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Orientational Freezing in KCN-KBr Studied by Magnetic Resonance
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The NMR line shape and spin-echo behavior of *3C and "N NMR in powder samples of
K(CN)gsBry s are reported. The line shape and spin-echo data are best explained by the molecules’
developing increasingly preferred orientations as the temperature is decreased. Models in which
the molecular reorientations simply slow down with decreasing temperature do not fit our data.
The quadrupolar freezing is nearly complete at temperatures well above the dielectric freezing tem-
perature. The NMR results from KCN-KBr are compared to results from the orientational glasses

0o-Hy-p-H, and N,-Ar.

PACS numbers: 64.70.Pf, 61.16.Hn, 61.40.+b, 76.60.—k

K(CN),Br,_, is a site-disordered solid solution, a
random substitution of Br~ for CN~ on the anionic
sublattice. Pure KCN (x=1) occurs in three phases
differing in their extents of orientational disorder.!:2
At high temperature the CN™ molecules are orienta-
tionally disordered; below a first-order transition at
168 K the CN~ exhibit quadrupolar order (molecular
‘“‘alignment’), but with head-tail (electrical) disorder.
Finally, head-tail order is established at a higher-order
transition at 83 K. With sufficient dilution (x <0.6)
these sharp transitions disappear.>* Much of the
current interest in KCN-KBr concerns the nature of
the continuous freezing in the diluted solutions that
replaces the sharp phase transitions in pure KCN.
Further, the KCN-KBr system is similar to the ran-
domly diluted orientational-glass—forming systems of
N,-Ar3-7 and o0-H,-p-H,.2° As such, the orientation-
al freezing of KCN-KBr is pertinent to an entire class
of disordered materials.

The electric dipole moment of CN~ is small, CN~
being a nearly symmetric molecule. As a conse-
quence, quadrupolar orientational order develops in
pure KCN at a temperature well above the electrical
ordering temperature. In the diluted material, the
weakness of the CN~ asymmetry may cause the quad-
rupolar components of orientation to freeze at a higher
temperature than the dipolar components (i.e., head-
tail coordinates). That is, previous dielectric stud-
ies!®-12 that observed a slowing of molecular reorienta-
tions may have been following 180° flips,'3-!5 reorien-
tations which do not modulate the stronger interac-
tions of quadrupolar symmetry. On the other hand,
the ratio of the quadrupolar and dipolar ordering tem-
peratures in KCN is only about 2; this argues that
there may be just one combined freezing in KCN-KBr.
Thus, the first question to be addressed by this work
is, ‘“‘Are the quadrupolar and dipolar freezing tempera-
tures different?”’

The orientational freezing of KCN-KBr has been ob-
served with several techniques including neutron
scattering,!%16-1% softening of the shear stiffness
C44,1020.21 and dielectric spectroscopy.!-1222 Each
technique has its own time scale and each is sensitive
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to a particular function of molecular orientation. For
example, dielectric spectroscopy is an /=1 (in the
sense of spherical harmonics) technique and is sensi-
tive to head-tail flips as well as smaller reorientations.
The principal strain-coupled interactions’ are of quad-
rupolar symmetry because of the nearly symmetric
molecules. Hence, elastic-stiffness measurements pri-
marily probe functions of even /and are insensitive to
the head-tail states of the molecules. The nuclear-
magnetic-resonance (NMR) line-shape studies report-
ed here are sensitive directly to an /=2 function of
molecular orientation.??

Because the various techniques monitor different
functions of molecular orientation with different time
scales, different physical pictures of the freezing have
evolved. Thus, this work addresses the questions,
‘““Does the orientational freezing occur gradually or
with some singularity?”’ ‘‘Does the freezing occur
kinetically (i.e., a simple slowing down, as in window
glass) or in some other way?”’

Finally, because much of the work on other orienta-
tional glasses involved NMR, the NMR study of
KCN-KBr should allow an answer to the last question:
“In what ways is the orientational freezing of KCN-
KBr related to those of N,-Ar and o-H,-p-H,?”

All of the samples studied were polycrystalline. As a
result, we are unable to identify the orientation of the
frozen rotators with respect to crystal axes. All spectra
are Fourier transforms of free-induction decays and
echoes.

In the "N NMR, chemical-shift anisotropy is the
dominant source of line broadening. The extent to
which the electrons of a CN~ shield or enhance the
external magnetic field from the >N nucleus depends
on the angle 6 between the CN~ long axis and the
magnetic field. Thus, the resonance frequency w of a
nucleus becomes?

w=wy(l—Ac(cos?d— 1)), (1)

where wq is the resonance frequency for a randomly
tumbling molecule as in a liquid, Ao is the anisotropic
shift, and the brackets represent time averaging over
any fast motions. Thus NMR monitors an /=2 func-

© 1986 The American Physical Society



VOLUME 56, NUMBER 21

PHYSICAL REVIEW LETTERS

26 MAY 1986

tion of single-molecule orientations. The intermolecu-
lar dipolar interactions are all small by virtue of their
r—3 dependence and only slightly broaden the features
of the spectra. The N spectrum calculated for ran-
domly oriented nonrotating CN~ molecules may be
calculated and is shown as the dashed curve in Fig. 1
for Ao =520 ppm.

