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A Systematic Study on Biobased Epoxy-Alcohol Networks:
Highlighting the Advantage of Step-Growth Polyaddition
over Chain-Growth Cationic Photopolymerization

Antonella Fantoni, Thomas Koch, Robert Liska, and Stefan Baudis*

Vanillyl alcohol has emerged as a widely used building block for the
development of biobased monomers. More specifically, the cationic
(photo-)polymerization of the respective diglycidyl ether (DGEVA) is known to
produce materials of outstanding thermomechanical performance. Generally,
chain transfer agents (CTAs) are of interest in cationic resins not only because
they lead to more homogeneous polymer networks but also because they
strikingly improve the polymerization speed. Herein, the aim is to compare
the cationic chain-growth photopolymerization with the thermally initiated
anionic step-growth polymerization, with and without the addition of CTAs.
Indeed, CTAs lead to faster polymerization reactions as well as the formation
of more homogeneous networks, especially in the case of the thermal anionic
step-growth polymerization. Resulting from curing above the TG of the
respective anionic step-growth polymer, materials with outstanding tensile
toughness (>5 MJ cm−3) are obtained that result in the manufacture of
potential shape-memory polymers.

1. Introduction

In recent years, an increasing demand to replace petroleum de-
rived polymers has been witnessed. Both the predicted scarcity of
petroleum resources as well as growing environmental concerns
are driving forces for the development of novel and sustainable
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material platforms.[1–3] Consequentially, the
design of biobased polymers is receiv-
ing evermore attention as environmentally
friendly alternatives are becoming essen-
tially more attractive to the petroleum-
based counterparts. Today, thermosetting
polymers make up to 20% of the world-
wide plastic production.[3] Herein, epoxy
resins represent the most important class of
monomers, making up roughly 70% of all
thermosets[3,4] as a result of their outstand-
ing mechanical properties, good thermal
stability and processability.[5] The majority
of such materials is obtained from the re-
action of bisphenol A (BPA) and epichloro-
hydrin, giving the diglycidyl ether of BPA
(BADGE). Although there is no renewable
source for BPA, Dow Glycerin to Epichloro-
hydrin Technologies and Solvay Epicerol
have reported the production of epichloro-
hydrin from glycerol, a by-product in the

biodiesel industry.[6] Furthermore, BPA is known to act as an es-
trogen mimic and was recently declared as a carcinogenic mu-
tagen and reprotoxic,[7] promoting the search for both nontoxic
and renewable alternatives.

Over the last decade, a plethora of renewable building blocks
has been examined and reported in literature. Among those,
epoxidized vegetable oils have already been commercialized and
are thus frequently used. Unfortunately, low cross-linking densi-
ties and flexibility stemming from the long hydrocarbon chains
result in unsatisfactory thermomechanical properties (e.g., low
TG).[8–10] By the use of more rigid cycloaliphatic and aromatic
structures, this problem can be resolved. Hence, Mantzaridis et
al. prepared bioderived modified rosin acid oligomers into BPA-
free epoxy resins with high TG of >90 °C when crosslinked with
diamines.[11] Another widely used building block from renewable
resources is the saccharide-derived isosorbide.[12–14] Crosslinking
of the diglycidyl ether with isophorone diamine gave materials
with enhanced thermomechanical properties. However, the hy-
groscopic nature of the monomer might have a negative impact
on polymer properties.

Although the aforementioned examples proved that renew-
able building blocks can be used to fabricate sustainable epoxy
resins, they did not reach the thermomechanical properties
attained by the aromatic BADGE. Hence, the design of aromatic
bio-based building blocks receives evermore attention among
the scientific community. Herein, lignin represents the most
abundant aromatic feedstock in nature.[15] By the chemical
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Figure 1. Schematic overview of possible propagation mechanisms in cationic polymerization: ACE (top) and AM (bottom) of epoxides. Cyclohexene
oxide is used as model monomer.

depolymerization of the highly crosslinked polyphenolic lignin
structure, a variety of phenol-based precursor molecules, e.g.
vanillin, can be obtained. More specifically, roughly 15% of
today’s vanillin production is based on the lignin-to-vanillin
process, making vanillin an ideal bio-derived precursor for epoxy
resins.[16] Over the last decade, the group of Caillol demonstrated
that vanillin can be converted into multiple mono- and mul-
tifunctional epoxy monomers.[16,17] Furthermore, Wang et al.
prepared lignin-reinforced vanillyl alcohol-based nanocomposite
materials that were crosslinked with triethylenetetramine.[18]

