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ABSTRACT: This work explores the dynamic behavior of the three closo-carborane
isomers (formula C,B;oH,,) using modern solid-state magic angle spinning (MAS) NMR
techniques and relates the experimental measurements to theoretical results obtained
using molecular dynamics simulations. At high temperatures and at B, = 9.4 T, the ''B
MAS line widths are narrow (40—90 Hz) for the three isomers. The rotational correlation
times (7.) calculated by molecular dynamics are on the picosecond time scale, showing a
quasi-isotropic rotation at these temperatures, typical for liquid systems. For all three
isomers, the values of the ''B spin—lattice relaxation times (T;) show discontinuities as the
temperature is decreased, confirming the phase changes reported in the literature. At low
temperatures, the ''B MAS spectra of all three isomers exhibit much broader lines. The
simulations showed that the molecular reorientation was anisotropic around different
symmetry axes for each isomer, and this was supported by the values of the reduced
quadrupolar parameter Pecgf derived from “dynamic shift” measurements using ''B
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MQMAS NMR spectroscopy. The behavior of Pﬁg as a function of temperature for p-carborane suggests that molecular
reorientation is about the C; symmetry axis of the molecule at low temperatures, and this was supported by the molecular

dynamics simulations.

1. INTRODUCTION

The closo-carborane molecules (C,BoH,,) approximate regular
icosahedra of CH and BH units. They exist as three structural
isomers, with the carbon atoms in o-, m-, and p-carborane
separated by one, two, and three chemical bonds, respectively.'
As well as having similar molecular structures, the closo-
carboranes exhibit similar motional and phase behavior in the
solid state. The highest temperature solid phase occurs above
274 K for o-carborane, 277 K for m-carborane, and 303 K for p-
carborane. X-ray diffraction studies of 0- and m-carborane reveal
a face-centered cubic lattice for this phase (for o-carborane, an
additional but closely related tetragonal phase has been
reported by some authors to exist between 274 and 295
K).”® This is a plastic-crystalline phase, in which the near-
spherical molecules reorient rapidly, yielding liquid-like NMR
spectra. Below this phase boundary, the symmetry of the lattice
is reduced, probably to orthorhombic symmetry for o- and m-
carborane (note that the symmetries of the p-carborane phases
have not been determined). Rapid molecular reorientation
continues but is thought to be anisotropic with reorientation
about at least one axis slowing significantly. At even lower
temperatures (below 167 K for o-carborane, 165 K for m-
carborane, and 240 K for p-carborane) less well characterized
phases exist, in which the molecular motion is significantly
reduced. Following the literature, we refer to the high-,
medium-, and low-temperature solid phases for each isomer
as phases I, II, and III, respectively. A summary of these phases
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can be found in Figure 1. It should be noted that there is no
agreement in the literature on the exact phase-transition
temperatures (and even, as we have mentioned above, on how
many phases occur and what their symmetries are); here we
have followed Leites® and Winterlich et al.® for the transition
temperatures.

Although a number of NMR studies exist in the
literature,”>® many of these are more than 20 years old and
therefore do not exploit modern NMR methods, such as magic
angle spinning (MAS) and multiple-quantum MAS
(MQMAS).? In this paper, we show that modern "B MAS
NMR techniques provide a window on the structure and
dynamics of the closo-carboranes. In particular, we show that
molecular reorientation can be easily and semiquantitatively
probed by measurement of the !B (spin I = 3/2) motionally
averaged second-order quadrupolar isotropic shift, known as
the “dynamic shift” in liquid-state NMR studies.'*™"

To support our experimental results, we have performed
several molecular dynamics simulations in the temperature
range where the NMR experiments were recorded. In the
literature, we can find only one previous molecular dynamics
simulation for a closo-carborane system. This work dates from
1996, with only 35 ps of trajectory calculated, and does not
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Figure 1. Schematic representation of the solid phases of the o-, m-, and p-isomers of carborane. The transition temperatures are taken from Leites®

and Winterlich et al.®

provide the detail we need for comparison with our NMR
14
results.

