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Abstract

We report the synthesis and mesomorphic behaviour of two new series of liquid crystal dimers
derived from N-alkylation of 1,4-phenylenedimethanamine with 4-cyanobiphenyl units linked by
aliphatic spacers (n = 4—10). Polarizing optical microscopy, differential scanning calorimetry and
X-ray diffraction show that most dimers display nematic phases, with several exhibiting stable
supercooled mesophases at room temperature. In thick films, rare =1 nematic defects drive
spontaneous formation of fluorescent fibers (quantum yield 72.1%), with Schlieren patterns

revealing local variations in elasticity and viscosity. This molecular design offers insights into self-

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

assembling luminous nematic fibers for optoelectronic applications.
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quantum yield (72.1%)
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1. Introduction

Liquid crystals represent a captivating class of stimuli—responsive soft materials, including
colloids, gels, and biomaterials. They show pronounced responses to external stimuli-electric
fields, temperature, magnetic fields, light, and chemical environments rendering them ideal for
optoelectronic applications such as LEDs, photovoltaics, optical fibers, laser diodes, and
photoresistors [1,2,3]. This state of matter is thermodynamically stable, uniquely blending the
directional order of crystals with the fluidity of liquids. Their facile alignment along specific
directions and rapid reorientation render them highly suitable for commercial applications [4]. In
1972, George W. Gray introduced cyanobiphenyl liquid crystals, a breakthrough that propelled
liquid-crystal display (LCD) technology and revolutionized the field. These compounds exhibit
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low or room-temperature mesophases, serving as cornerstones for LC applications owing to their
broad mesophase ranges, synthetic accessibility, high yields, large positive dielectric anisotropy,
strong birefringence, and chemical stability. Rod-shaped monomers such as SCB and 8CB display
room-temperature nematic phases, driven by high polarizability and the electron-withdrawing
terminal cyano group [5,6,7,8]. The terminal cyano group enhances dipolar interactions, stabilizing
the nematic phase. Among LCs, dimers outshine monomers and trimers through superior
mesophase stability and dynamic responsiveness. Their spacer-induced bent conformations enable
diverse, often rare phases-including twist bend nematic, re-entrant nematic, and heliconal
cholesteric-with tunable thermal and optical properties [9,10,11,12]. Fluorescence-based liquid
crystals yield powerful, tunable, multifunctional optical materials, with promise for luminescent
solar concentrators, organic light-emitting diodes (OLEDs), and organic semiconductors.
Combining self-assembly with fluorescence affords superior properties such as efficient packing

and defined emission over random polymeric or dye-doped systems [13,14].

Tailored functional moieties and molecular designs invariably yield compelling results, from
fundamental insights to applications. Numerous reports highlight secondary amide-based LCs,
including discotic variants with amides fused to ring structures [15,16,17]. N-Methyl amides as
linkers for chiral aliphatic tails on aromatic cores [18,19], and mesogens with N, N-dialkyl amide
terminals have been reported [20]. Most mesogens feature phenyl rings linked by short unsaturated
ester or imine groups. In contrast, secondary and tertiary amine linkages remain rare in low-molar-
mass liquid crystals, despite their key structural roles in technologically vital liquid crystalline
polymers [15,16,17]. Valeria Nori et al. synthesized N-alkylated amide derivatives, including
diarylamines, N-methylphenylamines, carbazoles from aryl esters using 10 mol% B(C¢Fs);
catalyst, and no mesomorphic was reported [21]. Notably, no reports exist on the liquid crystalline
properties of N-alkylated benzyl diamines, representing a major gap. We introduce the first such
derivatives exhibiting mesophases, including room-temperature variants. Integrating this N-
alkylated benzyl diamine core into tailored mesogenic architectures holds strong promise for

advanced optoelectronic and display applications.

Mantosh K. Sinha et al. prepared N-alkylated benzyl diamines with aliphatic/aromatic chains to

form stopper free pseudorotaxanes, no LC properties were reported [22]. Strachan et al.
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synthesized secondary/tertiary N-methyl benzanilide-based mesogens. The secondary amides

exhibit nematic phases, including the first reported twist bend nematic phase for amides [23].

