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ARTICLE INFO ABSTRACT
Keywords: Liquid crystalline triphenylene derivatives, TPClp-n (n = 6, 12, 14, 16) were prepared using p-
Triphenylene-derived liquid crystal alkoxycinnamate as the [2+2] photo-cyclization site. TPC1,-n (n = 12, 14, 16) showed Col, phase

Photocyclization reaction
Helical fiber

Assembly

Thermal reversibility

and gave crescent-shaped or helical fibers after UV-irradiated in liquid paraffin solutions at 90
and 110 °C in the Col, temperature range. The apparent photoreaction products were shown to be
thermally reversible, i.e. they dissolved in liquid paraffin at high temperatures and reappeared on
cooling, indicating that they were aggregates of oligomerized TPC1,-n. The reaction mechanism
was discussed in terms of the structure of the liquid crystalline phase.

1. Introduction

The self-assembly of organic molecules is a focus in the materials science filed in terms of electronic devices, photonic devices, and
so on [1-7]. From low molecular weight compounds to macromolecules, liquid crystalline (LC) compounds are attractive
self-organizing soft materials that exhibit both fluidity and order, depending on the environments. In addition to flat panel displays, LC
materials are studied as various functional materials. The functions expected from ordered structures are diverse such as charge energy
transport, optical function, recognition and separation as reported by many studies [8-11]. Fluidity is important to help improve
productivity and the uniformity of its products. Studies on LC materials, therefore, are promoted to understand the basic properties and
to realize various forms of integrated structures from one-dimensional (1D) to three-dimensional (3D), fibrous to sheet-like, and
tubular ones [5-8]. Numerous type molecules have been designed and synthesized by using different constituent atoms, bonds, and
functional groups.

Discotic LC compounds belong to a unique category of LC compounds, where the most interesting feature is the construction of one-
dimensional columnar structures [4,7-21]. To exploit this feature, charge and heat transport is one of the main application topics being
studied [4,7,10,12-18], and applications to recognition and separation seem to be specific to 1D columnar structures [8,9,11,20,21].
More recently, more elaborate and interesting systems have been developed to construct basal discs from multiple molecules [8,11,17,
18,20]. Nevertheless, among the many discotic LC systems, those derived from triphenylene derivatives have not only been the most
widely studied to date, but also continue to be explored for their novel chemical structure-columnar geometry relationships [21,22]
and applications [4,12,18,19]. With the aim of retaining their 1D columnar structure and function, several reactions have been applied
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to covalently link triphenylene derivatives. Most of them are polymerization reactions [8,10,11] and cross-linking reactions [12,19,
20] of the peripheral end groups.

We developed photoreactive columnar LC compounds and investigated the effect of UV irradiation in liquid paraffin with no
additives at the temperature in LC state [23]. They were triphenylene derivatives, TPC1p-n and TPC2,,-n (Fig. 1), with six cinnamate
units with one or two linear alkoxy groups (C,Hz2,,10; n = 10-14) as peripheral groups, respectively. TPC2y,p-n underwent a pho-
tocrosslinking reaction when irradiated with UV light in liquid paraffin at ~100 °C, which is in the Col, temperature range, and
transformed into linear fibrous products up to 2 mm long. A brief examination of TPC1,-n (n = 10, 12, 14) also showed that they form
fiber-like structures in the Col, temperature range. In this study, further examination of TPC1p-n (n = 12, 14, 16) revealed that their
fibrous products were thermoreversible. Considering the effect of length and number of peripheral chains, the expected photoreaction
mechanism is discussed.

2. Results and discussion
2.1. Thermal properties of TPCIp-n (n = 6, 16)

Two new triphenylene derivatives, TPC1p-n (n = 6, 16), were prepared from hexahydroxytriphenylene and the corresponding
substituted cinnamic acid chloride following the previous procedure [23]. The optical textures were studied by polarized optical
microscopy (POM), and the phase transition temperatures and the heats of phase transition were determined by differential scanning
calorimetry (DSC). For the LC phase determination, X-ray diffraction (XRD) was performed by changing the temperature. The phase
transition behaviors are summarized in Table 1 with those of TPC1,-n (n = 12, 14) reported previously [23]. From the DSC mea-
surements of TPC1,-6, an endothermic change was observed at 166 °C on the heating process as seen in Table 1. From the POM
observation (Fig. S1a) and the XRD profiles (Fig. S2), it was shown that the change is the crystal-nematic LC phase transition as the
schlieren texture was observed. The crystalline phase should be caused by its shorter alkoxy chains. On the other hand, the LC phase
above 90 °C of TPC1,-16 was shown to be a rectangular columnar phase, Col,, from the mosaic texture (Fig. S1b) and the XRD data
analysis (Fig. S3a and Table S1). At lower temperature than 70 °C, TPC1,-16 seems to be a glassy state from the XRD profile (Fig. S3b)
but the glassy state-LC state transition was not clearly determined from the DSC measurement as in the case of TPCl,-n (n = 12, 14)
(Table 1). The phase transition temperature in a square blanket was determined by the POM observation but the discotic
nematic-isotropic phase transition could not be determined either by DSC measurements or by POM observations.

