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 This work presents a comprehensive synthesis method for the development of a new 
hyperbranched unsaturated polyester resin (HUPR). The resin is synthesized by modifying 
dehydrated castor oil fatty acid (DCOFA) with methyl methacrylate (MMA) and styrene, 
dicyclopentadiene-maleate (DCPD-M), and trimethylol propane diallyl ether (TMPDE). The 
synthesis process involves the radical addition reaction of DCOFA with MMA and styrene, 
followed by the addition of DCPD-M and TMPDE to form a HUPR. The resulting resin exhibits 
enhanced properties, making it a promising candidate for car body putty in the polymer industry. 
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1. Introduction  
 

      Hyperbranched polyester resins (HPR)1-4 are a type of highly branched polymer that exhibit exceptional physical and 
chemical properties. These resins are synthesized through a unique polymerization process, resulting in a three-dimensional 
network structure with numerous branches. They can be easily applied as coatings on various surfaces, providing a 
protective barrier against external factors such as moisture, chemicals, and physical damage5-8. Unsaturated polyester resin 
(UPR), commonly used in various applications such as coatings, adhesives, and composites, can also be classified as a HPR. 
Unlike linear polyesters, HPRs possess a highly branched molecular structure, resulting in unique properties and enhanced 
performance characteristics9. UPRs are a class of versatile polymers that have gained significant attention in the field of 
polymer chemistry due to their wide range of applications. These polymers are synthesized through the reaction of 
unsaturated dibasic acids or anhydrides with diols or polyols10-12, resulting in a polyester backbone with unsaturated bonds. 
The presence of these unsaturated bonds provides reactivity and flexibility to UPRs, making them suitable for various 
applications in industries such as automotive, construction, and electronics. 

The synthesis of UPRs involves a two-step process: the esterification of the dibasic acid or anhydride with the diol or polyol, 
followed by the addition of a cross-linking agent, typically a monomer containing vinyl groups. The cross-linking agent 
reacts with the unsaturated bonds in the polyester backbone, leading to the formation of a three-dimensional network 
structure. This cross-linking process is often initiated by the addition of a catalyst or through thermal activation. UPRs can 
be categorized into different types, including flame-retardant UPR13-15, flexible UPR16-17, chemical-resistant UPR18, 
electrical-resistant UPR19-21, specialty UPR22-24, and general purpose UPR25-26. To examine their chemical properties, 
techniques such as Thermogravimetric Analysis (TGA)27, Attenuated Total Reflectance Fourier-Transform Infrared (ATR 
FTIR)28, Carbon-13 nuclear magnetic resonance (13C-NMR)29, Differential Scanning Calorimetry (DSC)30, microscopy31-
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32, and light scattering33 are employed. Additionally, standard test methods like ASTM D648, ISO 527-2, ASTM D2583, 
etc., are utilized to measure the mechanical properties of cured UPR composites.  

      Modification of DCOFA with MMA and styrene offers the potential for developing novel materials with improved 
properties. By copolymerizing these monomers with DCOFA, the resulting polymers can exhibit enhanced drying and 
flexibility34. The choice of monomers allows for the customization of the copolymer to meet specific requirements in various 
industries. In present work, in addition to modified DCOFA, DCPD-M35 and TMPDE are other components used in UPR 
synthesis. It further enhances the mechanical properties of resin34, including its hardness and toughness. This combination 
of ingredients results in a UPR that exhibits excellent performance in various applications, such as automotive parts, 
construction materials, and electrical components. 

2. Results and Discussion  
 

     The comprehensive synthesis method described in this work successfully yielded a new HUPR. The resin was 
synthesized by modifying DCOFA with MMA and styrene (Intermediate A), DCPD-M (Intermediate B) and TMPDE. The 
first step of the synthesis process involved the radical addition of MMA and styrene to DCOFA. This reaction resulted in 
the formation of an intermediate that served as the base for further modifications. The radical addition reaction was carefully 
controlled to ensure the desired degree of conversion and purity of the intermediate A (Scheme 1). 

