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Abstract.  A series of tetraguanidinium tetraphenylethene (TPE) arylsulfonates with different 

chain lengths was prepared via ionic self-assembly of tetraguanidinium TPE chloride and the 

respective methyl arylsulfonates. Liquid crystalline properties were studied by differential 

scanning calorimetry, polarizing optical microscopy and X-ray diffraction. Tetraguanidinium 

TPE arylsulfonates with chain lengths of C8 – C12 displayed hexagonal columnar mesophases 

over a broad temperature range, while derivatives with longer chains showed oblique 

columnar phases. In solution all compounds displayed aggregation-induced emission 

behaviour. Temperature-dependent luminescence spectra of the bulk phase of the 

tetraguanidinium TPE arylsulfonate with C14 side chains revealed a strong luminescence both 

in the solid state and the oblique columnar mesophase. The emission behaviour was 

rationalized by a unique combination of restriction of intramolecular rotation of the TPE core, 

Coulomb interaction between the guanidinium cations and − interactions of the anionic 

arylsulfonate moieties. 

1. Introduction
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During the last years, an increasing amount of research has been devoted to the development 

of novel tetraphenylethenes (TPEs) due to their fascinating properties such as reversible redox 

behaviour,[1] oxidative photocyclization to diarylphenanthrenes,[2] and more prominently their 

aggregation-induced emission (AIE) abilities. The latter led to a wide range of applications, 

such as chemical sensors, bioprobes, solid state dyes and optoelectronic devices.[3] 

Additionally, TPEs are also interesting molecules when it comes to soft matter. For example, 

TPE derivatives bearing stereogenic centres in peripheral side chains were used as dopants for 

chirality transfer in calamitic and discotic liquid crystals.[4] Furthermore, TPEs with 

functionalized peripheral units promoting nanoseggregation, were found to form thermotropic 

liquid crystals.[2, 5-9] Up to now several AIE-active compounds with liquid crystalline phases 

have been reported.[10, 11] However, cationic TPEs which form liquid crystal phases are 

virtually unknown.[12] Considering, that such ionic liquid crystals (ILC)[13] with fluorophoric 

units should provide highly interesting materials for printable devices and luminescent 

inks,[14] due to their adjustable polarity, this is worthy of intense research efforts.  

We here report the synthesis, mesomorphic and emission properties of an ionic 

tetraguanidinium TPE. To the best of our knowledge, this is the first ILC composed of a rigid 

tetracationic TPE core and four anions with flexible alkyl chains (Scheme 1), which self-

assembles into a highly ordered columnar phase. In addition, it shows a pronounced blue 

emission in the LC phase and bulk solid state.  

Scheme 1 

2. Results and Discussion

The target compound TPE(gua)4(O3SAr)4 was synthesized in 5 steps with an overall yield 

of 12.8 % from the known tetranitrotetraphenylethene TPE(NO2)4 [15, 16] (Scheme 2, for 

further details see ESI†). 
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Scheme 2 

Studies of TPE(gua)4(O3S-Ar-Cn)4 on their liquid crystalline properties lead to the 

assumption that all compounds form columnar mesophases. We suggest that TPE(gua)4(O3S-

Ar-C8)4, TPE(gua)4(O3S-Ar-C10)4, TPE(gua)4(O3S-Ar-C12)4 with relatively short alkyl 

chains form Colh mesophases whereas TPE(gua)4(O3S-Ar-C14)4 and TPE(gua)4(O3S-Ar-

C16)4 form Colob mesophases. In the following TPE(gua)4(O3S-Ar-C10)4 and 

TPE(gua)4(O3S-Ar-C14)4 are presented as examples for both cases. For further details, see 

ESI†. 

When TPE(gua)4(O3S-Ar-C10)4 was studied by differential scanning calorimetry (DSC) an 

endothermal melting transition could be observed at 44 °C during the 1st heating cycle, 

showing a rather small transition enthalpy. Upon further heating, clearing from the mesophase 

to the isotropic liquid took place at 100 °C during the 1st heating cycle (Fig. 1). No transition 

could be observed in the other heating/cooling cycles. Upon cooling from the isotropic liquid 

a transition back into the liquid crystalline columnar phase occurred rather than a vitrification 

into a glassy state. This was supported by XRD experiments for TPE(gua)4(O3S-Ar-C10)4 at 

different temperatures: 25°C (in the hexagonal columnar phase), 130°C (in the isotropic 

liquid) and at 25°C (after cooling from 130°C) respectively, which revealed that the intensity 

of the (10) peak changed, but not the peak position thus precluding a vitrification (see 

Figure S31, ESI†). 
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Fig. 1 a) DSC traces of TPE(gua)4(O3S-Ar-C10)4 with a maximum temperature of 175 °C; A 

transition from Cr to Colh was observed at 44 °C and a transition from Colh to I was observed 

at 100 °C in the first heating only. b) Magnification of the 1st heating and cooling cycle. 