2. EXPERIMENTAL DETAILS

General NMR. Experiments were performed using a Bruker
Avance NMR spectrometer equipped with a wide-bore 9.4 T
magnet (corresponding to 'H and ''B Larmor frequencies of
400.1 and 1284 MHz, respectively) and a 4 mm MAS
probehead. Chemical shifts are reported in ppm relative to BF;-
OEt, for ''B (solid BPO, with a ''B shift of —3.3 ppm was used
as a secondary reference) and TMS for 'H. All experiments
employed MAS at a frequency of 10 kHz, and low-temperature
measurements were carried out by passing the rotor bearing gas
through a liquid nitrogen-cooled heat exchanger. As a
consequence of the frictional sample heating due to MAS and
the resulting spatial inhomogeneity of the sample temperature,
which we have estimated using *’Pb MAS NMR of lead(II)
nitrate, Pb(NO;),, the temperatures quoted in this article are
likely to have a precision of +5 K and to underestimate the
temperature at the center of the sample by approximately 5 K.
Radio-frequency field strengths of 140—170 kHz for non-
selective ''B pulses (i.e,, 90° pulse durations in the range 1.5—
1.8 us) and 170 kHz for 'H pulses were used.

"B MAS NMR. 'H-decoupled ''B MAS NMR spectra of
three isomers of carborane were recorded as a function of
temperature in the range 223—293 K for o- and m-carborane
and in the range 223—333 K for p-carborane. 'H decoupling
was applied with a field strength of 50 kHz. The recycle interval
(in the range 1—4 s) was optimized to ensure that the samples
returned to equilibrium prior to excitation, and spectra are the
result of averaging eight transients.

"B MQMAS. Variable-temperature 'H-decoupled ''B
MQMAS NMR spectra of o0-, m-, and p-carborane were
obtained using the method described in Figure 1a of ref 15; the
three-pulse “sandwich” was found to be most generally effective
for excitation of triple-quantum coherence because of the small
magnitude of the residual quadrupolar splittings. 'H decoupling
was used, with a field strength of 50 kHz. The triple-quantum
excitation period, 7., was optimized for each temperature and
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isomer in the range 10—40 us; a z-filter interval of S us was
employed. The States—Haberkorn—Ruben method of &, sign
discrimination was used, and pure-absorption two-dimensional
line shapes by means of a hypercomplex Fourier transform were
obtained. Twenty-four transients were averaged for each of 30—
38 (o-carborane), 30—S7 (m-carborane), and 60—67 (p-
carborane) t, values, with a t, increment of 50 us. The ''B
MQMAS NMR spectrum of p-carborane recorded at 223 K was
obtained using the same pulse sequence, but on account of the
larger residual quadrupolar splittings in this case, triple-
quantum coherence was excited with a single pulse (as
normally used in MQMAS) instead of the three-pulse
sandwich. All pulses used were nonselective (because of the
generally small residual quadrupolar splittings). Twenty-four
transients were averaged for each of 32 t; values, with a ¢,
increment of 25 us.

Double-INEPT. In phase I, ''B triple-quantum coherences
could not be excited by conventional means; hence, triple-
quantum (HB)—single—quantum ("H) MAS correlation spectra
were recorded using the “double-INEPT” technique described
in Figure 1b of ref 15, which utilizes the 'H—"'B J-coupling to
excite ''B triple-quantum coherences. ''B decoupling was
applied during acquisition, with a radio-frequency field strength
of 55 kHz. A coherence transfer interval 7 of 2 ms and recycle
intervals in the range 1—2 s were used. 48 transients were
averaged for each of 64—80 t, values, with a t; increment of 50
or 100 us.

T, Measurement. 'B spin—lattice relaxation times (T;)
were measured using the inversion—recovery experiment. As
elsewhere in this work, nonselective !'B excitation was assumed
on account of the generally small residual quadrupolar
splittings, and the amplitude of the ''B MAS centerband was
used in the determination of T,. The inversion—recovery
intervals used were optimized for each temperature and isomer,
within a range of 3 ps—3 s.

