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Deuterium NMR Study of Molecular Dynamics and Phase Transition in Acetonitrile Crystal
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The molecular dynamics and local structure in the o and 8 phases of CD;CN were studied by 2H NMR
spectroscopy. From the 2H NMR spin—lattice relaxation time (T;), the activation energies of the rotation of
the CD; group about the Cs axis in both phases were found to be 6.2 and 11 kJ mol !, respectively. These
activation energy values suggest that the packing between CD;CN molecules in the a phase is weaker than
that in the 8 phase. The slow structural change of the crystal due to the a—/ phase transition was investigated
using the 2H NMR spectra and T;. A jump of CH;CN between two neighboring sites in the hydrogen-bond
network accompanying the molecular reorientation was observed by the 2H NMR 2D exchange spectra and
the stimulated-echo method in the a phase. Vacancy diffusion occurred in the one-dimensional hydrogen-

bond network in the o phase.

1. Introduction

Acetonitrile, CH;CN, is well-known as an important organic
solvent. The melting point of CH;CN is 227 K. In the solid
state, CH;CN exists in two forms, a and S, with a phase
transition point at 216.9 K.! The structures of both phases have
been analyzed by X-ray and neutron diffraction methods.>* The
structure of the CH;CN crystal in the 8 phase is orthorhombic,
space group Cmc2,, and that in the o phase is monoclinic, space
group P2,/c. The CH;CN molecules are stacked along a [010]
axis and are packed in layers parallel to (100) in the /8 phase.
The molecules are parallel in the same layer and are packed
head-to-tail. The o.—f phase transition accompanies a 90°
rotation of alternate molecules in layers. The difference in the
local structures of the a and the 8 phases have been studied
using "N nuclear quadrupole resonance (NQR) spectroscopy.>®
The o.—f phase transition of CH3CN has been investigated by
measurements of its heat capacity.! The a—/ phase transition
of CH3CN takes place at a broad temperature range. The
coexistence of the o and f phases around the a—pf phase
transition point has been reported.! The thermodynamic proper-
ties of the oo—f3 phase transition are very complex because of
the effects of premelting and a slow approach to equilibrium.
Consequently, although several analyses of the o—f phase
transition and the structures of each phase have been performed,
the molecular dynamics in each phase and detailed properties
of the a—p phase transition have not been investigated.

Solid-state 2H NMR spectroscopy is effective for the study
of molecular dynamics and the orientations of molecules.””
Molecular motions in the range of 103—10° s™! can be studied
from the line shape analysis of the broadline H NMR
spectrum.” ! Information on molecular motions on a time scale
of <10 s™! can be obtained from 2D exchange 2H NMR spectra
and the stimulated-echo method.”!*~3 Slow dynamics such as
the vacancy diffusion in crystalline benzene have also been
investigated by these methods.”> Molecular motions on a time
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scale of >107 s™! can be studied from the spin—lattice relaxation
time (Tl).8’9’16’19

In the present work, we report an investigation of the local
structure and molecular dynamics in the a and 3 phases using
solid-state 2H NMR spectroscopy. H NMR T; exposes the
variations in molecular packing and the fast molecular dynamics
due to the a—p phase transition. In the o phase, an increase in
vacancies in the crystal due to premelting is predicted. Because
the crystalline CH3;CN unit cell consists of four differently
oriented molecules, vacancy diffusion accompanying molecular
reorientation is expected in the o phase. Slow vacancy diffusion
was investigated by 2D exchange >H NMR spectra and by the
stimulated-echo method.

