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Abstract 

Chemically crosslinked poly (isobornylacrylate-co-isobutylacrylate) was elaborated by radical 

photo-copolymerization of isobornylacrylate and isobutylacrylate monomers in a 4:1 mass 

ratio, by adding a crosslinking agent at low concentration. The obtained copolymer was 

characterized by Fourier transform infrared spectroscopy for structural analysis, by 

differential scanning calorimetry for the determination of the glass transition temperature, and 

by thermogravimetric analysis to investigate thermal degradation effects. Storage modulus, 

dissipation modulus and tan delta were evaluated by dynamic mechanical analysis and 

modeled using different physical approaches such as the time-temperature superposition 

principle and the Havriliak-Negami model. The Cole-Cole curve was fitted with the 

Havriliak-Negami model yielding five parameters which were used to calculate the dynamic 

mechanical properties of the copolymer over a large frequency range from 1.03x10
-4

Hz to 

7.58x10
7
Hz. Calculated elastic and dissipative moduli agree well with the experimental data. 

 

 

Keywords: copolymer; dynamic mechanical analysis; time-temperature superposition 

principle; Cole Cole; Havriliak-Negami; WLF. 

  



3 

 

1. Introduction 

Current technology requires high-performance polymeric materials with highly specialized 

functions; these materials are generally composed of multiple types of macromolecules such 

as copolymers, terpolymers,... [1-5]. The properties of a given homopolymer can indeed be 

improved by combining several polymers: it is therefore possible to adapt and optimize its 

physical state and properties that depend on the chemical nature and the number of 

monomeric units involved. 

Poly(isobornylacrylate) (poly(IBOA)) has received particular attention recently due to its 

interesting physical properties: high glass transition temperature of conventional poly(IBOA) 

(Tg=94°C) [6], lightness, excellent light transmission, strong chemical resistance, good 

insulating properties, and low cost manufacturing. These characteristics give the poly(IBOA) 

numerous possibilities of applications in various fields. Among others, Poly(IBOA) and its 

copolymers have been proposed as construction material for microfluidic applications [7,8], 

as innovative porous organic material [9], as polymer adhesive exhibiting increased peal 

strength [10], and for shape-memory polymers [11]. In particular, IBOA can be used in 

Ultraviolet (UV)/Electron Beam curing formulations to provide coatings and inks with good 

hardness, resiliency, flexibility and impact resistance [12]. 

Because of its limited thermomechanical properties for many applications, especially at sub-

ambient temperatures, the development of poly(IBOA) based copolymers was proven to be 

more advantageous compared to the use of the homopolymer. Relaxation processes of 

poly(IBOA) and poly(isobornylmethacrylate) (poly(isoBOMA)) based systems have been 

studied using different analytical methods (dielectric spectroscopy, NMR, dynamic 

mechanical analysis (DMA)) [13-16]. Segmental dynamics of poly(isoBOMA) and a 

copolymer with poly(methylmethacrylate) (poly(MMA)) were investigated in the glass 

transition temperature region by Alvarez et al. by spectroscopic methods [13]. Khandelwal et 
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al. studied the microstructure of the poly (isobutylacrylate-co-MMA) copolymer (poly 

(IsoBA-co-MMA)) by nuclear magnetic resonance (NMR) [14,15]. So far, however, only few 

studies have been performed on the mechanical properties of poly(IBOA) and its copolymers. 

Jakubowski et al. [16] reported on thermomechanical properties and the correlation between 

structure and properties of different copolymers formed by IBOA and n-butyl acrylate (nBA). 

In this work, the choice of the co-monomer was focused on IsoBA, in particular because of 

the different thermal and structural properties (Fig. 1) presented by IBOA (Tg (IBOA)=94°C) 

and IsoBA (Tg (IsoBA)=-33°C). To the best of our knowledge this type of poly(IBOA-co-

IsoBA) copolymer has not yet been studied and provides great potential for various 

applications. 

  

 

 

Fig. 1. Chemical structures of the monomers isobutyl acrylate (IsoBA), isobornyl acrylate 

(IBOA) and 1.6-hexanediol diacrylate (HDDA). 

