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Abstract: Liquid-crystalline polyacrylamides with mesogenic side-chains were synthesized by the radical polymerization of 

a mesogenic acrylamide derivative. Their thermal properties and orientational behavior were examined by polarizing 

microscopy, differential scanning calorimetry, temperature-variable IR, and X-ray diffraction measurements. The 

liquid-crystalline polyacrylamides containing secondary amide groups formed smectic A and smectic B phases during heating 

and cooling processes. The glass-smectic B, smectic B-A, and smectic A-isotropic phase transition temperatures increased with 

increasing molecular weight. The liquid-crystalline polyacrylamide showed higher phase transition temperatures than a 

liquid-crystalline polyacrylate, in which the secondary amide group was replaced with an ester group. The X-ray diffraction 

pattern of a smectic B-oriented sample of the liquid-crystalline polyacrylamide consisted of sharp inner and very sharp outer 

reflections. The very sharp reflection in the wide-angle region of the X-ray diffraction pattern indicated the formation of 

hexatic packing within the layer. The relationship between the layer distance and the extended mesogenic side-chain length 

suggested that the liquid-crystalline polyacrylamide formed an interdigitated bilayer structure. The IR spectra of the 

liquid-crystalline polyacrylamide exhibited that the number of hydrogen bonds between the secondary amide groups decreased 

with increasing temperature. In the liquid-crystalline polyacrylamide, smectic A and smectic B phases, with enhanced thermal 

stability, were formed through the formation of hydrogen bonds between the secondary amide groups. 
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1. Introduction 

Non-covalent interactions, such as hydrogen bonding, ionic 

interactions, and charge transfer interactions, can lead to the 

formation of liquid-crystalline phases [1-7]. Functional 

groups, such as carboxyl, hydroxyl, and amide, can form 

hydrogen bonds. In general, organic compounds having 

primary and secondary amide groups have high phase 

transition temperatures. This enhanced thermal stability is 

caused by the formation of hydrogen bonds between amide 

groups. For example, an amide compound, benzanilide 

(Tm=165 ºC), has a melting point higher than that of the 

corresponding ester, phenylbenzoate (Tm=70 ºC), by 95 ºC.  

We have reported liquid-crystalline polyacrylamides with 

mesogenic side-chains [8]. These liquid-crystalline 

polyacrylamides formed smectic phases with enhanced 

thermal stability due to the formation of hydrogen bonds 

between the secondary amide groups. Here, we describe the 

molecular weight dependence of the phase transition 

temperatures for liquid-crystalline polyacrylamides (PAADH) 

containing secondary amide groups. Moreover, the 

temperature-variable IR spectra and a possible packing model 

of PAADH are discussed. 

2. Experimental 

2.1. Measurements 

The molecular weight of the polyacrylamides was 

determined using a Toso HLC 802UR gel permeation 

chromatograph (GPC) calibrated with standard polystyrenes. 

Polarizing microscopic observation was performed using a 

Nikon polarizing microscope equipped with a Mettler hot 

stage (FP82HT) using a Mettler controller (FP90). 

Differential scanning calorimetry (DSC) measurements were 

carried out using a Mettler DSC20 system. FT-IR spectra were 

measured using a JASCO infrared microspectrometer with a 
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Mettler hot stage (FP84HT). X-ray diffraction was measured 

using a Rigaku X-ray Rad 2B system using Ni-filtered CuKα 

radiation. 

 

Figure 1. Synthesis of liquid-crystalline polyacrylamide (PAADH). 

2.2. Materials 

PAADH with amide groups was synthesized by previous 

methods [5,8,10]. The synthetic scheme is shown in Figure 1. 

PAADH was prepared by the radical polymerization of an 

acrylamide monomer whose 
1
H NMR spectrum is shown in 

Figure 2. 
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Figure 2. 1H NMR spectrum of acrylamide monomer (AADH). 

3. Phase Transitions 

A mesogenic acrylamide monomer (AADH) with a 

secondary amide group showed a nematic phase with a 

schlieren texture in the temperature range from 92.0 ºC to 

107.0 ºC on a first heating process. AADH exhibited thermal 

polymerization in the isotropic phase.  

PAADH (Figure 1), which was obtained by the radical 

polymerization of AADH, showed smectic A (SmA) and 

smectic B (SmB) phases during heating and cooling processes. 

