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Fluorination in core-only calamitic liquid crystals:
how many and where should they go?

Jacob G. Rothera,a Reem Bazzi,a Lara K. Watanabe, a Jeremy M. Rawson, a

A. Mohan Raj,b William G. Skene b and S. Holger Eichhorn *a

Introducing fluorine as a lateral substituent within the conjugated cores of conventional, side-chain

bearing calamitic liquid crystals has been shown to provide either enhanced or detrimental effects on

mesomorphic properties depending on the number and substitution location of the fluorine atom(s)

within the mesogenic core. The slightly larger size of fluorine compared to hydrogen combined with its

vastly differing electronic properties serve to control molecular packing during mesophase formation

that can contribute to stabilizing or selecting for a certain mesophase type, induce new, higher ordered

smectic mesophases, or reduce/suppress mesomorphism outright if it is an unfavorable location.

Reported here is the systematic investigation of using fluorine as lateral substituents within a core-only

(or side-chain free) calamitic structure, where each (hetero)aromatic ring is sequentially fluorinated

(partially and/or fully) to see the resulting impact that these groups have on observed properties, such

as phase transition temperatures, types of mesophases, and electrooptical behaviour. A comparative

analysis was conducted to rationalize resulting trends in mesomorphism, and are based on polarized

optical microscopy, thermal analysis, variable temperature powder XRD, single crystal structures, and

predictions of geometric/electronic/energetic properties obtained from computational calculations

(DFT). The absorption/emission properties of these all-aromatic structures in solution and the solid-state

are also reported to determine the effect that fluorine substitution has on the frontier orbitals involved in

these processes. Included are variable temperature fluorescence experiments to examine how

fluorescence changes with temperature and within different (meso)phases. Reported are the lowest

transition temperatures for core-only calamitic liquid crystals with a crystallization temperature of 130 1C

and a clearing temperature of 214 1C, both of which are suitable for device fabrication.

Introduction

Despite the large number of reported calamitic liquid crystals
(LCs), only a few core-only (side-chain free) calamitic LCs have
been reported and their molecular design and properties are
little understood.1–6 These core-only LC materials are desired
not only to gain a better fundamental understanding of what
structural/electronic features are required for mesomorphism
to emerge in the absence of side-chains (nanosegregation), but
their removal should also improve charge transport properties
when these conjugated materials are used as an organic semi-
conductor for organic electronic devices. This is reasoned by
the molecules being able to pack closer together as they are free
of insulating layers of side-chains and more tolerant to the
presence of structural defects (traps). Recently, we reported on

the development of a rational molecular design for core-only
calamitic LCs based on the BoBTTX structure as a molecular
template (Fig. 1).7 These compounds display enantiotropic
nematic (N) and/or smectic A phases (SmA) so long as the
X-group of the terminal thiophene is an atom or group other
than H. Unfortunately, the melting temperatures for these
crystalline BoBTTX compounds are still high (4180 1C) for
use as a mesomorphic organic semiconductor8,9 through align-
ment of their crystalline phases by crystallization of their
aligned LC phases. Alignment and domain sizes may also
benefit from higher order smectic mesophases (e.g. SmB and
CryE)10,11 that were not observed for any of the reported
BoBTTX derivatives.

Studied here is the attachment of one or several fluorine
atoms to lateral positions of the benzoxazole (Bo), benzene (B),
and bithiophene (TT) parts of the BoBTTX template and their
effect on intermolecular interactions (phase transition tem-
peratures and types of mesophases), and electronic properties
(Fig. 1). Because of its unique properties, fluorine atoms have
been incorporated in all types of liquid crystals (LCs),12–15
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especially calamitic LCs.16–20 Fluorine is the sterically smallest
available group/atom after hydrogen, the most electronegative
and least polarizable element, and its bond with carbon is very
strong and dipolar.13,20–24 Fluorine has been attached to LCs as
electron withdrawing group (e.g. CF3), as fluorinated alkyl chain
for nanosegregation, as the polar part of linking and chiral
groups, and as a lateral substituent of aromatic core structures
to regulate intermolecular interactions (mesophase type
and transition temperatures).12,13,21 A lateral fluorine group
attached to the conjugated system can also provide desired
modifications to physical (viscosity) and electronic (dielectric,
optical) properties of a LC.13,25 Its highly polar C–F bond
generates strong local dipoles that are transverse with respect
to the long axis of the molecule.13 Transverse dipoles facilitate
molecular tilting for the generation of tilted smectic phases,
especially the smectic C phase that has importance in produ-
cing ferroelectric LCs that are highly desirable for use in
photonic and display applications.26 Contrastingly, the low
polarizability of fluorine tends to cause weaker intermolecular
interactions, and is why fluorine is not commonly used as a
terminal substituent in calamitic LCs.13,14

What dictates the overall outcome of lateral fluorine sub-
stitution is the number of fluorine atoms used and their
location within the mesogenic core. Fluorine groups adjacent
(ortho) to terminal functional groups (fluorine27,28 or nitrile29,30

for example) or alkoxy side-chains31,32 cause small to no
decreases to phase transition temperatures when one fluorine
is used and no further lowering of the melting point resulted
when a second fluorine group is placed at the other ortho
position so that the lateral dipoles become cancelled. These
substitution patterns support and even induce SmA, SmC, and
higher order smectic mesomorphism.25,31,33 In contrast, placing a
fluorine group ortho to the bond or linking group between two
aromatic rings increases the dihedral angle between the conju-
gated rings, which disrupts p–p stacking interactions and tends to
lower transition temperatures.13,34,35 Still, studies on terphenyl
derivatives have shown that lateral fluorination of the inner

phenyl ring with two fluorine atoms on the same side support
higher order smectic C and B mesophases.3,13,17,34,36

One example on how core-only tolane oligomers benefit
from lateral fluorination was reported by Twieg et al. (Fig. 2).6

The non-fluorinated tolane oligomer exclusively displays nematic
mesomorphism, whereas the oligomer with fluorine ortho to the
acetylene group displays SmB and N mesophases, and the meta
derivative supports SmA, SmC, and SmB mesomorphism. Clearly,
lateral fluorination benefits their mesomorphism likely because
steric hindrance is small and the transverse dipoles increase
intermolecular interactions to a degree that smectic (lamellar)
mesomorphism emerges.

