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ABSTRACT: Orientational order properties of two nematogens containing a fluoro- and
isothiocyanate-substituted biphenyl moiety have been investigated by means of 13C NMR
spectroscopy. 13C NMR spectra acquired on static samples under high-power 1H-
decoupling allowed both 13C chemical shift anisotropies and 13C−19F couplings to be
measured. These data were used to determine the local principal order parameter and
biaxiality for the different rigid fragments of the molecules. To this aim, advanced DFT
methods for the calculation of geometrical parameters and chemical shift tensors were
used. The orientational order parameters obtained by NMR have been critically compared
with those obtained by dielectric spectroscopy. Trends of order parameters with
temperature have been analyzed in terms of both mean field theory and the empirical
Haller equation.

■ INTRODUCTION
13C solid-state NMR (SSNMR) spectroscopy is recognized as a
powerful method to obtain detailed information on orientia-
tional order in liquid crystals, without requiring difficult and
expensive isotopic labeling.1 In some previous papers it has
been shown how this is particularly true in the case of different
types of mono- or difluorinated mesogens, for which 13C
spectra were recorded under high-power 1H-decoupling
schemes.2−6 In fact, in these cases, in addition to 13C chemical
shift anisotropies, also 13C−19F couplings can be determined
directly from monodimensional spectra and exploited to more
reliably derive orientational order parameters relative to
different rigid molecular fragments. Better results are obtained
when NMR data are combined with density functional theory
(DFT) calculations, because these can provide chemical shift
principal values and the orientation of the chemical shift
principal frame with respect to the molecular frame, as well as
some important geometrical parameters. Moreover, in previous
works by our group4−6 the existence of an important synergy of
NMR and DFT methods with dielectric spectroscopy was
shown: on one side dielectric spectroscopy can give dielectric
constants necessary for the application of polarizable
continuum model (PCM)-DFT methods;7 on the other side,
important conclusions can be drawn by the comparison of
orientational order parameters obtained by NMR and dielectric
anisotropy data.

In this paper the approach above-described has been
extended to two nematogens (ORTHO and META, Figure
1), differing only for the position of the fluorine atom,
belonging to the class of three-ring fluoro-substituted
isothiocianates.8 This class of liquid crystals exhibits some
properties typical of fluorinated mesogens, i.e., wide nematic
range, low rotational viscosity and conductivity, high dielectric
anisotropy, and high chemical stability.9−11 Moreover,
especially when two fluorine atoms and a carboxy bridging
group are present, they can show a crossover of the principal
permittivity components within the megahertz frequency range,
making them interesting in applications as dual frequency
materials.12 Because the anisotropy of the physical macroscopic
properties at the basis of the important applications of
fluorinated liquid crystals, and especially those in electro-
optical displays, is strongly dependent on the orientational
ordering of the molecules within the mesophases, studies of the
orientational ordering properties of these materials are
fundamental.
Here local orientational order parameters for the three

phenyl rigid fragments of ORTHO and META mesogens have
been obtained throughout the nematic ranges from the analysis
of 13C chemical shift anisotropies and 13C−19F dipolar and
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scalar couplings measured from 13C NMR spectra using
chemical shift tensors and geometrical parameters determined
with DFT calculations. In particular, DFT methods that include
the effects of the environment through a continuum solvation
model (known as PCM) are employed.7 The resulting order
parameters have been discussed in terms of theories for
orientational order in nematic phases13−17 and compared with
those obtained by dielectric anisotropy data.

■ EXPERIMENTAL SECTION

Materials. Compounds ORTHO and META, synthesized
as reported in ref 18, were available from a previous study. They
both show an enantiotropic nematic (N) phase with transition
temperatures as follows:
ORTHO: Cr - 330.8 K - N - 384.9 K - I
META: Cr - 319.5 K - N - 358.3 K - I
On cooling, META could show at least 15 K of supercooling

of the nematic phase.
13C NMR Measurements. 1H decoupled 13C NMR spectra

of ORTHO and META in CDCl3 solution were recorded at
298 K on a Bruker AMX300 spectrometer operating at 75.47
MHz for 13C and at 300.13 MHz for 1H, equipped with a 5 mm
probe; TMS was used as internal standard for chemical shift.
Static 13C direct excitation (DE) NMR spectra on neat

