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Pulsed NMR experiments have been performed under pressure (P <4.1 kbar) on phases I and II
of solid NH; and NDs. Line narrowing in NH;-II demonstrates that rapid rotations and diffusion
occur. The proton T reflects an activation energy of diffusion of 4400 K (£20%). The jump time
close to the melting point in NH;-II is 6 X 10~% s. The hexagonal structure of ND;-II is confirmed
by the observation of a small quadrupole splitting of the deuteron spectrum. The orientation corre-
lation time, as determined from the deuteron T, is 1.0X 10~ '? s. Thus, ammonia-II is a typical
rotor-phase solid. In NH;-1, the pressure depéndences of the proton T and T')p are used to deter-
mine the activation volumes of threefold rotations and diffusion, respectively. By comparing with
stimulated-echo experiments in NDs-I, we find a small isotope effect upon the diffusion rate. No
proton or deuteron NMR evidence was found corresponding to the previously reported premelting
transition indicated by the anomalous attenuation of ultrasound in phase I.

INTRODUCTION

There has been much interest recently in the condensed
phases of ammonia under high pressures.' > Besides the
phase (NHj;-I) stable at low pressures, three new phases
have been found along the melting curve.>~> An unusual,
critical-like increase in the compressibility of the solid
near the melting transition has been observed.! Because
NH; forms hydrogen bonds between the molecules, some
of the interest in ammonia stems from its similarity to
water.

The phase diagram of NH; is shown in Fig. 1, taken
from Refs. 2 and 3. At lower temperatures than are
shown in that diagram, NH;-I is the stable phase. Phase I
is an orientationally ordered cubic structure with space

12 T
8 $
o
4k LIQUID -
O L | L
200 240 280 320
T (K)

FIG. 1. From Fig. 2 of Ref. 2 and Fig. 2 of Ref. 3; phase dia-
gram of ammonia near the melting curve. At lower tempera-
tures, phase I is stable. The II-III transition appears broad be-
cause it is sluggish. The dashed curve shows the location of the
ultrasonic attenuation anomaly. That is, to higher tempera-
tures, ultrasound is heavily attenuated; to lower temperatures,
ultrasound propagates readily.

group P2,3.%7 This consists of four interpenetrating sub-
lattices, each simple cubic, with the molecular centers of
gravity displaced from face-center locations. All of the
molecules on any one sublattice are oriented parallel, with
the molecule’s threefold axis along one of the body diago-
nals of the cube. This structure allows a given NH; mole-
cule to participate in six hydrogen bonds: three involve
the given molecule’s nitrogen with hydrogens from other
molecules and the other three involve each of the given
molecule’s hydrogens with the nitrogen atoms of three
other molecules.’

In phase I, NH; molecules undergo thermally activated
threefold reorientation as seen by NMR.®° At the melt
the rate of reorientations® is ~10'° s=!. At low tempera-
tures, the proton NMR linewidth does not rise to its
predicted rigid-lattice value due to the threefold quantum
tunneling.® It should be noted that these reorientations re-
quire the breaking and reforming of hydrogen bonds.
Slow diffusion has been observed in NH;-1, the jump rate
reaching 3 10* s~! at the melt at zero pressure.'°

During an investigation of the phase diagram of solid
NH;, Mills and co-workers found that 10- and 30-MHz
ultrasound echoes became undetectably small in phase I
along the dashed curve in Fig. 1.2 That is, to the left of
the curve strong ultrasound echoes were obtained, but to
the right no echoes were received. The transition was
quite sharp; the location of the transition was reproduced
during heating, cooling, increasing pressure, and decreas-
ing pressure. This behavior is too sudden to be a relaxa-
tion effect; rather, a subtle phase transition is suggested.
One of the goals of this work was to seek NMR evidence
for the nature of the changes in NHj-I at the ultrasonic
anomaly.

