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Abstract: 1,4:3,6-Dianhydrohexitols (DAHs) are nontoxic and sustainable diols that have
been extensively applied as monomers for the preparation of polymer materials by step-
growth polymerization processes. The presence of two reactive alcohol groups was exploited
to design a library of symmetric and asymmetric stereocontrolled alkyne- and/or azide-func-
tionalized AA/BB and AB monomers suitable for thermal or copper(I)-catalyzed azide-
alkyne cycloaddition (TAAC and CuAAC). Step-growth polymerization of these monomers
yielded a series of linear polytriazoles as well as partially biosourced networks using a com-
bination of AB + A2B2 derivatives. Characterization of the resulting materials allowed for the
establishment of a thorough structure–property relationship emphasizing the impact of
monomer stereo chemistry and cycloaddition regioselectivity on materials properties.
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INTRODUCTION

1,4:3,6-Dianhydrohexitol (DAH) stereoisomers (Fig. 1), i.e., isomannide (1), isoidide (2), and iso -
sorbide (3), are sustainable intermediates that have attracted substantial attention in the field of polymer
materials [1–3]. Over the last few decades, a broad array of amorphous and semi-crystalline DAH-con-
taining polymers, i.e., polyesters, polyurethanes, polyamides, polycarbonates, polyethers, poly(ester-
imide)s, poly(ester-amide)s, and poly(ether-urethane)s, have been described [1,4–6]. Altogether, these
materials obtained by step-growth polymerization techniques have allowed a thorough investigation of
the structure–property relationships [7–10]. For instance, an increase in the glass transition temperature
(Tg) is generally observed upon incorporation of DAH units (as comonomer) due to their strained
hetero cyclic structure. Even if most studies have been devoted to the (co)polymerization of isosorbide,
several works have also highlighted the effect of monomer stereochemistry by comparing polymers
issued from the different DAH stereoisomers [11–14]. 
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Besides, the recent spectacular development of the click chemistry philosophy postulated by
Sharpless and co-workers [15] has paved the way to the development of new methods for the construc-
tion and functionalization of macromolecular architectures [16–21]. The field of step-growth polymer-
ization has particularly benefited from this robust, efficient, and orthogonal process. Indeed, the poly -
addition of a wide range of alkyne and azide difunctional or multifunctional monomers through thermal
or copper(I)-catalyzed azide-alkyne cycloaddition reactions (TAAC and CuAAC, respectively) has been
described [22–25].

In this contribution we aim at providing a critical overview of our recent studies regarding the
application of DAH functional stereoisomers for the preparation of biobased linear polytriazoles and
partially biobased polytriazole networks based on either TAAC or CuAAC coupling chemistries. The
impact of monomer stereochemistry, cycloaddition regioselectivity as well as processing conditions on
the physical properties and potential applications of the resulting materials are discussed.

DIANHYDROHEXITOL-BASED MONOMERS FOR AA + BB STEP-GROWTH
POLYMERIZATION BY COPPER(I)-CATALYZED AZIDE-ALKYNE CYCLOADDITION

Aiming at producing DAH-based polytriazoles with a high content of the biobased component, com-
plementary dialkynes 4–6 and diazides 7–9 stereoisomers were prepared (Fig. 2) [26]. On the one hand,
dialkynes 4–6 were obtained in almost quantitative yields (96–98 %) using a straightforward alkylation
between the alcohol groups and propargyl bromide. On the other hand, diazides 7–9 were obtained in
two steps with moderate to relatively high overall yields (34, 77, and 60 %, respectively) by tosylation
of the alcohol groups and subsequent nucleophilic substitution of the tosyl groups by sodium azide,
which proceeds through a configuration inversion of the adjacent carbon atoms. The moderate yields in
the case of 7 and 9 results from the competition between the targeted nucleophilic substitution and the
elimination side reaction occurring during azidation of tosyl groups located in the exo position. It is
worth mentioning that diazides 7–9 must be manipulated with extreme care as the ratio between nitro-
gen atoms from the azide groups and other heteroatoms ([nC + nO]/nN = 4/3) is sufficiently low to con-
sider these intermediates as highly energetic and unstable at high temperatures [27]. However, calorime-
try experiments have shown that decomposition of diazides 7–9 starts at surprisingly high temperatures
(>170 °C) possibly due to the introduction of the azide on a secondary carbon atom. Importantly, the
average heat of decomposition of diazides 7–9 (about 3.2 kJ/g) was found to be comparable to nitro-
cellulose (about 4.3 kJ/g), a highly flammable material used as propellant or low-order explosive.
Whereas multigrams of diazides 7–9 could be synthesized and handled safely under appropriate condi-
tions (avoid heating or presence of metals and acids), this aspect might jeopardize the industrial per-
spectives of DAH-based polytriazoles prepared using this approach.

