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NMR studies of a D-phase compound
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Proton NMR spectra and relaxation times (Tis) at 60 MHz were obtained for the thermotropic

compound 4'-n-hexadecyloxy-3'-nitro-biphenylcarboxylic acid, which, upon heating, has the se-

quence of phases: crystal~S&~D (or smectic-D)~S& ~isotropic. The spectrum narrows over

two orders of magnitude upon heatiqg into the D phase, then broadens again in the S& phase. The

spectrum in the D phase is composed of a number of chemical shift peaks, the same as in the isotro-

pic phase, except that the carboxylic acid peak is shifted further downfield in the D phase, evidence

of intermolecular hydrogen bonding. In the smectic phases S|- and S& the spectrum is super-

Lorentzian with a width of around 2 kHz, considerably narrowed compared with the 36-kHz-wide

spectrum of the solid. The relaxation times increase smoothly from 0.35 s at 124'C to 0.73 s at
194'C in the S& and S& phases. In the D phase, individual peaks have T&s ranging from 0.18 to 1.1
s, with weighted averages agreeing with the trend of the data from the Sc and S& phases. Measure-

ments of spin echoes in the D phase without and with a field gradient gave values of about 50 ms for

T2 and 3)(10 "m /s for the diffusion coeScient. The data indicate that, in the D phase, the mole-

cules sample enough orientations on the time scale of the NMR experiments to average out the di-

polar couplings left after the motional narrowing that takes place in the S& and S& phases. This is

accomplished by diffusion of molecules through regions having different directors.

I. INTRODUCTION

The compound, 4' —n-hexadecyloxy-3'-nitro-biphen-
ylcarboxylic acid (NHDBCA), first synthesized and stud-
ied by Gray and co-workers in 1957, is one of four similar
compounds that have the optically isotropic D phase,
also referred to as the smectic-D or SD phase. ' ' Re-
cently, other optically isotropic phases have been ob-
served in thermotropic liquid crystals. "' Similar phases
are found in lyotropic systems.

' ' The x-ray scattering
studies performed on the D phase have not yet given a
complete picture of the molecular arrangement, but ap-
parently the molecules form dimers about 7 nm in length
that aggregate into micellarlike structures which are ar-
ranged into a cubic pattern having a lattice parameter of
7—10 nm. ' ' ' The D phase may be the thermotropic
equivalent of the viscous isotropic phase observed in lyo-
tropic liquid crystals. In NHDBCA, the D phase lies be-
tween two birefringent phases identified as Sc and S~.
The S~ phase is only a few degrees wide. Supercooling of
the transitions has been observed, as well as a metastable
S~ phase. ' A tilt angle of 47 was measured in the Sc
phase below the D phase in another compound.
NHDBCA decarboxylates at higher temperatures, in-
creasing the difficulty of studying it. In this paper, we
would like to report our preliminary observations of pro-
ton NMR spectra and relaxation times for this compound

over the temperature range 125 to 195 'C and the
diffusion coefficient measured at 181'C in the D phase.
These data are quite similar to that observed in cubic lyo-
tropics.

II. EXPERIMENTAL

The compound was synthesized at the Liquid Crystal
Institute using the method described by Gray, Jones, and
Marson' and recrystallized twice from absolute ethanol.
The molecular formula and phase-transition tempera-
tures observed by microscopy on heating at 2'C/min are
given in Fig. 1. The Sc-D transition was observed at
temperatures as low as 170'C in the NMR samples. Four
samples were used in the NMR measurements. Sample 1

was evacuated for several hours at 90'C and cycled
several times through the crystal-Sc transition before
sealing under a vacuum. Sample 2 was packed and sealed
under nitrogen gas. Samples 3 and 4 were evacuated
several hours at room temperature and sealed under vac-
uum. The spin-lattice relaxation measurements and some
spectra were taken on samples 1 and 2. Samples 3 and 4
were used at Southeastern Massachusetts University
(SMU) for T2 and diffusion coefftcient measurements and
for better-resolved spectra.