2. Experimental Section

CD;CN (99.8 atom % D) obtained from Aldrich Inc. was
used for the measurements of >H NMR spectra. The 2H NMR
spectra and 7 values were measured using a Chemagnetics
CMX-300 spectrometer at 45.825 MHz. The sample temperature
was controlled with a nitrogen-gas-flow temperature controller
(JEOL VT1A). The temperature calibration was performed using
copper—constantan thermocouples placed at the sample before
NMR measurements. The temperature variation of a sample was
less than 0.2 K during the measurements. The sample was sealed
in a glass tube of 6-mm diameter and about 20-mm length. The
1D NMR spectra were observed using a quadrupole echo
sequence (90°),—7—(90°),—T—f,q, Where T and 7,4 are the echo
interval and acquisition time, respectively. The 90° pulse width
and 7 were 2.5 and 20 us, respectively. For the measurements
of a 2H NMR stimulated echo, the pulse sequence
(90°),—7—(90°),—1—(90°),—T—1,¢q Was used.?* ¢ For the mea-
surements of 2D exchange ?H NMR spectra, the five-pulse
sequence® (90°),—7—(90°),—~T—1;—(54.7%)y—tmix—(54.7°) y—
7—(90°)y—7—1, (acquisition) was used. The 2D spectra were
recorded using 128 scans. 2H NMR T values were measured
by the inversion-recovery method. Magnetization recovery was
observed by using the integrated intensity of the spectrum. The
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Figure 1. (a) 2H NMR spectrum of the 3 phase and (b) temperature
dependence of the 2H NMR T; parameter for CD;CN. Open and solid
circles show the results of the heating and cooling processes, respectively.

phase transition temperatures were determined using a dif-
ferential scanning calorimeter (Rigaku Thermo Plus EVO
DSC8230).

The simulations of partially relaxed 2H NMR spectra for the
inversion-recovery method, 2D exchange spectra, and stimulated
echo were performed with homemade Fortran programs using
double precision.!

3. Results and Discussion

Differential Scanning Calorimetry (DSC). DSC measure-
ments were performed between 140 and 273 K. For CH;CN,
the endothermic anomaly attributed to the f—a phase transition
was detected at 216.5 K and that of melting at 226.5 K during
the heating process. Two exothermic anomalies were detected
at 210.6 and 205.3 K during the cooling process. For CD;CN,
two endothermic anomalies attributed to the S—o phase
transition and melting were detected at 222.0 and 227.0 K,
respectively, during the heating process. One exothermic
anomaly was detected at 209.0 K during the cooling process.

’H NMR Spectroscopy. When the CD;CN sample was
cooled from room temperature, the 2H NMR spectrum changed
from the sharp spectrum of the liquid sample to the Pake pattern
of the fine powder sample at 209 K. Figure la shows the
broadline 2H NMR spectrum observed at 193 K. The quadrupole
coupling constant and the asymmetry parameter were obtained
from the spectrum as e’qQ/h = 52.0 kHz and 5 = 0.0,
respectively. From these values, the electric field gradients
(EFGs) at the deuterons were found to be averaged by the fast
rotation of the CD; group about the C; axis. For axially
symmetric C—D bond (7 = 0.0), the quadrupole coupling
constant averaged by the fast rotation of the CD; group, (¢’gQ/
h)ay, can be written in terms of the static quadrupole coupling
constant, (€2gQ/h)yaic, as’

2 2
eqQ) _1(eqQ 2o
( h )av a 2( h )static|3 cos O 1| (1)
where O is the angle between the rotation axis and the C—D
bond. By assuming the static values of the quadrupole coupling
constant and the asymmetry parameter for the C—D bond to be
(€2qO0/N)gaic = 167.0 kHz and 74,5 = 0.0, which are typical
values for the H nucleus of the C—D bond, the angle between
the C; axis and the C—D bond was estimated as 70°. Figure 1b

Suzuki et al.

a b
*
7=80s
X3 e
_VF\F_’_—TZO.SS
7=1.07s
[ TS LT I S S SR N [ T T NN SR SN SR S R}
50 0 -50 50 0 -50
kHz kHz

Observed Simulated

Figure 2. (a) Observed and (b) simulated partially relaxed ’H NMR
spectra for the measurements of 7 using the inversion-recovery method.
The spectrum was observed at 225 K (a phase). For recovery time 7
= 1.1 s, the spectra were scaled by a factor of 5 to reveal the line
shape in the vicinity of the null. The spectral simulation was performed
by assuming the three-site jump of the CD; group. The jumping rate
of the CDj; group and the angle between the rotation axis and the C—D
bond were set to k = 1.8 x 10" s™! and 70°, respectively. The asterisk
shows the free component due to premelting.

