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-methyl substitution position on
the phase state andmicrowave dielectric properties
of triphenylacetylene-based liquid crystals
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Liquid crystal materials are well known in display applications, and their unique birefringence and electrical

tunability can be utilised in microwave devices. This innovative technology modulates and filters microwave

signals, replacing conventional semiconductors for a broad operational frequency band and tunable phase

shift. Although isothiocyanatobiphenylacetylene-based liquid crystals exhibit low viscosity and large

dielectric anisotropy, their applications in microwave communication are hampered by their broad near-

crystalline phase temperature ranges. To address this limitation, this study designed and synthesized six

fluorinated biphenylacetylene liquid crystal compounds with various benzene ring side-methyl

substitutions (n = 3–5). The molecular structures, liquid crystal phases, and microwave dielectric

properties were evaluated. Our findings indicate that compounds with methyl substitution at the Y2
position exhibited reduced melting points, an expanded nematic phase temperature range (DTn z 92.3 °

C), and an absence of near-crystalline phases. These compounds still maintain high microwave dielectric

constants within the 9–30 GHz frequency band (D3r = 0.9–1.3) and reduced maximum permittivity

losses compared to their non-methyl-substituted counterparts, thereby improving the efficiency in the

microwave frequency band. In contrast, the Y1 position substitution results in a significantly narrower

nematic phase temperature range (approximately 2.6 °C on average) and a substantial decrease in the

dielectric constant, with a D3r reduction of about 0.3 compared to the Y2 substitution. This work shows

that the side-methyl substitution can improve the performance of triphenylacetylene-based liquid

crystals in microwave communication, providing valuable insight to aid the discovery of novel microwave

liquid crystals.
Introduction

In the realm of microwave device technology, liquid crystal
microwave phase shiers have garnered considerable attention
due to a number of advantages: a broad operational frequency
band, tunable phase shi, low power consumption, compact
form factor, and cost-effective production.1–4 Despite these
advancements, the commercialization of microwave liquid
crystal materials is challenging due to the presence of a few
undesirable properties, such as high viscosity, high dielectric
loss, and pronounced impact of temperature on their dielectric
characteristics.5–7 Overcoming these material challenges has
become the priority of research on liquid crystal materials for
microwave applications.8

Isothiocyanatobiphenylacetylene-based liquid crystals, well-
known for their low viscosity and favorable dielectric
gineering, Wuhan Polytechnic University,
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ering, University of Electronic Science and
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the Royal Society of Chemistry
anisotropy, are frequently proposed as microwave liquid crystal
materials.9 However, their main disadvantage is the presence of
a wide temperature range of near-crystalline phase states or
elevated melting points. Pioneering work by O. Catanescu et al.
in 2006 (ref. 10) demonstrated that the incorporation of uorine
atoms as benzene ring substituents can attenuate the temper-
ature range of the near-crystalline phase, broaden the temper-
ature range of the nematic phase, and reduce the melting points
of the compounds. However, the molecular birefringence (Dn)
was reduced due to an increase in the molecular dipole
moment. In 2013, R. Dabrowski et al.11 reported that liquid
crystal compounds with an ethyl substitution near the benzene
ring side of acetylene bonds have a lower melting point than
those with a methyl substitution. However, the nematic phase
temperature range was greatly reduced, with an average reduc-
tion of approximately 30 °C, and no smectic phase state was
observed. This suggests that steric hindrance of lateral methyl
and ethyl can effectively inhibit the formation of the smectic
phase and reduce the melting point of the compound.12 J.
Dziaduszek et al. in 2017 (ref. 13) explored the impact of the
uorine atom substitution position on the phase state of the
RSC Adv., 2024, 14, 37341–37349 | 37341
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phenyl ring lateral uorosubstituted biphenyl acetylene iso-
thiocyanate compound liquid crystal molecules. These new
compounds exhibited favorable properties, including high
refractive indices and low viscosity. However, the dielectric
properties pertinent to the microwave application remain
unknown. The dielectric properties of liquid crystals under
microwave irradiation are of great signicance in the context of
device applications. The steric hindrance of the lateral methyl
group on the benzene ring can modify the mesomorphic
properties of liquid crystal molecules.14 Concurrently, the
presence of steric hindrance inuences the dielectric charac-
teristics of liquid crystals when subjected to microwave radia-
tion, including the dielectric constant and maximum dielectric
loss. However, there are few reports on the effect of the methyl
substitution position on the side of the benzene ring on the
mesogenic and high-frequency dielectric properties of biphe-
nylacetylene liquid crystal compounds.

