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NMR of solutes in nematic and smectic
A liquid crystals: the anisotropic
intermolecular potential’

E. Elliott Burnell,®* Ronald Y. Dong,? Adrian C. J. Weberc and Anand Yethiraj¢

Orientational order parameters determined from "H NMR spectroscopy of solutes in liquid crystals that form both nematic and
smectic A phases are used to determine the solute smectic A order parameters and the smectic-nematic coupling term. For
the analysis, it is necessary to know the nematic part of the potential in the smectic A phase: various ways of extrapolating
parameters from the nematic phase to the smectic phase are explored. Copyright © 2014 John Wiley & Sons, Ltd.
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Introduction

Liquid crystals form a wide variety of different phases, with the
simplest being the nematic (N) phase, which is characterized by
the orientational order of the molecules that comprise the phase.
The average direction of the molecules defines the director. The
molecules of smectic phases possess positional order in addition
to the N orientational order, with the simplest being the smectic A
(SmA) phase for which the N director is perpendicular to the smec-
tic layers.["! The precise nature of the anisotropic intermolecular
forces that give rise to the orientational and positional order has
been a topic of much interest.

Many different physical techniques have been used to inves-
tigate these ordered fluids, with NMR being one of the most
important. The NMR spectra of these orientationally ordered flu-
ids are dominated by the anisotropic dipolar, quadrupolar and
chemical shift anisotropy interactions. The interaction parameters
obtainable from the analysis of the NMR spectra give information
on the extent of orientational order, and this orientational order is
in turn related to the anisotropic intermolecular interactions that
are responsible for the liquid crystallinity.[3]

One problem associated with the use of NMR parameters
obtained from the liquid-crystal molecules themselves is that they
are not the axially symmetric particles assumed in Maier-Saupe
(MS) theory,!**! and they normally exist in multiple different,
symmetry-unrelated conformers making precise analysis difficult
and fraught with assumptions. Hence, the information obtained
is a function of the approximations made. One very success-
ful approach has involved the use of small solutes as probes of
the anisotropic environment.*' It is normal to choose ‘rigid,
well-characterized solutes of relatively high symmetry, thus sim-
plifying spectral analysis and yielding the solute molecular order
parameter matrix with essentially no assumptions.

The SmA phase is characterized by positional (in addition to
orientational) order, but the NMR observables do not provide
direct information on this positional order. Unlike the N orienta-
tional order parameters, which are directly proportional to the
dipolar couplings obtained from the analysis of the NMR spectra
of solutes, as we shall see later in the text, the SmA parameters
cannot be unambiguously obtained from the spectral parameters.
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Here, we review our attempts to obtain smectic positional order
information for solutes using the orientational order parameters
obtained from their "H NMR spectra as a function of temperature
(spanning N and smectic ranges of the phase diagram) and of
liquid-crystal composition. We shall build the story starting with
the evidence that the NMR results do indicate the formation of
SmA phases, and shall describe the various ways we have used to
extract information about the SmA prefactors. We concentrate on
results for the single solute, 1,4-dichlorobenzene (pdcb). The main
problem is how to describe the N (i.e. orientational) potential in
the SmA phases. In order to deal with this, we assume that we can
extrapolate or interpolate parameters describing the N potential
from the N into the SmA phase, and we explore several different
ways of doing this.

Review of Theory
Nematic phase: liquid-crystal molecules

For a collection of axially symmetric liquid-crystal molecules, the
liquid-crystal second-rank order parameter S; describes the orien-
tational order and is defined by
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where J#,,(0,) is the average field experienced by the
liquid-crystal molecule and 6, is the angle between the molecu-
lar symmetry axis and the director. Even though most molecules
that comprise N phases are far from axially symmetric, it is usual
to assume axial symmetry and to use Eqn (1).

The MS mean-field theory!**! of such axially symmetric particles
provides the classic and simple relationship for 73, (6,)

I (0) = —vS; (i cos’ 0, — 1) (2)
2 2
where v gives the strength of the liquid-crystal mean field, which
is modulated by the order parameter. The interaction strength of a
particle with the mean field varies with angle 6, between symme-
try and mean-field directions via the P,(cos 6,) = (2 cos? 6, — 1)
term.

Smectic A phase: liquid-crystal molecules

In addition to orientational order, the molecules that make up
smectic phases also have positional order, with the simplest exam-
ple being the SmA phase. A classic description of this positional
order is given by Kobayashi-McMillan (KM) theory, which adds
two parameters to the MS theory for nematics, being a sinusoidal
positional probability characterized by 7/ and a sinusoidal varia-
tion of the N potential throughout a layer, characterized by the
coupling term /11112

2nZ 2nZ
Hp1(01,2) = H5,(0)) [1 + k] cos (%)} — 1/ Cos (%)
3)

where d is the layer thickness and Z the position within the
layer. An important aspect to the understanding of such phases
involves understanding of the anisotropic intermolecular forces
that are at play.