Molecular Dynamics Simulations. The system consisted
of a box of initial size 4.0 nm X 3.5 nm X 4.5 nm, with 216
molecules per box. The size of this box evolves in the course of
a molecular dynamics simulation in response to structural
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Figure 2. (a) Chemical structure of o-carborane. The boron (white circles) and carbon atoms (black circles) form an icosahedron; hydrogen atoms
have been omitted for clarity. (b) Variable-temperature "H-decoupled ''B MAS NMR spectra of o-carborane. (c) "H-decoupled ''B MAS NMR
spectra of the low-temperature phase (phase II) of o-carborane with a wide spectral width, showing the spinning sidebands. The numbering above

the peaks in (b) corresponds to that of the boron atoms in (a).

changes. Eight simulations were performed between 280 and
350 K for o- and m-carborane and six simulations for p-
carborane between 310 and 360 K. Trajectories of 200 ns were
calculated at 280 and 290 K, 100 ns at 300 and 310 K, and 50
ns at other temperatures. In addition, simulated annealing
trajectories of 100 ns were calculated from 150 to 350 K for
each isomer. (Note that the theoretical temperatures used in
the molecular dynamics simulations, which are derived from the
total kinetic energy of the system, are not true statistical
temperatures and are not expected to agree with the
experimental temperatures measured here and in previous
work.) Calculation of all trajectories and subsequent analyses
were performed using the software package Gromacs v. 4.5.3.°
The Visual Molecular Dynamics (VMD) program was
employed for trajectory visualization and graphics.'” A 1.4
nm cutoff was used for the Lennard-Jones potentials, and 1 nm
was used for real-space electrostatic potentials. Long-range
electrostatic interactions were calculated using the particle
mesh Ewald (PME) algorithm.'®™° The neighbor list was
updated every 10 time steps. Temperature and pressure (1 bar)
were kept constant, using a weak coupling algorithm®" with
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time constants 0.1 and 1.0 ps, respectively. All trajectories were
calculated with a time step size of 2 fs. The Lennard-Jones
parameters for boron, carbon, and hydrogen were the same as
those used by Gamba et al.'* The bonding interactions were
calculated using the force field developed by Allinger and co-

22
workers.

3. RESULTS AND DISCUSSION

Molecular Motion and the Second-Order Quadrupo-
lar Interaction. The coupling between the nuclear quadrupole
moment and the molecular electric field gradient is an
anisotropic interaction of spatial rank two, normally para-
metrized by a coupling constant Cq and an asymmetry 7. In
high-field NMR, this quadrupolar interaction can be treated
using average Hamiltonian theory, yielding the well-known
first- and second-order quadrupolar interactions, which have
spatial ranks two and zero, two and four, respectively. Since the
average Hamiltonian is obtained by averaging over the Larmor
period, the effect of dynamics on the second-order quadrupolar
interaction depends on the time scale of any molecular motion

DOI: 10.1021/acs.jpcb.5b00043
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Figure 3. (a) Chemical structure of m-carborane. The boron (white circles) and carbon atoms (black circles) form an icosahedron; hydrogen atoms
have been omitted for clarity. (b) Variable-temperature "H-decoupled ''B MAS NMR spectra of m-carborane. (c) 'H-decoupled ''B MAS NMR
spectra of the low-temperature phase (phase II) of m-carborane with a wide spectral width, showing the spinning sidebands. The numbering above

the peaks in (b) corresponds to that of the boron atoms in (a).

compared with the Larmor period. For motion that is much
slower than the Larmor frequency v, the average Hamiltonian
expansion remains valid, and the spectrum can be determined
by calculating the time-averaged second-order Hamiltonian.
Thus, if the motional rate constant is significantly larger than
the second-order quadrupolar parameter Co”/v, (but still much
smaller than 1), the second- and fourth-rank terms are
averaged and, in the case of isotropic motion, are reduced to
zero. The zeroth-rank term, however, is orientation independ-
ent and unaffected by motion on this time scale; the isotropic
quadrupolar shift is therefore unaffected. In the opposite case,
where motion is much faster than the Larmor precession, the
effect of orientational averaging must be assessed before the
average Hamiltonian is calculated. This means that both the
second-order broadening and the isotropic quadrupolar shift
are affected, and since the full quadrupolar Hamiltonian is
second rank, rapid isotropic motion averages both to zero.
Molecular motion on the nanosecond time scale or faster—in
both solids and liquids—can therefore have a measurable
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influence on the center-of-gravity shifts of quadrupolar nuclei.
This effect has been extensively studied in solution, where it is
commonly referred to as the dynamic shift.'°~" As pointed out
by Werbelow and London, however, it is better described as a
quenching of the isotropic second-order quadrupolar shift by
rapid reorientational motion."