We report novel N-alkylated 1,4-phenylenedimethanamine dimers with 4-cyano-4'-(n-
bromoalkane-1-yloxy)biphenyl spacers (n=4-10). Tertiary amine TACDn shows low melting/
room-temperature nematics; secondary SACDn, nematics. TACD3 forms ~240 mm long
fluorescent nematic fibers that remain stable at room temperature when suspended, without
rupturing via Rayleigh—Plateau instability up to an hour, and exhibit strong fluorescence

throughout [7].
2 Experimental Section
2.1 Materials and methods

Starting materials, 4-cyano-4'-hydroxybiphenyl, 1,4-phenylenedimethanamine, dibromoalkane
spacers were sourced from Sigma-Aldrich without purification. Solvents were dried
conventionally; products purified by silica gel (100-200 mesh) column chromatography
(hexane/ethyl acetate). Structures confirmed by 'H and 3C NMR (Bruker AMX-400, 400/100
MHz). Phase transitions via Mettler Toledo DSC (peaks in °C, AH in kJ mol™!); mesophases
identified on Leica DM2700P POM with Linkam HS-420 hot stage. XRD on a Panalytical
Empyrean (Cu Ka, 1.54 A). CHN analysis on Leco CHNS-932. UV-Vis (chloroform, 200-1100
nm, concentration-dependent) on GENESY'S 50; emission on Shimadzu RF-6000.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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2.2. Molecular design and synthesis

TACDn and SACDrn dimers were synthesized as in Scheme 1, with intermediates 2a-g and 4
synthesized from reported methods [24,25]. Intermediates 2a-g synthesized via Williamson
etherification of 4-cyano-4'-hydroxybiphenyl with dibromoalkane spacers (see ESI). N-alkylation
of compound 4 with 2a-g (KO#-Bu) afforded TACDn; subsequent deprotection yielded SACDn
in good yields. Detailed synthetic procedures, analytical data, NMR, and IR profiles are in the ESI
(Fig S1—S3).
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SACDS5: n=8; SACDG6: n=9;
SACD7: n=10;

Scheme 1. Synthesis of dimers TACD#n and SACDn,
Reagents and conditions: (1) dibromoalkanes, K,CO3, butanone, RT 16 h under N, (85-87%); (i1)

Boc anhydride, H,O, 50 °C 6 h under N,, (quantitative %); (iii) KOz-Bu, dry DMF, 0 °C to RT 8
h under N, (59-63%); (iv) 4M dioxane HCI, DCM, RT 4 h under N,, (58-62%).
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3 Results and discussion
3.1 Thermal and mesomorphic behavior

The thermal and mesomorphic behaviours of TACD#n and SACDn were probed by DSC and POM,
with XRD performed on representative compounds from both series. DSC quantified transition
enthalpies as shown (Table 1, Fig. 1). Among the TACDn series, several compounds (TACD2,
TACD4, TACDS, TACD6) failed to exhibit liquid-crystalline phases (Fig 1a), likely owing to the
tert-butoxycarbonyl substituent on nitrogen. This lateral group disrupts the rod-like molecular
architecture essential for mesophase formation. It also lowers the melting temperature, as seen in
comparisons with the deprotected SACDn dimers. Exceptions include TACD1 and TACD3,
which display nematic phases, while the longest homologue, TACD7, shows a grainy phase
emerging from crystals at 4.34 °C (AH = 1.3 kJ mol!), clearing to isotropic at 123.7 °C (AH=2.4
kJ mol ™). Cooling reveals reversible Iso-X at 123.5 °C (AH = -2.5 kJ mol!), with super-cooled
nature below room temperature (Fig. 1b, Table 1). Upon heating from the crystalline state,
molecules transition to a grainy texture of higher order Sm via melting, the rigid cyanobiphenyl
rods with polar —CN termini self-assemble into layered domains, this polar group at one end, as

molecules line up side-by-side. This tight packing creates stable higher order smectic layers, like

