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ABSTRACT 

 

The network build-up process during curing of an epoxy resin using a hyperbranched poly(ethyleneimine) 

as crosslinking agent has been studied from a theoretical and experimental point of view. A systematic 

analysis taking into account the stoichiometry of the curing process has been performed. Conversion at 

gelation has been studied by thermomechanical analysis (TMA) and differential scanning calorimetry 

(DSC). Crosslinking density has been studied by dynamomechanical analysis (DMA). Gel fraction after 

extraction in organic solvents has also been determined. The experimental results have been compared 

with a theoretical network build-up model based on the random recombination of structural fragments, 

showing good agreement between theory and experimental results, but deviations from the ideal epoxy-

amine polycondensation appear as a consequence of the dilution of the hyperbranched crosslinker in off-

stoichiometric formulations.  
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1 Introduction 

 

Hyperbranched polymers (HBPs) are multi-functional polymers that have unique attractive features [1], 

such as their high degree of branching, which makes them less viscous than their linear counterparts with 

a similar molecular weight, and their high reactivity, given their elevated concentration of surface groups 

that can be modified in order to fine-tune their physical/chemical compatibility with other polymers, 

substrates or resins. In addition, they can be synthesized with relative ease, in batch or semi-batch 

processes. For that reason, they have a more disperse, less perfect structure than perfect dendrimers, but 

they have the advantage that no intermediate purification steps are required in their synthesis, leading to a 

good compromise between affordable cost and properties.  In the field of thermosetting polymers, one of 

their most relevant applications is as toughening agents that phase-separate during curing [2-10], but it is 

also of interest their role as reagents that get incorporated into the network structure [11-17].  

 

The use of hyperbranched poly(ethyleneimine)s produced by BASF under the tradename of LupasolTM as 

crosslinking agents in diglycidyl ether of bisphenol A (DGEBA) formulations was recently studied with 

certain detail, focusing on their effect on the curing kinetics [16] and thermomechanical properties [17] 

The curing process is an epoxy-amine polycondensation between the epoxy groups and the primary and 

secondary amine groups in the polymer structure, leading to similar materials to those obtained in the 

crosslinking process with smaller aliphatic amine curing agents [16]. Off-stoichiometric formulations 

with excess of epoxy groups can be fully cured in the presence of a suitable anionic initiator such as 1-

methylimidazole, leading to highly crosslinked materials [17]. However, a rigorous treatment on the 

effect of hyperbranched poly(ethyleneimine)s in terms of network build-up process is missing. 

 

Random statistical procedures are commonly used to study the structure of hyperbranched polymers, but a 

series of deviations from the ideal situation are expected due to subsitution effects during polymerization, 

the occurrence of side reactions and intramolecular cyclization [18-25]. The high mass-average molecular 

weight and polymer dispersity of the resulting polymes can be controlled by means of the addition of 

small core molecules [18, 19, 26], a feature that can be easily incorporated into statistical models. The use 

of highly branched precursors in polymer networks, including hyperbranched polymers, has been 

rigorously studied from a theoretical point of view by Dušek and co-workers [27-30]. Hyperbranched 

polymers may be obtained by semi-batch, slow monomer addition procedures, leading to narrower 

polymer dispersities [31, 32], but in this case the hypothesis of the random polymerization may not apply, 
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therefore a different methodology should be used. Hyperbranched poly(ethyleneimine)s are obtained from 

the polymerization of aziridine. The process is complex [33-35], involving the participation of a number 

of nucleophilic and electrophilic species. Chain-transfer events are frequent, leading to an approximate 

ratio of primary, secondary and tertiary amines of 1:2:1 [34]. This amine ratio coincides with the expected 

distribution of terminal, linear and branching units for a random polymerization of AB2 monomers. An 

analogy between AB2 polycondensation and ring-opening multi-branching polymerizations can be 

established [31], and therefore it is hypothesized that the methodologies applicable to HBPs obtained by 

random polycondensation processes can be also used for poly(ethyleneimine) polymers. The batch 

synthesis of hyperbranched polyethyleneimines in aqueous solution has been reported [36], leading to 

polymers with an amine ratio of approximately 1:2:1 determined by NMR. However, commercial 

polymers may have different amine ratios, about 1:1:1 [36], and with very narrow polymer distribution 

[37],  indicating that the synthetic procedure may be different such as slow monomer addition [31] or else 

have been synthesized with the addition of a core molecule to control the polymer distribution, as 

reported in the patent literature [38].  

 

In the present work, a probable structure and polymer distribution of the hyperbranched 

poly(ethyleneimine)s is generated on the basis of the available structural information provided by the 

supplier, such as the mass-average molecular weight, ��, and the distribution of primary, secondary and 

tertiary amine groups, and taking into consideration the presence of a core molecule in the polymer 

structure. This likely polymer structure is then used as an input for a crosslinking process with DGEBA, 

following an epoxy-amine polycondensation mechanism. For the derivation of representative statistical 

averages corresponding to the polymer structure and the crosslinking stage, a recursive method based on 

the expectation probability described by Miller and Macosko [39-41] is used, making use of the definition 

and random combination of structural fragments [42-44]. The global approach is similar to that of multi-

stage processing, and to that used in other theoretical treatments on the use of hyperbranched polymeric 

precursors [27-30, 43]. The crosslinking process is simulated assuming ideal polycondensation behaviour 

[27]. Nonideal features such as reduced secondary amine reactivity, high dilution of the amine 

crosslinking agent or intramolecular loop formation, are also considered and discussed from a qualitative 

point of view. The crosslinking process of epoxy-amine systems has been studied extensively in the 

literature from a theoretical point of view [42, 45] but the use of hyperbranched crosslinkers in epoxy-

amine systems has not been studied yet. The theoretical model developed in this work is compared with 

the experimental analysis of DGEBA formulations containing a hyperbranched poly(ethyleneimine), 
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LupasolTM FG, with different epoxy-amine stoichiometric ratios. Diethylene triamine (DETA) is also 

studied as a means of comparison and for validation purposes. Conversion at gelation, crosslinking 

density and gel fraction are the key structural parameters that are analyzed. Gel point conversion is 

determined using a combination of thermo-mechanical analysis (TMA) and dynamic scanning 

calorimetry (DSC). The crosslinking density of cured samples is determined by dynamomechanical 

analysis (DMA). Gel fraction is determined after reflux extraction with suitable solvents. 

2 Experimental 

2.1 Materials 

 

Diglycidyl ether of Bisphenol A (DGEBA) (Aldrich) with an epoxy equivalent weight of ca. 174 g/mol 

was used as base epoxy resin. Hyperbranched poly(ethyleneimine) LP800 (LupasolTM FG, ��=800 

g/mol, BASF) was used without further purification. Diethylenetriamine (DETA) was purchased from 

Aldrich and used as received. Anhidrous methylene chloride was purchased from Aldrich.  

 

Different stoichiometric and off-stoichiometric epoxy-amine formulations were prepared and analyzed in 

order to validate the HBP structural model and the network build-up model used in this work. The 

formulations have been coded as LP800-X or DETA-X, where X represents the ratio between reactive 

amine hydrogens and epoxy groups in the formulation, �. For the LP800 formulations, the mass per 

reactive hydrogen calculated and shown in Table 1 was used. The samples were prepared by adding the 

corresponding amounts to a glass vial and homogenization by mechanical stirring. The samples were 

analyzed inmediately after preparation or were cured in an open mould for 2 hours a 100 ºC and 

subsequently postcured at 180 ºC for 1 h (postcuring was not performed in formulations with  � � 1 to 

prevent the occurrence of epoxy anionic homopolymerization catalized by the tertiary amines). Details 

and composition of the formulations are shown in Table 2. 

