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Abstract: The work addresses complex thermal behavior of two triazine-based azide-alkyne monomers: 2-azido-4,6-

bis(prop-2-yn-1-yloxy)-1,3,5-triazine (ABPOT) and 2,4-diazido-6-(prop-2-yn-1-yloxy)-1,3,5-triazine (DAPOT). Despite 
the similarity of the two AB2-type structures, the isothermal aging kinetics of DAPOT occurs significantly faster than 
that of ABPOT. During storage at room temperature, the chemical transformation starts in the crystalline state via 
topochemical reactions. Calorimetry, along with X-ray diffraction, makes it possible to probe transformations in 
isolated microcrystals including melting, oligomerization, polymerization and decomposition. The thermal behavior of 
microparticles can strongly differ from that of the same material in bulk due to enhanced contribution of the monomer 
evaporation at the particle surface at extremely high heating rates. The isothermal melting caused by the 
topochemical reaction and subsequent polymerization during long-term storage can be modeled using the correlated 
two-stage Avrami equation. The Avrami parameter corresponding to the amorphization process is close to unity while 
that of the polymerization is approximately 0.5. Consequently, both processes can likely be viewed as one-
dimensional, with diffusion control dominating the polymerization process. The observed impact of long-term storage 
on the polymerization capability of the monomers may prove beneficial in synthesizing hyperbranched polymers 
through "green" topochemical methods. 
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1. Introduction 

Over the last two decades, much attention has been paid to the development of «click» chemistry 
routes such as Diels-Alder and thiol-ene reactions. This approach constitutes an easy, efficient, and 
environmentally friendly way to obtain the desired compounds. However, the complexity of tracking 
multiple parameters responsible for the structure and properties of the target polymers limits the use of 
these methods for industrial production [1]. 

Since the «green» methods employ transformations under moderate conditions, spontaneous 
solid-state reactions at temperatures much lower than the melting points of the initial compounds 
represent a significant problem. Topochemical processes and, in particular, solid-state polymerization 
(SSP) have been extensively investigated in the past [2]. It was found that SSP of monomers with 
conjugated triple bonds can represent a universal way to synthesize crystalline polymers with high 
molecular weight and fully conjugated main chains [3,4]. In this case, the monomer melting enthalpy is 
usually higher than the enthalpy of polymerization [5-8], which explains the fact that the process can 
proceed in the solid phase. There are also some reports showing transformation of a reaction blend to a 
lower ordered or even amorphous state due to localized melting of monomers caused by the exothermic 
effect of polymerization [5-7,9,10]. 

One of the most common solid-state reactions is a topochemical azide-alkyne cycloaddition 
(TAAC) involving two neighboring molecules located in appropriate conformation in crystal lattice with 1,4- 
or 1,5-disubstituted 1,2,3-triazole products [11]. The underlying principle in topochemical reactions is the 
proper arrangement of reactants to control the stereochemistry of the product without disordering. Several 
reports describe synthesis of biomolecules by preliminarily arranging the azide and alkyne groups at 
specific positions such that the non-covalent interactions (e.g., hydrogen bonding, arene-perfluoroarene 
interactions, etc.) pertinent to other submolecular fragments would help assembling the molecules in a 
favorable way for the following chemical reactions [11-13]. The difference in the distances between azide 
and alkyne groups to give 1,4- and 1,5-regioisomers was identified as one of the decisive factors that 
influenced the regioselectivity [14]. It is also known that the solid-state reactions of numerous investigated 
molecules show preferred regioselectivity for 1,4-triazole products [13]. 

An important difference between TAAC and other topochemical reactions lies in the nature of the 
initiator. While most of the known topochemical reactions require light for activation [7,10], TAAC 
represents a thermally activated reaction. Depending on the activation barrier, the reactions can happen 
spontaneously at room temperature or at elevated temperatures [6,11]. It was also demonstrated that the 
activation energy of thermally-induced SSP could be many times higher than for photopolymerization [12]. 
For practical applications it is important to control the activation energy and manage the thermally 
induced AAC processes in the solid phase [15]. 