ORTHO and META were recorded on a double channel
Varian Infinity Plus 400 spectrometer working at 100.59 MHz
for 13C and at 400.03 MHz for 1H, equipped with a 5 mm
goniometric probe. The 90° pulse duration was 5.5 and 4 μs for
13C and 1H, respectively. Decoupling from 1H nuclei was
achieved using the SPINAL-64 sequence19 with a field of about
40 kHz. A recycle delay of 20 s was used and 240−800 scans
were acquired for each spectrum. The chemical shift scale was
referred to the signal of TMS. For measurements in the
mesophases, the samples were uniformly aligned by slow
cooling from the isotropic to the nematic phase within the
magnetic field. Spectra were recorded on cooling, after letting
the sample thermally equilibrate for at least 10 min. The
temperature was stabilized within ±0.2 K.
Computational Details. For both molecules, geometry

optimizations were performed in vacuo using the M06-2X
functional20 and the 6-31G(d) basis set and replacing the butyl
group with a methyl group. Because of the high torsional
flexibility of the molecules, we performed a relaxed potential
energy surface (PES) scan along the C4−C5−C8−C9 dihedral
angle. The minimum energy conformations were finally
reoptimized removing the dihedral constraint (see Supporting
Information for further details).

The chemical shielding tensors were computed with the
gauge independent atomic orbital (GIAO) method,21 using the
B3LYP functional22 with the 6-311+G(d,p) basis set (see
Supporting Information for a comparison between B3LYP and
M06-2X functionals).
Environment effects were included using the IEF version of

PCM23,24 taking into account the anisotropic dielectric
properties of the environment using the experimental
permittivity tensor components determined in ref 8 (ε⊥ =
3.74, ε∥ = 8.39 for the META and ε⊥ = 4.73, ε∥ = 16.59 for the
ORTHO compound). To transform the calculated chemical
shielding values (absolute σ scale) into the corresponding
chemical shifts (δscale, where δii = σTMS − σii), we used a value of
σTMS obtained as the best-fitting parameter between exper-
imental and calculated data.25 All calculations have been
performed using the Gaussian 09 package.26

■ RESULTS AND DISCUSSION
The 1H-decoupled 13C NMR spectra of ORTHO and META
in CDCl3 solution are reported in Figure 2. Very similar 13C

spectra (not shown), although less resolved, were obtained for
the isotropic phases of pure mesogens under static conditions
and proton decoupling, the lower resolution being due to both
the lower molecular mobility, associated with the higher
viscosity of the melt phase, and the different field homogeneity
of the two instrumentations used. The assignment and the
chemical shift values of the signals in CDCl3 solution are
reported in Table 1 together with the isotropic B3LYP/GIAO
chemical shift values. As can be observed, the agreement
between experimental and calculated data is quite good. The

Figure 1. Molecular structure and carbon labeling of ORTHO and META.

Figure 2. 13C NMR spectra of (a) ORTHO and (b)META in CDCl3.
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values of Jiso determined for the different carbons in CDCl3
solution are reported in Table 2.

13C DE NMR spectra were also recorded under static
conditions and high-power 1H decoupling at different temper-
atures in the nematic (N) phase of both ORTHO and META
samples uniformly aligned with the phase director parallel to
the magnetic field. Expansions of the aromatic regions of
representative spectra are shown in Figures 3 and 4 along with
the peak assignment. The interpretation of the spectra in the N
phase is evidently more difficult than in the isotropic one due to
the presence of the anisotropic components of the chemical
shift (δaniso) and the 13C−19F scalar (J) and dipolar interactions.
In particular, dipolar and J couplings with the 19F nucleus split
some 13C aromatic signals into doublets, with splittings ranging
from tens to thousands of hertz, essentially depending on the
13C−19F internuclear distance and on the direction of the

internuclear vector with respect to the magnetic field. On the
other hand, chemical shift anisotropy gives rise to frequency
shifts of up to 80 ppm.
The assignment of the spectra in the liquid crystalline phase

was performed on the basis of the magnitude of both chemical
shift anisotropies and 13C−19F couplings,2,5,6,27 as well as on the
trends of signals with temperature (Figures S5 and S6 of
Supporting Information). In particular, quaternary carbons are
known to give the highest chemical shifts due to both chemical
shift tensor components and the location of the chemical shift
tensor with respect to the long molecular axis. On the other
hand, signals arising from carbons belonging to the fluorinated
ring A, for which 13C−19F couplings were observed, could be
promptly recognized also by considering the length and
orientation of the 13C−19F vector with respect to the long
molecular axis. Uncertainties remained for some of the carbons
belonging to rings B and C. Therefore, all the plausible
assignments of peaks were taken into account in the analysis

