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Disorder and motion in crystals and mesophases of tetra-n-alkylammonium halides of intermediate
chain length alkyl groups, [CH,(CH,),,_,],NX, where n = 4, 5, 6, 7 and X = Br and I, have been
analyzed based on entropy changes of phase transitions known from differential scanning calorimetry
(DSC) and new measurements of solid state *C nuclear magnetic resonance spectra (NMR). Some
mesophase transitions from the crystal state involve only conformational motion and disordering to
lead to condis crystals. The conformational motion and disordering in the alkyl chains may also be
introduced gradually (transitionless change to a condis crystals). Further heating of the samples increases
the degree of conformational disorder (entropy) to reach different, more disordered condis states, or
causes orientational motion and disorder of the cation as a whole to form plastic crystals, which in this
intermediate alkyl chain-length group of salts contain always conformational disorder. Finally, isotrop-
ization occurs either directly from the condis state or out of the plastic crystal.

Keywords: tetra-n-alkylammonium bromides and iodides, disorder and motion, plastic
crystal, condis crystal, solid state 3C NMR, thermal analysis

INTRODUCTION

In the first paper of this series of publications,! the thermal properties of symmetric
tetra-n-alkylammonium salts were discussed based on the concept of orientational
and conformational motion and disorder. This work led to the suggestion that the
salts of intermediate alkyl-chain length cations, studied in this paper, may show
both plastic and condis crystal phases. This behavior is unique to the intermediate
length tetra-n-alkylammonium cations. The shorter-chain salts have no confor-

+The submitted manuscript has been authored by a contractor of the U.S. Government under contract
No. DE-AC05-840R21400. Accordingly, the U.S. Government retains a nonexclusive, royalty-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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mationally disordered phases, while the longer ones have no orientationally dis-
ordered phases.

Conformational disorder can be introduced only to the bonds that are separated
from the nitrogen by two or more carbon atoms. The two inner-most bonds are
restricted to a single rotational isomer. Rotations about the CH,—CH; bond is, in
contrast, so facile that it starts rotating at very low temperature, but its rotation
about the C; axis does not alter the overall molecular shape. Thus, the number of
bonds that can be disordered per alkyl chain in the intermediate and long-alkyl
chain length tetra-n-alkylammonium salts is n — 3, where n is the number of carbon
atoms. This generalization was made based on the study of the low-homologs of
tetra-n-alkylammonium halides,?> which form plastic crystals without conforma-
tional disorder as their only mesophases.

In this paper a study of the orientational and conformational motion and disorder
is reported for the tetra-n-alkylammonium bromides and iodides with 4 to 7 carbon
atoms per chain. It will be shown that conformational disordering in the inter-
mediate-length alkyl-chain cations tends to take place first in the outer bonds (close
to the chain end), and develops towards the inner bonds as the temperatures is
increased, leading to stepwise conformational disordering. The conformational
disordering may sometimes occur gradually without recognizable transition, starting
also from the chain end. In this case, an entropy deficit is expected when adding
the transition entropies from the crystal to the melt.

Experimental details of conformational motion and disorders in [CH3(CH,),, _ ;] JNX,
n=4,5,6,7 and X = Br and I, will be provided in this paper by mainly two *C
NMR observables, namely, the chemical shifts and the spin-lattice relaxation times
(T,). Both were monitored as a function of temperature. The entropy data! obtained
before are discussed together with the NMR results and will be shown to be
supplementary and consistent.

EXPERIMENTAL

The samples used in this paper have been described in detail in the first paper of
this series of publications.! They consisted of commercially produced bromides and
iodides of [CH;3(CH,),,_;]s.NX with n = 4, 5, 6, and 7. All samples had purities
in the 99% range and were used as received. Solution NMR did not detect any
proton and carbon containing impurities.

All solid state *C NMR measurements were made with a Nicolet NT 200 spec-
trometer operating at 200.07 and 50.31 MHz for 'H and !3C, respectively. The
solid state probe was purchased from Doty Scientific, Inc. The probe has variable
temperature capability over the range of 120-430 K. Temperature calibration below
and above 300 K was done by measuring the proton resonances of liquid methanol
and ethylene glycol,® respectively. The cylindrical sample container (rotor) was
made from a single crystal of AL,O; (sapphire) and has a diameter of 5 mm. The
end cap pairs used for the rotor were made from brown, plastic Vespel® (Registered
trademark for a DuPont polyimide). The sample was spun with nitrogen gas at 4.5
kHz at the magic angle for all measurements below 300 K. After stabilizing tem-



Downloaded by [Tomsk State University of Control Systems and Radio] at 14:43 18 February 2013

MESOPHASES OF ALKYLAMMONIUM SALTS 129

perature and sample spinning rate, prior to each measurement, the probe was
tuned and matched with a 2382 Spectrum Analyzer (100 Hz—400 MHz) made by
Marconi Instruments.

At the temperatures where condis crystals exist or lower, the 3C NMR spectra
were measured with the combined techniques of cross-polarization (CP), high-
power decoupling of protons, and magic angle sample spinning (MAS), known as
CP-MAS. The *C chemical-shift-anisotropy powder patterns were obtained on the
static samples with CP and high-powder decoupling. The spin-contact time was
typically 1-3 ms. The 90° pulse-width for the proton was 4.75 ps, which results in
a decoupling field of about 53 kHz. For plastic crystals with conformational mo-
bility, on the other hand, the *C NMR spectra were only measurable with the
pulse sequence for liquids, namely, one-pulse for *C with two-level decoupling of
protons (BILEV). The 3C spin-lattice relaxation times (7;) were measured using
progressive saturation method for T, = 10 s or inversion recovery for T, < 10 s.
The 90° and 180° pulse-width used for *C T, measurements were 4.15 and 8.30
us, respectively. The reported *C chemical shifts were relative to tetramethylsilane
(TMS) by calibrating with hexamethylbenzene [the methyl carbon has a chemical
shift of (17.35 = 0.20) ppm].

RESULTS

Tetra-n-butylammonium Bromide and lodide

The variable temperature *C NMR spectra of the bromide are plotted in Figure
1 along with a solution (CDCl;) spectrum. Below the lowest disordering transition
(367.0K), the large-amplitude motion is practically quenched, the *C NMR spectra
are only measurable with the CP-MAS method; at temperatures close or above
isotropization (393.9 K), the molecular motion is so rapid that the *C NMR spectra
become no longer observable with CP-MAS, and the pulse sequence for the liquid-
like samples (BILEV) had to be used; while at some intermediate temperatures
(condis phase) both CP-MAS and BILEV are applicable. The same holds true for
all other compounds studied in this work. Some numerical values of the chemical
shifts of Figure 1 are listed in Table I along with that of the solution spectrum
taken at room temperature.

The variable-temperature >C NMR spectra for the iodide are shown in Figure
2. A drastic change in the chemical shifts can be seen going to the 395 and 402 K
spectra. This change corresponds to the disordering transition observed in DSC at
394.0 K with an entropy change of 71.2 JK~! mol~'. The spectra above 394.0 K
become no longer observable with CP-MAS, but are measurable with BILEV. The
numerical values of the chemical shifts are listed in Table II. The variable-tem-
perature *C chemical-shift-anisotropy powder patterns are graphed in Figure 3.

The BC spin-lattice relaxation times of the bromide were measured at 384 K
with the progressive saturation method, the results for C-2, C-3 and C-4 are 10,
1.51, and 2.58 s, respectively. The T; for C-1 is not available at 384 K because the
resonance of C-1 is rather weak due to the line-broadening. The T;-values for the
iodide were measured at 308, 329 and 408 K and are listed in Table III. Included
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FIGURE 1 '3C NMR spectra of tetra-n-butylammonium bromide at, from bottom to top: 308, 350,
365, 373, 384 K, obtained with CP-MAS (the pulse sequence for rigid materials), and at 384, 392, and
395 K, measured with BILEV (the conventional pulse sequences for solution). Two spectra were
obtained for the condis state of 384 K, labeled as BILEV and CPMAS. The top spectrum is measured
in CDCl, solution at room temperature. Some chemical shifts are listed in Table I.

in the table are also the T)-values for (C,H,),NCIO, measured in CD;OD solutions
by Coletta et al.*

Tetra-n-Pentylammonium Bromide and lodide

Figures 4 and 5 show the variable temperature *C CP-MAS spectra for the bromide
and the iodide, respectively. The chosen temperatures cover all observed solid-
mesophase transitions [(374 K for (CsH,;),NBr, 404.6 and 412.1 K for (CsH;,),NI)].
The chemical shift values at the selected temperatures are listed in Tables IV and
V. For tetra-n-alkylammonium salts with chains consisting of 5 or more carbon
atoms, the chemical shift value of a given carbon atom is no longer determined
solely by its proximity to the nitrogen. For example, in the solution state C-2 has
a smaller chemical shift than all others carbon atoms, except the methyl group
carbon, as can be seen in Tables IV and V and the subsequent tables for longer
chain salts.