The present work is focused on thermal behavior of two AB2-type crystalline monomers: 2-azido-
4,6-bis(prop-2-yn-1-yloxy)-1,3,5-triazine (ABPOT) and 2,4-diazido-6-(prop-2-yn-1-yloxy)-1,3,5-triazine 

(DAPOT) (cf. Scheme 1) [16]. Both monomers are employed in the form of individual microparticles and in 

bulk. The initial stages of topochemical polymerization of crystalline azide-alkyne monomers are 
addressed with the help of conventional differential scanning calorimetry (DSC) and nanocalorimetry. The 
latter technique, which is also known as fast scanning calorimetry (FSC) on a chip, allows performing 

thermal measurements at high heating and cooling rates, i.e. up to 10
5
 K s

-1 
[17,18]. Such conditions 

make it possible to kinetically bypass the processes of chemical transformation of the monomers during 
heating in order to characterize the thermal behavior of the sample without inducing its uncontrolled 
modification during the heating ramp. More importantly, FSC can be combined with other methods of in 
situ analysis such as FTIR or Raman spectroscopy to better understand the mechanisms of structural 
evolution in the course of different thermal treatments. Recently, FSC was used in combination with 
optical microscopy and micro- and nanofocus X-ray diffraction to tackle the structure and thermal 
properties of gold glyconanoparticles [19], linear [20,21], semicrystalline [22-26] and thermoplastic [27] 
polymers. It was also used for studies of glassy organic films [28]. The effectiveness of this relatively 



recent method in the analysis of individual particles of energetic materials during fast heating has also 
been demonstrated in the past [29]. 

2. Materials and Methods 

The studied
 
triazine-based compounds are soluble in polar organic solvents such as DMSO and 

DMF; they have a high enthalpy of formation and contain mutually reactive azide and alkyne end groups 
that allow synthesizing new energetic materials [30]. The reactions of 1,3-dipolar cycloaddition (1,3-DCA) 
of azides to unsaturated alkynes are applicable for the synthesis of nitrogen-containing energetic and 
bioactive materials with good selectivity and high yield [16]. They can also be used to obtain 

hyperbranched polymers (cf. Scheme S1) [1,30] in solutions, the kinetics of which was also specifically 
addressed [31]. 

To avoid spontaneous chemical transformation all synthesized samples were stored in sealed 
containers in a refrigerator at -25 °C. 

 
Scheme 1. Structure formulas of the ABPOT (top) and DAPOT (bottom) monomers. 

Preliminary characterization of the newly synthesized monomers was carried out using 
conventional methods of physical and chemical analysis. Fig. S1 presents TGA curves measured on 
fresh DAPOT and ABPOT monomers. The initial weight loss at 170 °C corresponds to the first stage of 
thermal decomposition, where, according to the mass-spectral analysis of the gaseous products, almost 
pure nitrogen (93 wt%) is released. This fact, as well as the data of FTIR analysis, indicate an almost 
complete conversion of azide groups and triazole rings. Further thermal behavior can be explained by 
isomerization of propargyloxy-triazine fragments, cross-linking of triple bonds, etc. [1,16,31]. To avoid 
dehydration at 100 °C, which can be caused by high polarity and hygroscopicity of the compounds, the 
samples needed to be stored in a drying chamber before experiments. 

Differential scanning calorimetry (DSC) measurements were performed using DSC 214 Polyma 
(Netzsch GmbH, Germany) in a nitrogen atmosphere. Monomer samples with a mass between 1 and 10 

mg were heated at a rate of 10 K min
-1

. 
Thermogravimetric analysis (TGA) experiments were carried out using TGA Q50 (TA 

Instruments, USA) in a nitrogen atmosphere. Samples with mass ranging from 1 to 3 mg were placed in 

an open platinum crucible and heated at a rate of 10 K min
-1

 from 25 to 900 °C. 
The FSC experiments were carried out with the custom-made equipment, described in our 

previous work [26]. The samples were placed on XEN-39392 nanocalorimetric sensors (Xensor 

Integration, Netherlands) with an active area of 100 × 100 μm
²
. Three reference materials were used for 

temperature calibration of nanocalorimetric sensors: ultra-pure indium, zinc and tin powder (Alfa Aesar, 
USA). The masses of the particles were estimated from the values of specific melting enthalpy obtained 
by DSC. 

