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eq/L, MKOH is the molecular weight of KOH in g/mol, m is the mass of polymer sample in 

grams and AN is the acid number, which has not been taken into account in this case 

because it is very low. The number of hydroxyl groups per molecule found by titration 

was 36. 

5.2.3. HBP-Undecenoyl synthesis (HBP-Und) 

In a 500 mL three-necked round bottomed flask 10 g (0.04 mol of hydroxyl groups) 

of HBP-OH were placed and dissolved in 200 mL of THF and 15 mL (0.08 mol) of 

triethylamine were added. Under gentle magnetic stirring, 12 mL (0.06 mol) of 10-

undecenoyl chloride were slowly added using a dropping funnel. The reaction was kept 

at room temperature for 48 h under argon atmosphere. Then, the precipitate was filtered 

off and the solution was precipitated twice into methanol. The product was dried in a 

vacuum oven at 50 °C overnight and a pale brown viscous liquid was obtained. Yield: 

94%. Tg 18ºC (by DSC). 

 1
H NMR (400 MHz, CDCl3), δ (ppm): 1.26 m (-CH2-); 1.41 m (-CH3); 1.68 m (-CH2-); 

2.06 m (-CH2-); 2.34 m (-CH2-); 2.55 m (-CH2-); 5.10 dd (CH2=); 5.87 m (=CH-); 7.11 m 

(CH ar). 

 13
C NMR (100.6 MHz, CDCl3), δ (ppm): 24.7; 27.6; 28.9; 33.6; 34.3; 36.2; 45.4; 

113.9; 121.2; 128.2; 139.0; 145.6; 148.6;172.3.  

 

5.2.4. HBP-Allyl synthesis (HBP-Allyl) 

 In a 500 mL two-necked round bottomed flask 10 g of HBP-OH (0.04 mol of 

hydroxyl groups) were dissolved in 100 mL of THF and 100 mL of acetone. Then, 15 g of 

fine powdered K2CO3 (0.10 mol) were added to the flask and 10 mL (0.10 mol) of allyl 

bromide were added drop by drop under stirring. 

The reaction was kept at reflux for 12 hours at 83º C. The product was filtered off 

and the solvent was evaporated. The product was dissolved in 25 mL of THF and 

precipitated in water. Finally, the polymer was dried in a vacuum oven at 50 °C overnight 

and a white powder was obtained. Yield: 90%. Tg 81ºC (by DSC). 

1
H NMR (400 MHz, CDCl3), δ (ppm): 1.65 s (-CH3-); 2.36 m (-CH2-); 2.53 (-CH2-); 

4.53 s (-CH2-); 5.35 dd (CH2=); 6.07 m (=CH-); 6.8-7.2 m (CH ar). 

 13
C NMR (100.6 MHz, CDCl3), δ (ppm): 24.7; 30.6; 36.6; 45.1; 69.0; 114.5; 117.9; 

121.3; 128.4; 138.6; 141.2; 148.8; 156.9; 172.5.  

5.2.5. Preparation of the curing mixtures 

The DGEBA/MHHPA formulations were prepared by adding the appropriate 

amounts of each reactant and catalyst to a vial and homogenizing them by mechanical 

stirring. For the preparation of the formulations with HBP-Und and HBP-Allyl, appropriate 

amounts of DGEBA and HBP were heated up to 150 ºC with a thermal gun and the 

mixture was homogenized by mechanical stirring; after cooling down, anhydride was 

added and the resulting mixture was homogenized. Finally, the adequate proportion of 

catalyst was added and the mixture was homogenized again. For all formulations, the 
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amount of catalyst was 1 phr (parts per hundred grams) with respect to the anhydride. 

Table 1 shows the notation and composition of the different formulations studied. 

 

Table 1. Composition and notation of the formulations studied in this work with different 

percentage of HBP (indicate in the first column) in equivalent ratio Xeq and by total weight 

percentage (wt.%) of the mixture. 

 

Formulation Notation DGEBA MTHPA BDMA 

Xeq (Wt.%) Xeq (Wt.%) Xeq (Wt.%) 

DGEBA/MTHPA Neat 1.00 52.0 1.00 48.0 0.0065 0.53 

DGEBA/MTHPA/Allyl-5% Allyl-5% 0.95 49.4 0.95 45.6 0.0061 0.50 

DGEBA/MTHPA/Allyl-10% Allyl-10% 0.90 46.8 0.90 43.2 0.0061 0.50 

DGEBA/MTHPA/Und-5% Und-5% 0.95 49.4 0.95 45.6 0.0061 0.50 

DGEBA/MTHPA/Und-10% Und-10% 0.90 46.8 0.90 43.2 0.0061 0.50 

 

5.2.6. Measurements 

The 400 MHz 
1
H-NMR and 100.6 MHz 

13
C-NMR spectra were obtained with a 

Varian Gemini 400 spectrometer with Fourier Transformed. 
1
H-NMR spectra were 

acquired in 1 min and 16 scans with a 1.0 s relaxation delay (D1). 
13 

C NMR spectra were 

obtained using a D1 of 0.5 s and an acquisition time of 0.2 s. A total of 500 

accumulations were recorded. CDCl3 was used as a solvent and tetramethylsilane (TMS) 

as internal standard. 

Calorimetric analyses were carried out on a Mettler DSC-821e calorimeter. Samples 

of approximately 10 mg in weight were cured in aluminium pans in a nitrogen 

atmosphere. Non-isothermal experiments were performed from 0 to 225 ºC at heating 

rates of 2, 5, 10, and 15 ºC/min to determine the reaction heat and the kinetic 

parameters. In the non-isothermal curing process, the degree of conversion at a given 

temperature T was calculated as the quotient between the heat released up to T and the 

total reaction heat associated with the complete conversion of all reactive groups. The 

Tgs of the cured materials were determined with a second scan at 20 ºC/min after 

dynamic curing by the mid-point method and the error is estimated to be approximately 

±1°C. The Tgs of the pure HBPs were determined by a similar procedure. 

 Dynamic mechanical thermal analysis (DMTA) was carried out with a TA 

Instruments DMTA 2980 analyzer. The samples were cured isothermally in a mould at 

120 ºC for 2 hours and then postcured at 150ºC for 2 hours. Before the samples were 

prepared, they were degassed in a vacuum oven at 50ºC for 3 h. Single cantilever 

bending at 1 Hz was performed at 3ºC/min from 30 to 220ºC on prismatic rectangular 

samples (1.5 x 20 x 5 mm
3
).  
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Thermogravimetric analysis was carried out with a Mettler-Toledo TGA/SDTA 851e 

thermobalance. Cured samples with an approximate mass of 5 mg were heated from 30 

to 800ºC at a heating rate of 10 ºC/min in a nitrogen atmosphere. 

Impact tests were performed at room temperature by means of a Zwick 5110 impact 

tester according to ASTM D 4508-05 (2008) using rectangular samples (25 x 12 x 2.5 

mm
3
). The pendulum employed had a kinetic energy of 1 J. For each material, 9 

determinations were made. The impact strength (IS) was calculated from the energy 

absorbed by the sample upon fracture as: 

 


 0IS
E E

S
 (2) 

where E and E0 are the energy loss of the pendulum with and without sample 

respectively, and S is the cross-section of the samples.  

The fracture area of impacted samples was metalized with gold and observed with a 

scanning electron microscope (SEM) Jeol JSM 6400. 

 The kinetic triplet [pre-exponential factor, activation energy, and the kinetic model] of 

the curing was determined using integral isoconversional non-isothermal kinetic analysis, 

Kissinger-Akahira-Sunose equation, combined with the Coats-Redfern procedure. 

Details of the kinetic methodology are given in previous studies.
20

 

5.3. Results and discussion 

The hyperbranched structures used as modifiers in the present work were 

synthesized by an easy modification procedure from a pre-formed phenol-ended 

hyperbranched polymer. The synthetic way is represented in Scheme 2. The preparation 

of the HBP-OH from an AB2 monomer had been previously reported.
18

 The presence of 

phenol terminal groups allows the modification reaction by esterification with 10- 

undecenoyl chloride, following the similar procedure we used in the modification of 

Boltorn type hyperbranched polyesters.
13

  

 

 

 

 

 

 

Scheme 2. Synthetic route to HBP-Und and HBP-Allyl. 
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The characterization of the esterified HBP has been carried out by NMR 

spectroscopy. Figure 1 shows the 
1
H-NMR spectrum of HBP-Und with the corresponding 

assignments. Alternatively, the acid character of the phenol leads to phenolate end-

groups in the presence of a weak base, which can act as nucleophiles in front of allyl 

bromide giving the corresponding ether. In this way, short vinylic chains can be 

introduced. Figure 2 shows the assigned 
1
H-NMR spectrum of HBP-Allyl. Both reactions 

take place quantitatively. This has been confirmed by the complete disappearance of the 

aromatic signals of the spectrum of HBP-OH as it is shown in Figure 3. The complete 

conversion of phenolic groups to unreactive vinylic units was planned to avoid the 

chemical linkage of the HBP modifier to the epoxy matrix, which can be originated by 

reaction with the curing agent selected. In the present study hexahydro-4-methylphthalic 

anhydride (MHHPA) catalyzed by benzyldimethylamine (BDMA) has been the curing 

system employed. 

 

 

 

 

 

 

Figure 1. 
1
H NMR spectra of HBP-Und in CDCl3 

 

 

 

 

 

 

 

 

Figure 2. 
1
H NMR spectra of HBP-Allyl in CDCl3 
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Figure 3. Aromatic region of de 
1
H NMR spectra of HBP-OH, HBP-Und and HBP-Allyl in 

CDCl3. 

In absence of hydroxyl groups the reaction of DGEBA with anhydrides is slow and 

needs a catalyst to initiate the curing process at moderate temperatures. In this work we 

used BDMA since we obtained good curing conditions in a previous work.
10

 In the 

presence of a tertiary amine, the following ideal reaction mechanism takes place:
21

 a) 

alkoxide formation by nucleophilic attack of the tertiary amine to the epoxy ring, b) 

propagation of this alkoxide anion by anionic polyesterification with anhydride giving rise 

a carboxylate and c) propagation of the carboxylate anion formed by attack to another 

epoxy leading to a new alkoxide. Although, it is generally accepted that the propagation 

of epoxy-anhydride formulations catalyzed by tertiary amines follows an alternating 

mechanism, some side reactions such as the attack of carboxylate formed to an 

anhydride group, can lead to inhomogeneous networks due to non-alternating 

mechanism.
22

 

  The curing of DGEBA/MHHPA with different amounts of HBP-Und and HBP-Allyl 

using 1 phr of BDMA as initiator was studied to obtain new thermosets with enhanced 

toughness. Table 2 collects the main features and the kinetic parameters of the curing 

process. The similarity between enthalpies per epoxy equivalent and the reported for 

other epoxy systems indicates that epoxides have reacted almost completely.
23

  

FTIR spectra of cured samples showed that the absorbance bands at 915 cm
-1

 and 

at 1860-1780 cm
-1

, due to the oxirane and anhydride group respectively, disappeared 

completely, which accounts for a complete reaction during curing.  
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Figure 4 shows the DSC conversion degree against temperature recorded at 10 

ºC/min for all formulations studied. It can be observed that all modifiers produce a 

significant accelerative effect in all stages of the curing. Although it is not clear how this 

effect is originated, since HBP slightly increases the viscosity of the reactive mixture and 

reduces the concentration of reactive groups, the combination of some effects could 

explain this experimental behaviour. The existence of residual carboxylic acid as the 

focal point of the HBP, which is expected by the condensation reaction of 4,4-bis(4-

hydroxylphenyl)valeric acid used as AB2 monomer can accelerate the curing in two ways: 

1) acidic groups can initiate the polycondensation mechanism in the same way as 

hydroxyl groups and b) carboxylic acids can act as epoxy resin hardener. In this complex 

mechanism the crosslinking process is accompanied with the regeneration of the tertiary 

amine, which can restart a new growing chain, reducing the crosslink density and 

accelerating the curing.
24

 On the other hand, the viscosity of the mixture can also 

contribute to the final reaction rate. The low viscosity of the neat formulation allows the 

acid-base transfer reaction between the quaternary ammonium salts and the alkoxides 

and carboxylates of the long growing chain, leading to inactive chains. On the contrary 

the addition of HBPs to the curing mixture increases the viscosity and reduces the 

mobility of the long growing chains, avoiding the transfer reactions previously described. 

Table 2. Calorimetric,kinetic and DMTA data of the formulations studied in this work. 

 

a. Temperature of the maximum of the curing exotherm registered at 10°C/min. 

b. Enthalpy of the curing exotherm registered at 10°C/min. 

c. Tg determined after curing in a dynamic scan registered at 20°C/min. 

d. Tg predicted using the Fox equation. 

e. Values of activation energy at 50% of conversion, evaluated by the isoconversional non-isotermal 

procedure. 

f.  Pre-exponential factor calculated for the n=0.5; m=1.5 kinetic model with g(α)=[(1-α)α-1
)]

-0.5
(0.5)

-1
. 

g. Values of rate constant at 150°C using the Arrhenius equation at 50% conversion. 

 

 

 

Thermoset Tmax
a 

(°C) 

Δh
b 

(J/g) 

Δh
b 

(kJ/eq) 

Tg
c 

(°C) 

Tg,Fox
d 

(°C) 

Tg,tanδ 

(°C) 

Ea
e 

(kJ/mol) 

lnA
f 

(s-
1
) 

k150ºC
g 

(min
-1

) 

Neat 159.3 293.4 105 142 142 150 86.9 23.9 0.4955 

Allyl-5% 142.4 283.7 102 135 138 120 77.6 21.9 0.9401 

Allyl-10% 143.8 288.6 103 132 135 115 76.8 21.6 0.9091 

Und-5% 147.5 273.2 98 133 133 116 75.7 21.1 0.6880 

Und-10% 146.8 267.1 96 127 125 110 76.2 21.3 0.7326 
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Figure 4. Conversion against temperature of the dynamic curing at 10 ºC/min of the 

formulations studied in this work. 

Due to the complexity of the curing process the kinetics was studied by the non-

isothermal integral isoconversional procedure. Figure 5 shows the evolution of the 

activation energy during curing for all the formulations studied. In general, the values of 

activation energy approximately agree with conversions curves shown in Figure 4. Neat 

formulation has a higher activation energy than HBP-formulations, according to the 

accelerative effect that exert the modifier. Moreover neat formulation presents a constant 

value of activation energy in all range of conversion, whereas in formulations containing 

HBP the activation energy is higher at the first stages of the curing process and then 

diminishes slightly.  

These variations on the activation energy values suggest a more complex curing 

process when HBP is added. In many reaction processes the values of activation energy, 

due to the compensation effect between the activation energy and the pre-exponential 

factor,
25

 do not reflect exactly the reaction rate and it is better to discuss the rate 

constants calculated using the Arrhenius equation and the aforementioned kinetic 

parameters. The calculated values of rate constants (Table 2) demonstrate the 

accelerative effect of HBPs, according to the calorimetric data (Figure 4). Concretely, 

HBP-Ally accelerates in a higher extent than HBP-Und, probably due to the different 

viscosity of the mixtures and to the different proportion of residual carboxylic acid of the 

focal point of the HBP. 
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Figure 5. Apparent activation energy against conversion of the formulations studied in 

this work. 