The relaxation times of each individual carbon atom at different temperatures
are listed in Tables VI and VII for the bromide and iodide, respectively.

Tetra-n-hexylammonium Bromide and lodide

The ¥C MAS NMR spectra of tetra-n-hexylammonium bromide at temperatures
above room-temperature are shown in Figure 6. The low temperature spectra (from
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TABLE I

3C NMR chemical shifts in tetra-n-butylammonium bromide at some typical temperatures
(in ppm relative to TMS)?

Temperature (K) C1 C-2 C3 C-4 (Methyl)
308 61.47 26.31 21.39 15.61/15.30/14.70
Disordering transition: 7, = 367.0 K, AS; = 41.2 JK'mol™
373 | 6375984 | 2563 | 2109 | 149611447
Transition: 379.2 K, 1.4 JK'mol™!
384 | Na [ asae | o219 | 14971440
Isotropization: T; = 393.9 K, AS; = 37.6 JK"'mol™!
395 (melt) 60.45 25.57 20.74 14.41
Solution (in CDCl,) 59.09 2423 19.79 13.74
a Spectra of Fig. 1. Multiple values are given for carbon atoms having more than one
peak.
b NA stands for data not available, because of broadness and weakness of the
resonance.

J cocr, SOLUTTON
M‘JLWMM«% 409 K

402 K
o 395 K
A 310 K
//\\MW o e,
R i T’”'!'ﬁ"r’ﬂ‘ l T 1 1 T ] T 'Y'"'j""Y R R 1 T’T”l' RS
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FIGURE 2 'C NMR spectra of tetra-n-butylammonium iodide at 310 K obtained with CP-MAS,
and, from bottom to top: 395, 402, and 409 K, with BILEV. The top spectrum is measured in CDCIl,
solution at room temperature. The chemical shifts are listed in Table II.
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TABLE 11

13C NMR chemical shifts in tetra-n-butylammonium iodide as a function of temperature (in
ppm relative to TMS)?

Temperature (K) C-1 C-2 C3 C-4 (Methyl)
310 61.58 26.67 21.65 15.53/15.32/14.40
387 61.91 26.79 2177 15.36/15.36/14.37

Disordering transition: Ty = 394.0 K, AS; = 71.2 JK"'mot™

395 62.09 26.78/25.85 | 21.87/20.90 15.33/14.79/14.39
402 60.63 26.52/25.80 | 21.87/20.85 15.34/14.97/14.43
409 60.97 25.84 20.80 14.67
416 61.00 25.85 20.79 14.64
Isotropization: T; = 420.6 K, AS; = 21.3 JK™'mol™
Solution (in CDCI,) 59.32 24.40 19.84 13.78

a Spectra of Fig. 2 and additional spectra at 387 and 416 K. Above the disordering
transition temperature (394 K), the spectra are only detectable with the pulse
sequences for liquids (BILEV). Multiple values indicate double or triple peaks.

M A ” \ ; “M” n JM H k f ' ' h' ; 400 K
300 K
MAS 310 K
e R ——
[_'7’ T T ‘ T T T T I T T T T ' T T T T l T T T T [ T T T T l T T T T
250 200 150 100 50 Q -50 -100 PPM

FIGURE 3 Variable temperature *C NMR powder patterns of tetra-n-butylammonium iodide ob-
tained at 300, 373, and 400 K. The bottom trace is the CP-MAS spectrum at 310 K to show the isotropic
resonance positions.
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TABLE III
13C spin-lattice relaxation times of tetra-n-butylammonium iodide (in s)?
T (K) C-1 C2 C3 C-4¢
308 56.0 1.7 585 x2.1 429 =1.1 1.69 £0.04;
1.77 £0.06
329 524 £1.5 60.1 £3.2 42.3 1.0 2.34 £0.05;
1.89 +0.08
Disordering transition: T, = 394.0 K, AS, = 71.2 JK"'mol™!
408 0.120 +0.002 0.169 +0.005 0.514 +0.010 2.08 £0.02
Isotropization: T; = 420.6 K, AS; = 21.3 JK™'mol™
Solution® 0.4 0.5 0.9 23
a Measured with the inversion recovery method.
b Data taken from Ref. 4 for the solution of perchlorate salt of tetrabutylammonium
ions in CD;0D, measured at 305 K with a 22.6 MHz (for '*C) spectrometer.
c Data for the methyl carbon are given for the most low- and up-field resonances.
387 K
]\ . U 373 K
341 K
308 K
LR T T I T T H T l T T T T | L Li Li T ‘ T T T T l ¥ T T T I T T
60 50 40 30 20 10 PPM

FIGURE 4 '*CNMR spectra of tetra-n-pentylammonium bromide obtained with magic angle spinning
at, from bottom to top: 308, 341, 373, and 387 K. The chemical shift values including those of the
solution are listed in Table IV.
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FIGURE 5 'C NMR spectra of tetra-n-pentylammonium iodide obtained with magic angle spinning.
The top spectrum is measured in CDCl, solution at room temperature. The chemical shifts are listed
in Table V.

TABLE IV

13C chemical shifts in tetra-n-pentylammonium bromide as a function of temperature (in
ppm relative to TMS)*

T (K) c1 c2 c3 C-4 C-5
308 60.48 24.60 3132 24.60 16.14
341 60.57 24.85 31.27 24.42 15.95

Isotropization: T; = 374.0 K, AS, = 97.9 JK'mol™
387 60.63 23.35 29.69 22.92 14.58
Solution 59.27 22.06 28.45 22.25 13.83
(in CDCl,)

a Spectra of Fig. 4.

about 146 K to 310 K) are shown in Figure 7, obtained on slow cooling (about 10
K/min). Figure 8 shows spectra obtained first on fast cooling (about 60 K/min)
from 310 to 146 K, then on slow heating (10 K/min) to 310 K. The variable
temperature *C NMR MAS spectra of (CgH,3)4NI is shown in Figure 9, for tem-
peratures from 308 to 375 K. The chemical shifts based on the variable-temperature
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TABLE V

13C NMR chemical shifts in tetra-n-pentylammonium iodide as a function of temperature (in
ppm relative to TMS)?

T (K) C-1 c2 c3 C-4 Cs
305 60.92 24.44 31.05 24.44 15.81
362 60.85 24.15 30.86 24.60 15.54
384 60.87 23.96 30.84 24.56 15.45
400 61.11 2391 30.52 23.40 15.52/14.71

Disordering transition: T; = 404.6 K, AS, = 41.2 JK'mol™!
Isotropization: T; = 412.1 K, AS; = 94.0 JK"mo}™!

415 61.15 23.61 29.63 22.80 14.62
Solution 59.45 2222 28.47 22.49 13.87
(in CDCl,)
a Spectra of Fig. 5. Two values for C-5 at 400 K show the low- and high-temperature
phases.
TABLE VI
13C T, of tetra-n-pentylammonium bromide (in s)*
T (K) C1 C-2 C3 C4 C-5
308 37.0x2.2 (33.8 30.6=1.1 (15.4y 1.50+0.04
Isotropization: T, = 374.0 K, AS, = 97.9 JK'mol™'
380 0.077+0.003 | 0.126:0.004 | 0.27+0.01 0.74+0.03 1.73x0.05
a ' Resonances of C-2 and C-4 overlap at 308 K, their T, were obtained by curve fitting

to a bi-exponential function defined by Eq. (5), below, for details see text.

spectra are listed in Table VIII for (C¢H,5),NBr, and in Table IX for (C¢H,5),NI.
The C T, at temperatures of different phases are listed in Table X for (C¢H,5),NI.