Solid phase II of ammonia is stable only near the melt-
ing curve. Neutron diffraction* indicates that the struc-
ture is orientationally disordered hcp with space group
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P6y/mmc, the same structure as B-N,.!! Together these
facts suggest that NH;-II is a rotor (“plastic”) crystal. No
ultrasound echoes were observed” in this phase, presum-
ably reflecting a high attenuation—common in rotor
solids.!? Thus, a second goal of the present work was to
determine whether NH;-1I is indeed a rotor solid. If so,
we sought to compare the behavior of NH; with more
“normal” rotor solids: the hydrogen bonding in NHj; sug-
gests that it may be an unusual rotor crystal.

The maximum pressure available to us (4.1 kbar) pre-
cluded any study of phases III (Fig. 1) or IV at still higher
pressures,*> not shown in Fig. 1.

EXPERIMENTAL DETAILS

The ammonia sample was compressed hydrostatically
by helium gas. Helium gas at tank pressure (160 bars)
was passed through a liquid-nitrogen trap to remove wa-
ter, a particle filter, and an O, getter (to avoid putting
paramagnetic O, into the sample). The helium was
compressed to 2 kbar (1 bar=10° N/m? 1.013 bar=1
atm=14.7 psia) in a reciprocating-diaphragm compressor
(Aminco, now Newport Scientific, Jessup, MD). To reach
higher pressures a cryogenic intensifier was used. This
was a beryllium copper cylinder (alloy 25 from Cabot
Corp., Reading, PA) 12 in. long, 1 in. 0.d., and with a §-
in. bore. While immersed in liquid nitrogen it was filled
with He at 2 kbar. The diaphragm unit was then valved-
off and the intensifier placed in a room-temperature ex-
plosion shield; the pressure rose to 4 kbar as the intensifier
warmed. A fine adjustment of the pressure was accom-
plished by putting the intensifier in warm water. Though
this method of pressurization is crude, it is simple and in-
volves only one valve and no sliding seals. The high pres-
sure was measured with a Manganin resistance gauge of
our design which was calibrated against a Heise
(Bourdon-tube) gauge. Whenever possible we used narrow
bore tubing (0.006 in. i.d.); this kept the dead volume
small and increased the time constant of the system, de-
creasing the hazard of explosions.

The NH; gas was purchased from Matheson (anhy-
drous grade) and the ND; was obtained from Merck (99.5
at. % D). The samples were condensed as liquids into the
sample cell with a chloroform liquid-solid slush cooling
the cell to 210 K. The sample cell was then cooled in
liquid nitrogen; helium gas was added at 160 bars to
prevent the now solid sample from later moving out of the
cell by sublimation and/or condensation. The sample cell
was then put into the thermostatted, flowing-N,-gas
stream of our gas-flow research Dewar. The temperature
was measured with a platinum-resistance thermometer
and a copper-Constantan thermocouple, both located just
above the sample cell. The temperatures reported are pre-
cise to +0.2 K and accurate to +1 K.

The sample cell was made of titanium alloy (6 at. % Al,
4 at. % V; from Tico, Farmington Hills, MI). Titanium
was used because it does not react with ammonia; we
feared that even slow corrosion of beryllium copper could
weaken such a cell. The cell had a 0.68 in. o.d. and the
inner diameter was 0.16 in. The cell was sealed with a
brute-force conical plug, as was the intensifier. The NMR
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coil, 0.1 in. in diameter and 0.5 in. long, resided in the cell
and was centered by a thin Teflon tube. The coil was
grounded on one end; the other end ran up the sample-
helium fill tube to room temperature. A thermocouple
feedthrough (sealed with a drop of oil instead of epoxy)
was used to take the wire to room pressure.'3

We noticed that the T, of liquid NH; condensed into
the titanium cell was only about 1 s, shorter than the 8 s
reported previously.” This is probably due to paramagnet-
ic ions present from chemical attack by the NH;. To en-
sure that dissolved O, was not the cause, we condensed
some of the same NH; into a Pyrex tube. The T'; of this
sample agreed with the literature value.

