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Disorder and motion in crystals of tetra-n-alkylammonium halides of short chain length alkyl groups,
[CH4(CH,),_,].NX, where n = 1, 2, 3 and X = Br and I, have been analyzed based on solid state
NMR. The solid-mesophase phase transitions involve orientational motion and disorder of the cation
as a whole, so that the mesophases must be identified as plastic crystals. Except for the methyl rotation,
the conformational motion, i.e., the rotation about single-bonds, is limited to small-angle librations
that do not reach other conformational isomers. The analyzed salts show, thus, a plastic-crystal me-
sophase without conformational disorder. The information on the disorder and motion, obtained initially
by thermal analysis of the transition, agrees well with the more detailed NMR results.

Keywords: tetra-n-alkylammonium bromides and iodides, disorder and motion, plastic
crystal, solid state *C NMR, thermal analysis

INTRODUCTION

In the first paper of this series,! the first-order transitions in tetra-n-alkylammonium
halides, [CH5(CH,),, ,]NX, have been discussed based on the concept of confor-
mational motion and disorder. The entropy changes for the orientational and con-
formational disordering for the short-, intermediate-, and long-chain tetra-n-alkyl
ammonium salts was shown to follow the following respective approximations:

Asshon = 44.9 JKklmOl_l for n = 1’ 2 and 3’
ASinter =449 + 9.5 x (4n - 12) JK " mol? forn = 4-7’
ASing = 9.5 X (4n — 12) JK~'mol ! forn = 8.

+“The submitted manuscript has been authored by a contractor of the U.S. Government under
contract No. DE-ACO05-840R-21400. Accordingly, the U.S. Government retains a nonexclusive, roy-
alty-free license to publish or reproduce the published form of this contribution, or allow others to do
so, for U.S. Government purposes.”
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where the value of 44.9 JK~!'mol ! is the average value of total entropy of dis-
ordering for tetraethyl- and tetra-n-propylammonium bromide as well as the io-
dides, see Table I, and is well within the range for orientational disordering of
single, nonspherical motifs predicted by Walden’s rule (AS,icn: = 20-50
JK " 'mol~1).23 The term 9.5 X (4n — 12) represents the contribution from con-
formational disordering. The variable n is the number of single bonds (including
N~C) in the cation, diminished by 12 since there are 3 single bonds in each alkyl
chain (total of 12 in four chains) that do not contribute to the entropy changes.
These bonds include N—CH,, NCH,—CH,, and CH,—CH,;. The details will be
discussed in this paper. The proportionality constant, 9.5 JK~!mol 1, is the typical
entropy change associated with one single-bond that becomes conformationally
disordered.?->

The interpretation of these relations are: (1) In the short tetra-n-alkylammonium
salts only orientational disordering to plastic crystals without conformational dis-
ordering is possible before fusion. The isotropization to the melt occurs for these
salts within or above the sublimation or decomposition temperature range. (2) In
the salts with intermediate alkyl-chain length both orientational and conformational
disordering may be possible, leading either to conformationally disordered plastic
crystals or to condis crystals that have no orientational disorder.> (3) In the long-
chain tetra-n-alkylammonium salts, only condis crystals exist before isotropization
to the melt. The disordering, particularly the conformational disordering, may occur
to some degree in a gradual process. Such gradual acquisition of conformational
entropy was first documented for the liquid crystal forming N,N'-bis-(4-n-octylox-
ybenzal)-1,4-phenylenediamine (OOBPD).6

In this paper, we will focus on the disorder and motion in the mesophases of
the short-chain tetra-n-alkylammonium halides derived from solution proton NMR
and variable-temperature multi-technique solid state *C NMR, such as the tem-
perature dependence of the chemical shift anisotropy powder patterns (VT-CSA)
measured on static samples, high resolution spectra obtained under conditions of
magic angle sample spinning (MAS) and high power proton decoupling with/with-
out cross polarization (CP) transfer, and !*C spin-lattice relaxation times (7}) at
some characteristic temperatures.

