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A B S T R A C T

In this paper, we discuss the synthesis and characterization of 2,3,4-tris[n-((4-(-cyanophenyl)diazenyl)phenoxy)alkyloxy]benzonitrile obtained by
coupling 2,3,4-trihydroxy benzonitrile and (E)-4-((4-((n-bromoalkyl)oxy)phenyl)diazenyl)benzonitrile, pertain to shuttlecock shaped liquid crystals.
The molecular structure was confirmed by NMR spectroscopic and elemental analyzer. The thermal behavior of the trimers was assessed using a
polarizing optical microscope (POM) and differential scanning calorimetry (DSC). The three diazo groups in the trimers enabled us to study the
photo-isomerization effect and evaluate their potential applications in optical storage devices. Importantly, we found these trimers easy to syn-
thesize and process, paving the way for cost-effective alternatives to traditional LC materials. We fabricated an optical storage device to study the
light effects on shuttlecock-shaped LC trimers, demonstrating that the geometry of the trimers plays a crucial role in determining structure-property
relationships.

1. Introduction

Smart materials are envisioned to be the integral part of next generation of advanced devices and digitally augmented technologies
[1]. Liquid crystal (LC) is one such material, where in the dual combination of order and mobility are explored in piezoelectric,
chromactive, magnetorheological, photoactive device applications [2]. Although, the LCs in the display technology emerged as one of
the best material to date, additionally their material properties are investigated for other applications in optoelectronics like
light-emitting diodes (LED), photovoltaics, optical fibres, laser diodes, photoresistors and more in the coming days [3–6]. The chro-
mophores and the overall shape of the molecule on their self-assembly lead to the formation of interesting material properties [7–10].
The nonconventional molecular design approach has significantly enhanced the advanced liquid crystalline properties, offering a
wider range of contrasting features compared to traditional rod and disc-shaped molecules [11–18]. The presence of azo functional
moieties displays unique optoelectronic properties mainly due to thermally stable photoisomerization and their fatigue resistance
[19–21]. Light induced molecular shape distortion are added advantage for surface adsorption phenomena which could be explored in
the storage device [22,23]. Azo-based liquid crystals with room temperature mesomorphic properties are significant for their potential
applications in flexible displays, optical devices, and biomedical sensors, contributing to advancements in electronics and photonics
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[20–24] The photophysical behavior of trimers are entirely different from that of conventional calamitics and discotics LC materials,
glassy phases are seen like in polymers [25–29]. Selection of proper segments towards the development of innovative thermotropic LC
materials are important for advanced optoelectronics [30,31]. Our main perspective is to develop functionalized single component LCs
with high sensitivity having multiple azo linkers, especially for the optical storage devices [32]. The azobenzene derivatives are
photochemical chromophores exhibiting photo induced cis-trans isomerization, a perquisite criteria qualifies them as a good candidate
for optoelectronic applications [33,34]. The azobenzene segment exhibit symmetrically allowed π-π* transition when irradiated with
UV light λ ≈ 320 nm having molar absorptivity (ε > 1000 L mol-1 cm-1) and enters into trans state. The same moiety exhibits sym-
metrically forbidden n- π* transition when irradiated with visible light λ ≈ 450 nm having ε < 1000 Lmol-1 cm-1, and attains cis isomer
[35]. Reduced molecular symmetry is a promising approach for achieving low melting or room temperature liquid crystals [36–39]
and is essential for photoresponsive behavior with substituted 1,2-diphenyldiazenyl groups [40,41]. In this study, we synthesized
compounds by covalently linking 2,3,4-trihydroxybenzonitrile with substituted 1,2-diphenyldiazenyl units using flexible spacers. We
then evaluated their thermal and photophysical properties. The shuttlecock-like geometry of these compounds makes their interaction
with light particularly interesting to investigate. Additionally, the presence of three azo groups in the trimer suggests that intriguing
DFT studies will be conducted in the near future [42,43].