Tetra-n-heptylammonium Bromide and lodide

Since the two heptyl salts show great similarity in their thermal behavior,! the
detailed NMR studies were only carried out for one of them, namely, (C,H;5),NI.
For the bromide, only a 3C spectrum, shown in Figure 10 with chemical shifts
labeled on the peaks, was measured at room temperature with MAS and high-
power decoupling of protons (BILEV) for comparison with the iodide. For (C;H,5),NI
two sets of variable temperature *C MAS spectra were obtained, one below and
one above room-temperature and are shown in Figures 11 and 12, respectively.
The chemical shifts of (C;H,s),NI are listed in Table XI. Solution data are also
included in the table. The *C chemical-shift-anisotropy powder patterns for
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TABLE VII
13C T, of tetra-n-pentylammonium iodide (in s)*
T (K) C1 C-2 C-3 C4 C-5
310 39.1+3.8 (369" 34.6x2.7 (21.4) 1.18+0.09

Disordering transition: T, = 404.6 K, AS, = 41.2 JK™'mol™’
Isotropization: T, = 412.1 K, AS, = 94.0 JK"'mol""!
415 0.130+0.004 | 0.22+0.01 0.43+0.02 1.37+0.04 2.89+0.06

a Resonances of C-2 and C-4 overlap at 310 K, their 7,’s were obtained by curve fitting
to a bi-exponential function defined by Eq. (5), below, for details see text.

Mwm SOLUTION

374 K
364 K
357 K
VTSRS S WVUREIIT PRV SV SRR VW s 355 K
w 345 K
I 335 K
325 K
e — 316 K
Mw__,/\wﬁ_w_wmw /\/\ J 310 K
TR T
60 ;0 30 ]0 PPM

FIGURE 6 "C CP-MAS NMR spectra of tetra-n-hexylammonium bromide. The top spectrum is
measured in CDCI; solution at room temperature. The chemical shifts are listed in Table VIII.

(C,H,5) NI at some selected temperatures are shown in Figure 13. Finally, the *C
T, at temperatures of the different phases are listed in Table XII for (C;H;5),NL.
DISCUSSION

In the discussion, the entropy data obtained from DSC measurements are reviewed

first to give an overview of the expected motion and disorder. This is done by
using the empirical fusion rules for three types of disordering, namely, positional,’
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FIGURE 7 "C CP-MAS NMR spectra of tetra-n-hexylammonium bromide obtained on slow cooling
(about 10 K/min} from 310 K to 148 K. The chemical shifts of the spectra at 247 and 148 K spectra
are listed in Table VIII.

orientational,® and conformational,’~® that suggest typical entropy changes of 7—
14, 20-50, and 7-12 JK~" mol !, respectively. A detailed analysis on the entropy
data on extensive examples using these rules have been demonstrated in paper I
of this series.’

The positional and orientational motion is molecular size independent, while the
conformational motion and disorder is proportional to the number of flexible bonds
in the molecule. High resolution *C NMR is uniquely able to give details on
segmental motion, because each individual carbon atoms can be examined. The
temperature-dependent *C chemical shift and spin-lattice relaxation times (T}) of
individual carbon atoms are the most useful pieces of information to understand
the conformational motion and disorder in tetra-n-alkylammonium salts. In the
following, a brief introduction to the relationship between these two NMR param-
eters and motion will be given first. Next a discussion will be given for each
individual salt by analyzing the experimental data of the *C chemical shifts and
the “C T, followed by correlating the NMR results with the entropy changes
observed by DSC.

The 3C NMR Chemical Shift

The *C chemical shift in tetra-n-alkylammonium salts. A systematic chemical
shift investigation on the solution *C chemical shifts of tetra-n-alkylammonium
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FIGURE 8 BC CP-MAS NMR spectra of tetra-n-hexylammonium bromide obtained on fast cooling
from 271 K to 146 K (first four spectra from bottom), followed by heating of the quenched sample
(about 10 K/min) from 146 K to 310 K (six spectra shown at the top).

ions with alkyl chain length ranging from 1 to 18 carbon atoms has been carried
out using two-dimensional homo-(*H—'H) and hetero-nuclear (*H—"3C) chemical
shift correlation NMR spectroscopy.'® It could be shown that the chemical shifts
for C-1, C-2, and C-3 can be expressed in terms of a-, B-, and y-substituent effects
arising from both the central N* and carbon atoms. For the carbons further re-
moved from the nitrogen atom the empirical additivity rules proposed by Grant
and Paul for paraffins apply.!!

For the high-resolution *C NMR spectra of solid state tetra-n-alkylammonium
halides obtained in this research, the signals arising from C-1, C-3, C-z (the methyl
carbon), and C-x (the third carbon from the chain end, i.e., *CH,—CH,—CH,)
can easily be assigned. These four carbon atoms have unique chemical shift values,
i.e., the chemical shift variation of these four carbon atoms, over the entire tem-
perature range is less than the chemical shift difference between them and any
other carbons. The signal of C-2 overlaps, in the vicinity of room temperature,
partially with that of C-y (the methylene carbon connected to the methyl group)
as shown in Figures 4—6 and 9-11. The partly overlapping signals of C-2 and C-y
appear at 24.4-25.3 ppm. Distinction between C-2 and C-y can be made through
their relaxation times. The carbon atom closer to the end of the chain has the
greater mobility. Furthermore, the more rigid C-2 shows usually a broader and
weaker signal, therefore, C-2 normally appears as a shoulder on the sharper,
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FIGURE 9 "C CP-MAS NMR spectra of tetra-n-hexylammonium iodide. The top spectrum is mea-
sured in CDCI, solution at room temperature. The chemical shifts are listed in Table IX.

TABLE VIII

13C chemical shifts of tetra-n-hexylammonium bromide as a function of temperature (in ppm
relative to TMS)

T (K) c1 c2 c3 C-4 cs c-6
148 63.56 25.07 29.82 3431 2594 | 16.43/15.79
47 63.43 24.98 29.79 34.05 25.78 15.97

Disordering transitions at: 148, 167, 196, and 305 K,
with entropy changes of: 8.1, 1.2, 17.5, and 22.0 JK™'mol™!, respectively

300 | 5932 | 2433 | 2106 [ 33208171 2330 | 15231472

Disordering transition: Ty = 315 K, AS,s = 38 JK™'mol™
Isotropization: T, = 374.9 K, AS; = 42.6 JK'mol™*

374* 60.46 23.59 27.13 32.07 23.14 14.57
Solut.* 59.33 2241 26.10 31.25 2241 13.93
a Spectra of Fig. 7. Two values are given for double peaks arising form the same

carbon atom.
b Spectra of Fig. 8.
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TABLE IX

13C chemical shifts of tetra-n-hexylammonium iodide as a function of temperature (in ppm
relative to TMS)?

T () c1 c2 c3 C-4 cs C-6
308 64.41 25.00 29.47 33.66 2552 | 15.83/15.45

Disordering transitions: T,, = 345.1 K, AS,, = 83.3 JK'mol™
Ty, = 3523 K, AS,, = 16.2 JK 'mol™

364 | 6298 | 280 | 2736 | 3240 | 2304 | 146011446
Isotropization: T, = 378.7 K, AS, = 43.9 JK~'mol™*
380 60.48 23.58 26.60 31.87 23.50 14.55
Solut. |  59.29 22.41 26.04 31.21 22.41 13.93
a Spectra of Fig. 9. Two values are for the two peaks arising from the methyl carbon,
see Fig. 8.
TABLE X

BC T, of tetra-n-hexylammonium iodide (in s)*

T (K) c1 c-2 c3 C-4 Cs C-6
308 430 (39.0) 36.0 29.1 (14.5) 2.5
322 36.0 (34.1) 325 20.2 (11.5) 2.3

Disordering transitions: T, = 345.1 K, ASy, = 83.3 JK™'mol™
Ty = 3523 K, AS,, = 162 JK™'mol™*

358 0.29 0.43 0.87 1.78 2.44 3.46

Isotropization: T, = 378.7 K, AS; = 43.9 JK 'mol™!

380 0.094 0.108 0.32 0.98 1.95 3.61
Solut. 0.25 0.30 0.50 1.38 175 2.75
a. Data in parentheses are for C-2 and C-5, since their resonances overlap, their T,

were obtained by curve fitting to Eq. (5). The solution data are taken from Ref. 4.

stronger signal of C-y (see, for example, Figure 9 for (C¢H;3)4NI at 308 K). As
the temperature is increased, better resolutions can be realized because the in-
creased conformational motion of C-y causes a much larger up-field shifting for
the C-y signal.

A solid-state *C MAS NMR spectrum becomes more and more like that of the
solution as the temperature increases, i.e., signals become sharp and well separated.
The manner and amplitude of chemical-shift changes during phase transitions (or
as a function of temperature) can be interpreted in terms of conformational and
orientational motion and disordering of the cation.
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FIGURE 10 Room-temperature *C NMR (50.3 MHz) spectra of tetra-n-heptylammonium bromide
obtained with magic angle spinning and BILEV decoupling. The chemical shifts are labeled on each
peak.
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FIGURE 11 Low temperature *C CP-MAS NMR spectra of tetra-n-heptylammonium iodide. The
chemical shifts are listed in Table XI.
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FIGURE 12 '3C NMR spectra of tetra-n-heptylammonium jodide obtained with magic angle spinning
of BILEV decoupling. The top spectrum is measured in CDCl; solution at room temperature. The
chemical shifts are listed in Table XI.