It will be shown that the motion and disorder in the mesophases of these short-
chain tetra-n-alkylammonium salts is, indeed, orientational only. The motion about

TABLE I

Thermodynamic parameters of short-chain tetra-n-alkylammonium salts®

Salt T, (K) AS,, (JK"'mol™") AS,** (JK 'mol™Y)
Et,NBr 448.3, 462.6 44.6, 3.2 478
Et,NI 471.3 443 443
Pr,NBr 3822, 395.8 444, 0.9 45.3
Pr,NI 225.4, 4189 6.4, 35.8 422
a. Data are taken from Ref. 1 using measurements over temperature range from 130

to 550 K. Tetramethylammonium bromide and iodide show no transition in this
temperature range.
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the single bonds, namely, N—CH,, and NCH,—CH,, will be shown to be librational
and, thus, does not introduce conformational disorder. The rotation about the
—CH; bond is facile as in all similar structures and starts gradually already at very
low temperature, so that for all practical purpose the —CH; can be treated as an
isolated (noncooperative) hindered rotor and as is common practice its confor-
mational disorder is ignored since its motion does not substantially change the
shape of the cation. The mesophases of the short-chain tetra-n-alkylammonium
salts are thus all plastic crystals without conformational disorder in the cation.

In subsequent analyses,” we will apply this result to the analysis of intermediate-
and long-chain cations, for which the proposal of approximately 9.5 x 12 = 114
JK ~'mol ! was made to account for the deficit in conformational entropy of fusion.
Thus, this paper serves as a basis in the effort to separate the well-known plastic
crystalline states for the lower homologs from the condis states that exist in the
intermediate and long-chain tetra-n-alkylammonium halides.

EXPERIMENTAL

The samples used in this paper have been described in detail in the previous
publication.! They consisted of commercially produced bromides and iodides of
[CH;(CH,),,_INX with n = 1, 2, and 3. All samples had purities in the 99% range.
Solution NMR did not detect any proton and carbon containing impurities.

For the measurement of 'H NMR spectra in solution about 15 mg of the crystalline
samples of each were dissolved in 5 ml of deuterated water. The dissolved samples
were measured at room-temperature with a Bruker AC250 spectrometer, operating
at 250.132 and 62.893 MHz for 'H and *C, respectively. The chemical shifts for
both 'H and '3C spectra were reported relative to DSS (4,4-dimethyl 4-silapentane
sodium sulfonate) in D,O.

The solid state *C NMR spectra were measured on the samples as received. All
the measurements were made with a Nicolet NT 200 spectrometer operating at
200.07 and 50.31 MHz for *H and **C, respectively. A solid state probe, purchased
from Doty Scientific, Inc., permitted variable temperature measurements. The
cylindrical sample container (rotor) was made from a single crystal of AL, O; (sap-
phire) and has a diameter of 5 mm. The end cap pairs used with the rotor were
made from brown plastic Vespel® (Registered trademark for a DuPont polyimide).
The sample was spun at 4.5 kHz at the magic angle for all the ?°C MAS NMR
measurements and kept static for the measurements of chemical shift anisotropy
powder patterns. Prior to each measurement, after stabilizing temperature and
sample spinning rate, the probe was tuned and matched with a 2382 Spectrum
Analyzer (100 Hz—-400 MHz) made by Marconi Instruments.

A sample of ethylene glycol was used for chemical-shift thermometry to calibrate
the sample temperature above 300 K.® The calibration was done in the decoupler
at sample spinning rates of 0 and 4.5 kHz. The 0 kHz-spinning rate was applied
for the observations of CSA and 4.5 kHz for high resolution spectra of solids. The
highest achievable temperature of the solid probe employed is 420 K.

