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Abstract

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

Despite the large number of reported calamitic liquid crystals (LCs), only a few core-only (side-chain free)
calamitic LC have been reported and their molecular design and properties are little understood.'-¢ 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 semiconductor 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
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template (Figure 1).” 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 (>180 °C) for use as a mesomorphic
organic semiconductor®® through alignment 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)'%"" that were not observed for any of the reported BoBTTX derivatives.

Previous Work:

BoBTTX | TH—x

X=ForCl

198 °C SmA 232 °C N 250 °C Iso

X=F Cr
219°C o, 241°C | 258°C

X=Cl Cr > SmA
{
F F H-x
\\ N _‘- S S
\
| P Z O>_@_<\/\| X=ForCl
F

Figure 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.

Iso

This Work:

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 temperatures and types of mesophases), and electronic
properties (Figure 1). Because of its unique properties, fluorine atoms have been incorporated in all types
of liquid crystals (LCs),'>-'® especially calamitic LCs.'®-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.'320-24 Fluorine has been attached to LCs as electron withdrawing group
(e.g. CF3y), 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).'21321 A |ateral fluorine group attached to the conjugated system can also
provide desired modifications to physical (viscosity) and electronic (dielectric, optical) properties of a LC.13:2
Its highly polar C-F bond generates strong local dipoles that are transverse with respect to the long axis of
the molecule.’® Transverse dipoles facilitate molecular tilting for the generation of tilted smectic phases,
especially the smectic C phase that has importance in producing ferroelectric LCs that are highly desirable
for use in photonic and display applications.?6 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 substitution is the number of fluorine atoms
used and their location within the mesogenic core. Fluorine groups adjacent (ortho) to terminal functional
groups (fluorine?”-28 or nitrile2%30 for example) or alkoxy side-chains3'32 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.2531.33 |n contrast, placing a fluorine group ortho to the bond or linking group between two
aromatic rings increases the dihedral angle between the conjugated rings, which disrupts -1 stacking
interactions and tends to lower transition temperatures.'33435 Still, studies on terphenyl derivatives have
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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.3-3.13.17,34.36

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

R?2 R'=R?=H:Cry251N2711 R?> R’

R'=H, R?2=F: Cry 182 SmB 198 N 219 |
R'=F, R?=H: Cry 208 SmB 211 SmC 221 SmA 246 |

Figure 2. Core-only tolane oligomers with phase transition temperatures in °C.6

The systematic study presented here widely varies the number 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

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Design and Synthesis

The library of partially fluorinated calamitic core-only structures to be studied can be subdivided
into three different categories: i) partial or full fluorination of the thienyl and bithienyl parts (TF3, TTF;,
TF,TF3, and TF,T-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 consistent 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 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-tributylstannyl-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).3”
One deviation from the synthetic protocols provided by Sakamoto et al. involved the trimethylsilyl-
perfluorobithiophene intermediate that precedes the stannylated 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.3” Instead, stannylation via lithiation of obtained 3,3',4,4',5-
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pentafluoro-2,2'-bithiophene was done for electrophilic addition of tributyltin chloride to give the desired
stannylated intermediate. Finally, generation of 2-tributylstannyl-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
Supporting Information (SlI).

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 procedure® 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 °C for two hours gave final products TF;
and TF,TF; 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 intermediate 3 in 90% yield.
Finally, Stille cross-coupling between 3 and 2-tributylstannyl-3,4,5-trifluorothiophene using regular
microwave synthesizer reaction conditions (140 °C for 2 hours) was performed to give TTF; in a yield of
48% (overall yield of 24%). The remaining TF,T-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 intermediate 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 TTF; to give TF,T-
F and TF,T-Cl in an overall yield of 11% for each compound.

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 thiophene where average yields are 70-
80%)_39—41
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Scheme 1. Synthetic route for core-only calamitics with the bithiophene moiety partially or fully fluorinated, consisting of TF3, TTF3,
TF,TF; and TF,T-X (X = F or CI).