2.2 Characterization techniques 

 

A differential scanning calorimeter Mettler DSC821e calibrated with indium standards has been used to 

study the curing of the different formulations. Samples of ca 10 mg were placed inside an aluminum pan 

with a pierced lid and cured at 2 ºC/min, from -50 to 200 ºC, under nitrogen atmosphere. Assuming that 
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the reaction heat evolved is proportional to the reaction of epoxy groups, the degree of conversion of 

epoxy groups � can be determined using the following expression 

� � ∆�
∆�	
	��  �	��
� (1) 

,where ∆� and ∆�	
	�� are the reaction heat released up to a temperature � and the total reaction heat 

evolved during the dynamic experiment, corrected by the maximum degree of conversion achieved, 

�	��
�, determined from the expected heat released per epoxy group for complete conversion ∆�	��
� as  

�	��
� � ∆�	
	��
∆�	��
� (2) 

The glass transition temperature ���� of the samples cured following the schedule defined in the 

preceding section was determined by a scan at 10 ºC/min, as the half-way point in the jump in the heat 

capacity step, following the DIN 51007 method in the STARe software by Mettler. The heat capacity step 

∆�� during the glass transition was also determined likewise.  

 

Cured samples were analyzed with a FTIR spectrometer Bruker Vertex 70 with an attenuated total 

reflection accessory with thermal control and a diamond crystal (Golden Gate Heated Single Reflection 

Diamond ATR, Specac-Teknokroma) and equipped with a mid-band liquid nitrogen-cooled mercury-

cadmium-telluride (MCT) detector. Spectra were collected at room temperature in the absorbance mode 

at a resolution of 4 cm-1 in the wavelength range of 600 to 4000 cm-1 and 20 scans were averaged for each 

spectrum. The spectra were corrected for the wavelength dependence of the absorbance in ATR devices. 

The disappearance of the absorbance peaks at 915 cm-1 (epoxy bending) was used to determine the epoxy 

group conversion.The peak at 1508 cm-1 (carbon-carbon ring stretch of p-disubstituted benzene ring of 

DGEBA) was used as an internal standard. The epoxy group conversion was calculated as: 

 

�′��
��,	 � ����,	���� ,	 (3) 

� � 1 ! �′��
��,	�′��
��,� (4) 
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A thermo-mechanical analyzer Mettler TMA SDTA840 was used to determine the conversion at the gel 

point following a procedure previously discussed [46]. A silanized glass fiber disc ca. 5 mm in diameter 

was impregnated with the liquid formulation and sandwiched between two thin aluminum discs. The 

sample was heated up from 30 to 150 ºC at 2 ºC/min, and subject to an oscillatory force of 0.005-0.01 N 

with an oscillation frequency of 0.083 Hz (dynamic load thermo-mechanical analysis mode, DLTMA). 

The gel point temperature was taken as the onset in the decrease of the oscillation amplitude measured by 

the probe. The conversion at the gel point has been determined from the gel point temperature and a 

dynamic curing experiment in the DSC at the same heating rate. The sample temperatures measured by 

the thermocouple below the sample in the TMA analyzer, and that measured by the cell in the DSC, have 

been used to ensure accuracy of the measurement. This direct comparison between DSC and TMA was 

validated by measuring by DSC, at 2 ºC/min, the residual heat of a sample partially cured up to the gel 

point in the TMA.  

 

A TA Instruments DMA Q800 was used to study the dynamic-mechanical properties of the materials. 

Prismatic rectangular samples (ca 10 x 12 x 1.3 mm3) were analyzed in single-cantilever mode at 1 Hz 

and 10 µm strain amplitude at 3 ºC/min from 30 to 200 ºC. 

 

The gel fraction of the cured samples was determined by reflux extraction in methylene chloride 

overnight and drying of the filtered solid residue under vacuum and a temperature of 80ºC until constant 

weight. 

3 Theoretical 

3.1 HBP structure 

 

In spite of the complexity of the polymerization of aziridine [33-35] it is asumed that, essentially, it leads 

to a number of primary, secondary and tertiary amine structures coming from the ring-opening of the 

aziridine units and chain-transfer processes between the different species. In Scheme 1 we show a 

simplified reaction scheme along with the possible structural fragments resulting from the aziridine 

polymerization, neglecting the existence of remaining cyclic aziridine or aziridinium structures or internal 

loop formation.  
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The different fragments resulting from the aziridine polymerization are also shown in Scheme 1. 

According to the material specifications provided by the supplier of Lupasol, no unreacted aziridine rings 

should be present in the polymer structure, and therefore the corresponding fragments are not considered. 

Note that the different fragments, coded as A1, A2 and A3, issue (-) and (+) virtual bonds representing 

their connection to the other fragments, leading to the polymer structure. These bonds result from both the 

aziridine ring-opening and chain-transfer between the ethylenimminium cations and the different 

nucleophiles taking place during the aziridine polymerization [34]. The (+) and (-) bonds indicate the 

direction towards the chain start and the chain end, respectively. Because a (-) bond indicates that there is 

a connection with a (+) bond, the number of (-) and (+) bonds must be equal throughout the 

polymerization process and in the final structure of the polymer. This is equivalent to say that, in analogy 

with a polycondensation processes, the number of reacted B groups must be equal to the number of 

reacted A groups, providing there are not other unidentified species or structures in the system.  

 

Assuming that all the primary, secondary and tertiary amines from Lupasol (see "1: "2: "3 ratio in Table 

1) come from the polymerization of aziridine alone, that would give a number of (-) bonds greater than 

the number of (+) bonds. Therefore, the description of the polymer structure based only on the aziridine 

fragments is incomplete. It is hypothesized that there must be a number of fragments resulting from the 

presence of a core molecule during the aziridine polymerization process such as ethylenediamine [38]. It 

can be assumed that it partipates by a chain-transfer process in a very similar to that of the primary and 

secondary amines generated during the polymerization of aziridine and produces, in fact, very similar 

structures. As can be seen in Scheme 2, ethylenediamine can be splitted into two structural fragments, one 

of them, A1, identical to the one resulting from the aziridine polymerization and a new one coded C1. 

From the participation of C1 fragments in the aziridine polymerization process following Scheme 1, C1, 

C2 and C3 fragments might also be present in the polymer structure.  Part of the primary, secondary and 

tertiary amino groups in the structure might come from this added ethylenediamine core, and this would 

help to equilibrate the number of (-) and (+) bonds. The resulting polymer distribution, resulting from the 

combination of the different fragments, is shown in Scheme 3. 

 

It is usually shown that 1H NMR analysis of commercially available hyperbranched poly(ethyleneimine)s 

shows only signals characteristic of the amine protons and the methylene groups neighboring amine 

groups.[47, 48] The 13C NMR analysis of commercial poly(ethyleneimine)s also shown only signals 

corresponding to methylene carbons neighboring amine groups [47]. The 1H NMR and 13C NMR spectra 
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of LP800 (see Supporting Information) show identical features. No signals corresponding to other 

methylene groups [49], N-substituted ethyleneimine rings, aziridine or other moieties could be observed, 

so it is assumed that the proposed structural model is valid, and that ethylenediamine has been effectively 

used as core molecule in these polymers. 

 

An additional advantage of this modelling is that it can be applied to model more simple systems, small 

amine crosslinkers such as diethylenetriamine (DETA) (Scheme 4). As can be seen, there is only one 

possible combination of fragments leading to the monomer structure.  