3Upon heating TPE(gua)4(O3S-Ar-C10)4 under the polarized optical microscope (POM) 

above 44 °C fan like textures appeared, suggesting a columnar phase, until the transition into 

the isotropic liquid at 100 °C (Fig. 2).  

Fig 2: POM textures of TPE(gua)4(O3S-Ar-C10)4  at 90 °C. Magnification ×100. Heating rate 

5 K/min. 

X-ray studies were performed on samples which were filled in mark capillaries by fiber 

extrusion. In the wide-angle section of TPE(gua)4(O3S-Ar-C10)4 a broad halo around 

2θ = 18.74° was visible due to the molten alkyl chains, revealing the liquid crystalline state 

(Fig. 3). The SAXS measurement showed 2 reflexes which were assigned to (10), (11) in a 

ratio of 1:√3. This leads to the assumption of a columnar hexagonal phase, which agrees with 

the POM-pictures (Fig. 3).  

 

Fig. 3 1D-XRD results of TPE(gua)4(O3S-Ar-C10)4. (a) WAXS at 90 °C and (b) SAXS at 

90 °C measured while heating. Please note that the WAXS measurement was performed with 

a point collimated X-ray beam, while the SAXS measurement was obtained with a line 

collimated beam. The latter enables the detection of the faint (11) reflection but causes an 

asymmetric scattering peak. 

200 μm 200 μm 

(10) 
(11) 

a) b) 

a) b) 
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b

When TPE(gua)4(O3S-Ar-C14)4 was studied by DSC an endothermal melting transition 

was observed at 53 °C during the 1st heating (Fig. 4a). Upon further heating above 200 °C 

thermal decomposition started. In order to avoid thermal decomposition repetitive 

heating/cooling cycles were run below 110 °C (Fig. 4b). The melting transition at 53 °C could 

be repeatedly observed in the 2nd and 3rd heating cycles. Similar behaviour and thermal 

decomposition at elevated temperatures were reported by Ren and Lu for tetraanionic and 

neutral TPEs, respectively [12, 8a]. In the three cooling cycles, a phase transition could be 

detected at 25 °C showing a rather small transition enthalpy. 

Fig. 4 DSC traces of TPE(gua)4(O3S-Ar-C14)4 with a maximum temperature of: a) 270 °C, 

1st heating, 1st cooling; b) 110 °C; transition temperature from Cr to Colob: 53 °C, 

heating/cooling rate 10 K/min. 

Upon heating of TPE(gua)4(O3S-Ar-C14)4 in the polarized optical microscope (POM) 

above 53 °C (Fig. 5), fan-shaped textures appeared, suggesting a columnar phase, which 

persisted until 230 °C. At this temperature it either fully decomposed or the transition into the 

isotropic liquid phase appeared. In agreement with Tang’s report on tetraalkinyl TPEs [6b] no 

textures were visible in the cooling cycle after thermal degradation. 

Fig 5 POM textures of TPE(gua)4(O3S-Ar-C14)4 observed upon first heating at (a) 55 °C 

and (b) 230 °C respectively. Magnification ×100. Heating rate 5 K/min. 

In X-ray diffraction a broad halo around 2θ = 17.6° was visible in the wide angle region 

due to the molten alkyl chains, revealing the liquid crystalline state (Fig.6a). The SAXS 

pattern consisted of 16 distinct reflexes, 10 of them appearing at 2θ = 2.15°, while the other 6 

can be found at 2θ = 2.47° (Fig 6b). 

a) b) 
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Fig. 6 1D-XRD results of TPE(gua)4(O3S-Ar-C14)4. (a) WAXS at 110 °C and (b) SAXS at 

110 °C measured while cooling; the insets show the corresponding two-dimensional X-ray 

scattering images of the mesophases. Both measurements were performed with point 

collimated X-ray beams. 

This complex two-dimensional diffraction pattern hints at a columnar mesophase, which 

possess significantly less symmetry than the hexagonal phase. A possible way to explain the 

measured diffraction pattern is by assuming a superposition of scattering caused by several 

different domains.  

We suggest that there are three distinct director orientations within the probed sample volume. 

In the first domain type, columns are oriented along the long axes of the mark capillary, 

which gives rise to the scattering along the vertical axis of the diffraction pattern (Fig 7). 

 

Fig. 7 Miller indices of the small angle scattering maxima appearing in vertical direction 

(left) and assumed sample orientation (right). 