The systematic study presented here widely varies the num-
ber and location of the fluorine atoms across all three parts
of the BoBTTX template to probe where exchange of hydrogen
for a fluorine has a beneficial or detrimental effect on the
mesomorphism of these derivatives and core-only calamitics in
general. Also reported are changes to the absorption and
emission properties between fluorinated and non-fluorinated
derivatives and the dependence on the location of the
fluorination.

Results and discussion
Design and synthesis

The library of partially fluorinated calamitic core-only struc-
tures to be studied can be subdivided into three different
categories: (i) partial or full fluorination of the thienyl and
bithienyl parts (TF3, TTF3, TF2TF3, and TF2T-X (X = F or Cl));
(ii) partial fluorination of the inner benzene ring (BF2-X, BF3-X
and BF23-X (X = F or Cl)); and (iii) partial or full fluorination of
the benzene ring of benzoxazole (FoBo-X, FnBo-X, FFBo-X and
4FBo-X (X = F or Cl)). Acronyms are devised according to the
following: Bo = benzoxazole, B = benzene, T = thiophene, whilst
the regiochemical designations for where the fluorine groups
are located on the inner benzene ring and benzoxazole’s
benzene ring are used for labelling for the last two categories
of compounds as all other components of the molecule are
identical. Both fluorine and chlorine substituents were chosen
to serve as the terminal functional group to ensure that the
observed trends resulting from lateral fluorination were con-
sistent between different terminal functional groups.

The connected series of conjugated rings in these core-only
structures were sequentially attached using a combination
of Stille cross-coupling, annulation and/or direct arylation
chemistry. Stannyl fluorinated thiophene intermediates were

Fig. 1 Previously established molecular template BoBTTX for core-only
calamitics and its phase transition temperatures for the examples X = F or
Cl. Reported here is a large set of fluorinated BoBTTX derivatives with X = F
and Cl that are expected to have lower transition temperatures and display
higher order smectic mesophases, such as smectic C and B, than the
BoBTTX without lateral fluorine substituents.

Fig. 2 Core-only tolane oligomers with phase transition temperatures
in 1C.6
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synthesized using lithiation for electrophilic substitution by
fluorine from N-fluorobenzenesulfonimide (NFSI). This was
followed by tributyltin chloride, all according to a literature
procedure from Sakamoto et al., which generated 2-tributyl-
stannyl-3,4,5-trifluorothiophene in an overall yield of 57% over
four steps and 5-tributylstannyl-perfluorobithiophene in an
overall yield of 3% over six steps (the yield suffers a substantial
drop during the Stille coupling of the two fluorinated
thiophenes).37 One deviation from the synthetic protocols
provided by Sakamoto et al. involved the trimethylsilyl-
perfluorobithiophene intermediate that precedes the stanny-
lated version of this compound, as it underwent deprotection
during column chromatography. So, the intended replacement
of the trimethylsilyl group for bromine followed by tributyltin
was not followed.37 Instead, stannylation via lithiation of
obtained 3,30,4,4 0,5-pentafluoro-2,2 0-bithiophene was done for
electrophilic addition of tributyltin chloride to give the desired
stannylated intermediate. Finally, generation of 2-tributyl-
stannyl-5-chlorothiophene was done using the same process
of lithiation for electrophilic addition of tributyltin chloride
and was obtained in an excellent yield of 90%. All synthetic
protocols discussed above and to be shown are given with
further details as SI.

The synthetic pathways followed for generating the partially
or fully fluorinated bithienyl set of core-only structures is
presented in Scheme 1. The first step involved generating
benzoxazole via a copper catalyzed domino annulation reaction
from an established literature procedure38 to give 1 in a yield
of 69%, which is 30% less than what is reported, with the
loss of conversion attributed to an unoptimized scale up of

approximately 40 times. Four synthetic pathways branched off
from this intermediate, but all involved a Stille cross-coupling
of a stannylated (bi)thiophene as the next step, as coupling
of 2-tributylstannyl-3,4,5-trifluorothiophene or 5-tributylstannyl-
perfluorobithiophene with 1 in the microwave synthesizer (which
is used regularly herein to decrease required reaction times) at
140 1C for two hours gave final products TF3 and TF2TF3 in yields
of 49% and 30% respectively (overall yields of 34% and 21%).
Attachment of unfunctionalized thiophene via Stille cross-
coupling to 1 at reflux in toluene (hot stir plate) produced
intermediate 2 in 79% yield, which was then brominated via
electrophilic aromatic substitution using N-bromosuccinimide
in a chloroform/acetic acid mixture under reflux to give inter-
mediate 3 in 90% yield. Finally, Stille cross-coupling between
3 and 2-tributylstannyl-3,4,5-trifluorothiophene using regular
microwave synthesizer reaction conditions (140 1C for 2 hours)
was performed to give TTF3 in a yield of 48% (overall yield of
24%). The remaining TF2T-X compounds would be made in a
similar manner to TTF3, except that the first Stille coupling
reaction involved a stannylated difluorothiophene intermediate
protected with a trimethylsilyl (TMS) group being coupled to 1
using the same reaction conditions as to obtain 2 to give
intermediate 4 in a yield of 57% (22% lesser conversion for
4 when compared to 2). From here, deprotection of the TMS
group using tetrabutylammonium fluoride (TBAF) gave inter-
mediate 5 quantitatively, and remaining steps of bromination
and Stille cross-coupling (using either a fluorine or chlorine
terminated thiophene) used identical reaction conditions as
done to obtain 3 and TTF3 to give TF2T-F and TF2T-Cl in an
overall yield of 11% for each compound.