"B MAS NMR Spectra of o-Carborane, m-Carborane,
and p-Carborane: Centerbands. Figures 2, 3, and 4 show
"B MAS spectra of the three carborane isomers, respectively,
recorded as a function of temperature. As noted by Harris et al,,
at higher temperature the spectra are remarkable for their
narrow line widths (o-carborane: 80—90 Hz; m-carborane: 70—
80 Hz; p-carborane: 40 Hz).* ''B MAS central-transition line
widths in the solid state are typically on the order of kilohertz
owing to the quadrupolar coupling and other broadening
interactions. The high-temperature carborane spectra resemble
liquid-state NMR spectra and are thus consistent with the
assumption of molecules undergoing rapid isotropic reorienta-
tion. Furthermore, the spectra change very little with cooling
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Figure 4. (a) Chemical structure of p-carborane. The boron (white circles) and carbon atoms (black circles) form an icosahedron; hydrogen atoms
have been omitted for clarity. (b) Variable-temperature 'H-decoupled 'B MAS NMR spectra of p-carborane. (c) 'H-decoupled ''B MAS NMR
spectra of the low-temperature phases (phases II and III) of p-carborane with a wide spectral width, showing the spinning sidebands.

until the I-II phase transition is reached, suggesting motional
rate constants that are orders of magnitude greater than the size
of the quadrupolar coupling constant (typically on the order of
1 MHz) and the Larmor frequency (128.4 MHz) across the
temperature range. As a result of the narrow lines, the number
of peaks observed is equal to the number of unique boron
chemical environments for each isomer, and the peaks have
been assigned by comparison with solution-state NMR data*
and quantum chemical calculations.*®

Below the I-II phase transition, the spectra of all three
isomers exhibit significantly broader lines (o-carborane: 600 Hz;
m-carborane: 500—1000 Hz; p-carborane: ~1200 Hz). This is
consistent with the transition to a more solid-like phase, where
molecular reorientation slows significantly about at least one
molecular axis, so that broadening interactions are not fully
averaged. Furthermore, as the samples are cooled, the central-
transition lines narrow somewhat, suggesting a rate of
reorientation below the Larmor frequency. For p-carborane,
the line width increases again at the II-III phase transition,
from 400 Hz at 233 K to 1.3 kHz at 223 K.
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(Decreasing) temperature also affects the frequencies of the
peaks. For o-carborane, a shift to low frequency is observed at
the I-II transition, while for m- and p-carborane the change
occurs more gradually below the phase transition (a further
shift to low frequency is observed for p-carborane at the II-III
transition). As discussed below, the frequency changes are likely
to be “dynamic shift” effects, rather than changes in the
chemical shift, consistent with the assumption that the phase
changes affect the reorientational behavior but do not
significantly alter the molecular structure.

"B MAS NMR Spectra of o-Carborane, m-Carborane,
and p-Carborane: Spinning Sidebands. For all three
isomers, very little spinning sideband intensity is apparent in
phase I, and the few sidebands observed are likely to result from
shimming imperfections or susceptibility effects. This is
consistent with rapid isotropic motion, which averages out
the quadrupolar interaction and causes the satellite-transition
signal to be concentrated in the centerband. Many more
spinning sidebands appear below the I-II phase transition
temperature (Figures 2c, 3¢, and 4c), spanning approximately
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300 kHz for o- and m-carborane and 80 kHz for p-carborane,
consistent with more anisotropic motion that results in
incomplete averaging of the quadrupolar interaction. It is
interesting to note that the spinning sideband pattern for p-
carborane is significantly narrower than for the other two
isomers. This observation is consistent with rapid anisotropic
reorientation about the Cg symmetry axis, which would average
the quadrupolar coupling constant to a small fraction of its
intrinsic value (see below); alternatively, the reorientation may
simply be more isotropic in the p-carborane isomer.