The composites displayed high tensile strength (up to 60 MPa)
and improved tensile toughness compared to the neat epoxy-
amine polyadduct. Furthermore, Savonnet et al. prepared di-,
tri- and tetrafunctional glycidyl ethers of vanillin by an oxidative
coupling reaction.[19] Polymerization of the multifunctional
synthons with a cycloaliphatic diamine resulted in high TG ma-
terials (140–200 °C). Finally, a recent publication by Dinu et al.
demonstrated the possible application of vanillin-derived epoxy
resins for aerospace and space sectors.[20] Copolymerization of
the diglycidyl ether of vanillyl alcohol (DGEVA) with anhydrides
catalyzed by imidazoles gave high performance materials (TG
> 100 °C, G’30 °C ≈ 3 GPa). While the main focus lies on the
thermal curing of vanillin-derived epoxy resins, Sangermano
et al. reported the synthesis and cationic photopolymeriza-
tion of DGEVA.[21] High curing speed and reduced energy
consumption of the UV-curing process additionally decrease
the environmental aspect of bio-derived resins, thus making
cationic photopolymerization of epoxy monomers even more
eco-friendly.

Unfortunately, both thermal and photopolymerization of
epoxy monomers still suffer from several disadvantages. Ther-
mally curable formulations exhibit poor storage stability and
demand high processing temperatures. By contrast, radiation
curing can be performed at ambient temperatures. Neverthe-
less, highly crosslinked and thus irregular polymer networks are
obtained.[22]

Regarding the cationic photopolymerization, two different
mechanisms are observed and well-described in literature for the
(photo-)acid-catalyzed epoxy polymerization. On the one hand,
the polymerization proceeds via the conventional active chain-
end (ACE) mechanism, where new monomers react immedi-
ately with the cationic (active) end of the growing polymer chain
(Figure 1, top). Additionally, the activated monomer (AM) mecha-
nism was proposed by Kubisa and Penczek.[23,24] Here, the active

center is transferred away from the growing chain and the AM
is attacked by nucleophilic substances such as water or alcohols
(Figure 1, bottom).

It was previously shown by Dillan and Jessop, that the ad-
dition of hydroxyl species enhances the rate of polymerization
but decreases the final TG of the chain-growth polymers.[25] In-
terestingly, difunctional CTAs decreased the TG of the polymers
less than mono-ols. Additionally, a comparison between different
substituents on the hydroxyl components showed that primary al-
cohols proved to be the most potent chain transfer agents (CTAs)
as a result of the least steric hindrance.

By contrast, very few reports have been published on ther-
mally curable epoxy-alcohol polyadducts. Kropka and co-workers
investigated the reaction kinetics of epoxy monomers with hy-
droxyl donors.[26] It was assumed that the reaction mechanism
is shifted towards a step-growth polymerization, giving more ho-
mogeneous networks. In recent studies from our group, the base-
catalyzed reaction between alcohols and epoxides was studied
in detail (Figure 2).[27,28] It was shown, that imidazoles enable
an alternating co-polymerization between both moieties, where
the monomer reacts exclusively with one another to give ─AB─

polyadducts. Investigations on the thermomechanical properties
indicated that by the use of epoxy-alcohol polyaddition polymers
with sharp glass transitions and high tensile toughness could be
obtained.

Herein we aim to further investigate both the light induced
cationic photopolymerization (chain-growth, Figure 3b) as well as
the base catalyzed thermal polyaddition (step-growth, Figure 3c)
of vanillyl alcohol-derived epoxy monomers with equimolar
amounts of aliphatic hydroxyl comonomers. At first, a kinetic
proton NMR study was conducted to gather insights about the
conversion of both monomers in photochemical and thermally
induced polyreactions. Therefore, a monofunctional epoxide
(phenyl glycidyl ether, PGE) was reacted with n-hexanol to give
linear photopolymers via a light induced chain-growth AM mech-
anism. By contrast, thermally induced step-growth polyaddition
of DGEVA was studied with hexanediol. Thereafter, (photo-)DSC
measurements combined with FT-IR were used to investigate
the reactivity and curing behavior of crosslinked DGEVA resins.
Additionally, an extensive comparison between the acid/base-
catalyzed alcohol-epoxy and neat acid/base-initiated epoxy poly-
mers was performed. Finally, dynamic mechanical thermoanaly-
sis and tensile tests were employed to assess the thermomechan-
ical properties of bio-based polymers.
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Figure 2. a) Expected mechanism of initiation of the anionic ring-opening polymerization of epoxides and b) chain-transfer in the presence of hydroxyl
groups to facilitate epoxy-alcohol polyaddition.[29]