Table 1. Comparison of Measured (δCDCl3) and
B3LYP(GIAO)/PCM (δcalc)

13C Isotropic Chemical Shifts
(ppm) of ORTHO and META; Δδ = δCDCl3 − δcalc

ORTHO META

i δcalc δCDCl3 Δδ δcalc δCDCl3 Δδ

1 146.7 140.9 −5.8 128.4 132.1 3.7
2 117.9 118.8 0.9 127.8 131.1 3.3
3 164.8 158.7 −6.1 113.9 113.7 −0.2
4 114.0 114.6 0.6 162.0 159.5 −2.5
5 145.1 141.8 −3.3 130.6 128.4 −2.2
6 122.9 122.9 0.0 131.0 128.8 −2.2
7 125.0 126.6 1.6 124.2 122.0 −2.2
8 138.3 136.2 −2.1 132.8 137.0 4.2
9,9′ 127.3 126.8 −0.5 129.1 131.3 2.2
10,10′ 128.6 129.2 0.6 128.1 128.7 0.6
11 145.1 142.4 −2.7 145.0 142.2 −2.8
12 41.7 37.6 −4.1 41.8 37.7 −4.1
13 41.2 37.4 −3.8 41.2 37.4 −3.8
14 141.0 138.6 −2.4 140.9 138.7 −2.2
15,15′ 127.6 128.3 0.7 127.5 128.2 0.7
16,16′ 128.7 128.4 −0.3 128.8 128.4 −0.4
17 136.5 140.6 4.1 136.5 140.6 4.1
18 35.2 35.2
19 33.7 33.7
20 22.4 22.4
21 14.0 14.0

Table 2. Geometrical (rCiF and θCiF,z) and NMR (Ji
iso, ΔJi, Ji,xx − Ji,yy, Ji,xz, and Di

h) Parameters Used in the Analysis of the 13C−19F
Couplings of ORTHO and METAa

sample i rCiF (Å) θCiF,z (deg)
b Ji

iso (Hz) ΔJi (Hz) Ji,xx − Ji,yy (Hz) Ji,xz (Hz) Di
h/Di

exp (%)

ORTHO 3 1.336 59.8 −253.2 −40.9 306.9 −171.1 −2.57
4 2.354 29.4 19.1 −6.8 −41.9 12.5 −0.99
5 3.628 40.2 7.0 5.6 21.7 −4.7 −0.35
7 3.609 79.6 0.0 5.6 21.7 −4.7 −0.35

META 3 2.327 149.2 26.6 −5.3 −41.8 −11.0 −0.99
4 1.341 117.4 −250.3 −65.4 323.0 160.7 −2.57
5 2.363 87.5 13.9 −5.3 −41.8 −11.0 −0.99
6 3.610 100.8 3.5 4.9 22.2 4.4 −0.35
7 4.103 120.2 3.5 −17.0 −37.0 −1.0 −0.14

aJi
iso values have been determined from 13C spectra in CDCl3 solution. Di

h values and the components of J tensors have been derived from refs 29 and
30. Geometrical parameters were taken from DFT calculations. bThe internuclear vectors Ci−F always lie in the xA−zA plane, so θCiF,y is always null,

and θCiF,x = θCiF,z + 90°.

Figure 3. (a) Molecular structure of ORTHO, carbon labeling, and
axis systems used in the orientational order analysis. (b) Aromatic
region of the 13C DE NMR spectrum of ORTHO recorded in its N
phase at 334 K with signal assignment.
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performed for determining the order parameters. A best-fitting
procedure (vide infra) was applied to data sets arising from the
different spectral assignments and the set giving the best
agreement between experimental and calculated data (aniso-
tropic chemical shift, 13C−19F couplings) was finally chosen.
It must be noticed that for META the 13C−19F splittings

could be detected and measured at the different temperatures
for all the fluorinated ring carbons, with the exception of C2. In
addition, an inter-ring splitting was observed for C9−9′, whose
order of magnitude is in agreement with those reported for a
similar system in ref 27. In the case of ORTHO, quite
surprisingly the signal of C2 could not be detected, possibly due
to the combined effects of its couplings with 19F and 14N.28