When first heated in the NMR probe, sample 1 entered
the D phase at 175'C. It was then cooled to room tern-
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FIG. 1. Molecular formula of NHDBCA and the sequence of
phases upon heating.

perature. When reheated and studied the next day it did
not transform into the D phase until 181'C. When this
process was repeated a third time, no D phase formed at
all. Microscopic observations of a thin sample placed un-
der a cover slip did not show such rapid deterioration.
When the sample was heated and held in the isotropic
phase, small regions formed in which the D phase was
not observed and which looked slightly orange. These re-
gions slowly grew from small nuclei. However, when the
cover slip was removed before heating, the sample Aowed
as it reached the isotropic phase, forming drops and rap-
idly spreading the altered material uniformly throughout.
The D phase was subsequently lost, as was eventually the
case for the NMR samples.

Sample 2 entered the D phase at 170'C and was slowly
heated to the isotropic phase at 196'C while taking relax-
ation data over several hours. Upon cooling it did not
enter the D phase. Subsequent reheating from room tem-
perature did not produce the D phase.

Sample 3 also entered the D phase at 170'C and did
reenter the D phase after cooling from the I through the
S„phase, probably because this process was carried out
without a long time spent at high temperatures.

Most NMR measurements were performed at the U.S.
Naval Research Laboratory (NRL), using a 60-MHz
solid-state spectrometer rebuilt from a Bruker SXP with
a Varian HO12A 12-in. magnet. The instrument is con-
trolled by a Nicolet 2938 pulse generator programmed
with a Nicolet 1180 computer utilizing the GENT-1180
software from General Electric. Spectral and relaxation
time measurements were performed with the GENT-1180
software. For the relaxation measurements, a m-~-m/2

sequence was used. The sample temperature was regulat-
ed using a Bruker B-ST100/700 temperature controller
and measured by lowering a therrnocouple to the level of
the sample either in a very thin glass tube immersed in
the liquid crystal or between the sample tube and anoth-
er, larger, concentric tube. The variation in temperature
across the sample is estimated to be 1'C. The statistical
uncertainties in the fits to T& were typically 2/o and
range up to roughly 10% for the COOH proton T, in the
D and isotropic phases.

Measurements were also made at 60 MHz at SMU us-

ing an NMR solid-state spectrometer consisting of the
magnet and temperature controller from a JEOL C-60HL
spectrometer, a Nicolet 1180E data acquisition system,
an Arenberg PG-650 transmitter, and home-built radio-
frequency gates, pulse generators, probe, and receiver.

Spectra were taken again in the solid, Sc, and D phases.
A simple spin-echo sequence (m/2-r-m. -echo) with and
without a field gradient was used to get T2 and the
dift'usion coefficient. The values of D were obtained from
the slopes of plots of log (echo) versus I~r, where I was
the current in the gradient coils. The coils were cali-
brated using a water sample at 24.5'C and assuming
D =2.24)&10 "m /s. ' This procedure was applied to
an evacuated sample of glycerol and yielded a value of
D =1.8+10 ' m /s, about 14% lower than the pub-
lished value. Unless otherwise stated, the data plotted
in this manner fell on straight lines. These T2 and D
values are only preliminary measurements. The tempera-
ture varied by as much as 3'C across the sample in this
apparatus. In addition to the NMR measurements, mi-

croscopic observations were made at SMU with the aid of
a home-built temperature controller and oven.

III. RESULTS

A. Spectra

NMR spectra typical of the solid, smectic, D, and iso-
tropic phases are shown in Figs. 2-4. A unique feature
of this compound is the dramatic narrowing of the spec-
trum by roughly two orders of magnitude when heated
into the D phase, followed by a broadening and second
narrowing as it is heated further through the S„phase

50 KHZ
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FIG. 2. Proton NMR spectra of NHDBCA in the solid and
S& phases.
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FIG. 3. Proton NMR spectra of NHDBCA in the S& and D
phases. The horizontal scale is expanded compared to Fig. 2.
The spectrum in the S„phase is essentially the same as the S&
spectrum shown here.

into the isotropic phase. The spectra had the same gen-
eral appearance in both the Sz and S~ phases, a super-
Lorentzian' several kHz full width at half maximum
(FWHM) with a slight asymmetry that is probably due to
chemical shifts. The spectra narrowed gradually as the
temperature was increased. No change in the NMR sig-
nal was observed when a sample, cooled in the magnet
from the isotropic phase to the smectic-A phase, was ro-
tated by 90', indicating a lack of alignment of the sample
directors. The spectrum in the D phase was the same as
the chemical shift pattern observed in the isotropic phase
except that one of the peaks was shifted almost 1 ppm
further downfield in the D phase. The narrowest lines
were about 30 Hz FWHM in both the D and isotropic
phases, possibly the resolution of our instrument (the
samples were not spun). Four peaks were observed, for
which we make the following identification, judging from
their positions and areas on these spectra and from the
high-resolution spectrum of NHDBCA and the methoxy
precursor dissolved in dimethyl sulfoxide.