In the 13C spectra the intramolecular dipolar cou-
pling to the N and anisotropic shift are both impor-
tant; fortunately, the angular dependences are the
same. Thus, the resonance frequency of a 13C is?

w= wo(l - [AO’ d ms371'yﬁ/w0r3](C0520 - %)), (2)

where m specifies the “N spin state and r is the 3C-
14N distance. In effect, the three available *N spin
states (1,0,—1) can either decrease, not affect, or in-
crease the effective anisotropy. The '3C spectrum cal-
culated for randomly oriented nonrotating CN~™
molecules (with N spins uniformly distributed
among the three m states) is shown in Fig. 2; the value
of Ao was taken as 360 ppm. The value of
3y yshi/wor® is 172 ppm for r=1.21 A. Thus the an-
isotropic shift and intramolecular dipole interactions
are of comparable magnitudes. In Eq. (2) above we
have neglected *N quadrupole effects and have as-
sumed the *N quantization axis to be along the exter-
nal field, a fair approximation in our 2-T field (the *N
Zeeman frequency is 6 MHz, while the pure quadru-
pole frequency in CN~ is only 3 MHz?*).

We remark that the time averaging in Egs. (1) and
(2) is over time scales of order Tir =Awg (Awgy is
the rigid-lattice linewidth, where Awgy = wpAc ).
Thus the relevant time scale is — 10~* s, much longer

(kHz)
FIG. 1. N magnetic resonance line shapes from KCN-
KBr at several temperatures. The dashed curve is a calculat-
ed rigid powder pattern.

than the reciprocal of the resonance frequency.

The spectra from the 90% 3C-enriched sample were
taken at 21.38 MHz and are displayed in Fig. 2. The
20% '3C data are similar, but with lower signal-to-noise
ratio. The N line shapes were obtained at 8.62 MHz
with a 99% !*N-enriched sample and are presented in
Fig. 1. For both nuclei the line shapes evolve continu-
ously from narrow lines at high temperatures ( — 160
K) to fully broadened patterns (see theoretical curves)
by 20 K. Because NMR is sensitive only to the /=2
part of orientations, we can conclude that the quadru-
polar freezing in KCN-KBr is a continuous process at
x=0.50. This agrees with previous findings in KCN-
KBr and appears to be the case in 0-H,-p-H, as well.?

The spectra obtained below 40 K show little motion-
al narrowing, having the same approximate widths as
the calculated rigid powder patterns. This is at first
surprising, since the dielectric constants at 2.5 kHz!!
and at 10 kHz!? are still nearly Curie at 40 K (these
frequencies were chosen because they are nearly equal
to the relevant NMR frequency, Awgy/27). That is,
the dielectric loss peaks occur at a lower temperature
(27 K19 30 K!1). In fact, to narrow the NMR lines in
Figs. 1 and 2 by a factor of 2, temperatures of 60-80 K
(double the dielectric freezing temperature) are re-
quired. Clearly, the dielectric measurements are see-
ing a motion to which NMR is insensitive: 180° CN~
flips [see Egs. (1) and (2); changing @ to 180 —6 does
not change w]. The quadrupolar degrees of orienta-
tional freedom (/=2) are frozen at temperatures well
above the dipolar (/=1) freezing temperature. Thus,
the quadrupolar and dipolar freezings are separate.

The motional narrowing present at high tempera-
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FIG. 2. 13C spectra from KCN-KBr at several tempera-
tures. The dashed curve is a calculated rigid powder pattern.
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tures disappears as the temperature is decreased. One
way that this can occur is for the CN~ reorientation
time ¢, simply to increase with decreasing temperature.
This ‘‘kinetic’’ model was treated in the classic NMR
paper of Bloembergen, Purcell, and Pound.?® Another
way to defeat motional narrowing is the model of
‘‘favored orientations.”’ In this case, as temperature is
decreased the magnitude of (cos?¢ — +) in Egs. (1)
and (2) increases because the molecules no longer
spend equal times at all orientations.'® At very high
temperatures the orientation probability function is ex-
pected to be spherical, yielding (cos?¢ —+) =0 and
narrow lines (like the kinetic model). At low tempera-
tures, one expects a strongly peaked orientation proba-
bility function, yielding a powder pattern (because the
peak will occur in an arbitrary direction; also, our sam-
ples are polycrystalline). This, too, is like the predic-
tion of the kinetic model. Hence, it is only at inter-
mediate temperatures that the two models lead to dif-
ferent predictions. This has been discussed in connec-
tion with the H, system along with a detailed compar-
ison of the two models.?’