The ¥C chemical shift values of the solid samples were referenced indirectly
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relative to TMS (tetramethylsilane) via hexamethylbenzene (the CHj; resonance is
17.37 ppm). The spectrometer field drifting was estimated to be less than 0.05 ppm
during a variable-temperature run.

The relaxation times of **C were measured using the conventional progressive
saturation method (PS) for long T;’s (>15 s), and inversion recovery (IR) method
for shorter T,’s. The broad band decoupling of the protons was maintained. During
the variable delay and the recycle delay, a low decoupling power, ca. 1 W, was
used to saturate the protons and reduce undesirable heating of the sample. During
data acquisition, high power dipolar decoupling was used (ca. 25 W, corresponding
to a 50 kHz field strength or 5 ps for the 90° proton pulse width). The 90° and
180° pulse widths for *C were 4.1 and 8.2 us, respectively. At each temperature
10 to 20 experimental data points (variable delays) and 64 FIDs per each data point
were collected to yield T; values with average errors of less than 8%. All the
relaxation time measurements were done under the magic angle spinning conditions
(spinning rate of 4.5 kHz). The variable temperature *C spectra were measured
using the combined techniques of CP-MAS. The spin contact/lock time was typically
1-3 ms and the 90° pulse width for protons was 5.0 us. When cross polarization
becomes no longer possible within certain temperature range, the conventional
method of one-pulse in 3C channel with two level proton decoupling was used.

RESULTS

The entropies of first order transitions for all to us available samples have been
given in the previous publication.! For reference, the data for the short-chain tetra-
n-alkylammonium salts are collected in Table I. A detailed discussion on the ex-
perimental and calculated heat capacities of the salts studied in this paper will be
given as part V of this series of papers.®

Full 'H and *C NMR characterizations of [CH3(CH,),,.,].NX in solution were
made, where n = 1, 2, 3; and X = Br and I. The solution spectra were used to
check the identities and purities of the samples used. Except for improved resolution
the spectra are similar to those documented in the literature.!®!! Of particular
interest are the 'H NMR spectra of the tetra-n-propylammonium halides. In Figure
1 the resonances of the protons bonded to C-1 (C-1 is the carbon bonded to the
nitrogen) are plotted for all available salts.

For tetramethylammonium iodide the solid state *C CP-MAS NMR spectral
parameters, namely, chemical shift (8), line width (AH), and signal-to-noise ratio
(S/N), were monitored as a function of temperature. As the temperature is increased
from 308 to 424 K, 8 increases from 56.40 to 57.09 ppm, while AH decreases from
54.97 to 35.30 Hz and S/N from 100 to 40 (arbitrary units). All changes are gradual.

The 3C spin-lattice relaxation times, T;, of tetramethylammonium bromide and
iodide were measured from 311 to 397 K. The results are shown in Table II.

The variable temperature *C CP-MAS spectra of tetraethylammonium bromide
are shown in Figure 2. Up to 358 K, the methylene carbon resonance shows an
asymmetric doublet. At higher temperature the resonance changes to a broad,
symmetric single peak and vanishes at 395 K. For the iodide, the room-temperature
13C CP-MAS spectrum is plotted in Figure 3, together with the CSA powder pattern
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FIGURE 1 Section plots of the 250 MHz 'H spectra for N-CH, protons in tetraethylammonium
halides and higher homologs in either D,O or CDCl; solution at room temperature.

of (CH,CH,),NI. The CSA powder pattern of (CH;),NI is also shown in Figure 3
(at the top) for comparison. An asymmetric doublet pattern of the methylene
carbon, as seen in (CH;CH,),NBr, was not observed for the iodide. The *C T,
for both tetracthylammonium salts are listed in Table III.