(1) The largest peak is due to the 31 methyl and
methylene protons attached to the last 15 of the carbons
on the chain. We have taken this peak to be centered at 1

ppm.
(2) The small peak at about 4 ppm is due to the a-CH2

protons.
(3) The wide line at 6.5 —8 ppm is due to the seven pro-

tons on the aromatic rings.
(4) The remaining small peak at ll —12 ppm is due to

the carboxylic acid proton and is further downfield in the
D phase than in the isotropic phase.

500 Hz

COOH

RING

~CH

TAIL

B. Spin-lattice relaxation rates

An Arrhenius plot of the spin-lattice relaxation rates is
given in Fig. 5. In the smectic phases, the relaxation data
(amplitude versus r) follow single exponentials and give
identical rates using any part of the spectra or free-
induction decays (FID's). This was not true below the
crystal-Sc transition. For the isotropic and D phases, the
relaxation rates were determined separately for each
peak. The n-CH2 peak could not be resolved in most of
these relaxation experiments. However, measurements at
181'C are consistent with a value of around 2 s ' for this
peak.

Average relaxation rates were also calculated from the
data in the D and isotropic phases by using the initial am-
plitudes of the FID's. For small values of the delay be-
tween pulses, this method yields the same value as the
weighted average computed according to the formula

(31R„,)+2R +7R„„+1R„;d)
R ave 41

15 10

FREQUENCY ( p p ~ )

FIG. 4. Proton NMR spectra of NHDBCA in the D and iso-
tropic phases. The horizontal scale has been expanded again.
The two spectra are identical except for a shift in the COOH
peak at the left, which is further to the left (downfield) in the D
phase.

As seen in Fig. 5, these average values fall on the fit to
the data in the S& and S„phases. This agreement shows
that the motions responsible for T, at 60 MHz are in-

sensitive to the differences between the S&, S~, D, and
isotropic phases. The single-exponential character of the
spin-lattice relaxation in the S~ and S„phases is due to
spin diffusion. ' The dipolar couplings that give rise to
the spin diffusion and to the wider spectra of the S& and
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FIG. 5. Spin-lattice relaxation rates (1/T, ) vs inverse temperature for NHDBCA in the temperature range 125 to 196'C. The

dotted line indicates the trend of the data in the S& and S„phases. It corresponds to an activation energy of 3.7 kcal/mol. In the
isotropic and D phases, T, values are plotted separately for the lines in the spectrum due to protons on the tail (0), in the rings (O ),
the COOH group (6 ), and the average ( g ). In the D-phase region, values are also given for data taken when the sample was in a
smectic phase (~). The solid lines represent fits to the data in the D phase.

Sz phases are removed in the D and isotropic phases.
Four least-squares fits of the data to the form

R —Roexp(E& /kT)

are shown in Fig. 5. The three solid lines are 6ts to the
rates for the tail, ring, and acid protons in the D phase
and correspond to activation energies of 4.9, 6.6, and 9.7
kcal/mol, respectively. The dotted line is a fit to the
rates for samples in the Sc and S„phases (solid circles).
It corresponds to an activation energy of 3.7 kcal/mol.
Measurements taken during the third heating of sample 1

gave values that are not shown on the graph. These mea-
surernents, taken over the temperature range 170 to
195'C, parallel the data taken using fresher samples, ly-
ing about 5% below the data shown in the region corre-
sponding to the D phase in a fresh sample. The data
from the second heating of this sample (Sc to D transi-
tion around 180'C) are included on the figure and appear
as the solid circles in the D-phase region.