Nematic phase: solutes

The second-rank orientational order matrix S; of a solute s of
arbitrary symmetry in a N phase is given by the matrix elements
_ Hn15(825)
[d (2 cosb;, cosb,5— 18,5)e T
_ Hnis(Rs)

[dRe T

(4)

Ss,y& =

where Hy,5(£2;) is the anisotropy in the average field felt by the
solute and R represents the instantaneous orientation of the
solute with respect to the director with @, being the angle
between the solute y axis and the director. S, is symmetric and
traceless and, thus in general, contains five independent terms.
For liquid-crystal phases that possess axial symmetry (such as the
N and SmA phases being considered here), it is convenient to
write Hy,s(25) in terms of the anisotropic part of the average axi-
ally symmetric liquid-crystal field felt by the solute, G, 7z, and the
anisotropic part of some solute property, f; s, that interacts with
this field

3
His(Rs) = = 2Gizzy Y c05(B5y) Os(B55)Bsys  (5)
y 8
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We make the average-field approximation that all solutes feel the
same liquid-crystal field: the success of this assumption lies in the
agreement between theory and experiment that results.

While Egns (4) and (5) are perfectly general, the nature of G
and B is not automatically associated with specific intermolec-
ular interaction or interactions. Problems arise with attempts to
use these equations in the interpretation of solute order param-
eters obtained from the dipolar couplings measured by NMR
spectra: in essence, it is found that the solute 8 parameters
vary with liquid-crystal solvent and with temperature. However,
when it is assumed that there are two independent MS inter-
actions that make up the anisotropic solute interactions, it is
possible to rationalize solute order parameters in a variety of dif-
ferent N liquid-crystal solvents to about the 5% level.''! Hence, in
this so-called MSMS (double Maier-Saupe) approach, we rewrite
Eqgn (5) as a sum over two formally identical terms but with distinct
liquid-crystal and solute interactions:

=2
S = 23 Guzz)Y Y €05(85) c05(055) sy () (6
)

i=1 Y

For solutes with sufficient symmetry such that the B(i) tensor
is diagonal with only two independent components f;,(i) and
b (i), this equation can be written

i=2
Hras(@3) = =2 Y Guza)fiali
i=1
<[ (Zeost - 3) + 222 it costag |
(7)

where
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8)

and where 6; and ¢, are the polar and azimuthal angles between
the solute and the director.

Two problems with this approach are as follows: (i) there is
no unambiguous way of dividing interactions between the two
possibilities, and (ii) only GB products appear, and thus, for two
independent MS mechanisms, there are four degrees of freedom.
For the results presented later (shown in Table 1), we fix two
of the degrees of freedom by setting G; = 1and G, = 0
for a N phase consisting of 55 wt.% Merck ZLI1132 (1132) and
45 wt.% p-ethoxybenzylidene-p’-n-butylaniline (EBBA) at 298 K.
In this particular ‘magic’ mixture (MM), molecular deuterium feels
zero electric field gradient; this observation has been used to
fit solute order parameters measured in this liquid-crystal sol-
vent to models for GB consisting of short-range intermolecu-
lar interactions that depend only on solute size and shape to
about the 10% level.l®! Hence, we associate interaction 1 with
size-and-shape interactions and interaction 2 with longer-range
anisotropic interactions, such as that between the solute polar-
izability and the solvent mean square electric field or between
the solute quadrupole and the solvent mean electric-field gradi-
ent. It should be noted that it is assumed that all solutes feel the
same G; and G, fields in a given liquid crystal at a given tem-
perature; it is the different magnitudes of these two interactions
that vary with liquid crystal and with temperature that allow this
model to rationalize results for a variety of solutes in a host of
liquid-crystal solvents.['?!

wileyonlinelibrary.com/journal/mrc



Table 1. Maier-Saupe solute parameters from Weber et al.12]

Solute property (B;,, (1))

Solute tensor component MS, MS,
tcb,, —0.990(13) —0.207(17)
pdcb,, —0.024(9) 0.229(13)
pdcb,, —0.951(11) —0.236(16)
mdcb,, 0.669(6) 0.079(8)
mdcb,, —0.933(10) —0.266(14)
odcby, 0.333(7) 0.156(9)
odcb,, —0.927(10) —0.285(13)
fur,, 0.331(6) 0.227(8)
fur,, —0.529(8) —0.246(10)
thiy, 0.246(6) 0.185(8)
thi,, —0.570(8) —0.262(10)
hex,, 1.066(6) 0.210(8)
phac,, —0.033(8) 0.023(11)
phac,, —0.949(12) —0.359(14)
dcnb,, 0.393(7) 0.187(11)
dcnb,, —1.126(12) —0.215(17)
pbbn,, —0.204(10) 0.190(16)
pbbn,, —1.019(12) —0.235(19)
clproy, 0.028(6) 0.056(8)
clpro,, —0.035(6) —0.002(8)
fb,, 0.259(8) 0.207(9)
fb,, —0.751(11) —0.272(12)