Scheme 1. Synthesis of trimers CN-Tn (n = 4 to 10).
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2. Experimental

2.1. Synthesis

AR grade chemicals used as starting materials obtained from commercial sources, all solvents dried when necessary using standard
procedure. The synthesis of substituted trimer bearing 4-((4-hydroxyphenyl)diazenyl)benzonitrile described in Scheme 1. NMR
spectra (Fig. S1) and their data are furnished in ESI. The molecular structural characterisation of the materials confirmed using on 1H
and 13C NMR (Varian Unity 500 and Varian Unity 400 spectrometers, in CDCl3 solutions, with tetramethylsilane as internal standard).
Microanalyses were performed using a Leco CHNS-932 elemental analyser.

The mesophase behaviour and transition temperatures of the trimers were measured using a Mettler FP-82 HT hot stage and control
unit in conjunction with a Leica DM2700P polarising microscope. The associated enthalpies were obtained from DSC-thermograms,
which were recorded on a PerkinElmer DSC-7, heating and cooling rate: 10 ◦C min− 1.

2.2. Synthesis of 2,3,4-trihydroxy benzonitrile (2) from commercially available 2,3,4-trihydroxy benzaldehyde

2,3,4-trihydroxy benzaldehyde (6.49 mmol, 1.0 equiv), NH2OH.HCl (9.73 mmol, 1.5 equiv) in DMSO and refluxed at 90 ◦C for 1 h
and the completion of reaction was monitored by TLC. The entire reaction mixture was poured into ice cold water and extracted with
ethyl acetate. The organic layer was washed with brine and dried over anhydrous sodium sulphate and concentrated to afford the pure
light brown solid which was further purified by recrystallization from ethanol.

2.3. Synthesis of (E)-4((4-hydroxyphenyl)diazenyl)benzonitrile (4)

Sodium nitrate (10.15 mmol, 1.2 equiv) is dissolved in minimum quantity of water. 4-Amino benzonitrile (8.46 mmol, 1 equiv) is
dissolved in 3N HCl and stirred at 0–5 ◦C for 0.5 h followed by the dropwise addition of sodium nitrate solution at 0–5 ◦C to afford a
clear solution. This clear solution was added to the phenol (9.31 mmol, 1.1 equiv) dissolved in 10 % NaOH at 0–5 ◦C. Then reaction is
stirred for 1 h. The pH of the solution was maintained at 4.5–5.0 by addition 1.5NHCl dropwise to afford orange colour precipitate. The
solid so obtained was filtered and dried in vacuum.

2.4. Synthesis of (E)-4-((4-((n-bromoalkyl)oxy)phenyl)diazenyl)benzonitrile (5a-g)

A mixture of (E)-4-((4-hydroxyphenyl)diazenyl)benzonitrile (4.48 mmol, 1.0 equiv), dibromo-alkanes (6.72 mmol, 1.5 equiv),
potassium carbonate (4.93 mmol, 1.1 equiv) and potassium iodide (catalytic quantity) in 10 ml of butanone and refluxed for 5 h under
dry nitrogen atmosphere and the completion of reaction was monitored by TLC. The reaction mixture was cooled to room temperature
and filtered over Celite bed with DCM and concentrated. The crude product so obtained was subjected to purification by column
chromatography using neutral alumina. The column was eluted with 3 % EtOAc-hexane to afford pure orange color solid.

2.5. Synthesis of 2,3,4-tris[n-((4-(-cyanophenyl)diazenyl)phenoxy)alkyloxy]benzonitrile (CN-T4 to CN-T10)

A mixture of 2,3,4-trihydroxybenzonitrile (0.66 mmol, 1.0 equiv), ((E)-4-((n-bromoalkyl)oxy)phenyl)diazenyl)benzonitrile (1.985
mmol, 3.0 equiv), potassium carbonate (1.985 mmol, 3 equiv.) and potassium iodide (catalytic amount) in 10 ml of butanone and
refluxed for 14 h under dry nitrogen atmosphere and completion of reaction was monitored by TLC. The reactionmixture was cooled to
room temperature and filtered over Celite bed with DCM and concentrated. The crude product so obtained was subjected to purifi-
cation by column chromatography using neutral alumina as stationary phase and DCM as eluent.