A further point to note is that the widths of the spinning
sidebands increase as the temperature is reduced, until they
disappear into the baseline. This is likely to be the result of
motional broadening, which causes the sideband line width to
increase as the rate of reorientation approaches the size of the
quadrupolar coupling interaction.**® This implies that
molecular reorientation remains faster than ~1 MHz
immediately below the I—II phase transition.

Longitudinal Relaxation. The T, discontinuities seen in
Figure S confirm the phase changes inferred from the MAS
spectra. As the temperature is reduced in phase I, T} decreases,
suggesting that the reorientation rate constant exceeds the ''B
Larmor frequency (1284 MHz). Below the I-II phase
transition, longitudinal relaxation is more rapid, and T,
increases as the temperature is reduced, implying molecular
reorientation with a rate constant below the Larmor frequency.
Phase III of p-carborane has a much longer T, than the higher
temperature phases, consistent with significantly retarded
reorientation.

Multiple-Quantum NMR and Dynamic Shift Measure-
ment. Figures 6, 7, and 8 show variable-temperature ''B
MQMAS spectra of the three unsubstituted carboranes. As well
as increasing the effective resolution compared with the one-
dimensional MAS spectra, MQMAS permits the measurement
of dynamic shift effects. This is possible because chemical shifts
appear with a 1:3 ratio in the single- and triple-quantum
dimensions of the spectrum, while quadrupolar shifts appear in
a —1:3 ratio (for spin I 3/2 nuclei). Peaks with no
quadrupolar shift are therefore centered on the line 6, = 3 X J,,
while peaks with a quadrupolar shift are displaced “below” this
line.

It is evident from the MQMAS spectra that the peaks exhibit
dynamic shifts. These increase as the temperature is reduced,
although the magnitude and temperature dependence vary
from site to site. The extent of the quadrupolar shift depends
on both the strength of the quadrupolar interaction and on any
molecular motion and can be characterized by an “effective
quadrupolar product” Pg, as described in ref 1S. Pﬁ{f ranges
between zero, when rapid (faster than the Larmor frequency)
isotropic motion, quenches the quadrupolar interaction, and, in
the absence of motion, Py = Cqo(1 + 17°/ 3)Y2. Figure 9 shows
the variation of P as a function of temperature for each
resolved MQMAS peak; also shown (dashed lines) are the
intrinsic P, values predicted by ab initio calculation.”

For all of the isomers, intermediate values of ng, which
increase with decreasing temperature, are observed, implying
that the rate of motion in phase II is of the same order of
magnitude as the Larmor frequency. For o-carborane, the three
resolved peaks yield very different Peéf values across the
temperature range, even though ab initio calculations suggest
similar intrinsic Pq values for all sites. The range of observed
Pf{f is therefore suggestive of anisotropic reorientation. At the
lowest temperature, 223 K, Pflff for the 9,12 environment
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Figure 5. "B spin—lattice relaxation times (T)) as a function of
temperature (T) for the three isomers of carborane. The o- and m-
isomers exhibit evidence of a qualitative change in motional behavior
(equivalent to the thermodynamic phase transition) at about 260 and
270 K, respectively. The p-isomer shows two such phase transitions:
one in the vicinity of 290 K and other in the vicinity of 230 K.

remains significantly lower than the calculated intrinsic Py,
indicating that motion is not fully quenched at the lowest
temperature observed.

For m-carborane, the PEgf values remain closer together than
for o-carborane, are near-zero at high temperature, and are
closer to the calculated intrinsic Pq values at low temperature.
These observations suggest that molecular reorientation is
more isotropic than for o-carborane at high temperatures and is
slower at low temperature.

