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Orientational order parameter in five fluorinated nematogens have been investigated
by means of optical, dielectric and '°’F NMR techniques. Quantum mechanical cal-
culations were also employed to derive molecular and nuclear properties necessary
for the analysis of the spectroscopic quantities. The obtained data were compared
and discussed taking into account the differences among the three methods. The
values of the order parameter differ due to different anisotropic physical quantities
measured and, consequently, the different axes frame in which the order parameters
are defined. However, the temperature trends, expressed with the aid of the
Haller-type relation, are very close within the broad range of the nematic phase.

Keywords Chemical shift tensors; fluorine NMR; negative dielectric anisotropy;
nematic liquid crystal; order parameter; terphenyl

1. Introduction

Many experimental techniques can be employed in determining the orientational
order parameters in liquid crystal (LC) phases [1]. Among them the nuclear magnetic
resonance (NMR) technique is commonly considered as the best tool for that pur-
pose, first of all because of the straightforward relation between measured nuclear
properties and order parameters. Different anisotropic interactions (e.g., quadrupo-
lar, dipolar, chemical shift) and nuclei (e.g., >H, '*C, '°F) can be exploited to derive
local order parameters by means of NMR techniques [2]. In some cases, however, in
order to determine fragment or molecular order parameters, additional information
on molecular geometry and nuclear properties (e.g., chemical shift tensors) are

*This paper is dedicated to the memory of our friend and colleague Alberto Marini.
Address correspondence to Prof. S. Urban, Institute of Physics, Jagiellonian University,
30-059 Krakow, Poland. E-mail: ufurban@cyf-kr.edu.pl
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needed, and to this purpose density functional theory (DFT) calculations can be
exploited [3-5]. On the other side, optical birefringence and dielectric anisotropy
methods, which are related to the principal axis of the polarizability tensor and
molecular dipole moment, respectively, must be analysed in terms of the appropriate
theoretical models to derive “molecular” order parameters. The combination of
these three methods has already proved to be successful in the investigation of orien-
tational order properties of liquid crystals. Indeed, a common discussion of the data
determined by these three techniques does allow a better understanding of the mol-
ecular arrangements in LC phases and it represents a severe test for the theoretical
models applied [3-3].

The results obtained by these three methods (NMR, optical birefringence and
dielectric anisotropy) for selected fluorosubstituted terphenyls with structures:

E F E F
OO OO
where A means alkyl, and B alkyl or alkoxy groups, are presented in this
paper. These compounds were recently synthesised in the Military University of
Technology, Warsaw [6]. Their dielectric properties (static and dynamic) were
already reported in ref. [7]. These compounds exhibit a negative dielectric anisotropy
(Ae=¢j—¢, <0), contrary to previously studied fluorinated compounds with the

positive dielectric anisotropy [3,5].

F nuclei have been here extensively used for determining the orientational
order parameters by NMR. Dielectric anisotropy was analysed taking into consider-
ation the well known Maier and Meier equation. Optical anisotropy was measured
by the method described in ref. [8]. The differences among the order parameters
obtained by the three methods are discussed in detail, also with reference to the
assumptions and approximations used in each case.

The aim of this research work is to find possible correlations between the prin-
cipal orientational order parameters (S,,) and the position of the laterally attached
fluorine atoms, as well as the types and length of the terminal chains, getting insights

into the structure-property relationships, in the perspective of understanding how to
tailor the properties of these materials in function of their chemical structure.

2. Experimental

The terphenyls studied in the present work are listed in Table 1 along with their
mesomorphic temperature ranges. The abbreviations are the same as those used
in ref. [7].