 

For a better understanding of mechanical behavior and relaxations for industrial applications, 

the dynamic mechanical properties of a chemically crosslinked poly(IBOA-co-IsoBA) 

copolymer were investigated using DMA. This method is considered as one of the most 

effective for studying the structural and mechanical relaxation of polymeric materials [17-20] 
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In literature, a large number of studies have been reported on the analysis of experimental 

results obtained by DMA, applying diverse models such as: Cole and Cole [21], Davidson and 

Cole [22], Havriliak-Negami (HN) [23], and Kohlrausch-Williams-Watts (KWW) [24]. The 

relationship between KWW and HN models has been described in [25]. 

In this work particular attention was paid to the application of the HN model to rationalize the 

mechanical dynamic behavior of the elaborated poly(IBOA-co-IsoBA) copolymer. Further 

characterization was performed by Fourier transform infrared spectroscopy (FTIR), 

differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA). 

 

2. Experimental 

2.1. Sample preparation 

The monomers IsoBA, IBOA, and the crosslinking agent 1,6 hexanedioldiacrylate (HDDA) 

were provided by Sigma-Aldrich (France). The photoinitiator used was Darocur 1173 (2-

hydroxy-2-methyl-1-phenyl-propan-1-one). 

The monomer mixtures IBOA/HDDA/Darocur 1173, IsoBA/HDDA/Darocur 1173 and 

IBOA/IsoBA/HDDA/Darocur 1173 (IBOA/IsoBA mass ratio=4/1) were prepared using mass 

concentrations of 0.5 weight% (wt-%) and 2wt-% of HDDA and Darocur 1173, respectively. 

The monomeric mixtures were then arranged in different forms according to the 

characterization method (thin films less than 10µm thick between a NaCl plate and a 

poly(ethyleneterephthalate) film for FTIR measurements, in a cylindrical Teflon mold for the 

other techniques), then exposed to radiation under inert atmosphere of a UV source (Philips 

TL08) of wavelength =350nm and intensity I0=1.5mW/cm
2
. With the exception of FTIR 

analysis, the sample exposure time was set at 35min to achieve complete conversion of all 

precursor monomers. The resulting polymers, called poly(IBOA), poly(IsoBA) and 

poly(IBOA-co-IsoBA), were rigid and optically transparent at ambient temperature. 
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2.2. Infrared spectroscopy 

FTIR spectra were recorded in transmission mode using a Perkin Elmer Frontier model with a 

spectral resolution of 4cm
-1

 applying 16 scans. Cumulated doses were administered for UV-

curing, the interval of time between the end of exposure and the infrared analysis was kept 

constant for around one minute. The experiments were repeated three times to check the 

reproducibility of the results. 

 

2.3. Differential Scanning Calorimetry 

The thermal properties of the elaborated polymers, such as glass transition temperatures, were 

determined by means of a DSC 8000 instrument (PerkinElmer). This instrument was 

calibrated using indium and zinc as standards (heating rate 10°C/min). The samples were 

prepared by introducing 8 to 10 mg of the polymers into aluminum pans. Heating and cooling 

rates of 10°C/min were applied in the temperature range from -72°C to +100°C under 

nitrogen flow. The program consists of cooling the sample first, followed by three cycles of 

heating and cooling to take into account any thermal events related to the sample preparation 

history. Only the thermograms of the second heating cycle were taken into account. The glass 

transition temperatures were determined from the points of inflection of the thermograms. 

 

2.4. Thermogravimetric analysis 

Thermogravimetric (TGA) and differential thermal (DTA) analysis were performed using a 

Pyris 1 TGA device (Perkin Elmer) with a resolution of 1μg. The analysis of the sample was 

carried out under nitrogen atmosphere, applying a flow rate of 20mL/min. The samples, with 

an average mass of 8mg, were prepared in quartz crucibles and heated from 50°C to 900°C 

with a speed of 10°C/min. 
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2.5. Dynamic mechanical analysis 

Dynamic mechanical measurements were carried out by means of a DMA 8000 (Perkin 

Elmer) spectrometer in frequency sweep mode from 0.1Hz to 50Hz at temperatures between 

25°C and 90°C. A heating rate of 5°C/min was applied for each temperature variation 

followed by isothermal steps during 10min to reach thermodynamic equilibrium before 

starting the frequency sweep mode. The overall measuring period was estimated at 72s for 

each temperature (25°C, 30°C, 35°C,……, 90°C). The polymer samples were in the form of 

rectangular parallelepipeds with dimensions of 10mm × 6mm × 2mm. Uniaxial tensile 

deformation was applied under the condition of controlled deformation amplitude remaining 

in the range of a linear viscoelastic response. A special set-up designed for the investigated 

samples was used and the experiments were performed under dry nitrogen atmosphere. 