For p-carborane, ng falls steadily toward zero as the
temperature is increased. This could suggest that reorientation
is fast and relatively isotropic just below the I-II phase
transition, which is consistent with the suggestion of Beckman
and Leffler that the absence of an electrostatic molecular dipole
moment in p-carborane leads to reduced intermolecular
interactions and less anisotropic reorientation compared with
the other isomers.” Another possibility is that the dominant
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Figure 6. Variable-temperature 'H-decoupled ''B MQMAS NMR
spectra of o-carborane obtained using the pulse sequence in Figure la
of ref 15. The +3 diagonal is shown as a dotted line in each spectrum.
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Figure 7. Variable-temperature 'H-decoupled ''B MQMAS NMR
spectra of m-carborane obtained using the pulse sequence in Figure la
of ref 15. The +3 diagonal is shown as a dotted line in each spectrum.
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Figure 8. Variable-temperature 'H-decoupled ''B MQMAS NMR
spectra of p-carborane obtained using the pulse sequence in Figure la
of ref 15. The +3 diagonal is shown as a dotted line in each spectrum.

mode of reorientation is about the Cy symmetry axis of the
molecule; since the angle between this axis and the largest
principal axis of the quadrupolar coupling tensor is close to the
magic angle, rapid rotation would then average the quadrupolar
shift to a small fraction of the static value. Although the lowest
temperature data point at 223 K corresponds to phase III, ng is
close to that measured at 233 K.

For samples in the “isotropic phase” (phase I), we were
unable to excite triple-quantum coherence using the MQMAS
experiment. However, it was possible to excite triple-quantum
coherence in this phase using the double-INEPT approach
described in Figure 1b of ref 15. For each of the isomers, the
triple-quantum frequency was found to be 3 times the single-
quantum frequency, indicating a Pecif of zero and implying
isotropic motion at a rate faster than the Larmor frequency.
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Figure 9. Variation of Plef with temperature for the chemically distinct
B environments in the three isomers: (a) o-carborane, (b) m-
carborane, and (c) p-carborane. The Pf{f values were determined from
the dynamic or second-order shifts in the MQMAS spectra in Figures
6, 7, and 8. The horizontal dashed lines indicate theoretical Pq values
derived from ab initio calculations. The assignment of the symbols in
(a) and (b) refers to the numbering scheme for the boron atoms and
peaks in Figures 2 and 3. Note that the peaks representing the B3/B6
and B4/B5/B7/B11 environments in o-carborane overlap in the low-
temperature phase (phase II) and so cannot be distinguished in the
MQMAS spectra.

Molecular Dynamics Simulations. Using molecular
dynamics simulations, a simulated annealing run was performed
for each isomer to analyze the motional behavior as a function
of the temperature. Figure 10 shows the variation of the angle
between a number of CH or BH bonds in one m-carborane
molecule and the z-axis of the box during the course of the
simulated annealing. Three different regions of motional
behavior can be appreciated. One, at a high simulation
temperature, above 310 K, shows the angles with respect to
the z-axis exploring almost all possible values on a rapid time
scale. This region can be described as corresponding to fast
isotropic motion about three orthogonal molecular moments of
inertia, which the previous experimental results have referred to
as phase L. (Remember that these theoretical temperatures used
in the molecular dynamics simulations are expected to agree
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Figure 10. Variation of the angle between selected CH or BH bonds
in a single m-carborane molecule and the z-axis of the molecular
dynamics box during the course of a 100 ns simulated annealing run
from 150 to 350 K. “Atoms” 1 and 7 correspond to a CH bond, and
“atoms” 2 and 12 correspond to a BH bond (see Figure 3a).

only very approximately, if at all, with the experimental
temperatures.) In the second region, between 265 and 310 K,
the value of the angles fluctuate rapidly over a much smaller
range, maybe +15°, but also undergo much larger jumps on a
much slower time scale. This means that there is a component
of the molecular rotation that is much slower, and if the larger
jumps are restricted to certain values, this slower component
could be anisotropic. Therefore, this region would appear to
correspond to phase II observed experimentally. The third
region is found at low simulation temperature in Figure 10,
below 265 K: here, the angles fluctuate rapidly over the small
+15° but are otherwise constant, suggesting that the molecule
has a fixed orientation when averaged over a long time scale.
This region appears to correspond to phase III in the
experimental results.

To obtain more details about the structure and molecular
motion in each system, we performed longer molecular
dynamics simulations at several temperatures. The initial
position for the simulation at each temperature was taken
from the simulated annealing run performed for each isomer.
Figure 1la shows the box used for each simulation. As the
results in the literature suggest, a face-centered cubic unit cell
can be identified inside the box for all three isomers, as shown
in Figure 11b. This face-centered unit cell appears to be
retained all temperatures in our molecular dynamics
simulations, indicating that any deviations from cubic symmetry
are smaller than the thermally driven fluctuations in the
position of each molecule. Therefore, the changes in crystal
symmetry indicated by the X-ray diffraction studies in the
literature cannot be studied by the molecular dynamics
methods used here. Nevertheless, our methods can visualize
changes in structure and motional behavior.