We remark that our low-pressure gas-handling ap-
paratus used copper tubing and brass valves. Dry am-
monia did not attack the system to any observable extent.
The NMR apparatus has been described previously.'*

Our cell design has a region of strong rf electric field
between the coil and the cell wall. This electric field evi-
dently coupled to the piezoelectricity of ammonia in phase
I. Immediately after transmitter pulses an intense tran-
sient signal was observed in the receiver. This transient
was present even without the dc magnetic field, so NMR
and acoustic ringing are ruled out. The transient disap-
peared in liquid ammonia and in phase II; thus, the tran-
sient is from the piezoelectricity of phase I. At low pres-
sures this signal was often much larger than the NMR
signal. The piezoelectric transient became small at high
pressures and at high resonance frequencies. The ampli-
tude of the piezoelectric transient from ND;-I did not
change upon passing through the dashed curve of Fig. 1
at 4.0 kbar. It is not known whether the ultrasound pro-
pagated primarily through the ammonia or the titanium
cell. The NMR signal of phase I was always observed us-
ing add-and-subtract averaging techniques that relied on
the inversion of spin-resonance signals. That is, a blink-
ing 180° pulse (blinked off every other time) preceded each
pulse sequence; thus the piezoelectric transient was can-
celed.

PHASE II: RESULTS AND DISCUSSION

The proton Ty and T, for NH;-II are reported in Fig.
2. The T, data were obtained from free-induction decays
(FID’s) and may suffer slightly from magnetic field inho-
mogeneity. The data were taken at a pressure of 4.0 kbar,
essentially the highest pressure available to us. Hence,
only a 10-K “window” of phase II could be studied (see
phase diagram, Fig. 1).

The long T, values, of order 1 ms, demonstrate that
both molecular rotations and translational diffusion nar-
row the NH;-II proton line. Both the intramolecular and
intermolecular proton-proton dipolar couplings are aver-
aged to nearly zero. For example, if only isotropic molec-
ular rotations occurred, the second moment (M;) of the
resonance would be 5.0 10° rad?/s? (see below). This
would correspond to a T, of approximately M5 '/?, or 14
pus. The line narrowing from rotations and diffusion
demonstrates that NH;-II is indeed a rotor (plastic) crys-
tal. Although the proton T, indicates the existence of
both rotations and diffusion, the “N-proton indirect
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FIG. 2. Proton T, (open circles) and T, (solid circles) in
NH;-II at 4.0 kbar. T, was measured at several frequencies; the
nearly w&mr dependence of T, indicates that the diffusion jump
rate w; is slower than wonmr. The solid lines which are fit to the
proton T correspond to an activation energy of 4400 K. The
long T, values increase with temperature due to motional nar-
rowing. The dashed curve shows the deuteron T, data at 8.9
MHz; data points are omitted to avoid confusion.

(“J”) spin coupling will interfere with any quantitative
analysis of T,.” The indirect interaction is modulated by
chemical exchange; this is readily catalyzed in ammonia
by traces of water.

The proton spin-lattice-relaxation times 7T in Fig. 2
decrease with temperature and display a strong frequency
dependence: T, < whyr. This is exactly what is expected
for relaxation due to slow motions. For a motion of
correlation time 7; with onmr7; >>1,"

1/T1=2.29M, /oXmgT; - (1)

Here, M, is the second moment (mean square) of the spin
interactions modulated by the motion. The above equa-
tion predicts T, < wimr and, because 7; decreases with
temperature for thermally activated motions, T decreases
with temperature. Given that the motion responsible for
spin-lattice relaxation is slow (7; > onmr=~10"% s), this
motion must be molecular jump diffusion. This is con-
firmed by our deuteron 7| measurements in ND;-1I
which find very rapid reorientations (see below).

Because 7; and T in Eq. (1) are directly proportional,
the temperature dependence of T'; was used to deduce the
activation energy of diffusion in NH;-II. The result is
E /k=4400 K (+20%); the large uncertainty is due to the
small temperature interval of phase II. The solid lines in
Fig. 2 have slopes corresponding to this activation energy.