PAADH exhibited glass-SmB (Tg-B), SmB-SmA (TB-A), and 

SmA-isotropic (TA-i) phase transitions (Figures 3 and 4). The 

phase transition temperatures of both the TB-A and TA-i were 

obtained from the DSC peaks in Figure 3; however, the Tg-B 

was unclear. The Tg-B was determined from the change of the 

baseline (dotted line), as shown in Figure 3. PAADH had fan 

textures in the SmB and SmA phases. The fan textures 

remained unaltered at room temperature. The phase transition 

temperatures increased with increasing molecular weight 

(Figure 4). This was consistent with the molecular weight 

dependence of phase transitions for conventional 

liquid-crystalline polymers [9-12]. For example, the TB-A 

(157.9 ºC) and TA-i (209.8 ºC) of PAADH with Mn=6,000 

were lower than the TB-A (164.3 ºC) and TA-i (241.1 ºC) of 

PAADH with Mn=12,000, respectively. Moreover, the 

increase of the molecular weight leads to the formation of 

liquid-crystalline phases with a higher orientational order [9, 

12]. From Figure 4, in PAADH with a much higher molecular 

weight, Tg-B, TB-A, and TA-i were determined to be 96.6, 174.1, 

and 250.0 ºC, respectively.  

Mn=6,000 

Mn=12,000 

 

Figure 3. DSC curves of PAADH with a secondary amide group. The DSC 

peaks of both TB-A and TA-i were distinct. The glass transition was determined 

from the change of the dotted baselines.  
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Figure 4. Molecular weight dependence of phase transition temperatures of 

PAADH. The phase transition temperatures increase with increasing 

molecular weight and are saturated at a higher molecular weight. 
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We synthesized a liquid-crystalline polyacrylamide 

(Figure 5, PAADM, Mn=12,800) with a tertiary amide group 

(the N-H group in the secondary amide of PAADH was 

replaced with an N-Me group) to examine the effect of 

hydrogen bonding between the secondary amide groups of 

PAADH. PAADM showed SmB and SmA phases. However, 

the phase transition temperatures (Tg-B=39.0 ºC, TB-A=126.0 

ºC, and TA-i=156.0 ºC) of PAADM were lower than those of 

PAADH. Hydrogen bonding did not occur in PAADM, 

which lacks an N-H group. This demonstrated that the 

hydrogen bond between the amide groups is important when 

forming smectic phases with enhanced thermal stability. 

 

Figure 5. Structure of liquid-crystalline polyacrylamide (PAADM) with a 

tertiary amide group. 

4. IR Spectra 

Information regarding molecular orientation can be 

obtained by IR, UV, ESR, and X-ray diffraction 

measurements. Here, the IR spectra of PAADH were 

measured. The temperature-variable IR spectra of PAADH 

(Mn=6,000) are shown in Figure 6. The curves of both N-H 

wavenumber vs. temperature, and C=O wavenumber vs. 

temperature, are exhibited in Figure 7.  

 

Figure 6. Temperature-variable IR spectra of PAADH with Mn=6000. The changes of N-H and C=O are shown with lines. 

The stretching vibrations of the amide N-H and C=O are 

related to the formation of hydrogen bonds. The stretching 

vibration of the amide N-H was measured at 3310 cm
-1

 in the 

glass and SmB phases. Discontinuities were observed in the 

curve of N-H wavenumber vs. temperature at TB-A and TA-i. In 

the SmA phase, the amide N-H band appeared at 3339–3361 

cm
-1

, whereas it was observed at 3412 cm
-1 

or greater in the 

isotropic phase. The same discontinuities as the amide N-H 

band were observed in the curve of C=O wavenumber vs. 

temperature at TB-A and TA-i (Figure 7). The amide C=O band 

was observed at 1661 cm
-1

 in the glass and SmB phases, at 

1674 cm
-1

 at the SmA phase, and at 1687 cm
-1

 at the isotropic 

phase. The increase in the wavenumber of the N-H and C=O 

stretching vibrations implied that the number of hydrogen 

bonds between the N-H and C=O groups decreased. This 

change was concurrent with a decrease in the orientational 

order. The amide N-H and C=O bands of the glass and SmB 

phases appeared at the same wavenumbers, 3310 and 1661 

cm
-1

, respectively. This indicated that the orientational 

structure maintains unaltered during cooling from the SmB to 

glass phases. 
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Figure 7. Temperature dependence of the stretching vibrations of N-H and 

C=O of the secondary amide groups. 