 

By analogy with AB2 polycondensation processes [31], it can be considered that a likely polymer 

structure can be determined from the random recombination of structural fragments, such as those shown 

in Scheme 3, corresponding to the primary, secondary and tertiary amines produced in the aziridine 

polymerization in the presence of ethylenediamine. A recursive method making use of the concept of 

expectation probability described by Miller and Macosko [39-41] and the statistical combination of 

structural fragments that are present in the polymer structure or during the crosslinking process has been 

used. Detailed explanation of the fragment methodology can be found in the literature [42]. The 

concentration of the different structural fragments (&1, &2, &3 and '1, '2, '3, note that lowercase labels 

are used for the normalized concentration of each species) is fitted taking into account the overall 

concentration of primary, secondary and tertiary amines ("1, "2, "3, determined experimentally by the 

supplier) and the mass-average molecular weight of the polymer (determined experimentally by the 

supplier), ��.  

 

Other relevant parameters can be obtained such the relation between core and aziridine units in the 

hyperbranched structure λ (eq. (5)), the number-average molecular weight �( (eq. (6)), the mass per 

reactive amine hydrogen ��)* (eq. (7)) or the mass per amine group ��)+ (eq. (8)). Noticeably, all these 

parameters can be calculated on the basis of the overall concentration of primary, secondary and tertiary 

amines ("1, "2, "3) and the mass of the structural fragments. In the expressions used, and according to 

the fragment structure in Scheme 1 and Scheme 2, �� is equal to the mass of aziridine plus one hydrogen, 

44 g/mol, and �,
�� has a value of 16 g/mol (see the Supporting Information for the detail on the mass of 

each structural fragment). 
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λ � "1 ! "32  -"2 . 2  "3/ (5) 

 

�( � -"2 . 2  "3/  -�� ! 1/ . 0(�1(23 4  -�� .�,
��/-"1 ! "3/ 2⁄  
(6) 

��)* � -"2 . 2  "3/  -�� ! 1/ . 0(�1(23 4  -�� .�,
��/2  "1 . "2  
(7) 

��)+ � -"2 . 2  "3/  -�� ! 1/ . 0(�1(23 4  -�� .�,
��/"1 . "2 . "3  
(8) 

 

The second moment of the number of reactive groups in the HBP or mass-average polymer functionality, 

6�, can be approximately estimated from the following expression: 

6� ≅ ���� ! 1 (9) 

Where �� ! 1 is the mass of the aziridine repeating unit in the HBP. In spite of the presence of core 

ethylenediamine fragments in the polymer structure, there are a number of reasons supporting this 

expression: (1) each polymerized aziridine monomer contributes, on average, to one reactive group in the 

HBP, (2) in the calculation of the second moment (or mass-average) more weight is given to polymer 

molecules with higher molecular mass and therefore higher amount of polymerized aziridine, therefore 

minimizing the effect of the presence of core molecules in the structure, and (3) the structure of the 

ethylenediamine core is, in any case, very similar to that of the polymerized aziridine repeating units. A 

verification has been made using the polymer distributions reported by Yan and Zhou [26]. The values of 

6� and �� -�� ! 1/⁄   have been calculated for a random polymer with the same λ, showing an error of 

less than 1 %. In order to test the accuracy of this expression, λ was changed between 0.05 and 0.2, 

keeping the error within 5-6%. Taking into account the other sources of uncertainty, this approximation 

should be valid for the present case. 

 

The details on the recursive procedure and the derivation of all the relevant structural parameters are 

found in the Supporting Information. 
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3.2 Epoxy-amine crosslinking 

 

During epoxy-amine curing processes, the main reactions taking place are the nucleophilic addition of the 

primary and secondary amine to the epoxy ring, catalyzed by proton donors, as illustrated in Scheme 5. 

The real mechanism can be significantly more complex, involving the formation a number of reaction 

complexes [50-53], but this may have limited influence on the structure development during curing. 

 

The possible structural fragments present during the epoxy-amine polycondensation process are found in 

Scheme 6 and Scheme 7. According to these schemes, once an amine fragment reacts, it issues a new 

bond labeled DG+ indicating the connection to a reacted epoxy fragment. Accordingly, once an epoxy 

fragment reacts, a new bond labeled DG- appears, indicating the connection to a reacted amine fragment. 

It follows that only connections between DG+ and DG- fragments are possible during the crosslinking 

process. Individual fragments for the mono- and di-reacted epoxy monomer have been considered (see 

Scheme 7), a structural fragment definition close to that employed by Dušek and co-workers [27, 29]. 

This fragment definition would allow easy introduction of nonideal features such as negative substitution 

factor for the reaction amine or epoxy groups. The former possibility is widely acknowledged, while in 

contrast it is commonly assumed equal and independent reactivity of epoxy groups in an epoxy monomer 

[42]. The lower reactivity of the remaining epoxy group in a mono-reacted epoxy monomer would 

produce a reduction in the probability of inter-molecular bonding and have a significant impact on the 

network build-up. It is envisioned that this effect may can take place in highly off-stoichiometric systems 

with large excess of epoxy groups, in a similar way to the slow monomer addition synthesis of 

hyperbranched polymers [31]. Other possibilities such as steric effects on reactivity or intra-molecular 

loop formation might be operative, but these need a more rigorous treatment that falls out of the scope of 

this work [29, 54-58]. In addition, reaction of all the epoxy or amine groups might not be possible due to 

topological restrictions towards the end of the process [23]. Therefore, for simplicity purposes, the 

network build-up process will be described and analyzed in detail only in the ideal case and deviations 

from this ideal behaviour will be discussed in the subsequent comparison of the experimental results with 

the theoretical predictions. 

 

Taking into account the initial concentration of the different structural fragments of the hyperbranched 

polymer, one can define � as the stoichiometric ratio between amine and epoxy groups, 
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� � 2  &1� . &2� . 2  '1� . '2�89�  (10) 

 

where the different terms in lowercase indicate a normalized concentration of the corresponding structural 

fragments, with respect to the the initial number of amine groups, and the subscript 0 indicates beginning 

of cure. If one calls � as the epoxy conversion, the global conversion of amine hydrogens is � �⁄ . In 

aliphatic amines, it is usually considered that the reactivity of primary and secondary amine hydrogens is 

similar [42, 59]. Therefore, in the case of an ideal polycondensation process, the concentration of the 

different fragments is statistical, depending only on � and �. Assuming no epoxy homopolymerization 

takes place, in the case of excess of epoxy groups (� � 1) the maximum epoxy conversion is � while, in 

the case of excess amine groups (� : 1)  epoxy conversion can be complete but the maximum conversion 

of amine groups is 1 �⁄ . 

 

The inputs for the crosslinking stage are the concentration of the different structural fragments (&1, &2, 

&3 and '1, '2, '3) coming from the structural modelling of the hyperbranched polymer and the 

concentration of diepoxy monomers (89). The connectivity between the different fragments is respected 

taking into account the labelling of the different virtual bonds issued by each fragment and their 

complementarity. Relevant structural parameters can be determined, including (but not limited to): epoxy 

conversion at the gel point (����), the mass-average molecular weight before gelation (��), soluble and 

gel fraction (;<
� and ;��� respectively) and crosslinking density (",�
<<) after gelation. The statistical 

averages are determined recursively using the concept of expected molecular weight before the gel point, 

and the concept of extinction probability after the gel point. The methodology is described in detail in the 

literature [39-42].  

 

Following Dušek and Duškova-Smrčkova [27], conversion at gelation between a hyperbranched 

crosslinker and a bifunctional monomer can also be determined from the Stockmayer relationship, eq. 

