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Deuterium nuclear-magnetic-resonance study of a chiral smectic-C* phase
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This study reports deuterium nuclear-magnetic-resonance (NMR) spectra collected at 61.4 MHz in the chiral
smectic-C phase of liquid crystal 4'(octyloxy)-d;; biphenyl-4-yl2-chloro-3-methylpentanoate (BP8CI). By
using a goniometer probe, the oriented sample was rotated to collect spectra at different rotation (6) angles.
These spectra were simulated to gain information on solitonlike distortions in the helical superstructure. The
Landau theory was adopted to study the distortion of the helix by the NMR magnetic field. Deuterium
two-dimensional exchange experiments were also used on the aligned sample at #=15° to obtain dynamic
parameters through the spectral simulation. The interlayer diffusion constants in the SmC" phase were esti-
mated from a proton 7' dispersion study. The pitch length of BP8Cl is estimated to be circa 2—-3 microns at one

temperature.
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I. INTRODUCTION

Since the discovery of synclinic ordering in ferroelectric
chiral smectic-C (SmC”) phase of chiral liquid crystals (LC)
over three decades ago [1], significant experimental and the-
oretical efforts have been directed to study the structure and
dynamics of chiral synclinic and anticlinic phases [2-7].
While rotational diffusion of molecules has been studied in
chiral phases by measuring deuteron spin relaxation times
[2,8], translational diffusion of molecules in these phases is
harder to observe because of the very low self-diffusion con-
stant, especially in anticlinic phases [7,9]. Spatial modula-
tions of the local electric field gradient (EFG) of deuteron(s)
by molecular self-diffusions along the helical axis is not ef-
fective in the SmC” phase to affect the one-dimensional deu-
terium line shapes in angular-dependent nuclear-magnetic-
resonance (NMR) studies. Recently a two-dimensional (2D)
deuterium exchange experiment [10] has been applied to
study jump diffusive motions in the SmC* phase of an
aligned chiral LC (10B1M?7), and to directly detect the mo-
lecular self-diffusion in this phase [11]. Unfortunately, the
self-diffusion constant cannot be uniquely obtained without a
prior knowledge of the helical pitch length. Hence,
the mentioned work has to assume a particular value
for the pitch length. In the present study, we have applied
the same technique to study self-diffusions in the
SmC®  phase of  4'-(octyloxy)-d17  biphenyl-4-
yl2-chloro-3-methylpentanoate (BP8CIl). To alleviate the
above difficulty, we also employ the proton spin relaxation
over a wide range of Larmor frequency in the same com-
pound to shed light on the modulation of intermolecular in-
teractions due to molecular self-diffusions. In this way, a
consistent picture on the interlayer diffusion of molecules
along the pitch axis is sought.

The effect of magnetic field on the SmC” phase has been
extensively studied [12,13]. Solitonlike distortions of the he-
lical structure have been observed by various experimental
techniques when the magnetic field is applied normal to the
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helical axis. If the magnetic field strength is high enough
(either parallel or perpendicular to the pitch axis), the dis-
torted helical structure will be unwound into a homoge-
neously ordered smectic C (uSmC") phase. A deuterium
angular-dependent study has recently been reported on the
investigation of solitonlike deformations in a SmC”
phase of another chiral LC (S)-[4-(2-methylbutyl)phenyl]-
4'-octylbiphenyl carboxylate (8BEF5) [14]. The critical field
for unwinding the helical structure has also been determined
far away from the triple (Lifshitz) point [4] in the (H,T)
phase diagram. In 8BEFS5, the angular variation in the sample
rotation experiments at each temperature is, however, limited
to small angles (<25°). The general Landau theory [12,15]
can only be tested within this small range of angle. In the
present study, BP8CI has been chosen, even though its SmC”
phase at 9.4 T has a rather narrow temperature range, to
critically test the Landau theory over a wide range of sample
rotation angles in the NMR magnetic field. The paper is or-
ganized as follows. Section II contains the experimental
method. Section III gives the relevant theory to describe
simulations of experimental results, and to extract interlayer
jump diffusion constants in the SmC" phase. Section IV
gives the results and discussion. The last section gives a brief
conclusion.