C. T2 and D

As the observed linewidths in the D and isotropic
phases were thought to be due to the magnet inhomo-
geneity, a simple m. /2-r-m. -echo sequence was used to
determine a value for T2 in the D phase at 181 C. The

plot of the log of echo height versus 2r curved upward
with an initial relaxation time of -50 ms and a value of
about 80 ms at longer times. Assuming two exponents
gave roughly 80 ms for the larger fraction (-60%) and
25 ms for the faster decay. Due to the poor quality of
these data, only the fit to a single exponential will be
used, giving a rough value of T2 ——53 ms, which corre-
sponds to a Lorentzian having a FWHM of 1/~T2 ——6
Hz. The longer relaxation time of 80 ms, corresponding
to a FWHM of 4 Hz, may be a better value for the case of
the methyl and methylene protons. The diffusion
coefficient measured in the D phase in sample 3 at 186'C
was 2.8+0.3)(10 " m using r=80 and 100 ms. The
same measurement on sample 4 at 181 'C gave
3.1+0.4&(10 " m /s. Attempts were made to obtain a
value for D in the isotropic phase with poor results due to

sample decomposition and poor temperature homogenei-
ty. Sample 3 gave curved plots, showing a large range in
diffusivity in the sample. At 205'C the average value of
D, taken from the slope of the graph at small values of
I r, was 38+4)&10 " m /s with a range from 10 to
100&(10 "m /s. At 214 C, the average value increased
to -200)&10 " m /s. When sample D was studied at
210'C, it gave a relatively straight line with a much lower
slope, corresponding to D =6.3+0.6)&10 " m s. This
sample was soon after removed and was seen to have
uneven composition and bubbles, probably due to decar-
boxylation.
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IV. DISCUSSION

A. Comparisons with NMR studies of other systems

In many respects, these data show a great similarity to
earlier studies of lyotropic systems which included cubic
phases. ' ' The changes in spectral width with temper-
ature parallel the changes in width with water concentra-
tion in a two-component lyotropic system (dimethyldode-
cylamine oxide plus deuterium oxide) studied by Lawson
and Flautt. ' Even the orders of magnitude of linewidths
are the same. The shapes of the NHDBCA proton spec-
tra in the Sz and S~ phases are very similar to the
super-Lorentzian observed in the neat and middle phases.
In the notation of Lawson and Flautt (Ref. 17, p. 2068),
the Sc spectrum of Fig. 3 has a ratio (width at —,

' max-

imum to width at —,
' maximum) R ( —,')=3.6, as opposed to

their observation of 6.6 in the neat phase and a value of
2.6 for a pure Lorentzian. The smooth variation of T,
(or the weighted average in the D phase) with tempera-
ture, showing no abrupt change at the Sc to D transition,
corresponds to the observation of Charvolin and Rigny'
that T, values at high frequencies, e.g., 60 MHz, were the
same for the cubic and lamellar phases at the same tem-
perature. In both the Sz phase of NHDBCA and the
lamellar phase studied by Charvolin and Rigny' ' the
T, measurements show a single exponential, indicating
spin diffusion.

An abrupt increase in proton NMR linewidth upon
warming, such as we see at the D to S„ transition, was
also seen in the plastic crystal 2-methyl-2-propanethiol
(MPT) at the phase transition from phase II to phase I.
This increase was explained in terms of a "quenching" of
self-diffusion at the transition. However, unlike the
abrupt decrease in line width seen upon warming
NHDBCA through the S& to D transition, in MPT the
linewidth gradually decreases from around 13 kHz at 160
K to 400 Hz at 201 K. After the abrupt increase to
around 8.5 kHz at the phase transition, the linewidth in
MPT again smoothly decreases. The smooth decreases in
linewidth in MPT were consistent with an Arrhenius-

type temperature dependence of D inside each phase.
The spectra of NHDBCA in the Sc and Sz phases

differ considerably from those seen in aligned shorter-
chain liquid crystals such as terephthal-his-butylaniline
n-heptyloxazoxybenzene and (HOAB). The HOAB
spectrum in the Sc phase, Fig. 9 of Wise, Smith, and

Doane, is somewhat the same shape, although it is

much broader, especially at the base. This difference is

probably due at least in part to the alkyl chains on
NHDBCA being considerably longer than those on
HOAB, giving rise to a relatively larger contribution to
the spectrum from the protons on the disordered portion
of the tail. The HOAB sample in this case was ini-
tially aligned by cooling in the magnetic field then rotat-
ing 55, giving a distribution of directors.