2.1. Dielectric and Optical Studies

The tensor permittivity components in the nematic phase, ¢ and ¢, , were determined
as described in ref. [7]. The samples were oriented by a magnetic field of 0.7 T. In all
cases the measurements started in the isotropic phase and the samples were cooled
down step by step, which led to supercooling effect. The optical birefringence,
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Table 1. Chemical structures and transition temperatures (in °C) of the substances
studied. The abbreviations are the same as those used in ref. [7]

Acronym Chemical structure Phase diagram [°C]

KS 2 chw_lg Cr 67 N 102 Is

R 2

KS 7 m Cr 508 N 11161
e OO

KS 9 ancan Cr47.7 Sc 963 N 14221

KS 12 H15C7 Cr 662 Sc 787N 1261
KS 13 H15C73H7 Cr 86.6 Sc 96.4 S5 119.4 N 138 T

An=n, — n,, in the nematic phase was measured by the method described in ref. [8].
The measuring cell composed of a glass plate and a convex lens had a variable thick-
ness. It was filled with the samples in the isotropic phase and cooled down to the
nematic phase. The sample was placed between crossed polarizers on a microscope
stage. In this arrangement a system of circular interference fringes was observed —
see Figure 1. From the diameters of fringes the optical birefringence An could be
calculated.

Figure 1. Interference fringes observed in the nematic phase of KS 2. (Figure appears in color
online.)
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2.2. F NMR Measurements

F NMR spectra on neat terphenyls were recorded on a Varian Unity 300 spec-
trometer working at 282.23 MHz for "°F, equipped with a 5-mm probe. The "°F
90° pulse length was 15.0 ps, and 300-600 transients were accumulated, depending
on the available sample quantity, with a recycle delay of 0.3s. The chemical shift
scale in the mesophases was referred to the chemical shift of the fluorine nucleus with
the lowest resonance frequency in the isotropic phase, arbitrarily put equal to zero.
For the '°F measurements in the mesophases, the samples were uniformly aligned by
slow cooling from the isotropic to the liquid crystalline phase within the magnetic
field. Spectra were recorded on cooling. The temperature was stable within +0.2 K.

2.3. DFT Calculations

The quantum-mechanical calculations, performed by using the Gaussian 09 package
(version A.01) [9] were done on both the full-molecule models of several terphenyl
systems (KS), shown in Table 1, and their simplified models (mKS), where the alkyl
chains were replaced with methyl groups.

The geometry optimizations were performed at DFT level of theory, employing
the combination of B3LYP [10] functional with the 6-311G(d) basis set. The calcula-
tions were done for an isolated molecule (in vacuo) and by taking into account the
effect of an anisotropic environment with the IEF-PCM model [11]. The vibrational
frequencies calculations, performed at the same level of theory used for the geometry
optimizations, were employed to check if the obtained structures effectively repre-
sented minimum energy conformers for the systems studied.

The PCM cavities were built from radii obtained by applying the United Atom
Topological Model to the atomic radii of the UFF force field [12] as implemented in
the Gaussian 09 code (using the keyword G03defaults).

For both geometry optimizations and vibrational frequencies calculations, the
experimental isotropic dielectric permittivities (¢°°) values of 4.3, 4.3, 4.1, 4.3 and
3.9 were used for KS2, KS7, KS9, KS12 and KS13, respectively. The &*° values were
taken in the middle of the mesomorphic temperature range of the investigated com-
pounds. The use of different values of ¢°°, for instance taken at the Iso-N or N-Cr
transition temperatures, did not introduce significant changes in the molecular
geometry.

Fluorine-19 chemical shielding tensors (CSTs) were calculated by the method of
Gauge-Including Atomic Orbitals, GIAO [13] and using the modified Perdew-Wang
[14] exchange-correlation functional, called MPWIPWOII [15] in combination with
the 6-311 + G(d,p) basis set. For CST calculations the experimental values of 4.6,
4.7, 4.5, 4.6 and 4.2 for the perpendicular, ¢,, and the values of 3.6, 3.6, 3.4, 3.6
and 3.4 for the parallel, ¢, components of the dielectric permittivity tensor were used
for KS2, KS7, KS9, KS12 and KS13, respectively.

Finally, the computed fluorine-19 absolute chemical shielding values (o scale)
were converted in the corresponding traceless chemical shifts (J shift scale), by sub-
tracting them from the isotropic chemical shielding value.