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

neat stacks of rods, where smectic slabs form through dipole-enhanced lateral packing. Long

TACD7 spacers confer flexibility, nucleating independent grains rather than uniform layers each
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grain represents a coherent block of tilted molecules aligned normal to the layer plane. Grain

boundaries arise from misaligned domains accommodating local curvature. Upon cooling from

(cc)

isotropic (123.5 °C) triggers layer nucleation: rod-like cores align parallel within fluid layers (~3-
4 nm spacing, inferred from CB dimers [5], with —CN dipoles locking head-to-tail. Flexible
spacers bend slightly, enabling layer undulations; ether links reduce packing energy barriers.
Grains grow competitively, bounded by low-angle tilt walls (~5-15°), yielding the characteristic
"grainy" contrast as birefringent domains scatter light differently. Texture formation arises from
linear cyanobiphenyl termini: strong -CN dipoles drive intermolecular associations, stabilizing
grains formation in TACD7 via polar packing. Long spacers and ether links impart conformational
flexibility, suppressing crystal nucleation and enabling low-temperature mesophases; carbamates
broaden stability, while di-fert-butoxy carbonyl groups increase core free volume, further

disfavoring crystallization (Fig.S4a).
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Phase Sequence
Dimers | 2"Heating 1%t Cooling
TACDI1 | Cr21.38 [1.2] N 99.0 [0.24] Iso | Is0 93.80 [-1.6] N 46.3 [-0.2] Cr
TACD2 | Cr5.0[1.5]Iso Iso 4.2 [-2.1] Cr
TACD3 | Cr30.4 [51.8] N 129.9 [41.5] Iso | 1s0 90.9 [-1.6] NP
TACD4 | Cr9.46 [1.5] Iso Iso 8.4 [-1.1] Cr
TACDS | Cr16.4[1.2]Iso Iso 15.36 [-1.4] Cr
TACDG6 | Cr5.9[1.02] Iso Iso 5.7 [-1.05] Cr
TACD7 | Cr4.34[1.3] X 123.7 [2.4] Iso Iso 123.5[-2.2] X©
SACD1 | Cr55.8[16.7]N73.7[0.17]Iso | Iso 96.5 N*30.5[-2.1] Cr
SACD2 | Cr61.5[1.79]1 N 91.73 [6.6] Iso | Iso 73.5[-2.44] N 0.8 [-0.5] Cr
SACD3 | Cr70.2 [2.6] N 90.5[1.8] Iso Iso 88.6 [-1.6] NP
SACD4 | Cr48.8 [1.4] N 86.2 [3.6] Iso Iso 85.9 [-5.6] NP
SACDS | Cr47.3[5.76] N 72.7[4.51]Iso | Iso 67.7 [-0.82] N -3.74 [-0.7] Cr
SACD6 | Cr61.7[2.57] N 78.8 [0.5] Iso Iso 86.3 [-8.1] N 61.9 [-5.3] Cr
SACD7 | Cr70.9 [6.4]N8103.9[1.6]Iso | Iso 101.4[-1.2] N 58.5[-21.2] Cr

Phase transition temperatures are determined for the 2" heating and 1% cooling cycles from DSC
measurements (10 °C min!). Cr = Crystal, N = Nematic, N® freezes in nematic phase, X¢ = grainy

texture with sharp edges and low birefringence., Iso = Isotropic, *POM observation.
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Figure 1. Bar graph showing the LC phases and its transition temperatures of (a) TACD#n and (b) SACDn in both the
cycles scanned at the rate of 10 °C min™' .