Figure 3. a) Monomers used in this study: phenyl glycidyl ether (PGE), n-hexanol, 1,6-hexanediol, trimethylolpropane (TMP) and diglycidyl ether of
vanillyl alcohol (DGEVA). Schematic representation of the network architecture of b) the chain-growth polymerization of difunctional epoxy monomers
and c) the step-growth polymerization of epoxy monomers with multifunctional alcohols.
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Figure 4. a) Conversion of epoxy groups (blue squares) of PGE and hydroxyl groups of n-hexanol (orange circles) from 1H-NMR measurements of photo-
DSC samples using 1 wt% of UVI6976 as initiator. For better visibility, the symbols were connected with dotted lines. b) Photo-DSC measurements of
DGEVA without (P1, blue solid) and with (P2, green dashed) TMP as chain-transfer agent. Measurements were conducted at 60 °C using 1 wt% UVI
6976 as PAG. c) DSC measurement of DGEVA with 1 wt% imidazole as initiator (T1, red solid) and equimolar amounts (in respect to functional groups)
of TMP and 1 wt% imidazole as catalyst (T2, purple dashed).

2. Results and Discussion

2.1. Coreactivity Study

Very recently, we have shown that the thermal reaction between
epoxy and alcohol moieties as chain transfer agents (CTAs) is cat-
alyzed by strong bases such as imidazoles and the reaction is pro-
posed to proceed via a step-growth polyaddition.[27] In this recent
study, a thorough kinetic investigation on the thermal polyaddi-
tion of epoxides with alcohols was conducted in bulk (using 1
wt% of imidazole as catalyst at 60 °C), highlighting the formation
of polyadducts as the conversion of both functional groups pro-
ceeded in a similar pace. However, the reaction proceeded over a
total of 6 h.

On the other side, the photochemical reaction between epoxy
and alcohol monomers initiated by cationic species is well de-
scribed in literature and follows the activated monomer (AM)
mechanism, allowing hydroxyl species to be incorporated into
an existing epoxy-derived poly(ether) network.[24,25] Although al-
cohols shift the reaction mechanism from activated chain end
(ACE) to the activated monomer (AM) mechanism, polymeriza-
tion is expected to proceed in a chain-growth fashion. For an even
better understanding of the underlying photochemically initiated
reaction, a combined photo-DSC and 1H-NMR study of the reac-
tion between monofunctional monomers (PGE and n-hexanol,
equimolar ratio of functional groups) was conducted herein. The

formulations furthermore contained 1 wt% of the sulfonium an-
timonate UVI6976 as cationic photoinitiator.

The main objective of this photo-DSC study was to elucidate
the cationic co-polymerization behavior of epoxy:alcohol systems.
Therefore, the respective formulations were irradiated in a con-
trolled environment by means of the photo-DSC at 25 °C with
filtered UV light (320–500 nm). The irradiation time was varied
from 5 to 240 s and the respective conversion of each functional
group was followed by the decrease of the corresponding peaks
in the proton NMR spectra (Figures S1 and S2, Supporting Infor-
mation).

The cationic photopolymerization of the epoxy-based phenyl
glycidyl ether (PGE) and n-hexanol follows the chain-growth re-
action type. The conversion of both monomers proceeds in a sim-
ilar and linear fashion in the first 50 s of irradiation (Figure 4a)
and full conversion (>98%) of both monomers was already
reached after 1 min. Thereby, the fast and uniform formation
of poly(ether)s via cationic ring-opening polymerization (CROP)
was demonstrated. It has to be noted that one would expect a de-
crease in reaction rate over time. However, an almost linear trend
of functional group conversion over time was observed in this
study. The observed zero-order kinetic could be accounted to the
fact that bulk-polymerizations are prone to volumetric shrinkage
of the material. During polymerization, the monomeric bond dis-
tance is reduced from a van der Waals to a covalent bond distance,
leading to volumetric shrinkage in the polymer and increasing
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Table 1. Photo-DSC of DGEVA without (P1) and with (P2) the use of
equimolar amounts (in respect to functional groups) of TMP as CTA using
1 wt% of UVI 6976 as PAG.