(11), using the second moment of the polymer functionality, 6�, instead of the functionality 6 in the case 

of simple monomers or well-defined dendrimers. 
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���� � = �6 ! 1 (11) 

Taking into account that the functionality of the HBP is only estimated using eq. (9), the error in the 

determination of the gel point conversion ∆���� can be calculated as  

∆���� ≅ �1�/3  -6� ! 1/12/3  ∆6� � ����  -6� ! 1/1�  ∆6� (12) 

, where ∆6� is the difference between the real and estimated functionality of the HBP. Given that 6� is 

high for a multi-functional crosslinker (resulting in low values of ����), and assuming ∆6� is small, this 

error should be negligible from a practical point of view. 

 

Gelation can only take place for stoichiometric ratios � within a certain range, given by the following 

expresion, depending on the crosslinker functionality [42]: 

16 ! 1 � � � 6 ! 1 (13) 

The critical gelation ratios are defined as the lower and upper bounds. The error in their determination, 

using 6�, depend also on the accuracy on the estimation of 6� using eq. (9). 

 

The details on the determination of the fragment distribution, the recursive procedure and the relevant 

statistical parameters during the crosslinking process are found in the Supporting Information. 

 

4 Results and discussion 

4.1 Analysis of the HBP structural model and crosslinking process 

 

Table 1 shows the structural parameters of hyperbranched poly(ethyleneimine)s LP800 obtained from the 

product datasheet, the mass-average molecular weight �� (determined by light scattering) and the ratio 

of primary, secondary and tertiary amines "1: "2: "3 (determined by NMR, procedure and assignments 

can be found elsewhere [47] and references therein), as well as the calculated structural parameters 

following the model in this work.  
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Noticeably, the proportion "1: "2: "3 is somewhat different from that reported for other hyperbranched 

poly(ethyleneimine)s [36, 47], and far from what can be expected from a random AB2 polymerization, but 

this can be consequence of the use of a core molecule. According to Scheme 1, the presence of a diamine 

with two primary amine groups may lead to a final greater amount of primary amines because of its 

participation in the chain-transfer events with the different ethyleneimmonium cations and the restarting 

of new chains.   

 

As shown in the previous section, the number-average molecular weight �(, the equivalent weight per 

reactive hydrogen and the ratio ethylenediamine:aziridine in the polymer structure, λ, can be determined 

from the overall distribution of primary, secondary and tertiary amines "1: "2: "3 only. A �( of 404 

g/mol has been calculated, yielding a polymer dispersity about 2. The value of polymer dispersity is a bit 

high for slow monomer addition polymerization processes [32], suggesting that a batch polymerization 

synthetic process has been used, with the use of a core molecule to control the polymer distribution [26]. 

This also indicates that the proposed procedure, based on the random recombination of structural 

fragments, may be valid. Indeed, the parameter λ is rather high, an indication of the significant amount of 

ethylenediamine needed to control the mass-average molecular weight �� to such a low value and the 

polymer dispersity.  

 

The parameters reflecting the polymer distribution, the ratios of aziridine/ethylenediamine fragments 

&1: &2: &3 and ethylenediamine fragments '1: '2: '3 have been calculated using the recursive 

methodology assuming an objective �� of 800 g/mol for LP800, subject to all the constraints, in terms of 

core and aziridine composition, as described in the Supporting Information. It should be noted that 

different ratios having the same molecular weight could be calculated, because there is an extra degree of 

freedom that is not covered by any expression. The ratios shown in Table 1 correspond only to one of the 

possible solutions. However, it can be advanced that, when the apparently different structures were used 

as input for the subsequent crosslinking process, they produce almost identical results, indicating that the 

crosslinking process is not very sensitive to the exact amine distribution. This can be rationalized by the 

fact that the role of the hyperbranched poly(ethyleneimine)s as crosslinkers depends on their reactive 

equivalent, depending on "1: "2: "3, and the experimental determination of �� and polymer dispersity 

��/�(. This implies that all the distributions represented by the &1: &2: &3 and '1: '2: '3 ratios, having 

the same reactive equivalent and values of �� and ��/�(, are statistically equivalent and almost 

identical from a practical point of view. 
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The proposed structural model is capable of simulating a range of polymer distributions with different �� 

and equal �(, by changing the distribution of the core and aziridine fragments, given by the &1: &2: &3 

and '1: '2: '3 ratios. Using the current approach, the model is capable of simulating, for LP800, polymers 

with  �� ranging from 590 g/mol (PD 1.46) to 2406 g/mol (PD 5.95). Due to the random recombination 

of fragments, the model is limited to high polymer dispersities for higher polymer sizes, and this may 

prevent its application to polymers obtained by less random, slow monomer addition procedures [31, 32]. 

While this may not be a problem for low molecular weight polymers, such as LP800, as the random 

recombination can lead to relatively narrow polymer distributions, the structural model should be 

modified to be able to simulate larger molecules with less random structure and narrow distribution.  

 

Although it is claimed that poly(ethyleneimine)s are composed manly of ethyleneimine homopolymer and 

should have a H equivalent mass (the mass per reactive amine hydrogen, in g/eqH) of 43 g/mol, an 

equivalent weight of 33.67 g/mol can be calculated in the present case. This value coincides with the one 

reported previously, in spite of the different structure definition [17]. This can also be explained by the 

use of ethylenediamine core. It has to be taken into account that each aziridine molecule polymerized 

introduces one reactive hydrogen in the polymer structure, but the reaction of ethylenediamine introduces 

four, resulting in an increase in the amount of reactive hydrogens in the final polymer structure and a 

subsequent lowering of the reactive amine hydrogen equivalent weight.  

 

The model calculates exactly the gel point conversion for the ideal polycondensation using small amine 

crosslinkers such as DETA, which can also be calculated using the well-known Stockmayer or Flory 

equation (eq. (11)) (6 � 5 for DETA). This was to be expected, since these simple expressions can be 

derived from the application of the fragment methodology [42]. For LP800, the predictions of the model 

and those obtained by the application of the theoretical eq. (11) and 6� calculated using eq. (9), also show 

very good agreement, as seen in Figure 1. The little discrepancies arise because the estimation of 6� takes 

into account only �� and the mass of the repeating unit of polymerized aziridine but, as discussed in the 

theoretical section and the Supplementary Information, it was verified that the error could be negligible. 

The model also predicts, for the ideal polycondensation with LP800, that gelation takes place within a 

range of � between 0.055 and 18.21, indicating that very little amount of LP800 would result in a gelled 

material and preventing the storage of formulations containing LP800 for a long period of time. The 

results also agree well with those calculated using eq. (13). 
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Figure 2 compares some relevant statistical averages corresponding to the network build-up process of 

stoichometric DETA and LP800 formulations assuming ideal polycondensation behaviour and complete 

conversion of epoxy and amine groups. In the pregel state, it can be observed that �� incrases more 

rapidly in the case of LP800, resulting in much earlier gelation, when �� diverges to infinity, at an epoxy 

conversion of 0.23, in contrast with the value of 0.50 for DETA. Given that the curing kinetics of 

hyperbranched poly(ethyleneimine)s and DETA are similar [16] and that the conversion at gelation is 

much lower for LP800, one should expect a shorter pot life for formulations containing LP800 than 

DETA, as was put into evidence in a previous experimental work using a higher molecular weight 

hyperbranched poly(ethyleneimine) [16]. After gelation, the soluble fraction ;<
� decreases also earlier in 

the case of LP800, from 1 at the gel point down to 0 in the fully crosslinked material, and the resulting 

material should have a higher crosslinking density ",�
<< than DETA. 

