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Abstract  Gold(I) pyrazolate complex ([Au3Pz3]C10TEG) has been widely studied due to its 
interesting liquid crystalline properties by exhibiting the discotic hexagonal columnar arrangement. 
Generally, the liquid crystalline properties of the gold complex were confirmed based on their 
differential scanning calorimetry thermogram and polarized optical microscopy (POM) images. 
However, there is still no in-depth study on the phase transition in liquid crystals of 
[Au3Pz3]C10TEG especially on its structural change at variable temperature. In this study, the 
resulting liquid crystalline properties of [Au3Pz3]C10TEG upon being heated and cooled was 
extensively demonstrated via variable-temperature POM (VT-POM) and small angle X-ray 
scattering (VT-SAXS). Based on the VT-POM images, it was indicated that [Au3Pz3]C10TEG 
displayed a fan-shaped texture for typical arrangements of discotic hexagonal columnar of liquid 
crystals. Moreover, VT-SAXS results was in good agreement with the VT-POM images as it 
showed that [Au3Pz3]C10TEG might consist of two types of stacking system, which are ordered 
and disordered hexagonal discotic arrangements. Likewise, VT-SAXS analysis also demonstrated 
that hexagonal columnar mesophase of [Au3Pz3]C10TEG could be recovered even after the 
heating and cooling for two cycles. 
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Introduction 
 

Liquid crystals (LCs) were defined as an intermediate region formed in between solid and liquids state 
of matters, having properties of both isotropic and crystalline phases [1]. The first example of LCs was 
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studied by an Austrian botanist named Friedrich Reinitzer upon discovering an unusual melting pattern 
of cholesteryl benzoate compound [2]. Moreover, compounds that displayed liquid crystalline properties 
were also known as mesogens while its liquid crystalline phase can be referred as a mesophase [3]. 
Generally, LCs can be divided in two main groups that are thermotropic and lyotropic. The main 
difference between the two LCs groups is that thermotropic LCs does not involve any solvent and are 
highly dependent upon temperature changes. On the other hand, lyotropic LCs is displayed upon 
dissolved in a solvent at appropriate concentration to form a stage known as critical micelle concentration 
[4,5]. Moreover, based on the shape of the resulting mesogens, the thermotropic LCs can be further 
divided into two, which are calamitic and discotic LCs [6,7]. Calamitic LCs exhibit two kinds of 
mesophases, which are smectic (Smectic A and C) and nematic phases, while discotic LCs can give 
either nematic, columnar (nematic, hexagonal, rectangular and oblique) or lamellar phases as illustrated 
in Figure 1. Discotic LCs were commonly exhibited by molecules such as metal pyrazolate complexes, 
triphenylenes, and others upon having a flat and rigid aromatic center bearing several flexible chains. 
Later, this arrangement will form a long array of stacking between themselves to give a respective two-
dimensional (2D) arrangement that are important for effective charge-transfer [8-11].  
 

 
 
Figure 1. The illustration of calamitic mesophases of a) nematic, b) Smectic A, c) Smectic C, and discotic 
arrangements of d) nematic, e) nematic columnar, f) hexagonal columnar, g) rectangular columnar, h) 
oblique columnar and i) lamellar columnar mesophases [6-7] 
 