For tetra-n-propylammonium bromide at several chosen temperatures, the static
13C NMR spectra, showing CSA powder patterns, are displayed in Figure 4. The
variable-temperature high-resolution *C solid state NMR spectra obtained under
conditions of MAS plus high power decoupling are reproduced in Figure 5. The
13C T, of tetra-n-propylammonium bromide and iodide are listed in Table IV. The
correlation time, 7, of the motion of an individual carbon in the alkyl groups can
be evaluated using the commonly assumed expression for spin-lattice relaxation by
dipole-dipole interaction:

1 YEVEI? [ Tc

nTie  40m2% |1 + (0 — oot

W

+ +
1+ oz 1+ (wy + o)l

Te 67¢ ] (1)
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TABLE 1T

3C spin-lattice relaxation times, T}, of plastic crystalline Me,NBr and Me,NI*

Temperature (K) Me,NBr (ms) Me NI (ms)
311 26.53 32.82
317 2629 34.33
324 26.34 36.09
331 26.61 38.01
337 27.05 40.19
344 27.60 42.62
350 28.26 45.31
357 28.97 48.23
364 29.75 51.47
370 30.58 55.04
377 3147 5881
384 32.40 62.80
390 33.42 67.20
397 34.51 71.76
a Measured with inverse recovery method. Typical errors in T, are 8%.

312
329
344

358

A

“CH, (52.0 ppm) BCH, (10.15 ppm)
3

FIGURE 2 Variable temperature 50.3 MHz *C CP-MAS spectra of solid tetraethylammonium bro-
mide below the disordering transition. Plotted regions are: 56—48 ppm and 14~6 ppm for the methylene
and methyl carbons, respectively. Temperatures are (starting from top): 312, 329, 344, 358, 373, 395,
409, and again 312 K measured after cooling from 409 K.



Downloaded by [Tomsk State University of Control Systems and Radio] at 14:42 18 February 2013

TETRA-N-ALKYLAMMONIUM HALIDES 111

) .

7]]![I'll'lTllllll“lll'llvl'l’l'ITT]IIIII
140 120 100 80 60 40 20 0 -20 -40 Pf

FIGURE 3 Room-temperature 50.3 MHz solid state '*C NMR spectra of tetracthylammonium iodide.
Bottom spectrum: CP-MAS; middle: CSA powder pattern measured with CP. The CSA powder pattern
for tetramethylammonium iodide is shown on the top for comparison.

TABLE IIT
13C spin-lattice relaxation times, T, (in s), of (CH;CH,),NBr and
(CH,CH,),NI*
(CH,CH,),NBr (CH,CH,),NI
T (K) 3CH, “CH, T (K) BCH, BCH,
312 14.3 1.69 308 33.6 2.8
329 14.2 1.98 336 219 3.5
344 174 2.28 358 16.3 4.3
373 17.4 3.09 380 14.4 5.9
395 20.8 343 402 4.5 7.3
409 7.94 3.83
a Measured with the progressive saturation method. The errors in 7 are typically 5%.

where 7 is the number of directly bonded protons, & is Planck’s constant, vy, and
vy are the carbon and proton magnetogyric ratios, respectively, r is the distance
between interacting *C and 'H, w. and wy are the *C and 'H resonance fre-
quencies. The results of the calculations are also listed in Table IV.

For tetra-n-propylammonium iodide, a series of the variable temperature *C
NMR MAS spectra from 312 to 433 K were obtained with Bloch-decay and high-
power decoupling of protons and are shown in Figure 6a. The MAS spectra from
177 to 312 K were obtained with CP-MAS and are shown in Figure 6b. The rates
of cross polarization transfer at 308 and 408 K are shown in Figures 7 and 8,
respectively, in which a series of 3C CP-MAS spectra are plotted as a function of
spin-contact times.
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x 3

299K
353 K

390 K

402 K

J \ 308 K CP-MAS

+
Y T T T T T T T T 1 T T T T 1

|
150 100 50 0 -50 PPM

T T T T T

FIGURE 4 Variable temperature 50.3 MHz *C CSA powder patterns of tetra-n-propylammonium
bromide. The temperatures are listed along with each spectrum. The bottom plot is the CP-MAS
spectrum at 306 K to indicate the isotropic positions for all the resonances. Spectra at 299 and 353 K
were obtained with CP, while above the phase transition of 382.2 K the spectra were measured with
Bloch decay.