tcb, 1,3,5-trichlorobenzene; pdcb, 1,4-dichorobenzene; mdcb,
1,3-dichlorobenzene; odcb, 1,2-dichlorobenzene; fur, furan; thi,
thiophene; hex, 2,4-hexadiyne; phac, phenylacetylene; dcnb,
1,2-dicyanobenzene; pbbn, para-bromobenzonitrile; clpro,
2,2-dichloropropane; fb, fluorobenzene.

Smectic A phase: solutes

Upon cooling, some N phases undergo a phase transition to an
SmA phase. Such systems are useful for investigating the SmA
phase if it can be assumed that the N potential [e.g. Egn (2)] can
be extrapolated into the SmA phase, i.e. be used to give values for
F3,(01) in Egn (3).

In the present work, we are interested in solutes and thus write
the SmA potential

2nZ 2nZ
Ho15(R5,2) = Ao (@) [1 k] cos (%)} - (%)

The orientational order parameters in the SmA phase are given by
d _ HsmaLs(252)
[d [y (2 cos’(0s,) —1)e BT dz
%)SmA,Ls(QSZ)

[de.fle ®Tdz

(10

Ssyy =

and the positional order parameter by
d _ HsmALs (25.2)
[ dR ) cos (2Z£) e BT dz

smALs (S25.2)

[d@ [l T dz

(1

Tis

Determining SmA Parameters t” and «’

The body of experimental work that is reviewed later generally
involved the study of several solutes that were usually codissolved
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in the same NMR tube in the liquid crystal 8CB, 80CB or a mix-
ture of 80CB and 60CB. These liquid crystals (except pure 60CB)
exhibit both N and SmA phases. The codissolving of solutes was
used in order to ensure that all solutes experience precisely identi-
cal environments, hence avoiding problems that arise when trying
to compare results from different sample tubes that have differing
overall composition.

Figure 1 displays an example NMR spectrum obtained from one
of the samples.[' The complicated NMR spectra (a superposition
of spectra from all five solutes; Figure 1) that are then obtained
are readily analyzed using a covariance matrix adaptation evolu-
tionary strategy (CMA-ES).!">'%! To obtain the spectral parameters
with the CMA-ES, one has to first choose reasonable upper and
lower limits for each parameter (called a gene), which defines the
search space. A complete set of these genes represents a calcu-
lated spectrum (called a chromosome), and a population of these
is initially spread out randomly across the search space. To eval-
uate the goodness of each member of the population, a fitness
function is used, which gives a measure of the extent to which cal-
culated spectra overlap with the experimental one. The overlap is
maximum at the global minimum of the error surface, which has a
large number of local minima. To reach the global minimum and
escape local minima, the chromosomes with the best fitness func-
tion are used to create the offspring of subsequent generations
in a mutative step-size fashion. The trajectory through parameter
space of each generation is influenced by the vectors of previous
ones. When such a strategy is used, automatic and simultaneous
solutions of multiple solute spectra are obtained.['”]

For the sake of clarity, we shall concentrate our discussion on
the solute pdcb only. Experimental results that demonstrate the
effect of the SmA-phase layering are presented in Figure 2 (left)
where it is seen that the anisotropy R = (S« — S,y)/S;; of the
order matrix for pdcb in 8CB changes abruptly at the N-SmA
phase transition. The transition is barely detectable directly from
order-parameter values themselves, but the change in slope of
the asymmetry is clear and indicates that the S;; values could be
used to obtain information about the SmA potential.l'®!

To proceed, we fit the two pdcb solute order parameters deter-
mined at each temperature to Eqns (4) and (7) (i = 1 term only)
and determine the two parameters of the N potential, b; and
Bsxx: plotting one versus the other in Figure 2. We note the linear
dependence in the N phase and assume that the line through the
N points can be extrapolated into the SmA phase in order to give
the N potential in the SmA phase. We then use Eqgns (9) and (10)
to fit the difference between the values determined with Hy,; and
the extrapolated values to find the fitted values of 7/, and «; for the
SmA phase. We assume that «| is positive, which is consistent with
the N ordering being maximum near the core (centre) of a smectic
layer."®! In the paper, the results were fitted to an assumed con-
stant «/; and a temperature-dependent 7/, = 7;(1 + 7;7/300 K).
The results for a second solute [fluorobenzene (fb)] used the same
value of 7] and gave almost equal values for «/, but very dif-
ferent values for (. These results are quite encouraging as the
N-smectic coupling «/ is expected to be a liquid-crystal prop-
erty (k/, independent of solute s), whereas differing z;; values for
different solutes indicates different solute positional preferences
within the smectic layers. One problem with these results is that
the values obtained for «/ are close to 1. Examination of Eqn (9)
shows that the value ¥/ = 1 would result in the N potential
Huus(R5)[1+k/ cos (2Z4)] being zero at Z = d/2, hence giving an
isotropic region at the smectic interlayer. Such an isotropic region