Moreover, for this sample, 13C−19F splittings could be observed
for all the carbons on the fluorinated ring, with the exception of
C6 for which the splitting could not be resolved within the
broad line at ∼150 ppm (Figure 3). On the other hand, no
inter-ring splittings were observed for this mesogen, most
probably because of the longer distance between the fluorine
nucleus on ring A and carbon nuclei on ring B.
The values of the chemical shift anisotropies for each 13C

nucleus i (δi
aniso) were obtained at each temperature by

subtracting the chemical shift values measured in the isotropic
phase (δi

iso) from those measured in the mesophase (δi
obs,

reported in Figures 5 and 6 for ORTHO and META,
respectively):

δ δ δ= −i i i
aniso obs iso

(1)

The 13C−19F splittings (Δi), that is, the separation between
the two lines of a doublet due to coupling between a 13C
nucleus i and the 19F nucleus, were also measured in the spectra
recorded in the N phase. These splittings result from the sum
of both a dipolar (Di

exp) and a scalar (Ji
iso) contributions:

Δ = +D J2i i i
exp iso

(2)

The 13C−19F scalar spin−spin couplings Ji
iso for the carbons

in the fluorinated ring were taken from the 13C spectra in
CDCl3 solution (Table 2). The term Di

exp is in turn given by the
sum of several contributions

= + + + +D D D D D J
1
2i i i i i i

exp eq h ah d aniso
(3)

In eq 3 Di
eq is the dipolar coupling corresponding to the

equilibrium structure of the molecule; Di
h and Di

ah are the
contributions from the harmonic and anharmonic vibrations,
respectively; Di

d is the contribution arising from the
deformation of the molecular structure induced by the
anisotropic forces of the medium surrounding molecules;29

Ji
aniso is the anisotropic contribution to the spin−spin coupling.
The terms Di

ah and Di
d, which are known to be very small with

respect to the experimental error on the measured splittings,30

could be safely neglected in our analysis. On the other hand, a
rough estimation of the term Di

h as a percentage of Di
exp (Table

2) was made from values reported in the literature for
molecules with similar structure and orientation properties.29

The values of Di
exp − Di

h determined for ORTHO and META
with this assumption are reported in Figures 5 and 6,
respectively.
Local orientational order parameters were obtained for the

three rigid aromatic fragments A, B, and C of ORTHO and
META (Figures 3a and 4a, respectively) following the global-
fitting procedure previously applied in similar cases,2,5,6 using
all the δi

obs and Di
exp − Di

h values available at each temperature
for the aromatic carbon nuclei. In particular, though δi

obs values
could be extracted from the spectra for carbons belonging to all
of the three phenyl rings, Di

exp − Di
h values could be obtained

only for carbons belonging to ring A. The lack of inter-ring
dipolar couplings (with the sole exception of carbons 9,9′ of
META) prevented us from attempting an analysis of the
conformational distribution of the two rings of the biphenyl
fragment.31

For each carbon nucleus i, δi
aniso can be expressed in terms of

the local order parameters relative to the frame of the phenyl
ring ξ it belongs to (shown in Figures 3a and 4a) as

δ δ δ δ

δ

= Δ + − −

+

ξ ξ ξ

ξ

⎡
⎣⎢

⎤
⎦⎥

S S S

S

2
3

1
2

( )( )

2

i i zz i xx i yy xx yy

i xz xz

aniso
, ,

, (4)

where ξ = A, B, or C, and

δ δ δ δΔ = − +1
2

( )i i zz i xx i yy, , , (5)

δi,ετ are the components of the chemical shift tensor for the
13C

nucleus i, written in the same local frame. It must be noticed
that, considering the symmetry of the three phenyl rings, Sxz

ξ ≠
0 only for ξ = A.32 The values of δi,ετ needed for obtaining the
order parameters were computed by DFT methods, as
described in the Experimental Section, and are reported in
Table 3.
Moreover, for each carbon nucleus i belonging to ring A, Di

eq

can be expressed in terms of the local order parameter SCiF

relative to the 13Ci−19F internuclear direction and the
equilibrium internuclear distance rCiF as

Figure 4. (a) Molecular structure of META, carbon labeling, and axis
systems used in the orientational order analysis. (b) Aromatic region
of the 13C DE NMR spectrum of META recorded in its N phase at
307 K with signal assignment.