Monomers tmax [s] t95 [s] EGCIR [%]

P1 DGEVA 8.6 ± 1.3 32.9 ± 2.3 63

P2 DGEVA + TMP 6.1 ± 0.4 32.5 ± 1.6 >99

the concentration of functional groups at any given time.[30] Fur-
thermore, although the presence of hydroxyl groups enables the
activated monomer (AM) mechanism, epoxy homopolymeriza-
tion in the activated chain-end (ACE) fashion cannot be ruled
out completely. Thereby, epoxy group conversion can be overesti-
mated and can subsequently lead to a linear conversion over time.

Compared to the previously developed thermal epoxy-alcohol
polyaddition,[27] a substantial decrease in reaction time was ob-
served with the photochemical method herein. The thermal poly-
merization proceeded over a period of 6 h, however the pho-
topolymerization showed full conversion of functional groups
within 60 s.

2.2. Photochemical Cationic Ring-Opening Polymerization
(CROP) Reactivity Study via (Photo-)DSC

After the assessment of the copolymerization of epoxy and alco-
hol monomers, a thorough comparison on polymerization kinet-
ics of a multifunctional system was conducted. For this purpose,
the light-induced cationic ring-opening polymerization (CROP)
of the vanillin-based epoxy monomer DGEVA without (P1, “P”
for photochemical) and with (P2) trimethylolpropane (TMP) as
multifunctional chain-transfer agent (CTA) was investigated by
means of photo-DSC. Again, the commercially available sulfo-
nium antimonate-based PAG (UVI 6976) was used as initiator
in 1 wt%. As the monomers DGEVA and TMP appear as white
solids with melting points of around 55–58 °C, all investigations
were performed at 60 °C. All samples were irradiated with a
broadband UV lamp (320–500 nm, light intensity of 35 mW cm−2

at the sample surface) as the light source. Using the recorded heat
of polymerization as a function of time, three key values were ob-
tained from the analysis: tmax (time until the maximum heat de-
velopment is reached), t95 (time to 95% of heat development) and
the area of the peaks ΔH (total polymerization heat) were deter-
mined. Afterwards, the polymers were subjected to FT-IR analy-
sis and the epoxy group conversions were determined according
to Equation (1) (see Experimental Section).

The most important focus in this experiment was the impact of
the CTA on the CROP of the epoxy monomer DGEVA. As can be
seen in Figure 4b and Table 1, the addition of equimolar amounts
of TMP (in respect to functional groups) reduced tmax from 8.6 s
(P1) to 6.1 s (P2). This phenomenon also visible for t95 values: in
the case of CROP (P1), t95 was higher (32.9 s) compared to P2
(32.5 s). Hence, TMP acted as a powerful accelerator in the pho-
toinduced cationic polymerization of DGEVA. Similar behavior
can be found in literature, where TMP was used as a CTA for the
CROP of BADGE and successfully increased photoreactivity.[31]

Regarding the final epoxy group conversion (EGC), higher final
EGC was determined via ATR-IR for P2 (>99%) compared to the

Table 2. DSC measurements of DGEVA with (T2) and without TMP (T1)
as comonomer.

Monomers Tonset [°C] Tpeak [°C] EGCIR [%]

T1 DGEVA 98.2 ± 4.3 109 ± 2 61

T2 DGEVA+TMP 94.3 ± 0.6 111 ± 1 84

pristine DGEVA resin (P1, 63%). Kubisa and Penczek showed,
that as a result of the AM mechanism, termination reactions
seem to occur at a lesser extent compared to CROP without
CTA.[23,24] Thus, the addition of a CTA increases the final epoxy
group conversion. Additionally, considering that curing was con-
ducted above the TG of P2 (48 °C, see 2.4.), but below the TG of
P1 (84 °C, see 2.4.), the differences in EGC can be explained by
their different chain mobilities at 60 °C. By increasing the cur-
ing temperature above the system’s TG, chain mobility is higher
even in the late stages of the polymerization, resulting in higher
EGC.[32] Thus, the topological limit was reached earlier for P1,
additionally contributing to a decreased final conversion.