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 procedure*? so that the same copper catalyzed annulation reaction3 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 decreasing 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 °C 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.*3 (reaction temperature and
solvent changed from 100 °C to 140 °C 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
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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.

o, Pd PPh3 ZCIZ S
HO
V. 7 Toluerole F

F F F 15 (58%)

MW, 140 °C, 3 h N
A\
cocn, | pcMm, C[Br ©[0> DMF,
NH,

cat. DMF |0°C,48 h PA(PPh3),Cly, PPhs MW, 140 °C,

4n
cul Cu(OAc),H,0, K,CO3

1,10-Phenanthroline Bu Sn@ Pd(PPh;),Cl,
Q _ CsCOy 3 \ P(o-tolyl)s
Br —mMmM8Mm—— Br
Cl DME, Reflux, 16 h Toluene, 110 °C, 16 h
Y z Y z
7: Y =F,Z=H (>95%) 8 Y=F,Z=H 53% 51’3; H;H?;Z;/))
LY = = ) 12:Y = = o = = o
11:Y = H, Z=F (>95%) Y =H,Z=F (85%) CHCIyACOH VISR
65(:8:11)6 W] 10:Y=F.Z=H(57%)
BF2-F:Y =F,Z=H, X = F (50%) Bu3$n 18:Y = H, 2 = F (75%)
= 0,
BF2-Cl: Y =F, Z=H, X = Cl (85%) PdPPhACI 17Y 52 F67%)
BF3-F:Y=H,Z=F, X=F (69%) |3|2 2
BF3-Cl: Y =H, Z=F, X = Cl (61%) <~ Plotobls @[ \ |
BF23-F: Y = Z =X=F (79%) Toluene,
BF23-Cl: Y=Z=F,X=Cl 76% MW, 140 °C, 2-3 h

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). 2DMF at 80 °C was used instead of CHCI;/AcOH.

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 generating 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 reaction, with one exception being the poor yield obtained during the final coupling
reaction to produce FFBo-ClI, which is expected to give a comparable yield to its fluorine counterpart when
optimized. Overall yields for these three sets of compounds 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 substituent on the
bromoaniline starting material had a significant yet predictable effect on the efficiency of the annulation
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 T-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 resonance effects hinders the effectiveness of the
amine as a nucleophile for the condensation step, and resonance effects of the para m-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 °C to 120 °C)
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 °C increase in reaction temperature 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
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hexafluorobenzene in DMSO at 150 °C produced intermediate 27 in 59%, which was comparable to what
was obtained in the associated followed literature procedure.** 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, bromination, then final Stille cross-coupling of fluoro or chlorothiophene) 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.

Cul
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BusS
¥ NHz - Q _ CsC0; 13N P(o-tolyl)s
+ Br h \ !
7 Br Cl DME or Diglyme, Toluene,
85-130 °C, 16 h o Cu oo
1saY H,Z = F (89%) 110°C, 16 h g 'F‘%'E(Bg?)
- “F 7= b
21:2Y =F, Z=H (75%) 25:Y=7=F (57%)
242Y =7 = F (65%)
s X
BUBSn@ FoBo-F: Y=H,Z=X=F (73%)
FoBo-Cl: Y = H, Z = F, X = Cl (55%)
S Pd(PPh3),Cl, X FnBo-F:Y=X=F,Z=H (52%)
\ \ _ Plotoly)s D[ FnBo-Cl: Y = F, Z = H, X = Cl (68%)
CHCIy/AcOH Toluene, FFBo-F: Y=Z=X=F (72%)
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65°C. 16 h 23:Y=F,Z=H (75%)
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FeC,04 - 2H,0, NaH
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O>\ <:> ; <:> 8”38” ‘ P(o-tolyl); / <:> \j
Br
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DMSO,
150 °C, 16 h 27(590/) 10°C,16h 28(78"/
NBS Pd(PPh3),Cly
 CHCIy/ACOH (10:1) _ Br B“3S"ﬂ P(o-tolyl)s |
> < > < \
65°C, 16 h Toluene,
29 (86%) MW, 140 °C, 2 h 4FBo-X: X = F (81%), Cl (82%)

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). 218 was achieved using DME at reflux, while 21 and 24 were achieved using
diglyme at 120 °C and 130 °C, respectively. PReaction conditions vary from what is shown, as DMF/acetic acid (10:1) at 85 °C was
used instead.