SOLUTION
MWN 394 K
354 K
”_JL 306 K
¥ T T T I T T 7 T I T ]'—' ¥ I T 1 T T I T T T T I T T T T I T T
60 50 40 30 20 10 PPM

FIGURE 5 Variable temperature 50.3 MHz “C NMR MAS (spinning rate 4.5 KHz) NMR spectra
of tetra-n-propylammonium bromide with CP at 306 and 354 K, without CP at 394 K. The solution
spectrum is reproduced at the top for reference.
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TABLE IV

13C spin-lattice relaxation time, T, (in s), and calculated correlation time, 1
(in parentheses) of tetra-n-propylammonium bromide and iodide®

113

TK) | c1 [ c2 | C3 (methy))
(CH,CH,CH,),NBr

306 332 £2.1 (479 ps) 224 +1.6 (323 us) 1.57 £0.11 (14.9 ps)

354 304 +1.9 (43.7 us) 20.0 £1.5 (28.8 us) 1.04 £0.10 (22.1 ps)

394 0.154 +£0.002 (157 ps) | 0.250 +0.004 (94.6 ps) | 1.16 =0.03 (20.0 ps)
(CH,CH,CH,),NI

322 3.31 £0.35 (0.477 us) | 3.42 £0.51 (0.493 us) | 1.20 £0.25 (19.4 ps)

433 0.230 +0.02 (103 ps) 0.42 +0.04 (55.8 ps) 1.95 0.07 (12.0 ps)

a Measurements at 354 K and below were done with progressive saturation method,

and at 394 and 433 K with inverse recovery. Calculations were made according to
Eq. (1). Correlation times were assumed to be on the long-time side of the T,
minimum at 354 K and below; on the short-time side of the T} minimum at 394 and
433 K, as well as for methyl carbons at all temperatures.

DISCUSSIONS

Tetramethylammonium Bromide and lodide

The thermal and structural information on tetramethylammonium chloride, bro-
mide, and iodide has been summarized in a review by Parsonage and Staveley.!?
These salts have the a priori possibilities of rotation of the methyl group, orien-
tational motion of the cation as a whole about one or more axes, and diffusion
through the crystal. The former two are considered to be more important in the
solid state. The orientational motion of the whole cation in both salts was detected
at room temperature by the proton linewidth (second moment) and proton spin-
lattice relaxation (wide-line NMR).1? The orientational motion of the cation was
considered to be random, therefore, the crystal must be classified as a plastic crystal.

The experimental evidence for the orientational motion of the cation generated
in this research is given by the temperature dependence of three *C CP-MAS
NMR parameters for tetramethylammonium iodide, namely, the chemical shift (),
linewidth (AH), and signal-to-noise ratio (S/N). The chemical shift value increases
by 0.4 ppm from 308 to 424 K, but the change is only half of the linewidth at 308
K (1.1 ppm), indicating that the packing remains the same. The other two param-
eters, AH and S/N, decrease continuously and considerably with increasing the
temperature. These latter two parameters determine the overall NMR signal in-
tensity, i.e., the area under the peak. The decrease of the integrated signal in a
1BC CP-MAS NMR spectrum was shown to be caused by the increased molecular
motion as the temperature is increased.’* The motion that influences the NMR
signal intensity between 300 and 400 K is mainly the orientational motion of the
cation. The methyl rotation has a much lower activation energy and its motional
frequency shows little change as a function of temperature in this high temperature
region, i.e., the methyl rotation does not contribute to the change of the NMR
spin-relaxation related parameters.