2.3. Thermal Anionic Ring-Opening Polymerization (AROP)
Reactivity Study via DSC

The next step comprised a thermal reactivity study via DSC to
investigate the potential for the imidazole-catalyzed anionic ring
opening (AROP) of the neat epoxy monomer (T1, “T” for ther-
mal) and step-growth polyaddition with trimethylolpropane (T2)
were studied. The formulations consisted of 1 wt% of imida-
zole as catalyst combined with the monomers DGEVA (AROP)
and DGEVA:TMP (polyaddition, equimolar ratio of functional
groups). Measurements were performed with one heating cycle
from 25 to -200 °C, gathering the following key values of the anal-
ysis: the onset temperature (Tonset) gives information about the
lowest temperature at which a significant rise in heat of polymer-
ization is detected, whereby the peak temperature Tpeak defines
the temperature with the maximum heat evolution. Additionally,
upon integration of the exothermic peak, heat of polymerization
is obtained. After the measurements, the EGC of the polymers
was investigated via ATR-IR.

Herein, the addition of TMP (T2) to the neat epoxy monomer
slightly decreased Tonset (94 °C) while Tmax (111 °C) is similar to
T1 (Tonset 98 °C, Tmax 109 °C), proposing that both polymeriza-
tions started at similar temperatures (Figure 4c, Table 2). Inter-
estingly, the formulation T2 showed a distinct endothermic peak
at around 60 °C, caused by melting of solid components, while
formulation T1 remained liquid before the measurement started.
When looking at the final EGC (determined via ATR-IR), polyad-
dition of DGEVA and TMP (T2) shows higher values (84%) com-
pared to the AROP of the neat DGEVA (T1, 61%). Considering
the step-wise character of the polyaddition, reactive chain ends
are present up to high conversions, whereas in the AROP case,
occurring termination reactions limit the final EGC.

2.4. Dynamic Mechanical Thermal Analysis (DMTA)

The final thermomechanical properties of polymer networks are
affected by the underlying network architecture (Figure 4b,c) and
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Figure 5. a) G’ as a function of temperature and b) tan𝛿 as a function of temperature of photochemically polymerized specimens P1–P2 and thermally
cured T1–T2 networks. c) Tensile testing curves for photopolymerized DGEVA based polymers (P1–P2) and thermally cured networks T1–T2.

can be characterized using dynamic mechanical thermal analysis
(DMTA). DMTA provides the impact of the monomer structure
on the thermomechanical properties of polymer networks. The
method is used to obtain the storage modulus (G′), loss modu-
lus (G″), and the loss factor (tan 𝛿) at different temperatures. The
macroscopic glass transition (TG) is associated with the loss fac-
tor and is dependent on various physicochemical and mechanical
factors.[33] Moreover, the storage modulus at the rubbery plateau
G′r (measured at TG + 30 °C) is an indication for the cross-linking
density. G’r was also used to extract the mesh size of the polymer
networks L, that is inversely proportional to the crosslinking den-
sity of a material.[34,35] Results of all polymers are presented in
Figure 5a,b and Table 3.

The specimens for thermomechanical tests were prepared
via 2 preparation routes that differed mainly in the curing
strategy. Photochemical CROP of DGEVA with and without the
CTA was performed in a broadband UV oven (320–580 nm)
at 60 °C, followed by a post-curing step at 90 °C for 18 h.
This additional curing step was necessary to increase the final
EGC of the specimens. Cations generated during irradiation
are long-lived species, giving the cationic photopolymeriza-
tion of epoxy monomers a living character.[36] By contrast,
specimens containing imidazole as catalyst (1 wt%) were ex-
clusively thermally cured for 18 h at 90 °C. Additionally, to test
if the curing temperature influences the thermomechanical
properties, specimens were prepared at 110 °C (UV curing and

Table 3. Overview of key parameters determined using DMTA and tensile testing of photochemically polymerized specimens P1–P2 and thermally cured
T1–T2 networks.