 The Tg of the cured systems was determined using DSC and DMTA (Table 2). The 

presence of HBP-Und and HBP-Allyl leads to a progressive decrease in Tg with 

increasing modifier content. No relaxation at lower temperature was observed for HBP-

Und and HBP-Allyl formulations. This result indicates that both modifiers do not induce 

phase separation during curing, and consequently a homogeneous microstructure is 

expected, as it will be able to see by microscopy. In Table 2 we can also see how 

materials containing HBP-Allyl present slightly higher values of Tg than those containing 

HBP-Und. In order to understand the effect of HBP-Und and HBP-Allyl on the matrix, the 

Fox equation was used to predict the Tg of the cured materials considering a mixture of 

neat DGEBA/MTHPA network and pure HBP-Und or HBP-Allyl: 


 

, , /

1 1

g g HBP g DGEBA MTHPA

w w

T T T  (3) 

where Tg,HBP is the glass transition of the neat HBP, 18ºC for HBP-Und and 81ºC for 

HBP-Allyl, Tg,DGEBA/MTHPA is the glass transition of the neat DGEBA/MTHPA and w is the 

weight fraction of the HBP in the formulation. If we compare the Tg values determined 

experimentally with those calculated by the Fox equation we can observe that HBP-Allyl 

estimated values are higher than the experimental ones, while the calculated for HBP-

Und formulations fit quite well the experimental data.  
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It can therefore be deduced that while HBP-Und and DGEBA/MHHPA form a single 

homogeneous network, some part of HPB-Allyl, unappreciated by SEM, can form a 

separated phase or that this modifier changes the crosslink density of the 

DGEBA/MHHPA network. The regeneration of the catalyst or the amount the acid-base 

transfer reaction to form inactive chain when allyl-modifier is used, may explain this 

behaviour. 

Table 2 and Figure 6 show the results obtained by DMTA. It can be seen how 

Tg,tan shows similar trend than calorimetric glass transition, although the values are a 

little different. These differences should be attributed to the different curing schedule of 

DSC and DMTA samples and to the frequency applied in DMTA technique. As the 

proportion of HBP increases, the maximum of the tan -temperature curves moves 

toward smaller temperature. This effect is consistent with the lower value of Tg revealed 

by DSC and the possible flexibilizing effect, although in a different extent, of both HBPs. 

As we said above, no relaxation is observed at 18ºC or 81ºC related with a second 

phase. Figure 6 shows unimodal and symmetrical relaxation curves for all the materials 

prepared, which can be associated to a relatively homogeneous structure.  

Tan value at the maximum and the area under the loss tan curve slightly 

decrease when HBP is added and when the amount of HBP is increased. This result 

would be in agreement with a higher crosslinking density and lower damping properties 

in formulations with HBP and apparently in disagreement with the plasticizing effect 

expected. The antiplasticization effect, described by several authors,
26 , 27

 as a 

consequence of both changes of the network structure and incorporation of miscible 

additives, may explain the dynamomechanical behaviour. When a plasticization takes 

place, -transition (glass transition temperature) decreases and sometimes if 

antiplasticization effect occurs, this diminution is accompanied by an increase of elastic 

modulus (decrease of damping properties) in the temperature interval between - and -

relaxations, due to the fact that the modifier causes the disappearance or the decrease 

of the secondary relaxation. 

Figure 6. Tan  against temperature at 1 Hz for the thermosets obtained. 
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The results of the impact tests are collected in Figure 7 for all the materials 

prepared. As we can see, on increasing the proportion of HBP in the thermosets, impact 

strength slightly increase and all HBP-formulations show higher impact than neat 

DGEBA/MHHPA sample, as it is expected taking into account the globular architecture of 

the HBP. Comparing both HBPs, the addition of HBP-Allyl leads to a higher 

improvement. Although the opposite result could be expected, because of the higher Tg 

of the HBP-Allyl and lower length of its chains, the different relation between the 

plasticization and antiplasticization effect in both HBPs can justify the observed 

behaviour. Probably, HBP-Und exerts a higher plasticizing effect on the -relaxation and 

lower antiplastizicing effect on the -relaxation than HBP-Allyl. 

Figure 7. Impact strength for the thermosets obtained. 

The toughness behaviour of DGEBA/MHHPA and HBP thermosets can be 

explained in terms of the morphologies observed by SEM. The fracture surfaces after 

impact tests were investigated by this technique. Figure 8 shows the SEM micrographs 

for the fracture surfaces of all the thermosets prepared. As it can be seen, all the 

micrographs present a homogeneous appearance without any sign of phase separation. 

It can also be observed that the neat formulation shows a more fragile fracture than the 

modified materials. The rougher surface and the high amount of cracks and their 

thickness seen in the microfractographs of the HBP-modified materials, suggest that the 

fracture surface of these materials broke more yieldingly than that of the unmodified neat 

network. All these observations agree with the impact strength values measured (Figure 

7). Since there is no phase separation in the modified materials, the toughness 

improvement reached by adding HBP-Allyl and HBP-Und should be based on in situ 

homogeneous reinforcing and toughening mechanism.
9,28 
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Figure 8. SEM micrographs for impacted fractured surfaces of the thermosets obtained. 

The thermal stability of the thermosets was studied by TGA. Table 3 collects the 

temperature of the initial decomposition calculated at a 5% of weight loss and the 

temperature of the maximum degradation rate. The shape of the derivative TGA curves 

for all the thermosets studied (figure not shown) was unimodal, indicating that there were 

no regions or structures in the material with significant differences in thermal stability. 

Some HBPs containing ester groups used as modifier to improve toughness of the epoxy 

systems compromise their good thermal stability due to the -elimination reaction that 

take place through labile ester groups.
29

 As we can see in Table 3, the addition of HPBs 

hardly modify the decomposition temperatures and even HBP-Und seems to slightly 

increase the thermal stability. Similar behaviour was obtained previously using an 

aliphatic-aromatic HBP polyester similar to the core of the HBP used in this work.
16

 This 

result was rationalized on the fact that the aromatic ring directly bonded to the ester 

group avoids the -elimination reaction, responsible of the thermal degradation starting 

at low temperatures. 
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Table 3. Thermogravimetric data of the formulation studied in this work. 

 

Thermoset T5%
a        

(°C) 

Tmax
b     

(°C) 

Char Yield
c                              

(%) 

Neat 346 410 4.6 

Allyl-5% 341 410 4.6 

Allyl-10% 345 412 5.3 

Und-5% 340 410 4.6 

Und-10% 351 412 5.1 

a. Temperature of a 5% of weight loss. 

b. Temperature of the maximum degradation rate. 

c. Residue at 800 °C. 
 

5.4. Conclusions 

 Novel modified aliphatic-aromatic hyperbranched polyester with vinylic chains of 

different lengths have been synthesized and used as non-reactive toughening modifier of 

epoxy/anhydride systems.  

 The addition of these novel HBPs synthesized to epoxy/anhydride systems, in the 

presence of a tertiary amine as catalyst, increases significantly the curing rate. The 

kinetics of curing has been established using an isoconversional integral procedure. 

 New thermosetting materials with improved toughness were obtained by adding the 

HBP synthesized to DGEBA/MHHPA systems with hardly compromise the thermal 

stability and the glass transition temperature, which only slightly decreases. The new 

thermosets obtained are homogenous without any phase separation, and their fracture 

surface suggests a significant increase in matrix yielding. The best improvement in 

impact resistance was obtained with the addition of a 10% of HBP-Allyl.  

 Although the length of the aliphatic chain and the amount of modifier play a role in 

the curing and in the final properties of the cured materials, the main differences were 

obtained between neat and modified formulations, independently of the type and amount 

of modifier used. 
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Abstract 

A new multiarm star with hyperbranched aromatic-aliphatic polyester core and 

poly(ε-caprolactone) arms (HBPCL) was synthesized and characterized. Mixtures of 

diglycidylether of bisphenol A (DGEBA) resin and different proportions of this star type 

modifier were cured using a thermal cationic curing agent, Yb(OTf)3. The HBPCL 

prepared has hydroxyl groups as chain ends, which are capable of chemically 

incorporating to the epoxy matrix by means of the monomer activated mechanism. This, 

together with the chemical structure of the modifier, allowed the preparation of new 

homogeneous thermosets for coating applications. The curing mixtures were 

investigated by differential scanning calorimetry (DSC) to study the curing process and 

evaluate the kinetic parameters of the formulations. These studies demonstrated that 

HBPCL decreased the curing rate and affected the gelation process. The thermosets 

obtained showed an improvement in impact strength with a discrete reduction of the Tg. 

The modified coatings showed an increased reworkability in alkaline solution with the 

maintenance of thermal stability.  

Keywords: Epoxy resins, toughness, star polymers, degradability, cationic, crosslinking. 

6.1. Introduction 

Epoxy thermosets are ideal materials for coatings applications with a widespread 

use due to their excellent adhesive and thermomechanical properties, as well as their 

easy processing.
1,2,3

 Once cured, these resins form highly crosslinked networks with a 

high thermal stability, which can be disadvantageous from an ecological point of view. 

The reuse of the coated metals or the reparation of electrical and electronic devices 

requires degradable thermosets, able to be eliminated from the substrate when their 

service life is over. Because of the need of the electronic devices to be reused, some 

authors applied the term “reworkable” to this type of epoxy coatings. However, it does 

not mean that the thermoset, applied as the coating, can be reused or recycled and the 

concept is only based on the ability of the network structure to break-down under 
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controlled conditions in order to remove it from the substrate.
4
 Under these degradation 

conditions the crosslinking density will be diminished and subsequently their mechanical 

properties, allowing an easy elimination by mechanical procedures. 

The most extended and easiest approach to prepare reworkable epoxy coatings 

introduces thermally labile ester groups in the epoxy monomer structure.
5
 Among the 

research groups that follow this route it should be considered the work reported by 

Ober,
4
 Sastri

6
 and Wong.

7
 

Our research team adopted the strategy of including ester groups to the structure of 

the network, but on the basis of the most popular and extended in use DGEBA epoxy 

resin. Thus, we copolymerized this resin with lactones
8,9

 and Meldrum acid derivatives
10

 

or we modified it by reacting with hyperbranched polyesters.
11

 These types of 

modifications constitute a more versatile strategy and improve some other properties 

such as impact strength or shrinkage during curing.  

Many efforts have been done in the last decades to improve toughness of epoxy 

materials. For this purpose, rubbers, elastomers or some particles able to stand 

deformation during the impact were added to the formulations.
12 , 13

 However, these 

strategies result in a high increase in the viscosity of the uncured blends or to a decrease 

in the Tg of the thermosets, which is a drawback for coatings applications.
14

 In the last 

years, the use of hyperbranched and multiarm star polymers has been proposed to 

overcome the limitations of traditional modifiers.
15,16,17

 The advantage of these dendritic 

polymers is their low viscosity compared to linear analogues, due to the low 

entanglement between molecules caused by their highly branched architecture.
18,19,20

 

Depending on the chemical structure of the dendritic modifier and its proportion, the type 

of resin and the curing agent selected different properties can be improved.
21

 Among 

them, thermal or chemical reworkability have been increased without compromising 

thermomechanical characteristics.
11,19, 21

 Moreover, impact resistance has been highly 

improved.
22

 

In the present study, we report the synthesis and characterization of a new multiarm 

star polymer with a hyperbranched aromatic-aliphatic polyester core and poly(ε-

caprolactone) arms (HBPCL) (see Scheme 1). This dendritic polymer has been added in 

several proportions to diglycidylether of bisphenol A resin (DGEBA) and cured using a 

thermal cationic curing agent, Yb(OTf)3.  

The kinetics of the curing process has been studied by calorimetry and the gelation 

by rheometry, whereas the global shrinkage on curing was calculated from the densities 

of the material before and after curing. Thermomechanical characteristics of the 

materials obtained were analyzed by DMTA and their high thermal stability proved by 

TGA. The chemical reworkability was studied by treating the materials in a basic 

medium. The presence of ester in the multiarm star structure facilitates the saponification 

by base. Mechanical characteristics such as Young modulus, microhardness and impact 

resistance have also been determined.  
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6.2. Experimental 

6.2.1. Materials 

4,4-Bis(4-hydroxyphenyl) valeric acid, N,N’-dicyclohexylcarbodiimide (DCC), tin 2-

ethylhexanoate (Sn(oct)2) and ytterbium (III) trifluoromethanesulfonate (Yb(OTf)3) were 

supplied by Sigma-Aldrich and used without further purification. ε-Caprolactone (CL, 

Sigma-Aldrich) was dried over CaH2 and subsequently distilled under vacuum. Diglycidyl 

ether of Bisphenol A (DGEBA) Epikote Resin 828 was provided by Shell Chemicals with 

an epoxy equivalent of 184 g/eq and was dried in vacuum before use. All the organic 

solvents were purchased from Scharlab and purified by standard procedures. 4-(N,N-

dimethylamino) pyridinium p-toluenesulfonate (DPTS) was prepared as described in the 

literature.
23

 

6.2.2. Hyperbranched polyester synthesis (HBP-OH) (Scheme 1) 

HBP-OH was synthesized as previously described
24

 from 4,4-bis(4-hydroxyphenyl) 

valeric acid as AB2 monomer. The 
1
H and 

13
C NMR data are in accordance with those 

published.
25

 
nM =12,300 g/mol, wM = 23,500 g/mol and molecular weight dispersity 1.9 

(by SEC). Tg = 124ºC (by DSC). The amount of hydroxyl groups was determined 

according to ISO 2554-1974 standards. The number of hydroxyl groups per molecule 

was 46. 

 

6.2.3. Synthesis of the multiarm star polymer with poly(ε-caprolactone) arms 

(HBPCL) (Scheme 1) 

In a 25 mL round bottomed flask 5.1 g (0.4146 mmol) of HBPOH were dissolved in 

15.39 g (0.135 mol) of ε-caprolactone at 130 °C under argon atmosphere, under gentle 

stirring for 1 hour. Then, 4 drops of tin 2-ethylhexanoate were added to the mixture and 

the temperature was raised to 150 °C and kept for 24 hours. 

After the reaction, the polymer mixture was dissolved in 50 mL of THF and 

precipitated twice in 500 mL of cold diethyl ether. After filtration, the polymer was dried at 

40 °C overnight in a vacuum oven. Conversion: 96 %. Tg = - 30 ºC and Tm = 62ºC (by 

DSC). nM =39,500 g/mol, wM = 88,100 g/mol and molecular weight dispersity 2.2 (by 

SEC). nM = 49,350 g/mol calculated from the nM of the HBPOH core, 5 as the number of 

arms per molecule and 65 as the average polymerization degree of the arms, both 

determined by 
1
H-NMR analysis. 

 1
H NMR (400 MHz, CDCl3), δ (ppm): 1.37 m (-CH2-); 1.39 m (-CH3); 1.64 m (-CH2-); 

2.16 m (-CH2-); 2.31 m (-CH2-); 4.05 m (CH2); 5.8-7.4 broad band (CH Ar). 

 13
C NMR (100.6 MHz, CDCl3), δ (ppm): 24.7; 25.6; 28.4; 33.6; 34.2; 64.3; 113.9; 

121.2; 128.4; 139.0; 145.6; 148.6; 172.7. 
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Scheme 1. Representation of the synthetic route to multiarm star HBPCL. 

6.2.4. Preparation of the curing mixtures 

The mixtures were prepared by mixing DGEBA resin with 5% or 10% w/w of the 

multiarm star synthesized. The mixing was made in a mortar while heating (ca. 80ºC) 

until the modifier was completely incorporated to the viscous resin. As for the curing 

agent, 1 phr (one part of initiator for hundred of mixture) of Yb(OTf)3 was added after 

homogenization of DGEBA/multiarm star polymer mixture. 