Magn. Reson. Chem. 2014, 52, 570-580
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Figure 1. "H NMR spectra of five codissolved solutes in a sample of 27 wt.% 60CB/73 wt.% 80CB in the N phase (sample 4 of Burnell et al.l'#) at 339.5 K.
The upper plot is of the experimental 400 MHz NMR spectrum while the bottom plot is a sum of the calculated spectra. The calculated spectra of the
solutes from top to bottom are ortho-dichlorobenzene (odcb), phenylacetylene (phac), para-dichlorobenzene (pdcb), para-bromobenzonitrile (pbbn)
and 1,3,5-trichlorobenzene (tcb) with the molecule-fixed coordinate system being found in the top left of the figure. Reproduced with permission from
Burnell et a/.'4
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Figure 2. Left: An order-matrix ‘asymmetry’ parameter R = (S, — Sy,) /S is plotted against S,, and is sensitive to the dissimilar environments experi-
enced by solutes in the nematic and smectic-A phases of 8CB. There is a change in slope on either side of the phase transition (denoted by the arrow).
The gray line is a linear fit to the nematic-phase points. The solid black line plots asymmetry parameters calculated from a fit to smectic order. This panel
is a modified version of part of Fig 1(b) of Yethiraj et al.!'®! reprinted with permission. Right: The asymmetry b plotted against B,, (solid symbols) exhibits
a linear dependence in the nematic phase and is roughly linear but with different slope in the smectic-A phase. The nematic/smectic-A phase lies to the
left/right of the arrow, which denotes the phase-transition point. We introduce a smecticity and a nematic-smectic-A coupling term into the intermolec-
ular potential [Eqn (9)] and refit the results (open symbols) requiring b in the smectic-A phase to fall on the extrapolation to the linear fit in the nematic
phase. Both pdcb and fluorobenzene results are simultaneously fit in the smectic phase to five parameters (see text) representing the strengths of the
coupling and smecticity. This panel is a modified version of part of Figure 2 of Yethiraj et al'8! (the original typographical sign error in b is corrected),
reprinted with permission from Yethiraj et al.l8!

is unlikely, even in the hydrocarbon region of smectic layers.[2°!  higher-temperature N phase and a lower-temperature SmA
More details can be found in the study of Yethiraj et al.['® phase.”?%! This time, the plot of R versus S, (shown for 80CB only

Next, we examine the results for pdcb with more exten- in Figure 3)isagain linear in the N phase but shows curvature and
sive results for 8CB and also in a different liquid-crystal  goes through a maximum in the SmA phase. However, when the
solvent, 4-n-octyloxy-4'-cyanobiphenyl (80CB), which forms a N parameters are calculated and plotted as in Figure 2, they are

Magn. Reson. Chem. 2014, 52, 570-580 Copyright © 2014 John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/mrc
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Figure 3. Left: Order parameter ratio R = % versus S,y for pdcb in 80CB. Filled points are the experimental values, and open circles are the values
calculated from a fit to the three solutes 1,2-dichlorobenzene (odcb), 1,3-dichlorobenzene (mdcb) and pdcb in the same liquid crystal; kgocs = 0.38
was varied but kept equal for all solutes (pdcb, mdcb and odcb) in the fitting. The value of t” is fitted for each solute in each liquid crystal and is scaled
by Fz; 8., to give ' = 1" F;;3,, for each experiment. The values obtained for r’;gcb is 0.298. Nematic-phase points are to the left, and smectic A phase
points to the right. Right: The asymmetry in the energy b plotted versus F}, B,x where F;, = Fzz/kg. The filled circles are the exact fitting of the solute
orientational order parameters to the two independent B; energy parameters of Eqns (7) and (8) (with only one term in the sum). The intercepts and
slopes of the straight line drawn through the nematic points are reported in Table 2 of Yethiraj et al.l?°] The open circles are the b and F}, B, values from
the fit to the smectic potential, Eqn (9). As required by the extrapolation procedure used to obtain the nematic part of the potential in the smectic A

phase, these points all fall on the nematic line. The points for the nematic phase are to the left, and those for the smectic A phase to the right. Reproduced

with permission from parts of Figures 3 and 4 of Yethiraj et al.12°]

again found linear with differing slopes in both the N and SmA
phases (see right panel of Figure 3 for 80CB). Again, the difference
between extrapolated and calculated values allows determina-
tion of the SmA-phase parameters. This time, a more reasonable
value for k/ = 0.4 is obtained when the value of ¢/, is scaled to
the N potential, perhaps a more reasonable choice than the lin-
ear scaling with the temperature used earlier. From Figure 3 (left
side), it is seen that the fit to the order parameter asymmetry R is
not perfect but the general trend is achieved.