The correlation times and activation energies of the orientational motion of the
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SOLUTION

433 K

424 K

412 K

398 K

351 K

312 K
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312 K
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255 K
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177 K
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40 20 0 PPM
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FIGURE 6 (a) Variable temperature 50.3 MHz *C NMR MAS (spinning rate 4.5 KHz) spectra of
tetra-n-propylammonium iodide without CP. Temperatures are listed. (b) Same as Figure 6a, but at
lower temperatures.
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FIGURE 7 Change of '*C CP-MAS spectra of Pr,NI as a function of spin-contact times (in ms) at
room temperature. A maximum in intensity vs. the contact time could not be attained. The signals

between 120 and 180 ppm are from a referencing compound, tetraphenylborate sodium.

Spin Contact
Time (ms)

M §.00

0.10

100 80 60 40 20 0 PPM

FIGURE 8 Change of *C CP-MAS spectra of Pr,NI as a function of spin-contact times (in ms) at
408 K. Maxima in intensity vs. the contact time could be attained at contact times of 0.5, 1.0, and 1.0

ms for C-1, C-2, and C-3, respectively (see data printed in the figure).



Downloaded by [Tomsk State University of Control Systems and Radio] at 14:42 18 February 2013

116 }. CHENG, A. XENOPOULOS AND B. WUNDERLICH

cation in tetramethylammonium bromide and iodide can be obtained from the
temperature dependence of the T, data listed in Table II. The correlation times
7¢ of (CH;),NBr decreases from 3.0 ns to 0.74 ns as the temperature is increased
from 311 K to 397 K. Within the same temperature range, 7. of (CH;),NI decreases
from 0.85 ns to 0.23 ns. The shorter 7/’s indicate a faster orientational motion in
the iodide than in the bromide. The relationship between 7. and temperature can
be fitted into a simple equation to give the activation energy, E,:

¢ = Teexp(E,/RT) 2)

in which T 'is the experimental temperature. Fits to the logarithmic form of Equation
(2) lead to 7, = 5.0 ps and E, = 16.5 kJ/mol for the bromide and 7, = 2.2 ps and
E, = 15.4kJ/mol for the iodide. Within the experimental error (8%), the activation
energies are the same for both cases. The activation energies obtained in this work
are lower than those given for the same compounds in the literature, 35 and 33.5
kJ/mol for the bromide and iodide, respectively, see Reference 12. They are,
however, more in line with the activation energies for rotation of a series of
tetramethyl compounds with central atoms of varying size: (CH,),C, 4.2 kJ/mol,;
(CH3),Si, 31 kJ/mol; (CH,),Ge, 46—64 kJ/mol.**

Tetraethylammonium Bromide and lodide

As indicated in Table I, each of these two salts has a strong solid-mesophase
transition (at 448.3 and 471.3 K, respectively, outside the high-temperature ca-
pability of our NMR probe) with entropy changes of 44.6 and 44.3 JK~'mol .
These values are well within the range of entropy changes for orientational dis-
ordering: 20-50 JK~'mol~!, as given before by Walden’s rule,?* indicating that
the cations should be orientationally disordered above the phase transition.

The most decisive information on the orientational order of the cations of iodide
at ambient temperature is given by the X-ray data on the crystal structure. Wait
and Powell'” could show that the cation in projection forms a Nordic cross (swastika)
with the bond angle N—CH,~—CH,; approximately 12° larger than the normal
tetrahedral angle. This large distortion in the valence angle in the solid state results
in a large decrease in chemical shifts of the methyl carbons of both compounds on
dissolution in a solvent, such as D,O (in the solid state at 308 K the chemical shifts
of the methyl carbon are 10.15 and 10.00 ppm for the bromide and iodide, re-
spectively, while in D,O solution they decrease to 7.10 and 7.17 ppm, respectively).