Optical microscopy experiments were carried out on Axio Scope A1 (Carl Zeiss AG, Germany) 
polarizing optical microscope with a LTS420 heating stage (Linkam scientific instruments ltd., UK) and a 
digital CMOS camera. For in situ FSC experiments, digital high-speed camera Phantom Miro C110 
(Vision Research Inc., USA) was coupled to the microscope using a standard C-mount camera adapter. A 
rising-edge analog signal generated by the FSC controller was used to trigger the camera with a time 



delay of less than 2 μs. This setup allows to capture 16-bit grayscale images with a resolution of 1280 × 

720 pixels at a frequency of 1 frame/K during controllable heating/cooling ramps at rates up to 1000 K s
-1

. 

For wide-angle X-ray scattering (WAXS) experiments a laboratory diffractometer with two-
dimensional LX170-HS (Rayonix, USA) detector was used. The norm of the scattering vector s (     

            ) was calibrated using silver behenate powder diffraction at constant wavelength   of 1.5418 Å. 

3. Results and discussion 

Fig. 1 (A, C) displays DSC heating curves of DAPOT and ABPOT monomers including freshly 
synthesized samples, as well as the ones measured after storage at room temperature at 25 °C and in 
the fridge at -25 °C. In choosing the temperature range of DSC measurements we used the TGA data for 

both pristine monomers (Fig. S1) that were recorded at the same heating rate of 10 K min
-1

. The latter 
suggests that the thermal decomposition of azide groups and triazole rings proceeds at about 170 °C, 
which prompted us to limit the DSC temperature range to approx. 165 °C. 

The DSC curves of fresh monomers demonstrate endothermic melting peaks with specific 

enthalpy values of ca. 105 J g
-1

 (cf. 92-105 J g
-1

 in [31]) for both studied monomers and with onset values 
of 57 (cf. 57-58 °C in [16]) and 41 °C (cf. 40-41 °C in [1]) for DAPOT and ABPOT, respectively. With the 
increase of storage time the enthalpy of fusion decays, which can be correlated to the loss of initial crystal 
fraction in the sample. Apart from the melting event, the DSC curves show an intense exothermic 
polymerization peak in the molten state starting at around 80 °C with specific enthalpy values of ca. 1050 

J g
-1

, which nicely compares with the literature value of 1000-1150 J g
-1

 [31]. Importantly, in the course of 

storage the enthalpy decrease of the exothermic peak is paralleled to a decrease of the enthalpy of 
fusion. Therefore, both trends reflect a progressively growing amorphous fraction in the sample. 

As far as the X-ray diffraction data is concerned (Fig. 1 (B, D)), both as-prepared monomers 
exhibit sharp diffraction peaks that confirm their highly crystalline initial state. During storage at RT for 
more than one month or at -25 °C for a few years, the intensity of DAPOT crystalline peaks almost 
completely vanishes. In contrast, the ABPOT sample demonstrates a much higher stability: during the 
experimental timeframe its crystallinity remains almost invariant at both storage temperatures used in the 
study. 



 
Fig. 1. Top row: DSC heating curves (A) and one-dimensional diffraction patterns (B) of DAPOT obtained for initial 

monomer (blue) and after long-term storage at RT (purple) and at -25 °C (light-blue). Bottom row: DSC curves (C) 
and one-dimensional diffraction patterns (D) of ABPOT obtained for initial monomer (red), after long-term storage at 

RT (brown) and at -25 °C (pink). The curves are shifted vertically for clarity. 

Amorphization of a crystalline DAPOT monomer at temperatures significantly below its melting 
point can occur by direct SSP or by a two-step process of local isotropization followed by oligomerization 
in the isotropic state. The results of a detailed study of the kinetics of the aging process of DAPOT 
obtained by WAXS and DSC methods are presented in figures 2 and 3, respectively. From the X-ray 
powder patterns it can be seen that crystallinity of DAPOT gradually decreases to ca. 15 % during the first 
two weeks of annealing at RT, with a slower transition to a completely amorphous state occurring in the 
following 23 days (Fig. 2). Regarding the DSC data, it is also observed that the evolution of the melting 
peak is characterized not only by a decrease in enthalpy but also by a slight decrease in the onset 
temperature (Fig. 3), which points to a more defect crystal structure of the forming monomer-oligomer 
blend. 