Mesomorphism

The mesophase types with their associated phase transition temperatures and enthalpies for all
core-only fluorinated calamitics are summarized in Figures 5, 6, 8, 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 (Figure 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 22° between the smectic layer normal and the long axis
of the capillary. The alignment helped confirm the SmA character for all the observed lamellar mesophases,
as the 2D pXRD images demonstrate a 90° angle between the reflections of layers (longitudinal) and
reflections of the lateral packing of the molecules (equatorial) (Figure 4b and S33). The most intense
reflection observed within the SmA pXRD patterns is designated as the (100) reflection and representative
of the average layer spacing in the lamellar mesophase. Often a weak second order (200) reflection and
even 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
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its SmA phase has a d-spacing of 20.9 A while its molecular length was calculated to be 20.4 A. This sample
also gives a small angle reflection at a d-spacing value of 41.0 A, 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 -1 stacks make up the broad reflections for the lateral packing that were found
between 3.5 to 5.0 A.

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
(Figure 3c and 3d). This provides the prospect of aligning crystalline phases via the alignment of preceding
SmA phases. In addition, 2D pXRD patterns (Figures 4a, 4c, and S42) reveal an increase in domain sizes
for the crystalline phase obtained from the SmA phase (4c) when compared to the p-XRD pattern of the
crystalline phase obtained by precipitation from solution (4a).

Page 8 of 22
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10 pm

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

of capillary

190 =C, SmA

Figure 4. 2D vt pXRD images of BF3-Cl at a) 190 °C on first heating in the SmA phase showing its propensity for spontaneous
alignment; b) 23 °C in the crystalline phase obtained by precipitation from solution; and c) 23 °C 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).

Mesomorphism of compounds with partially or fully fluorinated bithiophene parts, reference
compound BoBTTF, and compound TF; is presented in Figure 4. The shorter, four-ring structure TF;
displayed no LC character as a result of insufficient aspect ratio (2.6 compared to five-ring structures that
are greater than 3.1). Full fluorination of the terminal thiophene in TTF; 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 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 kd/mol lower rotational barrier between the two thiophene rings in TTF; when
compared to BoBTTF, which should lower transition temperatures 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 °C while BoBTTF does not.

In contrast, difluorination of the inner thiophene in compounds TF,T-F, TF,T-Cl, and TF,TF;
disrupts mesomorphism with only short-range monotropic N phases being left. This loss in enantiotropic
mesomorphism must be caused by intermolecular interactions specific to the LC phases since the melting
points of all three compounds do not significantly change when compared to BoBTTF and TTF..
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Examination of electronic properties or rotational energy barriers within these compounds 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 functional groups are found on the terminal thiophene.

198.3 (22.79) 231.9 (4.34) 249.8 (0.27)

BoBTTF: Cr SmA N Iso
184.8 (-22.77) 233.7 (-4.53) 250.1 (-0.45)
228.8 (25.62)
TF;: Cr———>1so
225.3 (-24.90)
203.4 (31.98) 230.0 (3.27) 250.5 (0.27)
TTF;: Cr SmA N Iso/D
172.0 (-24.39) 228.3 (-3.63) 251.3 (-0.38)

195.4 t0 212.3 (36.41)°
TF,TF3: Cr N Iso
205.7 (-28.53) 210.6 (-0.12)

194.6 (32.10)

TF,T-F: Cr Iso
192.7 (-30.24) .
Iso
g N 192.0
202.2 (36.34)
TF,T-Cl: Cr Iso

N
190.3 (-35.53) 196.8 (-0.18)

Figure 5. Phase transition temperatures (°C) and (enthalpies (kJ mol")) of derivatives with the bithiophene moiety (TT) partially or
fully fluorinated. Values are determined by DSC at 5 °C/min under N, for 2"-heating and 1%t-cooling runs). Cr = crystalline phase;
SmA = smectic A; N = nematic; Iso = isotropic liquid; D = decomposition. 2Broad melting transition with several overlapping peaks;
Values given are the onsets of the transitions for the first and last thermal event. ®Observed only by POM at high cooling rates >20
°C/min.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