In light of these ndings, the present study delineates the
design and synthesis of six uorinated triphenylacetylene iso-
thiocyanate liquid crystal compounds with different lateral
methyl substitutions on the benzene ring (as depicted in Fig. 1).
This work evaluates their molecular structures, phase temper-
ature ranges, and dielectric properties given a certain micro-
wave frequency band. Moreover, we use density functional
theory (DFT) to simulate and calculate the dipole moments and
anisotropic polarizabilities of the target molecules to under-
stand the experimental outcomes. With an in-depth under-
standing of the liquid crystal phase and microwave dielectric
properties, the advancement of high-performance liquid crystal
materials for microwave applications can be accelerated.

Experimental
Materials

Chemical reagents were purchased from Shanghai Sinopharm
Chemical Reagent Co., Ltd. and were used as received, unless
otherwise stated. The catalysts used in the experiments,
Pd(PPh3)2Cl2, were prepared in accordance with the literature.15

(400-Butylbiphenyl)-4-ethynyl-2,6-diuoro-1-iso-
thiocyanatobenzene) and (400-pentylbiphenyl)-4-ethynyl-2,6-
diuoro-1-isothiocyanatobenzene) were synthesised in accor-
dance with the literature.16

Method

Compounds A1–A3 and B1–B3 were synthesized using n-pro-
pylphenylboronic acid, n-butylphenylboronic acid, n-
Fig. 1 Molecular structural formula of the target compound.

37342 | RSC Adv., 2024, 14, 37341–37349
pentylphenylboronic acid, 2-methyl-4-bromoiodobenzene or 3-
methyl-4-bromoiodobenzene, and 2,6-diuoro-4-iodoaniline.
The synthesis scheme involved the Suzuki coupling reaction,17

Sonogashira coupling,18 and isothiocyanate reaction,19 as illus-
trated in Fig. 2.

Synthesis of intermediate compound

In a 500 mL three-necked ask with argon protection, a reaction
was conducted by combining 2,6-diuoro-4-iodoaniline (30 g,
117.64 mmol), trimethylsilylacetylene (13.2 g, 117.6 mmol),
cuprous iodide (0.68 g, 3.6 mmol), triphenylphosphine (0.94 g,
3.6 mmol), and Pd(PPh3)2Cl2 (0.84 g, 1.2 mmol). Aer the
reaction reached completion, the mixture was washed sequen-
tially with saturated aqueous ammonium chloride (100 mL × 2)
and deionized water (2 × 100 mL). The organic material was
extracted using ethyl acetate (100 mL × 2). The combined
organic extract was dried over anhydrous sodium sulfate for 5–6
hours. Solvent evaporation under reduced pressure yielded
24.2 g of a yellow solid, giving a yield of 91.8%.

Synthesis of nal product I

In a 500 mL two-necked ask, the intermediate compound
(24.2 g, 106.6 mmol) was reacted with K2CO3 (29.42 g, 213.2
mmol) in methanol (250 mL) at room temperature for 6–7
hours. The reaction progress was monitored by thin layer
chromatography (TLC). Upon completion, inorganic salts were
removed by ltration. The ltrate was extracted with ethyl
acetate (100 mL × 2). The organic layer was rinsed with deion-
ized water, dried over anhydrous sodium sulfate, and concen-
trated by rotary evaporation. Further purication was achieved
by recrystallization, yielding 15.5 g of yellow solid I with a total
reaction yield of 94.9%.

Intermediates synthesis of II-a1

In a 500 mL three-necked ask, a mixture of intermediate 2-
methyl-4-iodo-bromobenzene (30 g, 101.22 mmol), interme-
diate I (15.5 g, 101.22 mmol), cuprous iodide (0.58 g, 3.04
mmol), triphenylphosphine (0.80 g, 3.04 mmol), and
Pd(PPh3)2Cl2 (0.71 g, 1.01mmol) were prepared in triethylamine
(250 mL) under argon. The reaction was stirred at 40 °C for 7–8
hours, and was monitored by TLC. The prepared solution was
saturated with ammonium chloride (100 mL × 2), and
sequentially washed with the same solution and deionized
water. The organic phases were extracted using ethyl acetate
(100 mL × 2). The extract mixture was dried over anhydrous
sodium sulfate for 5–6 hours. The solvent was removed under
reduced pressure, and the product was puried by recrystalli-
zation, yielding 29.06 g (89.1% yield) of an off-white solid II-a1.