Scheme 1 Synthetic route for core-only calamitics with the bithiophene moiety partially or fully fluorinated, consisting of TF3, TTF3, TF2TF3 and TF2T-X
(X = F or Cl).
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It is hypothesized that inductively electron withdrawing
fluorine groups are deactivating the transmetallation of the
aryl group onto the palladium center (especially when ortho
to the stannyl group), in Stille couplings. This hinders the
effectiveness of the cross-coupling reaction and gives lower
yields when compared to Stille couplings with unfunctionalized
stannylated thiophene (average yields of 50–60% when using
stannylated fluorothiophenes compared to stannylated thio-
phene where average yields are 70–80%).39–41

The synthetic pathways followed to generate the set of
compounds where the inner benzene ring (B) is mono- or di-
fluorinated are outlined in Scheme 2. For the mono-fluorinated
derivatives, 4-bromo-(2 or 3)-fluorobenzoic acid was converted
quantitatively to an acid chloride using oxalyl chloride according
to a literature procedure42 so that the same copper catalyzed
annulation reaction38 could be done to form the benzoxazole ring,
giving compounds 8 and 12 in yields of 53% and 85% respectively.
The lower yield obtained for compound 8 is attributed to decreas-
ing electron density on the aromatic carbon that the acid chloride
is attached to via inductive effects from the ortho fluorine
substituent. The inductive effect lowers the ability of the oxygen
of the carbonyl group from coordinating to the cooper metal and
performing the reductive elimination step. This reduced reactivity
is more prevalent the closer the fluorine substituent is to the acid
chloride, as the yield for compound 12 (fluorine substituent is
meta with respect to the acid chloride) remained high. Next,
addition of a thiophene ring to 8 and 12 was accomplished via
Stille cross-coupling of 2-tributylstannylthiophene at 110 1C to
give intermediates 9 and 13 in yields of 87% and 76% respectively.
Achieving equivalent four ring compound 16 (relative to 9 and 13)
but with a difluorinated benzene ring was done over two steps,
starting with 1,4-dibromo-2,3-difluorobenzene being statistically
mono-substituted with thiophene via a Stille cross coupling
reaction with 2-tributylstannylthiophene under typical microwave
synthesizer reaction conditions (except for a one hour increase to
reaction time to 3 hours), giving intermediate 15 in 58% yield.

This was followed by a palladium-copper co-catalyzed direct
arylation reaction between 15 and benzoxazole using a modified
procedure from Huang et al.43 (reaction temperature and solvent
changed from 100 1C to 140 1C and toluene to DMF) to give di-
fluorinated compound 16 in 44% yield. Remaining synthetic steps
to achieve the target final products are the same from this point
regardless of the degree of fluorination of this inner benzene ring,
as bromination of thiophene was accomplished via previously
established electrophilic aromatic substitution using NBS (yields
ranged from 57% to 75%) and attachment of the terminal fluoro
or chlorothiophene via Stille cross-coupling of the appropriately
functionalized stannylated thiophene under typical microwave
reaction conditions gave the six final compounds BF2-F, BF2-Cl,
BF3-F, BF3-Cl, BF23-F and BF23-Cl with coupling yields ranging
from 50% to 85% and overall yields ranging from 13% to 33% for
mono-fluorinated compounds over five steps and 13% for di-
fluorinated compounds over four steps.

The last sets of synthesized compounds were those with the
benzene ring on benzoxazole being either mono-, di- or fully
fluorinated and outlined synthetic pathways are given in
Scheme 3. The same sequence of reactions followed for gen-
erating TTF3, BF2-X and BF3-X were employed for generating
the mono- and di-fluorinated FoBo-X, FnBo-X and FFBo-X
compounds; (1) domino annulation reaction; (2) Stille cross
coupling of 2-tributylstannylthiophene; (3) bromination via
NBS; and (4) Stille cross-coupling of the terminal fluoro- or
chlorothiophene. Similar ranges of yields were obtained for
each synthetic step after the initial domino annulation reac-
tion, with one exception being the poor yield obtained during
the final coupling reaction to produce FFBo-Cl, which is
expected to give a comparable yield to its fluorine counterpart
when optimized. Overall yields for these three sets of com-
pounds were calculated between 16% and 39% over four steps
(this excludes the aforementioned poor final coupling obtained
when synthesizing FFBo-Cl). The first synthetic step will
be discussed in more detail as the position of the fluorine

Scheme 2 Synthetic route for core-only calamitics with the inner benzene ring partially fluorinated, consisting of BF2-X, BF3-X, and BF23-X (X = F or
Cl). a DMF at 80 1C was used instead of CHCl3/AcOH.
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substituent on the bromoaniline starting material had a sig-
nificant yet predictable effect on the efficiency of the annula-
tion reaction. When the fluorine substituent is para to the
carbon bearing the amine group (used to make 18), it is as far
away from the amine as possible, thereby minimizing any
deactivation of the amine as a nucleophile from inductive
effects by proximity, while resonance (or mesomeric) effects
serve to activate the amine group (para substitution of a
p-donating group). These effects collectively permit a high yield
(89%) to be realized for 18. However, when the fluorine
substituent is meta to the amine group (used to make 21),
deactivation by inductive effects and no activation from reso-
nance effects hinders the effectiveness of the amine as a
nucleophile for the condensation step, and resonance effects
of the para p-donating fluorine also reduce the reactivity of the
carbon bearing the bromine group. This explains why a higher
boiling solvent was needed (exchange of dimethoxyethane to
diglyme) as higher temperatures (85 1C to 120 1C) were required
to overcome these deactivating factors, giving 21 in a lesser but
still good yield of 75%. Finally, domination of inductive effects
dictated a reduced reactivity of bromoaniline when two fluorine
substituents are present, which explains how a 10% lower yield
is obtained when going from mono-fluorinated 21 to di-
fluorinated 24 even though a 10 1C increase in reaction tem-
perature was performed.