II. EXPERIMENTAL METHOD

The chiral liquid crystal BP8Cl shows various me-
sophases (smectic A and chiral smectic-C) at different ranges
of temperature. Its molecular structure is sketched in Fig.
1(a), together with the deuterium labels. The transition tem-
peratures of BPSCI, determined by our >H NMR study at a
magnetic field of 9.4 T, are as follows

K 325K 316K 3033K
Iso <+ SmA « uSmC" < SmC" « Crystal,

where a uSmC” phase is observed due to the applied mag-
netic field. The sample was aligned by slowly cooling to the
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FIG. 1. (a) Molecular structure of a partially deuterated BP8Cl
showing deuteron site labels. (b) Typical ’H NMR spectra collected
in different LC phases. Peak assignments are labeled in the lower
spectrum.

desired temperature in the SmC” phase after heating to the
clearing temperature. The deuterium NMR studies were car-
ried out using a Bruker goniometer probe equipped with a
high precision pneumatic motor (better than 0.1° resolution)
and a Bruker Avance 400 solid state system. The temperature
of the sample was regulated with an airflow and the tempera-
ture gradient across the sample was estimated to be better
than 0.5 degree. Enough waiting time between each tempera-
ture change was taken to assure temperature stabilization and
equilibration. A 90,°—7-90,°—7 solid echo pulse sequence
was used to generate 2H spectra at different sample rotation
angles 6. The 90° pulse width was 2.6 us. Number of scans
needed to observe a good free induction decay (FID) or its
Fourier transform was 32 and the recycle time between scans
was 1 s. Typical deuterium one-dimensional (1D) spectra
without rotating the sample in different phases are plotted in
Fig. 1(b). To obtain spectra at nonzero 6, they were collected
immediately (<1 s) after rotating the aligned sample a high
0 angle in the magnetic field in order to avoid any time
dependent sample degradation from the probable orienta-
tional flows. In order to collect another spectrum at this or
other rotation angle, the sample was realigned by first heat-
ing into the isotropic phase. In the present study, we focus on
the methyl deuterons at the last carbon site Cg whose deu-
teron spin-lattice relaxation times are the largest.

2D deuterium “cosine” and “sine” exchange spectra were
collected using a five-pulse sequence 90°—-7-90°-7-1,
—=54.7° ~t,,—54.7°=7=90° -7 [16] with different phases of
the two 54.7° pulses, where 7=30 us was the delay for the
two refocusing 90° pulses. To get a good FID signal in the
SmC” phase, we needed to average FID after the last 90°
pulse 64 scans for each ¢, value. Before obtaining a 2D ex-
change spectrum, the aligned sample was first rotated in the
goniometer probe by 15 degrees. The field-induced sample
realignment during the 2D exchange experiment was found
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FIG. 2. The geometry of a sample rotation experiment. n is the
molecular director. (X;,Y;,Z;) is the laboratory frame,
(Xps,Yar,Zyp) is the molecular frame, whereas the (x,y,z) frame is
fixed to the LC smectic layers.

to be negligible by reproducing the 1D deuterium spectrum
immediately after collecting each 2D exchange spectrum.
The exchange mixing time f,,;, was chosen according to the
molecular jump constant, and #; gave the time increment in
the F1 dimension. The recycle time between scans was 1 s.
With a typical number of 80 #; increments, about 1.5 h was
required to obtain a 2D exchange spectrum. The pure absorp-
tion mode spectrum was obtained by adding the experimen-
tal cosine and sine spectra.
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FIG. 3. Plot of quadrupolar splittings of BP8CI versus the tem-
perature. Deuteron lines are labeled by their carbon numbers.
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III. THEORETICAL BACKGROUND

When the ferroelectric LC (Ax>0) sample is initially
magneto-aligned by the NMR magnetic field H, the pitch
axis is oriented along the external magnetic field in the SmC"
phase. The ’H spin(s) produces a spectrum of two lines with
spectral frequencies given by [17]