Synthesis of intermediate III-a1

A 500 mL two-necked ask was lled with 4-propylphenylbor-
onic acid (10 g, 60.97 mmol), intermediate II-a1 (19.6 g, 60.97
mmol), and anhydrous potassium carbonate (25.24 g, 182.91
mmol). A catalyst solution of Pd(PPh3)4 (0.122 mmol) in
deionized water (25 mL, 4.3 mL of a 0.02 g mL−1 solution) was
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Synthetic route of target compounds A1 and B1.
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added, and the mixture was heated and stirred under reux
condition at 78 °C for 7–8 hours. The reaction progress was
monitored using (TLC). Upon completion, the reaction mixture
was cooled to room temperature. The solution was ltered to
obtain the solid extract, which was rinsed by deionized water (2
× 100 mL). Ethyl acetate (100 mL × 2) was used to extract the
organic phase, which was dried over anhydrous sodium sulfate
for 5–6 hours. The solvent was evaporated under reduced
pressure to yield the crude product. Further purication by
recrystallization afforded 18.2 g of white solid III-a1 with an
overall yield of 89.91%.
Synthesis of target compound A1

In a 500 mL two-necked ask, the intermediate product III-a1
(10.0 g, 27.7 mmol) was prepared with calcium carbonate
(CaCO3, 6.92 g, 69.2 mmol), deionized water (2 mL), and
dichloromethane (CH2Cl2, 100 mL). Thiophosgene (CSCl2,
1.508 g mL−1, 4.2 mL, 55.4 mmol) was introduced into
a constant pressure dropping funnel, and the mixture was
cooled in an ice bath. The reaction solution was added dropwise
at 0 °C and stirred at room temperature overnight, which was
monitored by TLC. Upon completion, anhydrous ethanol (10
mL) was added, and stirring was continued for an additional 2
to 3 hours. The mixture was then extracted with dichloro-
methane (50 mL × 2), rinsed with deionized water (two times),
and the organic layers were combined and dried over anhydrous
sodium sulfate for 5 to 6 hours. The extract was obtained by
rotary evaporation, yielding a crude product that was further
puried by column chromatography using 100 to 200 mesh
silica gel and petroleum ether as the eluent. The puried
product was recrystallized from petroleum ether to obtain 9.5 g
of white aky crystals with a purity of 99.9% and a yield of
84.8%. A1: m. p.: 110.28–112.1 °C; FT-IR (KBr, nmax/cm

−1):
2951.48, 2931.23, 2852.52, 2205.11, 2042.16, 1601.11, 2042.16,
1601.24, 1560.72, 1504.64, 1461.13, 1432.51, 1422.18, 1375.37,
1041.32. 1H NMR (400MHz, CDCl3) d

1H NMR (400MHz, CDCl3)
d (ppm): 7.56 (dd, J = 8.2, 2.0 Hz, 3H 2.0 Hz, 3H), 7.52 (d, J =
1.8 Hz, 1H), 7.46 (dd, J = 8.0, 1.9 Hz, 1H), 7.31 (d, J = 8.2 Hz,
2H), 7.19–7.10 (m, 2H), 2.69 (dd, J = 8.6, 6.7 Hz, 2H), 2.59 (s,
3H), 1.81–1.67 (m, 2H), 1.04 (t, J = 7.3 Hz, 3H). 13C NMR (101
MHz, CDCl3) d (ppm): 159.01, 156.48, 145.54, 142.55, 141.99,
140.89, 137.54, 132.53, 129.05, 128.14, 126.89, 124.35, 120.31,
© 2024 The Author(s). Published by the Royal Society of Chemistry
115.03, 114.98, 114.80, 92.35 114.80, 92.35, 37.77, 24.63, 20.92,
13.96.19 F NMR (376 MHz, CDCl3) d (ppm): −117.33.