shows the temperature dependence of the 2H NMR T value
for CD;CN. T increases with increasing temperature exponen-
tially in both the [ and o phases. From the temperature
dependence of T7, the activation energies of the 8 and o phases
were determined to be 11 and 6 kJ mol ™!, respectively. Figure
2 shows the partially relaxed 2H NMR spectra for the measure-
ments of 7} using the inversion-recovery method. Figure 2a
shows the spectra observed at 225 K. Figure 2b shows the
spectra simulated assuming a three-site jump of the CD3 group.
The variation of the line shape of the spectrum was well
explained by the anisotropy of the 2H NMR 7 parameter for
the rotation about the C; axis of the CH; group.’ From the T
values in the o and 3 phases, the rate constants, k, for the
rotation about the C; axis of the CHj group were estimated.'%!°
The three-site jump around the Cs axis of the CH; group with
an angle between the C; axis and the C—D bond of 70° was
assumed. Values for the quadrupole coupling constant and
asymmetry parameter of €?>qQ/hy,i. = 167 kHz and 14 = 0.0,
respectively, were used for the calculation. Assuming an
Arrhenius-type relationship, £ can be written as k = ko exp(—E,/
RT), where E, and k are the activation energy and the jumping
rate at infinite temperature, respectively, for a three-site jump
about the C; axis of the CH; group. From the temperature
dependence of k, values of kg = (5 £2) x 10% s, E, =6+
Ikimol'and kg =2 £ 1) x 108 s7!, E,=11 & 2 kJ mol™!
were obtained for the a and S phases, respectively. The
activation energy of the rotation about the C; axis of the CHj
group in the o phase was lower than that in the 5 phase. The
jumping rates of the CHjz group in the o and 3 phases near T,
became 1.8 x 10'" and 6.2 x 100 s7!, respectively. These
results reflect the fact that the mobility of the CH; group in the
o phase is higher than in the  phase. The mean value of the
distances between the H atom and the nearest N atom for the
three H atoms in the CHj; group in the 8 phase is longer than
that in the o phase (Figure 3).* Thus, the difference in the
packing of the CD3;CN molecules in the two phases influences
the mobility of the CD;CN molecules in each phase.
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Figure 3. Distances between the H atoms and the nearest N atom in
the a and 3 phases of CH;CN.*

T T T T T T

=40 min
- n=0.08 =

£=290 min
n=0.39

In[(My-M(D) / 2Mj]

£~ 540 min
n=0.72

6 8 10
7(s)

o
b
N~

Figure 4. Time dependence of the magnetization recovery for 2H NMR
spectroscopy at 221 K. ¢ is the time since the sample temperature had
been set to 221 K. The solid lines show the fittings obtained using a
double-exponential function. n represents the ratio of the magnetization
in the o phase to the total magnetization.

Figure 4 shows the time variation of the ’ZH NMR magnetiza-
tion recovery at 221.0 K during the heating process. The
magnetization recovery exhibited two components that cor-
respond to the magnetizations in the o and f phases. The ratio
of the magnetization in the o phase to the total magnetization
(n) was estimated using the equations

M, — M(7)
o, =T F g exp(—aTy) )
n= ny+ng )

where T}, ! and Tlﬁ" are the spin—Ilattice relaxation rates in

the o and S phases, respectively. n increased with the passage
of time. Figure 5 shows the time dependence of n at 221.5 and
221.0 K in the heating process. The n value became 1.0 within
10 min above 7. = 222 K. When the sample was kept at 221.5
K, however, the n value increased gradually and became 1.0 at
100 min. When the sample was kept at 221.0 K, the n value
increased very slowly and became (.72 after 540 min. During
the cooling process, it took about 30 min until the 7, value
reached the value for the 3 phase at 220 K. A supercooling of
2 K was observed for the a—/f phase transition. Thus, a slow
approach to equilibrium around the S—a phase transition point
was confirmed from the 2H NMR magnetization recovery and
T, value. The coexistence of the o and 8 phases around the
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Figure 5. Time dependence of the ratio (n) of the magnetization in
the a phase to the total magnetization around the f—a phase transition
temperature in the heating process. Open and solid circles are for n at
221.5 and 221.0 K, respectively.
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Figure 6. 2H NMR spectra at 203, 222, and 225 K for samples (a—c)
without and (d—f) with glass powder.

o—f3 phase transition point was reported from measurements
of the heat capacity.!