 

 Scheme 1. Proposed structure for Intermediate A 

       

 

Fig. 1. FTIR spectrum of first and second step 



M. Abdollahi and B. Khalili  / Current Chemistry Letters 13 (2024) 327

     The FTIR spectrum of the synthesized product provides valuable insights into the chemical transformations that occurred 
during the first step of the process (Fig. 1). Upon analysis of the FTIR spectrum, a notable change is observed in the region 
corresponding to the unsaturated bonds of DCOFA. Prior to the radical addition reaction, DCOFA exhibited characteristic 
peaks associated with these unsaturated bonds (1602 cm-1). However, after the reaction with MMA and styrene, these peaks 
disappear. This indicates that the unsaturated bonds of DCOFA have undergone a reaction with the added monomers, 
resulting in their elimination or conversion into new chemical entities. The disappearance of the peaks associated with the 
unsaturated bonds of DCOFA suggests successful incorporation of MMA and styrene into the intermediate product. This 
transformation is crucial for the subsequent modifications and desired properties of the synthesized material. The careful 
control of the radical addition reaction ensures the desired degree of conversion and purity of the intermediate product, as 
evidenced by the changes observed in the FTIR spectrum. The synthesis of DCPD-M (Intermediate B) involves the addition 
of maleic anhydride (MA) to water, followed by the slow and controlled addition of DCPD to the mixture. The reaction 
takes place at elevated temperatures and under controlled conditions to ensure the formation of the desired DCPD-M product 
(Scheme 2). 

 

Scheme 2. Proposed structure for intermediate B 

     The scheme 3 presents proposed molecular structure for final UPR that incorporates specific components to enhance its 
performance. This HUPR is uniquely end-capped with DCPD and TMPDE double bond, imparting distinct properties to 
the resin, Additionally, it incorporates modified DCOFA within its structure. The hyperbranched structure of the UPR 
provides enhanced mechanical properties, such as improved tensile strength and impact resistance. The incorporation of 
DCPD and TMPDE as end-capping agents will further enhance the crosslinking density, resulting in increased chemical 
resistance and thermal stability. 

 

Scheme 3. Proposed structure for Final UPR 

 

      The IR spectrum of final UPR displays characteristic peaks indicating the presence of these functional groups. A strong 
peak at 1727 cm-1 signifies the ester group, while a peak at 1618 cm-1 suggests the presence of aliphatic unsaturated bonds 
(Fig. 2). In this step DCPD-M and (TMPDE) were added to the reaction mixture. These additions led to the formation of 
crosslinking sites within the resin structure, enhancing its mechanical and thermal properties (Scheme 3).  
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Fig. 2. FTIR spectrum of final UPR 

GPC (Gel Permeation Chromatography) 

     Fig. 3 represents a GPC graph of the final UPR, with the y-axis representing viscosity molecular weight (Mv) and the x-
axis representing time in min. The results of the GPC test, conducted on the final UPR, reveal interesting findings regarding 
the molecular weight distribution. The evaluation shows the presence of two distinct peaks, observed at 7.5 and 9.5 min, 
respectively. These peaks correspond to specific molecular weights, with the first peak measuring 59687 daltons and the 
second peak measuring 1542 daltons. Fig. 3 provides a visual representation of these findings. The graph illustrates the 
intensity of particles at different molecular weights, with the two prominent peaks clearly visible. Furthermore, the results 
indicate that the UPR sample contains a variety of particles with different molecular weights. This diversity is particularly 
noticeable in the lower molecular weight range, which corresponds to the second peak. The presence of numerous particles 
in this range suggests a wider distribution of molecular weights and may have implications for the resin's properties and 
performance. 

 

Fig. 3. GPC graph of final UPR 

Scanning Electron Microscopy (SEM) 

      The SEM image of the UPR reveals a highly uniform and smooth surface, indicative of its exceptional quality for car 
putty application (Fig. 4). The resin matrix exhibits a dense and compact microstructure, with minimal porosity or voids. 
This microstructure is crucial for achieving high tensile strength and durability, which are essential for automotive repair 
purposes. 

      The observed microstructure in the SEM image suggests that the UPR possesses excellent mechanical properties, 
making it suitable for car putty applications. The absence of porosity or voids indicates enhanced resistance to environmental 
factors, such as moisture and temperature fluctuations, which are commonly encountered in automotive environments. 
These properties are crucial for ensuring long-term performance and stability when used for repairing car surfaces. 
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Fig. 4. SEM image of final UPR 

Dynamic Mechanical Analysis (DMA)  

      DMA is a technique used to analyse the mechanical properties of materials, including UPR. In recent study, DMA was 
employed to compare the behavior of neat UPR (without fillers) and reinforced UPR (Fig. 5). The results of the analysis 
revealed that the storage modulus of the reinforced UPR was higher than that of the neat UPR. This indicates that the 
presence of fillers enhanced the stiffness and rigidity of the UPR. 