Solutes in a liquid crystal with a reentrant-nematic (RN) phase

Some liquid crystals, e.g. mixtures of 4-n-hexyloxy-4'-
cyanobiphenyl (60CB) and 80CB, exhibit the interesting
phenomenon of forming a high-temperature N phase and
a low-temperature RN phase, which is separated from the
high-temperature phase by an SmA phase. Figure 4 (left) presents
the results in terms of the two independent components of the
order parameter matrix, plotted as R versus S,,, for the three
solutes pdcb (same solute as in Figures 2 and 3), mdcb and odcb
(larger absolute values of S, are lower temperatures). The results
show curvature with pdcb exhibiting an interesting S-shaped
curve. The N energy parameters F,,f,, and b calculated from
these order parameters are presented in Figure 4 (right), with
the higher-temperature N-phase values to the left. For pdcb and
mdcb, the N-phase points form a linear plot, but the odcb values
exhibit curvature. In this case, a curve that goes through both
N and RN points is used in order to extrapolate the N poten-
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tial into the SmA phase. For mdcb, but not for pdcb, the linear
extrapolation of the N points goes through the RN points.!?'!

Nematic phase: solutes and the MSMS potential

Several problems remain with the previous analysis of the smectic
potential. The extrapolation of N-phase values is particularly diffi-
cult with the curvature apparent in some of the graphs. Also, from
Figures 2—4, it can be seen that the previous treatments involve
changes with temperature or liquid-crystal solvent in the solute
asymmetry parameter b; for all solutes. As b, is some solute prop-
erty, such dramatic changes in the asymmetry are unexpected.
While breakdown of the simple MS theory might account for the
changes, the overwhelming suggestion is that more than one
anisotropic intermolecular mechanism is at play. Past experience
indicates that two mechanisms are sufficient to explain solute
order parameters in N solvents using Eqn (7).!"3! To check out and
use this idea for the N potential in SmA phases, a study of 12
solutes in two different liquid-crystal solvents was used.

As mentioned earlier, a problem now arises because in Eqn (7)
G and B always appear as products with the same angular depen-
dency. Thus, for two independent MS mechanisms, there are four
degrees of freedom, and hence, four values must be fixed in order
to do a least squares fit to the experimental order parameters.
As mentioned earlier, we set G; = 1 and G, = 0 for MM,
which means that we associate interaction 1 with short-range
size-and-shape interactions and interaction 2 with longer-range
interactions. In order to provide a scale for this second interaction,

Magn. Reson. Chem. 2014, 52, 570-580
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Figure 4. Asymmetry parameters R and b for solutes in the liquid-crystal mixture 72 wt.% 80CB/28 wt.% 60CB. Left: Order parameter ratio R = >

versus S, (skeletal points). Open circles are values calculated from a fit to the three solutes odcb, mdcb and pdcb in the SmA phase of the quuid—cry;ztal
mixture. k; = 0.266 was varied but kept equal for all solutes at all temperatures. A separate value of t” is fitted for each solute and is scaled by Fz;8,,
to give T/ = t”Fz;B,, for each experiment. Nematic-phase points are to the right, and smectic A phase points to the left with the two filled points to
the far left being from the RN phase. Right: Asymmetry in the energy b plotted versus F}, B where F, = F;;/kg. The experimental S; are used for the
exact fitting of the solute orientational order parameters to the two independent B; energy parameters b and By, (skeletal points). The intercepts and
slopes of the straight lines drawn through the nematic skeletal points for mdcb and pdcb are reported by Yethiraj et al.[2'! while odcb has a curved fit
to the nematic points as detailed in Yethiraj et al.!?'! The open circles are the b and F}, B, values from the fit to the smectic potential, Eqn (9). The points
for the nematic phase are to the left, and those for the smectic A phase to the right, with the two filled points to the far right being from the RN phase.
Reproduced with permission from parts of Figures 1 and 2 of Yethiraj et al.!?"!

we arbitrarily set G, = 1 for 1132. These three arbitrary assign-
ments impose no restrictions on the problem. However, we must
fix one further value. We do not wish to give any physical meaning
to the second mechanism and hence do not wish to fix further val-
ues of G,. Hence, as was performed in the original MSMS paper,['3]
we set equal G; values for 1132 and EBBA: in other words, we
assume that size-and-shape interactions are equal in these two
liquid-crystal solvents. Note that these four assignments are com-
pletely arbitrary and are chosen to give a qualitative significance
to the G (and hence, the B) parameters.