 
Fig. 2. WAXS powder patterns obtained on a DAPOT sample during long-term storage at room temperature. The 

curves are shifted vertically for clarity. 

 
Fig. 3. DSC heating curves (10 K min

-1
) of DAPOT samples stored at RT (A) and at -25 °C (B). The curves are 

shifted vertically for clarity. 

To better understand the mechanisms of the processes occurring in the samples during storage 
we will separately follow the conversions of the amorphization     and polymerization stages     . We 

define the conversions as follows: 

         
      

      
,           

        

        
,  (1) 

where        and          denote the enthalpies of the melting and polymerization processes at time t. 

Both conversions are obtained by normalization of the corresponding enthalpies to time t=0, which 
corresponds to the freshly synthesized highly crystalline samples. The functions        and         

relevant to storage of DAPOT at RT and at -25 °C were calculated according to Eq. (1) and plotted via 
dots in Fig. 4 (A, B), respectively. The graph shows that the amorphization occurs noticeably faster than 
the polymerization. Therefore, it is logical to assume that the process starts with a topochemical reaction 
in the crystalline state that causes local melting of the crystal. The polymerization leading to a purely 
amorphous polymer material then proceeds in the molten state. Consequently, it is expected that the 
correlated two-step model of crystal-to-polymer transition is more relevant for the description of the 
process. The primary amorphization stage due to the topochemical process is assumed to follow the 
Avrami kinetics:  

                        
    , (2) 



where K, n and t0 are the rate constant, Avrami parameter and the amorphization induction time, 
respectively. 

The kinetics of the second, i.e. the polymerization stage, is supposed to be linked to the first one. 
In this case, as soon as the amorphization occurs in an elementary volume of the sample at time θ 
according to Eq. (2) the polymerization process starts. Such a two-stage process can be described with 
the correlated parallel double-Avrami equation as follows: 
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     , (3) 

where n1, K1, n2, K2 are the Avrami parameters and the rate constants of the first and second processes, 
respectively. This approach is similar to a modified Hillier-type model that was originally used to 
incorporate two-stage crystallization processes into the classical Avrami equation [32-34]. 
 It is curious that since the introduction of the model in 1964 in the paper by Gordon and Hillier 
[35] in the form similar to Eq. (3) there has been quite some confusion in the literature concerning the 
exact equation describing such a process. Indeed, in his follow-up paper from 1965 Hillier inverted the 
two processes in the equation [32]. Later, some typos in the equations describing the double-stage 
process in the paper by Hsiao [36] were remarked in ref. [33]. However, the authors of [33] made a 
mistake themselves inverting the first and second process in their equation (2). In our work, we keep the 
initial meaning of the double correlated Avrami process where the incremental conversion of the first 
process triggers the onset of the second process. Therefore, it is the differential of the first process that 
should figure under the integral in the first line of Eq. (3), because it is in this converted fraction that the 
second process will follow.  
 The curve fitting according to Eq. (3) was performed using the Levenberg-Marquardt algorithm, 
also known as the damped nonlinear least-squares method. The results of a simultaneous fit of the 
experimental data of the amorphization and polymerization stages with the Avrami Eq. (2) and double-
Avrami Eq. (3) equations, respectively, are shown in Fig. 4 (A, B). The coefficients resulting from the fits 
are given in Table 1. The fits provide the Avrami parameter of the first stage close to unity, which signifies 
one-dimensional character of the process. A similar value for the amorphization process may be obtained 
by applying the Avrami model to the X-ray data from Fig. 2. The Avrami parameter obtained for the 
second process is close to 0.5 that likely accounts for a diffusion-controlled process. The latter is likely to 
happen due to the gradual increase of the glass transition temperature, which dramatically slows down 
the system due to the increase of viscosity. The quality of the fit is satisfactory which shows that the 
employed model is adequate. 