For the other two orientations, the columns point into the same direction as the X-ray beam 

and are mirror images of each other. The indexation of reflexes from one or the other mirrored 

domains are color-coded in green or purple, respectively (Fig 8). 
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Fig. 8 Indexation of the diffraction pattern (left) corresponding to the two possible 

orientations of the oblique unit cell (right). 

Similar results were found before by Zhang[17] for a hexagonal columnar phase. Taking these 

considerations into account, an indexation according to the oblique plane group p1 results in 

the cell parameters a = 4.12 nm, b = 8.24 nm and γ = 85.7° (for the calculation see Table S2, 

ESI†). Based on this, we suggest a packing model for the oblique columnar phase (Colob) as 

shown in Fig. 9. Molecular modelling of TPE(gua)4(O3S-Ar-C14)4 gave a diameter of 6.62 

nm for the fully extended conformation and an inner diameter of 1.74 nm for the tetracationic 

core [18]. Comparison of the experimentally determined lattice parameter of the Colob phase 

with the values from molecular modeling suggest a significant interdigitation of the molten 

side chains. In contrast to the tetracarboxylate TPE by Ren,[12] we did not find any evidence 

for a helix formation in the columnar phase.  

Fig. 9 Proposed packing model of TPE(gua)4(O3S-Ar-C14)4 in the Colob phase. Each column 

consists of an inner tetracationic core, which is highlighted in red and is surrounded by molten 

alkyl chains depicted in blue. 

 

Examination of the UV/Vis spectra of guanidinium ILCs TPE(gua)4(O3S-Ar-Cn)4 in 

MeCN revealed a distinct absorption at 232 nm and a shoulder at 283 nm for all derivatives 

irrespective of the chain lengths. A typical example is shown for TPE(gua)4(O3S-Ar-C14)4 in 

Figure 10 (For the absorption spectra of the other homologues see Figures S19 – S23, ESI†). 
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Fig 10 UV/VIS spectrum of TPE(gua)4(O3S-Ar-C14)4 (c = 17.1 ) shown exemplarily for 

all chain lengths. 

Upon irradiation at 359 nm, dilute MeCN solutions of TPE(gua)4(O3S-Ar-Cn)4 showed a 

blue-green emission (Figures S19 – S23, ESI†). Next, fluorescence spectra of each 

homologue with increasing amount of antisolvent were studied. Due to the water solubility of 

these ILCs water could not be used as antisolvent and therefore THF was employed.  
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Fig 11 Fluorescence spectra of TPE(gua)4(O3S-Ar-Cn)4 (n = 8-16; (only even numbers); a-e) 

in MeCN/THF mixtures at λexc = 359 nm, c = 1 μM (left) and the relative emission intensity at 

λmax,em = 499 nm at different volumetric fractions of antisolvent (right). 

 

The emission spectra in Figure 11 (left) and the corresponding intensity vs. volume 

fraction of antisolvent curves (Figure 11, right) clearly revealed, that for all chain lengths the 

emission intensity increased with increasing antisolvent concentration showing AIE 

behaviour. 

In order to get some insight regarding the role of the tetracationic guanidinium TPE core 

on the solution emission of TPE(gua)4(O3S-Ar-Cn)4 the corresponding synthetic precursors 

TPE(NO2)4, TPE(gua)4Cl4 and TPE(gua)4 were studied. (Fig. 12; for UV/Vis data see Fig. S 

16 – S18 and Table S1, ESI†). 

 

 

 

Fig 12 Fluorescence spectra of TPE derivatives in solvent/antisolvent mixtures (left) and the 

relative emission intensity at λmax,em at different volumetric fractions of antisolvent (right). (a) 

a) 

b)

) 

c)

) 

e) 
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TPE(NO2)4 in THF/water mixtures (λmax,em = 510 nm, c = 1.56 μM, λexc = 325 nm), (b) 

TPE(gua)4Cl4 in MeCN/THF mixtures (λmax,em = 502 nm, c = 0.97 μM, λexc = 380 nm), (c) 

TPE(gua)4 in THF/water mixtures (λmax,em = 423 nm, c = 0.38 μM, λexc = 304 nm). 

TPE(NO2)4 was almost non-fluorescent both in THF solution and in THF/water mixtures 

with increasing water fraction (fw) (Fig. 12a).[19] At fw > 70 vol% a green emission at 510 nm 

appeared, which became stronger upon further increase of the antisolvent concentration, 

revealing archaetypal AIE behaviour.[3] 

A solution of TPE(gua)4Cl4 in MeCN displayed almost no fluorescence, which changed 

upon addition of the antisolvent THF (Fig. 12b). At fTHF = 70 vol% a green emission at 

502 nm appeared. The fluorescence intensity increased upon further addition of the 

antisolvent concentration. This is in comparison with TPE(NO2)4, showing the typical AIE 

behaviour. 