Noteworthy, recent studies showed that metal complexes were also capable to form a discotic columnar 
arrangement with additional liquid crystalline properties in their structures. For example, several research 
on trinuclear gold(I) pyrazolate complexes reported that these metal complexes can behave as discotic 
mesogens with hexagonal columnar arrangements. Barbera et al. [12] have reported the first example 
of trinuclear gold complexes with interesting liquid crystalline properties by utilizing pyrazolate ligands 
that did not exhibit any mesogenic behavior in the first place. In the same year, Kim et al. [13] have 
successfully synthesized a series of trinuclear gold(I) pyrazolate complexes bearing only three long-
chain alkyl-substituted pyrazoles, where two of the resulting gold complexes exhibited monotropic 
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mesophases. In this case, gold complex with heptyl group attached to its 4 position in pyrazole ring gave 
mesogenic properties from 112 to 99 °C upon cooling, while the other gold complex with octyl group 
attached at the same position gave mesogenic properties from 85 to 61 °C. Other than that, more recent 
work by Lintang et al. [14] also reported the formation of discotic columnar LCs by gold(I) pyrazolate 
complex having amphiphilic decoxy triethylene glycol ([Au3Pz3]C10TEG) side arms. The gold complex 
exhibited a liquid crystalline behavior over a wide room temperature range between -3 to 44 ºC with fan-
shaped texture after aged for 12 hours. However, all the reported works only briefly mentioned the liquid 
crystalline behavior of their gold complexes with no in-depth study especially on their structural changes 
upon variable-temperature. The detailed structure of metal complexes in all reported works were 
summarized in Figure 2 as follows. 
 

 
 
Figure 2. The structure of trinuclear gold complexes with a) two phenyl group with each substituted with 
two aliphatic (decyloxy) chains, b) heptyl substituent groups, c) octyl substituent groups and d) 
amphiphilic side chain [12-14] 
 
In this work, [Au3Pz3]C10TEG was chosen as the subject matter as it was proven to exhibit room 
temperature liquid crystalline properties and its thin film metal nanocomposites have been successfully 
utilized in various applications including metal ion sensors [15], starting precursor for formation of gold 
nanoparticles [16,17], phosphorescence sensing and temperature imaging [18], as well as catalysis [19]. 
In addition, apart from using polarized optical microscope (POM), X-ray scattering experiment was 
mainly used as the technique to monitor the real-time structural changes of [Au3Pz3]C10TEG as this 
method is very useful in investigating the LCs behaviour of compounds as being reported elsewhere [20-
22]. 
 

Experimental 
 
Synthesis and purification of [Au3Pz3]C10TEG 
A solution of pyrazole ligand (C10TEG, 300.00 mg, 0.26 mmol) dissolved in dry tetrahydrofuran (20.00 
mL) was prepared in a Schlenk flask after being vacuum and flowed under N2 gas environment. Later, 
Au(SMe2)Cl salt (77.00 mg, 0.26 mmol) was added into the flask and stirred for 10 minutes. Furthermore, 
a solution of potassium hydroxide (KOH; 0.26 M, 0.014 g) in dry methanol (1.00 mL) was prepared and 
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added dropwise to the flask using a Schlenk technique under continuous N2 flow. The reacting mixture 
was left to stir for overnight. After the completion of reaction, the mixture was filtered via in-situ filtration 
for any insoluble solids. The collected solution was transferred in a flask and evaporated to dryness in 
order to remove the solvent. The residue was firstly purified by using column gravity chromatography 
before being further purified by using recycling size exclusion chromatography to give [Au3Pz3]C10TEG 
as a pale-yellow sticky solid (150.00 mg, 0.03 mmol) as being reported in our previous work [17, 23]. 
 

Results and discussion 
 
Liquid crystalline properties [Au3Pz3]C10TEG 
The successful synthesis and purification of [Au3Pz3]C10TEG has been discussed in detail in our previous 
works [17, 23], while its liquid crystalline property was firstly confirmed by using DSC as being reported 
elsewhere [14, 23]. Later, in-depth characterizations using variable-temperature POM and SAXS 
analysis were also carried out to further study the mesogenic behavior of [Au3Pz3]C10TEG as described 
in this work. Based on Lintang et al. [14], the DSC thermogram of [Au3Pz3]C10TEG clearly showed the 
room temperature liquid crystalline property. For the POM results, Figure 3a showed the POM image of 
[Au3Pz3]C10TEG before the heating started with no apparent textures of LCs, while Figure 3b showed 
the image of [Au3Pz3]C10TEG after being melted until its isotropic state. Interestingly, Figure 3c and 3d 
showed the formation of typical focal conic fan-shaped textures resembling the columnar discotic 
hexagonal liquid crystalline behavior of [Au3Pz3]C10TEG upon aging at 45 °C for overnight. 