Figure 6a shows the broadline 2H NMR spectrum observed
at 203 K, where the sample was rapidly cooled from room
temperature to 203 K. Figure 6¢ shows the broadline ’H NMR
spectrum observed in the o phase (225 K), where the sample
temperature was increased rapidly from 203 to 225 K. No
marked change in the spectrum was observed when the sample
temperature was changed rapidly from the S phase to the a
phase. When the temperature was increased from the /3 phase
to T,, the line shape of the broadline ZH NMR spectrum at 7,
changed gradually for about 30 min. Figure 6b shows the
broadline 2H NMR spectrum at 7, (222 K), where the sample
temperature was changed rapidly from 203 K to 7, and kept at
T. for 30 min. Figure 6d—f shows the broadline H NMR
spectrum of CD;CN in the glass powder observed under the
same conditions as Figure 6a—c. The weight fraction of glass
powder in the sample was 0.81. The sharp component around
0 kHz appeared in the >H NMR spectrum at T, and its intensity
increased with increasing temperature. It was found that
premelting begins in the o phase. As the temperature increased
rapidly from 193 K to 7. and kept at 7., a dramatic change in
the 2H NMR spectrum of the sample with glass powder was
not observed. The suppression of crystal growth due to the glass
powder has been reported for the investigation of benzene
crystal.”> Therefore, the dramatic change in the line shape of
the broadline 2H NMR spectrum of the sample without glass
powder at T, is considered to be caused by the change in the
molecular orientation due to crystal growth.

Figure 7 shows the 2H NMR stimulated-echo decay, F(z,?),
measured at T = 20 us in the § phase (220 K) and in the a
phase (222 and 225 K). F(t,r) of the 3 phase was well fitted
with a single-exponential decay function. The dashed line in
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Figure 7. Stimulated-echo decay F(t,) of 2H NMR measured at 7 =
20 us in the 8 phase (220 K, solid circles) and the o phase (222 K,
open circles; 225 K, open triangles). Least-squares fitting calculations
were performed using a single-exponential function for the data for
the /3 phase (dashed line) and using eq 4 for the data for the o phase
(solid lines). F(z,t) values were normalized to F(z,t = 0.001 s) = 1.0.
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Figure 8. Stimulated-echo decay F(t,f) of 2H NMR response measured
at 225 K for 7 = 20, 100, and 150 us. The solid lines show the results
of least-squares fitting calculations using eq 4.

Figure 7 shows the result of the least-squares fitting using F(z,f)
= ge N, In the o phase, F(t,t) deviates from the single-
exponential decay and indicates a two-step decay, where the
fast process is due to motion and the slow process is due to
relaxation. F(z,r) of the a phase was well explained by the
equation®*~28

F(T,[) = [A(T)e_t/rc(l’) +B(.L.)]e—l/T1 (4)

where 7.(7) is the correlation time for the molecular jump. The
least-squares fitting calculation was performed using eq 4 with
A(7), B(1), 1(7), and T; as parameters. 7.(t) of the molecular
motion in the o phase was estimated as 330 and 200 ms at 222
and 225 K, respectively. Thus, the occurrence of a slow
molecular motion on the time scale of a few hundred mil-
liseconds in the o phase was clarified from the 2H NMR
stimulated-echo decay.

Figure 8 shows F(t,f) measured at 225 K for 7 = 20, 100,
and 150 us. The solid lines in Figure 8 show the results of the
least-squares fitting using eq 4. 7.(7) obtained from the fitting
calculation was constant (200 £ 20 ms). Therefore, a clean large
angle jump process is suggested for the slow molecular motion
in the a phase.

Figure 9 shows the 2D exchange 2H NMR spectra for a
mixing time of 7,;x = 500 ms at 222 K (a phase) and 218 K (8
phase). The off-diagonal component, which consisted two
ellipses, was observed in the 2D exchange ’H NMR spectrum
of the o phase. However, the pronounced off-diagonal compo-
nent was not observed in the 2D exchange 2H NMR spectrum
of the 3 phase. These results reveal the occurrence of slow
reorientational motion of CH;3CN in the a phase. The angle of
reorientation, 6., is related to the shape of the off-diagonal
component as’?!

ltan 0, | = bla (5)

where a and b are the small and large diameters of the ellipse.
The angle of reorientation of CH3CN in the o phase was

Suzuki et al.