For our convenience, the labels “VACUO Mod”, “VACUO” and “ANISO”
will indicate the '’F CSTs (as well as the corresponding S.. parameters) calculated
in vacuo for the simplified models (mKS), in vacuo and in the medium (liquid crys-
talline phase, by using IEF-PCM calculations) for the full molecules, respectively.
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3. Results
3.1. Optical and Dielectric Spectroscopy Studies

The temperature dependence of An, reported in Figure 2 for the therphenyls inves-
tigated in this work, was fitted to the experimental points by following a Haller-type
formula [16]:

7\*?
An=on|1—-— 1
n n( T*) (1)
where on, T* and f are fitting parameters and S(7) = An(T)/ on.

Dielectric anisotropy, Ae=¢ — &,, was measured for all the investigated com-
pounds (see Fig. 3) and it was analyzed using the Maier and Meier equation [17]:

2
- 2
Ae =g —¢, _gl)lNth[Aoc—szT(l —3coszﬁ)]S (2)

where Ny=N_,4p/M, N, — Avogadro’s number, p is the density and M the molar
mass, & — the permittivity of free space, s, F — local field factors dependent upon
the mean dielectric permittivity <e>= (¢ +2¢,)/3, Aa — polarizability anisotropy,
B — angle between the dipole moment p and the long axis, S =< 1— 3cos’0> /2 —
order parameter,  — angle between the molecular axis and the director. For the
substances studied ~90°, see ref. [7].

For all terphenyls the dipolar part in the Maier and Meier equation is markedly
larger than the polarizability anisotropy: Ao~20A* (estimated, see Appendix),
whereas Fii° /2kT==90 A’ In that situation the following simplification: S(7)
~TA&(T) /hF2 seems to be acceptable (density changes with temperature scarcely
in comparison with Aeg(7)). Additionally, it was assumed S(7)=S,(AT)" with
So - I/T “/NI'

0,3
SA
e
} 2 &8 3
= L
02} o
- =
o0 . %o
5 o< - Mo '*‘Q\._
e e
« KS2 . oy Nat
— o
| o KS7 —a % '
010 Kso R
e KSI2 N"b,i
L x KS13N
= KSI3S,
0‘0 1 1 1 1 1 1 1

70 60 50 40 30 20 10 0
AT = (T, - T) [K]

Figure 2. Optical birefringence vs. shifted temperature collected for the five investigated
substances. (Figure appears in color online.)
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Figure 3. Static dielectric permittivity components (a) and the dielectric anisotropy Ae = &) —
¢, (b) vs. shifted temperature for the five investigated substances. (Figure appears in color
online.)

3.2. ”’F NMR Study

Static ' F NMR spectra were recorded for each liquid crystal in its isotropic melt
state, as well as in its whole mesomorphic temperature range. A selection of them
is reported in Figure 4. The spectra recorded for the different samples in the isotropic
phase show one or two peaks depending on the number of inequivalent '°F nuclei,
in turns affected by the symmetry of the molecule. The spectra recorded in the

KS2

T T
0 -1 2

2 1 -
kHz

LI YLINLILIN N JNLINLINLU B JRLENL UL TR B L L L T L IO L
30

10 0 -10 -20 -30 -40 kHz

KS7

T T T T T
2 1 0 -1 -2
kHz

-10 -20 -30 -40 kHz

KS13

40 30 20 10 0 -10 -20 -30 -40 kHz

Figure 4. Static and isotropic (in the insets) '°F spectra of KS2, KS7 and KS13, recorded in
their nematic phases at 85°C, 88°C and 128°C, and in their isotropic melt phases at 110°C,
120°C and 142°C, respectively.
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mesophases are characterized, for all the samples, by the presence of a doublet, due
to '"H-""F dipolar splitting. In particular, the spectrum of KS2 in the isotropic phase
shows a single peak, reflecting the symmetry of the molecule; a similar situation is
observed for KS7 and KS9 (spectrum not shown) even though the molecular struc-
ture of these compounds is asymmetric, indicating that the electronic densities sur-
rounding F, and Fy, (which are located on the central aromatic ring) are negligibly
affected by the presence of different aliphatic chains. On the contrary, in KS13
and KS12 (spectrum not shown) F, and Fy, belonging to a lateral aromatic ring,
are more strongly inequivalent, resulting in two well distinguished peaks in the '°F
spectrum recorded in the isotropic phase and in broader and more asymmetric lines
of the dipolar doublet observed in the mesophase.