2.6. Photoisomerization studies

The photoisomerization studies were conducted using Ocean Optics HR 2000+ spectrophotometer, and absorption spectra were
recorded. The photoconversion efficiency of trans-cis photoisomerization and the kinetics of cis-trans isomerization through thermal
back relaxation were studied in solutions and solid states. The studies were conducted in the dark at room temperature (30± 1 ◦C). The
solutions in chloroform were taken in a 1 cm quartz cuvette and covered to avoid the evaporation of the solvent. The spectral data for
all the compounds were normalized for comparison. The solution under study was irradiated with UV light of 1 mW/cm2 using an
OMNICURE light source. A heat filter is inserted between the sample and the source to avoid the influence of UV heat on the sample.
The absorption spectra of the compounds were investigated before and after UV illumination at varying intervals of time [44,45].

3. Results and discussion

3.1. Thermal behavior

The LC behavior of trimers CN-Tn compounds characterized using polarizing optical microscope (POM), and differential scanning
calorimeter (DSC). The samples were investigated under POM using untreated glass slides and the thermopeaks recorded in DSC
thermograms, the phase transitions of all the compounds were consistent with those of the optical observations. LC phase transition
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temperatures obtained from the first and second heating of DSC thermograms scanned at a rate of 10 ◦C/min are tabulated in Table 1.
Table 1 and Fig. 1 are the compilation data POM, DSC data, all the trimers display enantiotropic N phase, homologues CN-T4 to CN-

T8 exhibit super-cooled N phase below the room temperature without any crystallization (Fig. 1). CN-T6 trimer sandwiched between
two ordinary glass slides and recorded its texture during cooling cycle, a slow growth of Schileren texture of nematic phase with source
of light being perpendicular to the sample. A clear two and four brush pattern defect observed, on mechanical shear a thread like
nematic texture with surface disclination line witnessed (see Fig. 2a and b). It is difficult to correlate the N phase behaviour within the
trimer series, as the higher homologues does not exhibit super-cooled N phase. The microscopic texture of the remaining trimer re-
sembles to CN-T6 and their textures are furnished in ESI.

3.2. Aggregation studies

Aggregational behavior of these shuttle-cock shaped trimers are evaluated for their intermolecular interaction in the solution
phase. UV–visible absorption spectra recorded for the trimers (CN-Tn) as a function of concentration in chloroform (CHCl3). A
maximum absorption at λ = 362 nm of 6 μm observed for CN-T6 trimer, the intensity of peak decreases with dilution of concentration
and finally breaks down below 0.39 μM, with 4 times less the intensity. A clear broad peaks suggests a strong intermolecular in-
teractions arising mainly due to the diazo chromophore exhibits π—π* (symmetry allowed) and n—π* (symmetry forbidden) transi-
tions. The noticeable peak with increased intensity in the B-band region around λ = 362 is due to high energy second π—π* transition
(hypsochromic shift) as H aggregates (Fig. 3 inset). The peak shape remains the same with decrease in the intensity, a drastic

Table 1
Phase transition temperaturesa (◦C) and corresponding enthalpies (ΔH) [kJ mol− 1] of CN-Tn series. Cr = Crystal, N = Nematic, Iso =

Isotropic.

Trimer Spacer Length Heating TCr

CN-T4 n = 4 Cr 44 [3.4] N 202 [1.1] Iso <20
CN-T5 n = 5 Cr 136 [55.1] N 146 [0.41] Iso <20
CN-T6 n = 6 Cr 112 [14.3] N 164 [2.1] Iso <20
CN-T7 n = 7 Cr 162 [33.6] N 164 [1.4] Iso <20
CN-T8 n = 8 Cr 202 [57.0] N 207 [1.1] Iso <20
CN-T9 n = 9 Cr 101 [48.2] N 161 [4.1] Iso 27
CN-T10 n = 10 Cr 105 [102.3] N 152 [4.7] Iso 24

Fig. 1. Bar diagram displaying the Cr and N phase transition of the trimers (CN-Tn) in both heating and cooling cycles scanned at the rate of
10 ◦C min− 1.