The effect of hydrogen bonding during liquid crystal 

formation was also reported for liquid-crystalline 

polyurethanes [13]. The liquid-crystalline polyurethane 

showed discontinuities in the curve of N-H wavenumber vs. 

temperature at the glass-nematic and nematic-isotropic phase 

transition temperatures. This result also exhibited that the 

liquid-crystalline orientation of the polyurethane depended on 

the hydrogen bonding between the urethane groups. A similar 

effect due to hydrogen bonding was also reported for 

liquid-crystalline poly(ester-urethane)s [14]. Moreover, the 

hydrogen bonding network plays an important role in the 

photoresponse of liquid-crystalline polyesters and 

polyurethanes [13, 15]. The hydrogen bonding network 

stabilized the orientation obtained through UV irradiation. 

The secondary amide groups of PAADH were directly 

attached to the polymer backbone. In this case, the polymer 

backbones aggregated due to the hydrogen bonding between 

the amide groups. The aggregation of polymer backbones 

leads to the enhancement of thermal stability [16].  

5. X-Ray Diffraction 

An oriented polymer sample (SmB glass) was obtained by 

slowly cooling from the isotropic to glass phases. The X-ray 

diffraction of PAADH in the SmB glass phase was measured 

at room temperature. PAADH showed an X-ray diffraction 

consisting of very sharp inner and outer reflections (Figure 8). 

A sharp outer reflection appeared at 2θ=20.4º (d4=0.43 nm). 

The sharp outer reflection (d4), which corresponds to 

interactions between the mesogenic side-chains, implied the 

formation of hexatic packing within the SmB layer. However, 

sharp inner reflections (d2 d3), which correspond to the SmB 

layer spacing, were observed. The first order reflection was 

determined to be 4.64 nm (d1) from d2 (2θ=3.9º (2.32 nm)), 

and the extended mesogenic side-chain length (L) was 3.54 

nm. The relationship between d1 and L is L < d1 < 2L. In this 

case, we propose the packing model shown in Figure 9. An 

interdigitated bilayer structure was expected to form in the 

SmB phase. The secondary amide groups formed hydrogen 

bonds, and the polymer backbones strongly aggregated. The 

mesogenic side-chains overlapped each other within the 

layer. 
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Figure 8. X-ray diffraction pattern of PADDH with the SmB glass. Second 

(d2) and third (d3) order reflections were observed in the small-angle region 

of the X-ray diffraction pattern. Also, a sharp outer reflection (d4), which 

corresponds with the hexatic alignment within the layer, appeared. The 

mesogenic side-chains form a highly ordered structure because the d4 is a 

very sharp reflection. 
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Figure 9. Hypothesized packing model of the SmB structure of PAADH. The 

mesogenic side-chains form hexatic packing within the layer. The mesogenic 

side-chains overlap each other. 
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6. Conclusions 

Here we showed the thermal properties and orientational 

behavior of liquid-crystalline polyacrylamides (PAADH) with 

a secondary amide group. PAADH formed SmB and SmA 

phases during heating and cooling processes. In addition, 

PAADH exhibited higher phase transition temperatures due 

to the formation of hydrogen bonds between the secondary 

amide groups. In the temperature-variable IR measurement, 

the wavenumber of the N-H stretching vibration was about 

3310 cm
-1

 in the glass and SmB phases, 3339–3361 cm
-1

 in 

the SmA phase, and 3412 cm
-1

 or greater in the isotropic 

phase. The
 
N-H stretching vibration in the isotropic phase 

was close to that of free N-H. The increase of the 

wavenumber indicated that the hydrogen bonding weakens 

with increasing temperature. 

 

Figure 10. Structure of liquid-crystalline polyacrylate (PEA) without 

hydrogen bonding. 

The effect of hydrogen bonding can be proven by 

comparing the thermal properties with a liquid-crystalline 

polyacrylate (Figure 10, PEA, Mn=18,000) where the amide 

group of PAADH is replaced with an ester group. PEA formed 

SmB and SmA phases during heating and cooling processes 

and exhibited Tg-B (62.0 ºC), TB-A (132.0 ºC), and TA-i (151.3 

ºC). PEA also formed the same smectic phases as PAADH. 

However, PAADH showed higher phase transition 

temperatures than PEA. For example, the TA-i of PAADH is 

greater than that of PEA by approximately 90 ºC. This 

indicated that the formation of the hydrogen bonds between 

the amide groups is effective in forming smectic phases with 

enhanced thermal stability in PAADH. 

The influence of hydrogen bonding between the secondary 

amide groups was shown by the temperature-variable IR 

spectra of PAADH. Moreover, the very sharp outer reflection 

in the wide-angle X-ray scattering exhibited the formation of 

hexatic packing within the SmB layer. The hexatic packing 

was stabilized through hydrogen bonds between the 

secondary amide groups. Hydrogen bonding can lead to the 

formation of smectic phases with enhanced thermal stability. 
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