The possibility of the monomer melting as a consequence of the oligomerization reaction is 
accounted for by the fact that the enthalpy of the chemical reaction is one order of magnitude higher than 

the enthalpy of melting (i.e. 1050 versus 105 J g
-1

). Fig. 4 (C, D) demonstrates the difference and ratio of 

the degrees of conversion        and         for the storage of DAPOT at room temperature and at -25 

°С. The difference of the conversions pertinent to the stages of the process allows appreciating the 
fraction of the system which remains in the intermediate state, i.e. after the passage of the amorphization 
front but before completion of the polymerization (Fig. 5, top). For the annealing process at RT this 
fraction reaches ca. 20 % after the initial increase and stays at this level for most of the experiment. In 
contrast, for the annealing at -25 °С the intermediate fraction is larger and more prone to variation, which 
can be accounted for by a much longer induction time of the polymerization process. The ratio of the two 
conversions shows the completeness of the chemical transformation of the amorphous fraction. This 
variable displays a steady increase for the two conditions of storage. 



 
Fig. 4. Top row: conversions of the amorphization and polymerization processes for DAPOT calculated from the DSC 

data at RT (A) and at -25 °C (B). The fits with the double-Avrami model are given in solid lines. Bottom row: 

difference and ratio between DAPOT degrees of amorphization and polymerization for annealing at RT (C) and -25 
°С (D). 

Table 1. Results of the fits of the DAPOT DSC data. 

Process, conditions K / time units
-n n t0 / time units 

Amorphization @ RT 0.088 ± 0.013 days
-0.96

 0.96 ± 0.06 1.02 ± 0.25 days 

Polymerization @ RT 0.276 ± 0.016 days
-0.5 0.50 ± 0.02 - 

Amorphization @ -25 °C 0.031 ± 0.003 months
-1.1

 1.10 ± 0.06 12.8 ± 0.3 months 

Polymerization @ -25 °C 0.121 ± 0.006 months
-0.51

 0.51 ± 0.03 - 

The schematics of the two-stage process is given in Fig. 5. It presents such a consequential 
transformation as passage of linear fronts of the amorphization and polymerization across needle-like 
DAPOT crystals. Since the density of the system decreases upon transformation to the amorphous state, 
the lateral section of the single crystal upon transformation is shown larger accordingly. 



 
Fig. 5. Schematics of a two-stage transformation process of the DAPOT crystalline monomer during long-term 

storage. The first step represents the oligomerization causing crystal melting, and the second one – the formation of 

1,4- or 1,5-disubstituted 1,2,3-triazole products (top row). The micrographs of a fresh monomer microparticle in 

polarized light (bottom left), partially amorphous oligomerized particle (bottom middle) and a highly amorphous 
polymerized particle after a year of annealing at 50 °C (bottom right). 

Based on the kinetic constants, it is clear that during the long-term storage or slow heating of 
DAPOT bulk samples they spontaneously undergo oligomerization causing localized crystal melting 
followed by polymerization. This process results in a change of the sample state and complicates the 
interpretation of the thermal analysis data. It is therefore instructive to perform a comparative study of the 
thermal behavior of isolated microparticles during slow and fast heating ramps. 

The evolution of crystallinity of microparticles during heating at a very low rate of 1.0 K min
-1 

was 

studied with polarized optical microscopy by monitoring the shape of particles and intensity of 
birefringence. Fig. 6 shows the micrographs of the DAPOT monomer particles in a fully crystalline state 
and the ones that have been stored at -25 °C for two years. One can see that long-term storage results in 
significant decrease of birefringence. During heating above 50 °C fresh microparticles transform to drops 
of liquid melt whereas the stored microparticles partially keep their shape that indicates increased 
viscosity due to topochemical transformation (oligomerization) (Fig. 6 (A, B)). The behavior of ABPOT 
microparticles is similar but the formation of round melt drops reveals a more limited oligomerization 
process (Fig. 6 (C, D)). 

The integral intensity of birefringence of the DAPOT sample during heating starts to decrease 
even before the onset of the melting peak (Fig. S2 (B)). Moreover, it can be seen that the peak shifts 
towards lower temperatures with increasing sample aging time. In contrast, the same time dependence of 
the intensity of the ABPOT sample does not reveal any visible changes. The increase of the optical 
density at the melting point can be associated with the effects of light reflection from the interfaces and 
reorientation of the optical axes of crystals. 