The y-gauche effect. Even in the solid state, the changes in intramolecular
conformations are the most important influence on the *C chemical shift (3 values).
The intermolecular effect on the 3C § values is of secondary importance. Specif-
ically, & is influenced by substituents attached to the observed carbon in the a-, -
and y-positions, causing so-called o-, B- and y-substituent effects. The first two
effects are constant (independent of chain conformation) as long as the chemical
structure of the molecule is fixed. The vy-substituent effect, however, has a con-
formational contribution'?-13 because the observed carbon, °C, and its y-substituent,
¥C, are separated (°CH,—CH,—CH,—'CH,) such that their mutual distance and
orientation depend on the conformation of the central bond (or rotational isomeric
state). For a 13C to be more shielded by a y-substituent, the °C and YC must be in
a gauche arrangement, and the effect of y-gauche shielding can be evaluated to be
Yoe—c = —5.2 ppm.'? In the melt or solution between 250 and 400 K, the rotating
C—C bonds are expected to have a population of approximately 40% gauche
conformations, a value adopted by Flory for the melt of polyethylene.** One would
thus expect that after a transition from a fully ordered trans bond to 40% of gauche,
the § of the corresponding *C to decrease (be more shielded) by:

Ad =2 x (0.4) X (=5.2) ppm = —4.16 ppm

The factor of two accounts for a possible y-substituent on both sides of the observed
carbon. If only one of the two +y-substituents has become gauche to °C, the A8
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TABLE XI

3C chemical shift of tetra-n-hexylammonium iodide as a function of temperature (in ppm
relative to TMS)

T (K) C1 C-2 C3 C4 C5 C-6 C-7
- 1807 64.37 | 25.21 | 2929 | 32.83 36.18 26.22 16.61/16.26°
230° 64.31 | 2505 | 29.33 | 32.62 36.09 25.84 16.41/16.01°
290 6427 | 2514 | 2933 | 32.28 35.81 25.14 16.02/15.82°
310%° | 64.19 | 25.17 | 29.35 3227 3584 25.17 15.93/15.74°
322 64.18 | 2504 | 29.19 | 3220 35.68 25.04 15.85

Disordering transition: T, = 355.4 K, AS,, = 26.1 JK 'mol™

364° 61.51 | 2478 | 29.20 | 31.15 34.96 23.44 15.58

385" 61.22 | 2431 2858 | 3042 | 33.97/34.29* | 23.44 1477

Disordering transition: T, = 391.0 K, AS,, = 6.2 JK"'mol™!
Isotropization: T; = 398.7 K, AS; = 97.9 JK'mol™!

400° 61.04 | 2384 | 2736 | 29.32 3224 23.02 14.56

Solut® | 59.38 | 22.48 | 26.36 | 28.80 31.54 22.48 14.06

®

Spectra of Fig. 11,
Spectra of Fig. 12,
c Two values are for the two peaks arising from the same carbon atom.

o

would naturally be —2.08 ppm. Similarly, if neither of the vy-substitutents has
changed its spatial relationship with respect to °C, A8 is zero. As temperature is
increased, the & of a *C in the linear paraffinic chains may thus change by values
close to 0, —2, or —4 ppm due to conformational disordering only. Intermediate
values for Ad are also possible, since the concentration of gauche conformation is
variable with temperature.

It must be noted that in tetra-n-alkylammonium cations, the y-gauche effects
are normally observed in the alkyl chains with sufficient length (n = 6). For smaller
cations, the chemical shift changes can not be interpreted purely by the y-gauche
effect. The reasons for the failure of the observation of the y-gauche effect may
be the intermolecular interaction, which involves changes in the anion placement,
comparable to, or more important than the conformation-dependent vy-gauche
effect. It may also be possible that the change in equilibrium ratio of trans-to-
gauche is less than the longer-chain cations that approach the paraffin structure.

Intermolecular influences on the *C chemical shift. Complications in the chem-
ical shift arise in small molecules that have an a priori possibility of motion of the
molecule as a whole. In this case the packing (intermolecular interaction) can be
changing when motion begins. The influence of changes in packing on the *C
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FIGURE 13 C NMR powder patterns of tetra-n-heptylammonium iodide. CP stands for cross-
polarization and BILEV stands for Bloch decay. The bottom is the CP-MAS spectrum at 310 K to
show the isotropic resonance positions.

TABLE XII
BBC T, of tetra-n-heptylammonium iodide (in s)*
T (K) C1 C2 C3 C-4 C-5 C-6 C7
310 33.5 (33.4) 333 223 14.4 (7.00) 2.31
- 322 28.0 (26.0) 24.0 154 10.4 (5.10) 3.10

Disordering transition: T, = 355.4 K, AS;; = 26.1 JK™'mol™
Disordering transition: T, = 391.0 K, ASy, = 6.2 JK™'mol™*

395 0.25 0.35 0.37 0.79 1.06 2.15 4.29
Isotropization: T; = 398.7 K, AS; = 97.9 JK™'mol™

405 0.09 0.16 0.39 0.73 1.44 2.14 4.55

a Data in parentheses are for C-2 and C-6, since their resonances overlap, their T,
were obtained by curve fitting to Eq. (5).

chemical shifts is perhaps more important in the ionic crystals of this research than
in non-ionic organic crystals since the electron shielding of the *C nucleus deter-
mines the value of 1*C chemical shift. Moreover, the change of packing is often
coupled with changes in conformation of flexible bonds, and sometimes even with
changes in valence angle (which occurs in Et,NI, proven by X-ray diffraction>'%),
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making the 3C chemical shift more difficult to predict in these cases. For tetra-n-
alkylammonium halides, these difficulties will be overcome by considering also
X-ray structure analysis as a function of temperature.!%-17

Interpretation of 13C Spin-lattice Relaxation Times

When the signals are well resolved, it is possible to measure the *C T,. The T,
data are most useful to evaluate the mobility, as illustrated in the following. It was
found by Lyerla and Levy?® that for large molecules with a number of reorientational
modes the relaxation data can be analyzed semiquantitatively to obtain effective
correlation times, °%, for each carbon via:

1 yavah? T + 3t N 67 )
nTlC h 40 ’n'zrﬁ 1+ ((J.)H - wc)'1'2 1+ (J.)ZcTz 1+ ((DH + wc)sz

where vy and y¢ are the magnetogyric ratios of the 'H and **C nuclei, respectively.
the constants, wy and w are the resonant frequencies in radians/s for 'H and C,
respectively (2w x 200 MHz and 27 X 50.3 MHz in this work). The distance
between the interacting nuclei 1*C and 'H, r, can be taken as 0.109 nm in methylene
and methyl groups. The integer n is the number of protons attached to the carbon,
for a methylene group n = 2 and for a methyl group n = 3. The correlation time
7 is then determined by the measured T;. The value of T given by Equation (1)
shows a minimum at wcr = 0.793, or 7 = 2.52 ns.

In tetra-n-alkylammonium salts of intermediate alkyl chain length, below the
melting transition, it was found that: (1) T, increases progressively from the chain
end (the methyl group) to C-1; (2) Ty of each carbon decreases as a function of
temperature (except for the methyl carbon). These observations suggest that the
correlation time of the methylene carbons are at the long-time side of the 7
minimum (except for the methyl carbon). On the other hand, in the melt or in the
plastic crystalline phase, the trends in T; as a function of position of carbon atoms
and in temperature dependence of each carbon are exactly reversed, indicating
that the correlation times are now at the short-time side of the 7; minimum.

Next, we separate the motion of the C—H vector in the alkyl chains in terms
of orientational motion of the cation as a whole (the alkyl chains are considered
as rigid rods) with an average rate 7, ! and an internal conformational motion about
the individual C—C bonds in the alkyl chains with rate 7;7!. The expression for
the rate of motions of the jth carbon in the side chain, (1/)~, is then the sum of
the two rates!®:

1
— = .+;‘. (2)

1 1 1
FlLm] A )
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Substituting Equation (2) into Equation (3), and realizing that 1/7/, = 1/, Equa-
tion (3) becomes:

1 1 1
fGom] A @

The quantity 1/7(l, m) should involve only internal correlation times and represents
the difference in rates of the conformational motion between the /th and mth
carbons.