 
 

 
 

Figure 3: POM images of [Au3Pz3]C10TEG showing the images at a) room temperature before the heating started, b) its isotropic 
melt, c) the formation of fan-shaped textures after the sample was aged at 45 °C for overnight at 1 °C min-1 and d) 10 times 
magnification of image c 

 
 

Moreover, the SAXS analysis of [Au3Pz3]C10TEG showed prominent and well defined peaks in the range 
below 10° as shown in Figure 4a and 4b. Remarkably, the SAXS diffractogram displayed the presence 
of two types of discotic hexagonal pattern as summarized in Table 1. Generally, columnar hexagonal 
can give two types of arrangements which are ordered (Colhex/o) or disordered (Colhex/d) with their 
respective defects as shown in Figure 4c. In this case, the peaks at 2.24° (i), 4.12° (iii), 4.46° (iv) and 
6.04° (vii) represent the ordered hexagonal with corresponding d-spacing of 3.94, 2.14, 1.98 and 1.46 
nm, respectively, while peaks at 2.66° (ii), 4.82° (v), 5.32° (vi) and 6.68° (viii) represent the disordered 
hexagonal with d-spacing of 3.32, 1.83, 1.66 and 1.32 nm, respectively. In addition, the 1D diffractogram 
in Figure 4a was in good agreement with the scattering rings of 2D views (Figure 4b). 
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Figure 4.  SAXS patterns of [Au3Pz3]C10TEG in a) 1D and b) 2D views having both ordered and 
disordered hexagonal organization and c) the illustrations of columnar ordered and disordered type of 
hexagonal arrangements 
 
 

Table 1. Summary of SAXS pattern of [Au3Pz3]C10TEG 
 

Miller Indices 
(h, k, l) 

Position of Peaks (2θ) 

Hexagonal Disordered (deg.) Hexagonal Ordered (deg.) 

i (d100) - 2.24° 

ii (d100) 2.66 - 

iii (d110) - 4.12° 

iv (d200)  4.46° 

v (d110)  - 

vi (d200) - - 

vii (d210) 4.82° 6.04° 

viii (d210) 6.68° - 

 
 
Furthermore, VT-SAXS analyses were carried out to study the phase transition and structural changes 
of [Au3Pz3]C10TEG upon heating and cooling cycle. VT-SAXS analyses in both 1D and 2D views as 
shown in Figure 5 to 8 further proved the thermotropic LC behavior of [Au3Pz3]C10TEG with the 
mesophases range was in good agreement with DSC thermogram from Lintang et al. [14]. In the 
crystalline and liquid crystalline phase, all the peaks corresponding to the hexagonal arrangement 
(Colhex/o and Colhex/d) were observed clearly. When nanostructure [Au3Pz3]C10TEG was heated until 
reaching the isotropic phase at 40 °C in the first heating cycle, the 1D and 2D view of SAXS pattern 
started to diminish before disappeared completely at 45 °C and above, indicating a complete isotropic 
arrangement was occurred (Figure 5 and 6). Subsequently, when [Au3Pz3]C10TEG was cooled down 
during the first cooling cycle, the SAXS pattern was successfully recovered and maintained its 
mesophase range until it was in fully crystalline phase at 5 °C and below (Figure 7 and 8). Interestingly, 
[Au3Pz3]C10TEG still maintained the same patterns upon being heated and cooled for the second cycle 
(Figure S1-S4). This clearly indicate that [Au3Pz3]C10TEG belongs to the thermotropic type as it showed 
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a phase transition into LCs upon temperature changes. In addition, [Au3Pz3]C10TEG can also be 
categorized as enantiotropic LCs as it can exhibit mesogenic properties by both upon lowering the 
temperature of a liquid or increasing the temperature of a solid. 