 
Fig. 6. Micrographs of DAPOT (A, B) and ABPOT (C, D) particles during the polarized optical microscopy 

experiments in the initial state (A, C) and after two years of storage at -25 °C (B, D). The images are recorded at 
100X magnification at different temperatures. The colored circles indicate areas of the optical density integration. 

It was also expected that the most aged and already polymerized DAPOT microparticles do not 
reveal melting at all (Fig. S3, black curve). Heating up to 215 °С results in darkening and occasional 
jumping of the particles due to release of mechanical stresses accumulated during polymerization. 
Earlier, it was shown that formation of cyclic dimers in monomer volume containing large amounts of 
azide and alkyne reactive groups can be the reason for the intense energy release due to increase of the 
mechanical stress during slow heating [37]. Thus, aging of the DAPOT powder leads to the formation of 
higher molecular weight fractions in microparticles that have thermal properties substantially different from 
those of the pristine monomer. 

This effect of long-term storage on the thermal behavior of microparticles can be visualized during 
ultrafast heating processes. The FSC curves recorded during heating of both fresh monomers at a 

heating rate of 1000 K s
-1

 (Fig. 7(A), blue and red curves) exhibit endothermic peaks in the range 55-85 

°C corresponding to the monomer melting (Fig. 7(A), region 1). Compared to the DSC data, a small shift 
of the melting onset can be explained by thermal gradients across the chip active area. At such high 
heating rates the temperature gradient can sometimes cause offsets of several degrees for 
microparticles, as described in our previous work [26]. Subsequent broad steps at 200-240 °C reflect a 
decrease of the sample total heat capacity (Fig. 7(A), region 3, blue, red and purple curves). High-speed 
camera images show that this step is related to evaporation of low molecular weight fractions (Fig. 7(B) 
and video from SI). A similar behavior of microparticles during ultrafast heating was found earlier for the 
case of an RDX explosive [29]. 

For the studied samples a broad exothermic polymerization peak, observed earlier on the DSC 
curves (Fig. 1 (A, C) and Fig. 3), is completely absent on the fast heating curves. This proves that FSC 
experiments allow bypassing the processes with relatively low activation energies by using high heating 



rates. Noticeably, the thermal behavior of an aged ABPOT sample coincides with the behavior of the 
initial monomer, which indicates absence of the oligomeric phase in the microparticle upon fast heating 
(Fig. 7(A), purple curve). 

The FSC curve of an aged DAPOT microparticle also exhibits a weak monomer melting peak 
(Fig. 7(A), light-blue curve). In contrast to the fresh sample, the effect observed at 130 °C can be 
assigned to the glass transition of a polymer phase, which is hard to observe in the DSC data because of 
a rather broad overlapping polymerization peak. At temperatures above 300 °C, one can detect an 
intense exothermic peak that corresponds to the polymer decomposition accompanied by gas emission 
and formation of carbonaceous products that cannot be dissolved and removed from nanocalorimetric 
sensors. 

 
Fig. 7. Left (A): nanocalorimetry curves measured at a rate of 1000 K s

-1
 exhibit four regions: (1) monomer fraction 

melting; (2) polymer fraction glass transition; (3) liquid monomer evaporation; (4) polymer decomposition. The data 
after the break in the curve are divided by a factor of 10 to demonstrate the intense effect above 300 °C. Right (B): 
corresponding micrographs of isolated particles with lateral size of about 30-50 microns recorded with an in-situ 
digital high-speed camera. 30 °C: crystal phase; 100 °C: molten state; 350 °C: after liquid monomer evaporation 
and/or polymer part decomposition. The curves are shifted vertically for the sake of clarity. 

Fully polymerized DAPOT microparticles were obtained when stored at 50 °C, i.e. slightly below 
the melting point, for a year. Fig. S3 shows comparison of nanocalorimetric heating curves recorded at a 

rate of 1000 K s
-1

 of DAPOT microparticles in the monomer and polymer states. While a monomeric 

particle is expected to exhibit melting and evaporation stages on heating, the thermal behavior of a 
polymerized particle includes only a step in heat capacity associated with its glass transition. The 
observed shift of the glass transition from 130 to 157 °C for the DAPOT samples stored at 50 and at -25 
°C indicates formation of a more developed polymer network for higher temperature storage. 