The solute 8 parameters are now obtained from a least-squares
fit [using the potential of Eqn (7) in Eqn (4)] to the orientational
order parameters for the 12 solutes at a single temperature in
liquid crystals 1132, MM and EBBA and at three different tem-

Magn. Reson. Chem. 2014, 52, 570-580
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peratures spanning the N ranges of 8CB and 80CB.??! The val-
ues obtained are given in Table 1. Values for solutes that were
included in the original study!’*! do not differ significantly from
the values found there.

Now that we have the solute g parameters, we can use them in
a least-squares fit to the solute order parameters to find G; and G,
values for 8CB and for 80CB at each experimental temperature in
both the N and SmA phases — the values obtained are displayed as
the open circles in Figure 5 where the quality of fitis also indicated
by the RMS (root mean square) difference between experimen-
tal and recalculated order parameters. The excellent fit (low RMS)
found for the N phase is a strong indication that the MSMS theory
applies, and the larger RMS differences for the SmA phase indicate
the need for an additional term in the potential.
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nematic phase while the rest are in the smectic phase. Inset: The RMS of fits
to either potential in both phases are plotted against G, z7(2). Reproduced
with permission from Weber et al.!??!

For comparison with the earlier studies, it is convenient to
define a B asymmetry that includes the two interactions. We
note that Eqn (7) contains the term [G;zz(1)(Bsxx (1) — Bsyy (1)) +
G1,22(2) (Bsxx(2) — Bsyy(2))]. Hence, we can express the asymmetry
in the B parameters by

gtzg; (,BS,XXO) - /fjs,yy(‘I )) + (,Bs,xx(z) - ,Bs,yy(z))

E. Elliott Burnell et al.

Figure 6 uses open symbols and G values from the N potential of
Eqgn (7) to display this asymmetry (open symbols) for solute pdcb
as a function of temperature.

Smectic A phase: solutes and the MSMS-KM potential

To deal with the SmA phase, we add the KM SmA terms to the
N-phase MSMS potential, Eqn (7):

i=2

«%mA,Ls(SlSIZ) = —% Z GLzz(i)ﬁs,zz(i) |:1 + K[(’) [e(0) (#)]
i=1

< [G cos?(8,) — %) + 20 o, cos(2¢s>}

— 1/, Cos (?) (13)

We now wish to use this equation to fit the experimental orien-
tational order parameters!??! in the SmA phases using Eqn (10). If
in the fitting we vary both G parameters and all SmA parameters
(t/, /(1) and «/(2)), we do not obtain convergence. However, we
note in Figure 5 that a plot of G(1) versus G(2) is linear in the N
phase. Thus, similar to most previous treatments, we assume that
this linear relationship can be extrapolated into the SmA phase
(solid lines in Figure 5). Fitting to the order parameters measured
in the SmA phase now gives values for G(2), t/,, /(1) and «/(2)
[and G(1) from the value of G(2) and the line in Figure 5]. The
bpacomswis calculated from these G values are displayed as the solid
points in Figure 6. As was the case for the b; values calculated ear-
lier, the general trend is for the molecular asymmetry to decrease
in the SmA phase compared with the values from the N-phase
extrapolations.

In order to gain insight into the modulation of the N poten-
tial in the smectic layers, we plot in Figure 7 the modulation of
the two N mechanisms [thei = 1 and i = 2 terms of the sum
in Eqn (13), labeled 2Z™°9(i)] and their sum (J4°") for the solute
pdcb with each symmetry axis in turn oriented along the director
of 80CB (top) or 8CB (bottom). The x axis coincides with the CI-Cl

bs,msms = GLzzU)ﬂ M + pn@) (12)  direction, zis perpendicular to the benzene ring, and y is perpen-
GLzz(d) 7% sz dicular to x and z. The general trends are the same for the two
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Figure 6. byqcomsws is plotted against temperature for pdcb in 80CB and 8CB. Points in the smectic phase are to the left, and those in the nematic to
the right. The open circles were obtained using the nematic potential Eqn (7), and the filled circles used the smectic potential Eqn (13). Reproduced with

permission from Weber et al.[22!
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liquid-crystal solvents. With z along the director, 7°9(1) is posi-
tive, consistent with packing arguments against the benzene ring
plane being perpendicular to the director. This effect is largest at
the layer centre as might be expected for interactions between
the core region of the liquid-crystal molecules and the perpen-
dicular orientation of the solute benzene ring; these interactions
are lesser when involving the liquid-crystal interlayer (hydrocar-
bon tail) region. The opposite holds when the pdcb x axis (CI-Cl
direction) is along the director, the lower energy (particularly at
the layer centre) favoring this orientation. This makes sense from
shape arguments as this region contains the aromatic core of
the liquid-crystal molecules, which would be expected to exert
more of an orientational influence than that of the hydrocarbon
tail region.