As shown in Figure 12, the average final volume of the
simulation box decreases as temperature decreases. Distinct
changes in the gradients are observed at temperatures
corresponding to the changes in motional behavior observed
in the simulated annealing. In each case, two different
motional/volume regions can be appreciated. In the cases of
m- and p-carborane, there are sharp changes in volume
occurring at about 315 and 345 K, respectively. In contrast,
o-carborane shows a more gradual decrease in the volume as
the simulation temperature is decreased from 320 to 300 K.

To study the temperature-related changes in the average
structure of the unit cell, we have calculated the pair
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(@)

Figure 11. Snapshot of the o-carborane system after 30 ns of simulated
annealing. (a) View of the whole molecular dynamics box with 216
molecules of o-carborane. (b) Face-centered cubic unit cell from near
the center of the simulated system. Boron atoms are pink, carbons are
cyan, and hydrogen are white.

60.0 T T T T T T T T T
595+
59.0 -
58.5 -
58.0 -

57.5

Volume / nm®

57.0 -
56.5 -

56.0 1
270 280 290 300 310 320 330 340 350 360
T/K

Figure 12. Average volume of the molecular dynamics box for the
three carborane isomers over the course of molecular dynamics
simulations run at various temperatures.

distribution function (PDF) up to a radius of 1.75 nm for each
isomer. Figure 13 shows the PDF between 1.36 and 1.55 nm,
corresponding to the fourth coordination sphere, for each
isomer. Similar behavior is found for the other coordination
spheres. As the centers of mass of the molecules are not static
in the box, the instantaneous distribution of pairwise distances
has a finite width. In general, as the simulation temperature
decreases the width of each distribution decreases, while its
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Figure 13. Pair distribution function (PDF) between 1.36 and 1.5§
nm, corresponding to the fourth coordination sphere, calculated for
the three isomers (a) o-carborane, (b) m-carborane, and (c) p-
carborane at various temperatures in the molecular dynamics
simulation.

amplitude increases, indicating less vibrational and librational
motion as the system cools. All the different coordination
spheres show at least two different regions as a function of the
simulation temperature, with the boundaries occurring at about
315, 310, and 345 K for o0-, m-, and p-carborane, respectively.
For all three isomers, the distributions appear to become
bimodal at low temperatures, with this being most noticeable
for o-carborane; although the effect is slight, it is tempting to
interpret this as corresponding to the reduction in crystal
symmetry observed in some diffraction studies of the low-
temperature phases.

To understand the molecular motion of each isomer, we have
calculated the rotational correlation function for the CH and
BH bonds at different simulation temperatures. Figure 14
shows the values for 7, for the three isomers. In each case, a
biexponential fit to the correlation function was used and two
different values of 7, were obtained, which we describe as the
high-frequency (short 7.) and low-frequency (long 7.)
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Figure 14. Rotational correlation times 7, for the CH and BH bonds at
different temperatures in the molecular dynamics simulations for the
three isomers (a) o-carborane, (b) m-carborane, and (c) p-carborane.
In each case, a biexponential fit to the correlation function was used,
and two different values of 7. were obtained, which we describe as the
high-frequency (short 7.) and low-frequency (long 7.) components.
The vertical bars span the range of 7, values found in the molecule: a
large vertical bar thus indicates a high degree of anisotropy in the
molecular tumbling. The scale on the right-hand side is in picoseconds
(ps) and on the left is in nanoseconds (ns); the vertical line in each
graph indicates where the scale switches.