Structure and phase characterization

The molecular structures of the synthesized intermediates and
target compounds were conrmed using a Nicolet iS10 Fourier
Transform Infrared Spectrometer (Thermo Fisher Scientic,
USA) and an INOVO-400 MHz nuclear magnetic resonance
instrument (Varian, USA). The purity of the target compounds
was assessed with an LC-1260 High Performance Liquid Chro-
matography (Agilent Technologies, USA). The mesocrystalline
properties were investigated using an X-4 Digital Microscope
melting point apparatus (Tektronix, China), a CX40P hot stage
polarizing optical microscope (Ningbo Shunyu Instrument Co.,
Ltd.), and a SETARAM DSC 141 differential scanning calorim-
eter (TA Instruments, USA). Birefringence values (Dn) of the
target compounds were measured by the subject-object
method.20

Microwave dielectric property characterization

Liquid crystal mixtures were prepared using a low-melting-point
lateral ethyltriphenylenediyne as a solvent M,21 and then 20 wt%
of the tested compounds A1–A3 and B1–B3 were mixed with
80 wt% of M, respectively, to form 6 liquid crystal compositions.
These mixtures were magnetically stirred at 80 °C for 30
minutes and subsequently cooled to room temperature natu-
rally. The microwave dielectric properties of the liquid crystal
materials in the K-band were assessed using the rectangular
resonant cavity perturbation method.22 The dielectric loss can
be described by the perpendicular (tan d3rt) and parallel (tan
d3r‖) components, of which the perpendicular loss represents
the maximum dielectric loss of the liquid crystal materials (i.e.,
tan d3r$max = tan d3rt).

Given the linear relationship between the dielectric anisot-
ropy of the liquid crystal compositions and that of the constit-
uent compounds within the hybrid system,23 the dielectric
constants and loss values of the individual compounds can be
calculated according to the Debye relaxation equation, eqn (1)
and (2).24,25

D3 ¼
Xn

i¼1

CiD3i (1)
RSC Adv., 2024, 14, 37341–37349 | 37343
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Fig. 3 Comparison of the phase transition temperatures and phase
states of the target compounds.
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tan d3rt ¼ 3
00
rt

3
0
rt

¼
Pn
i¼1

Ci3
00
rti

Pn
i¼1

Ci3
0
rti

(2)

Liquid crystal molecular calculations

This study employed Molecular Simulation Gaussian 09 so-
ware to calculate the polarizabilities and dipole moments of the
compounds of interest. The calculations were executed at the
density functional theory (DFT) level in vacuum, utilizing the
Becke three parameter hybrid functional with the Lee Yang Parr
correlation functional (BLYP) and the 6-31G(d,p) basis set for
molecular orbital calculations.26 The optimized geometries were
determined prior to these calculations. The computational
outcomes for the liquid crystal molecules are detailed in Table
2. VMD and Multiwfn were employed for molecular visualiza-
tion and wave function analysis, respectively.27
Results and discussion

Examination of Table 1 and Fig. 3 reveals signicant differences
in the mesophase characteristics of compounds A1–A3 and B1–
B3. The nematic phase temperature range for the A1–A3 series is
notably broad, averaging 92.3 °C. Compound A3 exhibits the
widest range at 105.58 °C. In contrast, the B1–B3 series displays
a signicantly narrow range of the liquid crystalline phase,
averaging 2.6 °C.

The measured melting points and birefringence values show
interesting patterns. The melting points of compounds with
identical carbon chain lengths exhibit insignicant variance.
For instance, A2 melts at 72.25 °C, 2.25 °C higher than B2 at
70.0 °C. Similarly, A3's melting point is 6.72 °C lower than B3's,
at 75.58 °C and 82.3 °C, respectively. Furthermore, the bire-
fringence (Dn) for the A1–A3 series is consistently around 0.45,
whereas for B2–B3, it is slightly lower at approximately 0.41. The
Table 1 Phase transition temperatures and optical anisotropies of targe

Compound n Y1 Y2 Phase tran

A1 3 H CH3 Cr 110.28
A2 4 H CH3 Cr 72.25(2
A3 5 H CH3 Cr 75.58 (2
B1 3 CH3 H Cr 103 (31
B2 4 CH3 H Cr 70 (28.7
B3 5 CH3 H Cr 82.3 (39
C2 4 H H Cr 67.2 (12
C3 5 H H Cr 57.4 (13

a Cr denotes the crystal melting point, which can affect the low co-melting
which can affect the mutual solubility of the liquid crystal compositions a
phase, which can maintain the. The liquid crystal molecules adopt a mor
denotes isotropic liquid, while DTN denotes the temperature range of the N

37344 | RSC Adv., 2024, 14, 37341–37349
A1–A3 series demonstrates a birefringence exceeding that of
B1–B3 by more than 0.04. It should be noted that the Dn values
of the target compounds were calculated using the subject-
object method, as described by ref. 20.