All SACDn dimers exhibit liquid-crystalline (LC) phases with pronounced super-cooling nematic
phase, as this linear cyanobiphenyl cores self-assemble into nematic phases through strong -CN
dipole attractions (n = 4-5 D) [26] and n—n stacking, favoring parallel alignment along a common
director. Flexible spacers enable hairpin conformations, shortening end-to-end distance by 20-30%

and stabilizing nematicity via chain-chain van der Waals contacts; ether links boost entropy while
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tertiary amines reduce rotational barriers around the central phenylenedimethanamine, yielding
high-viscosity fluids. Cyanobiphenyl n—n* emission (Aynax =~ 350-400 nm) sharpens in ordered
phases, as nematic alignment suppresses non-radiative decay (¢ =~ 0.2-0.4) via rigidified rotations.
SACDI1 transitions Iso-N at 96.5 °C, and the dimers SACD3/4 supercool; SACD2/6/7 are
enantiotropic (Shown in Fig.S4b). SACDS spans a broad nematic range (47.7 °C to -3.74 °C),
ideal for optical modulators, tunable films, and LC elastomers (LCE) [27,28].

o ¥ }

Figure 2. POM textures of the (a) Schlieren nematic texture with fourfold hes of snth s=+1 of AC6 at 90.8
°C in 50x% in cooling cycle (b) X: grainy texture with granular domains, sharp edges, low birefringence of TACD?7 at

60 °C observed in the cooling cycle.

In nematic liquid crystals (Fig 2a), fourfold Schlieren brushes arise from disclinations where the
director aligns parallel or perpendicular to crossed polarizers, extinguishing transmission at 90°
intervals. For £1/2 defects, stage rotation drives brushes oppositely (counter-clockwise for +1/2,
clockwise for -1/2), revealing handedness; half-integer order proves director a polarity. Higher-
strength |s|=%x1 defects are rarer in LC thin films due to elevated elastic energy, which drives
instability into £1/2 pairs. These defects exhibit stationary or symmetrically rotating brushes
arising from full £360° director winding and are stabilized in thicker samples or under stress. In a
fourfold brush defect s=+1, exactly four dark brushes converge at one point, reflecting the
director's complete 360° rotations—twice the 180° twist of two-brush s=+1/2 defects. Brush
dynamics probe elasticity and viscosity near transitions, suggesting utility in light-responsive
liquid crystal elastomers (LCE) actuators; TADC7 shows granular domains (Fig 2b) with sharp

edges and low birefringence from a distorted director during cooling [29].
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3.2. XRD Investigations

For further investigation of the LC phase, the XRD diffraction measurements were performed on
the dimer TACD7. The figure illustrates the X-ray of SAXS and WAXS of the TACD?7 obtained
at 30 °C (Fig 3), a sharp peak is observed at the small-angle region with a d-spacing value of d; =
1.64 nm and d,=0.82 nm, a broad hump with a d-spacing value of 0.47m indicates the liquid like
ordering. The molecule exhibits d/L,,,; ratio of 0.625, which indicates an intercalated arrangement
of molecules within the grainy texture, where the distorted director forms individual grains that
are intercalated and comparable in size to the molecular length L, (3.27 nm), and are not

prominently resolved (Fig. 2b).

30000

TACD7

20000 -

d;=1.64 nm

Intensity (a.u)

10000

5 10 15 20 25 30
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Figure 3. SAXS and WAXS 1D plots of at 30 °C of TACD7 and molecular length calculated using steepest descent
energy minimization with MMFF94 L, ,,= 3.27nm.
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4. Fluorescent freely suspended fiber

(cc)

TACD3 uniquely forms freely suspended fibers that extend to 71240 mm in length and ~0.2-0.4
mm in diameter without rupturing, drawn by needle pulling at room temperature (25 °C; Fig. 4).
These fibers remain stable up to an hour before rapturing to Rayleigh-Plateau instability,
fragmenting into droplets to minimize surface energy [30]. Polarized optical microscopy reveals
nematic droplets within the fiber at 68 °C [7], and such fiber formation-common in non-Newtonian
fluids like liquid crystals-typically arises from the liquid phase, solidifying into a glassy state
[30,31,32]. Highly fluorescent TACD3 yields emissive fibers upon elongation (Fig 4c,d).
Although discotic liquid crystals with one-dimensional columnar order or smectic C phases readily
stabilize fibers via layered or columnar structures, nematic phases are less prone to this owing to

the absence of positional order and susceptibility to Plateau—Rayleigh instability. Here, SCB units
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in the nematic phase of TACD3 aggregate via dipolar interactions, forming a dynamic network
that imparts non-Newtonian behavior. This creates long-range order along the director, and it keeps
fluidity but adds anisotropic surface tension. This favors stable, elongated fibers over round
droplets, which thin and break over time as surface energy relaxes lower. [33]. Low-viscosity
TACD3 makes 240 mm luminous fibers via nematic instability. Tension gradients and splay flow

stretch them, with elasticity (K11=5—pN) holding until they break [8,34,35,36].