components. The vertical bars span the range of 7, values found
in the molecule: a large vertical bar thus indicates a high degree
of anisotropy in the molecular tumbling. At high temperatures,
the values of 7. are in the picosecond range; at low
temperatures, they are in the nanosecond range. For p-
carborane at higher temperatures, the values of 7. for the CH
bonds are larger than for the BH bonds. Furthermore, at low
temperatures, it was impossible to calculate a correlation time
for the CH bond; the correlation function was not an
exponential decay, and so we believe that 7_ is longer than
the duration of our trajectory. These observations confirm that
the molecular rotation for p-carborane is predominantly around
the Cy axis of molecular symmetry. For o- and m-carborane, at
higher temperatures the tumbling is more similar for each CH
or BH bond (the vertical bars are smaller than for p-carborane),
but we still find two components for the correlation function
and hence two 7, values. In general, the molecular tumbling
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observed in o-carborane is slower than in m-carborane,
especially at low temperatures, while both of these isomers
exhibit slower tumbling than p-carborane, again especially at
low temperatures.

From the values of 7. and ab initio values of the ''B
quadrupolar coupling constants, the ''B quadrupolar spin—
lattice relaxation time was calculated using Bloembergen—
Purcell-Pound theory.”® The Fourier transform of the
correlation function with a biexponential decay provided the
spectral density.”” The theoretical values of T, are compared
with the experimentally determined values in Figure 15 for o-
and m-carborane. Note that we have used the same T, scale for
both theoretical and experimental values but that we kept
different theoretical and experimental temperature scales,
empirically aligning the two at the phase transition temperature.
It can be seen that, although the theoretical T values tend to
underestimate the experimental ones in the high-temperature
phase, that the trends in the two sets of values are remarkably
similar.

4. CONCLUSIONS

The experimental NMR results presented here show that high-
resolution MAS and multiple-quantum MAS spectroscopy are
valuable techniques for studying plastic solids containing
quadrupolar nuclei. The icosahedral carborane isomers showed
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Figure 15. Theoretical ''B spin—lattice relaxation times for (a) o-
carborane and (b) m-carborane calculated using Bloembergen—
Purcell-Pound theory for quadrupolar relaxation. The assignment of
the symbols refers to the numbering scheme for the boron atoms and
peaks in Figures 2 and 3. The Fourier transform of the biexponential
correlation functions provided by the molecular dynamics simulations
yielded the spectral densities. The experimental ''B spin—lattice
relaxation times are shown on the same scale, but we have empirically
aligned the experimental and molecular dynamics temperature scales at
the phase transition.
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liquid-like spectra in phase I, consistent with the earlier work of
Harris et al* Below the I-II phase transition, the peaks
broaden and spinning sidebands appear, consistent with
anisotropic tumbling. By inspecting spinning sideband and
MQMAS spectra, it was possible to semiquantitatively probe
the nature of tumbling in the three carborane isomers.

Molecular dynamics simulations reveal a structure for all
three isomers that is based on a face-centered cubic unit cell. At
low temperatures the molecules are essentially static, exhibiting
only very rapid librational motions. However, at higher
temperatures, two distinct regimes of molecular motion are
found where the molecules undergo much larger reorientational
jumps. In one of these regimes (the one at lower temperatures),
the reorientation is on the nanosecond time scale and appears
to be predominantly about a preferred axis (anisotropic
motion), whereas in the other regime (at higher temperatures)
the correlation time is on the picosecond time scale and the
motion appears to be essentially fully isotropic. These
molecular dynamics results appear to be in qualitative
agreement with the NMR results, including the "B T,
measurements.

The change in the reorientational dynamics in the
simulations can be attributed to a change in the nonbonding
energies when the phase transition occurs. The intermolecular
distance between closo-carborane molecules decreases with
decreasing temperature until it reaches a point where the
molecules start to interact strongly with each other, decreasing
the rate of molecular reorientation.

The experimental Péf values as a function of temperature are
in agreement with the behavior observed in the molecular
dynamics simulations, where the dynamic shift can be related
directly with the molecular rotation. The molecular motion of
p-carborane is around the molecular Cs axis of symmetry at low
temperature. This is reflected in PEgf falling steadily almost to
zero as the temperature is increased. For o- and m-carborane
the motion at high temperature is highly isotropic.

Using ''B MAS NMR and molecular dynamics, we have been
able to gain new insight into the dynamic behavior of the closo-
carboranes. In particular, the molecular dynamics simulations
provide strong support for the experimental results, although
the phase-transition temperatures are overestimated by at least
30 K in the simulations.
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