      This difference in storage modulus can be attributed to the presence of reinforcing materials such as talk, aerosil or other 
fillers in reinforced UPR. These reinforcing materials enhance the mechanical properties of the UPR, resulting in a higher 
storage modulus. 

 

Fig. 5. DMA graph of final UPR 

Wetting angle measurements (Contact angle) 

     In a recent study, it was found that a contact angle of 75.1 degrees in a wetting test indicates an intermediate state between 
hydrophobicity and hydrophilicity in presented UPR (Fig. 6). This angle is a crucial indicator of the surface properties of 
the material and its ability to interact with water. The results suggest that the polymer has an almost non-polar surface, 
which can have significant implications for its applications in various fields, such as coatings and adhesives. 
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Fig. 6. Contact angle image of final UPR 

Comparative study of presented UPR 

      In a comparison study of the mechanical properties of the present UPR with other works, Heat Deflection Temperature 
(HDT), Tensile Strength, Flexural Strength, and Sandability tests were conducted. According to Table 1, In terms of HDT, 
present UPR has shown to have a Relatively higher or competitive HDT compared to other materials. This indicates that 
our resin can withstand higher temperatures without losing its structural integrity, making it suitable for applications that 
require thermal stability. When it comes to Tensile Strength, present UPR has outperformed other materials in terms of its 
ability to withstand tension without breaking or deforming. This makes our resin a reliable choice for applications that 
require high tensile strength. Similarly, in the Flexural Strength test, present UPR has exhibited better performance 
compared to other works. Its ability to resist bending and flexing without fracturing or deforming makes it a durable and 
reliable material for various applications. 

Table 1. Comparison of mechanical properties of different Resins (clear casting) 
product Tensile Strength Flexural Strength HDT Barcool Hardness 

Present UPR 65 100 75 42 
Other work 36  66   75 35 
Other work 37 40 53 69  
Other work 38 45 89   

Specimen tested cured as follows: 24 hrs @20 °C, 5 hrs @ 80 °C, 3 hrs @ 120 °C 

 
      Present UPR demonstrated better sanding performance (Table 2), exhibiting a notably shorter time for completion 
compared to other similar products. This finding underscores the better workability and sanding characteristics of present 
UPR, making it an ideal choice for manufacturers of car body putty. 
 
Table 2. Comparison of different UPR in sanding test . 

Entry UPR Sandable (min) 
1 Present UPR After 15 min 
2 Xylene Formaldehyde UPR After 120 min 39 
3 DCPD UPR After 20 min 40 

 

3. Conclusions  
 
      In Conclusion, a novel synthesis method for the development of a new HUPR was presented. The modification of 
DCOFA with MMA, styrene, DCPD-M and TMPDE resulted in the successful synthesis of a hyperbranched resin with 
improved properties. The synthesized resin exhibited enhanced thermal stability, mechanical properties, and potential 
applications in the polymer industry. 
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4. Experimental 
 
4.1. Materials and Methods 
 

     DCOFA with an acid value of 198 mg KOH/g and DCPD were supplied by Arvalli Castor Derivatives Private Limited, 
Gujarat, India. MMA was supplied by Jin Dun chemical, China. TMPDE Supplied from Zhuhai Feiyang Novel Materials 
Corporation Limited, Zhuhai, Guangdong, China. Styrene was supplied by pars petrochemical, Iran. Tertiary butyl per 
benzoate (TBPB) was supplied by Akzonobel, Netherlands. PETN and MA were supplied by Fengchen Group, China. 
Hydroquinone (HQ) and p-tolyldiethanolamine (p-tolyl) were supplied from Sigma-Aldrich Chemie GmbH, Taufkirchen, 
Germany. Copper octoate (Cu(oct)2) and Paraffin were supplied from local place. 