Small differential rates have been found for C-1 and C-2 in tetra-n-propylam-
monium halides studied in the second paper of this series of publication,? and it
will be seen that small differential rates are generally found for the inner-most
bonds (close to the nitrogen), indicating slow conformational motion, very much
in line with the calorimetric result that two of the CH,-groups remain conforma-
tionally immobile even in the melts,

Tetra-n-butylammonium Bromide and lodide

The transition parameters were observed in the DSC experiments and discussed
before.* The values are listed in Tables 1 and II. Based on the entropy data, it
could be deduced, using the empirical fusion rules, that in the iodide the orien-
tational disordering of the cation and conformational disordering for about one
bond per alkyl chain occur together at the low-temperature transition (394.0 K),
while complete positional disordering takes place without major additional con-
formational disordering on isotropization (420.6 K). For the bromide, in contrast,
the low-temperature transition (367.0 K) can only be linked to conformational
disordering about one bond per alkyl chain. Partial orientational disordering seems
then to occur gradually between the disordering and the isotropization temperature
(393.9 K), helped by a minor transition at 379.2 K. This conclusion was based on
the observation that the entropy change at isotropization is only about 16 JK~!
mol ! (after subtracting 21.3 JK ~* mol ~! for the positional disordering of a (C,H,),N*
ion obtained from (C,H,),NI). This is lower than the typical 20-50 JK~! mol~!
expected for orientational disordering, or the average value of 44.9 JK~! mol !
for the four previously analyzed low-homolog tetraethyl and tetra-a-propyl com-
pounds,!-? or the value of about 33 JK~! mol ! for (C4H,),NI, deduced from Table
II. Because of this complication of the bromide, the discussions of the NMR results
will be given first for the “well-behaved” iodide salt.

lodide. The state of orientational motion and disorder of the cation can be
shown by several solid state *C NMR methods. The *C NMR spectra obtained
under MAS conditions below T, (see Figure 2) show multiple lines for the methyl
carbon (C-4). The resonance of C-4 can be decomposed into three peaks at 14.40,
15.29 and 15.53 ppm, with integral intensity ratios of 2:1:1. Since the separation
between the most upfield and downfield peaks is too small (only 1.1 ppm) to account
for the y-gauche effect (about 2 ppm), we surmise that the multiplicity of the
resonance of the C-4 carbons has an intermolecular reason, such as different dis-
tances between C-4 and the iodine ion, as was observed for the case of tetra-n-
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propylammonium iodide, discussed in paper II of this series.? The area ratio of
2:1:1 implies that only two of the four C-4 atoms have the same environment in
the crystal. A detailed crystal structure from single crystal X-ray data is needed to
verify this interpretation.!” As the temperature is increased to T, the spectra at
395 and 402 K in Figure 2 show clearly that another peak (14.79 ppm) at the average
position of the previous peaks becomes stronger and finally dominates at 409 K.
The appearance of the new peak is due to orientational motion of the cation as a
whole, which renders all four methyl groups equivalent.

The orientational motion of the cation as a whole is also indicated by the changes
in the other carbon signals of Figure 2. The changes in chemical shift occur mainly
during the disordering transition T, (Table II). The differences in chemical shift
between 310 and 409 K are 0.61, 0.83, 0.85 ppm for C-1, C-2, and C-3, respectively.
The outer carbons are affected more, which is in line with changes in intermolecular
interaction arising from orientational motion and disordering.

The most decisive information on the orientational motion of the cation as a
whole is given by the variable temperature *C powder pattern shown in Figure 3.
Below 394.0 K, the resonance of C-1 yields a typically broad anisotropic pattern,
indicative of the absence of motion. Above 394.0 K, the C-1 resonance is narrowed
(see spectrum at 400 K). The narrowing of C-1 signal is due to orientational motion
which is the only allowed freedom for C-1. Below 394.0 K, the more closely-spaced
resonances of C-2, C-3, and C-4 feature also broadening to a degree that they are
fused to a single peak at about 25 ppm. The orientational motion and superimposed
conformational motion of the bond C2—C3 (analyzed in the following) at 400 K
results in a much better resolution so that the three peaks can now be distinguished
casily. )

The *C spin-lattice relaxation times, listed in Table III, can be used to evaluate
the mobility of the orientational motion and disorder discussed above. Below the
transition temperature, T, of C-1, C-2, and C-3 are of the same order of magnitude,
between 40 and 60 s, corresponding to a motional correlation time 7 between 2.9
and 4.3 ps [calculated from Equation (1)]. This is much slower than what is found
in plastic crystals (typically, orientational motion of 5 ns at the crystal-to-plastic
crystal phase transition and 2 ps at isotropization).'® The relaxation time for C-4
is very short (1.7 s) because of the fast rotation of the methyl groups about their
Cs-axes. As the temperature is increased to 408 K, 7 calculated from the data in
Table III with Equation (1) for C-1 and C-2 is 0.54 and 0.32 ns, respectively, both
typical for plastic crystals.

Of particular interest is the conformational motion and disorder initiated at T,.
In the previous paper? we have shown that (1) N—C1 and C1—C2 are for steric
reasons practically rigid, even in solution, (2) the methyl rotation starts at very low
temperature and does not change the overall molecular conformation. Therefore,
the conformational disordering in a tetra-n-butyl cation is expected to be introduced
only through the bond between C-2 and C-3.

Using Equations (1)—(4), the conformational motion in C—C single bonds can
be proven by the differential rates of motion between adjacent bonded carbon
atoms.!® The larger the difference in 1/7, the faster is the motion about the bond.
At 329 K, the correlation times, T, calculated from the measured 7, listed in Table
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III, for C-1 to C-4 are 3.78 us, 4.33 us, 3.05 ps, and 19.9 ps, respectively. The
small differences between the correlation times of C-1 and C-2 and between C-2
and C-3 indicate that the C1—C2 and C2-—C3 bonds are rigid. As the temperature
is increased to 408 K, the calculated values for v are 0.54 ns, 0.32 ns, 92 ps and
22.4 ps for C-1 to C-4, respectively. The values of 7 for C-1 and C-2 are still very
close, but the difference between C-2 and C-3 is much larger than that between
C-1 and C-2, indicating the presence of conformational motion about the bond
between C-2 and C-3. The overall decrease in T; of all three inner carbons (C-1
to C-3) is due to the orientational motion of the cation as a whole. Similar T, values
for C-1 and C-2 can even be found in the solution,® as represented in Table III,
indicating that the bond between C-1 and C-2 is in all states prohibited from
rotation.

Bromide. At room temperature the 3*C CP-MAS NMR spectrum, shown in
Figure 1 at 308 K, is almost the same as that for the iodide. The differences between
the two butyl compounds in the chemical shifts for all the carbon atoms are very
small (within 0.3 ppm, see the results in Tables I and II). The methyl carbon atoms
(C-4) in both salts show the same three-line pattern with the same intensity ratio
of 2:1:1. These similarities suggest that the bromide salt forms as well-ordered
crystals as the iodide.

The conformational motion and disorder can only be inferred from the relaxation
time measurements, since the chemical shifts for all carbon atoms change little in
going through the disordering transitions. The spin-lattice relaxation times for
C-2 and C-3 in the mesophase at 384 K are 10.0 and 1.51 s, respectively. This large
difference in T; between C-2 and C-3 proves that the bond C2—C3 is conforma-
tionally mobile above T,. These T, values correspond to correlation times of 0.72
and 0.11 s, indicating a motion that is slower by two orders of magnitude than
typically found in a plastic crystal. Thus, the mesophase formed at T, = 367.0 K
must be a condis state without orientational motion. The condis state of (C,H,),NBr
(as well as all other compounds studied in this research) is spectroscopically unique,
because one can use either CP-MAS (designed for rigid carbon atoms) or BILEV
(routinely used for solution *C NMR) to obtain a **C spectrum with good signal-
to-noise ratio. The reason is that in the condis state the mobility is intermediate
between that of a rigid molecule in the crystalline state and that of tumbling
molecules in the melt (or solution). Signals from the carbon atoms in conforma-
tionally mobile chains of liquid crystals, such as in OOBPD,?* and plastic crystals
(such as in (C4H,),NI) can only be detected with the BILEV method, therefore,
have a much higher mobility than the molecules in their condis state in which both
orientational and positional order remain.