6.2.5. Measurements 

The 400 MHz 
1
H-NMR and 100.6 MHz 

13
C-NMR spectra were obtained with a 

Varian Gemini 400 spectrometer with Fourier Transformed. 
1
H-NMR spectra were 

acquired in 1 min and 16 scans with a 1.0 s relaxation delay (D1). 
13

C NMR spectra were 

obtained using a D1 of 0.5 s and an acquisition time of 0.2 s. A total of 500 

accumulations were recorded. CDCl3 was used as a solvent and tetramethylsilane (TMS) 

as internal standard. 

Calorimetric analyses were carried out on a Mettler DSC-821e calorimeter. Samples 

of approximately 10 mg in weight were cured in aluminium pans in a nitrogen 

atmosphere. Non-isothermal experiments were performed from 0 to 225ºC at heating 

rates of 2, 5, 10, and 15 ºC/min to determine the reaction heat and the kinetic 

parameters. In the non-isothermal curing process, the degree of conversion at a given 

temperature T was calculated as the quotient between the heat released up to T and the 

total reaction heat associated with the complete conversion of all reactive groups. The 

precision of the given enthalpies is ±3%. The Tgs of the cured materials were determined 

with a second scan at 20 ºC/min after dynamic curing by the mid-point method and the 

error is estimated to be approximately ±1°C. The Tgs of the pure HBPs were determined 

by a similar procedure. 
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The Tgs of the modified materials were predicted by using the Fox equation for 

homogeneously blended thermosets.
26

 


 

1 1
HBPCL neat

g g g

w w

T T T
   (1) 

, where Tg
HPBCL

 and  Tg
neat

 are the glass transition absolute temperatures for the multiarm 

star and the neat thermoset and w is the proportion of the modifier in weight. 

The kinetic triplet [pre-exponential factor, activation energy, and the kinetic model] of 

the curing reaction was determined using integral isoconversional non-isothermal kinetic 

analysis, Kissinger-Akahira-Sunose equation, combined with the Coats-Redfern 

procedure. Details of the kinetic methodology are given in previous studies.
27

 

Rheometric measurements were carried out in the parallel plates (geometry of 25 

mm) mode with an ARG2 rheometer (TA Instruments, UK, equipped with electrical 

heated plates, EHP). Complex viscosity (η
*
) of the pre-cured mixtures was recorded as 

function of angular frequency (0.05 – 100 rad/s) with a constant deformation of 50 % at 

40 ºC. The curing was monitored at 100ºC in order to determine the gel point and the 

conversion at gelation. Because the viscosity of the system changes significantly during 

the curing process, a control program was used in which the oscillation amplitude 

diminishes with an increase in the applied stress. Gel time was taken as the point where 

tan δ is independent of frequency.
13 The conversion at the gelation (αgel) was determined 

by stopping the rheology experiment at gelation and performing a subsequent dynamic 

DSC scan at 10K/min of the gelled sample. 

Dynamic mechanical thermal analysis (DMTA) was carried out with a TA 

Instruments DMTA 2980 analyzer. The samples were cured isothermally in a mould at 

140 ºC for 1 h and then post-cured for 1 h at 170 ºC. Single cantilever bending at 1 Hz 

was performed at 3ºC/min from 30 to 220ºC on prismatic rectangular samples (1.5 x 20 x 

5 mm
3
).  

A three point bending assembly was used to obtain the Young modulus in a non-

destructive flexural test at room temperature. The support span of the assembly was 10 

mm and a load rate of 3 N/min was used. The Young modulus is calculated using the 

slope of the load deflection curve in accordance with Eq. (2). 

 
3

34
f

L m
E

bd
   (2) 

where Ef is the Young modulus (MPa), L the support span (mm), b is the width of test 

beam (mm), d is the depth of tested beam (mm) and m is the gradient (i.e., slope) of the 

initial straight-line portion of the load deflection curve (P/D) (N/mm).  

The overall shrinkage was calculated from the densities of the materials before and 

after curing, which were determined using a Micromeritics AccuPyc 1330 Gas 

Pycnometer thermostatized at 40ºC. The shrinkage during curing was determined as: 
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 







 0%shrinkage    (3) 

where ρ0 is the density of the uncured formulation and ρ is the density of the fully cured 

material obtained at the same conditions than DMTA samples. 

Thermogravimetric analysis was carried out with a Mettler-Toledo TGA/SDTA 851e 

thermobalance. Cured samples with an approximate mass of 5 mg were heated from 30 

to 800ºC at a heating rate of 10 ºC/min in a nitrogen atmosphere. 

Chemical degradation was carried out in a solution 1M of KOH in ethanol at 

reflux temperature. Samples after different saponification times were taken and dried and 

Tgs were measured in a DSC scan from 30 to 200ºC at 20 ºC/min.  

Impact tests were performed at room temperature by means of a Zwick 5110 impact 

tester according to ASTM D 4508-05 using rectangular samples (25 x 12 x 2.5 mm
3
). The 

pendulum employed had a kinetic energy of 1 J. For each material, 9 determinations 

were made. The impact strength (IS) was calculated from the energy absorbed by the 

sample upon fracture as: 

     


 0IS
E E

S
        (4) 

where E and E0 are the energy loss of the pendulum with and without sample 

respectively, and S is the cross-section of the samples. The fracture area of impacted 

samples was metalized with gold and observed with a scanning electron microscope 

(SEM) Jeol JSM 6400. 

Microhardness was measured with a Wilson Wolpert (Micro-Knoop 401MAV) device 

following the ASTM D1474-98 (2008) standard procedure. For each material 10 

determinations were made with a confidence level of 95%. The Knoop microhardness 

(HKN) was calculated from the following equation: 

  
2

HKN
P p

L L

A l C
   (5) 

where L is the load applied to the indenter (0.025 kg), Ap is the projected area of 

indentation in mm
2
, l is the measured length of long diagonal of indentation in mm, and 

Cp is the indenter constant (7.028×10
-2

) relating l
2
 to Ap. The values were obtained from 

10 determinations with the calculated precision (95% of confidence level). 

6.3. Results and discussion 

In a previous study,
20 we modified DGEBA thermosets by adding a multiarm star 

polymer with a hyperbranched poly(glycidol) core and PCL arms and the results 

compared with those obtained by addition of a linear PCL modifier. In that study Yb(OTf)3 

was used as cationic initiator. It was put into evidence the advantages of the star 

topology, such as a better processability and a slight retardation of the curing, attributed 
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to the lower viscosity in comparison to the linear analogue. Moreover, mechanical 

characteristics were better for star modified materials, while maintaining the 

homogeneous appearance. However, the Tg of the thermosets was reduced, possibly 

due to the highly flexible structure of the PGOH-PCL modifier.  

These precedents moved us to further investigate the use of similar structures with 

the aim, not only to increase Tg and mechanical characteristics, but also to improve 

chemical reworkability, maintaining thermal stability. According to that, aromatic-aliphatic 

hyperbranched polyester was used as the core and PCL arms were grown from the 

phenol end groups. The presence of aromatic polyesters in the core allows maintaining 

the thermal stability, although the saponification with a base is still possible.
21

  

6.3.1. Synthesis and characterization of HBPCL 

Among the synthetic approaches used in the synthesis of multiarm star polymers 

the core first strategy was selected using a preformed aliphatic-aromatic hyperbranched 

polyester, previously described,
24

 as the core.  

The polymerization of ε-caprolactone catalyzed by Sn(Oct)2 was selected to grow 

the PCL arms from the hydroxyl phenolic groups. In the case of aliphatic hydroxyl groups 

this procedure allows the control of the length of the arms by the proper selection of the 

proportion of the monomer to the OH groups in the core structure by its leaving 

character. The synthetic pathway is depicted in Scheme 1.  

The degree of polymerization of the arms was determined by means of 
1
H NMR 

spectroscopy. Figure 1 shows the 
1
H-NMR spectrum in CDCl3 of HBPCL multiarm star 

with the corresponding assignments. 

Figure 1. 
1
H NMR spectrum of HBPCL multiarm star in CDCl3. 
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The core signals can be appreciated as a broad and complex multiplet in the 

aromatic zone due to the low mobility of the core that leads to a quick relaxation and the 

subsequent broadening of the signals. The central methylene protons of the ε-

caprolactone unit in the arms appear between 1.4 and 1.7 ppm. The protons directly 

attached to carbonyl group (1 and 1’) appear overlapped at 2.3 ppm. Thus, the only 

signals that can be used to evaluate the degree of polymerization are the methylene 

protons 5 and 5’, attached to the oxygen of ester in the repeating unit or to hydroxyl 

terminal group, which appear separately. Thus, the degree of polymerization of PCL 

arms ( armDP ) was calculated from the integration of these signals by dividing peak 5 by 

peak 5’ and adding a terminal unit, as follows: 

 5

5

1
'

arm

I
DP

I
   (6) 

The use of the signals of carbons 5 and 5’ for DP evaluation of the arms is possible 

due to the absence of PCL homopolymer, which was confirmed by SEC experiments. 

The SEC curve had a unimodal distribution and without any signals at lower molecular 

weight, meaning that no detectable PCL homopolymer was formed during the ring-

opening polymerization process. By these calculations we obtained a surprisingly high 

length of the arms, 65 CL units by each arm. If we take into account that the molar 

proportion of ε-CL monomer to phenol group used in the synthesis was about 7, we get 

to the conclusion that not all the 46 arms per molecule grow, but only an average of 5. 

The growth of PCL from phenolic groups with SnOct2 has not been described up to 

now in the literature. The lower activity of phenolic in reference to alcoholic groups can 

explain that once one of the phenol groups has reacted with an ε-CL monomer, the 

aliphatic OH group formed is able to react much more easily than another phenol group. 

Therefore, the arms are longer than expected and the final star has fewer arms than the 

predicted by the number of end groups of the core structure. 

 

6.3.2. Study of the curing of DGEBA-HBPCL mixtures 

 Yb(OTf)3 has been selected in the present study as the cationic curing agent
28 

because, in addition to the ring opening polymerization of epoxides, this initiator 

promotes the covalent incorporation of alcohols to the epoxy network by the so called 

monomer activated mechanism (AM).
29

 This allows the covalent linkage of hydroxyl 

terminated star to the epoxy network, which allows reducing the loss of 

thermomechanical characteristics usually produced in thermoplastic modified 

thermosets.  

Non-isothermal calorimetric analysis was applied to study the curing process and 

the effect of adding the star modifier in the curing rate. Figure 2 shows the evolution of 

the conversion in front of the temperature for the neat formulation and that modified with 

5 and 10% of the HBPCL star. 
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Figure 2. Plot of conversion against temperature obtained by non-isothermal DSC 

studies. 

As we can see, there is a little retarding effect in the curing on adding the modifier to 

the formulation and this delay slightly increase with the amount of the multiarm star. The 

retarding effect can be usually related to an increased viscosity of the modified 

formulations. 

 To investigate if the viscosity is the responsible of this delay, a rheological study of 

the formulations was performed. Figure 3 shows that the mixtures studied have a 

Newtonian behaviour in the range of frequencies studied and that the higher the 

proportion of the HBPCL in the formulation the higher the viscosity value. However, the 

complex viscosity of the formulation is not much increased, even at 40ºC, and therefore 

the processability remains in the proper values for technological applications. In a 

previous study, we proved that the viscosity depends on the length of the arms of the 

multiarm star being lower when the arms were shorter.
30

 In the present case, the length 

of the arms in the structure synthesized is quite long, but even with this structure the 

viscosity of the formulation is not much increased, especially if we compare it with the 

increase produced on adding linear PCL to the formulation.
31

 Whereas, the progressive 

addition of 5 or 10% of modifier increases the viscosity less as twice by each the addition 

of linear PCL increases in much than one order of magnitude for each 5%.  

 From the rheological study, we can state that the viscosity is not fully related to the 

retarding effect observed, because in the formulation with a 10% of HBPCL the delay in 

the curing was practically unappreciable while the viscosity still increases. It should be 

commented, that the higher amount of phenol and alcohol groups in the formulation, from 

the added multiarm star, can activate the AM mechanism, which occurs quicker than the 

alternative chain end mechanism (ACE). Both factors, viscosity and concurrence among 

mechanisms, influence in a different way the rate of the curing process.  
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Figure 3. Plot of viscosity against frequency at 40ºC for the formulations studied. 

The calorimetric data of the curing process and the calculated kinetic parameters for 

the formulations studied are collected in Table 1. The maximum of the calorimetric peak 

is shifted to higher temperature on adding the modifier. Both the enthalpy per gram and 

the enthalpy per epoxy equivalent decrease on adding the star modifier. The lower 

enthalpy per epoxy equivalent in the modified formulations could be attributed to 

topological restrictions by the presence of the modifier, which makes it difficult to reach 

the complete reaction of epoxide groups. It should be said that a value close to 100 kJ/ee 

which is an acknowledged value for epoxy resin curing was determined.
32 

The presence of HBPCL in the thermoset reduces the glass transition temperature, 

but this reduction is quite limited. On comparing the values measured with those 

calculated by the Fox equation,
26

 which takes into account the Tg of the HBPCL (-30 ºC), 

and that of the neat material, it can be observed that both are similar, which indicates a 

complete miscibility of the star modifier in the epoxy matrix.  

From the kinetic studies, we could observe that the activation energy remained 

quite constant during the curing process, indicating that there is mainly one mechanism 

governing the process. In the table we can see that the value at a conversion of 0.5 does 

not show any definite trend on changing the proportion of modifier, similarly to what 

happens with the pre-exponential factor. However, the calculation of the constant rate, 

taking as the kinetic model the R2 and using the Arrhenius equation, provides evidence 

of the delaying effect of the modifier in the formulation. The calculated values agree with 

the experimental conversion-temperature curves in Figure 2. Although hydroxyl groups 

promote chain transfer reactions by the AM mechanism, which produce an accelerative 

effect, its contribution is low, due to their low proportion in the formulation.  
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Table 1. Calorimetric data and kinetic parameters determined for the curing of the 

different formulations studied. 

Formulation Tmax
a 

(°C) 

Δh
b 

(J/g) 

Δh
b 

(kJ/eq) 

Tg
c 

(°C) 

Tg
FOX d 

(°C) 

Ea
e 

(kJ/mol) 

lnA
f 

(s
-1

) 

k170°C
g 

(min
-1

) 

Neat 176 537 99 144 - 79.3 19.65 0.151 

5% HBPCL 183 497 92 125 129 83.6 20.59 0.122 

10% HBPCL 183 477 88 118 116 78.0 18.98 0.112 

a. Temperature of the maximum of the curing exotherm 

b. Enthalpy of the curing process by gram of mixture or by epoxy equivalent 

c. Glass transition temperature determined by DSC in a second scan after a dynamic curing 

d. Glass transition temperature predicted by the Fox equation 

e. Apparent activation energies determined by isoconversional non-isothermal procedure at a conversion of 

0.5 

f. Pre-exponential factor at a conversion of 0.5 for the kinetic model R2 

g. Rate constant determined using Arrhenius equation at a conversion of 0.5 for kinetic model R2 with 

       
 

0.5
1 1g  

In the curing process gelation is one of the most determining phenomena in view of 

the application of the resin as adhesive or coating. At the gelation point the molecular 

weight tends to infinite at molecular level and after it the material loses its mobility and 

the formation of internal stresses initiates. Thus, it is important to know the time of gel 

and the conversion at the gel point and the effect of the modifiers added on them.  