B. Rapid molecular motions ( & 10 s s)

When a substance melts into a relatively disordered
smectic phase (such as Sc or S„)from the solid, its mole-

cules acquire a number of motions that can significantly
narrow an NMR spectrum. Translational diffusion, rota-
tions about the long molecular axes, rapid reorientations
of the long molecular axes about the director, and inter-
nal conformational motions take place on a time scale
fast enough ( & 10 s) to reduce the dipole-dipole in-
teractions that give rise to the proton NMR spectrum
and relaxation. Especially at temperatures above
100'C, the intermolecular interactions are effectively re-
duced to negligible amounts while intramolecular interac-
tions are partially averaged such that the interactions are
proportional to P2 (cos8), where 8 is the angle between a
local director and the magnetic field. ' ' ' ' At a tran-
sition such as S& to S„, these relatively rapid motions
typically show no sudden changes. It is these
motions that modulate the dipole-dipole interactions at
rates giving rise to the smooth variation in spin-lattice re-
laxation times for NHDBCA in the Sc, D and S„phases.
Cooperative modes of oscillation, effective in proton
spin-lattice relaxation in high-temperature nematics
may also contribute here. Due to the large number of
possible motions giving rise to the proton T, s, little can
be deduced from these data about rapid motions other
than that they are about typical for liquid crystals.

The observations of different T& values for different
parts of the molecule in the D phase may be evidence that
T, is dominated by intramolecular interactions. That is,
the dipole-dipole interactions between a proton on one
molecule and protons on nearest neighbors would have
similar strengths and correlation times for all the pro-
tons. If anything, due to the concentration of protons in
the tail region, one would expect intermolecular interac-
tions to produce smaller, not greater, T, values in that
region compared to the ring. The high relaxation rates of
the COOH proton are evidence of dimerization of these
molecules. The hydrogen bonding of two molecules
provides each COOH proton with at least one
neighboring proton around 2.3 A away.

C. Slow molecular motions

The motional narrowing of the proton NMR spectrum
upon heating into the D phase, along with the lack of a
corresponding change in T& show that relatively slow
motions take place in this phase that do not occur in the
adjacent Sc and S~ phases. As was seen to be the case
for the cubic phase of potassium laurate in water, ' these
slow motions are reorientations of the molecules caused
by translational diffusion of the molecules through areas
having different directors. Although diffusion would be
expected to take place at similar rates in the Sc and S„
phases, it would not modulate the interaction as much
since the director is fixed over relatively longer distances
in those phases. Assuming that the spectra are narrowed
from widths of 2 kHz to lines having T2 -50 ms implies a
correlation time for isotropic molecular reorientations
roughly given by

(1/Tp)
t, — -[(0.050 s)(2m'X 10, ) ] '-0. 5 ps . (3)

(yKd )
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These slow reorientations of a molecule could be due to
translational diffusion through regions of differing direc-
tor inside the cubic unit cell. Using a translational
diffusion coefficient of 3)&10 " m /s, the rms distance
traveled by NHDBCA molecules in r, is about +6Dt, or
9.5 nm. Thus, in time t„ the molecules would be expect-
ed to sample a wide variety of orientations by diffusing
through roughly one unit cell. In the layered structures
of the Sc or S~ phases, translational diffusion over such
a distance would not usually involve reorientations.
Another implication of the NMR measurement of the
diffusion coefficient is that in 200 ms, the duration of the
experiment, the root-mean-square displacement of the
molecules (which is what the NMR measurement is sensi-
tive to) is v'6Dt =6 pm, that is, the molecules are not
bound tightly to a small region such as the primitive cu-
bic cell. It is possible that a measurement of the
diffusivity on a much shorter time (and, correspondingly,
length) scale would yield a higher value and that the
NMR measurement gives a reduced value because the
relatively large displacements require that the molecules
move along highly convoluted surfaces. Such a reduction
would occur if the diffusivity were highly anisotropic in
the Sc and S~ phases, with low diffusivity normal to the
smectic layers, and if the layered structure were retained
on a short ( &10 nm) scale in the D phase. In fact, our
measured value for D seems low in comparison with mea-
surements of D