 

3. Results & discussion 

3.1. Structural analysis 

The infrared spectra corresponding to the kinetics of polymerization/crosslinking of the 

monomer mixture IBOA/IsoBA/HDDA are presented in the insert of Fig. 2. The bands 

located in particular at 810cm
-1

 and 1637cm
-1

 correspond to the acrylic double bonds C=C; 

those at 1735cm
-1

, 1300cm
-1

 and 900cm
-1

 are linked to the C=O double bond and to the 

simple C-O and C-H bonds (Table 1). Changes of the absorbance of the band at 810cm
-1

 

(C=C) were considered to represent the evolution of photopolymerization reactions during 

UV irradiation (for details please see [26]). Fig. 2 also shows that an irradiation time of 35min 

makes it possible to obtain maximum conversion of the acrylic functions. In comparison with 

the kinetics of polymerization/crosslinking of the n-butyl acrylate monomer [27], the 

irradiation time necessary to reach a plateau of the conversion rate seems to be relatively 

important. High acrylic double bond conversions should be obtained to minimize undesired 
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effects of unreacted or partially reacted monomers that may influence mechanical (storage 

modulus) and thermal properties (glass transition temperature). 

 

Fig. 2. Evolution of the conversion rate of acrylic functions as function of exposure time to 

UV irradiation of the precursor monomer mixture IBOA/IsoBA/HDDA/Darocur 1173. This 

curve was deduced from the decrease of the surface of the absorption band at 810cm
-1

 (C=C 

bond) (insert) as function of the irradiation time. 

Wavenumber (cm
-1

) Designation Description of the vibration 

2956 asymCH3 Asymmetrical elongation of CH3 

2937 asymCH2 Asymmetrical elongation of CH2 

1735  C=O Elongation of C = O 

1466 asymCH3 Asymmetric deformation of CH3 

1387 symCH3 Symmetrical deformation of CH3 

1272 asymCCO et CO Elongation of CO and asymmetric of CCO 

1177  C-C Elongation of the C-C skeleton, CH2 

torsion, CH deformation and CH2 
1637-810  C=C Elongation of acrylate 

Table 1. Vibration bands of poly (IBOA-co-IsoBA). 
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3.2. Thermal properties 

 

Fig. 3. Thermograms of the homopolymers: poly(IsoBA) and poly(IBOA), and of the 

copolymer poly (IBOA-co-IsoBA). 

 

Thermograms of poly(IBOA), poly(IBOA-co-IsoBA), and poly(IsoBA) are gathered in Fig. 3. 

The glass transition temperature Tg of poly(IBOA-co-IsoBA) was determined at 45.2°C and is 

situated between those of the homopolymers poly(IsoBA) and poly(IBOA) : Tg (IsoBA)=-

23.5°C, and Tg (IBOA)=46.3°C. Like the two homopolymers, the copolymer presents a single 

glass transition temperature and shows no crystallinity effect; it is thus completely amorphous 

and its constituents form a single phase [28]. These observations (single glass transition 

temperature, amorphous character, absence of phase separation) were previously made by 

Jakubowski et al. [16] for poly(IBOA-co-nBA). Furthermore, for concentrations of IBOA and 

nBA respectively equal to 78wt-% and 22wt-%, the glass transition temperature of this 

copolymer (42°C), is in the same order of magnitude as that of poly(IBOA-co-IsoBA) 
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(45.2°C). 

 

 

Fig. 4. (a) Evolution of the remaining weight percentage of poly(IsoBA), poly(IBOA) and 

poly(IBOA-co-IsoBA) as function of temperature. (b) Derivative weight percentage vs 

temperature. 
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The results of the thermogravimetric analysis of the polymers are shown in Fig. 4. Poly 

(IBOA-co-IsoBA) and poly(IBOA) begin to lose weight at temperatures above 170°C; since 

poly(IBOA) exhibits relatively low thermal stability [29]. On the other hand, poly(IsoBA) 

remains thermally stable up to 259°C. Thermal degradation of poly(IsoBA) took place as a 

single process, but that of poly(IBOA-co-IsoBA) and poly(IBOA) occurred in two stages. The 

dual TGA transition can be related to the chemical structure of the pendant alkyl group 

[29,30]. Ors and La Perriere [29] proposed a free radical degradation mechanism yielding in 

the case of poly(IBOA) to the formation of mainly camphene and a nortricyclic derivative 

through thermal rearrangements. This two-step degradation has already been observed for 

poly(cycloalkylmethacrylates) [31] and for poly(IBOMA-co-nBA) [32]; moreover, the 

characteristic decomposition temperatures of the latter material (between 290°C and 375°C 

and between 375°C and 500°C) were found to be close to those observed for poly(IBOA-co-

IsoBA). 