We measured the decay-time constant 7, of spin
echoes using a 90,-7-180, pulse sequence. The 180°
pulse reverses dephasing due to anisotropic chemical
shift and unlike-spin dipolar interactions. However, as
with any spin echo, only dephasing from static interac-
tions can be refocused.?> The T, results from the 20%
BC and 99% SN samples are shown in Fig. 3 along
with Ty data. T3 is the time for the free-induction de-
cay to decrease to 1/e of its initial value; T, is essen-
tially the reciprocal of the linewidth. 7, was deter-
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FIG. 3. Relaxation time T, (solid symbols), the decay-
time constant of the spin-echo envelope. The e~! decay
time of the free-induction decay, T3, is indicated by open
symbols. The principal source of line broadening is static, as
indicated by T, >> T5.
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mined by fitting the echo envelope with e T

Clearly, the data in Fig. 3 show that T, >> T, typi-
cally by a factor of 10. Thus the principal line-
broadening (dephasing) interactions are static (at least
on a T, time scale), even at temperatures such that
narrowing occurs. It is a well known property of the
kinetic model?} that T,= T; in the region of motional
narrowing: For narrowing to occur, 7, must be less
than 75, given that 75 cannot be longer than T, it
must be true that 7. < T,. Thus, the molecular orien-
tations are not static on the 7, time scale, and thus
echoes cannot be refocused. The kinetic model is
ruled out by the spin-echo T, data.

On the other hand, the favored-orientation model
can readily explain the T, data. If each molecule rap-
idly samples all orientations (though not with equal
time weighting), the anisotropic shift will contain an
unimportant rapidly fluctuating part and a nonzero dc
(average) part.?” The dephasing from the static (dc)
part of the shift is readily refocused. Interestingly, the
spin-echo behavior of o0-H;-p-H, is similar to that re-
ported here. %%

The line shapes at intermediate temperatures also
indicate that the kinetic model is not appropriate for
KCN-KBr. Note in Fig. 2 that the '*C spectrum at 59
K has roughly one-half of its low-temperature width.
Nevertheless, a pronounced asymmetry is present and
there are no long, Lorentzian tails on the spectrum.
By comparison, the kinetic model predicts?® Lorentzi-
an line shapes in the region of narrowing. At higher
temperatures such line-shape analysis is unreliable,
since the narrow linewidths will be determined by oth-
er interactions (intermolecular dipole).

Dipolar reorientation in KCN-KBr is characterized
by a distribution of correlation times as much as ten
decades wide.!? Consider the NMR spectrum that
would result from the kinetic model if each molecule
had its own 7, value with a wide distribution of 7,
values over the molecules. Those molecules with
7. << Ty would produce very narrow lines while

those molecules with 7, >> T,y would produce rigid
powder patterns. For a wide enough distribution of 7,
values, there would be comparatively few molecules
with 7.= T, ; thus the spectrum would consist pri-
marily of a sharp line on top of a powder pattern; only
the relative intensities of the two parts would change
with temperature. Clearly the observed spectra do not
fit a kinetic model with a wide distribution of 7,
values.

In the favored orientation model, any single
molecule’s orientation probability function P(Q)
evolves from nearly spherical at high temperatures to
strongly peaked at low temperatures. Sullivan et al’®
and Meyer er al®3° have used this model to explain
successfully the NMR spectra of o-H,-p-H, and of
N,-Ar.’> These workers assume that P(Q) is uniaxi-
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ally symmetric (to simplify the problem) with random-
ly directed local symmetry axis. Although there is
some influence on the local symmetry axis exerted by
the crystal axes,>® this has been generally regarded as

small. The local order parameter o for a given
molecule is
o=(cos™y— 1)+, (3)

where the brackets denote time averaging the ¢ is the
instantaneous angle between the local symmetry axis
and the molecular axis. Thus o is a measure of the
/=2 deviation from sphericity of P(Q): o=0 for a
sphere and o =1 for a strongly peaked function.

All molecules with a given o produce an NMR
powder pattern, but scaled in width by o. The distri-
butions of order parameter values o required to repro-
duce the H, and N,-Ar line shapes were comput-
ed.>%930 At this point, in KCN-KBr we believe that
the actual distribution of o values is of less signifi-
cance than the fact that the spectra can be fitted with
the favored-orientation model. For example, the dis-
tribution of o values one obtains is directly dependent
upon the assumption of a uniaxially symmetric proba-
bility function. Our KCPN-KBr spectra, when sym-
metrized by reflection through the center, strikingly
resemble the H, spectra®%3® (symmetric because of
the m;= —1— 0 and 0— 1 doublet); the same distri-
butions of o values present in H, evidently fit the
KCN-KBr data. The similarities in the NMR spectra
suggest that the underlying physics in H, and in KCN-
KBr is the same, even though the anisotropic molecu-
lar interactions are very different in the two cases.

Recent 22Na NMR experiments on NaCN-NaCl in-
dicate that the quadrupolar orientational freezing in
this material also occurs by development of favored
orientations.’! Volkmann er al*? have extended mea-
surements of shear softening in KCN-KBr to the kilo-
hertz range using a torsional pendulum. They find
that the quadrupolar and dipolar freezings are separate
at frequencies below 108 Hz, in agreement with our
NMR results. However, they also find a weak fre-
quency dependence of the quadrupolar freezing tem-
perature for x=0.5 (30% variation from 102 to 10'2
Hz) and a stronger dependence for x =0.2. This is not
predicted by the model of favored orientations and in-
dicates that dynamic (rate) effects may also be present.
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