V= i37@(%COSZB—%+gSin2BCOSQa> (1)
where 17Q=eQ‘_/ZZ/ h is a time-averaged nuclear quadrupolar
coupling constant along the long molecule (Z,,) axis, 7 is a
time-averaged asymmetry parameter, and 3, « are the polar
angles of the applied H field in the molecule-fixed frame (see
Fig. 2). At a sufficiently high magnetic field, the helix can
show solitonlike distortions. At temperatures far away from
the Lifshitz point, the distortion can be treated by a general
Landau theory under the constant amplitude approximation
[4]. The helix is usually more easily distorted by applying
the magnetic field normal to the pitch axis. As the NMR field
is fixed, the aligned sample is rotated by an angle 6 in a
goniometer probe in order to have a nonzero field component
in the direction perpendicular to the pitch axis. When the
pitch axis is set at a nonzero 6 angle with respect to the NMR
field, B can be obtained from the geometry to give

cos B=sin @sin 6, cos ¢+ cos O cos 6, (2)

where 6, is the molecular tilt angle and ¢ is the molecular
azimuthal angle measured with respect to the plane formed
by the layer normal and the H field (i.e., with respect to the
x axis in Fig. 2). As seen in Fig. 2, the observed spectrum
from the rotated sample is the sum of frequencies from mol-
ecules uniformly distributed on the surface of a cone for an
undistorted helical structure. Furthermore, it contains two or
three singularities (s;,s,,s3), and by fitting the angular-
dependent positions of the singularities %, ¥y, and 6, can be
determined from [17],

3 1
sT= =% ZEQ{I - 5(3 — 7)sin*(0 - 00)]

P |
55 = iZ Q{] - 5(3 — 7)sin?(0+ 00)]

and  when 7= 60=tan"'[(3—7)sin 26y/((3—7)2 sin® 6,

N P
S§=”—’%VQ{ (34;77?7]2005 0__1(“_7_7)} 3)
(3—7)sin” 6y +27 2
Note that s; and s, correspond to the frequencies at ¢p=0°
and 180°, respectively.

If a uniform ¢ distribution in the helix is distorted by the
NMR magnetic field to give a new ¢ distribution [d¢/dz
< Q(p)] [4,14], the critical field (H?) for unwinding the he-
lical structure in the SmC” phase can be obtained by fitting
the observed (distorted) spectra to the ones calculated from
the Fourier transform of FID given by the following integral
[4,14,18]:
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FIG. 4. (a) Experimental and (b) Simulated angular dependent
’H NMR line shapes in the SmC” phase of BPS8CI at 311.5 K.

27 1
1(00,l‘)21(00,0)J>0 mjr(eé—ao)

XcosQQmi(p, 0,0)0)dbe" " Pdp,  (4)

where v(¢, 0, 6,) is obtained from Egs. (1) and (2), and a
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Gaussian distribution is assumed [19] here for the distribu-
tion of the local director, i.e.,

L o0 - 001207 (5)
w\21

I‘(‘9(,) - ‘90) =

with 1.18w being the half width at half maximum of the
distribution, e~ 1o account for the spectral line broaden-
ing by a fitting parameter o. Now Q(¢)
=\1+1/(4A) - K*(cos 2/ (4A) +cos ¢b), where A
=cot 6 cot 6, is found from minimizing the Landau free en-
ergy density and « is an integration constant in finding the ¢
distribution. Now «(H/H",6) is treated as a fitting param-
eter, and is related to the critical field H? and the rotation

angle by [14],
e(k)  [tan 6 4H?. ©)
xk  Vsin20 H '

In the above equation e(x)=[3"Q($)d¢p, and HY. is the criti-
cal magnetic field to unwind the helix when it is applied
normal to the pitch axis. When k=0, ()(¢) is constant, while
uSmC” phase is obtained when x=1. In the SmC" phase, the
order parameter is high, thereby leading to a small w value.
Under this condition, 1(6,,f) can be rewritten [14]

2
1
1(6,,1) = 1(6, ,O)f ——— cos(Qmv(g, 0, 6,)t)
0 0 0 Q(d)) ¢ 0
X6—02t2/2—(27rw[(91//(700])212d¢. (7)

The observed line shape is simulated by Fourier transform-
ing Eq. (7) numerically. By comparing the simulated 1D

P B mix
Icc(tl’t2’¢0’ mlx) Jf ()(((ﬁ;))ﬂ(¢0)

P(po, Pstir)
Iss(tlat27¢0’ le ff Q(¢)Q(¢O)

where  R'(¢, ¢0,t1,t2)=exp[—02(tf+t§)/2 (277(1)5) f
%o

- (2 ww{%}) ] is to account for the spectral line broadening,

and v(¢) is again given by Egs. (1) and (2). It is important to
realize that the slice of this 2D spectrum with f;=v(¢,) is
given by Fourier transforming the following FID with re-
spect to 1,

+ sin[2mn( @)y J}e B2l (10)

cos[2mv()t, ]

Fixing w and « values to those obtained in the 1D simula-
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spectra with the corresponding experimental spectra, the
critical field for unwinding the helix at a certain temperature
can be obtained using Eq. (6).