DMTA Tensile testing

G’20 [MPa] TG [°C] G’r [MPa] FWHM [°C] L [nm] 𝜎M [MPa] 𝜖B [%] UT [MJ m−3]

P1 1420 84 35.1 45 0.53 67.1 ± 5.8 5.19 ± 0.90 2.08 ± 0.17

P2 1470 48 4.38 27 1.03 63.2 ± 0.9 11.8 ± 3.2 5.45 ± 1.61

T1 1950 97 194 60 0.31 81.6 ± 7.3 8.71 ± 2.67 4.75 ± 1.84

T2 1400 35 1.85 19 1.36 66.9 ± 2.7 27.3 ± 2.8 10.0 ± 1.3

Macromol. Rapid Commun. 2024, 2400323 2400323 (6 of 10) © 2024 The Author(s). Macromolecular Rapid Communications published by Wiley-VCH GmbH

 15213927, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

arc.202400323 by C
ochraneA

ustria, W
iley O

nline L
ibrary on [04/09/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.mrc-journal.de


www.advancedsciencenews.com www.mrc-journal.de

thermal (post)curing) and are displayed in Figure S3 (Supporting
Information).

Prior to DMTA measurements, the conversion of the poly-
mers was determined using FT-IR. For all specimens the oxirane
ether band (≈915 cm−1) in the IR spectra completely vanished
after polymerization, indicating full conversion of the epoxy
monomers for all types of polymerization.

Cationic photopolymerization of DGEVA (P1) exhibits a G’20
of 1.4 GPa reaching TG at 84 °C with a FWHM (full width half
maximum) of tan𝛿 of 45 °C. G’r of 35 MPa and L of 0.53 nm indi-
cate that the matrix possesses high number of crosslinks. As pre-
viously discussed by Szczepanski et al. and Stanzione et al., the
width of the tan𝛿 is correlated with the homogeneity of polymer
networks. Broad peaks indicate heterogeneous networks with
a wide distribution of relaxation modes.[37,38] Hence, the broad
FWHM of tan𝛿 of P1 indicates inhomogeneous polymer net-
works, as a result of the unregulated (no CTA) CROP mechanism.
When the initiating species is changed to a strong base (e.g., im-
idazole) and the epoxy monomers are polymerized in an anionic
ring-opening fashion (T1), the highest G’20 of 1.9 GPa is obtained.
TG is also increased to 97 °C compared to the CROP material,
although a broad FWHM of tan𝛿 (60 °C) is determined. Taking
FHWM of tan𝛿 as parameter for network uniformity, inhomo-
geneity of the network is enhanced for AROP. In this regard, it is
also not surprising that G’r (194 MPa) exceeds and L (0.31 nm) is
lower than P1, showing that AROP produces polymers with even
higher crosslinking density. Crosslinking density is furthermore
correlating to the amplitude of tan𝛿: lower amplitudes correlate
to the tighter crosslinked networks.[33] Thus, presented data in
Figure 5b emphasize the previously discussed trends, as the am-
plitude of T1 is distinctly lower than P1’s peak height.

Adding a multifunctional alcohol (TMP) as CTA to the for-
mulations clearly influences the thermomechanical properties
of the (photo)polymerized material. In the case of P2, equimo-
lar amounts of hydroxyl groups were added to the neat epoxy
monomers DGEVA, altering the polymerization mode to the
more regulated AM mechanism. A reduction in TG (48 °C) is
concomitant with a decrease in FWHM of tan𝛿 (27 °C), while
G’20 of 1.5 GPa is similar to P1. Previously, photo-DSC measure-
ments already highlighted the superior final EGC and higher re-
activity compared to polymers formed by the ACE mechanism
(P1). Limiting conversion are often observed in photopolymer-
ization of high TG formulations.[25] As the network develops, a
critical network density is reached above which a glassy polymer
is obtained and propagation is slow, eventually hindering con-
version increases.[39,40] Adding CTAs furthermore decreases the
kinetic chain length of thermosets and consequently affects the
crosslinking density.[41] Therefore, a significant reduction in G’r
(4.4 MPa) lead to higher L (1.03 nm) and overall lower concentra-
tion of crosslinks in the material. Hence, gathered data indicates
a homogenization of the formed network architecture that how-
ever, comes along with reduction in TG.