     FT-IR spectra were recorded on Thermo Nicolet Nexus 670 spectrophotometer using the KBr-pellet technique. Scanning 
electron microscope (SEM) measurements were recorded on a model: VP 1450, company: LEO-Germany. Gel Permeation 
Chromatography (GPC) measurements were performed on a model: Watters 1515, company: USA. The storage modulus 
of composites was analyzed using a dynamic mechanical analyzer (TA Instruments, Q800 DMA, New Castle, DE, USA) 
over a temperature range of 0 to 150 °C, with a fixed frequency of 1 Hz and heating rate of 10 °C·min−1. The wettability of 
the surface was tested by measuring the contact angle using a ZAM104-B (Zolalan Sharif Pars Instruments, Iran). The 
tensile tests were performed on STM-20 at a fixed crosshead speed of 2mm min-1. Samples were prepared according to ISO 
527-2-2012. Flexural tests were done on STM-20 at a fixed crosshead speed of 2mm min-1. Samples were prepared 
according to ISO 178:2019 

4.2. General procedure 
 
4.2.1. Preparation of modified DCOFA with MMA and Styrene (Intermediate A) 
 
      96 g (0.958 mol) of MMA, 96 g (0.921 mol) of Styrene and 14 g (0.072 mol) of TBPB are mixed at room temperature 
and then through a dropping funnel added drop wisely to the 57.6 g (0.192 mol) of DCOFA at 130 ºC over 2 hours in the 
reflux condition. After 2 hours and at the end of the injection of monomers, added another 1 g (5 mmol) of TBPB drop 
wisely through a dropping funnel at 130 ºC over 10 min in the reflux condition, Subsequently, a vacuum pump was 
employed to gradually create a vacuum pressure of 0.7 bar within the flask, which was placed under a nitrogen blanket and 
subjected to continuous stirring. This process continued until all unreacted monomers were effectively extracted from the 
mixture, mixture is then cooled to 50 °C. 
 

4.2.2. Preparation of modified DCPD-M (Intermediate B) 
 

      In a 1000 mL three-necked round-bottom flask equipped with a condenser, thermometer and a magnetic stirrer, add 160 
g (1.63 mol) of MA and 35.7 g (1.98 mol) of water. Heat the mixture to 80°C under constant stirring until the MA dissolves 
completely. Add 289.2 g (2.187 mol) of DCPD dropwise to the reaction mixture over 2 hours while maintaining the 
temperature at 80°C. After the addition is complete, continue stirring the reaction mixture for an additional 2 hours. 
 

4.2.3. Preparation of  final UPR 
 
      In the subsequent step, Intermediate A and 14.7 g (0.108 mol) of Pentaerythritol (PETN) were added into the mixture 
obtained from the second step (Intermediate B), within a flask placed under a nitrogen blanket while stirring. The mixture 
was then heated gradually to 200°C over a period of 3 hours. The reaction proceeded until the acid value of the resin dropped 
below 75 mg KOH/g. Following this, a dropwise addition of 236.75 g (1.1 mol) of TMPDE took place over a span of 2 
hours. As the acid value of the resin reached below 40 mg KOH/g, a vacuum pump was employed to gradually establish a 
vacuum pressure of 0.7 bar within the flask, while stirring under a nitrogen blanket. Once the acid value of the resin reached 
16 mg KOH/g, the mixture was cooled down to 175°C. Subsequently, 0.25 g (2.2 mmol) of HQ and 0.6 g of paraffin were 
added to the mixture. In the subsequent step, the mixture was gradually introduced into 410 g of styrene. It is important to 
ensure that the temperature of the mixture does not exceed 60 °C during this addition process. Finally, 0.03 g (0.08 mmol) 
of Cu(oct)2 and 0.6 g (3 mmol)of p-tolyl were incorporated into the mixture as the last step (Scheme 4). 
 
 

  
 Scheme 4. Synthesis route for preparation of final UPR 
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      Hydroquinone (HQ), a well-known inhibitor, is often employed in UPR systems to regulate the gel time during the 
curing process. By controlling the polymerization kinetics, HQ helps to fine-tune the curing duration. Its role as an inhibitor 
is important in preventing premature gelation, thereby allowing for sufficient time for the material to be processed and 
shaped before solidifying. P-tolyl plays a crucial role in UPR curing process, when used in combination with benzoyl 
peroxide. Benzoyl peroxide is a widely used initiator in the curing process of UPR. However, it requires an activator to 
initiate the radical reaction that leads to the crosslinking of the resin. P-tolyl serves as an activator or co-catalyst in the 
curing process. When combined with benzoyl peroxide, it facilitates the decomposition of the peroxide, leading to the 
generation of free radicals. These free radicals, in turn, initiate the polymerization reaction of the UPR with styrene, 
promoting the formation of a crosslinked network. Cu(oct)2 known for its role in increasing the shelf life of UPR products. 
This organic copper salt acts as a stabilizer, effectively extending the storage duration of UPR by inhibiting premature 
polymerization. By controlling the oxidation and cross-linking reactions within the resin, Cu(oct)2 helps to maintain the 
resin's usability over an extended period, thereby reducing waste and ensuring product quality. 
 