Diazide and dialkyne monomers 4–9 were then involved in a AA + BB step-growth polymeriza-
tion process (Fig. 3) using suitable conditions for the preparation of high-molar-mass polytriazoles
[about 10 wt % of monomers in dimethylsulfoxide (DMSO) and CuIP(OEt)3 as catalyst]. In previous
contributions [28,29], it was indeed stressed that polymerizations carried out with low monomer con-
centrations enhanced the formation of significant amounts of low-molar-mass cyclic species.
CuIP(OEt)3 was also preferred over Cu(PPh3)3Br, a commonly used catalyst for CuAAC, which was
shown to favor Staudinger side reactions on azide moieties and thus disturb the initial stoichiometry
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Fig. 1 Isomannide (1), isoidide (2), and isosorbide (3) DAHs.



between alkyne and azide functionalities. All possible monomer combinations afforded 32 = 9 polytri-
azole stereo isomers (10–18 in Figs. 3 and 4) that were purified and subsequently characterized by ther-
mogravimetric analysis (TGA), size exclusion chromatography (SEC), and differential scanning
calorimetry (DSC). Polytriazoles 10–18 were amorphous materials mainly soluble in DMSO and
dimethyl formamide (DMF). 

© 2012, IUPAC Pure Appl. Chem., Vol. 85, No. 3, pp. 511–520, 2013

1,4:3,6-Dianhydrohexitol-based polytriazoles 513

Fig. 2 Library of DAH-based dialkyne and diazide monomers suitable for AA + BB step-growth polymerization
by azide-alkyne cycloaddition.

Fig. 3 DAH-based polytriazoles obtained by CuAAC AA + BB step-growth polymerization.

Fig. 4 Tg temperatures of DAH-based polytriazoles obtained by AA + BB step-growth polymerization by CuAAC.



Stereochemistry of the DAH moieties significantly impacts 1H NMR spectra (chemical shifts and
splitting constants), molar mass distributions, Tg values, and to a lower extent, thermal degradation
behavior. Configuration of the polymer backbone governed by the stereochemistry of the DAH units
affects the mobility and therefore Tg of the obtained polymers, which range from 121 to 166 °C (Fig. 4).
As a general trend, polytriazoles having one or both of the monomers with the isomannide configura-
tion (i.e., 4 and 7) afford Tg values significantly higher than other stereoisomer combinations. As the
alkyne functionalities are connected to the heterocycles via two mobile methylene groups, the stereo-
chemistry of the more rigid diazide monomer was the key parameter to maximize the Tg of the result-
ing polytriazoles. 

Although relatively high Tg values could be highlighted for these AA + BB DAH-based systems,
polytriazoles 10–18 were shown to exhibit relatively low molar masses compared to polytriazoles pre-
viously reported in the literature [23–25,28,29]. This surprising result may stem from a deviation from
the desired stoichiometry between azide and alkyne groups [30]. Besides, the combinations of
monomers with distinct stereochemistry (polytriazoles 11–13 and 15–17) or monomers able to yield
different type of insertion (random sequences of endo-exo, endo-endo, and exo-exo diads for poly -
triazoles 11,13–15,17) gave rise to a difficult interpretation of the exact influence of monomers’ stereo -
chemistry on the materials properties.