 

The above results coming from the application of the structural model can be easily explained by the 

multi-functionality of LP800, with an average functionality 6� of 18.60 (in comparison of 5 for DETA, 

see Table 1), leading to earlier gelation as expected, and by the activation of internal branching points, the 

tertiary amine groups in the LP800 structure, leading to a more densely crosslinked network than DETA. 

Dušek and Duškova-Smrčkova showed that, for dendrimer crosslinkers, the inner branching points of the 

dendrimer structure are activated before the outer branching points [27]. Likewise, it can be shown that 

the preexisting branching points coming from the tertiary amines in the HBP structure are activated 

before, followed by the ones coming from the reaction of the secondary amines,  and last of them all the 

ones coming from the reaction of primary amines. This is due to the fact that a primary or secondary 

amine crosslink may not be activated unless it has completely reacted and all three paths issuing from the 

crosslink have an infinite continuation, while in the case of the tertiary amine crosslink it is only 

necessary that all the three paths have an infinite continuation. 

 

4.2 Comparison of theory with experiments 

 

A number of formulations with different epoxy-amine stoichiometric ratios were prepared. In the case of 

LP800 formulations, the reactive hydrogen equivalent weight calculated according to the model was used 

(see Table 1). The composition of the different formulations is shown in Table 2. 
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Figure 3 compares the dynamic curing at 2 ºC/min of different formulations containing LP800 and 

DETA. It can be observed that the curing process takes approximately within the same temperature range 

for all the formulations with LP800, regardless of the stoichiometric ratio. However, it is observed that a 

deficit of LP800 in the formulation has a more dramatic effect in terms of kinetics and exothermicity than 

an excess, because of the much lower reactive hydrogen equivalent weight of LP800 (33.67 g/eq, see 

Table 1) in comparison with that of DGEBA (174 g/eq). The curing of formulations LP800-0.4 and 

LP800-0.2 (not shown in the figure) proceeds at a remarkably slower rate due to the lower amine 

concentration but within the same temperature range. 

 

Table 3 shows the results of the calorimetric analysis during curing, showing that for the formulations 

containing LP800 the degree of cure 	achieved, �BCD, is lower than that expected, �E��, taking into 

account the proportion of the crosslinking agent. In the case of DETA, conversion of epoxy groups was 

quantitative (the reaction heat was only slightly lower than expected for DETA-0.4). A reaction heat of 

117 kJ/mol of epoxy group has been assumed for the calculations, corresponding to the curing of the 

LP800-1.4 formulation, a value that is in agreement with commonly reported values [60]. The degree of 

cure was measured by FTIR/ATR on cured samples of formulations with stoichiometric ratios � of 0.2 to 

1. In spite of the uncertainty in the determination of the conversion due to the partial overlapping of 

signals in the region of the reference and epoxy signals (see Figure 4), the calculation of conversion by 

FTIR, �FGHI, agrees well with those obtained by DSC, �BCD, thus validating the calculation of the final 

conversion on the basis of this reference heat of 117. A fraction of unreacted amines (6�EJ(�) around 0.2 

has been calculated for all formulations between LP800-0.2 and LP800-1.2, indicating that there are 

amine groups that are not available for reaction. It might be claimed that the proposed hyperbranched 

structure and the calculation of the reactive amine equivalent weight are wrong but, as discussed in the 

theoretical section, the model should be appropriate taking into account the experimental evidence. In 

addition, modification of the amine groups in hyperbranched poly(ethyleneimine)s is commonly reported 

to be incomplete [47], to a similar extent to that reported in the present work. It is acknowledged a 

number groups in the hyperbranched structure are less accessible [23] and may be eventually prevented 

from reacting at all during the crosslinking process due to topological limitations.  

 

Table 3 also shows other relevant parameters determined from the calorimetric analysis of the cured 

samples. It can be seen that, on increasing the amount of hyperbranched crosslinker in the modifier, the 
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�� of the cured material increases and the ∆�� decrease, in agreement with the expected increase in the 

crosslinking density. An optimum is reached for formulations LP800-1.2 and LP800-1.4, after which the 

�� decreases and ∆�� increases as well. In previous works, it was seen that the properties of materials 

with LP800 did not reach those with DETA [17] , but it was not paid attention to the fact that reaction of 

the amine groups of LP800 was not complete. In fact, an optimized formulation with LP800 has higher �� 

than the stoichiometric DETA formulation, in spite of the presence of unreacted amine groups. The 

optimized formulations result from a compromise between having unreacted epoxy groups or having 

complete epoxy conversion but with a certain amount of unreacted amine groups, resulting in a more 

densely crosslinked and constrained network structure. Given the data reported in Table 3, it is deduced 

that the presence of unreacted epoxy groups has a more detrimental effect on the thermal-mechanical 

properties than an excess of unreacted amine groups. Several factors should contribute to this, namely: (1) 

the presence and size of pendant mono-reacted epoxy chain-ends carrying an excess of free volume, (2) a 

significant decrease in crosslinking density and (3) the plasticizing effect of the soluble fraction. The 

effect of the epoxy excess on soluble fraction and on crosslinking density is discussed later on when the 

network structure is analyzed in more detail. The effect of excess epoxy groups in DETA formulations is 

similar to that in LP800 formulations. 

 

The gel point conversion during curing of the various formulations was measured using a procedure 

already described in the literature, based on the combination of TMA and DSC [46, 61]. Figure 5 

illustrates a typical determination of gel point conversion by combination of TMA and DSC data, of 

formulation LP800-1. Note that, in the figure, the DSC conversion curve is already corrected taking into 

account the maximum conversion achieved, yielding the value of ���� of 0.23 reported in Table 3. The 

validity of this procedure has been checked by comparison of the experimental gel point conversion of 

two formulations with DETA with those predicted by theory. The agreement between theory and 

experiment (see Table 4, last two entries) is excellent and within experimental error, taking into account 

the uncertainty in the determination, given by the sensitivity 8� 8�⁄ ���, for the comparison of TMA and 

DSC experiments.  

 

If one examines the results for the LP800 formulations, there is an excellent agreement between the 

calculated values and the experimental ones from LP800-1 up to LP800-1.6, with excess amine. 

However, from LP800-1 down to LP800-0.2, with excess epoxy, there is a systematic deviation of the 

theoretical values with respect to the experimental ones and, in fact, formulation LP800-0.2 does not gel 
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(TMA did not show traces of gelation and complete solubility of cured samples in dichloromethane was 

verified). Surprisingly, the critical gelation ratio for LP800 formulations with excess epoxy (� � 1) would 

be similar to the one for DETA, 0.25.This contrasts with the theoretical critical gelation ratio � of ca. 

0.055 that would be predicted in the case of ideal polycondensation. Some practical consequences of this 

are the possibility of preparing of intermediate ungelled materials using off-stoichiometric formulations 

containing LP800 in dual-curing processes, providing a suitable initiator is used for the excess epoxy 

groups [17]. In the case of DETA such deviations in the gel point conversion are not observed, following 

ideal polycondensation behaviour.  