The experiments show that ABPOT is significantly more stable than DAPOT: it does not undergo 
any visible changes even after 5 years of storage at -25 °C, so it is more challenging to address the 
thermal behavior and kinetics of its transformations. However, when kept in bulk at temperatures a few 
degrees below its melting point for a few months a partially amorphous sample can be obtained. Fig. S4 
presents comparative data for the original and aged ABPOT samples showing that its thermal behavior is 
in many respects similar to that of the aged DAPOT samples. The calculated specific enthalpy values of 

melting (64 J g
-1

) and polymerization (680 J g
-1

) from the DSC data (Fig. S4 (A)) demonstrate that the 
decrease of crystallinity matches the advancement of the polymerization. Similarly, the nanocalorimetric 
curve includes an intense exothermic peak at around 300 °C (Fig. S4 (C)) that is assigned to the 
polymerized particle decomposition which results in formation of black insoluble products (Fig. S5, right). 

4. Conclusions 



Using conventional methods of structural and thermal analysis along with ultrafast chip 
calorimetry the structural evolution during long-term storage of 2-azido-4,6-bis(prop-2-yn-1-yloxy)-1,3,5-
triazine and 2,4-diazido-6-(prop-2-yn-1-yloxy)-1,3,5-triazine monomers was studied.  

In contrast to classical topochemical reactions with formation of regular crystalline polymers, the 
polymerization of the studied monomers yields amorphous products. The transition from crystalline to 
amorphous state can be observed for DAPOT even during long-term storage at temperatures below 0 °C. 
This can be explained by the highly exothermic effect of chemical reactions that is about 10 times higher 
than the melting enthalpy of the monomer crystals. In particular, local thermal fluctuations can activate 
oligomerization of a monomer leading to a decrease in crystallinity. The interplay between the thermal 
effect of oligomerization/polymerization and monomer melting has not been previously described in the 
literature, to our knowledge. 

A quantitative kinetic analysis of the amorphization and polymerization processes was carried out 
by fitting isothermal DSC data with the correlated double-Avrami model. It is shown that the Avrami 
parameter of amorphization is close to unity while that of polymerization is approx. 0.5. Therefore, both 
processes can be viewed as one-dimensional, with diffusion-limited mode of polymerization. The latter 
can probably be explained by the gradual increase of the glass transition temperature, which dramatically 
slows down the system due to slowing down of segmental dynamics. 

With the help of simultaneous optical microscopy and fast calorimetry experiments on isolated 
microparticles it becomes possible to address their thermal behavior. The thermal experiments on 
individual microparticles with the help of nanocalorimetry allow bypassing the low activation energy 
processes of chemical transformation thereby separating them from the thermodynamic transitions such 
as melting. The results provide additional insights into initial stages of the solid-state polymerization of 
azide-alkyne monomers on a time scale from milliseconds to years. Such an approach can contribute 
significantly to optimization of methods of synthesis of hyperbranched polymers, including targeted 
monitoring of topochemical transformations, as well as their stabilization and determination of storage 
conditions. 

Supplementary Materials: Scheme S1. The synthesis scheme of hyperbranched polymers based on 

monomers ABPOT (a) and DAPOT (b); Fig. S1: TGA curves (10 K min
-1

) of DAPOT (blue) and ABPOT 
(red) samples obtained in the nitrogen atmosphere during heating from 25 to 900 °C; Fig. S2: Variation of 
optical density during heating of the ABPOT (A) and DAPOT (B) microparticles. Data obtained by 
integrating areas with single microparticles from Fig. 6; Fig. S3: Nanocalorimetric curves of DAPOT 

microparticles of monomer (blue) and polymer (black) samples obtained at a heating rate of 1000 K s
-1

; 

Fig. S4: Characterization of a partially polymerized ABPOT sample generated by storing it at 30 °C for 
two months: A — DSC, B — X-ray powder diffraction, C — nanocalorimetry, D — intensity of 
birefringence measured with polarized optical microscopy; Fig. S5: Micrographs of 3 stages of partially 

polymerized ABPOT microparticle during a fast-heating nanocalorimetry experiment at a rate of 1000 K s
-