The Journal of Physical Chemistry B Article

dx.doi.org/10.1021/jp412565s | J. Phys. Chem. B 2014, 118, 3469−34773472



μ γ γ

π
= −

ℏ
D

S

r8i
eq 0 C F C F

2
C F

3
i

i (6)

Ji
aniso can be written in terms of the local order parameters
relative to the frame on the phenyl ring A as

= Δ + − − +
⎡
⎣⎢

⎤
⎦⎥J J S J J S S J S

2
3

1
2

( )( ) 2i i zz i xx i yy xx yy i xz xz
aniso A

, ,
A A

,
A

(7)

where:

Δ = − +J J J J
1
2

( )i i zz i xx i yy, , , (8)

SCiF can be expressed in terms of the elements of the Saupe
order matrix relative to the local frame on ring A through the
relationship:

θ

θ θ θ θ

= − + −

− +

S S S S

S

1
2

(3 cos 1)
1
2

( )

(cos cos ) 2 cos cos

zz z xx yy

x y xz x z

C F
A 2

C F,
A A

2
C F,

2
C F,

A
C F, C F,

i i

i i i i

(9)

where θCiF,ε is the angle between the Ci−F internuclear vector
and the ε axis of the local frame. Moreover, because the z axes
of rings A and B can be considered to a good approximation
collinear, it has been taken Szz

A = Szz
B = Szz

A,B. On the other hand,
independent biaxiality parameters Sxx−yy

ξ have been considered
for each phenyl ring, following the approach used by Sandström
and Levitt.31

The geometrical parameters (i.e., bond lengths and angles,
internuclear distances, angles for reference frame trans-
formations, Table 2) used in the determination of order
parameters were obtained from DFT calculations performed as
described in the Experimental Section.24,33 The values of the J
tensor components used in the order parameter determina-
tions, also reported in Table 2, were determined from refs 29
and 30. Taking into account the molecular geometry and
considering that zA should form a quite small angle with respect
to the molecular long axis, we could attribute a given sign to the
different Di

exp couplings, as shown in Figures 5 and 6.
The fitting procedure, independently applied at each

temperature exploiting the whole set of 13C chemical shifts
and 13C−19F couplings, allowed a good reproduction of the
experimental data to be obtained for both mesogens, as shown

Figure 5. Experimental (symbols) and calculated (lines) values of δobs (a, b, c) and Dexp − Dh (d) for the indicated 13C nuclei of ORTHO as a
function of shifted temperature. TNI is the nematic−isotropic transition temperature.
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Figure 6. Experimental (symbols) and calculated (lines) values of δobs (a, b, c) and Dexp − Dh (d) for the indicated 13C nuclei ofMETA as a function
of shifted temperature. TNI is the nematic−isotropic transition temperature.

Table 3. Calculated Chemical Shift Tensor Components of ORTHO and META Aromatic Carbons in the Local Frames Shown
in Figures 3a and 4a

ORTHO META

i δi,zz δi,xx δi,yy δi,xz δi,zz δi,xx δi,yy δi,xz

2 189.7 112.3 51.6 −20.5 221.8 112.5 49.6 −0.5
3 173.5 226.0 95.0 49.3 144.7 172.2 22.6 29.5
4 133.5 186.2 22.1 −17.4 164.2 224.2 97.6 −37.5
5 229.6 184.3 21.2 4.5 194.6 172.8 24.1 8.2
6 149.7 205.5 13.3 35.9 159.5 215.5 18.1 34.2
7 161.3 197.0 16.5 −40.4 161.5 196.5 15.7 −48.4
8 229.1 170.3 15.4 229.1 154.5 14.8
9 152.9 213.7 15.0 162.3 214.8 12.0
9′ 152.3 214.2 15.2 152.8 215.3 16.8
10 158.5 209.0 18.4 158.2 207.2 17.4
10′ 159.2 208.9 17.6 157.9 209.6 18.2
11 241.9 184.9 8.3 240.8 186.1 8.0
14 236.3 179.6 7.0 235.6 178.4 8.2
15 156.7 208.6 19.1 156.5 205.6 19.0
15′ 157.4 205.6 17.7 156.6 207.4 18.6
16 158.1 207.5 20.7 156.4 207.4 21.0
16′ 159.1 209.4 17.6 158.7 210.6 7.8
17 239.7 164.7 5.0 238.7 182.3 11.7