The calculation of gel times by rheometry was made by the time corresponding to 

the point where the phase angle δ or tan δ is independent of frequency.
33

 The 

determination of the gel point for the neat formulation at 100ºC is illustrated in Figure 4. 

It is worth noting that the determination of gelation as the G’-G” crossover gives very 

similar results to those obtained with the frequency-independent δ crossover.  

The values determined by this methodology are collected in Table 2. As we can 

see, the gelation time increases on adding the star modifier, in agreement with the curing 

kinetics. This result is significant from the point of view of the application, since it 

indicates a longer pot-life of the modified formulations. The conversion at the gelation 

obtained by the combination of rheometric and calorimetric measurements is also 

collected. Conversion at the gel point (gel) increases only when a proportion of 10% of 

HBPCL was added.  

Another parameter influencing the apparition of stresses is the shrinkage taking 

place during curing. By measuring the densities of the material before and after curing 

the global shrinkage can be evaluated. The values obtained are collected in Table 2. 

Ring-opening polymerization usually leads to low shrinkage, which is even reduced by 

the addition of the star modifier. Probably the decreases of intermolecular and 
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intramolecular H-bond in HBPCL when the terminal hydroxyl groups react with the epoxy 

group con justify this behaviour. This should be considered another improved 

characteristics of the modified thermosets proposed in this study 

 

Figure 4. Determination of the gel time for the neat formulation by rheometric 

experiments performed at 100ºC, as the frequency independent crossover of  (upper 

graph) and from the crossover between G’ and G’’ (lower graph). 

Table 2. Gelation data, densities and shrinkage of the systems studied. 

Formulation tgel
a 

(min) 
αgel

b 

(%) 
 

ρmonomer 

(g/cm
3
) 

ρpolymer 

(g/cm
3
) 

Shrinkage
c    

(%) 

Neat 24.4 34.2  1.146 1.164 1.55 

5% HBPCL 30.8 30.5  1.143 1.151 0.69 

10% HBPCL 35.8 38.1  1.144 1.153 0.78 

a. Determined by rheometry. 
b. Determined as the conversion reached by rheometry and DSC tests at 10 ºC/min.  
c. Shrinkage determined as [(ρpolymer - ρmonomer)/ρpolymer]. 

 

6.3.3. Characterization of the materials by DMTA  

Table 3 collects the results of the DMTA analysis of the cured materials. The values 

of Young modulus slightly decrease on adding the modifier. This is produced by the 

plasticizing effect of the poly(ε-caprolactone) arms compatible in the network structure. 

This plasticization can positively affect toughness characteristics. 
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Table 3. DMTA and TGA data obtained from all the materials prepared. 

Formulation Young Modulus 

(GPa) 

Ttan δ
a 

(ºC) 

E’ 
b 

(MPa) 

Tonset
c 

(ºC) 

Tmax
d 

(ºC) 

Char Yield
e 

(°C) 

Neat 2.5 152 38 314 355 15.5 

5 % HBPCL 2.4 143 27 318 357 16.1 

10 % HBPCL 2.3 127 15 322 360 17.1 

a. Temperature of maximum of the tan δ at 1 Hz. 
b. Relaxed modulus determined at the Ttanδ + 40 ºC. 
c. Temperature of the onset decomposition in the TGA calculated for a 5 % of weight loss. 
d. Temperature of the maximum decomposition rate determined by TGA in N2 at 10 ºC/min 

e. Char residue at 800 °C. 

 

Not only the tan δ peak temperature values are important, but also their shape to 

know about the morphology of the materials. Figure 5 shows the shape of the tan δ 

curves for the materials prepared. In agreement with calorimetric measurements, the 

glass transition temperature shifts to lower temperatures on adding HBPCL, due to the 

plasticization effect of the PCL arms. It is worth to note that the shape of the curves is 

similar and typical for a homogeneous material. No new relaxations appeared at lower 

temperatures in the modified thermosets, confirming the complete compatibility of the 

modifier in the network structure. 

 

Figure 5. Plots of tan δ curves for the materials prepared. 
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The values of the modulus after relaxation are an indication of the crosslinking 

density, since the modulus is related to the molecular weight between crosslinks in the 

basis of the rubber elasticity theory.
34

 It is clear, from the values in Table 3, that the 

crosslinking density is highly reduced by the addition of HBPCL. This is a consequence 

of the chain transfer reactions produced by the presence of hydroxyl groups at the end of 

the arms which react through the AM mechanism and the presence of star structure with 

long PCL arms, which leads to a dilution effect of the crosslinks of the matrix. 

6.3.4. Thermal and chemical stability of the thermosets prepared  

The thermal stability of the prepared thermosets was studied by TGA. Usually, the 

presence of ester groups reduces the thermal stability of the structures by the 

occurrence of β-elimination processes, taking place at temperatures about 250 ºC. The 

presence of hydrogen atoms in γ-position favours this mechanism and therefore 

increases the thermal degradability of the cured thermosets. In the structure of the 

modifier there are primary aliphatic ester groups and aromatic ester groups, with low 

degradability the former and non-degradable the latter. The initial decomposition 

temperature shown in Table 2 is higher than 300 ºC and even increases slightly when 

HBPLC was in the formulation. Similarly, the temperature of the maximum decomposition 

rate and the char yield increases slightly with the proportion of star modifier. 

In Figure 6 the TGA curves in N2 atmosphere are represented. As can be seen, the 

shape of the curves is similar and it is interesting to note that the curves show an only 

degradation step, indicating that all the types of covalent bonds break simultaneously.  

 

Figure 6. TGA plots in N2 atmosphere of the cured materials. 
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The presence of ester groups in the network structure allows the saponification in 

basic medium. Thus, the chemical degradation has been studied by monitoring the Tg 

after selected saponification times. The values shown in Table 4 indicate that chemical 

degradation occurs and this capability increases with the proportion of modifier. 

Table 4. Tg values determined by DSC of the thermosets treated with KOH 1M for 

several time. 

Formulation Saponification time (hours) 

0 2 4 10 15 24 

Neat 145 145 144 144 142 142 

5% HBPCL 133 129 121 114 102 75 

10% HBPCL 126 123 119 110 94 68 

 

Taking into account these results we can state that the addition of HBPCL allows 

the preparation of chemically reworkable thermosets, while maintaining the thermal 

stability, which can be necessary for several applications. Thus, these materials can 

stand high temperatures without appreciable degradation but can be removed from the 

substrate quite easily by saponification and mechanical elimination of the degraded 

coating.  

6.3.5. Mechanical and morphological characterization 

Microhardness measurements, which rate the resistance of the materials against 

penetration by a static load, were performed. These results obtained using a Knoop 

microindenter are represented in Figure 7. As we can see, the addition of HBPCL firstly 

improves this characteristic and then slightly decreases, when the proportion of modifier 

is higher. Thus, from the point of view of this property the addition of a 5% of HBPCL 

gives the best result. On comparing these data with the ones obtained by adding linear 

poly(ε-caprolactone) or multiarm star with poly(glycidol) as the core and poly(ε-

caprolactone) arms (PGOH-PCL) 
20 

we can conclude that the materials obtained in the 

present study are much better, since reductions in this parameter of about 30 and 20%, 

respectively were reported in the previous study. This indicates that not only the structure 

of the arms but also the structure of the core affects this property.  

The results of impact tests are represented in Figure 8 for the materials prepared. It 

can be observed that the modification of DGEBA with the HBPCL star improves 

toughness characteristics in comparison to the neat material. However, the achieved 

improvement is much lower than the one obtained with a 10% of PGOH-PCL star 

modifier with a 75% of increase. The differences can be explained by the different 

plasticization effect caused by the core of both star modifiers, more rigid in HBPCL and 
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more flexible in PGOH-PCL. Again, the structure of the core seems to play a role in 

mechanical characteristics. To reach higher improvements in toughness by addition of 

dendritic structures, micro or nanophase separation is usually required and 

homogeneous materials leads to discrete increases, as previously reported.
11,22,35

 

Figure 7. Knoop microhardness for the materials prepared. 

Figure 8. Impact test data for the materials prepared. 
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 The homogeneous characteristics of the materials were proved by inspection of 

fracture surfaces by SEM. Figure 9 shows the micrographs for the materials prepared.  

The appearance of the surfaces is quite similar but the modified materials seem to have 

a more plastic fracture, related to ductility, which defines their toughness 

characteristics.
36

 Because of the impact resistance does not show great differences, the 

type of fracture should be quite similar, as observed. 

Figure 9. SEM micrographs for the fracture surfaces of the materials prepared. 

6.4. Conclusions 

 A new multiarm star with a hyperbranched aliphatic-aromatic polyester core and an 

average number of five poly(ε-caprolactone) arms per molecule has been synthesized 

and characterized and then used as polymeric modifier of DGEBA thermosets cured 

cationically by Yb(OTf)3. The addition of the modifier slightly delayed the curing process, 

reduced the shrinkage on curing and increased the pot life. 

The materials obtained were homogeneous and the Tg was slightly reduced 

proportionally to the amount of HBPCL in the material, acting as a plasticizer. 

Young modulus slightly decreased by the addition of HBPCL but the impact strength 

increased whereas the microhardness was not much affected. 

The modified materials show good thermal stability and can be saponified. Thus, the 

modified thermosets can be considered as thermally stable but chemically reworkable 

coatings, since they can be eliminated from the substrate by basic treatment. 
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UNIVERSITAT ROVIRA I VIRGILI 
NEW AND IMPROVED THERMOSETS BASED ON EPOXY RESINS AND DENDRITIC POLYESTE 
Adrian Marius Tomuta 
Dipòsit Legal: T.191-2014 
 



 

UNIVERSITAT ROVIRA I VIRGILI 
NEW AND IMPROVED THERMOSETS BASED ON EPOXY RESINS AND DENDRITIC POLYESTE 
Adrian Marius Tomuta 
Dipòsit Legal: T.191-2014 
 



Chapter 7 - Polymer for Advanced Technologies  

129 

 

ENHANCED CHEMICAL REWORKABILITY OF DGEBA THERMOSETS 

CURED WITH RARE EARTH TRIFLATES USING AROMATIC 

HYPERBRANCHED POLYESTERS (HBP) AND MULTIARM STAR HBP-b-

POLY(-CAPROLACTONE) AS MODIFIERS 

Adrian M. Tomuta,
1 
Xavier Fernández-Francos,

1
 Francesc Ferrando,

2
 Xavier 

Ramis,
3
 Àngels Serra

1
 

1
 Department of Analytical and Organic Chemistry, Universitat Rovira i Virgili, C/ Marcel·lí Domingo 

s/n, 43007, Tarragona, Spain. 

2
 Department of Mechanical Engineering, Universitat Rovira i Virgili, C/ Països Catalans, 26, 

43007, Tarragona, Spain. 

3
 Thermodynamics Laboratory, ETSEIB Universitat Politècnica de Catalunya, Av. Diagonal 647, 

08028, Barcelona, Spain. 

Abstract 

A hyperbranched aromatic polyester (HBPOH) has been synthesized and 

poly(-caprolactone) arms have been grown on some of its end hydroxyl  groups 

(HBPCL). These modifiers have been used in cationic DGEBA formulations cured 

with ytterbium triflate as cationic initiator. The effect of HBPOH and HBPCL on the 

curing kinetics has been studied using differential scanning calorimetry (DSC). The 

obtained materials have been characterized by dynamomechanical analysis (DMA), 

DSC, thermogravimetric analysis (TGA) and mechanical tests. The modifiers are 

incorporated into the thermosetting network because of the participation of the end 

hydroxyl groups in the cationic curing of epoxides by the activated monomer 

mechanism. Homogeneous thermosets have been obtained with a remarkable 

increase in impact strength without sacrificing elastic modulus or hardness. A 

compromise between the rigid structure of the aromatic hyperbranched core and the 

flexibilizing effect of the poly(-caprolactone) arms is believed to be responsible for 

the overall thermal and mechanical properties of the materials. The use of these 

polymeric modifiers increases the thermal stability of the resulting materials 

because of the low degradability of the aromatic ester groups in the hyperbranched 

core and the incorporation of the modifier into the network structure. However, the 

presence of such ester groups makes them reworkable by hydrolysis or alcoholysis 

in an alkaline medium, thus opening a way for recovery of valuable substrates.  

Keywords: DGEBA, thermoset, hyperbranched polymer, impact strength, reworkability. 
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7.1. Introduction 

Epoxy resins are commonly used as thermosetting materials due to their excellent 

thermomechanical properties and chemical and environmental stability.
1
 They present 

also good processability before curing. Their broad range of applications can be 

explained due to the fact that they are probably one of the most versatile thermosets 

because not only the type of resin and the chemistry of the curing can be varied, but also 

a huge number of organic and inorganic modifiers and fillers can be added to improve 

their properties.
2
 Among them, hyperbranched polymers (HBPs) are a class of dendritic 

polymers which are very promising in terms of processability because of the low 

entanglement that leads to low viscosities in comparison to linear polymers.
3
 By partial or 

complete modification of their numerous hydroxyl terminal groups, it is possible to tune 

their interaction with the matrix or facilitate their covalent linkage to the epoxy matrix, 

which can lead to phase separated or homogeneous morphologies. The presence of 

non-modified reactive groups in the HBP shell can improve the interaction in the 

interphase between the separated particles and the matrix. 

Although rigidity and strength are desired properties in engineering applications, 

toughness is one of the restrictions in the use of epoxy resins. The low toughness, 

coming from the high crosslinking density, affects the durability of coatings and places 

strong constraints on design parameters.
4
 Good toughening is achieved in phase-

separated morphologies because of the concurrence of different energy absorption 

mechanisms in phase-separated morphologies.
5-7

 To overcome the limitations of rubbers 

or linear thermoplastics used as tougheners, which leads to a reduction of the 

thermomechanical characteristics and to an increased viscosity before curing, the use of 

hyperbranched polymers (HBPs) has been proposed by several authors.
8-12

 We have 

recently reported that significant toughening can take place without sacrificing thermal-

mechanical properties by a proper choice of a hyperbranched core and its partial 

modification with end 10-undecenoyl chains,
13

 which leads to phase-separated 

morphologies but with some compatibility by the partial covalent bonding between the 

matrix and the particles. 

Reworkability of cured thermosets, under controlled thermal or chemical conditions, 

is also desirable because it allows the recovery of valuable substrates in several 

applications once the service life of the component is over. The thermal reworkability of 

epoxy thermosets has been found to depend on the presence of thermally labile groups 

such as esters of tertiary alkyl moieties in the monomer structure,
14

 which can degrade 

easily upon heating leading to a fast network breakdown with a dramatic loss in thermal 

and mechanical properties. A different approach consists in the use of comonomers with 

ester groups which can get incorporated into the network structure, facilitating the 

thermal degradation of the resulting materials.
15,16

 Recently, we have reported that 

hyperbranched poly(ester-amide)s can be used in epoxy formulations with an enhanced 

thermal degradability.
17,18

 However, using hyperbranched aromatic polyesters as 

modifiers the opposite effect was obtained but, nevertheless, chemical reworkability of 

the modified thermosets in a basic hydrolytic medium was still possible.
19
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In the present work we have synthesized poly(-caprolactone) stars (HBPCL) using 

a hyperbranched aromatic polyester (HBPOH) as a core and used both polymers as 

modifiers in DGEBA formulations cured with ytterbium triflate. In a previous work, we 

found that the use of a multiarm star with poly(-caprolactone) arms and a 

hyperbranched core was advantageous from the processability point of view in 

comparison with linear polymers,
20

 and because of the superior mechanical properties of 

the resulting materials. The synthesized dendritic structures have been characterized by 

GPC, NMR, DSC and rheometric measurements. The curing kinetics has been studied 

by DSC. The thermal and dynamomechanical properties have been determined using 

DSC, TGA and DMA. The global shrinkage on curing has been calculated from the 

densities of the material before and after curing. The chemical reworkability has been 

studied by treating the materials in a basic medium and determining the evolution of the 

Tg. Mechanical characteristics such as the Young modulus, microhardness and impact 

strength have also been evaluated. 