Boden considers several scaling relations for the activa-
tion energy of diffusion in rotor crystals.'* One of these is
due to van Liempt,'®

E/kT,, =const ,

where T, is the melting temperature. For a great variety
of rotor (plastic) crystals,'® the constant is 22+4. The
value of this ratio in ammonia is 19, using the above ac-
tivation energy and the melting temperature along the
4.0-kbar isobar.2 Thus, translational diffusion in NH;-II
is well described by the scaling relation.

The correlation time 7; for jump diffusion may be ob-
tained from Eq. (1) and the T, data, if M, is known. We
assume that the intramolecular dipole-dipole interactions
are averaged to zero by molecular rotation; this is a good
approximation, as indicated from the ND;-II results (see
below). The remaining intermolecular M, may be com-
puted readily if one assumes uncorrelated and isotropic ro-
tations.!” In that case, all three protons may be “placed”
at the molecular center (the N contribution is trivial)
and the Van Vleck second moment computed.'® The re-
sult in NH;-II is M, =5.0% 10° rad?*/s*>. This M, is used
in Eq. (1) along with high-frequency data (so that
wnmrTj >> 1 is well satisfied); at the melt 7; is 6X 107 % s.

We have also determined 7; from the frequency depen-
dence of T at a fixed temperature of 225 K. Whereas at
high frequencies T, < wimr, the dependence becomes
weaker as Tjonmr approaches 1. Using the calculations
of Resing and Torrey,'® the best fit to the data was ob-
tained with 7;=7X10"% s (+25%). This value may be
used to predict a value of 7;=4.5X107% s at the melt
(230 K) using the above-determined activation energy.
The two determinations of 7; at the melt are in good
agreement. It should be noted that other calculations'® of
T, yield numerically different values in Eq. (1) and have
slightly different frequency dependences near the condi-
tion 7;onmr=1. Thus, the 7; values determined here are
model sensitive and are probably accurate only to within a
factor of 2.

The value of 7; at the melting point in rotor solids is
typically’® 1076 to 10~7 s. Thus, the rate of diffusion in
NH;-1I at the melt is within a factor of 2 of the band of
typical values.

The rotational behavior of ammonia molecules in phase
II is revealed by the deuteron resonance of ND;-II. The
principal spin interaction is between the quadrupole mo-
ment of the nucleus and the electric field gradient (EFG)
from the bonding electrons. The spectra of two samples
of ND;-II at 4.0 kbar are shown in Fig. 3. Each spectrum
consists of several doublets (m;=—1—0 and 0—1), in-
dicating that several crystallites are present. The small
size of the splittings (500 Hz), when compared to the
strength of the quadrupolar interaction [245 kHz (Ref.
20)], indicates a great deal of motional averaging due to
rotations.

In greater detail, the EFG at a deuteron is approximate-
ly uniaxially symmetric along the N—D bond. Threefold
reorientations about the molecular threefold axis will pro-
duce a time-average EFG with uniaxial symmetry along
the threefold axis.!®* The strength of the interaction is
now reduced by the factor 3cos’a— 5, where a is the an-
gle between the N—D bond and the threefold axis. For
nearly tetrahedral geometry of ND,,%7 this factor is —+.
In phase II the threefold axis rotates as well, producing
further motional averaging. Because the hcp structure of
ND;-II (determined from neutron diffraction®) has one
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FIG. 3. Quadrupole-split deuteron spectra of two samples of
ND;-II at 8.9 MHz. The many doublets correspond to crystal-
lites with different orientations relative to the magnetic field.
The small size of the splittings demonstrates a nearly isotropic
molecular orientation probability distribution in the hexagonal
structure of phase II.

unique axis (the ¢ axis) and higher than twofold symmetry
about the c¢ axis, it can be shown using the addition
theorem of spherical harmonics,!32122

Af=2[e*qQ/h)($cos’a—5)
X ($c0s?0—+ M Fcostp— ) . ()

Here, Af is the quadrupole splitting, € is the instantane-
ous angle between the threefold axis and the ¢ axis, and ¢
is the angle between the ¢ axis and the dc magnetic field.
The term in square brackets is 245 kHz.