The Journal of Physical Chemistry B Article

dx.doi.org/10.1021/jp412565s | J. Phys. Chem. B 2014, 118, 3469−34773474



in Figures 5 and 6. In the case of ORTHO, small but systematic
deviations involve some 13C chemical shifts of rings A and B
and, to a larger extent, 13C−19F couplings (maximum deviations
are of 2 ppm and 140 Hz for δobs and Dexp − Dh, respectively).
InMETA, such deviations are strongly reduced and limited to a
few chemical shifts of ring B (maximum deviations are of 2 ppm
and 50 Hz for δobs and Dexp − Dh, respectively). The causes of
these deviations can be many, ranging from systematic errors in
extracting experimental data due to heavy peak super-
impositions to possible systematic errors in the parameters
taken from DFT calculations (chemical shift tensors and
geometrical parameters), to the assumptions, previously
described, used in the data analysis (for instance concerning
Di

h and J tensors). In particular, the generally worse agreement
between experimental and calculated data observed for
ORTHO with respect to META could be partially due to the
lower spectral resolution (compare Figures 3 and 4), which
hampers the measurement of accurate data. For instance, low
spectral resolution can be invoked as a cause of deviation

between experimental and calculated data for carbons 10,10′
and carbon 11 of ORTHO (Figure 5b). On the other hand,
geometrical parameters are crucial for 13C−19F dipolar
couplings; errors in bond lengths and angles could be
responsible for the deviations found for C3−F and C4−F
couplings of ORTHO (Figure 5d). Nonetheless, we believe
that deviations between experimental and calculated data are
not ascribable to mistakes in the assignment of 13C NMR peaks.
Indeed, all the possible physically meaningful assignments have
been taken into account, and the one minimizing the root-
mean-squares deviations between calculated and experimental
data has been finally chosen.
The order parameters obtained are reported in Figure 7. It is

possible to notice how, for both mesogens, the values of Sxz for
ring A are substantially negligible (less than 0.009 for META
and less than 0.006 in absolute value for ORTHO) and that the
biaxiality values for the three rings are always less than 0.1,
being larger in ORTHO than in META, and following the
order (Sxx

A − Syy
A) > (Sxx

B − Syy
B ) > (Sxx

C − Syy
C) in ORTHO, and

Figure 7. Order parameters vs shifted temperature obtained for (a) ORTHO and (b)META from the analysis of 13C chemical shift anisotropies and
13C−19F couplings (black circles, Szz

AB; open circles, Szz
C ; black squares, Sxx

A − Syy
A ; open squares, Sxx

B − Syy
B ; dashed squares, Sxx

C − Syy
C) and obtained by

dielectric anisotropy data according to the procedure described in refs 5 and 6 (gray circles).8 Symbols indicate order parameter values and lines are
calculated using the Tough and Bradshaw parametrized (solid lines for each data set) and pure (dashed line) Maier−Saupe equations (see text).
Order parameters vs shifted temperature for (c) ORTHO and (d)META obtained from NMR analysis. Symbols indicate order parameter values (as
in (a) and (b)) and lines are the fits to the Haller equation (see text).
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the opposite order in META throughout the temperature
ranges investigated. These data indicate a generally higher
deviation from a cylindrical symmetry for the aromatic
fragments in the ORTHO mesogen. Moreover, the lowest
symmetry is shown by the fluorinated ring for ORTHO and by
ring C for META, indicating a different arrangement of the
molecules in the nematic phase associated with the different
position of the fluorine atom. More interestingly, Szz

A,B > Szz
C at

all temperatures for both mesogens, indicating that the
biphenyl axis is always more aligned than the phenyl one
with the molecular long axis. In particular, Szz

A,B ranges from 0.55
to 0.75 for META, being larger than in ORTHO, where it goes
from 0.49 to 0.68. On the contrary, more similar values have
been obtained for Szz

C (from 0.46 to 0.66 in META and from
0.46 to 0.61 in ORTHO). In Figure 7 the order parameters
determined by dielectric anisotropy data are also reported.8 As
pointed out in our previous papers,4−6,34 dielectric anisotropy
and NMR order parameters are not directly comparable,
because not only are they referred to different axis systems but
also they are referred to different molecular moieties (whole
molecule in the case of dielectric anisotropy and single aromatic
fragments in the case of NMR). Furthermore, different sets of
order parameters (Szz only in the case of dielectric anisotropy
and Szz, biaxiality and, possibly, Sxz in the case of NMR) are
determined by the two methods, with errors strongly
dependent on the assumptions made. All this considered, it
must be noticed that the dielectric anisotropy Szz parameters
are more similar to the Szz