7.2. Experimental 

7.2.1. Materials 

3,5-Dihydroxybenzoic acid, N,N’-dicyclohexylcarbodiimide (DCC), tin 2-

ethylhexanoate (Sn(Oct)2) and ytterbium (III) trifluoromethanesulfonate (Yb(OTf)3) were 

supplied by Sigma-Aldrich and used without further purification. ε-Caprolactone (CL, 

Sigma-Aldrich) was dried over CaH2 and subsequently distilled under vacuum. Diglycidyl 

ether of Bisphenol A (DGEBA) Epikote Resin 828 was provided by Shell Chemicals with 

an epoxy equivalent of 184 g/eq and was dried in vacuum before use.  

 All the organic solvents were purchased from Scharlab and purified by standard 

procedures. 4-(N,N-dimethylamino) pyridinium p-toluenesulfonate (DPTS) was prepared 

as described in the literature.
21

 All the solvents were purchased in Scharlab and were 

purified by standard procedures. 

7.2.2. Synthesis of the aromatic hyperbranched polyester (HBPOH) 

HBPOH was synthesized as reported previously by M. Erber et al.
22

 In a flask fitted 

with magnetic stirrer and septum, 3,5-dihydroxybenzoic acid (15 g, 97.2 mmol) and 

DPTS (4.98 g, 16.8 mmol) were introduced and then it was flushed with argon. 120 mL of 

dried N,N-dimethylformamide were added via a syringe through the septum and the 

mixture was stirred until the reagents were dissolved. After cooling in an ice bath, N,N’-

dicyclohexylcarbodiimide (DCC) (20 g, 97.2 mmol) was added to the flask and then 

stirred at room temperature for 48 h. Once the reaction was completed, the formed urea 

derivative was filtered out and carefully washed with solvent. Subsequently, the polymer 

solution was precipitated in CH2Cl2, then dissolved in THF and precipitated again in an 

acidic water solution (HCl, 1 %). After filtration, the precipitate was dried at 50°C in 

vacuum to yield a whitish powder (75 % of conversion). 
1
H NMR in (400 MHz, DMSO, δ 

in ppm): 9.75 broad (OH), 8.2-7.7 (m, Har, dendr.), 7.6-7.4 (m, Har lineal), 7.2-6.9 (m, Har 

lineal, Har term.), 6.53 (m, Har,term.).  6100 g/molwM ,  4660 g/molnM  and molecular 

weight dispersity D = 1.31 (by SEC). Tg = 138 ºC (by DSC). The amount of hydroxyl 
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groups was determined according to ISO 2554-1974 standards. The number of hydroxyl 

groups per molecule was 34.  

 

7.2.3. Synthesis of the multiarm star HBPCL (Scheme 1) 

In a 25 mL round bottomed flask 2 g of HBPOH (6.85 mmol OH) were dissolved in 

7.82 g (68.5 mmol) of ε-caprolactone at 130 °C under argon atmosphere, under gentle 

stirring for 1 hour. Then, 4 drops of tin 2-ethylhexanoate were added to the mixture and 

the temperature was raised to the 150 °C and kept for 24 hours. 

 After the reaction, the polymer mixture was dissolved in 50 mL of THF and 

precipitated twice in 500 mL of cold diethyl ether. After filtration, the polymer was dried at 

40 °C overnight in a vacuum oven. Conversion: 96 %. Tg = - 30 ºC and Tm = 62 ºC (by 

DSC). 12400 g/molnM ,  20000 g/molwM  and molecular weight dispersity 1.7 (by 

SEC), 7.1 as the number of arms per molecule and 29.3 as the average polymerization 

degree of the arms, both determined by 
1
H-NMR analysis. 

 
 1
H NMR (Figure 1) (400 MHz, CDCl3), δ (in ppm): 1.34-1.49 m (-CH2-); 1.55-1.62 

m (-CH2-); 2.3-2.4 m (-CH2-); 3.6 m (-CH2-); 4.0 m (-CH2-). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1. Chemical structures of HBPOH and HBPCL. 
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Figure 1. 
1
H NMR spectrum of the multiarm star synthesized in CDCl3 with the 

corresponding assignments. 

 

7.2.4. Preparation of the curing mixtures 

Mixtures containing DGEBA and the selected proportion of the modified HBP were 

heated gently using a thermal gun until the modifier was dissolved and the solution 

became clear. The mixture was then cooled down to room temperature and added to the 

corresponding amount of initiator previously dissolved in a small amount of acetone. The 

samples were carefully stirred and were kept under vacuum at 40 ºC for 20 minutes to 

remove the acetone. The samples were kept at -18 ºC before use to prevent 

polymerization. The HBP was used at a concentration of 5 or 10 % with respect to the 

DGEBA. The initiator was used at a concentration of 1 phr with respect to the DGEBA.  

Table 1 shows the notation and composition of the different formulations studied. It 

must be noted that it was not possible to prepare the formulation with 10% HBP-OH 

because of its poor solubility in DGEBA. 

Table 1: Composition of the neat and modified formulations with different amounts of 

HBPOH or HBPCLin weight percentage (%wt.). 

Formulation DGEBA (wt. %) Yb (wt. %) HBP (wt. %) 

Neat 99.01 0.99 0 

5% HBPOH 94.34 0.94 4.72 

5% HBPCL 94.34 0.94 4.72 

10% HBPCL 90.09 0.90 9.01 
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Samples for thermal and mechanical characterization were cured isothermally in a 

teflon mold at 130 ºC for 2 h and then post-cured for 1.5 h at 170 ºC. 

 

7.2.5. Characterization 

The 400 MHz 
1
H-NMR and 100.6 MHz 

13
C-NMR spectra were obtained with a 

Varian Gemini 400 spectrometer with Fourier Transformed. 
1
H-NMR spectra were 

acquired in 1 min and 16 scans with a 1.0 s relaxation delay (D1). DMSO6 was used as a 

solvent and tetramethylsilane (TMS) as internal standard. 

Calorimetric analyses were carried out on a Mettler DSC822e thermal analyzer. 

Samples of ~ 10 mg in weight were placed in aluminum pans under nitrogen 

atmosphere. The calorimeter was calibrated using an indium standard (heat flow 

calibration) and an indium-lead-zinc standard (temperature calibration).  

Non-isothermal curing experiments were performed from 50 to 250 ºC at heating 

rates of 2, 5, 10 and 15 ºC/min to determine the reaction heat and the kinetic 

parameters. In a non-isothermal curing process, the degree of conversion by DSC was 

calculated as follows 





Conversion T

dyn

H

H
  (1) 

, where ΔHT is the heat released up to a temperature T, obtained by integration of the 

calorimetric signal up to this temperature, and ΔHdyn is the total reaction heat associated 

with the complete conversion of all reactive groups. 

The synthesized polymers were analyzed by DSC on a heating scan at 10ºC/min 

from -100 to 200 ºC. The glass transition temperature (Tg) was determined as the 

halfway point in the heat capacity step during the glass transition. The fusion peak 

temperature (Tm) and the fusion enthalpy (hm) were determined using a straight 

baseline for the integration. The glass transition temperature (Tg) of cured samples was 

determined by DSC on a heating scan at 20 ºC/min as the halfway point in the heat 

capacity step during the glass transition.  

The linear integral isoconversional, model-free method of Kissinger-Akahira-Sunose 

(KAS)
23,24

 was used for the determination of the activation energy based on the dynamic 

curing curves. The kinetic model was determined using the so-called composite integral 

method.
25,26

 A list of available models can be found in the literature.
27-29

 

Rheometric measurements were carried out in a parallel plate geometry (disposable 

aluminium plates 25 mm diameter) mode with an ARG2 rheometer (TA Instruments, UK, 

equipped with electrical heated plates, EHP). Complex viscosity (η
*
) of the pre-cured 

mixtures was recorded as function of angular frequency (0.05 – 100 rad/s) with a 

constant deformation of 50 % at 40 ºC.  
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Thermogravimetric analysis was carried out in a nitrogen atmosphere with a Mettler 

TGA/SDTA 851e/LF/1100 thermobalance. Samples with an approximate mass of 8 mg 

were degraded between 30 and 800 ºC at a heating rate of 10 ºC/min in a nitrogen 

atmosphere (100 cm
3
/min measured in normal conditions).  

Dynamic mechanical analyses were carried out with a TA Instruments DMA Q800. 

Single cantilever bending at 1 Hz and 0.05 % strain was performed at 3 ºC/min, from 40 

ºC to 200 ºC on prismatic rectangular samples (10 x 9 x 1.5 mm
3
). 

The Young’s modulus was determined using DMA. A three point bending assembly 

has been used for this test in order to obtain flexural modulus of elasticity in a non-

destructive test. The support span of the assembly was 10 mm and a load rate of 3 

N/min was used. In this testing configuration, the maximum stress is in the central 

section of the beam. The modulus of elasticity is calculated, like in previous works,
13 

using the slope of the load deflection curve in accordance with Eq. 2 


3

34
f

S m
E

bd
 (2) 

in this formula the following parameters are used: 

 Ef = flexural modulus of elasticity (MPa) 

 S = support span (mm) 

 b = width of test beam (mm) 

 d = depth of tested beam (mm) 

 m = the gradient (i.e., slope) of the initial straight-line portion of the load 

deflection curve (P/D) (N/mm) 

The impact test was performed at room temperature by means of an Izod 5110 

impact tester, according to ASTM D 4508-05 (2008) using rectangular samples (25.4 x 

12.7 x 2 mm
3
). The pendulum employed had a kinetic energy of 0.5 J. For each material, 

9 determinations were made. The impact strength (IS) was calculated from the energy 

absorbed by the sample upon fracture as 


 0IS

E E

S
 (3) 

, where E and E0 are the energy loss of the pendulum with and without sample 

respectively, and S is the cross-section of the samples. 

Microhardness was measured with a Wilson Wolpert (Micro- Knoop 401MAV) 

device following the ASTM D1474-98 (2002) standard procedure. For each material 10 

determinations were made with a confidence level of 95 %. The Knoop microhardness 

(HKN) was calculated from the following equation 
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 
2

HKN
p p

L L

A l C
 (4) 

, where L is the load applied to the indenter (0.025 kg), Ap is the projected area of 

indentation in mm
2
, l is the measured length of long diagonal of indentation in mm, Cp is 

the indenter constant (7.028 x 10
-2

) relating l
2
 to Ap. The values were obtained from 10 

determinations with the calculated precision (95 % of confidence level). 

The fracture area of samples were metalized with gold and observed with a 

scanning electron microscopy (SEM) Jeol JSM 6400. The samples were fractured by 

impact at room temperature. 

Chemical reworkability was studied by saponification in a solution 1M of KOH in 

ethanol under reflux conditions. Samples were removed at different saponification times 

and, after drying, their Tg was measured by DSC. 

7.3. Results and discussion 

7.3.1. Synthesis and characterization of the modified hyperbranched polymers 

Multiarm star polymers can be synthesized by the so-called core first strategy using 

as core a previously synthesized aromatic hyperbranched polyester, HBPOH in the 

present study. From the terminal OH of the core molecule poly(ε-caprolactone) arms 

were grown, from the corresponding monomer by a cationic ring opening mechanism 

catalyzed by Sn(Oct)2. In the case of aliphatic hydroxyl groups this procedure allows the 

control of the length of the arms by the proper selection of the proportion of the monomer 

to the OH groups in the core structure by its leaving character. The synthetic pathway is 

depicted in Scheme 1. 

1
H-NMR spectra allows determining the length of the PCL arms by measuring the 

areas of the peaks 5 and 5’ of the spectrum in Figure 1, by the use of the following 

formula: 

 5

5

1
'

arm

I
DP

I
  (5) 

In the spectrum in Figure 1 the core signals can be appreciated as a complex 

multiplet in the aromatic zone. The central methylene protons of the ε-caprolactone unit 

in the arms appear between 1.4 and 1.7 ppm. The protons directly attached to carbonyl 

group (1 and 1’) appear overlapped at 2.3 ppm. The signals of the protons 5 and 5’, 

attached to the oxygen of ester in the repeating unit or to hydroxyl terminal group, which 

appear separately, are the ones that can be easily integrated. The use of the signals of 

carbons 5 and 5’ for DP evaluation of the arms is possible due to the absence of PCL 

homopolymer, which was confirmed by SEC analysis. From the calculations we obtained 

a higher length of the arms than expected, 29 CL units by each arm. If we consider that 

the molar proportion of ε-CL monomer to phenol group used in the synthesis was about  
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10, we get to the conclusion that not all the 34 arms per molecule grow, but only an 

average of 7.1. The growth of PCL from phenolic groups with Sn(Oct)2 has been 

described recently,
30

 but no other references appear in the literature. Thus, it seems that 

phenol groups are less reactive than alcohols and therefore once the aliphatic OH group 

is formed in the first attack of the phenol to CL, it is able to react much more easily than 

another phenol group.  

Figure 2 compares the conversion curves obtained from the curing thermograms of 

the neat formulations and the formulations with 5 % of HBPOH and 5 and 10 % of 

HPBCL initiated by Yb(OTf)3. 

Figure 2. Degree of conversion against temperature of the curing of the neat and 

the modified formulations at 10ºC/min in nitrogen atmosphere 

 It is observed a clear decrease in the curing temperature upon addition of both 

HBPOH and HBPCL with respect to the neat DGEBA formulation. However, there is no 

relevant difference between any of the modified formulations. As reported previously by 

Kubisa and Penczek,
31

 hydroxylic compounds are known to participate in the cationic 

curing of epoxides following the so-called activated monomer (AM) mechanism, by which 

a hydroxylic group attacks a tertiary oxonium ion leading to a chain-transfer of an active 

proton to an unreacted epoxy group. The secondary oxonium ion formed can then 

propagate the polymerization by the active chain-end mechanism (ACE), leading to the 

formation of another hydroxyl chain end and another tertiary oxonium ion. Hydroxyl-

terminated HBPs are known to accelerate the cationic curing of epoxides because of 

their participation in the curing process by the AM mechanism.
11,32

 However, their effect 

is complex and may also depend on the amount of HBP incorporated into the reactive 

mixture.
33

 In fact, the opposite effect was obtained using poly(ε-caprolactone) star 

polymers  with  a  hyperbranched  polyglycidol  as the core.
20

   The  lower  mobility of the  
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species formed by the participation of the HBP in the curing process or the 

deactivation of the cationic active species by ether groups present in the network 

structure
34

 may offset the acceleration produced by the occurrence of the AM 

mechanism. In the present case the accelerating effect is remarkable, especially taking 

into account that, as seen in Figure 3, the use of these multiarm stars produces an 

increase in the viscosity of the mixture, thus decreasing the mobility of the propagating 

species. However, the complex viscosity of the formulations containing up to a 10 % of 

HBPCL remains in the adequate values to maintain the processability. In a previous 

paper on the use of multiarm stars with polyglycidol core and PCL arms it was proved the 

advantage of star topologies in comparison to linear PCL to maintain a limited viscosity 

of the formulation.
20

 

Figure 3. Complex viscosity * with respect to angular frequency, at 40ºC, of the neat 

and modified formulations with HBPCL. 