Finally, the last set of compounds, 4FBo-X, used a different
first synthetic step than what has been presented thus far, as a
two fold nucleophilic aromatic substitution reaction between
benzamide and hexafluorobenzene in DMSO at 150 1C pro-
duced intermediate 27 in 59%, which was comparable to what
was obtained in the associated followed literature procedure.44

From here, all synthetic steps are identical to what has been

shown for most of these sets of fluorinated calamitic structures
(Stille cross-coupling of 2-tributystannylthiophene, bromina-
tion, then final Stille cross-coupling of fluoro or chlorothio-
phene) and were obtained in comparable or slightly higher
yields to give final products 4FBo-F and 4FBo-Cl in an overall
yield of 32% for each compound.

Mesomorphism

The mesophase types with their associated phase transition
temperatures and enthalpies for all core-only fluorinated cala-
mitics are summarized in Fig. 5, 6 and 8 and Fig. S9, S10
and S11. They were determined through polarized optical
microscopy (POM), differential scanning calorimetry (DSC),
and variable temperature powder X-ray diffraction (vt pXRD)
characterization. Characteristic Schlieren and focal-conic fan
textures were observed for nematic (N) and smectic A (SmA)
mesophases, respectively. Some compounds showed large
domains of spontaneous planar (homogeneous) alignment
within the N and SmA mesophases when sandwiched between
untreated glass slides (Fig. 3a). Planar alignment was also
observed by vt pXRD experiments, where the long axes of the
molecules arranged themselves planar to the glass surface and
with an approximate angle of 221 between the smectic layer
normal and the long axis of the capillary. The alignment helped
confirm the SmA character for all the observed lamellar meso-
phases, as the 2D pXRD images demonstrate a 901 angle
between the reflections of layers (longitudinal) and reflections
of the lateral packing of the molecules (equatorial) (Fig. 4b and
Fig. S33). The most intense reflection observed within the SmA
pXRD patterns is designated as the (100) reflection and repre-
sentative of the average layer spacing in the lamellar meso-
phase. Often a weak second order (200) reflection and even

Scheme 3 Synthetic route for core-only calamitics with the benzene ring of benzoxazole partially or fully fluorinated, consisting of FoBo-X, FnBo-X,
FFBo-X and 4FBo-X (X = F or Cl). a 18 was achieved using DME at reflux, while 21 and 24 were achieved using diglyme at 120 1C and 130 1C, respectively.
b Reaction conditions vary from what is shown, as DMF/acetic acid (10 : 1) at 85 1C was used instead.
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some third order reflections of the layer spacing are also
observed. For all smectic compounds the d-spacing of the
(100) reflection is approximately equal to the length of the
molecules, which was estimated by determining the lowest
energy conformer by DFT calculations and adding the atomic
radii of the two atoms used for measuring the length (Tables S4
and S10). For example, the (100) reflection of BF3-Cl in its SmA
phase has a d-spacing of 20.9 Å while its molecular length was
calculated to be 20.4 Å. This sample also gives a small angle
reflection at a d-spacing value of 41.0 Å, which is roughly twice
the spacing of the (100) reflection and likely indicates bilayer
formation with the X groups being in the centre. Additionally,
molecular widths and p–p stacks make up the broad reflections
for the lateral packing that were found between 3.5 to 5.0 Å.

Crystallization of the SmA phases often occurs without
large changes to the domain structure and alignment of the

preceding SmA phase, as can be concluded from POM images
of compound FoBo-F (Fig. 3c and d). This provides the prospect
of aligning crystalline phases via the alignment of preceding
SmA phases. In addition, 2D pXRD patterns (Fig. 4a, c, and
Fig. S42) reveal an increase in domain sizes for the crystalline
phase obtained from the SmA phase (Fig. 4c) when compared to
the p-XRD pattern of the crystalline phase obtained by pre-
cipitation from solution (Fig. 4a).

Mesomorphism of compounds with partially or fully fluori-
nated bithiophene parts, reference compound BoBTTF, and
compound TF3 is presented in Fig. 4. The shorter, four-ring
structure TF3 displayed no LC character as a result of insuffi-
cient aspect ratio (2.6 compared to five-ring structures that are
greater than 3.1). Full fluorination of the terminal thiophene in
TTF3 retained the SmA and N phases that were observed
in reference compound BoBTTF and only marginally affects
phase transition temperatures and enthalpies, except for the
50% larger melting enthalpy for TTF3. Apparently, using a

Fig. 3 Polarized micrographs (crossed polarizers) of (a) BF23-F at 158 1C
on cooling showing spontaneous alignment (homogeneous) within the
smectic A phase (fan-shaped texture); (b) FoBo-F at 278 1C on cooling
showing the smectic A phase (fan-shaped texture); and (c) crystalline
phase of FoBo-F at 178 1C on cooling showing the imprinting of the prior
mesophase’s texture during crystallization.

Fig. 4 2D vt pXRD images of BF3-Cl at (a) 190 1C on first heating in the
SmA phase showing its propensity for spontaneous alignment; (b) 23 1C in
the crystalline phase obtained by precipitation from solution; and (c) 23 1C
on cooling into the crystalline phase obtained by crystallization from
the aligned SmA phase. The intense diffraction spots in the diffraction
pattern of (c) indicate the formation of larger crystalline domains than by
crystallisation from solution in (b).
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5-fluorothiophene or 3,4,5-trifluorothiophene as the terminal
ring overall does not significantly alter the intermolecular
interactions of these two compounds in their crystalline and
mesophases. DFT calculations (Table S12) predict a 2.5 kJ mol�1

lower rotational barrier between the two thiophene rings in TTF3

when compared to BoBTTF, which should lower transition tem-
peratures but must be compensated for by stronger dipole–dipole
and donor–acceptor interactions in TTF3. However, the high
electron density at the terminal thiophene when it is fully
fluorinated in TTF3 leads to a decrease in thermal stability since
the compound starts decomposing once it reaches its clearing
point of 250 1C while BoBTTF does not.