We assume that one of the crystallites in Fig. 3 had an
orientation near ¥y=0. Thus, since the maximum splitting
is about 500 Hz, we have

(Fcos?0—5)=+4x1073.

If none of the crystallites were at ¥=0, the above value
underestimates the true (3cos’0—+). In any event,
($cos’60—+) is a measure of the /=2 deviation from
sphericity of the orientational probability distribution.
Because the deviation is so small, the orientations appear
to be isotropic. We note that there may be larger devia-
tions from isotropy for />2, but NMR cannot detect
these.

Because of the rapid diffusion in phase II, it may be as-
sumed the molecules sample all equivalent sites in NMR
timescales (10> s). In this case, the time-average EFG
must be zero in a perfect cubic crystal.!®* Thus, the ex-
istence of the splitting confirms the non-cubic structure of
phase II. B-N, and B-CO are both rotor solids with hcp
structure (space group!! P6;/mmc for B-N,); most other
rotor solids are fcc or beec. In B-N, (Ref. 21) and B-CO

33 NMR IN HIGH-PRESSURE PHASES OF SOLID NH; AND ND; 17

(Ref. 23) the value of | {$cos’d—+) | is about 11072,
Hence, when compared to other rotor solids of hcp struc-
ture, ND;-II seems a typical rotor crystal.

The deuteron spin-lattice relaxation in ND3-II is from
rotations modulating the quadrupole interactions. Be-
cause M, in Eq. (1) scales®® with I(I +1)y* where y is
the magnetogyric ratio, the translational diffusion alone
would yield a deuteron T, of 15 s at 8.9 MHz. Since the
observed T'; (Fig. 2) is much smaller and has the opposite
temperature dependence compared to the proton T, dif-
fusion is not the source of spin-lattice relaxation in ND;-
II. For isotropic reorientations and a uniaxially sym-
metric EFG, and with onyrT, << 1,52

Ti'=3le’qQ /%), . 3)

Here, 7, is the orientation correlation time for /=2 func-
tions of orientation and the term in square brackets is
2w X245 kHz. The observed T; of 1.1 s near the melt
yields 7,=1.0x10"'? 5. This value is typical of rotor
solids.!®

We note that the assumption of isotropic reorientations
may not be correct—rotations of and about the threefold
axis are different. If one assumed infinitely rapid three-
fold reorientations, Eq. (3) would predict 7,=9X 1072 s
for reorientations of the threefold axis. However, this
model seems unphysical. In either case, the motions satis-
fy r,onmr << 1.

The value of 7,=1.0X 10~'? s may be compared to the
inertial limit. Steele*> has shown that for /=2 functions
of spherical free rotors, using a Gaussian approximation
to the correlation function,

7,=0.51(I/kT)'/? . 4

For ND; we have used the above relation with the average
of the three principal values of inertia. The result is
1',=0.074><10_12 s. Of course, the exact value will be
slightly different because ND; is a symmetric top.
Nevertheless, the observed 7, is about 14 times longer
than the inertial limit. In many organic rotor solids, 7, at
thclesmelting point is within a factor of 2 of the inertial lim-
1t.

We had expected that the hydrogen bonding in am-
monia would make phase II an unusual rotor solid. For
example, 7, is very long in cyclohexanol' (10~° s) and
pivalic acid!® (2x107!° ) at the melting point. However,
ammonia phase II appears to be an ordinary rotor solid:
its diffusion rate at the melt, diffusion activation energy,
and nearly isotropic orientation distribution are all rather
typical. The only unusual aspect is that its orientation
correlation time is substantially longer than the inertial
limit.