Thus, it can be seen that substitution of the methyl group at
the Y2 position on the benzene ring side appears to be more
favorable to improve the mesocrystalline properties of
isothiocyanatotriphenylacetylene-based liquid crystals than
that at the Y1 position. Additionally, the melting points and
phase transition temperature ranges of these compounds
correlate with whether the number of carbon atoms in the
terminal alkyl chain is odd or even. Compounds with an even
number of carbon atoms in the alkyl chain exhibit lower
melting points and nematic phase temperature ranges
compared to those with an odd number of carbon atoms.28

The butyl and pentyl biphenyl ethynyl isothiocyanate
compounds, C2 and C3, share an identical core structure and
t compoundsa

sition temperatures/°C (DH/kJ mol−1) DTN/°C Dn

(31.77) N 203.57 Iso 93.29 0.461
4.69) N 150.32 Iso 78.07 0.455
1.53) N 180.84 Iso 105.58 0.453
.51) N105 Iso 105 N 77 Cr 2.0 0.416
1) N 71 Iso 25 Cr 1.0 0.412
.79) N 87 Iso 40 Cr 4.7 0.415
.35) Sm 102.3 N 210.9 Iso 113.19 0.485
.8) Sm 119.2 N 209.9 Iso 87.5 0.474

point of the liquid crystal compositions. Sm denotes the Smectic phase,
nd the stability of the microwave transmission. N denotes the Nematic
e ordered structure, which is conducive to microwave transmission. Iso
ematic phase. Dn denotes the birefringence tested at 20 °C in 589.2 nm.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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both lack methyl substitution on the benzene ring side posi-
tions. Despite exhibiting broader phase temperature ranges
than compounds A2–A3, C2 and C3 possess a more prominent
near-crystalline phase (as illustrated in Fig. 3). This character-
istic adversely affects the formulation of the nematic phase
liquid crystal materials, impeding the achievement of a low
eutectic point and weakening the low temperature performance
of these materials.

Fig. 4 illustrates the maximum dielectric loss and anisotropy
of the target compounds across the 9–30 GHz frequency band.
As depicted in Fig. 4(a), the maximum dielectric losses for the
compounds exhibit a uctuating decrease with increasing
frequency. Specically, compounds B1–B3 demonstrate lower
maximum dielectric losses (tan d3rt: 0.0064–0.0082) compared
to A1–A3 with a similar alkyl chain length (tan d3rt: 0.0067–
0.0084). C2 and C3, lacking the methyl substitution, show
higher losses (tan d3rt: 0.0070–0.0087) than their substituted
counterparts with the same carbon chain length, suggesting
that methyl substitution on the benzene ring, particularly at the
Y1 position, is conducive to reducing microwave dielectric loss.
The change in the dielectric anisotropy by varying frequencies,
presented in Fig. 4(b), reveals that all target compounds have
D3r values exceeding the threshold of 0.75 for high-frequency
device applicability.29 Compounds A1–A3 display the highest
D3r values (1.0–1.24), while B1–B3 have the lowest (0.77–1.11). In
contrast, C2–C3 without any substitutions exhibit D3r values
(1.15–1.32) that slightly surpass those of the substituted
compounds with the same carbon chain lengths. This
phenomenon suggests that benzene ring methyl substitution
generally diminishes the molecular dielectric anisotropy. It is
interesting that the substitution at the Y1 position exerts
a marginally greater impact than that at the Y2 position, which
could be caused by the electronic and steric effects of themethyl
group on molecular conjugation.

The relatively low dielectric anisotropy of B1–B3 is disad-
vantageous for microwave phase tunability, which is not suit-
able for the application of microwave phase shiers.
Consequently, the design and synthesis of liquid crystal
compounds for microwave applications must carefully consider
the inuence of substituents on the molecular structure and
properties.
Fig. 4 Line plots of the (a) vertical dielectric loss and (b) dielectric
constant variation of the liquid crystal compounds (9–30 GHz, 20 °C).