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 (Figure 6). The crystalline and mesophases are most destabilized in
BF2-X (the crystalline phase by more than 60 °C and 70 °C compared to BoBTTF and BoBTTCI,
respectively) followed by BF23-X and BF3-X. Clearly, the fluorine ortho to the benzoxazole moiety is much
more disturbing for the crystalline and mesophases 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 benzoxazole 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 transition 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', Table S12). Although a coplanar orientation remains the most stable
conformation in the gas phase according to DFT calculations, 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 especially the crystalline phases agrees with the smaller melting enthalpies of 13-16 kJ
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mol-! compared to 20-45 kJ mol-' for all other fluorinated BoBTTX derivatives reported here (Figure S10,
S11 and S12).

BF2-F: Cr

BF2-Cl: Cr

BF3-F: Cr

BF3-Cl: Cr

135.7 (16.19)

214.3 (0.16)

SmA

166.4 (2.02)
N

130.0 (-16.37)
148.2 (14.15)

167.5 (-2.28)

177.4 (1.77)

214.3 (-0.18)

223.7 (0.16)

N

SmA
143.4 (-13.78)

169.3 (25.05)

178.0 (-1.85)

177.1 (3.62)

223.6 (-0.18)
220.8 (0.21)

SmA

N

153.6 (-23.15)

188.1 (26.87)

178.3 (-3.80)

196.0 (4.00)

220.8 (-0.35)

2314 (0.12)

SmA

N

172.9 (-23.69)

196.1 (-4.09)

231.3 (-0.14)

Iso

Iso

Iso

Iso

176.2 (34.88) 230.1 (0.14)
BF23-F: Cr N Iso

158.3 (20.69) " " 165.0 (-1.49) 230.5 (-0.32)

151.9t0 167.4

(17.97)2 186.3 (1.65) 246.0 (0.13)
BF23-Cl: Cr SmA N Iso

153.6 (-13.08) 186.6 (-1.84)  246.0 (-0.20)

Figure 6. Phase transition temperatures (°C) and (enthalpies (kJ mol')) of derivatives with the inner benzene ring (B) partially
fluorinated. Values are determined by DSC at 5 °C/min under N, for 2"-heating and 1s-cooling runs). Cr = crystalline phase; SmA =
smectic A; N = nematic; Iso = isotropic liquid. ®Broad melting event with several transitions; Values given are the onsets of the
transitions for the first and last thermal event.

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 °C and 40
°C higher than for BF2-F and BF2-ClI, respectively, which still is 29 °C and 31 °C lower than for the
corresponding reference compounds BoBTTF and BoBTTCI, respectively. In contrast, the SmA phases of
BF3-F and BF3-Cl are only 11 °C and 19 °C more stable than for their BF2-X counterparts and the nematic
phases are stabilized by only 7 °C. 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 thiophene 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 (Figures 7a#54¢ and
7b3147). The decreased propensity for lamellar mesomorphism in BF3-X is reasoned with a 30° 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 (Figure 7b).
In contrast, the DFT predicted increase for the rotational energy barrier between ortho-fluorobenzene and
thiophene by 2.5-3 kJ mol' (Table S12) does not significantly increase the thermal stability of the SmA
phase.
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Figure 7. Comparison between fluorinated and non-fluorinated inner benzene rings within calamitic LCs with side-chains, where
fluorine substituted ortho to benzoxazole (a),*54¢ thiophene (b),3"#7 or difluoro substitution (c)'3354¢ was comparatively assessed to
equivalent structures without these lateral fluorine substituents.

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 (Figure 7¢'33%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 °C more stable than for BF23-F and remains
enantiotropic. Overall, exchanging the terminal X group from F to CI increases the phase transition
temperatures by 10 to 16 °C. The higher transition temperatures of the chlorinated compared to the
fluorinated compounds are likely caused by their large differences in space-filing and polarizability.
However, comparison between molecular 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! higher in energy. Increasing polarizability anisotropy has
been generally correlated with increased nematic phase ranges,?53'4% which agrees with BF23-X having
the highest values, whereas the average polarizability was consistent across these six fluorinated benzene
derivatives. Finally, the examples given in Figure 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 tetrasubstituted with fluorine to probe the effects
on mesomorphism in comparison to non-fluorinated reference compounds BoBTTF and BoBTTCI (Figure
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 transition 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 °C 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 °C. Significantly higher by 50 to 70
°C are the clearing temperatures (N to isotropic liquid) of FnBo-X and FoBo-X when compared to BoBTTX.