Fig. 2. Optical polarizing microscopic textures of trimer CN-T6 (a) at 145 ◦C, (b) at 120 ◦C.
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aggregational change observed between 6 and 0.39 μM with 9.5 times lower intensity. A constant decrease in intensity observed
between 3.1, 1.5, and 0.78 μM,which emphasizes on the aggregate size, themolar absorbance. A clear relation between the absorbance
and concentrations are observed for all the trimers, molar absorptivity (ε) calculated using the equation ε = A/lc, where in A =

absorbance, l = path length, c = concentration, results are tabulated in Table 2, as the concentration decreases the molar absorptivity
increases due to the influence factors like amount of light absorbed by the trimer for specific wavelength, distance of light travel
through the solution, concentration of absorbance per unit volume (See ESI, Fig. S3) (see Table 3).

3.3. Photoisomerization studies in solution

The photoisomerization properties of the triazo compounds with varying chain length were studied before and after UV illumi-
nation. All compounds were observed to have a prominent absorption band between 362 and 366 nm and a relatively weak absorption
band around 450 nm before UV illumination. The prominent band corresponds to the symmetry allowed π—π* transition and the latter
relatively weak band is due to the symmetry forbidden n—π* transition.

With UV illumination, the absorption peak due to the π—π* transition gradually decreased due to trans—cis conversion, and a slight
increase in the absorption peak at 450 nm occurred, corresponding to the n—π* transition. This outcome is due to the photochromic
characteristic of the azo group. Fig. 4 demonstrates the spectral changes of the compounds during UV exposure.

All compounds exhibited photoconversion efficiencies of more than 85 % after exposure to UV light at 365 nm. PCE, the extent of
photoisomerization, was calculated using Equation (1).

Fig. 3. Absorption spectra of CN-T6 in CHCl3 as a function of concentration, schematic representation of H aggregates (inset).

Table 2
Molar absorptivity of trimers as a function of concentration.

Trimers (μM) Molar absorptivity (ε)
(Lmol− 1 cm− 1)

CN-T4 (n = 4) CN-T5 (n = 5) CN-T6 (n = 6) CN-T7 (n = 7) CN-T8 (n = 8) CN-T9 (n = 9) CN-T10 (n = 10)

0.625 2.94 × 104 3.06 × 104 2.59 × 104 2.77 × 104 3.01 × 104 2.64 × 104 2.31 × 104

0.3125 3.40 × 104 3.40 × 104 2.60 × 104 2.78 × 104 3.08 × 104 2.85 × 104 2.62 × 104

0.15625 3.68 × 104 5.07 × 104 3.74 × 104 2.90 × 104 4.84 × 104 3.42 × 104 2.69 × 104

0.078125 4.62 × 104 6.11 × 104 3.94 × 104 3.08 × 104 5.02 × 104 3.59 × 104 3.37 × 104

0.0390625 5.78 × 104 7.66 × 104 4.09 × 104 3.76 × 104 6.02 × 104 4.27 × 104 4.01 × 104

Table 3
Data of trans to cis and cis to trans photoswitching time with respect to varying spacer length and their respective photoconversion efficiency.

Trimers Spacer length trans to cis
photo-switching time (sec)

cis to trans
back relaxation time (min)

PCE (%)

CN-T4 n = 4 50 318 86
CN-T5 n = 5 50 450 86
CN-T6 n = 6 50 400 85
CN-T7 n = 7 50 610 88
CN-T8 n = 8 50 620 86
CN-T9 n = 9 50 408 84
CN-T10 n = 10 40 558 86
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PCE=
A(t0) − A(t∞)

A(t0)
× 100 (1)

here A(t0) is the initial absorbance (before UV exposure) and A(t∞) is the final absorbance (after UV exposure).
Allowing the solution in the dark after UV irradiation leads to thermal back relaxation, causing a reversal from cis to trans. The

system can be restored to its original position by exposing it to approximately 450 nmwavelength white light. Our study focuses solely
on thermal back relaxation and its impact on the molecule’s structure. Fig. 5 demonstrates the spectral changes during this process.
CN-T8 exhibits the longest thermal back relaxation time compared to other compounds.

