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ZH-NMR spectroscopy is employed to investigate the orientational order in the nematic and
smectic A, B, and crystal G phases formed by 4-(2-methylbutyl)phenyl 4'n-heptylbiphenyl-
4-carboxylate-d,s. Evidence of the lock in the zrans-conformation of the first two methylene
groups of the n-heptyl chain is found in the Sy and G phases. The dynamics of the aromatic
molecular core are studied in a temperature interval including the S,-Sg transition, by the
analysis of the deuterium Zeeman and Quadrupolar relaxation times using the rotational
diffusion model. Hence the diffusion constants related to the molecular spinning and tumbling

motions are evaluated.

*H NMR spectroscopy, a successful technique in the
study of molecular order, phase transitions and dynamics
of liquid crystals [1], is here employed to investi-
gate the behaviour of the deuteriated compound I of
figure 1 (4-(2-methylbutyl)phenyl 4'n-heptylbiphenyl-
4-carboxylate-d,g) in its liquid crystalline phases. The
synthesis and the sequence of mesophases presented by
this compound were reported by Fodor-Csorba et al.
[2]. The following phase transition sequence was
revealed by observation with a polarizing microscope
equipped with a hot stage, on cooling:

C+ G Sy I

Sa N

40°C 57°C 67°C 137°C 1472°C

The layer spacing and molecular dynamics in the
liquid crystalline phases have already been studied on
the non-deuteriated analogue by dielectric relaxation
and neutron scattering [3]. A decrease in layer spacing
was found at the Sz—G transition due to the onset of
tilting of the local director inside the smectic planes with
respect to the planes. In fact the crystal G phase is
characterized by this kind of tilted arrangement, with
the molecules hexagonally close packed within the layers.
All the 2H NMR experiments were run at 46-04 MHz.

*Author for correspondence.

Proton coupled H NMR spectra of I were recorded in
the temperature range between 146°C and 45°C with a
Bruker CXP 300 spectrometer and a Varian VXR 300.
A selection of the spectra is shown in figure 2. At a high
temperature, five quadrupolar doublets, o, B, ¥, 8, ¢, are
evident. Below 71°C the B and 7y signals are superim-
posed. The two doublets & and ¢, with integral ratio
1/5, can be ascribed to the six types of different aromatic
deuterons, which, as is usually found [4], show the
smallest quadrupolar splitting (except for the methyl
deuterons at the end of long alkyl chains). The assign-
ment of the ¢ signal is not certain and, anyway, it is not
essential. By analogy with the spectral analysis of liquid
crystals containing the azoxy group [5] (there are no
examples of spectra of selectively deuteriated liquid
crystals containing the benzoate group), the ¢ signal
could be attributed to the aromatic deuterons neatest
to the carbonyl group. The fact that the deuterons on
three different aromatic rings exhibit the same quadrupo-
lar splitting over a wide range of temperature most
probably indicates that the para-axes of the rings are
substantially parallel to one another and the C-D direc-
tions for these deuterons form the same angle with the
para-axis. A deviation of 1° from such a regular structure
is enough to justify the difference between the & and ¢
quadrupolar splittings.

0267-8292/96 $12-00 © 1996 Taylor & Francis Ltd.
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Figure 1. Molecular structure and deuteron labelling.
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Figure 2. A selection of spectra of compound I in its S, and
Sy phases.

A spectrum recorded with proton decoupling at 73°C
helps to assign the o, B, % signals to the relative aliphatic
deuterons (see figure 1). In the coupled spectrum, the
linewidth of the three signals is about 1800 Hz, 1500 Hz
and 1900 Hz, respectively; in the decoupled spectrum,
they have the same linewidth of about 1500 Hz. This
indicates that the » and y peaks are due to methylene
deuterons close to protonated groups. Consequently, the
B signal is assigned to the deuterons of the CD, group
of the unbranched chain linked to the aromatic core.
Moreover, since it has been generally observed that the

quadrupolar splittings of methylene deuterons decrease
on going along the chain from the aromatic core towards
the chain end [4], the largest quadrupolar splitting is
assigned to the methylene deuterons on the branched
chain. We also notice that both in the coupled and
uncoupled spectra, the p peak shows a partially resolved
structure due to the geminal D-D coupling, evaluated
about 200 Hz, a quite reasonable value for a methylene
group linked to a highly oriented aromatic core.