DIANHYDROHEXITOL-BASED MONOMERS FOR AB + AB STEP-GROWTH
POLYMERIZATION: COPPER-CATALYZED VS. THERMAL AZIDE-ALKYNE
CYCLOADDITION

To address the challenges mentioned above, the AB + AB step-growth polymerization of α-azide-ω-
alkyne DAH-based monomers was further investigated. Although designing asymmetric monomers car-
rying both azide and alkyne functionalities represents a synthetic challenge, this type of monomer
allows for overcoming several issues encountered with the AA + BB step-growth polymerization
process. First, provided that the monomers are pure, the stoichiometry between alkyne and azide func-
tionalities is ensured. This is one of the requirements (together with achieving high monomer conver-
sion and the absence of side reactions) to obtain high-molar-mass polymers via a step-growth poly-
merization process [30]. Another significant benefit of this class of α-azide-ω-alkyne functionalized
DAH is that conversely to most heterocomplementary functionalities involved in polyaddition
processes, the monomers can be isolated and are stable over several months at low temperature
(–20 °C). Last but not least, these self-polymerizable α-azide-ω-alkyne stereoisomers have a
[nC + nO]/nN = 4 and can therefore be considered as relatively stable and less hazardous intermediates
compared to diazides 7–9.

α-Azide-ω-alkyne DAH-based stereoisomers 19–22 were then synthesized in three steps using a
specific sequence of chemical transformations in order to prevent the polyaddition of the AB monomer
during its synthesis (Fig. 5) [31]. Preliminary experiments showed that azidation of α-tosyl-ω-alkyne
DAHs (generally performed at temperatures ranging from 60 to 140 °C) produced a significant amount
of polyadducts, which significantly limited the yield of the targeted α-azide-ω-alkyne DAHs. Azidation
of the hydroxyl group was then first undertaken in two steps and subsequent alkylation of the resulting
azide-functionalized DAHs at room temperature afforded α-azide-ω-alkyne monomers 19–22 in excel-
lent yields ranging from 84 to 94 %. Stereocontrolled α-azide-ω-alkyne monomers 19–22 were then
engaged in an AB + AB step-growth polymerization process using previously mentioned relevant
polyaddition conditions suitable to achieve the formation of high-molar-mass polytriazoles (Fig. 6)
[28,29]. Again, in spite of the full conversion of the monomers, the resulting polytriazoles 23–26 exhib-
ited  unexpectedly low molar masses (Mn ~ 7000 g/mol), extremely high dispersities (Ð > 20), and poor
solubility (23 and 25 were insoluble even in DMSO at 120 °C). The low molar masses obtained were
in total disagreement with the perfect initial stoichiometry achieved by the monomers’ structures. This
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limitation in terms of molar masses most likely stems from the physical gelation of the polymerization
media and the poor solubility of the formed polymers. These aspects are most probably enhanced by
the particularly strained structure of the polytriazoles, which exhibit, conversely to the AA + BB
approach, a regular sequence of repeating units with identical stereochemistry. Another significant
drawback of this approach as well as the AA + BB approach resides in the extraction of the copper cat-
alyst and DMSO in order to obtain pure samples suitable for reliable thermal property investigations.
Indeed, a tedious and time-demanding work-up requiring several precipitations, extractions, and dis-
persions was required.

The poor solubility and relatively low molar masses of the materials generated by CuAAC in solu-
tion prompted us to concomitantly investigate the solvent and copper-free TAAC polyaddition of
α-azide-ω-alkyne monomers 19–22. A first observation that confirmed the potential of this approach
was the unexpected reactivity of α-azide-ω-alkyne monomers in bulk at moderate temperatures. Indeed,
storage of 22 at –4 and 25 °C for about one month yielded, as determined by 1H NMR, oligomers with
polymerization degrees (DPn) of 3 and 5, respectively. Although extremely slow, the self-polymeriza-
tion of α-azide-ω-alkyne monomers in bulk occurred until vitrification of the medium, i.e., when Tg of
the formed oligomers reaches the storage temperature. Thereafter, the vitrified medium impedes the for-
mation of longer oligomers. It is therefore compulsory to store monomers 19–22 at temperatures below
the Tg values of the corresponding dimers, i.e., below –20 °C.

The bulk TAAC polyaddition of α-azide-ω-alkyne monomers 19–22 was thus studied in detail by
DSC. Experiments performed on monomer containing capsules annealed at different times and tem-
peratures provided an accurate monitoring of monomer conversion (x), DPn = x / (1 – x) and Tg of the
resulting polytriazoles (Fig. 7). In good agreement with literature data for TAAC [32], the initial heat
of reaction (ΔH0) was found to be in the range of 230 kJ/mol of the functional group. This reaction is
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Fig. 5 Library of asymmetric DAH-based monomers suitable for azide-alkyne cycloaddition AB + AB step-growth
polymerization.