~~

in Sz phases. For example,
Kruger, Spiesecke, and Weiss measured values around
10 ' m /s in the S„phase of p-dodecanoyl-
benzylidene-p'-aminoazobenzene at 160'C. A study of
twist-impeded self-diffusion has been made in a cholester-
ic material. Our attempt to measure diffusitivity in the
isotropic phase was made to see if there was evidence of a
restriction. Our initial measurement of D-4)&10
m /s in the isotropic phase at 205'C may be an indica-
tion that diffusion on a small distance scale ( & 10 nm) in
the D phase does occur at a higher rate than that mea-
sured by the NMR experiment. Note that using the
diffusivity measured in the D phase, the time to diffuse
the molecular width of 0.5 nm is around 1 ns, a very
effective time scale for spin-lattice relaxation.

The appearance of the COOH peak further downfield
in the D phase compared to the isotropic phase is evi-
dence of deshielding due to intermolecular hydrogen
bonding, possibly the dimerization or even a larger net-
working of carboxylic head groups, as suggested by Ly-
don. ' The high relaxation rates for this proton in the
D phase support this idea. The few measurements in the
isotropic phase appear to give lower rates than are pre-
dicted from the data in the D phase, possibly indicating
less hydrogen bonding. The data are of poor quality,
however.

V. CONCLUSIONS

In light of the above, we can draw a number of con-
clusions about the D phase that may serve to illucidate its
structure.

(1) On a time scale of 200 ms, a typical distance trav-
eled by a molecule along is 6 pm. The molecules are not

fixed to one cell of the cubic lattice.
(2) On a time scale of 0. 1 —1 ps, the molecules sample a

wide enough range of orientations to average the residual
dipole-dipole interactions essentially to zero, giving rise
to a proton NMR spectrum as if from an isotropic liquid.
These reorientations are due to translational diffusion of
the molecules across distances of about 10 nm through
regions with widely different directors. This mechanism
is not effective at reducing the linewidth in the Sc or S~
phases.

(3) These fluctuations in orientation do not occur on a
short enough time scale to cause a significant difference
in the (60 MHz) spin-lattice relaxation rates in the D
phase in comparison with those observed in the Sc or S~
phases.

(4) Spin-lattice relaxation in all these phases is due to
rapid ( & 10 s) modulation of interactions by such
motions as translational diffusion past neighboring mole-
cules, rotations about the long molecular axes, rotations
of the long molecular axes away from the director, and
rapid conformational motion. Formation of dimers or
even larger groups by hydrogen bonding of the carboxylic
head groups provides a neighboring proton for each
COOH proton giving it an efficient relaxation mechanism
by modulation of the direction of the internuclear vector
or by formation and breaking of the hydrogen bonds.
These rapid motions are also responsible for the line nar-
rowing in the Sc and S~ phases compared to the solid
and change smoothly with temperature at the transitions.

(5) Intermolecular hydrogen bonding occurs in the car-
boxylic acid region of the molecule.

Note especially that the cubic structure does not in-
volve relatively small variations in the director as seen,
for instance, in the ripple phase, but must include varia-
tions of director well past the "magic angle, " 54.74',
where P2(cos8) takes on a value of zero. This is con-
sistent with the rotational symmetry of the phase.

A number of NMR (and other) experiments can be per-
formed to get a better picture of the motions of molecules
in the D phase. The slower motion can be studied in
more detail by T, , T,~, and low-frequency T, measure-
ments. Such measurements would indicate whether the
different lines in the D spectrum have similar correlation
times. In particular, if the COOH proton is relaxed by
making and breaking of hydrogen bonds in that region, it
may have a different correlation time and, thus, a
different frequency dependence than the tail and ring pro-
tons. Deuterium NMR spectra and relaxation rates
would give much clearer information, especially as they
are dominated by a single interaction, the quadrupole in-
teraction. Measurements of diffusion coefficients versus
temperature in the D and I phases and, if possible, the Sc
and S~ phases might reveal more of the restrictions
caused by the cubic structure in the D phase. Measure-
ments on oriented samp1es would simplify a study of an-
isotropies in different properties. The D and other cubic
phases can also be investigated in other materials and in
mixtures of materials. Dielectric relaxation measure-
ments would provide correlation times to compare with
NMR measurements. Neutron and light scattering
would also provide useful information.
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