Information on the gradual orientational disordering can be obtained from the
spectra in Figure 1. The spectral lines for all carbon atoms show continuous broad-
ening from 373 to 384 K. Similar line broadening was found for tetra-n-propylam-
monium iodide below its crystal-to-plastic transition temperature.? This line broad-
ening can be attributed to the fact that the orientational motion (of the cation as
a whole) has attained a relatively large amplitude so that the intermolecular in-
teractions are changed. This large-amplitude orientational motion is then also most
probably responsible for the deficit of the orientational entropy observed on iso-
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tropization. Final confirmation is expected from a detailed analysis of the heat
capacity, presently in progress. The orientational motion detected by the line broad-
ening in 3C NMR spectrum can, however, only be a restricted motion, since the
C-4 (methyl) resonances consist of at least two lines (Figure 1), indicating two
distinguishable methyl group placements in the crystal. If the orientational motion
were the same as in the iodide, i.e., isotropic or random, the C-4 resonances should
have undergone coalescence into a single, sharp peak.

At 392 K, the NMR spectrum is already largely that of the melt (395 K). The
remaining differences in chemical shifts between the solution and the melt spectra,
shown also in Figure 1, are due to the solvent effect, i.e., differences in inter-
molecular interactions, if one assumes that the mobility is the same in both cases.

From this discussion, it can thus be concluded that tetra-n-butylammonium bro-
mide and iodide: (1) form well ordered crystals that possess practically only vi-
brational motion below the mesophase transitions, (2) between the mesophase
transition temperatures and the isotropization temperatures, the cations in the
iodide salt form a plastic crystal with additional conformational motion and disorder
about the bond C2—C3, while the bonds N-—C1 and C1—C2 remain rigid. The
cations of bromide salt are similarly conformationally disordered, but remain largely
orientationally ordered with gradually increasing orientational mobility as the tem-
perature is increased; (3) the N—C1 and C1—C2-bonds remain in a fixed confor-
mation in both salts even in the liquid state, therefore, the maximum degree of
conformational disorder has been realized already well below isotropization.

Tetra-n-pentylammonium Bromide and lodide

Bromide. There is only one phase transition observed for the bromide (374.0
K) with an entropy change of 97.9 JK~! mol~!. Since the transition is identified
as the melting, the entropy change consists of all three disorder contributions. If
one subtracts the positional and orientational contributions from the observed
entropy, one obtains 25-39 JK ! mol~! for conformational disordering. This con-
formational disorder can be attributed to 4 bonds becoming disordered. Based on
the analysis of the shorter chain homologs, the tetra-n-pentylammonium cation
should have, however, 8 single bonds to be disorderable, namely, C2—C3 and
C3—C4. The questions are thus (1) which four bonds contribute to the entropy
change? (2) what is the behavior of the other four bonds that do not contribute to
the transition entropy, are they already disordered at the lower observation tem-
perature or do they remain ordered even in the melt?

Figure 4 reveals the transition at 373 K through chemical shift changes (see also
Table IV). In going through the phase transition, except for C-1, the chemical shift
changes between 308 and 387 K are close to 1.5 ppm. The phase transition is also
obvious from the drastic decrease in T, for all carbon atoms but C-5, as shown in
Table VI. Since conformational motion about the bond between C-1 and C-2 is
not possible, the sharp decrease in T, of C-1 and C-2 between 308 K and 380 K
must be due to the orientational and translational motion. The relaxation times
for C-2 and C-4 at 308 K can not be directly measured since their signals are
overlapping, but since both C-1 and C-3 have large T, values (37.0 and 30.6 s,
respectively), the T, of C-2 is expected to be long, too, between 37 and 30 s,
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permitting the assignment given in Table VI. Thus, the bond between C-2 and
C-3 is considered to be conformationally rigid at 308 K. As the temperature is
increased to 380 K (above the transition), the signals of C-2 is well separated from
that of C-4, as shown in Figure 4, and it is possible to measure T, of C-2 and
C-4 directly. The difference in T, between C-2 and C-3 has become larger than
that between C-1 and C-2. Therefore, the bonds of C2—C3 can be assumed to
contribute most to the entropy change of 25-39 JK~! mol~! at the transition. If
the bonds between C-3 and C-4 contribute little to the entropy change at the
transition, one must assume them to have considerable motion and be disordered
already below the transition, since they are certainly conformationally mobile above
the transition (as seen from T, of C-3 and C-4 at 380 K).

Supporting evidence for these assumptions is as follows: The relaxation time of
C-4 at 308 K could not be obtained directly from measurement due to the over-
lapping between signals of C-4 and C-2, it was, however, possible to carry out a
reliable estimation by knowing that: (1) T; of C-2 is between that of C-1 and C-
3, i.e. between 37.0 and 30.6 s, (2) the relationship between the measured over-
lapping signal intensity, I(¢), and the variable delay, ¢, could be measured using
the progressive saturation method and fitted to the following equation:

1) = L{(A — e~/M(@) + (B — ¢=rmie)] 5)

in which I, is I(¢) at t = ©, A and B are two constants (both are close to unity),
T,(C2) and T,(C4) are T, of C-2 and C-4, respectively. The constants, I, A, B,
T1(C2) and T,(C4) are treated as adjustable parameters with constraints as stated
above. As shown in Table VI, the large difference in 7, between C-3 and C-4 at
308 K agrees with the above made suggestion that C3—C4 is in motion and dis-
ordered already at 308 K. Again, a full support of the gradual disordering about
C3—C4 is expected from a detailed heat capacity analysis, presently in progress.

lodide. The total entropy change of the two observed phase transitions of the
iodide is 135.2 JK~! mol~!,! which suffices to account for all disordering to occur
within these closely spaced transitions. The conformational disordering applies to
the 8 bonds, (C3—C4) and (C2—C3). The low-temperature transition at 404.6 K
has an entropy change of 41.2 JK~! mol~! and was assigned to the disordering of
four equivalent bonds to a condis crystal.

It is difficult to obtain a 3C spectrum for this condis phase in the slow NMR
experiment. The sample undergoes a complete transition to the melt within the
time of taking an NMR spectrum. The spectra of the room-temperature phase
crystal (305, 362 K and 384 K) of Figure 5 show that the signals for C-2 and C-4
become more resolved as the temperature is increased because of an up-field shifting
of the C-4 resonance, while all other resonances remain practically unchanged.
This change indicates that the conformational motion in the chain has already
started gradually below the transition temperature. Since this motion excited does
not lead to a major increase in entropy, the motion should not substantially disturb
the crystal symmetry.

The biggest change in the spectra shown in Figure 5 can be seen at the phase
transition (T, = 404.6 K). The two distinct lines arising from the methyl carbons
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at 400 K are representatives of the room-temperature phase (15.52 ppm peak) and
the condis phase (14.71 ppm peak). The other carbons show only single lines and
their chemical shifts differ only slightly from those measured at 305 K. As the
temperature is increased to 415 K (the melt), the room-temperature phase dis-
appears, and the methyl group shows one peak only at 14.62 ppm. The C-2 and
C-4 signals are clearly separated. Chemical shift changes for all carbon atoms from
400 to 415 K, listed in Table V, are due to the combined effects of all three types
of disordering during isotropization.

The 3C, T, data listed in Table VII for tetra-n-pentylammonium iodide can be
interpreted in the same way as for the bromide. In the room-temperature phase
of the iodide, the bond between C-3 and C-4 is, however, more rigid than in the
bromide (as can be seen from the smaller differences in the 7,’s between C-3 and
C-4 in the iodide). Above the melting point, the T, for all carbons increases from
C-1 to C-5. The differences in T, between two directly bonded carbon atoms also
increases as one approaches the chain end, indicating the increasing conformational
mobility at the chain end. The small difference in T, between C-1 and C-2 is perhaps
due to the motion in C2—C3.

Tetra-n-hexylammonium Bromide and lodide

The thermal behavior of the bromide was shown in the first paper of this series of
publication’ to be more complicated than that of the iodide. The bromide has five
disordering transitions before isotropization at 375 K (see Table VIII). The tran-
sitions with small entropy changes (=20 JK~! mol~!), are most likely crystal struc-
ture changes occurring without major increases in motion (to be verified by X-ray
diffraction). These transitions of small entropies may, however, cause considerable
changes in the chemical shift of *C NMR and make it difficult to investigate the,
for us, more interesting conformational motion and disorder. For this reason, we
will discuss the simpler case of the iodide first.

Iodide. Below the isotropization temperature (378.7 K) the combined entropy
change for two closely spaced disordering transitions (345.1 and 352.3 K) is 99.5
JK~!mol ™!, which is sufficient to account for approximately three bonds per alkyl
chain (or a total of 12 bonds) to become disordered.! Therefore, the sample should
be a well-ordered crystalline phase at room temperature, and a condis phase with
maximum amount of conformational disorder above 352 K that retains positional
and orientational order. The isotropization transition (at 378.7 K) has the expected
entropy change of 43.9 JK ! mol ! for the orientational and positional disordering.

