowly decomposes. The
red liquid crystallizes at 212 K to ruby-red crystals
of space group Cmcm. Upon cooling the color grad-
ually lightens, and at liquid nitrogen temperature the
material is said to change into bright-yellow micro-
crystalline “snow™ [5].

The facts mentioned above, and recent X-ray
diffraction measurements [6] show that this com-
pound deserves more attention. We have undertaken
CI NQR investigations in order to learn more about
the N—Cl and N-O chemical bonding in solid NOCI,
where there are also indications of interesting struc-
tural transformations.
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2. Experimental

One of us (H. B.) participated in X-ray diffraction
measurements of NOCI powder and single crystals,
accompanied by differential thermal analysis and pre-
liminary dielectric measurements [6]. X-ray diffrac-
tion measurements and thermal analysis both indi-
cate a phase transition at 142 K. The crystal structure
was determined at 8 temperatures between 110 K and
200 K. At 148 K and above the space group Cmcm
was observed, whereas at 135 K and below the crys-
tal symmetry reduces to Pnma. The structure Cmcm
can be represented as a superposition of two mirror-
symmetrical orientations of the NO moiety, occupied
with equal probability (see Figure 1). At 138 K and
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Fig. 1. The disordered crystal structure of NOCI at 148 K
[6]. Both orientations of the NO groups are occupied with
equal probability.

below the occupation of the two opposite molecular
orientations becomes more and more one-sided. The
molecular ordering at 138 K is 85 %, and at 113 K it
rises to 97 %. Only slight irregularities of the lattice
constants can be observed near the transition temper-
ature. We shall call the phase between 142 K and the
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Fig. 2. Temperature dependence of chlorine NQR spectra:
upper line: *CI, lower line: *’Cl.
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Fig. 3. **Cl line-width vs. temperature.

melting point the disordered phase, and the one below
142 K the partly ordered phase.

A strong and narrow 3*CI NQR line and the corre-
sponding *’CI NQR line were found below the melt-
ing point in solid NOCI (at 200 K 17.56 Mhz and
13.85 MHz). To locate the resonance frequencies, a
Wilks superregenerative NQR spectrometer was used,
while the line-shape and relaxation measurements
were done by a Matec pulse NQR spectrometer. The
temperature coefficients of both NQR frequencies are
positive. On cooling, the line broadens and disappears
at 139 K. With increasing temperature from below
139 K, the signal reappears at about 145 K. The tem-
perature dependence of the chlorine NQR spectrum
and the *°Cl line-width are shown on Figures 2 and
3. The quadrupole relaxation times T, and T, were
measured for »CI at different temperatures where the
signal was sufficiently strong. The two pulse method
gave only the upper limit, which for each relaxation
time is as short as 50 pus. We could not detect any
variation of the relaxation times with temperature.

Large frequency intervals were searched for chlo-
rine signals below 142 K, and also below 85 K, where
a second phase transition is supposed to be. So far we
could not detect any NQR lines.

3. Discussion

To describe the possible phase transitions in this
compound, the X-ray diffraction measurements [6]
suggest the use of the pseudospin formalism: the two
possible mirror-symmetrical orientations of the NOCI
molecule are topologically similar to a particle in a
double minimum potential and can be represented by
the two states of the pseudospin operator. The simplest
Hamiltonian describing such a system is [7]

H= —QZ - % ZJ,-_,S,FS;; (1)
/] (2]

S*, S/, S7: pseudospin operators S = 1/2, 2: trans-
verse field - tunneling integral, J = ) J; ;: longitudi-
nal interaction - intermolecular coupling.

If 202 < J, then 3, = (kzT,)~" and the critical tem-
perature T, can be obtained from an equation equiva-
lent to the one from the Ising model [7]:

? = tanh(%dcf}). 2)

The phase above T, is disordered and dynamic,
whereas below T the structure becomes ordered and
frozen.

The NQR signals were so far detected only in the
disordered phase (142 K to 212 K) which is char-
acterized by the X-ray diffraction with equal occu-
pation of both orientations. Below the temperature
where the occupation begins to change (the partly or-
dered phase), the NQR signal disappeared. The posi-
tive slope of the NQR lines temperature dependence
reflects the decreasing N—ClI bond length observed by
the X-ray diffraction. The usual negative slope caused
by averaging the EFG by the lattice vibrations (the
Bayer mechanism [8]) is probably turned up here by
the dominant influence of decreasing ionic and grow-
ing covalent character of the bond with increasing
temperature.

The disappearance of the signal is considered as
an indication of a phase transition for the follow-
ing reasons: thermal hysteresis of disappearance and
reappearance of the chlorine NQR signal when tem-
perature cycling, the characteristic feature of the DTA
diagram of the sample and the characteristic behav-
ior of the diffraction diagrams [6]. The existence of
the phase transition may be supported also by the
emergence of three additional low frequency Raman
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lines between 136 K and 155 K, although this can
be explained in a different way too [5]. The diffrac-
tion data indicate the Ising kind of phase transition
as the average molecular orientation starts to deviate
from zero below the critical temperature. Broad NQR
lines are expected as a consequence of only partial
molecular orientation and resulting aperiodic crystal
structure, until the molecular orientation approaches
100 %. This may be the reason for the difficult detec-
tion of the chlorine NQR signal. But the signal was
not found even far below 7. An Ising type phase tran-
sition is also not supported by the constantly short re-
laxation times in the disordered phase. The latter fact
is more compatible with the assumption that both the
disordered phase and the partially ordered one have
dynamic character with rapid molecular flipping, and
the jump appears only in the coherency of the molec-
ular flips when passing the critical temperature from
above. This could be the consequence of the coupling
of the unit cell dimension (and intermolecular dis-
tance) with the intermolecular interaction parameter
Jin(1).

Far below the Ising phase transition 7, i. e.
where the completely ordered structure is frozen, one
would expect a sharp NQR spectrum to appear at
higher frequencies in the case of unchanged bond
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character because the EFG tensor is no more aver-
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4. Conclusions

A chlorine NQR signal, unpublished to our knowl-
edge, has been found in a relatively simple but inter-
esting solid compound convenient to study the chem-
ical bonds as well as the lattice dynamics.

Our measurements have confirmed the phase tran-
sition previously found by X-ray measurements and
Differential Thermal Analysis.

The absence of the NQR spectrum below T, es-
pecially at much lower temperatures like 77 K and
below, requires further research.
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