The reasons for this large increase in nematic phase stability remain unclear but it is by about 20
°C 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
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dipole-dipole intermolecular interactions.*%5° 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.>"

198.1 (23.95) 254.1 (3.09) 295.8 (0.37)
FoBo-F: Cr SmA N Iso
191.5 (-23.25) 254.6 (-3.05) 295.9 (-0.42)
216.2 (23.81) 255.2 (2.23) 308.3 (0.27)
FoBo-Cl: Cr SmA N Iso
208.4 (-15.73) 255.5 (-2.47) 308.1 (-0.30)
212.9 (30.64) 253.0 (2.29) 315.8 (0.31)
FnBo-F: Cr SmA N Iso/D
192.8 (-21.11) 249.3 (-2.40) 315.3 (-0.51)
218.2 (26.70) 249.4 (1.63) 328.1(0.36)
FnBo-Cl: Cr SmA N Iso
207.0 (-25.21) 249.5 (-1.85) 327.9 (-0.44)
227.2 (33.29) 322.5(0.30)
FFBo-F: Cr SmA N Iso
194.2 (-27.03) 223.4 (-1.51) 322.3 (-0.36)
247.6 (45.05) 336.9 (0.46)
FFBo-Cl: Cr N Iso/D
220.1 (-29.82) 337.1 (-0.50)
188.2 (30.69) 256.9 (0.10)
4FBo-F: Cr N Iso
159.1 (-28.54) 256.8 (-0.14)
199.7 (31.83) 274.5(0.17)
4FBo-Cl: Cr N Iso
179.1 (-31.07) 276.7 (-0.16)

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

Substitution of both meta-positions of the benzoxazole with fluorine gives compounds FFBo-X that
display more stable crystalline phases by 30 to 34 °C compared to BoBTTX and their nematic phases are
stable to 322 °C and >337 °C 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 destabilized by about 10 to 30 °C 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-ClI. Clearly, the two fluorine atoms increase intermolecular 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 hypothesised 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 °C compared to
BoBTTX but, unexpectedly, clearing temperatures of the N phases increase by 8 to 16 °C compared to
BoBTTX while smectic mesomorphism is completely suppressed in 4FBo-X. The higher clearing
temperatures for 4FBo-F and 4FBo-Cl compared to their non-fluorinated counterparts 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 °C
for any structure investigated herein.
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Single crystal studies

Although molecular conformations and packing structures can significantly differ in the crystalline
and liquid crystalline phases, invaluable information about intermolecular interactions 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 (Figure
9). The compound is mostly planar in the crystal phase, which permits effective -1 stacking interactions,
yet, these -1 stacks are organized into paired molecular layers, where antiparallel 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 A) (Figure 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.5253 This is supported by examining the distances between the molecular layers
along the mr-stacking axis, as the intermolecular distances within the paired -1t stacked layer is 3.4-3.5 A
(the typical distance for 11-11 interactions), while the intermolecular distance between different paired layers
is contracted to 3.2-3.3 A. 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
contraction 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 (Figure 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 Tr-stacking axis within TTF3; contrasts that for previously
studied crystal structures of core-only calamitics comprised of the BoBTTX molecular building block.”
These possess consistent antiparallel layering, while a combination of antiparallel and parallel layering
exists within TTF;. This observational difference is why fluorophilic effects are hypothesized to drive the
resulting molecular packing structure of TTF;, 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 hydrogen atoms by larger fluorine atoms cannot be
fully excluded as contributing to the resulting crystal structure for TTF;.
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Figure 9. Single crystal structure of TTF;: a) antiparallel layering between a set of -1 stacked layers, but the 1-11 stacked layers are
laterally offset and rotated by 180° between neighbouring stacked layers from above/below; and b) molecules orient in a “head to tail”
lateral packing style.