 

Intramolecular loop formation is one major deviation from the ideal polycondensation behaviour, leading 

to higher gel point conversion than expected, higher soluble fraction of the crosslinked material and lower 

crosslinking density due to the formation of elastically inactive loops or wasted network junctions [55, 

62]. This is also of importance for hyperbranched polymers [23], due to the high density of neighboring 

reactive groups. It is acknowledged dilution increases the likelihood of intramolecular loop formation due 

to the reduced probability inter-molecular reaction between diluted molecules [55, 57, 63]. Following 

Dušková-Smrčková et al. [57], we have observed that, in the formulations with a lower LP800 content, 

the ratio  ���� ����,JK���⁄  scales well with the stoichiometric ratio, 	� , that is approximately equivalent to 

the inverse of the amine concentration in the formulation. This suggests that the dilution of the amine 

crosslinking agent results in an increase in intramolecular loop formation but this interpretation may not 

be accurate, because in the present case the dilution takes place within the same diepoxy monomer. 

Moreover, the observed departures from the ideal situation are not observed in the formulations with 

DETA, only in those with a deficit in LP800, in which the hyperbranched crosslinker is progressively 

diluted within the epoxy medium. 

 

The specific behaviour of LP800 may be explained by its densely branched, multi-functional structure. 

The situation is illustrated in Scheme 8. It can be observed that the reactive amine groups are not 

distributed homogeneously in the reaction medium when LP800 is used, but concentrated in the LP800 

molecules. A consequence of this is that LP800 may promote intra-molecular cyclization more easily due 

to the presence of neighbouring amine groups. However, intra-molecular cyclization may not take place 

extensively due to the abundance of available epoxy groups surrounding the hyperbranched molecules. 

The dilution of LP800 in the reaction medium enhances the heterogeneity of the distribution of reactive 

amine groups further. The consequence is that the likelihood that a monoreacted epoxy monomer, 
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attached to a LP800 molecule, reacts with another LP800 molecule is greatly reduced. In an inert solvent, 

the reaction between LP800 and unreacted diepoxy monomer would decrease and the probability of 

intramolecular loop formation would no doubt increase but, in the present case, the solvent is the diepoxy 

monomer itself, which means that the reaction between LP800 and the unreacted diepoxy is not 

negatively affected and even enhanced in comparison. This results in an apparent negative substitution 

effect for the epoxy monomer, becoming more relevant as the dilution of LP800 increases. In 

consequence, the probability of inter-molecular bonding is significantly decreased, slowing down the 

increase in �� during the curing process and delaying gelation. This invalidates, for this particular case, 

the common hypothesis of independent reactivity of epoxy groups in a diepoxy monomer [42].  This is 

similar to what happens in the synthesis of hyperbranched polymers by slow addition techniques, in 

which extreme dilution of one of the components that is slowly added results in preferential reaction 

pathways in comparison with bulk polymerization techniques in which reaction takes place randomly 

[32]. In contrast, the use of DETA as crosslinking agent leads to a more homogeneously distributed amine 

groups within the reaction medium. In Scheme 8 it is shown that inter-molecular reactions are in principle 

more favoured in the presence of DETA than with LP800. Dilution of DETA would not show any of 

these effects because of its small structure, more homogeneous distribution in the system and the fact that 

the degree of dilution is relatively small. 

 

In the light of these experimental results, one can better interpret the previous results obtained for a 

hyperbranched poly(ethyleneimine) with a �� of 2000 g/mol [16]. For a stoichiometric formulation, it 

was determined experimentally a conversion at gelation of ca. 0.25, but the application of the current 

model to such a hyperbranched polymer would predict a conversion at gelation of 0.15, assuming ideal 

polycondensation. In that previous work, incomplete conversion of epoxy groups was not considered so 

that the corrected conversion at gelation would be lower, around 0.21, still higher than expected. Taking 

into account the higher molecular weight, one can argue that the distribution of amine groups in the 

reaction medium would be less homogeneous, and this might result in similar substitution effects or 

intramolecular loop formation as observed in LP800 formulations with � � 1, thus increasing the gel 

point conversion further.  

 

The gel fraction of the cured LP800 thermosets was determined by reflux extraction in dichloromethane 

and subsequent drying of the filtered solid. Table 5 shows the results of the experimental determination of 

the gel fraction in comparison with the values predicted by the theory, assuming ideal polycondensation. 
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Note that formulations with excess LP800 are not shown in the table, as the calculated theoretical soluble 

fraction is negligible given the densely branched structure and high functionality of LP800. In all cases 

the achieved epoxy conversion, �BCD in Table 3, has been considered. The experimental values follow the 

predicted trends but the ideal polycondensation model predicts a certain gel fraction for LP800-0.2 

formulation while this sample is fully soluble. This is explained by the delay in gelation due to dilution of 

the hyperbranched crosslinker, as discussed above, which is not taken into account by the ideal 

polycondensation model. The experimental values are in general higher than those predicted in any of the 

cases, except the formulation DETA-0.4, for which the measured value, taking into account experimental 

error, is very similar to the theoretical one. The differences between experimental and theoretical 

predictions for LP800 may be a consequence, first, of the inaccuracy of the structural model and the 

presence of nonidealities not accounted properly by the model. It can also be hypothesized that 

dichloromethane is not able to remove all the soluble material when LP800 is used due to the high 

polarity of LP800. Similar results were obtained using chloroform as solvent. Methanol is a good solvent 

for poly(ethyleneimine)s but, in spite of its better compatibility with LP800, methanol was not suitable for 

soluble fraction extraction of the DGEBA-LP800 materials. Neither was a chloroform and methanol 

mixture (50/50 v/v). One can also consider that there might be an alkylation reaction between the amine 

groups and the employed solvent, dichloromethane. It is acknowledged that the alkylation rate is very 

slow [64], but it can be accelerated in the case of macrocyclic amines that stabilize a reaction intermediate 

[65] by hydrogen bonding with neighbouring groups, which may be the situation in LP800 formulations 

with unreacted amine groups.  

  

The results of the DMA analysis of the cured samples are shown in Figure 6 and Figure 7, and the main 

parameters are summarized in Table 6. From the figures it can be observed a clear increase in the network 

relaxation temperature indicated by the drop in storage modulus L′ and the tan P peak, as the content in 

LP800 increases, up to a maximum around the formulations LP800-1.2 and LP800-1.4. Further increase 

in the LP800 content reduces the relaxation temperature. These trends are in full agreement with the data 

obtained with DSC reported in Table 3, since the mechanical relaxation of the network is connected with 

the glass transition temperature, ��. There are not systematic trends in relaxation breadth, as seen from the 

QRS� (full width at half-maximum) values of the tan P peak reported in Table 6. The area below the 

tan P peak, however, decreases significantly with increasing LP800 content down to a minimum for 

formulation LP800-1.4. The trend is identical to that of the ∆�� determined from the DSC analysis. This 

is not surprising because the area below the tan P peak is connected with the increase in mobility at �� 
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and the ability of the material to participate in the relaxation process, and ∆�� with the increase in 

mobility of the network at �� as well. Concerning the relaxed storage modulus L′�, it increases 

significantly with LP800 content up to an optimum around the formulations LP800 1:1.2 and LP800 1:1.4 

and then decreases again, following a parallel trend to �� and the relaxation temperature. According to the 

rubber elasticity theory, L′� is related with the crosslinking density of the cured materials, and is a clear 

indication that LP800 increases crosslinking, especially in off-stoichiometric with � � 1, as expected 

from its densely branched structure. Indeed, the values of network strand density T�	shown in Table 7, 

calculated using the model and taking into account the achieved epoxy conversion �BCD (see Table 3), 

confirm this. The increase in crosslinking results in a progressive decrease in the mobility of the network, 

which can only relax at higher temperatures. The constraint imposed by the increasing number of 

crosslinks also reduces the degree of participation of the material in the relaxation process, thus reducing 

the intensity of the relaxation peak. Noticeably, the network strand density T� is less sensitive to an excess 

of amine groups than to an excess of epoxy groups, because the high functionality and densely branched 

architecture of LP800 should lead to a high crosslinking density in spite of the presence of unreacted 

amine groups leading to incomplete activation of all the possible branching points. 