      UPR added to the styrene monomer at the final step to allow for the polymerization of the styrene monomer with the 
unsaturated bond in UPR chain in the mixture. This can lead to the formation of a block copolymer, where the UPR units 
are linked to the styrene units, resulting in a unique material with improved properties compared to the individual polymers. 
In this process, no specific separation or purification is carried out before adding the polyester to styrene. All the polyester 
produced is directly dissolved in the styrene. 
 
4.2.4. Preparation of Automobile Body Putty 
 
To ensure easy application and achieve a smooth and uniform surface, the putty needs to possess certain characteristics. It 
should facilitate the sanding process, allowing for easier refinement. In this study, a body putty mixture was formulated by 
combining specific ingredients with the UPR under vacuum and with agitation. The mixture consisted of 40 g of UPR, 60 
g of talk, 0.3 g of dispersing agent, 0.5 g of bentonite, 2.8 g of titanium dioxide, and 1 g of fumed silica. The vacuum 
condition during agitation played a crucial role in breaking down internal resistance and allowing air bubbles to rise to the 
surface and eventually dissipate. Once the putty mixture was prepared, it was further mixed with a 2% concentration of 
50% active BPO catalyst paste. This catalyzed putty was then applied to the sheet metal surface. After approximately 10 
min, the applied putty was left to dry, and after 15 min, it became ready for sanding. By following this procedure, the putty 
could be easily applied to achieve a regular and homogeneous surface. Additionally, the putty's composition and the vacuum 
agitation helped in eliminating air bubbles and enhancing the overall quality of the final surface.  

4.2.5. Chemical and mechanical properties of UPR 
 
Table 3 presents the comprehensive results of the chemical and mechanical properties of the UPR under investigation. The 
UPR samples were subjected to various tests to evaluate their performance in terms of chemical properties, mechanical 
strength, and other key properties. 

Table 3. Chemical and mechanical properties of final UPR  
Entry Properties Unit Final UPR Test method Ref 

1 Appearance ---- opaque ----  
2 Color Gardner Min10 ASTM D-1544-98 [41] 
3 Viscosity a cP 550 ISO 2555:2000 [42] 
4 Acid number mgKOH/g 16 ASTM D-1639 [43] 
5 Solid content % weight 65 ASTM D-1259 [44] 
6 Gel time b Min 8 ASTM D2471-99 [45] 
7 Tensile strength MPa 65 ISO 527-2-2012 [46] 
8 Flexural strength MPa 100 ISO 178-2019 [47] 
9 Heat distortion temp. °C 75 ASTM D-648 [48] 
10 Hardness Barcol  42 ASTM D2583 [49] 
11 Linear shrinkage (∆L\L) % 0.8 ASTM – D2566 [50] 

a (Brookfield RV, #3 60 rpm, 25 °C) b Gel time terms: 2% Benzoyl peroxide paste 50% 
 
 
TGA Analysis  

TGA was done on an SDT Q600 V20.9 build 20 thermal analyzer with a heating rate of 10 ᵒC min -1. The TGA obtained 
for Final UPR is shown in Fig. 7. Fig. 7  (a) shows that the aging process starts at 250°C and continues up to 350°C, 
accompanied by a weight loss of about 50%. 
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Fig. 7. TGA graph of final UPR, (a) in N2, (b) in air 

       During this aging process, the UPR experiences weight loss, which is expected. This weight loss indicates the 
decomposition of certain components and the release of volatile substances from the resin structure (Fig. 7 (a)). A weight 
loss of about 50% at above 250 ºC indicates that UPR can undergo a moderate degree of thermal degradation without 
compromising its overall integrity or performance. These findings highlight the importance of considering the temperature 
limits for the UPR application, as prolonged exposure to temperatures above 350°C may lead to further weight loss and 
potentially impact the resin's properties. Also, the degradation behaviors of the samples were found to differ significantly 
when tested in an oxidative atmosphere (air), as compared to nitrogen. This suggests that the absence of oxygen had a 
noticeable impact on the thermal degradation behaviors of the samples. This observation suggests that the presence of 
oxygen can accelerate acid-catalyzed cross-linking actions during polymer degradation (Fig. 7 (b)). 
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