The trends in the quadrupolar splittings with temper-
ature (figure 3), found from the analysis of the 2H NMR
spectra, substantially confirm the series of transition
temperatures indicated in the above scheme. Some inter-
esting indications about the molecular organization in
the mesophases can be drawn from direct inspection of
these trends.
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Figure 3. Deuterium quadrupolar splittings vs. temperature.
With reference to the nomenclature given to the peaks in
figure 2, we have © o, +B, [0 %, xd and A ¢. The
experimental uncertainty on the splittings is about 500 Hz.
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As a first point, the increase in all the quadrupolar
splittings (absolute values) with decreasing temperature
in the tilted G phase indicates that the local phase
director inside the smectic layers aligns along the mag-
netic field in the spectrometer. This alignment confirms
the observation that, when a phase sequence includes
both G and Sy phases, the smectic planes, rather than
the normals to the layers, are tilted relatively to the
magnetic field [6].

Looking at the signals due to the three types of alkyl
deuterons, we find three very distinct doublets in the
nematic and smectic A phases. In general, for methylenic
deuterons along a chain, the decrease in the quadrupolar
splittings is a consequence of an increase in conforma-
tional freedom. In the present case, the difference
between the quadrupolar splittings of the B and y
doublets, assigned to the deuterons of the unbranched
chain, indicates that rotation around the C-C bond
allows a significant percentage of gauche-conformation.
In fact, contrarily to the frans-conformation, in the
gauche-situation the C-D bonds of the two methylene
groups involved have different orientations with respect
to the molecular long axis. Below the S,—Sy transition,
the B and y signals superimpose, suggesting that, in the
highly ordered Sz and G phases, the two methylene
groups are locked in the most elongated trans-conforma-
tion. This simple conformational model is also in agree-
ment with the slight increment of layer spacing at the
S.—Sp transition (2:4%) found by neutron scattering
[3], and also observed for other liquid crystals [7-9].
Here we have probably met a favourable case in which
a phase transition can be associated with a detail of the
molecular structure through straightforward measure-
ments of static parameters.

The dynamic behaviour of compound I has been
investigated around the S,—Sp transition, by measuring
the deuterium Zeeman (T,z) and Quadrupolar (Tq)
relaxation times in the temperature range between
55°C and 90°C. We used a Bruker AMX 300 spectro-
meter, having a 90° pulse width of 9ps, and
employed the Wimperis pulse sequence [10]
900-27,1—675,70—271—4500-T,;~4500—T:—45,. Where 7, is a
delay of 7-5us which is empirically determined. The
delay 7, was varied between 20 pus and 2s. Good spectra
were obtained after 1000 acquisitions.

The sum (M , ) and the difference (M _ ) of the integrals
of the two components of a quadrupolar doublet,
reported as a function of the variable delay time 7,, give
T, and T, respectively, through the two fitting

equations:
T2
M+(12)=a[1—bexp<——>:l (1a)
Tiz

M—(12)=c+dexp(—%2—) (1h)
1Q

The parameters a, b, ¢, d are determined by the fitting
procedure together with Ty; and Tyo. These equations
differ from those theoretically predicted [11], where b=
1, ¢=0 and M —(0)/M .(c0)=d/a=1-5sin45°=1-07.
Expression (1a) is analogous to that used to analyse the
integral intensity decays from inversion recovery experi-
ments, when the inversion is not complete at vanishing
variable delay [12]. For ¢, —» o0 the integrals of the two
peaks of the quadrupolar doublets, which should be
equal, show a slight asymmetry due to base line
imperfections. This is compensated for by the parameter c.

Only an estimate of the order of magnitude has been
possible for the relaxation times of the alkyl deuterons,
because the combination of large quadrupolar splittings
with the refatively long deuterium 90° pulse does not
allow the Wimperis pulse sequence to work properly. In
the range of temperatures investigated, both T, and T,
have values between 20 and 200 ms and, at each temper-
ature, are greater than the corresponding relaxation
times of the aromatic deuterons, as usually found in
rod-like mesogens [ 13, 14]. It must also be pointed out
that the complete superposition of the § and y peaks
in the Sy phase would presumably have made impos-
sible a detailed analysis of the dynamic behaviour of
the aliphatic methylenes even with more accurate
experimental data.