© 2024 The Author(s). Published by the Royal Society of Chemistry
Liquid crystal materials, widely adopted in K-band micro-
wave communication devices, are commonly assessed based on
their dielectric properties at 19 GHz. Fig. 5 presents the
dielectric properties of the target compounds measured at this
frequency. The quality factor (h) of these compounds correlates
inversely with the maximum dielectric loss (tan d3r max) and
directly with the phase tunability (s) at a given microwave
frequency,28,30 as depicted in relation (3). Furthermore, s is
positively correlated with the high-frequency dielectric anisot-
ropy (3r),21 as expressed in eqn (4). The microwave dielectric
constants 3r‖ and 3r can be experimentally determined by
applying an electric eld, allowing for the calculation of
microwave birefringence (DnMW),2 outlined in eqn (5).

h = s/tan d3r$max = s/tan d3rt (3)

s = 3r/3rk = (3rk − 3rt)/3rk (4)

DnMW = 3rk − 3rt (5)

The target liquid crystal compounds exhibit a consistent
trend in their D3r, s, and DnMW values, with higher D3r corre-
lating with increased s, h, and DnMW (Fig. 5). Compounds A1–A3
demonstrated signicantly higher values in terms of these
parameters than B1–B3, yet they are slightly lower than those of
C2 and C3. As shown in Fig. 5(c), among all these compounds,
C2–C3 possessed the highest h values, A1–A3 had intermediate
values, and B1–B3 showed the lowest values. This pattern
suggests that methyl substitution at the Y2 position on the
benzene ring cam mitigate the impacts of the p-electron
conjugation, thus preserving the desirable microwave dielectric
properties. However, B1–B3, featuring the Y1 substitution, dis-
played reduced dielectric anisotropy and diminished micro-
wave dielectric characteristics. Although C2 and C3 presented
enhanced microwave dielectric anisotropy, their prominent
near-crystalline phase and elevated dielectric loss are detri-
mental to the application of low loss, low temperature nematic
phase liquid crystal formulations.

To elucidate the impact of side methyl substitution on the
benzene ring properties, we employed DFT simulations to
Fig. 5 Various dielectric properties of the liquid crystal compound at
19 GHz (20 °C): (a) dielectric anisotropy (D3r); (b) phase tuning capa-
bility (s); (c) quality factor (h); (d) optical anisotropy (DnMW).
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Fig. 6 Dihedral angle diagrams between the biphenyl rings of
compounds A3, B3 and C3.

Table 2 Results fromDFT simulations, including polarizabilities, dipole
moments, dihedral angles, 3Dmolecular sizes, and aspect ratios of the
target compoundsa

Compound Da m Q

Molecular 3D size

L W H L/W

A1 630.21 5.92 36.24 24.94 8.35 5.77 2.987
A2 640.7 6.01 36.62 26.33 8.08 6.86 3.259
A3 644.32 5.98 36.62 27.18 8.28 6.79 3.283
B1 601.9 6.3 54.75 25 8.89 6.01 2.812
B2 606.27 6.42 54.25 26.26 9.14 6.72 2.873
B3 601.44 6.42 53.96 26.99 9.31 6.6 2.899
C2 632.07 6.21 36.62 26.17 7.935 6.86 3.298
C3 648.44 6.22 36.29 27.33 7.84 6.80 3.487

a Da: polarizability; m: dipole moment; q: dihedral angle; L: length; W:
width; H: height; L/W: aspect ratio.

Fig. 7 Electrostatic potential fraction of the target compounds.

Fig. 8 Quantitative analysis of the electrostatic potential density of the
target compounds with radial density distributions. (a)–(c) Refer to the
electrostatic potential density of compounds A3, B3, and C3,
respectively. While (d) depicts their radial density distribution.
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calculate the changes in the molecular aspect ratio and p-
electron conjugation degree, as depicted in Fig. 6. When the
methyl group is situated at the Y2 position of the benzene ring,
as in A3, the steric hindrance results in minimal spatial
distortion, with a dihedral angle of 36.62° that is akin to C3 at
36.63°. This similarity indicates that Y2 substitution does not
enhance the dihedral angle, preserving the p-electron conju-
gation and planar rigidity, thereby giving the compounds
favorable mesogenic properties and high birefringence.23

Conversely, Y1 substitution, exemplied by B3, intensies the
spatial distortion, elevating the dihedral angle to 53.96°. This
increase in distortion diminishes the p-electron conjugation
and molecular planarity, leading to a pronounced curvature in
the rod-like structure and a reduced aspect ratio, averaging 2.86
(Table 1). Consequently, this structural alteration changes the
dielectric crystalline properties and attenuates the photodi-
electric anisotropy (D3 and Dn). Compounds A1–A3 and C2–C3,
with smaller dihedral angles, exhibit large aspect ratios and
enhanced p-conjugation and planarity, correlating with
a broader temperature range of the nematic phase.31 In
contrast, B1–B3 lack a nematic phase and exhibit weak dielec-
tric anisotropy. The methyl group's inductive effect and hyper-
conjugation alter the p-electron density within the liquid crystal
molecules, changing their polarizability and dipole moments,
as detailed in Table 2. These electronic perturbations directly
modulate the dielectric characteristics of the liquid crystal
compounds.