The room-temperature phase *C CP-MAS spectrum, plotted in Figure 9, shows
two lines from the methyl group, a pattern similar to that found in tetra-n-butyl-
ammonium iodide, suggesting that the cations are orientationally ordered. The
relaxation times listed in Table X show that below the disordering transition all
the carbon atoms have long, comparable values for T;, suggesting that the chains
are conformationally rigid. The decrease of T; for C-4 and C-5 is probably due to
the methyl rotation.

The spectra obtained at 334, 353 and 364 K in Figure 9 show the progressive
formation of the condis phase and disappearance of the room-temperature crys-
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talline phase. In the condis phase of 358 K, the relaxation times for all carbons
atoms have decreased to values similar to that in the melt or in solution. From
Table X, the mobility about each bond can be assessed from the differences in T,
between directly bonded carbon atoms. At 358 K all bonds, except for C1—C2,
have considerable motion which increases when approaching the chain end.

The changes in chemical shift between room temperature and condis phase can
for this chain length also be used to document conformational disorder and motion.
From Table IX, the chemical shift differences between 308 and 364 K are sufficiently
close to 2 ppm, to suggest that one +y-substituents of each carbon atom has sub-
stantially increased in its gauche content. The changes in the chemical shifts of
C-1, A3(C-1), is due to the conformational disorder in the bond C2—C3, and
similarly, A8(C-2) due to C3—C4, A3(C-3) due to C4—C5, A3(C-4) due to C2—C3,
AB3(C-5) due to C3—C4, and AS(C-6) due to C4—C5. This indicates that the
chemical shift changes for all six carbon atoms are due to three bonds only, i.e.,
C2—C3, C3—C4, and C4—C5, while the remaining three bonds, N—C1, C1—C2,
and C5—C6 are not contributing. Both the relaxation times and chemical shift data
are thus consistent with the observed total entropy change of 99.5 JK~! mol~!
resulting from the two mesophase transitions.

Bromide. The BC CP-MAS NMR spectrum at 310 K, shown in Figure 6, is
quite different from that for the iodide. The chemical shifts at room temperature
for all six carbon atoms (Table VIII) are smaller than those for the iodide (Table
IX), but are comparable to those of the iodide in the melt, suggesting that the
bromide has already achieved a high degree of disorder. Another interesting feature
of the room temperature spectrum of the bromide is that C-4 shows at least two
peaks (at 33.22 and 31.71 ppm). The low-field peak (33.22 ppm) is close to that
of C-4 of the iodide in the condis phase (32.40 ppm at 364 K, Table IX), while the
up-field peak (31.71 ppm) is almost the same as that of C-4 of the iodide in the
melt (31.87 ppm at 380 K, Table IX). The spectra of Figure 6, reveal that the two
peaks of C-4 undergo a coalescence with increasing temperature, and finally merge
to 32.07 ppm in the melt (374 K).

Attempting to find the cause for the change in the chemical shift of C-4 in the
conformational motion about the bond C2—C3, one must look for some change
in the chemical shift for C-1 since C-1 and C-4 are both in vy-position to each other.
The change in the chemical shift of C-1 by an amount of about 1 ppm is, indeed,
observed within the same temperature range. The chemical shifts for the remaining
carbon atoms are practically unchanged. Thus, the transition at 315 K with an
entropy of 38 JK~! mol~* can be linked to a good degree of the onset of confor-
mational motion and disorder about the bond C2—C3 which is, as the innermost
potentially mobile bond, the last expected to become conformationally disordered.
Since the coalescence of the signal for C-4 extends up to 357 K, the transition,
centered at 315 K, can only be the beginning of a gradual process and its completion
should also be supported by heat capacity studies, presently in progress.

Since the bond C2—C3 becomes disordered at temperatures above 310 K, one
expects that the other two disorderable bonds, namely, C3—C4 and C4—CS5,
become disordered below 310 K. The total entropy of all four transitions that occur
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below 310 K amounts to, however, only 48.8 JK~! mol~!, which is sufficient only
for conformational disordering of about one bond per alkyl chain, rather than two.

To find out at what temperature the bonds C3—C4 and C4—CS5 change their
conformations, another variable-temperature *C CP-MAS NMR experiment was
conducted by cooling from 310 to 148 K. The spectra are shown in Figure 7. At
the lowest temperature, both the appearance of the spectrum and the chemical
shifts of all carbon atoms are similar to the iodide at room temperature. Therefore,
one can conclude that the bromide is a well-ordered crystalline phase at this tem-
perature. The resonances of the crystalline phase become observable already at
247 K. The spectra obtained between 247 and 310 K are a series of continuous
intermediates between the low-temperature crystal and the room-temperature con-
dis phases, suggesting that the transition is largely gradual, interrupted occasionally
by the disordering transitions listed in Table VIII. The differences in the spectra
between 310 K and 247 K can be interpreted by the combined effect of both
conformational motion about the bonds C3-—C4 and C4—CS5, registered by the
chemical shift changes of C-2/C-5 and C-3/C-6, respectively, in addition to some
crystal structure changes which influence all carbon atoms. The observed transitions
at 148, 167, and 196 K in the DSC experiments are, however, not clearly reflected
in Figure 7, because together they have an entropy change only large enough to
account for the conformational change of little more than one bond per alkyl chain.
Almost as much entropy-increase must thus occur outside of the transition regions
and should be observable by heat capacity analysis.

The disordered state at room temperature can be preserved when quenching the
sample. A quenching experiment is demonstrated in Figure 8 by a series of *C
CP-MAS NMR spectra obtained on cooling with approximately 60 K/min from 271
to 146 K (bottom four spectra). These four spectra show the effect of fast cooling,
i.e., formation of a condis glass. The spectrum at 146 K in Figure 8 shows the same
chemical shifts for all carbon atoms as at 228 K. The increased line broadening at
low temperatures is typical for materials in the glassy state. By heating the quenched
sample from 146 K at a sufficiently slow rate, the glassy material undergoes a so-
called “cold crystallization,” as is illustrated by the six spectra at the top of Figure
8. The spectrum at 232 K is still a typical amorphous glass, but the spectrum at
244 K has sharper resonances (especially for the outer carbon atoms, presumably
because of motional averaging). As the temperature is increased further to 259 K,
and eventually to 278 K, the spectra for the ordered crystalline phase can be
observed (compared to Figure 7 at 247 K and lower). Such discrepancy in the
“crystallization” temperature between heating and cooling is often noted for pol-
ymers. As the temperature is further increased to 310 K, the crystalline phase
disappears again. The spectrum of 310 K in Figure 8 is the same as that of a fresh
sample (Figure 6). The glass transition temperature of the 271 K condis crystal can
thus be estimated to occur at about 230 K and the cold crystallization at 260 K.

Tetra-n-heptylammonium Bromide and lodide

Bromide. At room temperature, the bromide shows almost no cross-polari-
zation efficiency, indicative of the presence of a motion in the kHz range that
reduces the value of T,y to very short values (T,,4 is the proton spin-lattice
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relaxation time in the rotating frame). The spectrum measured with BILEV, shown
in Figure 10, indicates broad peaks for all carbon atoms (because of the kHz
motion). The chemical shift values listed in the figure are, however, close to the
iodide at the same temperature (see Table XI). The thermal transitions are also
similar for both bromide and iodide.! The conformational motion and disorder is,
therefore, expected to be similar for both cases. For these reasons, a detailed
analysis will be carried out only for the iodide.

Iodide. In the tetra-n-heptylammonium cation, four bonds per alkyl chain are
expected to disorder in going from a well ordered crystalline state to the isotropic
melt. These bonds are, C2—C3, C3—C4, C4—C5, and C5—C6. In the DSC ex-
periment one observes two transition regions. A first disordering at T, = 355.4
K with an entropy change of only 26.1 JK "' mol~!, and a second of two overlapping
transitions at T, = 391.0 K and T, = 398.7 K with entropy changes of 6.2 and
97.9 JK~! mol~1, respectively. After subtracting the entropy for positional dis-
ordering (ca. 21 JK~! mol~') and orientational disordering (20-50 JK~! mol 1)
from the combined entropy change of the latter two transitions of 104.1 JK-!
mol !, one obtains entropy changes for conformational disordering only of 33.1-
63.1 JK~! mol~!, which is sufficient for only about one bond per alkyl chain
becoming disordered in these transitions. This bond is C2—C3, as can be seen from
the T, values for C-2 and C-3 in going over 395 K to 405 K (see Table XII). At
395K, C-2 and C-3 have similar T, values, while at 405 K (above the isotropization),
the difference is obvious.