3.4. Photoisomerization kinetics

The first order plot for trans-cis-trans photoisomerization is measured using Equation 2

ln
A∞ − At

A∞ − A0
= − kC− t t (2)

where A0, At, A∞ are the absorbance values at peak maximum wavelength initial time (zero), time t, and an infinity time respectively.
Fig. 6 illustrates the first-order plot for the compounds. The compounds initially follow first-order kinetics, but subsequently deviated
from the curve due to a prolonged thermal back relaxation period that may have influenced the temperature conditions in the
experiment.

Fig. 4. Spectral changes brought about by UV exposure (a) CN-T4, (b) CN-T5, (c) CN-T6, (d) CN-T7, (e) CN-T8, (f) CN-T9, (g) CN-T10, (h) The plot
of peak absorbance Vs. time of illumination. All the trimers photo-saturates at around 50 s.
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3.5. Reason behind the phenomena

Although it is difficult to predict the exact reason behind the phenomenon, both in solutions and in solids, we attempt to explain it
using a model known as the shuttlecock model. If one closely observes the chemical structure, it resembles a shuttlecock to the naked
eye. We have used this model to explain the phenomenon to the best of our ability. Two main types can be considered here, namely, in

Fig. 5. Changes in the absorption spectra during thermal back relaxation (a) CN-T4, (b) CN-T5, (c) CN-T6, (d) CN-T7, (e) CN-T8, (f) CN-T9, (g) CN-
T10, (h) & (i) The plot of peak absorbance Vs. thermal back relaxation time of a, b, c, d, e, f and g.

Fig. 6. First-order plot of the investigated compounds as a function of time for cis-trans.
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solutions and in solids.

3.5.1. System in solution (only azobenzene molecules in to consideration)
We observed during UV spectroscopy measurements that all the said compounds have a fast photo-switching time. This is mainly

because the UV experiments are intensity-controlled, allowing us to tune the photo-switching time. However, when the UV light is
switched off, the process becomes entirely temperature-driven, resulting in different thermal back relaxation times for different
molecules, depending entirely on their chemical structures. Based on this observation, we can conclude that CN-T7, CN-T8, and CN-
T10 are long thermal back relaxation materials, whereas CN-T4 and CN-T6 are fast-relaxing materials in that series. Interestingly, all
these trimers show more than 5 h of thermal back relaxation.

It is evident from Fig. 7, that considering the times as shuttlecock shaped before illumination, four cases may be possible after UV
light illumination. In any case, we will obtain a distorted shuttlecock structure due to the bending of the azobenzenes.

Case 1& 2. After 365 nm UV illumination, all three azobenzene arms might bend on the same side (either right or left bending). Due
to this, molecules like CN-T4, CN-T5, CN-T6, and CN-T9 might relax a little faster than their counterparts since the distortion is less
aggressive compared to case 3 and case 4.

Case 3 & 4. After UV illumination, two arms bend in one direction, and another bend in the opposite direction. This, creates many
difficulties for the molecules to relax. In such cases, molecules like CN-T7, CN-T8, and CN-T10 take longer to relax. Additionally, such
structures have more flexibility compared to their counterparts.

Fig. 7. Graphical representation of photoisomerization of trimers with UV illumination using shuttle cock model in solutions. One can observe that,
when light of 365 nm UV is shined on the said materials, four cases might appear. Case 1 and 2, where azobenzene arms may distort at the same side,
case 3 and 4, two of the azobenzene arms distort in one side and another bend to their opposite side.