In Figure 5 we reported the '°F chemical shift anisotropies, 0" = §°%% — §"°,
extracted at different temperatures subtracting the isotropic chemical shift measured
in the melt phase (or the average of the two isotropic chemical shifts in KS12 and
KS13) from the chemical shift of the center of mass of the dipolar doublets measured
in the mesophases. For the sake of simplicity, for each sample the zero of the chemi-
cal shift scale was taken as the resonance frequency of the single isotropic peak (for
KS2, KS7 and KS9) or as the average of the two isotropic peaks (for KS12 and
KS13). All this considered, being 6”°=0, the shifts observed in the mesophase
directly corresponds to the anisotropic shift, 6“"*°=§°", which can be analyzed
to derive the principal orientational order parameters S.. through the following
equation, where biaxiality has been neglected:

aniso 2 2
o =3 [5 — (Sax + %)/2} S =305 (3)

zz

60 T T T T

E 40 I §
= I
= I
9 I
o 30 [ | . -
SmC *e 2
| N 4 g
¢ KS2 .3§
0L * KS7 |
+ KS9 ¢
¢ KS12
a KS13
10 L 1 1 1
100 80 60 40 20 0
AT=(TNI-T} K]

Figure 5. Trends of the '°F chemical shift anisotropies *™° (ppm) vs. reduced temperature
AT =Tn1—T (K) for the terphenyls investigated in this study. The inter-mesophase transitions
for KS9, KS12 and KS13 are indicated by red (solid), grey (dashed) and black (solid) lines,
respectively. (Figure appears in color online.)
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Figure 6. Reference axes frame for the calculations of the dipole moments, the '°F chemical
shielding tensors and the principal orientational order parameter, S.., of the investigated com-
pounds. The molecular structure of KS2 is reported here as an example, together with the
location of the dipole moment vector (i) and the principal axes frame of the '°F shielding
tensor. (Figure appears in color online.)

d; (i=x, y or z) are the components of the '°F chemical shift tensor defined in the
principal order frame (shown in Fig. 6 for KS2). In Table 2 we reported the values of
the principal components (i.e., defined in its principal axes frame) of the traceless
chemical shift tensor, d,°, calculated for the different samples applying the different
strategies “VACUO Mod”, “VACUQO” and “ANISO”, previously described in the
“Experimental/DFT calculations” section.

Table 2. '°F principal components 5?[ of the traceless chemical shift tensors of the
investigated compounds, calculated with the different strategies “ANISO”,
“VACUO” and “VACUO Mod”, as explained in the text. A’ =d° —
(8%, + 0),)/2. The labeling of fluorine nuclei (F, and Fy) is that reported in Table
1, while F,, indicates an hypothetical fluorine nucleus having CST components
obtained by averaging the CST components of F, and F,,