A
1
1
1
l
%

~ 240 mm

Figure 4. (a) Self-assembly of nematogens, (b) Fiber formation, (c, d) Fluorescent nematic thread of ~240 mm of

TACD3 at 25 °C upon excitation.

5. Aggregational Studies

UV-visible spectroscopy of TACDn and SACDn (Fig. 5) dimers in chloroform revealed similar
absorption profiles across concentrations, irrespective of Boc protection in TACDn. Two bands
dominate: n — ©* (235-256 nm, heteroatom-induced) and ©1 — ©* (250-346 nm). Intensity drops
and peaks broaden with higher concentration, showing H-aggregation. This happens due to —CN
group dipoles, van der Waals forces, and tight packing around the biphenyl core. The
electronegative -CN narrows the band gap via charge transfer, stabilizing nematic phases.
Polymethylene spacers —(CH;),— decouple cores: odd-parity yields bent, blue-shift
conformations; even-parity, linear red-shift ones. Longer spacers enhance m-delocalization,
reducing band gaps and tuning mesophase behavior [37]. Aliphatic spacers —(CH,)[l— dictate
aggregation in bulk and solution phases, enabling intramolecular folding and intermolecular n-
stacking that yield excimers, aggregation-induced quenching (AIQ) or emission (AIE). UV-visible
spectra (Fig. 5) show aggregation via band broadening from excitonic coupling and scattering most

pronounced in longer-spacer systems with tighter packing. Spacer length tunes liquid crystal

10
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anisotropy: shorter chains rigidify structures, boosting orientational order, birefringence, dielectric
anisotropy and refractive index dispersion through enhanced cyano-dipole coupling. This favour
low-voltage switching via stronger dipolar alignment under electric fields. Longer spacers increase

flexibility, diminishing these properties [38,39].

UV-visible absorption spectroscopy and Planck's equation measure the HOMO-LUMO energy

gap using following equation.

E=hv=—" —1243nm—"—
»(red edge) 2 (red edge)

Where C=2.998 x 108 ms'), h=6.636 x 10-3* Js is Planck's constant and A is the absorption onset
wavelength. As shown in Figure 5, estimated energy gap from the red edge wavelength using this

equation 1. Shown in the table 2 [40].

1.0

104 A= 297.4 nm —6.23 pM SACD3 max= 297.8 nm ——8.04 pM

= —12.09 pM = 0.8 —=16.09 pM
3 0.8 ——18.13 pM = ——24.13 M
< ——24.18 pM o —32.18puM
3 064 g 0.6
=
: 2
= = 0.4
§ 0.4 5
= A= 350.5nm =
< 0.2 ‘ < 0.2 A= 344nm
1 ,
0.0 7\. ='241 nm : : : . 0.0 ;\‘ =.241 nm : : : :
250 300 350 400 450 500 250 300 350 400 450 500
A (nm) A (nm)

Figure 5. Absorption spectra of TACD3 (a) and SACD3 (b) in chloroform as a function of concentration (for others
see ESI Fig S5).
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Table 2. Experimentally determined energy gap from the red edge wavelength.

Dimers A (rededge) E (eV) Dimers Arededge (NM) E (eV)
(nm)
TACDI1 351 3.53 SACD1 346 3.58
TACD2 351 3.53 SACD2 345 3.59
TACD3 351 3.54 SACD3 345 3.59
TACD4 351 3.53 SACD4 345 3.59
TACDS 351 3.53 SACDS 345 3.59
TACD6 351 3.53 SACDG6 346 3.58
TACD7 351 3.53 SACD7 345 3.59

Among two series, TACDn molecules showing less energy gap than SACDn, tert-butoxycarbonyl
(Boc) group converts a non-conjugated amine lone pair into a conjugated carbamate system. This
stabilizes molecular orbitals and lowers the HOMO-LUMO energy gap compared to the

unprotected amine.