 Table 2 summarizes relevant data from the curing of the formulations. It is observed 

that the reaction heat of all formulations is around or slightly below 100 kJ/ee, the 

theoretical reaction heat for epoxy polymerization.
35

 The present results are in good 

agreement with previously reported data of DGEBA cured with rare earth triflates,
34,36

 

indicating that the participation of the dendritic modifiers in the curing process did not 

affect the extent of the reaction of epoxy groups. In Table 2 we also show the values of 

Tg after the dynamic curing at 10 ºC/min. Both HBPOH and HBPCL reduce the Tg of the 

materials, apparently because of their participation in the curing process. Their effect on 

the thermomechanical properties will be discussed in more detail in the following section. 

 The curing kinetics was analyzed following the methodology described in section 

2.5. In Figure 4 it is observed how the activation energy of the process remains 

practically  constant,  with  values between 75 and 85 kJ/mol without a well-defined trend 
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between the different formulations. The model that best described the curing was found 

to be the R2 model with     
1/ 2

2· 1f x x  and      
1/ 2

1 1g x x . Elucidation of the 

curing mechanism on the basis of fitting of data to simple phenomenological models 

should be avoided. However, it is possible to use the results as a means of comparison 

between the different formulations. Using the R2 model, we have detailed in Table 2 the 

pre-exponential factor and the kinetic constant at 0.5 conversion calculated at 170 ºC 

and as can be observed, both modifiers have a similar accelerating effect, in agreement 

with previous results.
30

 

Table 2. Calorimetric data and kinetic parameters obtained from the dynamic curing of 

the formulations. 

Formulations ∆H 

(J/g) 

∆H
a 

(kJ/ee) 

Tmax
b 

(ºC) 

Tg
c  

(°C) 

Ea
d 

(kJ/mol) 

lnA
e 

(s
-1

) 

k170°
f 

(min
-1

)
 

Neat 537 99 176 144 81.3 20.18 0.153 

5% HBPOH 447 87 177 139 78.8 19.70 0.187 

5% HBPCL 465 90 171 126 69.8 19.48 0.186 

10% HBPCL 479 97 170 110 80.0 20.09 0.198 

 a. Enthalpies per equivalent of epoxy group. 

 b. Temperature of the maximum of the curing exotherm at 10 ºC/min. 

 c. Glass transition temperature after a dynamic curing at 10 ºC/min, determined on a second DSC scan at 

20 ºC/min. 

 d. Apparent activation energy at 50% conversion determined by the isoconversional non-isothermal 

procedure. 

 e. Pre-exponential factor calculated for  R2 model at 50% conversion. 

 f. Kinetic constant at 170ºC calculated using the Arrhenius equation at 50% conversion and the R2 model 

Figure 4. Apparent activation energy during curing of the neat and the modified 

formulations. 
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7.3.2. Mechanical and thermo mechanical properties of the thermosets  

 Table 3 summarizes the results of the dynamomechanical and thermal analysis of 

the samples prepared following the curing schedule described in section 2.4. Figure 5 

plots the evolution of tan  with temperature during the DMA analysis of the materials. 

Table 3. Relevant DMA and TGA data of the cured neat and modified formulations. 

Formulation DMA  TGA 

Young Modulus 

(GPa) 

Ttan δ 
b 

(ºC) 

E’r
c 

(Mpa) 
 

Tonset
d 

(ºC) 

Tmax
e 

(ºC) 

Char Yield
f 

(°C) 

Neat 2.5 152 38  314 355 15.49 

5% HBPOH 3.1 141 25  324 368 16.28 

5% HBPCL 2.8 137 27  333 377 13.72 

10% HBPCL 2.3 117 15  345 392 14.95 

a. % by weight of 140 multiarm star polymer. 

b. Temperature of maximum of the tan δ at 1 Hz. 

c. Relaxed modulus determined at the Ttanδ + 40 ºC. 

d. Temperature of the onset decomposition on the TGA data at 10 ºC/min calculated for a 5 % of weight loss. 

e. Temperature of the maximum decomposition rate based on the TGA data at 10  C/min. 

f. Solid residue at 800ºC. 

Figure 5. Tan  against temperature curves of the cured materials. 
 

 It can be observed that, upon addition of 5 % of the modifiers to the formulation, the 

Tg of the resulting material decreases only slightly, but upon further addition up to 10% of 

HBPCL the effect becomes relevant. The relaxed modulus of the formulation decreases 

only discretely when 5 % of the modifier is added but the effect becomes more significant 
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when 10 % of HBPCL is added. Given that the relaxed modulus after the relaxation 

decreases on adding the modifiers, as seen in Table 3, we hypothesize that their 

presence may reduce the crosslinking density due to their participation in the curing 

process along with certain plasticizing effect of the long poly(-caprolactone) arms.  

The use of HBPOH leads to a significant increase in elastic modulus due to its rigid 

aromatic structure and its incorporation into the network structure. However, the effect of 

the aromatic core is partially offset by the long poly(-caprolactone) arms, which reduce 

its value because of their plasticizing effect, reaching a value lower than that of the 

unmodified formulation with 10% of HBPCL. Overall, these results are comparable to 

those obtained previously in the modification of cationic DGEBA formulations with a 

multiarm poly(-caprolactone) star using polyglycidol as core,
20

 in spite of the different 

core structure, degree of modification and arm length. 

The results of the impact strength and the microhardness measurements of the 

cured materials are shown in Figure 6 and Figure 7 respectively. It can be seen that all 

the modifiers produce an increase in impact strength, which is as high as 45 % when 10 

% HBPCL is added to the formulation. Given that the use of these modifiers results in 

homogeneous materials with a lower crosslinking density and Tg, it is hypothesized this is 

a consequence of an in-situ reinforcement caused by the loosening of the network 

structure and plasticization of the cured material. The use of 5 % HBPOH results in a 

significant increase in the microhardness due to the rigid structure of the aromatic 

hyperbranched, but when HBPCL is used the value of microhardness decreases slightly, 

because of the loosening and plasticizing effect of the poly(-caprolactone) arms. This 

effect is similar to that on the elastic modulus.  

Figure 6. Impact strength of the neat and modified formulations. 

In comparison with previous results obtained with multiarm poly(-caprolactone) 

stars using a polyglycidol core,
20

 the use of HBPCL seems to be advantageous in that it 

is achieved a comparable enhancement in impact strength without sacrificing 
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microhardness or elastic modulus, which can be attributed to the high rigidity of the 

aromatic hyperbranched core. 

 

Figure 7. Microhardness of the neat and modified formulations. 

 

Figure 8 shows the SEM micrographs of the fractured surfaces of the materials 

after the impact strength test. No significant morphological features are present, in 

agreement with our previous analysis of DMA data, resulting from the incorporation of 

the polymeric modifier into the network structure. All the pictures show features which 

are typical of a brittle fracture, especially for neat DGEBA. Only for the formulation with 

10 % HBPCL a somewhat higher concentration of shear bands are observed, resulting 

from plastic deformation upon fracture, in agreement with the higher impact strength 

shown in Figure 6. 

 

 

 

 

 

 

 

 

 

 

Figure 8. SEM micrographs of the fractured surface of the cured formulations 

(a) neat, (b) 5% HBPOH, (c) 5% HBPCL and (d) 10% HBPCL. 

 

a b 

c d 
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7.3.3. Thermal and chemical degradability 

Figure 9 shows the thermal degradation curves of the cured materials. It can be 

seen that the degradation process takes place in one single step between 300 and 450 

ºC for all the cured materials. In spite of the presence of a higher proportion of ester 

groups in the thermoset with the incorporation of HBPOH and HBPCL into the DGEBA 

formulations, no decrease in the thermal stability was observed but just the contrary 

behaviour, especially in the initial degradation temperature, as collected in Table 3 and 

as illustrated in Figure 9. This is a feature previously observed when aromatic-aliphatic 

hyperbranched polyesters were used as modifiers in DGEBA formulations.
19

 We can 

attribute this to the higher thermal stability of the aromatic hyperbranched core and the 

fact that aromatic and primary aliphatic esters are not easily degradable in comparison 

with labile aliphatic tertiary esters.
14

 However, ester groups can be readily degraded by 

basic hydrolysis, thus opening a way for chemical reworkability, as previously reported.
19

  

Table 4 shows how, upon saponification in KOH/ethanol in reflux conditions, the Tg 

of the materials modified with HBPOH and HBPCL decreases significantly, in contrast 

with the neat formulation, which can be explained by the fact that the network structure is 

modified by the incorporation of the dendritic structures containing chemically labile 

groups. 

 

Figure 9. TGA mass loss curves of the cured formulations at 10ºC/min in nitrogen 

atmosphere. 
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Table 4. Tg (in ºC) determined on a dynamic DSC scan at 20ºC/min after saponification 

in KOH/EtOH solution at different times. 

Formulation Saponification time (hours) 

0 2 4 10 15 24 

Neat 145 145 144 142 142 140 

5% HBPOH 139 135 131 123 116 88 

5% HBPCL 129 125 118 108 97 78 

10% HBPCL 122 116 112 101 91 63 

 

7.4. Conclusions 

A core-first strategy has been followed to synthesize a multiarm star with an 

aromatic hyperbranched core and poly(-caprolactone) arms. Previously, an aromatic 

hyperbranched polyester with final OH groups (HBPOH) has been synthesized following 

an AB2 polycondensation procedure. Poly(-caprolactone) arms have been grown on 

some of the final OH groups of HBPOH,  Both polymers have been used as modifiers in 

DGEBA formulations cured with ytterbium triflate as cationic initiator. 

The use HBPOH and HBPCL accelerates the curing process because of the 

participation of the end OH groups of the poly(-caprolactone) arms and end phenol 

groups in the activated monomer mechanism (AM) occurring during cationic curing of 

epoxides. Because of that, both modifiers can get incorporated into the network 

structure. This effect is significant enough to offset the discrete increase in the viscosity 

of the formulations. 

A significant increase in Young modulus has been obtained with HBPOH because 

of its rigid aromatic structure but with little effect on the impact strength. The use of 

HBPCL may result in a significant enhancement of impact strength but a somewhat 

negative effect in the elastic modulus and microhardness, because of the plasticizing 

effect of the poly(-caprolactone) arms. In all cases, a reduction in Tg was observed, 

because the participation of the modifiers in the curing process leads to the loosening of 

the network structure and because of the plasticizing effect of the poly (-caprolactone) 

arms.  

The modified materials have a higher thermal stability than the neat DGEBA 

thermoset but chemical reworkability of the materials is still possible because of the 

significant amount of ester groups introduced into the network structure.  
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Abstract 

Multiarm star polymers with hyperbranched aromatic or aromatic-aliphatic cores and 

poly(-caprolactone) arms have been used as toughness modifiers in epoxy-anhydride 

formulations catalyzed by benzyldimethylamine. The curing process has been studied by 

dynamic scanning calorimetry, demonstrating the slight influence of the mobility of the 

reactive species and the hydroxyl content on the kinetics of this process. The obtained 

materials have been characterized by thermal and mechanical tests and the 

microstructure by electron microscopy. Homogeneous thermosets have been obtained 

with a remarkable increase in impact strength without compromising glass transition 

temperature, thermal stability or hardness.  

Keywords: Hyperbranched, epoxy resin, multiarm star, toughness. 

8.1. Introduction 

Epoxy resins are a class of high-performance thermosetting polymers, which display 

a unique combination of properties: high strength and stiffness, low creep, excellent 

corrosion resistance and appropriate electrical properties. However, in terms of structural 

applications, epoxy resins are in general brittle and notch sensitive.
1
 As a result, a 

considerable effort has been made during the past years to improve the toughness of 

epoxy thermosets.
2

 The most successful strategy for improving toughness is the 

incorporation of a second dispersed phase within the epoxy matrix that allows a better 

dissipation of impact energy.
3
 In the last years hyperbranched polymers (HBPs)

4,5,6
 and 

more recently star polymers (SPs)
7,8

 have demonstrated to be very interesting epoxy 

tougheners. They are able to enhance the flexibility of the network and increase 

toughness without compromising other properties, such as hardness, modulus or glass 

transition temperature.
9
 The improvement in toughness in the case of HBPs and SPs is 

attributed either to the flexibilizing effect induced by the homogeneous incorporation of 
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the dendritic polymer, to local inhomogeneities created in the crosslinked network by the 

different degree of local curing reached or by the formation of phase separated nano- 

and micro-particles with good interfacial adhesion between phases.
10

 Enhancement of 

interfacial adhesion can be reached via chemical incorporation of the modifier into epoxy 

matrix or by establishment of effective physical interactions.  

In a previous work it was shown that partial modification of hydroxy terminal groups 

of Boltorn H30 with unpolar 10-undecenoyl moieties made it possible to tune the 

interaction between this modifier and the epoxy-anhydride matrix, leading to phase 

separated or homogeneous morphologies. The presence of non-modified reactive 

groups in the HBP shell can improve the interaction at the interphase between the 

separated particles and the matrix. Concretely, when the degree of modification of 

hydroxyl groups with 10-undecenoyl moieties was a 76%, a phase separated material 

was obtained and more than a 4-fold increase in impact resistance was achieved.
11

 

Multiarm stars with poly(ε-caprolactone) arms and hyperbranched aromatic 

polyester core (Ar-PCL) or aliphatic-aromatic polyester core (Alar-PCL) were synthesized 

and used as modifiers in DGEBA formulations cured with ytterbium triflate as cationic 

initiator.
12 , 13

 In both studies the materials obtained were homogeneous, the glass 

transition temperatures of the final materials decreased only slightly and toughness was 

improved, but a somewhat negative effect in the elastic modulus and microhardness, 

because of the plasticizing effect of the poly(-caprolactone) arms, was observed. In a 

different study, aliphatic-aromatic hyperbranched polyesters ended in long or short 

unreactive vinylic chains were used as toughness modifiers of epoxy-anhydride 

formulations.
14

 An enhancement in impact strength without compromising the glass 

transition temperature and thermal stability was observed, but this improvement was only 

limited due to the absence of reactive terminal groups, which did not promote a good 

interfacial adhesion between matrix and modifier.  

Taking into account the above results, the aim of the present work is to improve the 

toughness of epoxy-anhydride thermosets by the addition of Ar-PCL and Alar-PCL 

multiarm stars. The structures of the materials used are represented in Scheme 1. 

Epoxy-anhydride polycondensation can be initiated by hydroxyl terminal groups of 

Ar-PCL and Alar-PCL, since hydroxyl groups can react with anhydrides giving rise to 

monocarboxylic esters and carboxyl acid groups, which in turn can react with epoxides to 

produce a hydroxyester or can protonate the epoxy group giving rise to an activated 

monomer that leads to polyetherification.
15

 In both cases, multiarm stars can become 

covalently incorporated to the matrix or enhance the interfacial adhesion between 

phases, if present. The different degree of polymerization, length and amount of arms 

and core structures, aromatic or aromatic-aliphatic, of the multiarm stars used as 

modifiers, will tailor the final material properties.  
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Scheme 1. Structure of the multiarm stars, resin and curing agent used. 