In contrast, difluorination of the inner thiophene in com-
pounds TF2T-F, TF2T-Cl, and TF2TF3 disrupts mesomorphism
with only short-range monotropic N phases being left. This loss
in enantiotropic mesomorphism must be caused by intermo-
lecular interactions specific to the LC phases since the melting
points of all three compounds do not significantly change when
compared to BoBTTF and TTF2. Examination of electronic
properties or rotational energy barriers within these com-
pounds does not reveal any obvious reasoning as to why these
losses of enantiotropic mesomorphism transpires. It is
hypothesised that incorporating these lateral substituents
within the ring that provides the molecular kink in the middle
of the BoBTTX structure causes significant enhancement of the
effective kinking that disfavours close lateral packing in the LC
phases. This is supported by the observation that lateral ortho
difluorination of the benzene ring retained enantiotropic SmA
and N behaviour (see below). One observation that can be made
here is that the temperatures at which the monotropic nematic
mesophases appear decrease when fewer and smaller func-
tional groups are found on the terminal thiophene.

Introducing fluorine substituents within the inner benzene
ring of the BoBTTX template reduces the thermal stability of all
displayed phases, although the temperature ranges of the
enantiotropic N and SmA phases significantly increases
(Fig. 6). The crystalline and mesophases are most destabilized
in BF2-X (the crystalline phase by more than 60 1C and 70 1C
compared to BoBTTF and BoBTTCl, respectively) followed by
BF23-X and BF3-X. Clearly, the fluorine ortho to the benzoxazole
moiety is much more disturbing for the crystalline and meso-
phases than the fluorine ortho to the thiophene moiety. This
may be reasoned with a higher degree of coplanarity between
fluorobenzene and thiophene in BF3-X than between benzox-
azole and benzene in BF2-X because of steric hindrance. In
general, the destabilizing effect of lateral groups decreases with
decreasing degree of order of the phase. Consequently, the N
mesophases should be less destabilized by the lateral fluorine
groups than the SmA phases and the crystalline phases are
most destabilized. Indeed, this is what is observed in this set of
fluorinated compounds and results in a widening of the
temperature ranges of the N phases and no change or shrinking
of the temperature ranges of the SmA phases.

A possible reason for these large decreases in phase transi-
tion temperatures for compounds BF2-X is the predicted
decrease in rotational energy barrier between benzoxazole
and the inner benzene to half the value (from 28 to 14 kJ mol�1,
Table S12). Although a coplanar orientation remains the most
stable conformation in the gas phase according to DFT calcula-
tions, the energy of the coplanar conformation is increased when
the benzene ring is fluorinated at its ortho-position. This can be
rationalized with greater steric repulsion between the fluorine and
the oxygen/nitrogen of benzoxazole. However, the contribution of
other electronic factors that would lower the rotational barrier
of this bond cannot be excluded. Finally, the destabilization of

Fig. 5 Phase transition temperatures (1C) and (enthalpies (kJ mol�1)) of
derivatives with the bithiophene moiety (TT) partially or fully fluorinated.
Values are determined by DSC at 5 1C min�1 under N2 for 2nd-heating and
1st-cooling runs. Cr = crystalline phase; SmA = smectic A; N = nematic;
Iso = isotropic liquid; D = decomposition. a Broad melting transition with
several overlapping peaks; Values given are the onsets of the transitions for
the first and last thermal event. b Observed only by POM at high cooling
rates 420 1C min�1.

Fig. 6 Phase transition temperatures (1C) and (enthalpies (kJ mol�1)) of
derivatives with the inner benzene ring (B) partially fluorinated. Values are
determined by DSC at 5 1C min�1 under N2 for 2nd-heating and 1st-
cooling runs. Cr = crystalline phase; SmA = smectic A; N = nematic; Iso =
isotropic liquid. a Broad melting event with several transitions; values given
are the onsets of the transitions for the first and last thermal event.
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especially the crystalline phases agrees with the smaller melting
enthalpies of 13–16 kJ mol�1 compared to 20–45 kJ mol�1 for all
other fluorinated BoBTTX derivatives reported here (Fig. S10, S11
and S12).

Fluorination at the 3-position for BF3-X, in comparison,
does not lower phase transition temperatures as low as in
BF2-X. Most notably, the melting points of BF3-F and BF3-Cl
are 33 1C and 40 1C higher than for BF2-F and BF2-Cl,
respectively, which still is 29 1C and 31 1C lower than for the
corresponding reference compounds BoBTTF and BoBTTCl,
respectively. In contrast, the SmA phases of BF3-F and BF3-Cl
are only 11 1C and 19 1C more stable than for their BF2-X
counterparts and the nematic phases are stabilized by only
7 1C. This results in reduced temperature ranges for SmA and,
much less so, N mesophases in BF3-X when compared to BF2-X.
Consequently, the fluorobenzene ortho-connected to a thio-
phene in BF3-X is a less disturbing structural unit than the
fluorobenzene ortho-connected to a benzoxazole group in
BF2-X, especially for their crystalline phases. This agrees with
reports on conventional calamitics where fluorobenzene
ortho-connected to a benzoxazole diminishes phase transition
temperatures much more so than when ortho-connected to a
thiophene (Fig. 7a (ref. 45 and 46) and Fig. 7b (ref. 31 and 47)).
The decreased propensity for lamellar mesomorphism in BF3-X
is reasoned with a 301 dihedral angle between the benzene and
thiophene rings caused by greater steric hinderance between
the fluorine substituent and the thienyl hydrogen, which
has also been reported for conventional calamitics (Fig. 7b).
In contrast, the DFT predicted increase for the rotational
energy barrier between ortho-fluorobenzene and thiophene by
2.5–3 kJ mol�1 (Table S12) does not significantly increase the
thermal stability of the SmA phase.