 

3.3. Dynamic mechanical analysis 

The results of the dynamic mechanical analysis of poly(IBOA-co-IsoBA) are shown in Fig. 5. 

The evolution of the storage modulus E' with temperature is typical of an amorphous polymer 

(Fig. 5a): this parameter shows a decrease of 1.17×10
9
Pa at 20°C to a very low value of 

2.37×10
5
Pa at 90°C. This variation of E' is related to the mechanical relaxation associated 

with the reorganization of the metastable amorphous structure, when the material passes from 

the glassy solid to a viscous liquid state by approaching the glass transition temperature Tg. 

This phenomenon is well-known for polymeric matrices [19,33-34], and has been reported by 

Ware et al. for poly(IBOA-co-methylacrylate) [35]. The shape of the loss modulus curve of 

poly (IBOA-co-IsoBA) was found to be similar to that of tan δ, with the exception that tan δ 
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reaches its maximum at a higher temperature than the loss modulus (Figs. 5b and 5c).  
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Fig. 5. Evolution as function of temperature (a) of the storage modulus E', (b) of the loss 

modulus E'' and (c) of the loss factor tan δ of poly(IBOA-co-IsoBA) for different 

measurement frequencies. 

 

The evolution of the loss modulus E'' as function of temperature of the poly (IBOA-co-IsoBA) 

copolymer was found to be similar to that of its tan δ (Figs. 5b and 5c). This confirms the 

results from DSC analysis and the monophasic character of the copolymer. The temperature 

corresponding to the maximum of tan δ increases with the measurement frequency and can be 

associated with Tg (Table 2). Moreover, Tg values obtained by DMA were found to be higher 

than those obtained by the DSC technique. The latter corresponds to the initial drop of the 

storage modulus (E') at the beginning of the glass transition, while Tg values from DMA are 

more closely linked to the median transition point or the point of inflection of the decreasing 

curve of the storage modulus (E'). 
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f (Hz) Tg (°C) tan δ (T=Tg) 

Intensité tan δ  
0.1 55.2 2.20 

0.46 60.2 2.32 

2.15 65.1 2.20 

10 70.1 2.23 

46.46 75.1 2.15 

 

Table 2. Glass transition temperatures (Tg) of poly(IBOA-co-IsoBA) deduced from DMA as 

function of the measurement frequency f, and loss factor tan δ for T=Tg. 

 

Samples of poly(IBOA-co-IsoBA) were subjected to frequency sweeps at different 

temperatures and a master curve was constructed to verify the principle of time-temperature 

superposition on mechanical properties from the storage modulus. 

 

Fig. 6. Variation of the loss factor tan δ of poly(IBOA-co-IsoBA) as function of its storage 

modulus E' ("Wicket plot" representation). 
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The "Wicket-plot" is shown in Fig. 6, which assesses whether the data are suitable for 

analysis using the empirical Williams-Landel-Ferry (WLF) relationship [36]. It is clearly seen 

that the curve of Fig. 6 is almost entirely symmetrical and there is no anomaly, which makes 

it possible to apply the principle of time-temperature superposition. Fig. 7 shows the storage 

modulus E' as function of frequency in logarithmic scale. It can be seen that E' increases as 

temperature decreases and frequency increases. This evolution is simply due to an increase in 

molecular mobility when the temperature increases or when the frequency decreases. The 

master curve can be determined by the principle of time-temperature superposition using the 

WLF equation (1) to evaluate the shift factor AT [36]. 