ANISO
VACUO  VACUO Mod

o0 50, o AS° AS° AS°

KS2  F, 385 1085 700  105.1 108.1 109.6
F, 385 —1084 699 1048 108.6 109.2

F., 385 —1085 69.9 1049 108.3 109.4

KS7 F, 384 —1084 70.0 1050 108.4 109.6
F, 384 1083 699 1048 108.1 109.2

F., 384 1083 699 1049 108.3 109.4

KS9 F, 386 —1082 697 1045 108.5 107.4
F, 399 1094 694 1042 109.0 108.2

F., 392 -1088 69.6 1043 108.8 107.8

F. 420 —1079 659 989 101.9 100.6
KS12 F, 386 —107.1 686  102.8 106.3 108.2
F., 403 -1075 672 1008 104.1 104.4

F, 421 —1082  66.1 99.2 102.1 100.6
KSI13 F, 387 —1074 687 1031 106.3 108.2

F., 404 —107.8 67.4 101.1 104.2 104.4
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Figure 7. Trends of the principal orientational order parameter, S.., versus AT [K] for KS7
(left) and KSI13 (right). The values were derived by employing '°F chemical shift tensors
calculated by using the “VACUO Mod”, “VACUO” and “ANISO” approaches, as explained
in the text. (Figure appears in color online.)

Since in all cases the principal axes frame of the '°F chemical shift tensor
resulted almost coincident with the principal order frame (see Fig. 6), and since
Ad=0..— (dyx+ 9),)/2 does not change when we change the reference of the chemi-
cal shift scale, the Ad” values reported in Table 2 were used for Ad of equation (3).

Figure 7 illustrates the trends with temperature of the principal orientational
order parameter, S.., obtained for KS7 and KS13 as described above, using the three
different calculation strategies (“VACUO Mod”, “VACUO” and “ANISO”)
reported in the experimental section. We can easily notice that, for both liquid crys-
tals (but the results hold true also for the other three liquid crystals), the values of S..
progressively increase going from the “VACUO Mod”, to the “VACUO” to the
“ANISO” case, as a consequence of the corresponding decrease of Ad°. It is quite
clear that the effect of considering the whole aliphatic chains rather than a methyl
group on either Ad° or S.. is almost negligible, while the replacement of calculations
“in vacuo” with those, more sophisticated, “in the medium” brings to a detectable
increase of the derived S.. values, which however is always less than 5%.

4. Discussion

The orientational order parameters determined for the five liquid crystals here inves-
tigated by the optical method and by dielectric and '’F NMR spectroscopies are
reported and compared in Figures 8(a) and 9(a).

It is quite clear that the three different approaches here used to determine orien-
tational order parameters present some noticeable differences. These mostly concern
the different anisotropic physical quantities measured and, consequently, the differ-
ent axis frame in which the order parameters are defined. Dielectric and optical
methods measure whole-molecule quantities, allowing molecular order parameters
defined in the polarizability and dielectric tensor principal axes frames, respectively,
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Figure 8. Principal order parameter S.. vs. shifted temperature AT [K], before (a) and after (b)
normalization to the NMR value at AT =35K for KS2, KS7 and KS9 compounds determined
from optical method, dielectric and NMR spectroscopies, as explained in the text, and fits to
the Haller-type relation [16]. Chemical structures, fitting parameters and normalization factors
are reported in the insets. (Figure appears in color online.)

to be determined. On the other hand, NMR properties rely on local orientational
order parameters that can be referred to molecular fragments (in our case to the
fluorinated phenyl fragment), and eventually to “molecular” order parameters.

All this considered, the experimental data obtained from the three methods show
a good agreement. Indeed, the main differences consist in a shift of S.. values, which
can be mostly ascribed to the different reference frame in which the order parameters
are defined in the three cases, but the trends with temperature show a very similar
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Figure 9. Principal order parameter S.. vs. shifted temperature AT [K] of KS12 and KS13
compounds, before (a) and after (b) normalization to the NMR value at AT =35K (KS12)
or 15K (KS13) determined from optical method, dielectric and NMR spectroscopies, as
explained in the text, and fits to the Haller-type relation [16]. Chemical structures, fitting para-
meters and normalization factors are reported in the insets. (Figure appears in color online.)

behavior. In order to highlight this aspect, and in agreement with what previously
done on different liquid crystals [3-5] we have “normalized” the data obtained by
optical methods and dielectric spectroscopy to those derived by NMR. The results,
shown in Figures 8(b) and 9(b), clearly indicated a very good agreement of the trends
obtained by the three techniques.