8.2. Experimental 

8.2.1. Materials 

 Diglycidylether of Bisphenol A (DGEBA), Epikote Resin 828 from Hexion Specialty 

Chemicals (epoxy equivalent = 187 g/eq) was used after drying under vacuum. 

Methyltetrahydrophatalic anhydride (MTHPA), Aradur HY-918 (166 g/mol) and 

benzyldimethylamine initiator (BDMA), DY 062, from Huntsman were used as received. 

Two multiarm stars with poly(-caprolactone) arms and hyperbranched aromatic (Ar-

PCL) or aliphatic-aromatic (Alar-PCL) core were previously synthesized by us
12,13 

by 

cationic ring opening polymerization of -caprolactone from an aromatic or aliphatic-

aromatic hyperbranched polyester synthesized following two previously reported 

procedures.
16,17

 The relevant structural parameters and properties of these star polymers 

are the following:  

Alar-PCL: Tg = -22 ºC and Tm = 53 ºC (by DSC). nM  = 39,500 g/mol, wM  = 88,100 

g/mol and molecular weight dispersity 2.2 (by SEC), 5 as the number of arms per 

molecule and 65 as the average polymerization degree of the arms, both determined by 
1
H-NMR analysis. 

Ar-PCL: Tg = -38 ºC and Tm = 53 ºC (by DSC). nM  = 12,400 g/mol, wM  = 20,000 

g/mol and molecular weight dispersity 1.7 (by SEC), 7.1 as the number of arms per 
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molecule and  29.3 as the average polymerization degree of the arms, both determined 

by 
1
H-NMR analysis. 

8.2.2. Preparation of the curing mixtures 

 DGEBA/MTHPA formulations were prepared by adding the appropriate amounts 

of each reactant and catalyst to a vial and homogenizing them by mechanical stirring. 

For the preparation of the formulations with Ar-PCL and Alar-PCL appropriate amounts 

of DGEBA and HBP were heated up to 150 ºC with a thermal gun and the mixture was 

homogenized by mechanical stirring; after cooling down, anhydride was added and the 

resulting mixture was homogenized. Finally, the adequate proportion of catalyst was 

added and the mixture was homogenized again. Samples were kept at -20 ºC before use 

to prevent polymerization. For all formulations, the amount of catalyst was 1 phr (parts 

per hundred grams) with respect to the anhydride. The amount of both modifiers was 5% 

or 10% with respect to the DGEBA/MTHPA mixture. Table 1 shows the notation and 

composition of the different formulations studied.  

Table 1. Composition of the formulations studied in this work with different weight 

percentage of star polymer (indicated in the first column) in percentage by total weight 

(wt.%) of the mixture and in equivalent ratio, (Xeq). 

  

 Samples for DMTA and thermogravimetric analysis, mechanical tests and electron 

microscopy were cured isothermally in a mould at 140ºC for 1 h and then post-cured for 

1 h at 170ºC. 

8.2.3. Characterization techniques 

Calorimetric measurements (DSC) 

 Calorimetric analyses were carried out on a Mettler DSC-822e thermal analyzer. 

Samples of approximately 10 mg were placed in aluminum pans under nitrogen 

atmosphere. The calorimeter was calibrated using an indium standard (heat flow 

calibration) and an indium-lead-zinc standard (temperature calibration).  

Formulation DGEBA MTHPA BDMA 

Xeq wt.% Xeq wt.% Xeq wt.% 

Neat 1 52.0 1 48.0 0.0065 0.52 

Ar-PCL-5% 0.93 48.1 1.07 46.9 0.0061 0.50 

Ar-PCL-10% 0.88 44.2 1.14 45.8 0.0061 0.50 

Alar-PCL-5% 0.93 48.3 1.07 46.9 0.0061 0.50 

Alar-PCL-10% 0.88 44.2 1.14 45.8 0.0061 0.50 
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 Non-isothermal curing was performed from 0 to 300ºC at heating rates of 2, 5, 10 

and 20 ºC/min to determine the reaction heat associated with the complete conversion of 

all reactive groups and study the curing kinetics. In a non-isothermal curing process, the 

degree of conversion by DSC is calculated as follows: 







T

dyn

h

h
  (1) 

where ΔhT is the heat released up to a temperature T, obtained by integration of the 

calorimetric signal up to this temperature, and Δhdyn is the total reaction heat associated 

with the complete conversion of all reactive groups.The linear integral isoconversional, 

model-free method of Kissinger-Akahira-Sunose (KAS) was used for the determination of 

the activation energy based on the non-isothermal curing curves.
18,19

 

 




  
        

2
ln ln

A R E

g E RTT
  (2) 

  is the heating rate, T the temperature, E the activation energy, A the pre-

exponential factor, R the gas constant, and g() the integral conversion function. For 

each conversion degree, the representation of ln(/T
2
) versus 1/T produces a straight 

line and makes it possible to determine E and ln[AR/g()E] from the slope and the 

intercept without knowing the kinetic model.  

The glass transition temperatures (Tg∞s) of the obtained thermosets were 

determined after non-isothermal curing at 10 ºC/min by means of a second scan at 10 

ºC/min, as the temperature of the half-way point of the jump in the heat capacity when 

the material changed from glassy to the rubbery state under N2 atmosphere and the 

error is estimated to be approximately ± 1°C. No residual curing exotherm was detected.  

Gelation 

Rheometric measurements were carried out in the parallel plates (geometry of 25 

mm) mode with an ARG2 rheometer (TA Instruments, UK, equipped with electrical 

heated plates, EHP). The curing was monitored at 100ºC in order to determine the gel 

point and the conversion at gelation.  

Because the visco-elastic properties change dramatically during the curing process 

a control program was used in which the oscillation amplitude decreases and the applied 

stress increases as the elastic modulus G’ or the viscous modulus G” increase. Gel time 

was taken as the point where tan δ is independent of frequency.
20

 The conversion at the 

gelation (gel) was determined by stopping the rheology experiment at gelation and 

performing a subsequent dynamic DSC scan at 10 ºC/min of the gelled sample. 

Dynamomechanical analysis (DMTA) 

DMTA was carried out with a TA Instruments DMA Q800. Single cantilever bending 

at 1 Hz and 0.05 % strain was performed at 3 ºC/min from 30 to 200 ºC on prismatic 

rectangular samples (ca. 0.5 x 12 x 25 mm
3
).  
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The Young’s modulus was determined using DMTA. A three point bending 

assembly has been used for this test in order to obtain flexural modulus of elasticity in a 

non-destructive test. The support span of the assembly was 10 mm and a load rate of 3 

N/min was used. In this testing configuration, the maximum stress is in the central 

section of the beam. The modulus of elasticity is calculated using the slope of the load 

deflection curve in accordance with the following equation: 


3

34
f

L m
E

bd
  (3) 

Ef is the flexural modulus of elasticity (MPa), L the support span (mm), b the width of test 

beam (mm), d the depth of tested beam (mm) and m the gradient (i.e., slope) of the initial 

straight-line portion of the load deflection curve (P/D) (N/mm). 

Thermogravimetric analysis (TGA) 

Thermogravimetric analysis was carried out in a nitrogen atmosphere with a Mettler 

TGA/SDTA 851e/LF/1100 thermobalance. Samples with an approximate mass of 8 mg 

were degraded between 30 and 800ºC at a heating rate of 10 ºC/min in a nitrogen 

atmosphere (100 cm
3
/min measured in normal conditions).  

Impact resistance 

The impact test was performed at room temperature by means of an Izod 5110 

impact tester, according to ASTM D 4508-10 (2010) using rectangular samples (25.4 x 

12.7 x 2 mm
3
). The pendulum employed had a kinetic energy of 0.5 J. For each material, 

9 determinations were made. The impact strength (IS) was calculated from the energy 

absorbed by the sample upon fracture as 


 0IS

E E

S
  (4) 

where E and E0 are the energy loss of the pendulum with and without sample 

respectively, and S is the cross-section of the samples. 

Microhardness 

 Microhardness was measured with a Wilson Wolpert (Micro- Knoop 401MAV) 

device following the ASTM D1474-98 (2008) standard procedure. For each material 10 

determinations were made with a confidence level of 95 %. The Knoop microhardness 

(HKN) was calculated from the following equation:  

 
2

HKN
p p

L L

A l C
  (5) 

where L is the load applied to the indenter (0.025 kg), Ap is the projected area of 

indentation in mm
2
, l is the measured length of long diagonal of indentation in mm, Cp is 

the indenter constant (7.028 x 10
-2

) relating l
2
 to Ap.  
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Electron microscopy analysis (SEM) 

The fracture area of samples were metalized with gold and observed with a 

scanning electron microscopy (SEM) Jeol JSM 6400 with a resolution of 3.5 nm. The 

samples examined were previously fractured by impact at room temperature. 

8.3. Results and discussion 

8.3.1. Curing of DGEBA/MTHPA with different proportions of Ar-PCL and Alar-PCL 

 The presence of hydroxyl in epoxy-anhydride formulations, coming from the 

oligomeric DGEBA and both Ar-PCL an Alar-PCL, leads to a complex curing mechanism 

consisting of polycondensation (initiated by hydroxyl group) and ring-opening 

polymerization (initiated by tertiary amine),
15,21

 the balance between them depending on 

the relative proportion of epoxy/hydroxyl groups.  

 Figure 1 shows the plots of degrees of conversion against temperature recorded 

at 10 ºC/min of neat DGEBA/MTHPA and Ar-PCL and Alar-PCL modified formulations. 

Calorimetric curves for all formulations showed a unimodal shape, which indicates that 

the different curing mechanisms occur quasi simultaneously. Although the presence of 

the multiarm stars does not have a strong influence on the curing, a slight acceleration is 

observed regardless of the amount and type of modifier. The existence of higher content 

of hydroxyl groups in formulations containing modifier than in neat formulation, can 

increase the curing rate via polycondensation mechanism initiated by hydroxyl terminal 

group of Ar-PCL or Alar-PCL. The slight retarding effect observed in formulations 

containing 10% of Alar-PCL can be attributed to the participation of less mobile species 

such as monocarboxylic ester formed between Alar-PCL and anhydride. The overall 

curing rate is therefore a compromise between different factors such as: hydroxyl group 

content and mobility of active species.  

Figure 1. Conversion degrees against temperature of all the formulations studied at a 

heating rate of 10 ºC/min. 
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All formulations were cured at several heating rates by DSC. Table 2 shows the 

experimental heats of polymerization, h, calculated as the average heat of the 

experiments at different heating rates.  

By increasing the proportion of modifier, h (J/g) decreases, due to the lower 

content of reactive epoxy and anhydride groups, whereas h (kJ/ee) remains almost 

constant and similar to the values reported in the literature.
15,22,23,24

 FTIR spectra of cured 

samples showed that the absorbance bands at 913 cm
-1

 and at 1860-1780 cm
-1

, 

attributed to the oxirane and anhydride groups respectively, disappeared completely. 

Moreover, no residual heat was observed after a second dynamic scan made up to 250 

ºC to determine Tg. All these results indicate that epoxides/anhydrides have reacted 

almost completely. 

Table 2. Average heat evolved during non-isothermal curing of all formulations Δh in J/g 

and kJ/ee (kJ/epoxy equivalent). Glass transition temperature of the samples cured at 

10ºC/min Tg, calculated glass transition temperature, using DSC data and Fox equation 

Tg,Fox, and conversion at the gel point gel and gelation time tgel. 

Formulation Δh (J/g) Δh (kJ/ee) Tg  (ºC) Tg,Fox (ºC) gel tgel (min) 

Neat 321 114 123 123 0.38 29.7 

Ar-PCL-5% 281 107 112 110 0.40 23.4 

Ar-PCL-10% 263 109 109 98 0.35 21.6 

Alar-PCL-5% 275 105 113 112 0.41 28.1 

Alar-PCL-10% 268 111 105 101 0.36 26.9 

 

Figure 2 shows that activation energy remains almost constant during curing of the 

neat and modified formulations, which indicates that the different mechanisms take place 

at the same time and in a similar way in the whole range of conversion. Neat and Alar-

PCL-10% formulations have higher activation energy, in agreement with their lower 

curing rate (Figure 1). The slightly lower activation energy of Alar-PCL-5% formulation, 

in comparison with those containing Ar-PCL, with similar curing rates, can be explained 

by the compensation effect between the activation energy and the pre-exponential 

factor.
25
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Figure 2. Apparent activation energy during curing of all formulations studied 

obtained by using the Kissinger-Akahira-Sunose method. 

 As observed in the table, on increasing the proportion of multiarm star in the 

formulation the Tg of the material decreases, but this decrease is not much affected by 

the type of modifier. In order to verify the effect of Ar-PCL and Alar-PCL on the matrix, 

the Fox equation was used to predict the Tg of the cured materials.
26,27

 Table 2 shows 

that the calculated values for both modifiers are only slightly lower than the experimental 

ones. Although this result may suggest that a small part of modifier forms a separate 

phase, electron microscopy did not show evidence of a second phase observable at the 

resolution of the SEM device. It can be hypothesized that a strong chemical or physical 

interaction between modifier and matrix, or even the presence of physical 

entanglements, which may limit network mobility and therefore increase the Tg, can 

explain this behavior. Covalent bonds formed by reaction between terminal hydroxyl 

groups of multiarm star and anhydride and hydrogen bonding between modifier and 

matrix are the largest interactions expected.  

The results of the gelation tests are summarized in Table 2. The gelation time 

slightly decreases with the proportion of modifier. Conversion at the gel point slightly 

decreases also with the multiarm star content. This result suggests that the network 

formation process is not strongly affected by the addition of Ar-PCL or Alar-PCL and 

therefore similar crosslinked densities are expected in the modified materials.  
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8.3.2. Characterization of the thermosets 

 Table 3 summarizes the results of the dynamomechanical and 

thermogravimetric analysis of the samples prepared following the isothermal curing 

schedule described in the experimental section. Figure 3 and 4 plots the evolution of tan 

 and storage modulus with temperature during the DMTA analysis of the materials, 

respectively. 

Table 3. Relevant DMTA and TGA data of the cured neat and modified materials. 

Formulation DMTA  TGA 

Young modulus 

(GPa) 

Ttan δ
a     

(ºC) 

E’ 
b      

(MPa) 

 Tonset
c      

(ºC) 

Tmax
d       

(ºC) 

Char Yield 
e 
(°C) 

Neat 3.6 135 19  340 398 5.74 

Ar-PCL-5% 3.9 130 15  316 405 6.74 

Ar-PCL-10% 3.7 123 16  317 404 7.77 

Alar-PCL-5% 3.8 135 12  324 401 6.25 

Alar-PCL-10% 3.6 126 14  337 409 7.73 

a. Temperature of maximum of the tan δ at 1 Hz. 

b. Modulus in the rubbery state determined at temperature of maximum tan δ + 50ºC. 

c. Temperature of the onset decomposition determined by TGA in nitrogen atmosphere at 10 ºC/min 

calculated for a 5 % of weight loss. 

d. Temperature of the maximum decomposition rate determined by TGA in nitrogen atmosphere at 10 ºC/min. 

e. Char residue at 800 °C determined by TGA in nitrogen atmosphere at 10 ºC/min. 