The second mechanism is consistent with interactions between
molecular quadrupoles. For example, the interaction between
unlike quadrupoles is negative, giving low energy at the layer cen-
tre when the pdcb z axis is aligned along the director (i.e. for
perpendicular adjacent benzene rings).

Magn. Reson. Chem. 2014, 52, 570-580
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An alternative way of extrapolating the N potential into
the SmA phase

One overriding problem with all the previous studies is the need
to define the N potential in the SmA phase. There is no direct link
between the measured solute orientational order parameters and
this N potential, so we have relied on some form of extrapolation
of N parameters from values in the N phase.

Asindicated earlier, the phase diagram for mixtures of the liquid
crystals 60CB and 80CB shows an interesting region of concen-
trations for which both N (at higher T) and RN (at lower T) phases
exist, these phases being separated at intermediate temperatures
by a SmA phase. This suggests the extrapolation with compo-
sition of N parameters from the N into the SmA phase. Hence,
the five solutes of Figure 1 were codissolved in various mixtures
of 60CB and 80CB and spectra obtained as a function of tem-
perature and composition." Two of the samples have a small
temperature region of SmA phase between N and RN phases, and
two are entirely in the N phase.

wileyonlinelibrary.com/journal/mrc
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4 of Burnell et /.4

The dipolar couplings obtained in the analysis are used to
obtain the molecular order parameters, and these in turn [from a
fit to the MSMS N potential of Eqn (7) with the solute § param-
eters in Table 1] are used to obtain G, 7;(1) and G, z7(2) values
for each solute at each temperature for the two N-phase samples,
as displayed in Figure 8 (left side). Of course, the G, 7 (i) are sup-
posed to be liquid-crystal parameters and hence independent of
solute. Here, however, we wish to extrapolate values as a function
of composition into the SmA phase and wish to do this as accu-
rately as possible. Hence, we allow a solute dependence of G, 7 (i)
and perform separate extrapolations for each solute.

The G, 77(i) values for the N phase of two of the samples (sam-
ple 7, 30.1 wt.% 60CB, and sample 8, 31.8 wt.% 60CB)!'* are
fitted to a polynomial [see lines in Figure 8 (left)]. These lines are
included in the right side of Figure 8 for sample 4 of Burnell et
all' that does exhibit an SmA phase. The points for sample 4
lie on the lines for the higher-temperature N-phase points, justi-
fying the proposed extrapolation of G, 7;(i) parameters from the
N into the SmA phase. Thus, the differences between the lines
and the G, zz(i) values obtained in the fit to the N potential are
taken to result from the smecticity. A least-squares fit using these
differences gives values for «/(1), «/(2), and 7, for each solute
at each temperature within the SmA phase. As earlier, the /(i)
are assumed to be a liquid-crystal property. Here, we are essen-
tially extrapolating the N-phase G, z;(i) values as a function of
concentration.

In Figure 9 (bottom two panels), we present a plot of G, 77(1)
versus G, 77(2) for odcb and pdcb in sample 4 that exhibits N, SmA
and RN phases. These plots have distinct curvature, unlike the
results reported earlier in Figure 5 for 8CB and 80CB for which the
plots had one linear region in the N phase and a separate linear
region in the SmA phase. Of course, these 8CB and 80CB plots are
from a fit to results for several solutes. The curvature in the plots
for separate solutes in the 60CB/80CB mixture can be thought
of as showing pre-transitional behaviour as the sample becomes
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Copyright © 2014 John Wiley & Sons, Ltd.

closer in temperature to the SmA phase. The change of curvature
for odcb in the N phase as we approach the SmA phase and the
reverse for the RN phase is particularly noteworthy.

The flexible solute n-butane was also investigated in a
60CB/80CB mixture that exhibits N, SmA and RN phases.®! The
results are summarized in a separate paper!’” in this journal
volume.

Liquid-crystal mixture exhibiting two nematic phases, N and
N,: solutes

Figure 9 (top three panels) incorporates plots from a study
of a mixture of 39 wt% 4-n-pentyl-4’-cyanobiphenyl (5CB)
in o, w-bis(4-4'-cyanobiphenyl)nonane (CBC9CB) that exhibits
two different N phases as a function of temperature.??! The
lower-temperature phase, called the N, phase (indicating uncer-
tainty about its structure), or more recently, the Ny, phase (tb
standing for the proposed twist-bend nature of this phase), is pro-
posed to consist of a mixture of right-handed and left-handed
helices. The interesting point is that the pre-transitional behaviour
displayed by the three solutes employed in the study is reminis-
cent of especially the result for odcb in a sample that had an
RN phase (see section on An Alternative Way of Extrapolating the
N Potential into the SmA Phase). This pre-translational behaviour
involves a marked change in G, z7(2). In the plots, a separate
G, 7z(2) is found for each solute; however, precisely the same trend
is found if all three solutes are forced to have the same G, 77(1)
and G, 77(2) values - the only effect being a slightly higher RMS
difference for the fitting. In both cases, a change in G, 77(2) is
observed in the pre-transitional region, this change being associ-
ated with some long-range electrostatic interaction, such as that
involving molecular quadrupoles or polarizabilities. These results
suggest the importance of such interactions in the formation of
the smectic and N, phases.