Fig. 8. Graphical representation of photoisomerization of guest-host system. One can observe that, when light of 365 nm UV is shined on the said
materials, energetically stable liquid crystals (left side) changed to metastable cis configuration whereas shuttle cock shaped trimers converted to
distorted shuttle cock structure (right side).
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3.5.2. System is in solid state (guest-host mixture form)
When we add 5 % of the guest azobenzene (CN-T10) with the 95 % host liquid crystalline (5CB) system, azobenzene molecules will

bend due to trans-cis configuration. In contrast, liquid crystal molecules randomly align due to their isotropic state attainment. Initially,
liquid crystals and trimers are in a favorable condition (as shown in Fig. 8 left). As soon as 365 nm UV light is shone on them, trimers
change their structure entirely and appear as a distorted shuttlecock. Host liquid crystals (5CB) change from a nematic order state to a
disordered isotropic state. When the lights are turned off, the entire system becomes complicated (see Fig. 8 right), and due to this,
liquid crystal molecules take longer to travel from the isotropic state to the ordered state. Because of this, we get a long thermal back
relaxation in such trimers.

3.6. Photoisomerization studies in solids

Soft matter is expected to be an intrinsic part of the next generation of advanced devices and digitally augmented technologies [46].
Soft materials such as gels, polymers, liquid crystals, and biological materials enriched with photo-responsiveness have recently
emerged as multifunctional advanced optical materials for diverse applications [47,48]. In this regard, liquid crystals (LCs) exhibiting

Fig. 9. Effect of light on guest-host effect based liquid crystalline cells where UV ON taking place around 120 s (see a and c) and UV OFF takes
around 3 h (b and d) showing the potential of the material to use as optical storage devices. UV intensity used is 1 mW/cm2.

Fig. 10. Optical storage device constructed using the CN-T10 along with 5CB, room temperature liquid crystals. Illuminated area showing dark
state due to isotropic region under the crossed polarizers whereas masked region shows nematic state. UV intensity used is 5 mW/cm2 and illu-
mination is 5 min.
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photoresponsive behavior and adaptive attributes could serve as promising innovative soft materials. Studying optical storage devices
is crucial from a commercialization point of view. For the devices, guest trimer CN-T10, which has higher thermal back relaxation and
long-range nematics, was used along with host liquid crystalline molecules 5CB. 5 % of the guest was mixed with 95 % of the host, and
the mixture was capillary-filled inside the previously prepared ITO-coated cells. UV light of wavelength 365 nm was shined on them at
subsequent intervals, and the UV spectra were captured (see Fig. 9a and c). Similarly, thermal back relaxation spectra were recorded by
turning off the UV light (see Fig. 9b and d).

The UV intensity used is 1 mW/cm2, and a heat filter is used between the sample and the light source to eliminate any heating
effects. One can see that the photo-switching time is around 120 s, whereas the back relaxation time is around 3 h, showing the
potential of the materials.

3.7. Optical storage device

An optical storage device is constructed using the above-mentioned procedure, and a suitable mask is placed above the liquid
crystal cells, which were previously filled with 5 % of the guest material (CN-T10) and 95 % of the host material (5CB). A UV intensity
of 5 mW/cm2 is applied for 5 min. As can be seen from Fig. 10, the UV-illuminated area transforms to a dark state (disordered state).

The birefringent nematic state remained bright, while the masked state turned dark, highlighting the trimers’ potential for optical
storage devices.

4. Conclusions

We synthesized and characterized shuttlecock-shaped trimers to explore their thermal and liquid crystalline behaviors. All the
trimers, except for the two higher homologues, displayed a super-cooled nematic phase. In the UV–Visible absorption spectra, all the
trimers with H-aggregated structures exhibited a strong B-band at λmax = 362 nm, with a calculated band gap ranging from 2.3 to 2.4
eV. CN-T10 stood out with its rapid photo-switching from cis to trans isomer, achieving an impressive 86 % photo-conversion effi-
ciency and demonstrating prolonged thermal back relaxation of approximately 10 h, showcasing its potential as an optical storage
device. These findings underscore the significant impact of light as an external stimulus on the structure-property relationships of these
materials. Cost-effective and easy to synthesize, these trimers open up promising new directions for the development of liquid crys-
talline materials. This study does not include the use of photo cross-linkers, which could potentially restrict thermal back relaxation of
the molecules and enhance their optical storage properties. Exploring this aspect could be valuable in future research.
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