2.2. UV irradiation of TPC1p-n in liquid paraffin

The solubility of TPC1,-n (n = 6, 12, 14, 16) in liquid paraffin was examined. TPC1,-6 did not dissolve at temperatures up to 120 °C
well below the crystal-LC transition temperature, while the others dissolved to clear solutions at around 90 °C. When the temperature
was lowered below 40-50 °C, the solutions of TPC1,-n (n = 12, 14, 16) became turbid, indicating that aggregation had started due to
reduced mobility. These results indicate that liquid paraffin does not have enough interaction to dissolve crystalline triphenylene
derivatives and the long linear alkoxy chains, C;Ho, 10 (n = 12, 14, 16), contributed to dispersion and dissolution in liquid paraffin.

The effect of UV irradiation in liquid paraffin was studied for TPC1,-n (n = 12, 14, 16) at 75, 90, and 110 °C. The POM photographs
were obtained after cooling down to room temperature every 24 h to observe the time course of change and the results are summarized
in Table 2 and Table S2.

After UV irradiation at 75 °C, granular products were observed in a transparent reaction mixture as shown for TPC1,-12 and
TPC1,-16 in Table 2 (Entries 1 and 2). We infer that they are polymeric materials, poly-TPCl,-n (n = 12, 14, 16), formed by [2-+2]
photocyclization of the cinnamate units. From the thermal property in Table 1, TPCs have no good fluidity as a LC state so that granular
poly-TPC1,-n was formed due to the photoreaction of amorphous aggregates.

On the other hand, at 110 °C, TPC1p-n (n = 12, 14, 16) were found to form linear or fibrous products (Table 2, Entries 3-5). The
change of the shape should be due to difference of the state of TPC1,-n at the reaction temperatures. The products were prepared by
the reaction occurred in 1D direction of the Col, phase. Almost the same results were obtained at 90 °C as shown in Table S2 so that,
even at this temperature, the majority of TPClp,-n (n = 12, 14, 16) is also considered to be in the columnar phases, respectively
(Table 1). An enlarged POM photograph of one fibrous product from TPC1,-16 was obtained as shown in Fig. 2a and b. It is helical and
resembles yarn made up of short, curved fibers, suggesting the assembly of poly-TPC1,-16. The AFM results shown in Fig. 2c also
supports the bundle-like structure of the fibers.
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Fig. 1. Structures of triphenylene cinnamate derivatives, TPC1,-n and TPC2,,-n.
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Table 1
Phase transition behavior of TPC1,-n (n = 6, 12, 14, 16) obtained from POM, DSC, and XRD measurements.
compound Phase transition temperatures (°C) and enthalpies (J g~)*"
heating cooling
TPC1,-6 Cr 166 (—13.5) Np—I I-Np 139 (12.6) Cr
TPCIP—12‘] G [60]° Col, (—0.18) 178 (—1.35) Np [189]°1 1[180]1° Np 173 (1.21) Col, [80]° G
TPClI,-14d G [80]° Col, 197 (-2.76) 1 1193 (1.09) Col;, [90]° G
TPC1,-16 G [70]° Col, 194 (—1.60) Np, [203]° I 1[1971° Np 190 (1.21) Col, [90]° G

@ Determined by DSC (5 °C-min~ ).

b Abbreviations: Cr = crystalline phase, Np = discotic nematic phase, I = isotropic phase, G = glassy phase, Col, = rectangular columnar
phase, Col;, = columnar lamellar phase.

¢ Decomposed at ~260 °C.

4 ref. 23.

¢ Determined by POM observation.

Table 2
POM observation® of UV irradiation products of TPC1,-n (n = 12,14, 16) at 75 and 110 °C’ in liquid
paraffin..
TPC Temp Irradiation time (h)
Entry
{umol) (°C) 24 48
TPC1,-12 ’
1 75
(0.46) 100 pm
TPC1,-16
2 75
(0.50)
TPC1,-12
3 110
(0.46)
TPC1,-14
4 110
(0.45)
TPC1,-16
5 110
(0.46)

@ Taken after cooling down to room temperature in cross-polarized light.
b Reaction temperatures were kept at 75 + 5 and 110 + 5 °C for 48 h except that, TPC1,-16 at 75 °C was studied up to 72 h.
¢ About 0.5 mg of TPC was irradiated in about 13 mg (1 drop) of liquid paraffin.