Attachment of two fluorine atoms to the inner benzene ring
in BF23-X was expected to have the combined effect of BF2-X
and BF3-X, but a further destabilization of the crystal and
mesophases is not observed but was reported for conventional
calamitics (Fig. 7c13,35,48). Both crystalline and N phases
increase in stability for BF23-F, whereas the SmA phase is
reduced to a monotropic mesophase. A similar behaviour is

shown by BF23-Cl although the SmA phase is 20 1C more stable
than for BF23-F and remains enantiotropic. Overall, exchanging
the terminal X group from F to Cl increases the phase transition
temperatures by 10 to 16 1C. The higher transition tempera-
tures of the chlorinated compared to the fluorinated com-
pounds are likely caused by their large differences in space-
filling and polarizability. However, comparison between mole-
cular electronic properties did not provide more evidence that
helped explain any of the observed mesomorphic trends. For
example, the dipole moments between BF2-X, BF3-X, and BF23-
X varied from 0.72 to 3.12 D without showing a specific trend
for their mesomorphism. Additionally, the dipole moment of
3.12 D for the lowest energy conformer of BF3-Cl dropped by up
to 1 D for other conformers that are only 0.2 kJ mol�1 higher in
energy. Increasing polarizability anisotropy has been generally
correlated with increased nematic phase ranges,25,31,49 which
agrees with BF23-X having the highest values, whereas the
average polarizability was consistent across these six fluori-
nated benzene derivatives. Finally, the examples given in Fig. 7
all report the induction of a SmC phase upon fluorination, a
phenomenon that was not observed for any of the core-only
liquid crystals presented here.

Benzoxazole’s benzene ring was mono- di- and tetrasubsti-
tuted with fluorine to probe the effects on mesomorphism in
comparison to non-fluorinated reference compounds BoBTTF
and BoBTTCl (Fig. 8). FnBo-X and FoBo-X are monofluorinated
in meta-position to the oxazole N and oxazole O, respectively.
These positions barely influence the length and width (aspect
ratio) of the molecules and should not be considered as lateral
groups. Consequently, incorporation of one fluorine in meta-
position was expected to have little affect on the phase transi-
tion temperatures, which is what is observed for the melting/
crystallization and SmA to N transitions when compared to
BoBTTX. The melting points for derivatives with chlorine as
terminal X group are 5 to 25 1C higher than for X = F, as for all
other derivatives, and the SmA phases of FnBo-X and FoBo-X
are stabilized by 8 to 23 1C. Significantly higher by 50 to 70 1C
are the clearing temperatures (N to isotropic liquid) of FnBo-X
and FoBo-X when compared to BoBTTX.

Fig. 7 Comparison between fluorinated and non-fluorinated inner benzene rings within calamitic LCs with side-chains, where fluorine substituted ortho
to benzoxazole (a),45,46 thiophene (b),31,47 or difluoro substitution (c)13,35,48 was comparatively assessed to equivalent structures without these lateral
fluorine substituents.
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The reasons for this large increase in nematic phase stability
remain unclear but it is by about 20 1C more pronounced for
FnBo-X than for FoBo-X. Exchanging the location of fluorine
from being meta to nitrogen instead of oxygen causes an
average increase to the dipole moment by 1.6 D (0.58–0.76 D
to 2.06–2.43 D from FoBo-X to FnBo-X, Table S11), and
an increasing dipole moment strength has been previously
correlated with increased phase transition temperatures and
nematic phase stabilization due to greater dipole–dipole inter-
molecular interactions.45,50 Rotational energy barriers between
benzoxazole and the inner phenyl ring remain consistent
regardless of the degree of fluorination and the mono-
fluorination does not lower the symmetry of the compounds,
which would have lowered transition temperatures especially of
the melting process.51

Substitution of both meta-positions of the benzoxazole with
fluorine gives compounds FFBo-X that display more stable
crystalline phases by 30 to 34 1C compared to BoBTTX and
their nematic phases are stable to 322 1C and 4337 1C before
decomposition starts. Clearing temperatures of FFBo-X exceed
those of FoBo-X and FnBo-X as greater longitudinal dipole
moments were calculated for these difluorinated structures
(denoted as the x-component of the dipole moment within
Table S11). In contrast, the SmA phases of FFBo-X are destabi-
lized by about 10 to 30 1C compared to BoBTTX, FoBo-X,
and FnBo-X that causes FFBo-F to exhibit only a monotropic
SmA phase while the SmA phase is altogether suppressed
within FFBo-Cl. Clearly, the two fluorine atoms increase inter-
molecular interactions in the solid and nematic phases
but support smectic mesomorphism to a much lesser degree.

This is contrary to what we expected for FFBo-F as we hypothe-
sised that fluorophilic interactions between the fluorine groups
now concentrated at both ends of the molecule could also offer
a means to promote lamellar mesophases. In this case, fluorine
groups would most strongly interact when molecules organize
into layers to generate a nanosegregated interlayer of fluorine
atoms, although a sufficiently close packing is difficult to
achieve.