 

In Figure 8 the network strand density TU (see Table 7) is compared with the tan P peak temperature and 

the relaxed modulus L′� (see Table 6). It can be observed that the glass transition temperature, given by 

the tan P peak, has an excellent correlation with the calculated network strand density, making the 

crosslinking density the most relevant factor affecting the value of ��. This is also observed for the 

relaxed modulus L′�, but there are significant departures in formulations LP800-1.2 and LP800-1.4. The 

calculated crosslinking density in formulations LP800-1,  LP800-1.6 and DETA-1 are within the same 

range, but the apparent modulus in formulations LP800-1.2 and LP800-1.4 is about twice. In a recent 

work we could see that, in formulations combining epoxy-amine polycondensation and epoxy 

homopolymerization, the apparent relaxed modulus was also much higher than expected because of 

mobility constraints imposed by the densely crosslinked network structure [17]. This was also observed 

recently in shape-memory thermosets based on epoxy-amine polycondensation using hyperbranched 

poly(ethyleneimine)s [66]. One can argue that, in formulations LP800-1.2 and LP800-1.4, the 

combination of highest epoxy conversion with moderate amount of unreacted amine groups leads to the 

most constrained network structure, with the highest ��, and lowest network mobility and stretchability.  
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Departures from the ideal affine network and other models are expected in crosslinked thermosets due to 

a variety of reasons [42, 67-69]. This may be of relevance in the present case, taking into account the 

highly branched structure of LP800 and the presence, in the crosslinked material, of very short strands 

corresponding to short ethylene segments in LP800 between neighbouring amine crosslinks. A factor V 

representing the deviation from the affine network model can be calculated [42], according to eq. (14). It 

is argued in many cases that a correction to the affine network model should be already made taking into 

account the fluctuation of the crosslinks [42, 68-70]. Assuming that all the crosslinks are trifunctional, the 

so-called phantom networks, with crosslink fluctuation, should have a correction factor V of 1/3 with 

respect to the affine model [42]. The correction factor V was calculated, taking into account the 

experimental data and the network strand density TU	determined for this model. It can be seen in Table 7 

that, except for formulations LP800-1.2 and LP800-1.4, the values of V are around 0.7. These calculated 

values are between the phantom and affine network models, as commonly observed for epoxy-amine 

systems [45]. In a previous work, values of V around 0.7 could also be calculated for epoxy-amine 

networks with DETA or hyperbranched poly(ethyleneimine)s [71], but in that case incomplete conversion 

of epoxy groups, as demonstrated in this work, was not taken into consideration. Whatever the sources of 

nonideal behaviour [68], it is clear is that the LP800-1.2 and LP800-1.4 materials have higher V factors 

resulting from their more constrained network structure, leading to a less ideal behaviour in comparison. 

DETA-1 formulation, in spite of having complete epoxy/amine groups conversion, has not the same 

behaviour as the optimum LP800 formulations because of the absence of a hyperbranched structure 

constraining the network structure, and resembles more the one of the less crosslinked off-stoichiometric 

LP800 formulations, with V around 0.7.  

 

L′� � V  3  W  �  TU  X (14) 

 

To sum up, the curing of DGEBA with hyperbranched poly(ethyleneimine)s has some particular features 

that are not present using other curing agents, because of their densely branched architecture and the 

concentration of reactive amine groups in the polymer molecules. Some amine groups may remain 

unreacted in the hyperbranched structure due to topological hindrance, resulting in incomplete activation 

of the crosslinks and internal branching points of the crosslinking agent. The curing process may deviate 

from the ideal polycondensation mechanism in off-stoichiometric systems with excess epoxy due to the 

inhomogeneous distribution of amine groups in the reaction medium. Optimum materials may be 
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obtained in formulations with excess of hyperbranched modifier, with a higher crosslinking density and 

higher glass transition temperature than those that are obtained using smaller amine crosslinking agents 

with similar structures. The proposed structural model is capable of reproducing the experimental 

behaviour, but it is recognized that its validity rests upon the reliability of the experimental 

characterization of LP800 and some relevant assumptions on its structure. The model should also be 

modified to account for the non-ideal behaviour in LP800 formulations with excess of epoxy groups. 

 

5 Conclusions 

 

The network build-up during curing of diepoxy monomers with hyperbranched poly(ethyleneimine)s has 

been studied from a theoretical point of view. A network build-up model has been elaborated based on the 

random recombination of structural fragments representing the hyperbranched polymer structure and the 

species appearing in the subsequent crosslinking process with a diepoxy monomer. A probable 

hyperbranched structure has been generated on the basis of the available experimental data, the ratio of 

primary, secondary and tertiary amines and the mass-average molecular weight. This has been used as an 

input for the subsequent crosslinking stage with variable amine:epoxy rations. The crosslinking process 

has ben modelled assuming ideal polycondensation behaviour. The results of this network build-up model 

have been compared with experimental results obtained using a commercial hyperbranched 

poly(ethyleneimine) coded as LP800 and diethylenetriamine (DETA) as crosslinking agents of diglycidyl 

ether of Bisphenol A (DGEBA). In spite of the model assumptions and simplifications, it is capable of 

reproducing the experimental behaviour with a fair degree of accuracy. 

 

Based on the network build-up model, LP800 leads to earlier gelation and higher crosslinking density 

than DETA. However, it has been shown that there is incomplete reaction of amine groups in LP800 due 

to topological hindrance, leading to incomplete activation of branching points and lower crosslinking 

density than expected. Conversion at gelation in LP800 formulations is correctly predicted by the model 

at stoichiometric ratios � Y 1 but in the case of off-stoichometric formulations with � � 1, systematic 

deviations leading to higher gel point conversion than that predicted by the model are observed because 

of the progressive dilution of the hyperbranched crosslinker in the epoxy monomer and the 

inhomogeneous distribution of amine groups in the reaction medium. In consequence, the critical gelation 

ratio for epoxy excess (� � 1) is much higher than expected, opening the possibility of easy preparation 
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of ungelled prepolymers starting from moderately off-stoichiometric formulations, with a possible 

application in dual-curing processes. This has been rationalized by the possible occurrence of a negative 

substitution effect in the reactivity of epoxy monomers and intramolecular loop formation, but the former 

is deemed to be more likely due to the fact that dilution takes place in a reactive solvent. No such 

nonidealities were observed in the case of DETA, that showed ideal polycondensation behaviour at the 

tested conditions. 

 

The thermal and dynamomechanical analysis of the cured materials reveal that optimum materials can be 

obtained from off-stoichiometric formulations with a moderate excess of LP800, with higher glass 

transition temperature and crosslinking density than those obtained with DETA. Deviations from the ideal 

network behaviour were observed in the case of the optimum LP800 formulations due to the mobility 

constraints imposed by the resulting highly crosslinked network structure. 
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Tables 

Table 1: Structural parameters of the crosslinkin agents under study (see the theoretical section and Supporting 

information for details on the the specific expressions used).  

 LP800 DETA 

�� (g/mol)  800 a 103 b 

"1: "2: "3 c 1:0.82:0.53 a 1:0.5:0 b 

λ (eq. (5)) 0.125 - 

�( (g/mol) (eq. (6)) 404 103 b 

��/�( 1.98 1 

g/eqH (eq. (7)) 33.67 20.6 

g/eqN (eq. (8)) 40.40 34.33 

6�  (eq. (9)) 18.60 5 b 

&1: &2: &3 c 0.979:0.704:0.432 1:0:0 

'1: '2: '3 c 0.021:0.116:0.098 0:0.5:0 
a Obtained from the material data sheet. 
b Determined from the monomer structure. 
c Expressed with respect the total amount of primary amine groups n1. 