When molecules diffuse along the pitch axis, the molecule
tilt direction (6,, ¢») will change by following the tilt direc-
tion in each smectic layer. In the SmC” phase, the tilt direc-
tion changes the azimuthal angle by a tiny amount between
the neighboring layers. As a result, modulation of the NMR
frequency by molecular self-diffusions is small over a short
distant scale, and is hard to be detected in a 1D spectrum [7].
A two-dimensional exchange experiment can give a model-
independent reorientational process of molecules for slow
dynamic situations [10]. Considering that a pitch length usu-
ally includes hundreds of smectic layers, we assume that the
azimuthal angle (¢) of the molecular tilt is a linear function
of diffusion length / along the pitch axis z, viz. the tilt direc-
tion will change by d¢=2l/P,, where P, is the pitch length.
The assumption is considered a good approximation even in
the case of small solitonlike distortions. This is rationalized
by the fact that the solitonlike region is vanishingly small in
comparison to the pitch length. The interlayer self-diffusion
is a one-dimensional diffusion problem, and the probability
P(¢y, p,t) of finding a molecule at position ¢ and at time ¢
given a position ¢, at r=0 is [20]

(- ¢0)2/16ﬂ'2§t (8)

P(¢O’¢ t) \yl6’7TDl‘

where D is a translational self-diffusion constant, and s
=D/ Pl2 is treated as a fitting parameter. The 2D exchange
spectrum S(f},f2; ) can be calculated from summing the
cosine (cc) and sine (ss) spectra, which are the Fourier trans-
form of the FIDs given by the following integrals [11]

cos[2mv(p)ty]cos[2av( o)t IR (b, o, t1,12)d b by,

sin[27v( )ty sin[271( o)1, IR (b, o, 11, 15)d pd b, 9)

tion, one can in principle get D by simulating the 2D spec-
trum using Eq. (9).

IV. RESULTS AND DISCUSSION

The observed deuterium splittings are plotted versus the
temperature in Fig. 3. As seen in this diagram, only the qua-
drupolar splitting of C; and Cg can be discerned in the SmC”
phase due to the severe line broadening. Furthermore, the
transition between the uSmC* and SmC”" phase in BP8CIl
involves a biphasic region (about 4 degrees) clearly seen
from the Cg signals. Figure 4(a) shows a typical set of angle-
dependent spectral patterns observed at 311.5 K. Our experi-
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FIG. 5. Plot of the angular-dependent singularities (2|s;]) in
BP8CI at 311.5 K (@®). The solid lines are fitted curves.

ments show that at this temperature there is no observable
field-induced sample reorientation and layer destruction.
This was checked experimentally by reproducing the mea-
surement after waiting for half an hour. It should be noted
that the present sample behaves quite differently from the
smectogen 8BEF5 [14], viz. the C, deuteron(s) of 8BEF5
shows edge singularities only at small rotation angles (6
< 25°). The angular-dependent characteristic singularities at
this temperature are shown in Fig. 5. The solid lines in this
figure are fitted curves using Eq. (3) to give ¥,=10.0 kHz,
0y=23.3°, and 7=0 at 311.5 K. The last quantity signifies
that the present SmC” phase is not biaxial. Note that # can
now extend to 90°. Hence, BP8CI could provide a better test
of the Landau theory. When fitting the angular-dependent *H
NMR line shapes, the tilt angle and time-averaged coupling
constant were set at 6,=23.3+0.2° and v,=10.0+£0.5 kHz.
For a known rotation angle 6, the integration constant K was
varied to give the "best” simulated line shapes for Cg deuter-
ons shown in Fig. 4(b). The line broadening parameters o
and w were also fitted to reflect the observed linewidths. The
fitting parameters for different angles are summarized in
Table 1. We note that k was nonzero when the sample was
rotated by an angle away from the external magnetic field,
which meant that the helical structure had some solitonlike
behaviors. Since the spectral linewidth seemed to change
with 6, the line broadening parameter o was varied between
1.6—9 at different rotation angles. This variation only
changed the linewidth without affecting the spectral features.
Thus, « was uniquely obtained and independent of other pa-
rameters.
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TABLE 1. Fitting parameters in the spectral simulation for dif-
ferent 6 at 311.5 K.