PHASE I: RESULTS AND DISCUSSION

Phase I of solid NH; is orientationally ordered.®*” Two
kinds of thermally activated motions occur in phase I, as
observed previously with proton NMR.8~!° First, three-
fold reorientations of the molecules occur about the three-
fold molecular axes. The rate of threefold reorientations
can be determined from the proton T;.*° The second
kind of motion is diffusion; in the orientationally ordered
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structure, reorientation must accompany translational dif-
fusion. The diffusion dominates the low-field spin-
relaxation times T, (rotating-frame longitudinal relaxa-
tion'®) and Tp (relaxation of dipolar order).

We have measured the proton T, and T';p of NH;-I at
three pressures; the results appear in Fig. 4. The zero-
pressure data in Fig. 4 are generally in agreement with
previous work.®~!0 Because T, increases with tempera-
ture, the rate w; of threefold reorientations is greater than
the resonance frequency (58.4 MHz). Hence, T <« w; and
the temperature dependence of T'; may be used to deter-
mine the activation energy of threefold reorientations.
The results are listed in Table I; the zero-pressure values
agree with the two previous determinations.

The pressure dependences of T; and w; may be inter-
preted in terms of activation volumes. It is standard to
write?

w=whe ~AE/KTg—PAV/KT (5)
AE and AV are taken to be constant, and are the activa-
tion energy and volume, respectively. The constant oy in-
cludes any entropic terms and the attempt frequency. We
have plotted T, on a logarithmic scale as a function of
pressure along the T=160 K and T=190 K isotherms.
From the slopes of the straight lines obtained, AV=1.9
cm?/mol at 160 K and 2.4 cm?/mol at 190 K. Hence,
given the small pressure dependence of T'; (only 50%
change for 4 kbar), AV is 2 cm?3/mol (+25%). The molar
volume V,, of NH;-I is approximately 20.45 cm?;% hence,
AV for the threefold reorientation is 0.1V,,.

The reduced activation volume of 0.1 (ratio of activa-
tion volume to molecular volume) may be compared to
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FIG. 4. Proton T, (solid symbols) and T,p (open symbols)
from NH;-I at three pressures. Threefold reorientations deter-
mine T,. Jump diffusion determines T'jp at high temperatures;
at lower temperatures T'p is limited by T, processes. The solid
lines correspond to thermally activated jump diffusion with pa-
rameters listed in Table I. The short lines cross the data at the
temperatures of anomalous ultrasonic attenuation.

that of benzene. In benzene, an orientationally ordered
solid, sixfold reorientations of the planar molecule occur.
The reduced activation volume is 0.18 according to one
study?’ and 0.07 according to another.?® Our value for
NH;-1 is reasonable, by comparison. It should be noted
that in several rotor (plastic) organic crystals*® the re-
duced activation volumes for rotation are between 0.04
and 0.09.

We note that all the activation energies E in Table I are
measures of the temperature dependences along isobars.
That is, they correspond to the equation

o=w¢e ~E/*T (6)
where w, and E are functions of the pressure. The fre-
quencies and energies in Egs. (5) and (6) are related but
not equal.

Also shown in Fig. 4 are our results for T;p in NH3-I
at three pressures. Ty is the relaxation-time constant for
nuclear-spin dipolar order'®?%:3° (order in which spins are
preferentially aligned along their local fields). T, was
measured using the Jeener-Broekaert pulse sequence. At
high temperatures, T, is determined by the rate w; of
jump diffusion. According to the theory of relaxation by
ultraslow motions,!%2%30

Tip=0;2(1—p), (7

where p measures the extent of site-to-site correlation of
the local fields. The product 2(1—p) is essentially uni-
ty.3132 Assuming that 2(1—p)=1, T, becomes equal to
T swj—l, the mean jump time.

At each pressure the T, data have been analyzed using
Eq. (6); the activation energies E and the prefactors wq ap-
pear in Table I. At zero pressure, both the activation en-
ergy and prefactor from this work are higher than those
reported earlier by O’Reilly and Peterson.!® The mea-
sured values of w; from this work and Ref. 10 are in
reasonable agreement near 190 K, but the slopes of the
data are different. We do not at present understand this
difference in slopes. The results of the present work will

"be used in the following discussion, because the T, ex-

periment is more straightforward to perform and interpret
than the T, experiment (for example, see Refs. 9 and 10).