In the following account, we will analyse the results
obtained for the aromatic deuterons. By fitting the
experimental values of M ,(t,) and M _(z,) to equation
(1 a) and (1), respectively, we find b values in the range
between 0-94 and 1-0, depending on the temperature.
For 1, —» oo the integrals of the two peaks of the quadru-
polar doublets differ up to 8% and the parameter c is
between —0-1 and 0-1. The parameter a is about 27 and
the ratio M _(0)/M ,(w0) ={d + ¢)/a ranges from 09 to
1, probably owing to imperfections in the pulse sequence.
The T;; and Ty, values, determined at different temper-
atures with experimental errors of about 10%, are
reported in figure 4. No difference has been found
between the relaxation times of the & and ¢ signals.

The spectral densities J,(w,) and J,(2w,) are con-
nected to the measured relaxation times by the following
equations [117:

1
7= i) +4,(200,) (2q)
1Z
L 3w (2b)
T,IQ 1 (V]

The relaxation times increase with increasing temper-
ature and show a steeper change around the S,-Sg
transition, particularly definite in the case of Ty (see
figure 4). This fact and the consequent trends in spectral
densities suggest a different dynamic behaviour in the
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Figure 4. Relaxation times Ty, (O) and T, (M) vs. 1000/T;
the uncertainties on Tz and Tjq, are about 10% of the
corresponding values.

two phases. The ratio J,(w)/J2(2w,) for the aromatic
deuterons assumes values between 1-2 and 1-7.

As a first approach, we can discuss our experimental
data in terms of a simple model, given by Beckmann
et al. [13], which takes into account only Zeeman
relaxation times, T,z, and uses them to obtain an ‘effect-
ive’ correlation time 7, comprising global information
about all the motions of the CD bond which contribute
to the relaxation. Following this model, in the fast
motion regime, the relaxation rate (R=1/T;;) can be
expressed in terms of the local order parameter S and
of the effective correlation time z,:

R=(F*% (1 - Scp)to (3)

where F@9 =(3/2)"2g.; here gcp is the quadrupolar
coupling constant, assumed to be 185kHz for aromatic
deuterons [15]. The local order parameters are easily
obtainable from the quadrupolar splittings Av, reported
in figure 3, using the following relation:
2 Ay,

3 3qen

Av, is negative for the deuterons of the aromatic cores
of mesogenic molecules highly ordered along the mag-
netic field and its absolute value increases with decreas-
ing temperature, as does the term (1 — Scp) in equation 3.
The correlation time t, should also increase when the
motions slow down significantly. The values of 7, com-
puted for the aromatic deuterons at different temper-
atures are reported in figure 5. A strong increase of 7,
at the transition from the smectic A to the smectic B
phase is observed, indicating a substantial slowing down
of the motions involved in the dynamic behaviour of the
aromatic molecular core. In effect, the behaviour of R is
dominated by this dynamic effect, rather than by the

(4)

SCD =

31074 o
Q
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Figure 5. Effective correlation time 1, for the global molecular
motion according to the Beckmann model as a function
of 1000/T'; the uncertainty on 1, is about 10% of its value.

change of Scp,. The slope of the trend of z, within each
smectic phase could be connected to the global activation
energy of the molecular motions, but could also be
physically meaningless as a consequence of the roughness
of the model.

In the present case, however, a more detailed analysis
is possible explotting both T}, and Tj,, on the basis of
the model proposed by Nordio- and coworkers [16].
These authors describe the molecular reorientation as
small step rotational diffusion in the anisotropic environ-
ment given by a mean field potential like that of Maier
and Saupe. The parameters characterizing the motion are
the two principal components, Dy and D, of an axially
symmetric diffusion tensor fixed in the molecular frame.
Dy and D, represent the rotational diffusion constants of
the molecule for its motion about the molecular long axis
and for the motion of such an axis, respectively. In
applying this model, we have assumed the para-axis of
the aromatic system to be coincident with the molecular
long axis and the molecular ordering and diffusion tensors
to be symmetric around such an axis.