To quantify these effects, we conducted DFT27,32,33 simulation
calculations as presented, and the electron density of the
molecule was extracted and quantied using the wave function
analysis program Multiwfn in Fig. 7 and 8. First, other related
compounds were compared with C3 without methyl substitu-
tion. As depicted in Fig. 7, the inductive effect of the methyl
group at the Y2 position on the benzene ring is exerted in the
opposite direction of the electron-withdrawing nature of the
isothiocyanate group. This behavior opposition results in the
highest negative electron density in the benzene ring near the
37346 | RSC Adv., 2024, 14, 37341–37349
alkyl chain of compound A3 (−8.776 kcal mol−1), reducing the
electron density at the isothiocyanate terminus and lowering
the molecule's longitudinal dipole moment from 6.22 D to 5.98
D. In contrast, the inductive effect at the Y1 position augments
the electron affinity of the isothiocyanate group, increasing the
dipole moment of compound B3 from 6.22 D to 6.42 D.
Molecular polarizability alterations stem from shis in the
electrostatic potential distribution, as illustrated in Fig. 8(a)–(c).
These gures present the statistical maps of molecular surface
area distribution across varying electrostatic potentials, which
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Polarizability and vertical dielectric loss of the target compound
at 19 GHz (20 °C).
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are Gaussian-tted to highlight the differences in the
compound half-peak widths. Notably, compound C3 exhibits
broad half-peak widths compared to A3 and B3. The p-electron
cloud density map shows that the B3 compound has the highest
concentration, as indicated by the smallest half-peak width of
22.2. This pattern suggests a centralized p-electron density
distribution, affirming that the side methyl group substitution
can alter the p-electron distribution. Furthermore, the radial
distribution of the electron density was obtained to assess the
polarizability. Leveraging the radial distribution function (RDF)
of the p-electron density and its correlation with the electron
spatial extent hr2i, as delineated in eqn (6) and (7),34,35 this
method graphically represents the contribution of distinct
regions to hr2i. This approach provides a quantitative measure
of how the p-electron density distribution inuences the
molecular polarizability.

�
r2
� ¼

ðN
0

r2gðrÞr0dr (6)

gðrÞ ¼ rðrÞ
r0

(7)

The radial distribution function g(r) provides insights into
the local electron density r(r) at a distance r2 from the reference
point (0 as origin, which is designated as the center of nuclear
charge in this work), with r0 representing the average electron
density. The squared distance r2 is given by the equation r2 = x2

+ y2 + z2. It is evident from the equation that hr2i increases with
the deviation of the electron distribution from the origin,
assuming a constant total electron count. This relationship
allows for comparative analysis of the electron distribution
breadth across different systems or states.

Fig. 8(d) illustrates the regional electron density probability
distributions as a function of radial distance r from the nuclear
charge centers, revealing contributions to hr2i within the range
between 0 and 15 Å. C3 exhibits a uniform contribution across
the radial distances, which is attributed to the absence of
electron-donating methyl groups. In contrast, the electron
density maps of A3 and B3 show that electrons prefer to
concentrate more hr2i at distances further from the origin.
Specically, B3 exhibits a peak of electron density that is
between r = 11–12 Å, whereas A3 shows a peak that is between r
= 10–12 Å. This observation suggests a more centralized
distribution of electrons in B3 than A3, corroborating the
pattern observed in Fig. 8(a)–(c). Consequently, the radial
distribution of p-electron density for A3 and C3 is less popu-
lated, which indicates a high polarizability rate compared to B3.
In conclusion, it can be observed that the alteration in the
dielectric characteristics of liquid crystal molecules is a conse-
quence of the modication in the distribution of p-electrons
within the molecules under microwave irradiation. The ratio-
nale behind the enhancement in the dielectric loss of liquid
crystal compounds is that the p-electrons in the molecules are
more prone to polarisation under the inuence of microwaves,
and the greater the polarisation rate, the higher the dielectric
loss. In the K-band's high-frequency range (9–30 GHz), the
© 2024 The Author(s). Published by the Royal Society of Chemistry
polarization of molecules due to the electromagnetic eld is
more pronounced than that at lower frequencies, leading to
increased absorption of microwave energy and consequently
higher dielectric loss.36 The quantitative relationship between
the dielectric loss and polarizability is expressed in eqn (8):37,38

tan d3r$max ¼ s� g1ðao þ ae þ jDajÞ�Dn2 � kii (8)