O(deg) x(£0.02) o(kHz)(x0.3) w(deg)(x0.2)
0 4.5 0
5 0.35 3.5 0.45
10 0.45 5 0.45
15 0.63 5 0.52
20 0.70 4 0.55
25 0.75 5 0.55
30 0.80 5.5 0.35
35 0.82 7 0.7
40 0.85 9 0.75
45 0.86 6 0.75
50 0.84 6.5 0.3
55 0.84 3.5 0.1
60 0.85 2.5 0.2
65 0.84 2 0.65
70 0.80 1.8 1
75 0.70 1.7 1
80 0.70 1.7 0.8
85 0.98 1.6 1.3
90 0.98 1.6 1.3

We had also simulated the line shapes at 308.5 K to give
V=10.4+0.5 kHz and 6,=25.0+0.2°. Figure 6 shows plots
of k/e(k) versus /(sin 26) for 6 between 0° and 90° at these
temperatures, and according to Eq. (6), the slope determines
the critical field at a particular temperature. From Fig. 6, H?
is seen to decrease slightly with increasing temperature in
qualitative agreement with the theoretical prediction [13].
The magnitude of H° for BP8Cl is on the order of 29.9 T at
low temperature which is about a factor of 3 higher than the
NMR field used in this study. At higher temperatures, the
critical fields must be lower (~9 T) in order to produce the
uSmC” phase. It would appear that the sample viscosity and
flow behaviors must be rather sensitive to temperature. Un-
fortunately, at the present magnetic field, the SmC" phase
only exists in a narrow temperature range, thereby excluding
a detailed study of H.(T) in BP8CI. Several 2D exchange
spectra were collected at 311.5 K in the SmC" phase with
different mixing times. It is important to have the aligned
sample rotated away from the magnetic field (here 6=15°) in
order to detect interlayer molecular self-diffusions. Our ex-
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FIG. 6. Plot of k/e(k) versus
\(sin26) for (a) 308.5 K (circle)
and (b) 311.5 K (square). The
solid lines are fitted lines accord-
ing to Eq. (6). The Hg is found to
be 299+2 T and 27.0£5T at
308.5 K and 311.5 K,
respectively.
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FIG. 7. Plots of 2D *H exchange spectrum in the SmC” phase at
311.5 K, 6=15°, and ¢,,;,=300 ms. The spectrum was symmetrized
with respect to the diagonal axis. Only the signal of the methyl
deuterons (Cg) is emphasized in the surface plot and the vertical
axis for intensity has been omitted for clarity. Dashed line in the
contour plot is the slice that is shown in Fig. 9.

periment showed that it was hard to observe the cross peaks
for t,,;,, <100 ms, and there was no significant change in the
2D exchange spectra when t,,;,>> 700 ms. Because of the se-
rious overlaps among the ’H peaks, only the Cyg signal is
emphasized in the 2D spectrum shown here. Figure 7 shows
the 2D spectrum collected with 7,,,=300 ms, while Fig. 8
shows the contour plots of 7,,,=150 and 500 ms. Note that
all other experimental parameters are identical for these 2D
exchange spectra. The 2D exchange spectrum was hard to be
simulated, especially because of the spectral overlap from
the neighboring deuterons; instead 1D spectrum obtained
from the slice f;=s, [or f;=v(0)] in a 2D spectrum (see
dashed line in Figs. 7 and 8) was more easily fitted. These
1D slices for several mixing times at 311.5 K are shown in
Fig. 9. Four parameters 6,, k, o, o were fixed to values
obtained in the 1D spectrum simulation [Fig. 4(b)], and the s
value was varied to get the best dashed spectra shown in Fig.
9. A s value of 0.13x0.1 57! was obtained from the fitting of
all slices at different mixing times [20]. The simulated 2D

b
(336 v(k(;-IZ) ‘ zo( )_20

WkHz)