 
 
 

 
 

Figure 5. VT-SAXS patterns in 1D view of [Au3Pz3]C10TEG upon first heating cycle from -30 to 70 °C range at a) -30, b) -20, c) -10, d) 
0, e) 10, f) 20, g) 30, h) 40, i) 50, j) 60, and k) 70 °C 

 
 
 
 

 
 
Figure 6. VT-SAXS patterns in 2D view of [Au3Pz3]C10TEG upon first heating cycle from -30 to 70 °C at a) -30, b) -20, c) -10, d) 0, e) 10, 
f) 20, g) 30, h) 40, i) 50, j) 60, and k) 70 °C 
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Figure 7. VT-SAXS patterns with 1D view of [Au3Pz3]C10TEG upon first cooling cycle from 70 to -30 °C at a) 70, b) 60, c) 50, d) 40, e) 
30, f) 20, g) 10, h) 0, i) -10, j) -20, and k) -30 °C 
 
 

 

 
 

Figure 8. VT-SAXS patterns with 2D view of [Au3Pz3]C10TEG upon first cooling cycle from 70 to -30 °C at a) 70, b) 60, c) 50, d) 40, e) 
30, f) 20, g) 10, h) 0, i) -10, j) -20, and k) -30 °C 

 
The SAXS intensity ratio plot of d100 for Colhex/o to Colhex/d versus temperature was shown in Figure 9. 
Interestingly, columnar nanostructure [Au3Pz3]C10TEG having a crystalline phase at lower temperature 
in the first heating-cooling cycle showed a large SAXS intensity ratio of d100 for Colhex/o to Colhex/d as 
illustrated in the figure. During crystalline phase, single molecule of [Au3Pz3]C10TEG tends to arrange 
themselves towards a more organized and ordered hexagonal arrangements so that it decreased the 
d100 intensity of disordered hexagonal. Hence, majority of hexagonal arrangements in the 
[Au3Pz3]C10TEG at lower temperature (crystalline phase) was the Colhex/o with percentage range between 
79.1 to 78.4% during first heating period. On the other hand, the SAXS intensity ratio of d100 for Colhex/o 
to Colhex/d started to decrease upon entering the mesophase range, suggesting an increasing formation 
of Colhex/d up to 48.9%. When the material was fully melted, both Colhex/o and Colhex/d peaks were not 
observed, indicating a complete disarray organization of the molecule while in its isotropic state. The 
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estimation for percentage of Colhex/o and Colhex/d arrangements of [Au3Pz3]C10TEG at certain temperature 
for first heating was summarized in Table 2. 

 

 
 

Figure 9. Plot of SAXS intensity ratio of d100 for Colhex/o/Colhex/d versus temperature upon first a) heating 
and b) cooling cycle exhibited by columnar nanostructure [Au3Pz3]C10TEG in its crystalline (∆), 
mesophases (□) and isotropic (●) state 
 
Table 2. Estimation for percentage of Colhex/o and Colhex/d in [Au3Pz3]C10TEG at certain temperatures 
based on SAXS intensity for first heating cycle 

 

Temperature (°C) 
Intensity of 
d100 Colhex/o 

(a. u.) 

Intensity of 
d100 Colhex/d 

(a. u.) 
Percentage of 

Colhex/o (%) Percentage of Colhex/d (%) 