The prefactor frequency wq in Table I from Eq. (6) is
much larger than typical lattice frequencies. Similar high
values have been observed in the orientationally ordered
solids a-CO,* CO,,** N,0,% and benzene.’**’

The activation energy for diffusion at zero pressure list-
ed in Table I and obtained from Eq. (6) may be compared
to the latent heat of sublimation L at the triple point
(gas-liquid-solid I). Taking 29.01 kJ/mol as L,,*® the ra-
tio E/L; is 1.68. This is much lower than the values
found in a-CO,» C02,34 N20,35 and benzene,>®37 all of
which are 2.15+0.03. Presumably, this exception to sim-
ple scaling reflects that NH;-I is not a van der Waals
solid, but has important hydrogen bonding.

The pressure dependence of T'p in NH;-I may be inter-
preted as a volume of activation using Eq. (5); we find
AV =16+1 cm’/mol. Thus AV is 0.78+0.05 molecular
volume. Since AV is nearly one molecular volume, it is
reasonable to assume a monovacancy mechanism for dif-
fusion in NH3-I. The reduced activation volumes for a
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TABLE 1. Activation energies and rate prefactors for motions in NH;-1.

P=0 P=2.0 kbar P=4.0 kbar

E /k for threefold 1280 1390 1520
reorientations, 1160%

from proton T;; in K 1210°

E /k for diffusion, 5870 5990 5940

from proton Tp; in K 4730°
w, prefactor for 5.0 10" 1.0x 10" 1.2x 10
diffusion (s} 1.0x 10" ¢

*From Ref. 8.

YFrom Ref. 9.

°From Ref. 10, T, measurements.

number of organic rotor (plastic) crystals?® range between
0.57 and 1.2; for benzene?®’ this value is 1.4.

Previous ultrasonic measurements indicated” that the
ultrasonic attenuation of NH;-1 became very high along
the dashed curve in Fig. 1. This occurs at 175 K at zero
pressure, 188 K at 2.0 kbar, and 202 K at 4.0 kbar. These
temperatures are indicated in Fig. 4 by short lines crossing
the relevant data curves. Clearly, 7, and T,p vary
smoothly at all temperatures. There is no indication in
the proton NMR data of any change in the sample in the
region where the ultrasonic attenuation increases.

Deuteron NMR of NDj;-1 was studied at only one pres-
sure, 4.0 kbar. The deuteron T is determined by the
modulation of the quadrupole interaction by the threefold
reorientations. Because the same motion is involved in
the proton T'; mechanism, it is expected that the proton
and deuteron T, have the same temperature dependences.
As shown in Fig. 5, this is the case.

Diffusicn can be detected in the quadrupole-broadened
deuteron spectrum in two ways. The first method uses
quadrupole spin echoes®® generated with the 90,.-2-90,
pulse sequence. The second pulse causes a refocusing to
occur at time 2¢, but only for those spins which have
remained in the same EFG from time zero to 2¢. Because
ND;s-1 is orientationally ordered and because molecules in
nearest-neighbor sites have different orientations than in
the central site, molecules that diffuse change their orien-
tation and hence change the EFG present at the deuteron
nuclei. Thus, the echo amplitude will decay as a function
of the pulse spacing #:

—ZI/Tj

Ay ce (8)

At low temperatures where 7; is long, the echo envelope is
damped by spin-spin interactions. As shown in Fig. 5 as
solid triangles, below 195 K the echo-envelope decay-time
constant T, is essentially independent of temperature.
This T, does not reflect jump diffusion, but arises only
from spin-spin coupling. Above 195 K, T, decreases with
temperature, due to diffusion. However, the data do not
extend over a wide enough temperature interval for proper
analysis of the diffusion.