The neutral counterpart TPE(gua)4 was almost non-emissive in pure THF and THF/water 

mixtures with fw ≤ 20 vol% (Fig. 12c). At higher fw a distinct pale blue emission at 423 nm 

appeared, which besides a sudden drop at fw = 50 vol% increased until 70 vol% and then 

decreased again. Sudden drops of the emission intensity were reported by Lai and Cho[11a, 7b] 

and rationalized as turbidity due to emulsion formation or precipitation of aggregates. 

However, we found no visible evidence for precipitation nor emulsion. 

In the bulk solid state at room temperature TPE(gua)4(O3S-Ar-C14)4 emitted a green 

fluorescence at 504 nm (Fig. 13). At 55 °C in the Colob the emission intensity was still 87 %. 

Upon further increasing the temperature, the emission decreased until the weakly emissive 

isotropic liquid was obtained at 230°C. When the subsequent cooling cycle was run before the 

onset of degradation, the fluorescence could be fully recovered (Fig. S 14, ESI†). A 

decreasing emission intensity with increasing temperature is well known for columnar and 

smectic AIE active liquid crystals and is caused by the increased thermal rotation of the TPE 

aryl units and enhanced non-radiative relaxation of the flexible alkyl chains.[7a,b, 11] However, 

for the bulk sample of TPE(gua)4(O3S-Ar-C14)4 the maximal emission wavelength remained 

unaffected by the temperature.  

Comparison of bulk and solution emission revealed a much broader emission peak in the 

latter case (Fig. 13). As has been discussed by Ren[12, 22] the columnar self-assembly of 

propeller-shaped ILCs such as TPE(gua)4(O3S-Ar-C14)4 both in solution and bulk state 

differs from conventional discotic mesogens, because the propeller-shaped mesogenic core 

prohibits π–π interaction of the TPE aryl units. 
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Fig. 13  Absorption spectrum of TPE(gua)4(O3S-Ar-C14)4 in dilute MeCN solution (black), 

the corresponding emission spectra in dilute MeCN solution (red, λex = 359 nm) and in the 

bulk state (λex = 380-420 nm) at different temperatures: 25°C (blue), 55°C (green), 110°C 

(magenta), 230°C (yellow). 

 

Furthermore, intracolumnar Coulomb repulsion between guanidinium cations might lead to 

helical twisting of the columnar aggregate as was observed by Ren for tetraanionic ILCs.[12] 

However, as discussed above, our XRD data did not give any indication for helical packing, 

but supported instead a perpendicularly stacked packing. 

The major driving forces for mesophase stabilization are electrostatic interactions between 

ion pairs, favorable π–π interaction of the aryl sulfonate anions and van der Waals interactions 

of the peripheral alkoxy side chains, which promote nanoseggregation. Our results indicate 

that in the bulk solid and columnar mesophase the restriction of aryl rotation of the TPE unit 

is more important for the overall emission behaviour than potential H-type π–π stacking of the 

arylsulfonate anions. On the other hand, in concentrated solutions TPE aryl rotation is 

somehow restricted, but the influence of peripheral arylsulfonates becomes more prominent, 

suppressing fluorescence emission through H-aggregates.[3, 23] For the neutral TPE(gua)4, 

where only the rotationally restricted TPE unit is present without the arylsulfonate anion, 

pronounced fluorescence emissions at higher antisolvent concentrations were detected. 

3. Conclusion 

In conclusion, we presented the first tetracationic TPE ILC self-assembling into Colh 

phases for chain lengths C8, C10 and C12, whereas homologues with C14 and C16 chains form 

Colob mesophases. Our results revealed, that the emission behaviour of the aggregates both in 

concentrated solution as well as in the bulk columnar mesophase is dominated by a 

combination of restricted intramolecular rotation of the TPE aryls and Coulomb interaction 

between the guanidinium cations and is further stabilized by favourable − interactions of 

the anionic arylsulfonate moieties. This stabilizing effect of the arylsulfonate was deduced 

from the redshift of the emission of TPE(gua)4(O3S-Ar-Cn)4 in solution as compared to 

TPE(gua)4 respectively. The observed redshift between TPE(gua)4(O3S-Ar-C14)4 in the bulk 
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solid or columnar mesophase as compared to the concentrated solution further supports the 

stabilizing effect of the arylsulfonate counterion. Thus, TPE(gua)4(O3S-Ar-Cn)4 are 

promising AIE-active materials suitable for bulk processing, complement non-polar 

chromophors[14,24] and provide useful guidelines for the design of emissive ILC-based 

materials for luminescent inks and printable OLED devices. 
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