Lastly, full fluorination of the benzoxazole in 4FBo-X now
introduces two lateral fluorine atoms in ortho-positions to the
oxazole ring. Expectedly, melting temperatures decease by 10 to
20 1C compared to BoBTTX but, unexpectedly, clearing tem-
peratures of the N phases increase by 8 to 16 1C compared to
BoBTTX while smectic mesomorphism is completely sup-
pressed in 4FBo-X. The higher clearing temperatures for
4FBo-F and 4FBo-Cl compared to their non-fluorinated counter-
parts are attributed to the higher dipole moments of the
fluorinated compounds (Table S11). This combination of lower
melting and higher clearing temperatures generates nematic
phases with the widest temperature ranges of about 98 1C for
any structure investigated herein.

Single crystal studies

Although molecular conformations and packing structures can
significantly differ in the crystalline and liquid crystalline
phases, invaluable information about intermolecular interac-
tions and molecular shape can be extracted from single crystal
structures and used as a starting point for developing packing
models for their mesophases. TTF3 was the only fluorinated
derivative that gave crystals of sufficient quality (Fig. 9). The
compound is mostly planar in the crystal phase, which permits
effective p–p stacking interactions, yet, these p–p stacks are
organized into paired molecular layers, where antiparallel

Fig. 8 Phase transition temperatures (1C) and (enthalpies (kJ mol�1)) of
derivatives with the inner benzoxazole (Bo) partially and fully fluorinated.
Values are determined by DSC at 5 1C min�1 under N2 for 2nd-heating and
1st-cooling runs. Cr = crystalline phase; SmA = smectic A; N = nematic;
Iso = isotropic liquid; D = decomposition.

Fig. 9 Single crystal structure of TTF3: (a) antiparallel layering between a
set of p–p stacked layers, but the p–p stacked layers are laterally offset and
rotated by 1801 between neighbouring stacked layers from above/below;
and (b) molecules orient in a ‘‘head to tail’’ lateral packing style.
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orientation is maintained within the paired layer (to offset the
longitudinal molecular dipole moment), but the immediate
layer above or below has parallel orientation with respect to
this paired layer (while being slipped laterally by 1.5–1.6 Å)
(Fig. 9a). What this reveals is how the trifluorothiophene
components organize molecular packing so that they can
remain close to one another between neighbouring molecules
so that fluorophilic interactions are affective.52,53 This is sup-
ported by examining the distances between the molecular
layers along the p-stacking axis, as the intermolecular distances
within the paired p–p stacked layer is 3.4–3.5 Å (the typical
distance for p–p interactions), while the intermolecular dis-
tance between different paired layers is contracted to 3.2–3.3 Å.
This reduced interlayer spacing would be driven by increasing
fluorophilic interactions as these fluorinated rings are pushed
closer to each other, and compensation for this spatial con-
traction is done by every other molecular layer twisting its
remaining conjugated rings to fill the free space generated
from these interacting trifluorothiophene rings. Additionally,
changes to the orientation of the inner thiophene ring occurs
between paired layers, as the sulfur atoms are still positioned
on the same side of the molecule but are oriented towards each
other between these paired layers (Fig. 9b). This again occurs
due to the desire for fluorophilic interactions as this pushes the
trifluorothiophene rings closer to one another between paired
layers.

This packing arrangement along the p-stacking axis within
TTF3 contrasts that for previously studied crystal structures of
core-only calamitics comprised of the BoBTTX molecular build-
ing block.7 These possess consistent antiparallel layering, while
a combination of antiparallel and parallel layering exists within
TTF3. This observational difference is why fluorophilic effects
are hypothesized to drive the resulting molecular packing
structure of TTF3, as they reorient molecules to place the
fluorine groups in positions for greater interactions than space
filling or symmetry considerations would otherwise dictate.
Still, steric considerations involving the replacement of hydro-
gen atoms by larger fluorine atoms cannot be fully excluded as
contributing to the resulting crystal structure for TTF3.

Absorption/emission properties

All fluorinated calamitic structures were readily soluble in THF,
chlorinated and aromatic solvents and all associated optical
data are reported in Table S1. All compounds obeyed the
Lambert–Beer’s law between concentrations of 10�4 to 10�7 M
and molar extinction coefficients for the longest wavelength
absorption ranged from 40 000–50 000 M�1 cm�1. Absorption
spectra of Fig. 10a and 11 mainly show that fluorine substitu-
ents have only a small influence on the optical properties of
these conjugated materials in solution as absorption maxima
for all five ring structures range from 363–384 nm. More
fluorination on the benzene and benzoxazole rings results in
maxima at longer wavelengths within this range. This corre-
sponds with estimated optical band gaps that range from 2.8–
3.1 eV whilst absorption extended up to 435 nm. Bathochromic
shifts of 3–4 nm were observed when exchanging from fluorine

to chlorine as the terminal functional group X, indicative of the
greater participation by the chlorine substituent with the con-
jugated system.

The absorption spectrum of TF3 is expectedly blue shifted by
40–50 nm because it is a smaller conjugated molecule, but the
shape of its absorption spectrum is very similar to that of all
BoBTTX derivatives with fluorinated bithiophene groups. Their
longest wavelength absorption peak is not the most intense and
appears as a shoulder. It is likely associated with the vibrational
ground state of the first excited electronic state (Fig. 10a). This
shoulder is not or barely visible for any of the benzene and
benzoxazole fluorinated BoBTTX derivatives (Fig. 11).

Emission spectra in solution, like absorption spectra, are
very similar for all fluorinated derivatives, except for the blue
shifted shorter TF3. Noticeable differences exist between the
fluorinated bithiophenes and the derivatives with fluorinated
benzene and benzoxazole units. Emission spectra of the latter
are wider (about 200 nm at the baseline) and the longest
wavelength emission is the most intense vibrational mode
(Fig. 11). Emission spectra of the former are somewhat nar-
rower (175 nm at the baseline) and the shortest wavelength
emission is the most intense vibrational mode except for
BoBTTF (Fig. 10a). In other words, the emission spectra of
the two different sets of fluorinated compounds have opposite
shapes. Unlike absorption in solution, the identity of the
terminal functional group had virtually no effect on recorded
solution emission maxima or its emissive range and only
affected the intensities of the emission events (Fig. S3, S5
and S7).