6. Emission spectra

Photoluminescence spectra (Fig. 6) reveal intense S;-state emissions for TACDnr and SACDn
dimers, with Stokes shifts linking emission to UV-visible absorption onsets. Each shows dual
peaks: a high-intensity B band ([JA.y,; 356 nm) and lower-intensity Q bands ([ /A¢y; 718 nm).
SACDn outperforms TACD# due to steric hindrance curbing non-radiative decay via restricted
rotations and vibrations [27]. TACD3 (a) and SACD3 (b) exhibit robust emission (356-720 nm)
upon 296 nm excitation. Optimal planarity, packing and flexibility at n~=6 minimize aggregation-
caused quenching (ACQ): the biphenyl core stays planar, the spacer provides steric stability, and
nematic phases enhance alignment. Shorter chains (n<6) boost n—n stacking and non-radiative
paths; longer ones (n>6) introduce excessive flexibility and rotations. This n=6 spot also optimizes

charge distribution and orbital overlap, maximizing radiative efficiency.[41,42].
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Figure 6. Emission spectra of TACD3 (a) and SACD3 (b) in chloroform as a function of concentration (for others
see ESI, Fig S6).

High-energy (short-wavelength) B-band emission arises from rapid (nanoseconds) S; — Sy
transitions in locally excited (LE) states or stable exciplexes, typical of rigid m-conjugated
biphenyls [43]. Low-energy Q bands reflect intermolecular excimers or aggregates, enhanced by
n—7 stacking and excitonic coupling. In chloroform, rising concentration promotes J-aggregates
via solvent-driven self-assembly, boosting dimer emission while minimizing background, ideal for
micro-environmental sensing or bio-imaging. Q-band intensity is ~25% of the B band, indicating

preferential J over H-aggregate formation; further studies are needed at fixed concentrations.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Cyano-biphenyl dimers show strong solution-phase fluorescence under UV, with a 58 nm Stokes

shift enabling clean spectral separation via filters. Solvent-mediated aggregation and excitonic

Open Access Article. Published on 31 March 2026. Downloaded on 4/1/2026 2:47:29 PM.

coupling drive excited-state dynamics and emission red shifts. [44]. The fluorescent quantum yield

was calculated for the TACD6 and SACD6 by the optical dilution method using anthracene in

(cc)

ethanol as a reference (Quantum yield / ®;= 0.27) by using the equation 2 [45].
D, = [(AFin?) / (AFNA)] Do, eq2

Where ‘u’ refers to the unknown and ‘s’ to the standard. @ represents the quantum yield, A is the
absorbance at the excitation wavelength, F denotes the integrated emission area across the band,
and ‘n’ are the indices of refraction of the solvent containing the unknown (compound) and the
standard (n,) at the sodium D line, respectively. The temperature of the emission measurement is
also recorded. The D line is employed, assuming minimal dispersion among standard solvents. A
quantum yield of 0.335 and 0.721 is obtained for the TACD6 and SACDG, respectively. A high
fluorescent quantum yield (%) of 72.1% for SACD6 marks exceptional performance, rivalling

commercial dyes and ideal for high-brightness nematic fiber applications [46,47,48].
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Conclusions.

These N-alkylated cyanobiphenyl dimers provide stable nematic phases near room temperature
that spontaneously form fluorescent fibers with quantum yields up to 72.1% (SACD6). In thick
films, rare =1 nematic defects—stabilized by high order and viscosity—drive this self-assembly,
with Schlieren patterns mapping local elasticity and viscosity. This design enables dipolar
cyanobiphenyls to sustain supercooled states for light-responsive actuators, luminescent solar
concentrators and adaptive sensors, bridging molecular engineering with soft-matter

optoelectronics.
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