Fig. 6 Library of DAH-based polytriazoles obtained by AB + AB TAAC or CuAAC step-growth polymerization.



therefore very exothermic compared to other reactions as, for instance, an epoxy-amine step-growth
polymerization displays a ΔH0 around 100 kJ/mol of the functional group. Besides an extremely accu-
rate knowledge of the polymerization kinetics, it is worth mentioning that DPn of the resulting poly -
triazoles could be easily tuned by storage or processing conditions, i.e., chain growth proceeds until vit-
rification of the polymerization media at the considered temperature. Also, above formation of the
trimers, the resulting oligotriazoles are white or slightly colored powders that can be subsequently
processed using classical processing techniques such as compression. Handling of α-azide-ω-alkyne
oligomers instead of monomers affords a significant reduction of the number of terminal azide groups,
thus reducing the heat decomposition and the energetic nature of the formed species. For instance, a
polytriazole intermediate obtained by annealing monomer 20 at 70 °C for 4 h (Tg = 43 °C and DPn = 4)
could be hot pressed at 180 °C for 1 min to yield a high-molar-mass polytriazole analogue 28 (Tg =
132 °C and DPn = 55).

The thermal properties and processability of the polytriazoles generated by CuAAC or TAAC
coupling chemistries (23–26 and 27–30, respectively) were subsequently investigated in order to estab-
lish how the loss of regioselectivity inherent to the TAAC process impacts the overall properties of poly-
triazole materials (Fig. 8). A first important observation is that for both methods the monomer stereo-
chemistry impacts similarly the Tg of the resulting polytriazoles since higher values were obtained for
monomer 19 having the isomannide configuration. Interestingly, this stereoisomer is synthesized from
isosorbide, the cheapest and most available DAH. Another important feature of the noncatalyzed
polyaddition is that the loss of regioselectivity during the thermally initiated azide-alkyne cyclo -
addition, i.e., formation of random mixtures of 1,4- and 1,5-disubstituted 1,2,3-triazoles instead of
1,4-disubstituted 1,2,3-triazoles for CuAAC, only slightly affected the Tg values of the resulting poly-
triazoles since a decrease of about 5–15 °C was observed in the absence of catalytic system. Moreover,
the most beneficial feature of the noncatalyzed polyaddition system is that the random distribution of
1,4- and 1,5-disubstituted 1,2,3-triazole linkages among the polymer backbone affords a significant
improvement of the solubility of the resulting materials. Indeed, in contrast to their regiocontrolled ana-
logues 23–26, polytriazoles 27–30 are readily soluble in DMF and DMSO at room temperature. From
an industrial point of view, all of these features make the solvent- and metal-free TAAC AB + AB
polyaddition approach to biosourced polytriazoles far more attractive than the CuAAC AA + BB or
AB + AB strategies.
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Fig. 7 Evolution of DSC traces with reaction time at 70 °C during the AB + AB step-growth polymerization of 20
by TAAC (left). Monomer conversion vs. reaction time for monomer 20 (�, ○, �) and 19 (�, �, �, �) at 70 °C
(�, �), 90 °C (○, �), 120 °C (�, �), and 140 °C (�) (right).