In the context of liquid crystal compounds, the dielectric loss
is intricately linked to molecular polarizability, where g1

represents the rotational viscosity and kii denotes the elastic
constant. The coefficients ao and ae correspond to the micro-
wave absorption. Table 2 illustrates that compounds A1–A3 and
C2–C3, despite their moderate dipole moments, exhibit polar-
ization rates exceeding 630, indicating a propensity for p-elec-
tron polarization. In contrast, compounds B1–B3, with large
dipole moments, exhibit reduced polarization with an average
rate of 602.99, which is attributed to their enhanced electron
binding. Consequently, within the 9–30 GHz frequency range,
compounds A1–A3 and C2–C3 demonstrate greater maximum
dielectric losses than B1–B3.

Fig. 9 delineates the correlation between the dielectric loss
and polarization rate at 19 GHz, highlighting that higher
polarization rates correlate with increased dielectric loss. C3,
with a polarizability of 648.44, notably surpasses other
compounds and reaches a maximum dielectric loss of 0.0076 at
19 GHz. These observations conrm that the polarizability and
dipole moment of liquid crystal molecules are sensitive to
methyl substitution at the Y1 or Y2 positions of the benzene
ring, thereby adjusting the dielectric properties of the
compound.
Conclusions

This study presents the design and synthesis of six uorinated
biphenyl acetylenic liquid crystal compounds, A1–A3 and B1–B3
(n = 3–5), which are achieved through Sonogashira coupling
and related reactions. The dielectric and microwave dielectric
properties of these compounds were evaluated and analyzed
using the Debye relaxation equation. Additionally, the effects of
RSC Adv., 2024, 14, 37341–37349 | 37347
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molecular polarizabilities and electrostatic potentials on the
dielectric properties were investigated via DFT simulations. The
molecular polarizabilities, dipole moments, and aspect ratios
were calculated to understand their inuence on the dielectric
behavior. The ndings are summarized as follows: (1) methyl
substitution at the Y2 position of the benzene ring resulted in
a small dihedral angle (average 36.62°), conducive to nematic
phase formation for compounds A1–A3 by inhibiting near-
crystalline phase generation. Conversely, substitution at the
Y1 position led to a larger dihedral angle (average 53.96°),
impeding the formation of the liquid crystalline state for
compounds B1–B3; (2) the enhanced p-electron conjugation in
A1–A3, compared to B1–B3, exhibited high optical anisotropy
(Dn), giving high microwave dielectric constants (D3r $ 1.0) and
phase tunability (s $ 0.3) for A1–A3; (3) within the 9–30 GHz
frequency range, the dielectric loss is positively correlated with
molecular polarizability. Methyl substitution at the Y1 position
reduces molecular polarizability, leading to low maximum
dielectric losses for B1–B3. In contrast, A1–A3 and C2–C3
exhibit higher maximum dielectric losses due to greater polar-
izability. With an in-depth understanding of the inuence of the
diverse lateral methyl substitutions on the benzene ring's liquid
crystal phase and microwave dielectric properties, the
advancement of high-performance liquid crystal materials for
microwave applications can be accelerated. In summary, by
introducing methyl substitutions at various positions within
liquid crystal molecules, we have successfully maintained the
residual dielectric properties of the compounds at a high level,
while effectively reducing the dielectric loss. Additionally, this
modication has suppressed the formation of near-crystalline
phases, contributing to a lowering of the eutectic point of
liquid crystal compositions. However, despite these advance-
ments, the research and development of liquid crystal
compounds have yet to achieve industrial production or
generate commercial benets. This obstacle is primarily
attributed to the viscosity of the liquid crystal components,
which impacts the transmission speed of microwave signals.
Therefore, our next focus will be on developing low-viscosity
liquid crystal compounds with minimal dielectric loss, in
order to overcome this challenge and further advance liquid
crystal technology.
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