 

Table 2: Composition of the formulations studied in this work 

Formulation � Z��
��	-9 9	
	��⁄ / Z�EJ(�	-9 9	
	��⁄ / 
LP800-0.2 0.2 0.9627 0.0373 

LP800-0.4 0.4 0.9282 0.0718 

LP800-0.6 0.6 0.8960 0.1040 

LP800-0.8 0.8 0.8659 0.1341 

LP800-1 1 0.8379 0.1621 

LP800-1.2 1.2 0.8115 0.1885 

LP800-1.4 1.4 0.7868 0.2132 

LP800-1.6 1.6 0.7636 0.2364 

DETA-0.4 0.4 0.9548 0.0452 

DETA-1 1 0.8941 0.1059 
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Table 3: Results of the calorimetric analysis of the curing of the different formulations and of the cured samples. The 

symbol “-“ indicates that the measurement was not performed.  

Formulation ∆�	-[/9/ ∆�	-\[/UU/ �E�� �BCD �FGHI 6�EJ(� ��	-º�/ ∆��	-[ 9  ^⁄ / 
LP800-0.2 106.9 19.32 0.2 0.165 0.18 0.17 -8.8 0.596 

LP800-0.4 195.7 36.69 0.4 0.314 0.35 0.22 12.0 0.698 

LP800-0.6 269.4 52.3 0.6 0.448 0.45 0.25 34.7 0.585 

LP800-0.8 379.4 76.2 0.8 0.652 0.62 0.19 82.9 0.455 

LP800-1 478.9 99.5 1 0.850 0.90 0.15 116.7 0.344 

LP800-1.2 510.3 109.4 1 0.935 - 0.22 140.3 0.324 

LP800-1.4 527.5 116.7 1 ~1 - 0.29 137.7 0.324 

LP800-1.6 491.2 111.9 1 ~1 - 0.40 122.8 0.388 

DETA-0.4 242.5 44.2 0.4 0.378 - 0.05 19.3 0.669 

DETA-1 591.4 115.1 1 ~1 - ~0 134.1 0.288 

 

Table 4: Conversion at gelation determined experimentally (_`ab,a_c), and calculated using the model assuming ideal 

polycondensation behaviour (_`ab,deafb).  
Formulation � ����,��� 8� 8�⁄ ��� 	-1 ^⁄ / ����,JK��� 
LP800-0.2 0.2 not gelled 0.105 

LP800-0.4 0.4 0.21 0.007 0.148 

LP800-0.6 0.6 0.21 0.011 0.182  

LP800-0.8 0.8 0.23 0.015 0.210 

LP800-1 1 0.23 0.016 0.234 

LP800-1.2 1.2 0.26 0.018 0.257 

LP800-1.4 1.4 0.28 0.020 0.277 

LP800-1.6 1.6 0.32 0.019 0.296 

DETA-0.4 0.4 0.33 0.008 0.316 

DETA-1 1 0.48  0.030 0.5 
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Table 5: Experimental gel fraction (g`ab,a_c), and theoretical gel fraction calculated assuming ideal polycondensation 

(g`ab,deafb). In all cases, the final conversion _hij reported in Table 3 has been used for the calculations.  

Formulation ;���,��� ;���,JK��� 
LP800-0.2 0 0.24 

LP800-0.4 0.55 0.52 

LP800-0.6 0.81 0.71 

LP800-0.8 ~1 0.89 

DETA-0.4 0.44 0.45 

 

 

 

Table 6: Results of the DMA analysis of the cured samples. FWHM stands for full width at half-maximum. The symbol “-

“ indicates that the value was not or could not be determined. 

 tan P L′�	-�k&/ 
Formulation kU&\	�	-º�/ SUl9�m QRS�	-º�/ ��U&	-º�/ 
LP800-0.6 52.7 1.040 ~27 - ~ 3 

LP800-0.8 90.5 0.706 24.6 20.0 14.4 

LP800-1 128.8 0.524 22.0 13.7 38.3 

LP800-1.2 154.9 0.282 29.1 8.6 77.3 

LP800-1.4 153.1 0.271 25.1 7.7 71.4 

LP800-1.6 134.9 0.430 20.5 11.1 39.9 

DETA-1 144.3 0.461 20.0 11.1 35.1 
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Table 7: Calculation of the network strand density na using the ideal polycondensation model and the achieved epoxy 

conversion _hij (see Table 3). The factor o from the rubber elasticity equation, eq. (14), is also calculated taking into 

account the experimental values reported in Table 6, a temperature equal to the pfq	r peak temperature + 40 ºC, and 

assuming a density of ca. 1100 kg/m3. The symbol “-“ indicates that the value was not calculated. 

Formulation T�	-Zst \9⁄ / V 

LP800-0.6 0. 81 0.49 

LP800-0.8 2.19 0.59 

LP800-1 4.02 0.79 

LP800-1.2 4.73 1.27 

LP800-1.4 5.21 1.07 

LP800-1.6 4.83 0.67 

DETA-1 4.62 0.61 
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Figures 
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Figure 1: Epoxy gel point conversion calculated using the theoretical expression eq. (11) and the model, corresponding to 

the curing of diepoxy monomers with LP800 with different amine:epoxy ratios u. 
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Figure 2: Comparison of the main statistical averages during crosslinking of stoichiometric formulations of LP800 (open 

symbols) and DETA (close symbols). 
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Figure 3: Dynamic curing at 2 ºC/min of different formulations with LP800 and DETA. 
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Figure 4: FTIR-ATR spectra of the epoxy resin DGEBA and cured samples of LP800 formulations from 1:0.2 to 1:1. The 

inset expands the region corresponding to the epoxy band around 915 cm-1. 
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Figure 5: Determination of gel point conversion by combination of TMA oscillatory and DSC measurements, 

corresponding to formulation LP800-1. 
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Figure 6: E’ traces obtained during DMA analysis of the cured samples. 
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Figure 7: Tan δ traces obtained during DMA analysis of the cured samples. 
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Figure 8: Correlation of network structure parameters obtained from DMA (Table 6) and theoretical network strand 

density (Table 7),  assuming ideal polycondensation behaviour. 
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Scheme 1: Simplified aziridine polymerization scheme and structural fragments resulting from the polymerization of 

aziridine. 
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Scheme 2: Structural fragments resulting from the participation of ethylenediamine as chain-transfer agent and core in 

the polymerization of aziridine. 
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Scheme 3: Formation of a polymer distribution by random combination of structural fragments. 
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Scheme 4: Decomposition into structural fragments of diethylene triamine (DETA). 
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Scheme 5: Simplified reaction mechanism during epoxy-amine curing. 
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Scheme 6: Structure of amine fragments appearing during epoxy-amine curing. 
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Scheme 7: Structure of epoxy fragments appearing during epoxy-amine curing. 

 

 



 

Scheme 8: Schematic representation of the possibile inter

DGEBA formulations with LP800 or DETA as crosslinking agent. The green lines indicate inter

the red lines intra-molecular reaction. Dashed lines indicates lower likelihood of taking place.

 

 

: Schematic representation of the possibile inter- and intra-molecular reaction taking place during curing

DGEBA formulations with LP800 or DETA as crosslinking agent. The green lines indicate inter-molecular reaction and 

molecular reaction. Dashed lines indicates lower likelihood of taking place. 
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