1
. Video: Fast heating ramp of a DAPOT microparticle aged for 3 years at -25 °C. Heating rate: 1000 K s

-

1
, video recording: 300 fps. 
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Abbreviations 



The following abbreviations are used in this manuscript: 

ABPOT  2-azido-4,6-bis(prop-2-yn-1-yloxy)-1,3,5-triazine 
DAPOT  2,4-diazido-6-(prop-2-yn-1-yloxy)-1,3,5-triazine 
TAAC  topochemical azide-alkyne cycloaddition 
1,3-DCA 1,3-dipolar cycloaddition 
RT  room temperature 
WAXS  wide-angle X-ray scattering 
DSC  differential scanning calorimetry 
TGA  thermogravimetric analysis 
NMR  nuclear magnetic resonance spectroscopy 
FTIR  Fourier transform infrared spectroscopy 
FSC  fast scanning calorimetry 
POM  polarized optical microscopy 
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The synthesis of ABPOT and DAPOT is described in refs. [1] and [2], respectively. The corresponding 
structures have been confirmed earlier by elemental analysis (EA), 

1
H NMR, and FTIR spectroscopy:  

ABPOT: 
1
H NMR, ẟ (ppm) = 3.66 [t, 2 H, H(7), J=2.4 Hz]; 5.07 [d, 4 H, H(8), J=2.6 Hz]. IR (cm

-1
): 3296 

(≡CH); 2143, 1199 (N3); 1555 (triazine); 1327, 1125 (COCH2). Measured (%): C, 47.3; H, 3.1; N, 36.2. 

C9H6N6O2. Calculated (%): C, 47.0; H, 2.6; N, 36.5. DAPOT: 
1
H NMR, δ (ppm) = 3.69 [d, H, CH, J=2.0 

Hz]; 5.08 [d, 2 H, CH2O, J=2.1 Hz]. IR (cm
-1

): 3298 (≡CH); 2140, 1205 (N3); 1580, 1550 (triazine); 1352, 

1177 (COCH2). Measured (%): C, 33.4; H, 1.9; N, 57.2. C6H3N9O. Calculated (%): C, 33.1; H, 1.4; N, 
57.9. 

 

Scheme S1. The synthesis scheme of hyperbranched polymers based on monomers ABPOT (a) and DAPOT (b) [3]. 



 

 
Fig. S1. TGA curves (10 K min

-1
) of ABPOT (red) and DAPOT (blue) samples obtained in the nitrogen atmosphere 

during heating from 25 to 900 °С. The ABPOT curve shifted vertically by 5 % for the sake of clarity. 

  

Fig. S2. Variation of optical density during heating of the ABPOT (A) and DAPOT (B) microparticles. The data 

obtained by integrating areas with single microparticles from Fig. 6 of the main text. 



 
Fig. S3. Nanocalorimetric curves of DAPOT microparticles of monomer (blue) and polymer (black) samples obtained 

at a heating rate of 1000 K s
-1

. The characteristic transitions of the monomer include melting at 57 °C and 

evaporation above 200 °C. The polymerized particle shows only glass transition at approx. 157 °C. 

 



Fig. S4. Characterization of a partially polymerized ABPOT sample generated by storing it at 30 °C for two months: A 

— DSC, B — X-ray powder diffraction, C — nanocalorimetry, D — intensity of birefringence measured with polarized 
optical microscopy. The curves are shifted vertically for the sake of clarity. 

 

Fig. S5. Micrographs of 3 stages of partially polymerized ABPOT microparticle during the fast-heating 

nanocalorimetry experiment with a rate of 1000 K s
-1

 (cf. Fig. S4, C, purple line) at different temperatures, from left to 

right: 50, 200 and 350 °С. Scale bars (black horizontal lines) correspond to dimensions of 100, 15 and 20 microns in 
left, middle and right panels, respectively. Left image shows an initial partially crystalline and partially polymerized 
microparticle. Middle image shows a mixture of a liquid monomer after melting and an amorphous drop after 
devitrification. Right image shows carbonaceous products formed after the polymer part decomposition. 
 

video – Fast heating ramp of a DAPOT sample aged for 3 years at -25 °C. Heating rate: 1000 K s
-1

, video rate 

recording: 300 fps. 
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