Other experimental evidence that the cation is orientationally ordered below the
phase transition comes from the analysis of the NMR spectra. The asymmetric
doublet pattern from the methylene carbon in (CH;CH,),NBr below 348 K, shown
in Figure 2, is due to the N quadrupole effect on the *C-*N dipolar coupling.
Such phenomena is usually observable for 1*C atoms bonded to such N atoms,
e.g.,—NO,, —NH,, >NH, >N—, —NHj", and —CN.!¢-8 The asymmetric doub-
let pattern indicates thus that the inner part of the cation cannot have a tetrahedral
symmetry. By increasing the temperature, the symmetry increases and as the elec-
tric field gradient at the “N nucleus vanishes, the splitting pattern disappears. The
initial absence of such asymmetric doublet pattern in Figure 3, for the iodide
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indicates that the cation of iodide has the high symmetry already at room tem-
perature.

The CSA powder pattern of the methylene carbon in (CH;CH,),NI, shown in
the middle plot in Figure 3, indicates a broad, asymmetrical feature, indicating the
methylene carbon is rigid, i.e., neither a conformational motion about the N—C
bonds, nor orientational motion of the cation as a whole could exist at room
temperature. The methyl group, on the other hand, shows a much narrower and
more symmetric peak due to the fast rotation about its C; axis. The CSA pattern
for (CH;),NI (the top spectrum in Figure 3) shows narrower linewidth caused by
the methyl rotation and additional orientational motion.

The orientational motion for a plastic crystal at T,, the crystal-plastic crystal
disordering transition temperature, is typically 5 X 10~° s and decreases to about
2 x 1072 5 at the melting temperature.’ The correlation times for the methylene
carbons, calculated from the T, data of Table 111, indicate a motion of correlation
time in the range of ws at ambient temperatures, i.e., 150-170 K below the solid-
mesophase transition. At about 405 K, a temperature close to the transition, the
correlation time is still much longer than is typical for plastic crystals. Therefore,
we surmise that the motion below T, detected in this research is not orientational
motion. A slow libration within or of the cation may be possible, but the libration
must be limited to an angle that is sufficiently small so that no other orientational
or conformational isomer is reached, since these would be forbidden by the X-ray
and entropy of transition data.

Examination of molecular models also reveals that the ethyl chains are sterically
hindered about the bond between nitrogen and C-1. It seems possible that concerted
rotations about all four N—C bonds may occur, but, again the amplitude must be
limited, since rotations over large angles would lead to contradictions with other
experimental evidences. The impossibility for the conformational motion can be
extended also to temperatures above the phase transition, so that the solid-me-
sophase transition consists only of orientational disordering to the plastic crystalline
state without disordering about the N—C bonds.

Tetra-n-propylammonium Bromide

Tetra-n-propylammonium bromide was studied in the room-temperature crystalline
phase and in the high-temperature mesophase with solid state 3C NMR with and
without magic angle spinning (MAS). Figure 4 shows the powder patterns of *C
NMR spectra below the first solid-mesophase transition temperature (7, = 382.2
K with an entropy change of 44.4 J/K mol) at 299 and 353 K, above T, at 390
K, and above the second transition temperature (T, = 395.8 K, with an entropy
change of 0.9 J/K mol) at 402 K. The CP-MAS spectrum, which eliminates the
CSA interactions for nuclei of spin 3, was obtained at 306 K and is shown at the
bottom of Figure 4 to indicate the isotropic positions for all three carbon resonances.
Below T, the spectra feature broad, asymmetric resonances only. The magnified
C-1 resonance at 299 K clearly shows a powder pattern that has three non-identical
principal values in the chemical shift anisotropy (CSA) tensor, indicating that
C-1 is rigid. The signals of C-2 and C-3 are broadened and overlapping, also due
to the chemical shift anisotropy interactions. The width of the C-2 and C-3 peaks
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are, however, much less than for C-1 because of the methyl rotation that partially
averages the CSA interaction. As the temperature is increased to 390 K, higher
than T, no signals can be detected with the CP sequence, indicating a fast motion
(see analysis for tetra-n-propylammonium iodide below). The appearances of the
powder spectra at 390 and 402, obtained with the Bloch decay pulse sequence, are
very different from that at lower temperatures. The C-1 resonance changes from
asymmetric at 299 and 353 K to an axially symmetric CSA powder pattern at 390
K. The axial symmetry in the CSA powder pattern indicates explicitly that rotation
about one preferred molecular axis has started. The CSA interactions for C-2 and
C-3 are reduced so much that their resonances are clearly resolved. As the tem-
perature is further increased to 402 K, above T, the spectral linewidths becomes
further reduced and more symmetric, indicating that the molecular orientational
motion becomes more isotropic.