       
         

       
  (1) 

 

Fig. 7. Frequency dependence of the storage modulus E' of poly (IBOA-co-IsoBA) at 

different temperatures. 
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The values of C1 and C2 were determined as 17.4 and 51.6, respectively, and represent 

standard values for polymers in general, T0 stands for the reference temperature on which the 

other curves agree; which was chosen as 60°C. The choice of this reference temperature 

allowed to obtain the largest width of the frequency interval for the application of the WLF 

model. The reference temperature is typically situated between the glass transition 

temperature and Tg + 100°C since this interval is valid to apply WLF equation. Fig. 8 shows 

the final master curve. The data of the storage module (E') do not seem to change significantly 

(on this logarithmic scale Y) in the frequency range between 100Hz and 10MHz. This module 

is situated between 5.44 × 10
8
Pa at 100Hz and 1.13 × 10

9
Pa at 10MHz. 

 

Fig. 8. Master curve of poly (IBOA-co-IsoBA). 
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evolution curves of the storage (E') and loss (E'') moduli as a function of the measurement 

frequency for different temperatures (Fig. 9). These spectra were modeled using the 

Havriliak-Negami relation (Equation (2)). 

         
     

           
  (2) 

where                      (3) 

E0 and E∞ represent the storage moduli of the copolymer at low and high frequency, 

respectively, ω = 2πƒ, τ is the relaxation time, and      . The two adjustable parameters α 

and β are respectively related to the amplitude and dissymmetry of the distribution of the 

relaxation times (0 <α, β≤1). The results of the optimization of the mechanical spectra of poly 

(IBOA-co-IsoBA) (for T = 40°C, 45°C, 50°C), carried out using the HN model and the R 

software, are reported in Table 3. 
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Fig. 9. Mechanical spectra of poly (IBOA-co-IsoBA). The experimental results were modeled 

using the Havriliak-Negami model. 

 

T (°C) α β E0(Pa) E∞(Pa) τ (s) rms 

(Pa)° 
40 0.685 0.399 0 9.63×10

8
 0.731 4.04×10

6
 

45 0.722 0.415 0 8.68×10
8
 0.109 4.45×10

6
 

50 0.747 0.402 0 7.92×10
8
 0.022 2.18×10

6
 

 

Table 3. Results of optimization of the mechanical spectra of poly(IBOA-co-IsoBA), carried 

out using the Havriliak-Negami model. 
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where N is the number of data of the spectra, E’exp and E’calc represent the experimental and 

calculated values of the storage modulus, E
″
exp and E

″
calc those of the loss modulus. The 

measurement frequency range does not allow observing the relaxation mechanism in its 

entirety; this explains the zero value of the low frequency storage modulus E0 obtained during 

the application of the HN model. 

The spectrum E' (E'') of poly (IBOA-co-IsoBA) at 45°C forms a symmetrical and nearly ideal 

inverted parabola (Fig. 10, Cole-Cole diagram). This form is characteristic of 

thermorheological amorphous polymers; for partially crystalline polymers, the spectrum E' 

(E'') represents a distorted inverse parabola. 

 

 

Fig. 10. Evolution of the storage modulus E' of poly(IBOA-co-IsoBA) as a function of its loss 

modulus E'' (Cole-Cole representation), at the temperature T=45°C. The experimental results 

were modeled using the Havriliak-Negami model. 
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The optimization carried out using the Havriliak-Negami model makes it possible to 

determine the relaxation time τ of poly (IBOA-co-IsoBA) in the temperature range from 40 to 

85°C. Its evolution as a function of temperature follows the Arrhenius law (Fig. 11): 

     
  
    (5) 

where A represents a constant, R stands for the universal constant of perfect gases, and Ea is 

the activation energy, which was evaluated as 1.11 kJ mol
-1

. 

 

Fig. 11. Evolution of the relaxation time of poly(IBOA-co-IsoBA) depending on the 

temperature (Arrhenius representation). The experimental results were modeled using the 

Arrhenius law (Equation (5). 

 

4. Conclusions 

The thermal and mechanical properties of poly (IBOA-co-IBUA) were studied. The absence 

of crystallinity effects and the presence of a single glass transition confirm the homogeneous 

0,0032 0,0031 0,0030 0,0029 0,0028

-5

-4

-3

-2

-1

0

1

 

 

 Experimental data

 Arrhenius fit

L
n

 (
)

1/Temperature (1/K)



21 

 

and amorphous nature of the elaborated copolymer. The thermal degradation of poly(IBOA) 

and poly(IBOA-co-IBA) proceeds in two stages, which were related to the chemical structure 

of the pendant group. 

The data from mechanical dynamic analysis reveal the influence of temperature and 

frequency on storage and loss moduli, and tan delta. The master curve was successfully 

determined using the WLF equation. The optimization of the mechanical spectra of 

poly(IBOA-co-IsoBA) was carried out using the Havriliak-Negami model. 
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