Absorption in the crystalline state extended up to 450–
475 nm for most five ring structures, which is reflected in their
yellow colouring as a powder and thin film (Fig. S2, S4, S6 and
S8). However, some samples, like BF2-Cl and TF2T-F, show an
onset of absorption that almost reaches 600 nm. These differ-
ences in solid state absorption do not exclusively depend on
changes in molecular properties, but are also caused by differ-
ences in crystal structures, alignment in the films, and film
thickness. One trend worth mentioning is the hypsochromic
shift of approximately 20–25 nm for the longest wavelength
absorption maxima relative to their solution maxima, except for
FFBo-Cl, which had similar maxima in the solid-state as in
solution.

Emission in the crystalline state displayed the greatest
variation between compounds, however, one trend that appears
consistent across most fluorinated structures is that chlorine as
the terminal functional group demonstrated greater fluores-
cence intensity than when fluorine was used (Fig. 10b and 12).
TF2TF3 and TF2T-Cl have similar emission spectra, while TF2T-F
gives a significantly different spectrum for no obvious reasons
(Fig. 10b). Additionally, TF2T-F emitted up to 730 nm, which is
65 nm more than TF2TF3 and TF2T-Cl. As in solution, the
emission of the shorter TF3 is blue shifted by 20–30 nm and
about 70 nm in the crystalline state relative to TTF3 (Fig. 10b).
Emission spectra for compounds where either the benzene
or the benzoxazole ring are fluorinated have rather similar
shapes, all with a shoulder towards longer wavelengths (Fig. 12).
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These spectra matched more closely to those for TF2TF3 and TF2T-
Cl. Emission for the compounds BF23-X is an outlier relative to
other fluorinated BoBTTX compounds in two ways: (i) higher
emissive intensity was observed when fluorine is the terminal X
group instead of chlorine and (ii) the start of the emission event

for BF23-Cl was bathochromically shifted by 20 nm relative to
BF23-F, yet emission ended at similar wavelengths (Fig. 12a).
Emission spectra of 4FBo-Cl behaved similarly to FFBo-Cl in that
only one main emission maximum (525 nm with a small shoulder
at 605 nm) was observed, while 4FBo-F had significantly reduced
emission intensity which produces a smaller emission range.

Variable temperature emission for BF2-F as a thin film was
performed to assess the extent of fluorescence that persists as
the sample melts through different mesophases of reduced
order (i.e. greater mobility) up and into the isotropic liquid.
Fluorescence intensity is shown to decrease as melting into
progressively more fluid-like (meso)phases occurs (Fig. 13),
which coincides naturally with increasing temperature, and
this is a predictable result given that increasing molecular
motion and vibrational coupling would permit for greater
radiationless relaxation.54 Also noteworthy is the hypsochromic
shift that occurs as the phase becomes less ordered, which is
most significant for the crystal to SmA phase transition (by
E70 nm), while only minor shifts occur between remaining
transitions of these fluid (meso)phases (by 6 nm from SmA to
N, and 15 nm from N to Iso) (Fig. 12). These results coincide
with previously reported temperature-dependent, solid-state
emission studies on calamitic LCs where such changes in

Fig. 10 Absorption and emission spectra of derivatives with the bithiophene moiety partially or fully fluorinated in (a) CH2Cl2 and (b) as thin films
sandwiched between quartz slides. lExc = 365 nm for both.

Fig. 11 Absorption and emission spectra of core-only calamitics with the
inner benzene ring or benzoxazole’s benzene ring partially or fully fluori-
nated in CH2Cl2. (lExc = 365 nm).

Fig. 12 Emission spectra of core-only calamitics as a thin film between quartz slides where (a) the inner benzene ring is partially fluorinated; or (b)
benzoxazole’s benzene ring is partially or fully fluorinated. (lExc = 365 nm for both sets of spectra and the sample temperature was 23 1C (crystalline
phases)).
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fluorescence intensity between the different (meso)phases was
proposed to be useful within sensing applications.55

Conclusion

Synthetic approaches for the sequential lateral fluorination of
our recently developed template for core-only calamitic liquid
crystals BoBTTX (benzoxazole-benzene-thiophene-thiophene)
were developed successfully. The presence of fluorine substi-
tuents on conjugated building blocks benzoxazole, benzene,
and thiophenes was tolerated in all reactions performed herein,
although general trends of decreased reactivity were observed
due to fluorine’s inductive electron withdrawing capabilities,
especially when multiple of them were attached to these aro-
matic rings. All fluorinated BoBTTX derivatives display meso-
morphism, yet systematic fluorination of each conjugated ring
gave extremely varied liquid crystal behaviour. Most successful
results (i.e. lower phase transition temperatures, wider liquid
crystal windows) were obtained when fluorine substituents are
attached to the central benzene unit. Incorporation of only one
fluorine substituent achieved reductions to the melting/crystal-
lization temperatures by 60 1C, giving mesomorphic character
down to temperatures around 130 1C. This is a remarkable feat
for a calamitic liquid crystal composed of five aromatic rings
without side-chains. These results demonstrate how core-only
calamitics can achieve comparable mesophase temperatures to
similar side-chain bearing calamitic structures and enables
their application as organic semiconductor in conventional
devices. Clearly, lateral fluorination is an excellent method
for producing a wide variety of mesomorphic properties within
a singular mesogenic core, especially one with no side-chains.
Study of the optoelectronic properties of the fluorinated
BoBTTX derivatives demonstrated strong absorption and emis-
sion peaks between 340–400 nm and 500–580 nm, respectively,

in solution and the crystal phase. It is also shown that these
compounds are fluorescent in their liquid crystal and isotropic
liquid phases, although their emission peak decreases and is
blue-shifted with increasing temperature.
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