The spectral densities are related to the molecular
rotational diffusion constants by expression (5), valid in
the fast motion limit (w1« 1, with w the Larmor fre-
quency) and when each auto-correlation function is
written as a single exponential function [17]:

n? 2
JmL(mL(U) = TLIéD Z CmLmM[dranO(/jM,Q”)]Zrir%,)‘mM

my=—2
(5)

P.q, 18 the angle between the molecular z axis and
the C-D bond of interest, assumed to be 60 degrees in
the present case. The ¢, . coefficients are the mean
squares of the Wigner rotation matrices and can be
expressed in terms of the order parameter of the
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molecular long axis [ 18], {P,», which is simply propor-
tional to Scp, for a uniaxial molecule, as we assume for
our highly ordered compound, in a uniaxial phase. We
evaluate (P, ) as 2Scp /(3 cos® By o, — 1) neglecting 7, the
asymmetry constant of the electric field gradient tensor.
The correlation times t$2} . are defined as

- D
(almd) "' = Tar— + mi(D) — D) (6)

my Hing

The A7), terms also depend on the orientational
order parameter <P,> and their values are reported
in [17, 18]. Equation (6) is valid for a deuteron which
is not subject to internal rotations, as for example the
methine deuteron in a substituted benzylidenaniline. For
other deuterons, additional diffusion constants should
be used to take into account internal motions such as
the rotations of the aromatic rings around their para-
axes or the rotation of methylene fragments around C-C
bonds [19, 20], but the determination of these para-
meters requires the measurement of individual T, and
Tio for deuterons on different fragments. As already
described, at each temperature, we have just one set of
values Ty; and Ty, for all the deuterons of the aromatic
core; therefore, we must treat these data as representative
of the global motion of the molecular core. The rotation
of the various phenyl rings around their para-axes or
the molecular long axis, will essentially contribute to the
value of the D, diffusion coefficient [21].

The values of D, and D, determined from the values
of the spectral densities J; (o) and J,(2w,) according to
equations (5) and (6) are reported in figure 6 plotted
against 1000/T. The uncertainty on the plotted coeffi-
cients due to the uncertainty on the experimental Av,,
T,z and Ty, quantities is contained within 15% of the
quoted values. The fast motion limit condition used in
equation 5 is satisfied in the present case, wt®, .m

Diffusion coefficients/s "’

275 28 285 29 295 3 305
(1000/T)/K"

Figure 6. Diffusion coefficients D, (O) and D, (I} vs. 1000/T.

ranging from 5 x 1074 to 5 x 1072, The assumption of
a non-zero value for # (namely #=004 [22]) in the
evaluation of (P, ) would affect only D, yielding about
halved values for this parameter; the following discus-
sion, however, would not change.

It is interesting to point out that, on comparing the
espressions of 1/7;, for the two models ([13, 16]), we
have found that, in the case under investigation, the
relation 1o~ 5/D; should roughly hold, as really does
happen. In general, it can be verified that for high
molecular order, i.e. P,>0-7, 1, is mainly determined by
Dy, with 7, x D, ranging between 4 and 10 if
D, >5 x 10°. The product rapidly increases above 10 on
approaching D, = 10°, particularly for low values of P,.
The values here obtained for D, are comparable to those
reported for various compounds in their nematic, S,, Sp
and S¢ phases [19-21, 23-25]. The order of magnitude
of D, (10°+107) is lower than that reported for the
same compounds (107 = 10°).

A change by a factor two in the values of both
diffusion coefficients is detected within a range of about
2K around the transition. D, decreases with decreasing
temperature, indicating the existence of an activation
energy bartier for the corresponding motion, while D,
is substantially constant within both smectic phases; the
ratio D /D, is approximately 5 x 10? and 10° in the S,
and Sy phases, respectively. These results can be intuit-
ively ascribed to the known differences in the molecular
organisation and dynamics in the two kinds of smectic
phase. In fact, inside the Sy layers, the molecules assume
a local hexagonal packing [ 26], which does not exist in
the S, layers. A cooperative fluctuation of their long
axes, affecting D, occurs, instead of the independent
long axial fluctuations characteristic of the S, phase
[27]. All this has been experimentally proved specifically
for the non-deuteriated analogue of compound I [3].
Moreover, free rotation around the molecular long axis
is known to be allowed both in the S, and Sy phases
[26]. However, we must recall that the values of D,
might be mainly determined by the rotation of the
phenyl rings around their parag-axes, rather than by the
global molecular rotation. In the analysis here presented,
we neglect the possible contribution of the director
fluctuations to the relaxation [28]. Measurements at
different frequencies are required to check the impor-
tance of these fluctuations; anyway, aromatic deuterons
are usually rather insensitive to them, owing to the
particular orientation of the aromatic CD bonds with
respect to the molecular long axis.

In the future, the NMR dynamical study of compound
I will be extended to the whole range of temperature
over which the compound is liquid crystalline. The new
experiments will also embrace the study of the dynamical
behaviour of the alkyl chains.
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