The variable-temperature MAS *C NMR spectra are shown in Figure 5. Below
T, the spectra obtained with CP at 306 and 354 K are almost identical in terms
of chemical shifts and linewidth. While above T, the signals, again, become un-
detectable with the CP. The MAS spectrum at 394 K, measured with Bloch decay,
shows two drastic changes compared to that at lower temperatures: (1) The line-
widths for all carbons have increased. For C-1, it increases from 0.9 to 4.8 ppm (1
ppm = 50.31 Hz). This heterogeneous linewidth broadening is due to a distribution
of the environments for the nuclei resulting from orientational disordering (more
detailed discussion on the mechanisms of line broadening is given for the case of
tetra-n-propylammonium iodide, below). (2) The chemical shifts change by 1.8,
1.3, and —0.6 ppm for C-1, C-2, and C-3, respectively, on going through the
transition. This global change in chemical shift clearly indicates a change in the
packing connected with the orientational disordering.

The conformational motion, i.e., rotation about a single bond in a linear paraffinic
chain can be investigated by the difference in the *C relaxation times between the
two directly bonded carbon atoms.?*-22 It follows that the larger the difference in
the T’s between the two bonded carbon atoms, the faster is the conformational
motion about the bond.

The 13C T, of a series of tetra-n-alkylammonium perchlorates (C1O,) ~, with alkyl
chain length ranging from 1 to 8 carbon atoms, have been measured in CD;0D
solutions by Coletta et al.?* They showed that in the tetra-n-hexylammonium cation
the relaxation times are 0.25 and 0.30 s for C-1 and C-2, respectively, and in tetra-
n-octylammonium cation, the difference between the T, of C-1 and C-2 is even
smaller, (T; is 0.25 and 0.26 s, respectively). Conversion of the T, data to the
correlation times of the motion, according to Equation (1), indicates that C-1 and
C-2 have the same mobility. This can only be due to the orientational and trans-
lational motion of the cation in solution as a whole (molecular tumbling), in other
words, the rotation about the bond between C-1 and C-2 is virtually absent. The
T, values for C-3 and C-4 in these two compounds, on the other hand, increase to
0.5 and more than 1 second, respectively, indicating increased motion about C—C
is possible as one approaches the chain ends. (In solution, the motion is at the fast
extreme and the correlation time of the motion is at the short side of the T;-
minimum predicted by Equation (1), therefore, a larger T, corresponds to a
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faster motion). The 7T, values of C-1 and C-2 in the smaller tetra-n-alkylammonium
cations analyzed were also very similar to each other compared to C-2 and C-3,
and any other sequential, directly bonded carbon pair closer to the chain end.?®
This observation that the rotation about C1-C2 is hindered in the liquid, must
naturally be extended to the solid state, as will be shown in the following. The
motion about the innermost N—C bonds is even more hindered for obvious steric
reasons.

The information on the conformational motion about the single bonds in tetra-
n-propylammonium bromide is contained in the 3C spin-lattice relaxation times,
T, shown in Table I'V. Below the disordering transition, T, for C-1 and C-2 is long
(20-35's), indicating slow motion (1. = 10~ s) in both CH,-groups. The difference
in the correlation time, 7., between C-1 and C-2 is much less than between C-2
and C-3. If one considers the fact that the shortening of T, of C-2 relative to C-1
is largely due to the magnetic