For all the sets of data the trend of the order parameter with temperature was
also fitted to the Haller-type relation [16]

S(T) = So(AT) 4)

where Sy =1/T%y, and AT=Ty;— T is the shifted temperature. The results of
the fits are reported in Figures 8(a) and 9(a). Quite similar y values were obtained
for the orientational order parameters trends obtained by the three different experi-
mental approaches, with a maximum deviation of 0.05 observed for KS9 between
dielectric and NMR spectroscopies. The values obtained for y are typical of nema-
togens, with average values ranging from about 0.18 in KS7 to 0.24-0.25 in KSI12
[1,3-5,8].
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4. Conclusions

The three experimental techniques employed in determining the orientational order
parameter in the nematic phase of compounds exhibiting the negative dielectric ani-
sotropy yielded different S(7) — values, Figures 8(a) and 9(a). This is understandable
because each of them is related to different molecular observables and reference
frames. It is no doubt, however, that the NMR techniques, enriched by quantum
mechanical calculations, lead to the most reliable quantities. Therefore, a good con-
sistency of the normalized data obtained by “more rough” methods (dielectric and
optical anisotropies) and the 'F NMR spectroscopy, presented in Figures 8(b)
and 9(b), indicates that the basic assumptions (mainly the local field models) on
which the first two methods are based upon reflect fairly well the temperature trends
in the nematic order parameter.

Appendix
Determination of Polarizability Anisotropy From Birefringence Measurements

The molecular polarizability can be determined from optical measurements
assuming a local field model. In the simplest case of isotropic local field, introduced
by Vuks [18], the polarizability components «; and «, of an optically uniaxial
medium can be calculated from equations:

nz—1 drpo

£ = Al
<I’l2> —+ 2 3NAM ( )
nz—1  4mpay (A2)

n2)+2 3N4M’

In the above equations N, denotes the Avogadro number, M — the molar mass, p —
mass density, 1, and n, — ordinary and extraordinary refractive indices, <n’> — the
mean value of refractive indices (<n®>=(2n,+n,)/3). It is clear from equations
(A1) and (A2) that for determination of principal polarizability components both
refractive indices #,, n, and density p must be known. The same is valid for the polar-
izability anisotropy Ao = oy — o, [8]:

B _A4nN4p (n?)+2
An=n,—n, = M i Aux (A3)

Obviously, the knowledge of birefringence is not sufficient and both indices must be
measured. We will try to omit this demand. After expressing the “optical’” factor
B=(<n*>+2)/(n,+n,) by the set of variables An, <n*> we obtain:

An = AnNap, B-Aax (A4)
3IM
with
2
B_ 3((n*) +2) (AS5)

24/9(n?) — 2(An)* + An
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Figure Al. Dependence of “optical” factor B on birefringence for typical values of the mean
refractive index and An. (Figure appears in color online.)

The B(An) dependence is shown in Figure Al. As Figure A1 demonstrates, the
influence of the parameter <n?> on B is rather weak (about +1.5%). The tempera-
ture changes of B are also negligible. Moreover, these changes are opposite to density
changes (typically Ap/p= 102 /kelvin [19-22]). Therefore in further calculations we
assume B = 1.4 and neglect the temperature dependence of the product p - B. Despite
this, the temperature dependence of Aa should be correctly reproduced.

To calculate the polarizability anisotropy also the density p must be known. For
most calamitic liquid crystals its value ranges from 0.9 g/cm? to 1.1g/cm® [19-22].
We assume p=1g/ cm’. The error in estimation of the absolute value of polarizabil-
ity anisotropy does not exceed +10%.

The anisotropy of polarizability estimated in the described way for all materials
investigated in this work are shown in Figure A2.

30 1
<220 1
3
< KS 2
B KS7 ]
10 n KS9
e KS12
I < KS13N
= KS13 SmA
0 L " 1 " L " L " 1 i L " 1

70 60 50 40 30 20 10 0O
AT = (T, -T)[K]

Figure A2. Polarizability anisotropy of investigated terphenyls as function of temperature.
(Figure appears in color online.)
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