The product shapes of TPC1,-12 (Table 2, Entry 3), and TPC1p-n (n = 14, 16) (Entries 4, 5) differed slightly. TPC1,-12 gave more
linear crescent-shaped products while from TPC1,-14 and TPC1,-16, most products were tangled. In fact, sometimes insoluble product
from TPC1,-12 was obtained as reported previously [23]. As discussed in the section on expected reaction mechanisms below, this may
be due to the higher reactivity of TPC1,-12 as considering the higher orderliness seen in Fig. S4 comparing to that of TPC1,-16
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Fig. 2. Enlarged POM ((a) and (b)) and AFM (c) photographs of poly-TPC1,-16.

(Fig. S3).

2.3. Thermal behavior of apparent photoreaction products of TPCIp-n

The reaction products from TPC1,-n (n = 12, 14, 16) were thought to dissolve at the reaction temperature, as the shape changed at
every observation, that is, dissolution at high temperature and re-emergence when cooled to rt for POM observation. Therefore, it is
expected that poly-TPC1,-n has a low degree of polymerization and low degree of cross-linking. Given that the degree of polymeri-
zation is low, the size of the apparent products observed in Table 2 is too large and each product should be the result of aggregation of
poly-TPC1,-n. In that case, the apparent shape of the product should change depending not only on the UV irradiation conditions, i.e.,
temperature and time, but also on the cooling process.

The effect of the cooling rate was observed for the solution of the apparent products from TPC1,-14. Fig. 3a shows the result
obtained by rapid cooling from 60 °C, which clearly shows an increase in the number of short, curved fibers. On the other hand, as
shown in Fig. 3b, when cooling was slowed down to 1 °C/min, thicker and longer fibers appeared. All these results support the for-
mation of helical fiber products by the assembly of short poly-TPCs.

The dissolution and re-assembly process was video-recorded for the apparent photoreaction product from TPC1p-14 in liquid
paraffin and is shown in Video S1. When the mixture was warmed, the fibers started to dissolve around 40 °C. When the solution was
rapidly cooled from 60 °C on the POM stage, many short fibers appeared. Conversely, when the solution was slowly cooled (0.5 °C/
min) and maintained at 30 °C, longer and more helical products appeared.

Supplementary data related to this article can be found online at https://doi.org/10.1016/j.heliyon.2023.e22037

The effect of a good solvent of TPC1,-14 was also investigated for the apparent photoreaction products. After UV irradiation, liquid

Fig. 3. POM images of poly-TPC1,-14 after a) rapid cooling to room temperature, b) slow cooling with 1 °C/min in liquid paraffin from 60 °C.
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paraffin was removed a little and a drop of toluene was added to the reaction mixture at room temperature, and a video was recorded.
As shown in Video S2, the dissolution of helical fibers proceeded as toluene diffused in liquid paraffin. After some time, fine and short
fibers started to appear probably due to evaporation of toluene. Again, this result suggests that the fibers are the assembly of short poly-
TPC1,-14 with low degree of polymerization and cross-linking.

Supplementary data related to this article can be found online at https://doi.org/10.1016/j.heliyon.2023.e22037

2.4. Photoreaction mechanism

Based on the photoreaction of TPC1,-n (n = 12, 14, 16) and the properties of reaction products, the expected mechanism is shown
in Fig. 4. The TPCs forming the Col; phase are stacked with the molecular axis inclined to the column axis, as indicated by A. In the
previous report [23], it was proposed that [2+2] photocyclization of molecules assembled in the Col; structures in a film form led to
crosslinking and changed to a Coly-like morphology with overlapping molecules. As polymerization proceeds, the original Col, order
collapses and the cross-linking reaction stops, as shown in B. As a result, short polymers, C, break apart and dissolve in liquid paraffin.
When the temperature drops, C assembles each other to form longer and thicker disc, D, which further assembles to fibrous product, E,
both of which change in size depending on the cooling rate, as shown in Fig. 3 and Video S1.

As noted in 2.2, the apparent reaction products of TPC1,-12 were more linear than TPC1,-n (n = 14, 16). In fact, its reaction
proceeded more smoothly, and sometimes insoluble products were found [23]. We think faster photoreaction may be attributed to
higher mobility of TPC1,-12 molecules as the LC transition temperature is a little lower than TPC1,-n (n = 14, 16) (Table 1), which
allows it to react more frequently for making C longer.

3. Conclusion

The reaction of TPC1,-n (n = 12, 14, 16), a liquid crystalline triphenylene derivative with cinnamic acid esters as photoreactive
sites, with UV irradiation in liquid paraffin was carefully studied. The results show that at temperatures where the Col, phase develops,
the photoreaction afforded crescent-shaped or helical fibers, which are thermoreversible and soluble in toluene as well. Based on these
results, an expected reaction mechanism was proposed in which photoirradiation is expected to result in the formation of low mo-
lecular weight poly-TPC1,-n, which is then assembled into the fibers as an apparent product. The present results differ largely from the
previously reported ones for TPC2y,-n, which have two alkoxy chains in the cinnamate moiety and show a Coly, phase [23]. It has been
shown that TPCs can be a new group of triphenylene derivative liquid crystals that exhibit different properties [4,7-21,24].