DIANHYDROHEXITOL-BASED NETWORKS FROM AB + A2B2 STEP GROWTH
POLYMERIZATION BY THERMAL AZIDE-ALKYNE CYCLOADDITION

The advantages of the TAAC AB + AB bulk polyaddition strategy, i.e., efficient solvent- and catalyst-
free process, perfect initial stoichiometry between alkyne and azide groups as well as generation of
high-molar-mass soluble polytriazoles with excellent thermal properties, were then applied to the for-
mation of partially biobased polytriazole networks. In contrast to previously reported polytriazole net-
works generated from A2 + B4, A3 + B4, A3 + B3 as well as A2 + Bn (with n = 3, 4, 6, 16, 32, or 64)
monomer combinations [32–37], we focused on a AB + A2B2 approach in order to finely tune the
amount of cross-linker and chain extender without having to adapt or monitor the stoichiometry
between heterocomplementary functionalities before performing the curing process [38]. In this view,
a tailored hetero-tetrafunctional α,α'-diazide-ω,ω'-dialkyne monomer (A2B2, 31) was synthesized from
2,2-bis(bromomethyl)-1,3-propanediol. As mentioned above, to prevent polyaddition of the formed
A2B2 monomer and cross-linking of the reaction media, introduction of the azide functionality was per-
formed prior to the introduction of the alkyne groups. Classical methodologies for the study of thermo -
setting polymers were thus applied to this AB + A2B2 system using α-azide-ω-alkyne 22 as chain
extender and α,α'-diazide-ω,ω'-dialkyne 31 as cross-linking agent. Again, DSC experiments afforded
an accurate investigation of the curing process as both conversion of reactive groups (x) and Tg of the
formed polytriazoles could be monitored with respect to curing time (t) for different [AB]/[A2B2]
ratios. As an example, the evolution of Tg with x for [AB]/[A2B2] = 1 is plotted in Fig. 9. The theoret-
ical relation describing the evolution of Tg with x for thermosetting polymers has been developed  earlier
and is given by eq. 1 [39], 

[Tg(t) – Tg0] / (Tg∞ – Tg0) = λ x / [1 – (1 – λ x)] (1)
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Fig. 8 Tg temperatures for the different DAH-based polytriazoles obtained by CuAAC or TAAC AB + AB step-
growth polymerization.



with Tg(t) the glass transition temperature of the polymerization media after a curing step for a time t
(or a given conversion x), λ = ΔCp∞/ΔCp0, Tg0, and Tg∞ the glass transition temperature of monomer
and polytriazole species at final conversion, respectively.

As for other [AB]/[A2B2] ratios, a very satisfactory agreement between the model and the exper-
imental results was observed, confirming that from the network’s formation point of view, the charac-
teristics of the thermosetting strategy based on the TAAC coupling chemistry are comparable to many
other well-known cross-linking reactions. This is again in opposition with the common thinking stating
that TAAC (or noncatalyzed 1,3-dipolar Huisgen cycloadditions) are low-yielding reactions requiring
high temperatures and long reaction times. In analogy with the TAAC preparation of linear polytriazole
chains, high monomer conversions and thus formation of polytriazole networks in bulk could be
achieved within minutes. 

The formation of the polytriazole networks was also investigated by rheological analyses [38].
Times for gelation, tgel, were determined from the frequency-invariance of tan δ = G''/G' for different
mixtures or at different temperatures. At the gel point, the samples were quenched in liquid nitrogen in
order to measure by DSC the conversions at the gel point (xgel). After that a comparison was established
with the theoretical xgel values developed for an ideal network. Strong discrepancies between theoreti-
cal and experimental values of xgel and Tgel were observed as experimental values were always higher
than theoretical ones. On the basis of statistical calculations, this behavior was assigned to the signifi-
cant occurrence of intramolecular cyclizations throughout the formation of the network.

CONCLUSION

The synthesis of AA, BB, and AB DAH-based monomers (where A and B stand for alkyne and azide
functionalities) has allowed us to establish a thorough structure–property relationship for polytriazoles
obtained by using either AA + BB, AB + AB, or AB + A2B2 polyaddition strategies. Efforts have
focused on the detailed investigation of the impact of monomer stereochemistry, cyclo addition regios-
electivity (CuAAC or TAAC) as well as processing conditions on the resulting materials’ properties.
Most interestingly, our results have shown that TAAC polyaddition is the best option in order to gener-
ate high-molar-mass and processable materials from DAH-based monomers. Indeed, conversely to
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Fig. 9 Evolution of Tg as a function of conversion for the curing of a 1:1 mixture of 22/31. Experimental values
were obtained by DSC after isothermal curing of the sample for different reaction times and temperatures. The solid
line is the prediction resulting from eq. 1.



CuAAC, TAAC afforded polytriazoles with comparable thermal properties, higher molar masses, and
improved solubilities using a faster, catalyst- and solvent-free process. This important aspect is in con-
tradiction with the general opinion stating that CuAAC is more efficient than TAAC. Indeed, we have
shown that besides the obvious advantages of working in bulk without additives and catalyst this long-
time known coupling chemistry obeys the general laws of polyaddition and thermo setting materials.
The interesting combination of both 1,2,3-triazole and biosourced DAH properties provides materials
that have potential in several applications where adhesion, metal complexation, and thermal properties
are key issues.
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