The three outer bonds, C3—C4, C4—C5, and C5—C6, must thus have been
disordered at temperatures lower than T, (391.0 K). There is, indeed, the low-
temperature transition at 7, of 355.4 K, it shows, however, a rather small entropy
change, 26.2 JK~! mol !, and is insufficient to account for even one full bond per
aikyl chain becoming disordered. The situation of “entropy deficit” was encoun-
tered above in (CsH;,),NBr and (C4H,;),NBr, and similarly in another small, liquid
crystal forming molecule, N,N’-bis(4-n-octyloxybenzal)-1,4-phenylenediamine
(OOBPD), that shows additional condis crystal polymorphs at low temperature.?°
A macromolecule with phenylene, ether, and methylene sequences, MBPE-9, forming
condis crystals below the melting transition could also be proven to have such
entropy deficit.?! In all examples it could be shown by variable-temperature solid-
state *C NMR and comparison between the experimental and calculated heat
capacities that the disordering between some single C—C bonds occurs gradually,
1.e., over a wide range of temperatures without transition. For the tetra-n-heptyl-
ammonium cation under consideration, the same analyses is attempted next.

The variable-temperature NMR spectra measured from 180 to 310 K (consid-
erably below T,,), shown in Figure 11, show little changes in chemical shift. The
numerical values of chemical shift of each carbon atoms are listed in Table XI.
Only C-6 and C-7 show noticeable changes. At 180 K, C-6 resonates at 26.22 ppm
and is separated from C-2 (at 25.21 ppm). As temperature increases to 290 K, the
signal of C-6 becomes gradually superimposed on C-2 (at 25.74 ppm). The two
signals of C-7 (the methyl carbon) experience also a gradual up-field shifting.
Difference for both C-6 and C-7 between 290 and 180 K are too small (<0.5 ppm)
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to account for conformational disordering, thus below T, the iodide forms an
ordered phase in which motion is allowed only in the end groups.

The first phase transition on heating (355.4 K) is reflected by changes in the
variable temperature *C NMR spectra from 322 to 364 K (Figure 12). The changes
in chemical shift from 322 to 364 K for the carbon atoms are: C-1, —2.67 ppm;
C-2, -0.17 ppm; C-3, +0.01 ppm; C-4, —1.05 ppm; C-5, —0.72 ppm; C-6, —0.97
ppm; and C-7, —0.27 ppm. These changes can not be interpreted exclusively by
the y-gauche effect, therefore, the cause for this low-temperature transition must
be a combined effect of conformational and packing changes. In fact, one finds
the following: the largest change for C-1, small changes for C-2, C-3 and C-7, and
moderate changes for C-4, C-5 and C-6. The chemical shift of C-1 is largely influ-
enced by its partial positive charge, not by the change in the rotational state of the
bond C2—C3, since this bond is known not to be flexible below the high-temper-
ature transition. Thus, a re-distribution of the charge on C-1 is plausible. The
charge redistribution on C-1 arises if the anion, I, changes its position in the
crystal relative to the C-1. The approximately 1 ppm changes in chemical shifts in
the outer carbon atoms, C-4, C-5, and C-6, are not likely to be due to the anion
positional change, since they are practically neutral carbons. Because C-2 and
C-3 are less charged atoms and, at the same time, are also remote from the mobile
chain end, their chemical shifts are influenced less by the inter-ion distance change
and little by the conformational motion. The same is true even when considering
the wider range of temperatures from 180 to 385 K. The methyl carbon, C-7, shows
a pattern changes from a doublet at and below 310 K to a single line at 364 K and
higher, and the average chemical shift decreases by 1.67 ppm between 180 and 385
K, indicative of its large mobility due to rotations about its C;-axis as well as motion
above C5-—C6. Results of X-ray structure analysis are needed for a more detailed
explanation for the changes of chemical shift that could not be interpreted by the
conformation-dependent y-gauche effect.

Of particular interest is the behavior of the high-temperature condis phase formed
between T, = 355.4 K and 7, = 391.0 K. Except for C-1, the chemical shifts of
all other carbon atoms in the heptyl chain undergo further up-field drifting as
temperature is increased from 364 to 385 K (Figure 12 and Table XI). The chemical
shift changes are comparable to or larger than that observed at 7, (355.4 K).
These sizeable gradual changes are indicative of a development of conformational
disordering. This conclusion is supported by the mobility seen from the *C NMR
powder spectra measured on a static sample shown in Figure 13. The conformational
motion in the heptyl chain at 366 K averages the chemical-shift anisotropy inter-
actions to such a degree that the spectral lines are much more resolved than at 310
K. Since the chemical shift anisotropy of a rigid methylene carbon is expected to
extend over ca. 40 ppm (2 kHz at 4.7 Tesla),* the time scale of the motion of the
carbon atoms that show well resolved signals of 366 K must be about 1/(2 kHz) or
500 ws. Condis crystals with motion of such an intermediate mobility show both
CP and BILEV signals, as is demonstrated in the spectra of Figure 13 (see also
the spectra for (C,H,),NBr in Figure 1 at 384 K).

Finally, the large chemical shift changes are found at the overlapping transitions
ranging from T, (391.0 K) to T; (398.7 K). The loss of positional, orientational,
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and the remaining conformational order between the bonds C2—C3 must be re-
sponsible for the observed changes in entropy and the chemical shifts shown in
Table XII.

In summary, tetra-n-heptylammonium iodide is a condis crystal below its iso-
tropization, and never a plastic crystal. The conformational motion and disorder
is developed to a large extent gradually between the two disordering transitions.
This observation explains the entropy deficit observed at the phase transition by
DSC. Further support for this surprising discovery will be shown by X-ray diffraction'®
and heat capacity analyses,?® presently in progress. Based on the similar entropy
data and 3C chemical shift values measured at room-temperature, the tetra-n-
heptylammonium bromide is expected to also have a gradual conformatiomal dis-
ordering process occurring either below the low-temperature transition (339.5 K)
or between the disordering transition and isotropization (366.5 K).

CONCLUSIONS

In the intermediate chain length tetra-n-alkylammonium bromides and iodides, two
types of mesophases are possible below the isotropization temperature: plastic
crystals with orientational and conformational disorder and motion, and condis
crystals with conformational disorder only. Furthermore, the condis crystals may
be quenched to glasses.

In tetra-n-butylammonium iodide, the molecules become orientationally and
conformationally disordered in a single crystal-to-plastic-crystal transition. The
plastic crystal in (C,H,),NI has a maximum degree of conformational disorder (one
bond per butyl chain). In tetra-n-butylammonium bromide, although the mesophase
is a condis crystal, it shows considerable orientational motion (libration) introduced
gradually as a function of temperature.

As the alkyl chain-length becomes longer, complete orientation and positional
disordering takes place only on isotropization. Below T;, the molecules may still
be disordered conformationally (condis crystal). The conformational disordering
occurs differently for different crystals.

In the tetra-n-pentylammonium salts, one of the two disorderable bonds per alkyl
chain gains conformational disorder on isotropization at 7;, while the other one
becomes gradually disordered for the bromide (without transition), and for the
iodide disordered in one step during a low-temperature transition with the expected
entropy.

In tetra-n-hexylammonium iodide, all three disorderable bonds of the hexyl chain
become conformationally disordered below T; through two overlapping transitions.
In tetra-n-hexylammonium bromide the conformational disordering is more com-
plicated. Two of the three disorderable bonds of the hexyl chain become disordered
more or less gradually at lower temperatures, and the other one is also disordered
largely gradually, however, at higher temperatures. The condis phase of the bro-
mide can be quenched to a glass.

In tetra-n-heptylammonium iodide, the conformational disordering of the outer
bonds occurs to a large extent gradually between the two disordering transitions.
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Of the two relatively small disordering transitions T, and T,,, the first is likely to
be caused mainly by anion rearrangement, and initiates the conformational dis-
ordering of the outer bonds. The other (together with isotropization) causes the
disordering of the innermost potentially mobile bond C2—C3. The bromide is
expected to behave similarly.

In the cases of gradually gaining conformational disorder, e.g., in tetra-n-pen-
tylammonium bromide, tetra-n-hexylammonium bromide, and tetra-n-heptylam-
monium iodide, heat capacity studies are in progress in this laboratory to support
the NMR conclusions with quantitative entropy information.
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