Figure 9. 2D exchange 2H NMR spectra of CD;CN for a mixing time
of fmix = 500 ms: (a) 222 K (o phase), (b) 218 K (/3 phase).

estimated as 76° &+ 2° using eq 5. To clarify the mode of this
slow motion of CH3CN in the o phase, a spectral simulation
was performed. The principal axis of the EFG tensor of the
deuterons is parallel to the N—C—CHj3 molecular axis because
of averaging of EFGs due to the fast rotation of the CHj group.
As shown in Figure 10, in the a phase, four differently orientated
molecules (1—4) exist in the unit cell. Sites 1 and 2 are in the
same hydrogen-bond network, and sites 3 and 4 are in the
nearest-neighbor hydrogen-bond network. The angles between
the molecular axes of sites 1 and 2, sites 1 and 3, and sites 1
and 4 are 76.24°, 103.76°, and 180°, respectively. The jumps
of CH3CN between site 1 and site 2 (Jump,—,) and between
site 1 and site 3 (Jump;—3) cause the reorientation of the principal
axis of the EFG tensor of the deuterons, whereas no change in
the EFG tensor of the deuterons is caused by the jump between
sites 1 and 4 (Jump;—4). Jump,—, and Jump,_3 could not be
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Figure 10. Model of two-site jump of CD;CN in the a phase. Four
different orientations of CD3;CN exist in the unit cell (numbered 1—4).

When a vacancy is generated at site 1, the jump of CH;CN from site
2 to the vacancy, Jump;_,, is most probable.

distinguished by H NMR spectrum. The angle of reorientation
of CHi;CN, 6, = 76° estimated by the analysis of the
off-diagonal component of the 2D exchange spectrum reveals
the possibility of Jump;—, and Jump, 5 in the a phase. The jump
of CH3CN in the o phase is considered to occur in the presence
of vacancies. Actually, the free CH;CN component appeared
in the 1D 2H NMR spectra, and the creation of a vacancy is
expected in the o phase. Hence, the jump of CH3CN from the
nearest-neighbor site to a vacancy in the same hydrogen-bond
network, Jump;_,, is most probable for the dynamics of CH;CN
in the o phase. Spectral simulation was performed by assuming
the reorientation of the EFG tensor due to Jump;—_,.

The 2H NMR frequencies at sites 1 and 2 of CH;CN (wq1,
) were calculated using the equations’ %27

2
3 E3 E3
Wg= \[5 > Dol .0.9) Doy )T,)  (6)
2 _neq0
=7 (7

2
y_ [3eq90 _
=L =14

where D is the second-order Wigner rotation matrix. (o, £3;, ¥:)
@ =1, 2) and (v, 0, @) are the Euler angles for the
transformations from the molecular axes to the principal axes
of the electric field gradient tensor and from the laboratory axes
to the molecular axes, respectively. The time evolution of
macroscopic magnetization for the measurements of the 2H
NMR 2D exchange spectrum, G(t,t,7,tmix,0,¢), 18 represented
by7,19

G(tl’IZ’T’tmix’e’(p) =
W - (By,” exp(Ar,) exp[A(T + fo5)] exp[A" (T + 15, )]} *
{Bs, ;" exp(Kr,,, By, exp(At) exp[A(T + 1)] *

explA’(T+ 1591} + 1 (8)

s~ =k k A —k+ia)q1 k

K_[k —k] A_[k —k+ing| @

where k is the jumping rate of CH;CN. f?,, is the effect of the

pulse width of a p-degree pulse on the spectrum. W is the vector

of site populations. The 2D exchange 2H NMR signal of a
powder sample was calculated as

Gttt = [0 [T Gl Tt 0.0) sin 6 d6 dp
(10)

The 2D exchange 2H NMR spectrum was obtained by a 2D
Fourier transformation of G(#,,5,7,tmix). The Euler angles (o,
B, v1) = (0°,0°, 0°) and (0, B2, y2) = (0°, 76.24°, 0°) were
estimated from the results of X-ray diffraction.* The jumping
rate for the two-site jump of CD;CN was estimated as k = 1.5
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Figure 11. Contour plots of 2D exchange H NMR spectra of CD;CN.
(a) Spectrum observed for #,,;x = 500 ms at 222 K (same as Figure 8a)
and (b) spectrum simulated by assuming a jump of CD;CN between
the nearest-neighbor sites in the hydrogen-bond network accompanying
the reorientation of the molecule in the o phase. k = 1.5 s ~! was used
for the jumping rate of CD;CN in the spectral simulation.

s~! from 7. obtained by the 2H NMR stimulated-echo decay at
222 K using the equation k = (27,)~%. 1°

Figure 11 shows contour plots of the 2D exchange H NMR
spectrum of Figure 9 and the simulated 2D exchange 2H NMR
spectrum. The observed spectrum was well reproduced by the
spectral simulation.