4. Experimental section
4.1. Measurements

The spectroscopic and thermal measurements, differential scanning calorimetry (DSC), polarized optical microscopy (POM), X-ray
diffraction (XRD) measurements were the same as those reported in a previous study [23].

The thermal behavior of UV irradiated TPC1,-n was observed using the POM apparatus with a temperature-controllable stage.

The surface morphology of UV irradiation product was observed by dynamic force mode atomic force microscopy (AFM) (SII
Nanotechnology Co. Ltd, SPA300) with an SPI-3800 probe station and a silicon single-crystal cantilever (spring constant 1.4 N m™1).

4.2. Synthesis

In this study, two kinds of TPC derivatives, TPC1,-6 and TPC1,-16 were synthesized following the procedure reported in the

Fig. 4. Expected mechanism of formation of fibrous products by UV irradiation to triphenylene cinnamates (TPCs) in liquid paraffin.
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previous study [23]. They are soluble in THF, CHCls, benzene, toluene, but not in hexane.
2,3,6,7,10,11-Hexakis(p-hexyloxycinnamoyloxy)triphenylene TPC1,-6.

Yield: 27.9 %, colorless needles.

mp: 164.5-166.5 °C; 'H NMR (300 MHz, CDCls, 5): 8.35 (s, 6H, Ar-H), 7.85 (d, 6H, J = 16 Hz, Ar-CH), 7.39 (d, 12H, J = 8.7 Hz,
Ar-H), 6.79 (d, 12H, J = 8.7 Hz, Ar-H), 6.48 (d, 6H, J = 16 Hz, -CHCOAr), 3.94 (t, 12H, J = 6.8 Hz, -OCH5CsHj1), 1.78 (quint, 12H, J
= 6.8 Hz, -OCH,CH,C4Hy), 1.52-1.40 (m, 12H, -OC;H4CH,C3H5), 1.40-1.29 (m, 24H, -OC3HC,H4CH3), 0.91 (t, 18H, J = 6.8 Hz,
—0CsH;10CHs); 13C NMR (125 MHz, CDClg3, 5): 164.8, 161.1, 146.8, 142.3, 130.0, 127.5, 126.6, 118.5, 114.7, 113.9, 68.1, 31.6, 29.2,
25.7, 22.6, 14.0; IR (KBr): v = 2930, 2858, 1737, 1633, 1604, 1511, 1421, 1236, 1201, 1173, 1129, 825 cm’l; MALDI-TOF (m/2):
[TPC1,-6+Na]*t Cy0gH120018Na caled. 1727.837; found 1727.939 [M+Na] ™, 1728.944 [M+1+Nal*, 1729.881 [M+2+Na]™.

2,3,6,7,10,11-Hexakis(p-hexadecyloxycinnamoyloxy)triphenylene TPC1,-16.

Yield: 42.4 %, pale brown wax.

'H NMR (300 MHz, CDCls, 6): 8.32 (s, 6H, Ar-H), 7.84 (d, 6H, J = 16 Hz, Ar-CH), 7.37 (d, 12H, J = 8.6 Hz, Ar-H), 6.81 (d, 12H, J =
8.6 Hz, Ar-H), 6.47 (d, 6H, J = 16 Hz, -CHCO2Ar), 3.93 (t, 12H, J = 6.7 Hz,-OCH5Ci5H31), 1.77 (quint, 12H, J = 6.7 Hz,
-OCH,CH3C14Ha), 1.51-1.39 (m, 12H, ~OCyH4CHC13Ha7), 1.39-1.19 (m, 144H, —~OCsHeCi2H24CH3), 0.88 (t, 18H, J = 6.7 Hz,
—0Cy5H30CH3); 13C NMR (125 MHz, CDClg, 8): 165.9, 162.1, 147.7, 143.3, 131.1, 128.5, 127.7, 119.5, 115.7, 115.1, 69.2, 33.0, 30.8,
30.7, 30.6, 30.5, 30.3, 27.1, 23.8, 15.2; IR (KBr): v = 2921, 2851, 1730, 1633, 1604, 1510, 1421, 1238, 1203, 1174, 1130, 825 cm ™ };
MALDI-TOF (m/z): [TPC1,-16-+Na] " C143H249018Na caled. 2568.776; found 2568.599 [M+Na]*, 2569.647 [M+1+Na]*, 2570.657
[M+2+Na]*, 2571.652 [M+3+Na] ™.

4.3. Helical fiber preparation

The fiber preparation method was the same that reported in the previous study [23]. Occasionally a long UV irradiation time of up
to 72 h was applied.
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