Magn. Reson. Chem. 2014, 52, 570-580
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Table 2. Smectic A solute T order parameters

Calculation Liquid crystal T range Tpdcb k' or Ky, Kk}
msl'8! 8CB 294 t0 301 —0.33t0 —0.29 0.9
Mst201 8CB 291 to 300 —0.25t0 —0.21 0.41
Mms(20] 80CB? 316 t0 333 —0.23t0 —0.19 0.38
msl21 28 wt.% 60CB in 80CB 300 to 327 —0.4t0—0.3 0.27
MSMms!22] 8CB 292 to 301 —0.12to —0.05 0.45,—3.15
MSMms!22] 80CB 32110332 —0.2t0 —0.1 0.16,—1.37
MSMst4! 27.0 wt.% 60CBin 80CB® 297t0316 —0.010to +0.003 0.28,—1.3

aNote that the labels odcb and pdcb in the right-hand side of Figure 6 of Yethiraj et al.[20!
should be interchanged.
bSample 4 of Burnell et al.['4]

(hydrocarbon chain) region of the smectic layers. However, the
values become progressively smaller (in absolute value) as we do
more sophisticated extrapolations of the N potential. When the
same analysis is used for both liquid crystals, we find essentially
equal solute t values for pdcb in both 8CB and 80CB. However,
there are large differences with the method of analysis. Values for
the 60CB/80CB sample that forms an RN phase demonstrate a

Smectic Parameters

One of the main objectives of this sort of work is to obtain
values for the smectic order parameter z, [Eqn (11)] and the cou-
pling prefactor «’. Values for pdcb from the different approaches
discussed earlier are tabulated in Table 2. As can be seen, all
Tpdch are negative, consistent with pdcb preferring the interlayer

-
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dramatic difference with the analysis method. However, the earlier
analysis here was fraught with difficulties imposed by the curva-
ture in the points used for the extrapolation, and indeed for pdcb,
the extrapolation through the SmA phase did not go through the
RN points.

Except for the initial paper,'®! the values in Table 2 of «/ [and
of /(1) when two N mechanisms are being considered] are in the
range of 0.2 to 0.5, depending on extrapolation method. This indi-
cates that, as expected, there is a much larger N ordering potential
in the middle of a smectic layer than there is in the interlayer
(hydrocarbon tail) region. The interesting result is that «/(2) (for
the second mechanism) is negative with absolute value greater
than 1. Thus, for the long-range electrostatic interaction, the N
potential in Eqn (13) is negative in the centre of the smectic layer
and changes sign as we go through the layer. Hence, mechanism
2 has the greatest N ordering in the hydrocarbon tail region, with
ordering in the layer centre opposing that involved with shape
interactions (mechanism 1).

The group at Calabria has proposed an alternative method-
ology to obtain the solute’s positional-orientational distribution
function and the solvent’s positional order parameter by com-
bining NMR with statistical thermodynamic density functional
theory.?*25! |n essence, a knowledge of the solute-solvent inter-
action is adopted and a certain positional-orientational distribu-
tion function for the solvent is assumed. In this connection, these
authors have recently reported on pdcb as one of the solutes dis-
solved in 80CB.[?! The solvent t order parameter of 80CB was
foundtobe 0.5at T/Ty, = 0.93.

Conclusions

We have presented several different ways of analyzing solute
NMR results for samples that have a higher-temperature N phase
with a lower-temperature SmA phase in order to obtain infor-
mation about the smectic phase. In all cases, the main problem
has been the description of the N potential within the smectic
phase. We have explored several different ways of extrapolating
the N parameters into the SmA phase. The important point is
whether the different methods yield consistent values of the
smectic-phase parameters. Probably, the methods of analysis
that employ MSMS-KM theory give the most trustworthy num-
bers for the smectic prefactor t’. Hence, tpqcp, is most likely in
the range of —0.2 to 0, meaning that this solute is preferentially
(slightly) found in the interlayer region of the smectic layers. For
the sake of clarity, we concentrated our discussion on the solute
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pdcb, but similar quantitative statements can be made for other
dissolved solutes.
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