The normalized final state correlation®*2°
F(t,t— )
F (1)=—"———>+= 11
(D) F(z.i—0) (11)

was investigated to clarify the geometry of the molecular motion
in the a phase. Figure 12 shows F(7) observed at 225 K. The
mixing times of + = 20 us and + = 1.5 s were used for the
measurements of F(z,t — 0) and F(z,t — ), respectively. A
five-pulse sequence®® was used, and the maximum points of the
stimulated-echo signals were detected for the measurements of
F(tr,t = 20 us) and F(z,t = 1.5 s). Fo(tr) was normalized to
Fo(0) = 1 in order to suppress the contribution of the
spin—lattice relaxation. The large-7 limit of F.,(7) became about
one-half of the initial value. The ratio of the decay for Fu(7)
(1/N) corresponds to the number of sites () for the jump of a
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Figure 12. Normalized final state correlation, Fw(7), as a function of

the evolution time 7 at 225 K. F,(7) was obtained as F(r,t = 1.5s)/

F(t,t = 20 us). The solid line shows the calculated value of F.(7)

assuming a two-site jump of CD;CN with the reorientation angle of

0,.=76.24°.

molecule.?*~?¢ Therefore, a two-site jump in the o phase was
revealed by Fu(7). Assuming a jump of CH3;CN with the
reorientation angle of 6,,=76.24°, the 2H NMR stimulated echo
of a powder sample was calculated using

Fan= [ [ F(t.00.9)sin 0 d6 dg (12)
F(1,1,0,0) =W + exp(A1) * [exp(K) exp(A7)] + 1 (13)

For the calculation of F(z,f), the jumping rate for the two-site
jump of CD;CN was estimated as k = 2.5 s~! from 7. obtained
from the 2H NMR stimulated-echo decay at 225 K using the
relation k = (27.)~".!° The calculated normalized final state
correlation F(7) is indicated by the solid line in Figure 12.
The present results support the existence of a jump of CH;CN
between two neighboring sites in the hydrogen-bond network.
The intensity of the sharp component of the 2H NMR spectrum
due to the free CH;CN increased, and the correlation time of
the jump of CH3CN obtained by the stimulated-echo decay of
2H NMR decreased with increasing temperature. These results
suggest that the frequency of the jump of CH3;CN in the
hydrogen-bond network is enhanced by an increase in the
amount of vacancies due to premelting. The jump of CH;CN
in the hydrogen-bond network observed in the 2H NMR 2D
exchange spectrum and the stimulated-echo decay is predicted
to occur along with vacancy diffusion. From the correlation time
of the jump of CH;CN, the diffusion constant D for vacancy
diffusion in the one-dimensional hydrogen-bond network can
be estimated using the equation D = [[[27,, where [*[Jis the
mean square of the distance of the molecular jump. FOwas
estimated as 3.0 x 107" m? from the results of X-ray
diffraction,* and 7. was obtained from the 2H NMR stimulated-
echo decay in the present work. D was thus obtained as 4.5 x
107 and 7.5 x 107! m%/s at 222 and 225 K, respectively.

4. Conclusions

The change in the mobility of the CD; group due to the a—f
phase transition was observed using the 2H NMR 7 parameter.
The difference in the mobility of the CD; group in the a and 8
phases reflects a difference in the packing of the molecules in
the two phases. A jump of CH;CN between two neighboring
sites in the hydrogen network on the time scale of a few hundred

Suzuki et al.

milliseconds was observed in the o phase from the ’H NMR
2D exchange spectrum and stimulated-echo decay. The jump
of CH;CN is closely related to vacancies in the o phase. The
results of the present work strongly suggest the occurrence of
vacancy diffusion in the one-dimensional hydrogen-bond network.
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