A0}

20 L : L 20

FIG. 8. Contour plots of 2D ’H exchange spectra in the SmC”
phase at 311.5 K and 6=15°. (a) 7,,;,,=150 ms, (b) 7,,,=500 ms.
Dashed line in the contour plot gives the 1D spectrum at a particular
mixing time shown in Fig. 9.
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FIG. 9. One-dimensional slices (solid lines) taken from the 2D
exchange spectra shown in Figs. 7 and 8 for (a) t,,,=150 ms, (b)
tnie=300 ms, (c) £,,,,=500 ms. The simulated spectra (dashed lines)
are obtained with s=0.13 57!, and « was fixed at 0.63.

exchange spectrum was then reconstructed (Fig. 10) using
the above derived fitting parameters and its agreement with
Fig. 7 is good. The self-diffusion constant can now be de-
rived from s and the pitch length, based on D=§Pt2. How-
ever, the pitch length P, is unknown for BPSCI. Fortunately
proton NMR T dispersion study has been performed at 6
=0° in BP8CI (Fig. 11 and the detailed analyses will be
published elsewhere [21]. Suffice to say that the proton T}
dispersion over a wide range of Larmor frequency
(4 kHz to 300 MHz) can be attributed to three different re-
laxation contributions: collective motions (C), individual
molecular rotations (R), and molecular translational self-
diffusions (SD) [22]. Correlation times associated with the
local reorientations and with the translational SD were esti-

v (kHz)

-5 -10 -5 0 5 10 15

15 -15

FIG. 10. Simulated 2D 2H exchange spectrum and contour plot
at t,,,,=150 ms. The vertical axis in the surface plot is omitted.
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FIG. 11. Proton 1/T, dispersion in the SmC" phase at 322 K
and best fits to the molecular mechanisms: collective motion (C),
translational self-diffusion (SD), and local rotations/reorientations
(R).

mated from a model fit analysis of the proton 7' dispersion
curve at each temperature. As seen in Fig. 11, it is observed
that rotations/reorientations are clearly decoupled from the
SD contribution in the 7, dispersion graph. The diffusion
constant D has, therefore, been obtained at several tempera-
tures in the SmA and SmC” phase (Fig. 12). Assuming the
usual Arrhenius temperature dependence for the translational
self-diffusion, a value of D=1.1X10"'2 m?/s has been esti-
mated for 7=311.5 K.

This D value and s=0.13 57! lead to a pitch length of
2.9+0.7 um, which seems quite reasonable in comparison
with typical pitch lengths (few microns) in SmC” phases. It
has also been reported [23] in the literature that in one in-
stance of SmC” phase the pitch length can range up to about
9.5 pum. Apart from the uncertainty in the estimated D value,
the observed P, value could be larger due to the fact that
partial unwinding (or distortion) could exist even at 6=15°
(k#0). It should be noted that the present technique to ob-
tain the self-diffusion constant cannot be achieved at 6=0°.
The reconstructed 2D exchange spectra for ¢,,,=150 ms
(Fig. 10), 300 ms, and 500 ms are found in good agreement
with the observed 2D spectra.

V. CONCLUSION

In this work, both the angular-dependent spectral tech-
nique and 2D exchange experiments are used to study helical
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FIG. 12. Translational self-diffusion constants obtained from the
fits of T} (squares) dispersion. Arrhenius fit to the self-diffusion
values (solid line) allows to estimate the D value at 311.5 K
(circle).

distortions over a wide angle range (up to 90°) and the dy-
namics in the chiral SmC” phase. In the SmC” phase, the tilt
direction changes azimuthally from one layer to another
layer to form a helix. By rotating the sample in a goniometer
probe, the >H NMR spectra reflect the change in the orien-
tational distribution with respect to the H field and/or partial
“unwinding” of the helix. Spectral line shape simulation was
used to give the tilt angles at different temperatures. More-
over, Landau theory is successfully used in the simulation to
get the critical field for BPS8CI. The 2D exchange experi-
ments are useful to reveal the self-diffusion of molecules in
the SmC” phase. By fitting 1D slices and 2D experimental
spectra, the diffusion constant can be estimated provided that
the pitch length is known by another means. In particular,
proton T, dispersion measurement was used to get an esti-
mated D value at 311.5 K. This puts an upper limit on the
pitch length of 2.9 um at one temperature.
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