A,B values in ORTHO, whereas they
are smaller than Szz

A,B values, and similar to Szz
C ones in META

(Figure 7). Even though a quantitative comparison is not
possible, these findings are in good agreement with the location
of the electric dipole moments, derived from the analysis of
dielectric measurements,8 which was found to form an angle of
about 25 and 32° with the long molecular axis in ORTHO and
META, respectively.
The dependence of the principal order parameter of nematic

liquid crystals on temperature has been described by several
approaches, based on either the mean-field theory13,15,16 or
empirical equations.17 Within the Maier−Saupe mean field
theory, the order parameter S is a function of the temperature
and of a parameter γ. S(γ,T) is determined by the self-
consistency requirement:

∫
∫

γ
γ γ θ θ θ θ

γ γ θ θ θ
=

π

πS T
S T P T P

S T P T
( , )

exp( ( , ) ( )/ ) ( ) sin d

exp( ( , ) ( )/ ) sin d
0 2 2

0 2 (10)

where P2(θ) = (3 cos2 θ − 1)/2, θ is the angle between the long
axis of the molecule and the director, and γMS = 4.541TNI. As a
consequence, this theory predicts that the order parameter of
nematic liquid crystals is a universal function of temperature. It
is possible to see in Figure 7a,b that this predicted trend does
not correctly reproduce the experimental trends of the principal
order parameter Szz in most cases.
A better reproduction could be obtained by applying the

extrapolation method proposed by Tough and Bradshaw35 in
which the following function is used:

γ γ=S A T AS T( , , ) ( , )TB TB
(11)

where S(γTB,T) is given by the mean field theory (eq 10) and A
and γTB are adjustable parameters. The trends of Szz calculated
by the Tough and Bradshaw method are reported in Figure 7a,b
along with the experimental order parameter values determined

by NMR spectroscopy and dielectric anisotropy; the corre-
sponding A and γTB parameters, optimized by simulation of the
experimental data, are reported in Table 4.

In addition to the mean field theory approach, the order
parameter vs temperature trends can be described using
empirical equations, among which one of the most employed
is the Haller equation:17

= Δ γS T S T( ) ( )0
H

(12)

Both NMR and dielectric anisotropy trends vs temperature
were well fitted to this equation (Figure 7c,d). The best-fitting
parameters S0 and γH, reported in Table 4, are similar to those
reported for the nematic phases of other fluorinated
nematogens.2,5,6 In all cases the Haller equation reproduces
the experimental trends better than the mean field theory based
methods.

■ CONCLUSIONS
In this work, a detailed analysis of the orientational order of two
fluoro-substituted isothiocianate mesogens was performed by
means of 13C SS NMR spectroscopy, by exploiting both 13C
chemical shift anisotropies and 13C−19F couplings. The NMR
data were analyzed using DFT methods combined with
continuum solvation models to give local orientational order
parameters for both phenyl and biphenyl rigid fragments. The
results so obtained were compared with those previously
obtained by dielectric anisotropy data. Moreover, the trends
with temperature were fitted to the mean field theory and
Haller equations.
As also discussed in previous papers, where this NMR

approach had been extensively applied to mono- and
difluorinated liquid crystals, and compared with similar results
obtained by dielectric and optical methods, we believe that the
simultaneous fitting of a large set of different NMR parameters
guarantees a very detailed and accurate determination of
orientational order parameters.
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Table 4. Parameters Obtained from the Analysis of Order
Parameters vs Temperature Trends through the Tough−
Bradshaw and Haller Equations

Tough and
Bradshaw
parameters

Haller
parameters

sample order parameter A γTB S0 γH

ORTHO Szz dielectric anisotropy 1.045 1742.8 0.339 0.182
ORTHO Szz

A,B NMR 0.933 1765.5 0.368 0.155
ORTHO Szz

C NMR 1.080 1721.8 0.353 0.140
META Szz dielectric anisotropy 1.130 1643.5 0.275 0.219
META Szz

A,B NMR 1.015 1622.3 0.476 0.114
META Szz

C NMR 1.000 1594.7 0.383 0.136
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