The stimulated echo*®*! (spin-alignment echo) has been
used to measure slower diffusion. The decay-time con-
stant 7* is displayed in Fig. 5 as solid squares. At high

temperatures the NDs-1 7* data and NH3-1 T, data are
nearly parallel. Given the poorer signal-to-noise ratio
available with ND;-I, we conclude that the two isotopes
have the same activation energies for self-diffusion,
within 5%. However, the 7* values are consistently about
a factor of 6 longer than the Tp values at the same tem-
perature. Since 7* should be equal to the diffusion jump
time and T|p is, at most, a factor of 2 shorter than T [see
Eq. (7) with p=0], it appears that diffusion in NDs-1 is at
least a factor of 3 slower than in NH;-1. This is an unex-
pected isotope effect.

At low temperature, 7* is found to be about 1.8 times
longer than the deuteron 7';. This is because Am =12

10 T T T 1
5, NDy,NH, at 4 kbar : Phase I ~

Relaxation time (s)

70 80
I000/T (K™

FIG. 5. Proton and deuteron relaxation times from ammonia
phase I at 4.0 kbar. The proton (open squares) and deuteron
(solid circles) T; are both determined by threefold reorienta-
tions; note the parallel temperature dependences. The deuteron
7% data (solid squares) are from spin-alignment (stimulated)
echoes. Like the proton T;p data (hatched squares), the 7*
values should equal the mean jump diffusion time 7; to within a
factor near unity. The ND; T, values (solid triangles) are limit-
ed by spin-spin coupling, but they begin to reflect jump dif-
fusion near the melt.
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transitions are not effective in destroying spin alignment
(Y, order). Spiess has shown* that in the case of fast
motions (the threefold reorientations do satisfy
w3y>>onmr), T /T1=5/3. The agreement with the ex-
perimental result is quite good.

The deuteron NMR data in Fig. 5 show only smooth
behavior near the ultrasonic attenuation onset
(1000/ T=4.95 K~)).

CONCLUSIONS

NMR experiments demonstrate that the high-pressure
phase (II) of solid ammonia is a typical rotor (“plastic”)
crystal. The narrow NMR lines from NH; and ND; indi-
cate that rapid reorientations and translational diffusion
occur in phase II. From the proton T, the diffusion
jump time is inferred to be 6 10~% s near the melt with
an activation energy of 4400 K (+20%). These values
agree via scaling relations with values found in many sim-
ple rotor solids. The orientation correlation time is de-
duced to be 1.0 10~'? s from the deuteron T'; of NDs-II.
This value is substantially longer (factor of 14) than the
inertial limit. However, the value is typical of simple ro-
tor solids.

A small splitting is observed in ND;-II, confirming the
noncubic (hexagonal) structure of II obtained from neu-
tron diffraction. The quadrupolar deviation from isotro-
py of the molecular orientation probability is given by
| (3cos?0—5) | and is only of order 0.005. This sug-
gests a nearly isotropic orientation probability distribu-
tion.

In phase I the proton and deuteron T'’s are determined
by the rate of thermally activated threefold reorientations.
The pressure dependence of the proton 7'; indicates a

small activation volume (0.1 molar volume), as expected
for in-place reorientations. The proton T'p and deuteron
spin-alignment data follow the rate of diffusion in am-
monia phase I. The temperature dependences indicate a
higher jump-rate prefactor (wy) than found previously.
The value found here in NH;-1, 5 10'7 s—!, is orders of
magnitude larger than the Debye frequency but similar to
values in other orientationally ordered solids. The activa-
tion volume of diffusion, determined from the pressure
dependence of Tp, is about 0.78 molar volume; this is
reasonable for a vacancy process. An isotope effect upon
diffusion occurs in phase I, the diffusion in ND;-I being
at least 3 times slower than in NH;-I at the same tempera-
ture.

There is no indication in the phase- NMR data of any
changes that can be associated with the anomalous ul-
trasound attenuation.
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