-30 341.7 89.8 79.1 20.9 

-20 350.1 93.2 78.9 21.1 

-10 360.0 97.0 78.7 21.3 

0 373.1 102.3 78.4 21.6 

10 389.7 291.6 57.1 42.9 

20 363.4 290.7 55.5 44.5 

30 286.4 247.6 53.6 46.4 

40 73.1 69.8 51.1 48.9 

50 - - - - 

60 - - - - 

70 - - - - 

 
On cooling, Colhex/o (60.6 to 63.8%) and Colhex/d (39.4 to 36.2%) as a mixture was observed in mesophase 
period, before the Colhex/o arrangements started to increase until 79.0% at -10 °C. Further cooling 
treatment gave more Colhex/o structure with percentage up to 81.3% at -30 °C. The SAXS peaks 
corresponding to Colhex/d were also shifted to lower angle to approach the Colhex/o peaks upon 
temperature decrease. The estimation for percentage of Colhex/o and Colhex/d arrangements of 
[Au3Pz3]C10TEG at certain temperature for first cooling trend was summarized in Table 3. Moreover, the 
variable-temperature SAXS analysis is in good agreement with the DSC results [23] showing a wide 
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liquid crystalline property within room-temperature range (-7.2 to 43 °C). In sharp contrast with our work, 
gold pyrazolate complexes typically displayed a narrow liquid crystalline property above the room-
temperature (more 25 °C) [12-13]. The possible reason on the dissimilar liquid crystals properties is 
contributed by the nature of the side chains of the gold complex structure. 

 
Table 3. Estimation for percentage of Colhex/o and Colhex/d in [Au3Pz3]C10TEG at certain temperatures 
based on SAXS intensity for first cooling cycle 

 

Temperature (°C) 
Intensity of 
d100 Colhex/o 

(a. u.) 

Intensity of 
d100 Colhex/d 

(a. u.) 
Percentage of 

Colhex/o (%) Percentage of Colhex/d (%) 

70 - - - - 

60 - - - - 

50 - - - - 

40 - - - - 

30 85.9 55.7 60.6 39.4 

20 121.9 75.9 61.6 38.4 

10 135.1 83.6 62.0 38.0 

0 139.9 79.3 63.8 36.2 

-10 105.9 28.1 79.0 21.0 

-20 106.4 26.2 80.2 19.8 

-30 102.4 23.5 81.3 18.7 

 

Conclusions 
 

This work focused on the in-depth study of columnar discotic hexagonal liquid crystaline behavior of 
[Au3Pz3]C10TEG upon heating and cooling in real-time via VT-POM and VT-SAXS analysis. The results 
obtained have proven that [Au3Pz3]C10TEG showed mesogenic properties based on the focal conic fan-
shaped textures in POM images to support the previously reported DSC thermogram. Based on the 
SAXS pattern with their 1D and 2D view, it was found out that [Au3Pz3]C10TEG might consist of two types 
of stacking system, which are ordered or disordered hexagonal discotic arrangements. Moreover, it was 
also confirmed that [Au3Pz3]C10TEG belongs to both thermotropic and enantiotropic LCs, as it showed a 
phase transition into LCs upon temperature changes and can exhibit mesogenic properties upon 
lowering the temperature of a liquid or increasing the temperature of a solid. 
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Supplementary Materials  
 

Figure S1. VT-SAXS patterns in 1D view of [Au3Pz3]C10TEG upon second heating cycle from -30 to 70 
°C range at a) -30, b) -20, c) -10, d) 0, e) 10, f) 20, g) 30, h) 40, i) 50, j) 60, and k) 70 °C. Figure S2. VT-
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SAXS patterns in 2D view of [Au3Pz3]C10TEG upon second heating cycle from -30 to 70 °C at a) -30, b) 
-20, c) -10, d) 0, e) 10, f) 20, g) 30, h) 40, i) 50, j) 60, and k) 70 °C. Figure S3. VT-SAXS patterns with 
1D view of [Au3Pz3]C10TEG upon second cooling cycle from 70 to -30 °C at a) 70, b) 60, c) 50, d) 40, e) 
30, f) 20, g) 10, h) 0, i) -10, j) -20, and k) -30 °C. Figure S4. VT-SAXS patterns with 2D view of 
[Au3Pz3]C10TEG upon second cooling cycle from 70 to -30 °C at a) 70, b) 60, c) 50, d) 40, e) 30, f) 20, g) 
10, h) 0, i) -10, j) -20, and k) -30 °C. 
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