 

 

Figure 3. Tan  versus temperature at 1 Hz of neat DGEBA/MTHPA and 

thermosets with Ar-PCL and Alar-PCL. 
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Figure 4. Storage modulus versus temperature at 1 Hz of neat DGEBA/MTHPA 

and thermosets with Ar-PCL and Alar-PCL. 

DMTA curves show a single and unimodal  relaxation, which is typical of single-

phase materials, as will be further demonstrated by electronic microscopy. It can be 

observed that, upon addition of 5 % of the modifiers to the formulation, the maximum of 

tan  (Tg) of the resulting material barely decreases and even the formulation containing 

Alar-PCL the Tg remains unaltered. Upon further addition up to 10% of multiarm stars the 

decrease becomes more relevant but it is nevertheless low. 

The rubbery modulus decreases upon addition of Alar-PCL or Ar-PCL which, 

according to the rubber elasticity theory,
28

 indicates an increase of the molecular weight 

between crosslinks, resulting from a certain loosening of the network structure by the 

incorporation of both Ar-PCL and Alar-PCL into the network structure. It is interesting to 

note the modest flexibilizing effect exerted by these modifiers with poly(-caprolactone) 

arms, much less than the ones observed for the modification of DGEBA cured by 

ytterbium triflate, with linear poly(ε-caprolactone) or stars with poly(glycidol) core.
8
 It 

seems that the more efficient incorporation of hydroxylic stars to the epoxy-anhydride 

network, coupled with the rigidity of the core, can explain these differences. 

Although both modifiers show similar trends, some differences can be detected. 

Thermosets containing Alar-PCL have larger molecular weight between crosslinks (or 

lower crosslinking density) but higher Tgs than Ar-PCL materials. Probably, when Ar-PCL 

is used as modifier, the lower entanglement of its shorter arms compensates for the 

higher stiffness of its aromatic core leading to materials with lower Tgs. In our previous 

reports on the modification of DGEBA formulations cured with ytterbium triflate it was 

observed that higher Tgs were obtained when Alar-PCL was used.
12, 13 

The Tgs obtained by DSC (non-isothermal curing) decrease more than those 

obtained by DMTA (isothermal curing). This difference should be attributed to the 

different curing schedule. During non-isothermal curing in DSC, the temperature changes 

and the balance between de different reactive processes can be significantly altered in 
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reference to the isothermal curing. Moreover, the higher temperatures reached in DSC 

can promote the appearance of thermal rearrangements and degradation. 

The use of Alar-PCL or Ar-PCL leads to a modest increase in Young moduli due to 

their rigid structures and their incorporation into the network matrix. Again, the expected 

flexiblizing effect of poly(-caprolactone) arms is hardly observed. Probably, the high 

degree of entanglement of these chains due to the existence of large number of 

intermolecular and intramolecular hidrogen bonding can justify this behaviour. This 

behaviour contrasts with the observed for classical toughness modifiers, which usually 

reduce Young modulus.
29

 

Figure 5 shows that both Alar-PCL and Ar-PCL produce an increase in the impact 

strength of the cured materials. Taking into account that the use of these modifiers 

results in homogeneous materials with a slightly lower crosslinking density, it is 

hypothesized this is a consequence of an in-situ reinforcement caused by the loosening 

of the network structure.
30

 The higher impact strength was obtained with 5% of Alar-PCL, 

in accordance to the lower crosslinking density (Table 3), which increases the network 

mobility and facilitates the dissipation of mechanical energy. However, on comparing 

both modifiers it is possibly to suspect that other factors such as physical entanglement, 

matrix-multiarm star interactions and the limited plasticizing effect of poly(-caprolactone) 

arms can also influence the toughness of the studied materials and therefore no general 

rules can be established for this type of multiarm star modifiers. 

 

 

Figure 5. Impact strength of neat DGEBA/MTHPA and thermosets with 

Ar-PCL and Alar-PCL. 
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The microhardness measurements have proven to be useful in rating coatings on 

rigid substrates to know on the resistance that one body offers against penetration to 

another under static loads. Figure 6 shows microhardness data for all the materials 

prepared. In general, the values are not much affected and there is not a systematic 

trend depending on the type or content of the modifier. Probably, the high rigidity of the 

aromatic cores in conjunction with the relative high degree of crosslinking and 

entanglement of the arms of the modified formulations justify the values of 

microhardness. 

Figure 6. Microhardness of neat DGEBA/MTHPA and thermosets with 

Ar-PCL and Alar-PCL. 

 

In general the use of Ar-PCL and Alar-PCL seems to be advantageous because it 

makes it possible to enhance the impact strength without sacrificing microhardness, 

Young modulus or even glass transition temperature. From the point of view of 

microhardness, the addition of a 5% of Ar-PCL gives the best result but the addition of a 

5% of Alar-PCL leads to the highest improvement in toughness without a significant 

reduction of the glass transition temperature (Table 3) and having virtually the same 

microhardness as the unmodified material. 

Figure 7 shows the SEM micrographs of the fractured surfaces of the materials 

after the impact strength test. No significant morphological features can be observed, 

resulting from the incorporation of the polymeric modifier into the network structure and 

the formation of a homogeneous material. However, under SEM observation particles 

smaller than 10-20 nm cannot be observed and therefore nanophase separation cannot 

be discarded. All micrographs show features which are typical of a relatively brittle 

fracture, especially for neat formulation, with smooth and glassy surface. The fracture 

surfaces for modified formulations were slightly different from those of the neat 

DGEBA/MTHPA. These formulations show relatively rough and irregular appearance 

with  filar  strips  characteristics  of  more  plastic deformation
27,31

 in  agreement  with  the  

UNIVERSITAT ROVIRA I VIRGILI 
NEW AND IMPROVED THERMOSETS BASED ON EPOXY RESINS AND DENDRITIC POLYESTE 
Adrian Marius Tomuta 
Dipòsit Legal: T.191-2014 
 



Chapter 8 - Plastics Technology and Engineering (submitted) 

162 

 

higher impact strength shown in Figure 5. A higher concentration of shear bands 

with stress-whitened zones around the crack, characteristics of toughness enhancement, 

are observed for the thermoset with 5% of Ar-PCL.  

 

Figure 7. SEM micrographs of the fractured surface of the impacted thermosets. 

 Figure 8 shows the results of the thermogravimetric analysis in nitrogen 

atmosphere. Upon addition of Ar-PCL and Alar-PCL the temperature of the maximum 

degradation rate increases and the onset temperature decreases only slightly, in spite of 

the presence of a higher proportion of ester groups in the thermoset with the 

incorporation of Ar-PCL and Alar-PCL into the DGEBA/MTHPA matrix. We can attribute 

this behaviour to the higher thermal stability of the aromatic and aliphatic-aromatic 

hyperbranched cores. This higher stability is due to the aromatic character of the esters 

in both core molecules. 

  Since the thermal degradability of polyester moieties involves a -elimination 

process, which implies a pericyclic reaction involving a six-membered ring in which a 

proton in -position participates,
32,33

 the absence of protons in this position prevents the 

thermal degradation to occur. Ester linkages between core and arms and benzoic esters 

into the core cannot degrade via -elimination process and this process can only take 

place in the poly(-caprolactone) arms. Table 3 shows also the values of char yield at 

800ºC. As it can be seen, the presence of these modifiers in the material leads to an 

increase of this value which is proportional to the amount added to the formulation. 
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Figure 8. TGA mass loss curves of the cured materials at 

10ºC/min in nitrogen atmosphere. 

8.4. Conclusions 

The use of two multiarm stars polymers, Ar-PCL and Alar-PCL, as modifiers in 

epoxy-anhydride formulations catalyzed by benzyldimethylamine has been studied. The 

influence of the mobility of the reactive species and the hydroxyl content on the curing 

kinetics has been put into evidence. 

New epoxy thermosetting materials with improved toughness and Young modulus 

were obtained with hardly compromise the glass transition temperature, thermal stability 

and hardness. The new thermosets obtained were homogeneous without any sign of 

phase separation and the best improvement in impact resistance was obtained with the 

addition of a 5% of Alar-PCL, which also had the highest glass transition temperature. 

The structure and the properties of the resulting thermosets are controlled by the 

rigidity of the hyperbranched core, the crosslinking density and the amount, length and 

entanglement of the poly(-caprolactone) arms. The compatibility between matrix and 

modifier through covalent linkages is another factor that controls the toughness 

improvement. 
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1. A series of dihydrazides, synthesized by reaction of dicarboxylic diester with 

hydrazine hydrate in ethanol, were used as curing agents for DGEBA epoxy resin 

and their latent characteristic demonstrated. The temperatures of activation of the 

curing are dependent on the melting point of crystalline dihydrazides. The addition of 

a base or a Lewis acid as catalyst accelerates the curing but the latent character is 

lost. On comparing with DGEBA and DGEBA/anhydride thermosets, much better 

impact resistance is obtained when dihydrazides are used as curing agent. The 

flexibility introduced by the dihydrazide structure is the responsible of this behaviour.  

 

2. Novel modified aliphatic-aromatic hyperbranched polyester with vinylic chains of 

different lengths have been synthesized and used as non-reactive toughening 

modifier of epoxy/anhydride systems in the presence of a tertiary amine as catalyst. 

The addition of these modifiers increases significantly the curing rate and the 

toughness with hardly compromise the thermal stability and the glass transition 

temperature. The new thermosets obtained are homogenous without any phase 

separation, but their fracture surface suggests a significant increase in matrix 

yielding, due to the flexibility introduced by the branched structures. 

 

3. Aliphatic-aromatic hyperbranched polyesters with hydroxyl, undecenoyl or allyl as 

chain ends were synthesized and used as modifiers in DGEBA/adipic dihydrazides 

formulations. The addition of these hyperbranched polymers helped to disperse and 

to compatibilize the crystalline dihydrazide in the reactive mixture. Consequently, the 

latency of the adipic dihydrazide as epoxy curing agent is reduced, being more 

noticeable this effect on adding hydroxyl terminated HBPs, which catalyzes the first 

stages of the curing process. The thermosets obtained show an improvement in 

microhardness and impact strength without any reduction of the glass transition 

temperature and even the thermal stability is enhanced. The morphologies of the 

epoxy thermosets prepared are controlled by the type of terminal groups. Whereas 

formulations containing HBPs with unreactive vinyl terminal groups show nano or 

microphase separation, HBPs with reactive hydroxyl groups lead to homogeneous 

morphologies. 

 

4. Following a core-first strategy, multiarm star polyesters with different structure were 

obtained. These multiarm star polymers and with an aromatic hyperbranched core 

and hydroxyl final groups were added as modifier in DGEBA formulations cured with 

ytterbium triflate as cationic initiator or in DGEBA/anhydride formulations catalyzed 

by benzyldimethylamine.  

 

UNIVERSITAT ROVIRA I VIRGILI 
NEW AND IMPROVED THERMOSETS BASED ON EPOXY RESINS AND DENDRITIC POLYESTE 
Adrian Marius Tomuta 
Dipòsit Legal: T.191-2014 
 



Chapter 9  -  Global conclusions 

168 

 

5. The addition of a multiarm star with a hyperbranched aliphatic-aromatic polyester 

core and poly(-caprolactone) arms to DGEBA/ytterbium triflate formulations, slightly 

delays the curing process, reduces the shrinkage on curing and increases the pot 

life. The homogeneous thermosets obtained show an improvement in impact 

strength with a discrete reduction of the glass transition temperature proportionally 

to the amount of modifier. The presence of aromatic and primary aliphatic ester 

groups in the network structure increases the reworkability in alkaline solutions with 

the maintenance of thermal stability. 

 

6. In the curing of DGEBA initiated by ytterbium triflate, the addition of a multiarm star 

with a hyperbranched aromatic polyester core and poly(-caprolactone) arms 

accelerates the curing process because the participation of the end hydroxyl groups 

in the activated monomer mechanism occurring during cationic curing of epoxides. 

The thermosets prepared are homogeneous with a remarkable enhancement in 

impact strength without sacrificing modulus or hardness, but with a reduction in 

glass transition temperature. A compromise between the rigid structure of the 

aromatic hyperbranched core and the flexilizing effect of the poly(-caprolactone) 

arms is the responsible of the thermal and mechanical properties of the materials. 

Chemical reworkability and thermal stability of the thermosets are also improved 

with both modifiers. 

 

7. The kinetic of curing of DGEBA/anhydride formulations modified by multiarm star 

polymers with hyperbranched aromatic or aliphatic-aromatic polyester cores and 

poly(-caprolactone) arms, is controlled by the mobility of the reactive species and 

the hydroxyl content. The thermosets obtained are homogeneous with a remarkable 

increase in impact strength without compromising glass transition temperature, 

thermal stability or hardness. The structure and the properties of the resulting 

materials are controlled by the rigidity of the hyperbranched core, the crosslinking 

density, the compatibility between matrix and modifier and the amount, length and 

entanglement of the poly(-caprolactone) arms. 
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APPENDIX A: List of acronyms and symbols 

αgel   Conversion at gelation 

A   Pre-exponential factor 

AH                                 Adipic dihydrazide 

Ar-PCL                          Aromatic core ε-caprolactone star polymer 

Alar-PCL                       Aliphatic-aromatic ε-caprolactone polymer 

BDMA   N, N, N-benzyldimethylamine 

CE 3,4-epoxycyclohexylmethyl-3’,4’-epoxycyclohexyl carboxylate 

CHH                               1,4-Cyclohexyl dihydrazide  

Δht   Heat released 

DB   Degree of branching 

DCC   N,N'-Dicyclohexylcarbodiimide 

DDH                               Dodecanoic dihydrazide 

DGEBA   Diglycidyl ether of bisphenol A 

ĐM   Molecular weight dispersity 

DMF   N, N-dimethylformamide 

DMTA   Dynamic mechanical thermal analysis 

         Degree of polymerization 

DPTS   4-(N,N-dimethylamino)pyridinium p-toluene sulfonate 

DSC   Differential scanning calorimetry 

E’   Storage modulus 

E’’   Loss modulus 

Ea   Apparent activation energy 

ee   Epoxy equivalent 

FTIR   Fourier-transformed infrared spectroscopy 

ε-CL                               ε-caprolactone 

HBP   Hyperbranched polymer 
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HBPOH                         Aliphatic-aromatic hyperbranched polyester  

HKN   Hardness Knoop Number 

IPH                                 Isophtalic dihydrazide 

k   Rate constant 

MI   1-Methyl imidazole 

      Number average molecular weight 

      Weight average molecular weight 

Іη*І   Complex viscosity 

NMR   Nuclear magnetic resonance spectroscopy 

phr   Parts per hundred of resin 

PEDPH                           4,4'-(propane-1,3-diylbisoxy) dibenzoic dihydrazide  

SEC   Size exclusion chromatography 

SEM   Scanning electron microscopy 

SP   Star polymer 

Sn(Oct)2                                     Tin(II) 2-ethylhexanoate 

tan δ   Loss factor 

TEC   Thermal expansion coefficient 

Tg   Glass transition temperature 

TGA   Thermogravimetric analysis 

THF   Tetrahydrofurane 

MTHPA   Methyl 1,2,3,6-Tetrahydrophthalic anhydride 

TMA   Thermal mechanical analysis 

Tmax   Temperature of the maximum degradation rate 

TMS   Tetramethyl silane 

Tp   Temperature of the peak of the curing exotherm 

Yb(OTf)3  Ytterbium trifluoromethanesulfonate 

Tx%   Temperature of the lost of x% of weight 

wt. %                              Weight percentage
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