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 to 107 M and molar extinction coefficients for the longest wavelength
absorption ranged from 40,000-50,000 M-' cm-'. Absorption spectra of Figures 10a and 11 mainly show
that fluorine substituents 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
corresponds 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
conjugated system.

The absorption spectrum of TF; 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 (Figure 10a). This shoulder is not or barely visible for any of the benzene and benzoxazole
fluorinated BoBTTX derivatives (Figure 11).
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Figure 10. Absorption and emission spectra of derivatives with the bithiophene moiety partially or fully fluorinated in a) CH,Cl, and b)
as thin films sandwiched between quartz slides. Ag,. = 365 nm for both.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5tc02621k

Page 17 of 22 Journal of Materials Chemistry C

View Article Online
DOI: 10.1039/D5TC02621K

50000 ——BF2-F - 50000
——BF3-F |
——BF23-F |
£ 40000 FoBo-F - 40000
: FnBo-F |
= ——FFBo-F | =
:;30000— 4F-BoF 30000 Z
= >
g 1. %
G 20000 \ 120000 §
2 % ] E
ks : EX :
S 10000 - &\ - 10000
= -%\‘ ]
"t\. T
Ny 1
0 e 0
T T T T
300 400 500 600

Wavelength (nm)

Figure 11. Absorption and emission spectra of core-only calamitics with the inner benzene ring or benzoxazole’s benzene ring partially
or fully fluorinated in CH,Cl,. (Agyc = 365 nm).

Emission spectra in solution, like absorption spectra, are very similar for all fluorinated derivatives,
except for the blue shifted shorter TF;. 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
(Figure 11). Emission spectra of the former are somewhat narrower (175 nm at the baseline) and the
shortest wavelength emission is the most intense vibrational mode except for BoBTTF (Figure 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
(Figure 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 (Figures S2, S4, S6, S8). However, some
samples, like BF2-Cl and TF,T-F, show an onset of absorption that almost reaches 600 nm. These
differences in solid state absorption do not exclusively depend on changes in molecular properties, but are
also caused by differences 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 fluorescence intensity than when fluorine was used (Figures 10b
and 12). TF,TF3; and TF,T-Cl have similar emission spectra, while TF,T-F gives a significantly different
spectrum for no obvious reasons (Figure 10b). Additionally, TF,T-F emitted up to 730 nm, which is 65 nm
more than TF,TF; and TF,T-Cl. As in solution, the emission of the shorter TF; is blue shifted by 20-30 nm
and about 70 nm in the crystalline state relative to TTF; (Figure 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 (Figure 12). These spectra matched more closely to those for TF,TF3
and TF,T-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 (Figure 12a). Emission spectra of 4FBo-

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 10 October 2025. Downloaded on 10/16/2025 11:02:32 AM.

(cc)


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5tc02621k

Open Access Article. Published on 10 October 2025. Downloaded on 10/16/2025 11:02:32 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

Page 18 of 22

View Article Online
DOI: 10.1039/D5TC02621K

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.
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Figure 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. (Ag,. = 365 nm for both sets of spectra and the sample

temperature was 23 °C (crystalline phases).

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 (Figure 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.>* 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 =70
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) (Figure 12). These results coincide with previously reported
temperature-dependent, solid-state emission studies on calamitic LCs where such changes in fluorescence
intensity between the different (meso)phases was proposed to be useful within sensing applications.%®
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Figure 13. Variable temperature emission spectra of BF2-F as a thin film sandwiched between quartz slides in the crystalline phase
(black line, r. t. = 22-24 °C (295-297 K), liquid crystalline SmA phase (red line, 150 °C (423 K)), liquid crystalline N phase (blue line,
185 °C (459 K)), and isotropic liquid phase (pink line, 216 °C (489 K). (Agx. = 400 nm).

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 substituents 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 aromatic rings. All fluorinated BoBTTX derivatives display
mesomorphism, 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/crystallization temperatures by 60 °C, giving
mesomorphic character down to temperatures around 130 °C. 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 emission 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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