While CTAs enable network homogenization via reduction of
the kinetic chain length,[25] base-catalyzed thermal epoxy-alcohol
polyaddition (T2) uses an entirely different polymerization mech-
anism. As a result of a much slower step-growth reaction, the
network build-up is regulated and the conversion at the gel point
increased.[26] Thereby, the final (thermo)mechanical properties
are affected. As previously presented by our group,[27] using a

step-growth polyaddition leads to network homogenization of
DGEVA when TMP is used as comonomer. Compared to the an-
ionically homopolymerized T1, a decrease in TG (35 °C) as well as
G’20 (1.4 GPa) is observed, while FWHM of tan𝛿 (19 °C) is signif-
icantly reduced to one third of T1’s value (60 °C), clearly outlin-
ing network homogenization. It has to be mentioned that T2 was
cured above its glass transition temperature (TG 35 °C, curing
at 90 °C). Thus, the polymer chains remained much more mo-
bile during crosslinking and could thus additionally contribute
to higher network homogeneity compared to T1 (TG 97 °C). Fur-
thermore, the utilization of the step-growth mechanism alters
the crosslinking density of a material. The chain-growth polymer
T1 shows both a lower tan𝛿 amplitude and substantially higher
G’r values (194 MPa), than T2 (1.9 MPa). Subsequently, a wider
meshed material is obtained (L = 1.36 nm).

In summary, using alcohols as CTAs and polyaddition
comonomers represent important tools to modify epoxy poly-
mers. Comparable crosslinking densities (L ≈ 1 nm) are achieved
and network homogenization is evident in both cases with a nar-
rowing of the tan𝛿max.

2.5. Tensile Tests

To observe the impact of network homogenization and variation
of the crosslinking density more closely, the stress-strain behav-
ior of regulated compared to unregulated networks is particularly
of interest. Therefore, tensile tests were conducted to extract key
parameters such as maximum tensile strength (𝜎M), elongation
at break (𝜖B) and tensile toughness (UT). Measured results of the
tensile testing are displayed in Figure 5c and Table 3. Further-
more, Δ𝜎/Δ𝜖 values are displayed in Table S1 (Supporting Infor-
mation).

The photopolymers containing 100 mol% DGEVA and no CTA
(P1) show curve shapes typical for thermosets with a tensile
strength of 67 MPa and low elongation at break of 5%. By integra-
tion of the stress-strain curves, a tensile toughness of 2 MJ m−3

is determined. On the other hand, using thermal AROP to obtain
the polymer specimens (T1) gives a material of both higher 𝜎M
(82 MPa) and 𝜖B (9%), resulting in a twofold increase in ultimate
tensile toughness (4.75 MJ m−3). Although both P1 and T1 show
brittle fracture behavior, the higher TG and crosslinking density
in the latter case seem to boost the final mechanical properties of
the material.

A totally different stress–strain behavior is observed for the
photopolymerized P2 containing TMP as CTA. While the tensile
strength drops slightly to 63 MPa, a distinct yield point and two-
times higher elongation at break (12%) compared to P1 is dis-
played in Figure 5c. Thereby, the tensile toughness of the poly-
mer is nearly three-times higher (5.5 MJ m−3) than for the poly-
mers containing no CTAs. Clearly, network homogenization and
lower crosslinking density of the materials effect the mechanical
properties of the material. Notably, tensile tests were performed
at 25 °C. At this temperature, tan𝛿 of P2 starts to rise (Figure 5b)
and thereby, the polymer starts to emerge into a more rubbery-
like material during glass-transition.

This transition towards the rubbery state is even more pro-
nounced for the thermally cured T2 (TG of 35 °C). Polyaddition
of DGEVA and TMP leads to even higher 𝜖B (27%), while 𝜎M

Macromol. Rapid Commun. 2024, 2400323 2400323 (7 of 10) © 2024 The Author(s). Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Figure 6. Scheme of the shape-memory behavior of polymer samples. a) A polymer specimen of T2 formed into a serpentine line at T < TG. b) The
specimen is heated above its TG to 90 °C, stretched and thereafter cooled to 25 °C. c) T2 after re-heating to 90 °C: the original shape was regained.

(67 MPa) remains unaffected compared to the CTA-polymer P2.
Unsurprisingly, highest tensile toughness (10 MJ m−3) is deter-
mined for T2.

All in all, it can be concluded that the addition of hydroxyl
species to epoxy monomers leads to a reduction in crosslinks that
result in network homogenization and enhanced tensile tough-
ness. Noteworthy, using a step-growth polymerization even ex-
ceeds the effects of CTAs, making epoxy-alcohol polyaddition a
novel tool for both network regulation and toughness enhance-
ment.

2.6. Shape-Memory Properties of Epoxy-Alcohol Polyadducts

Thermo-responsive shape-memory polymers have attracted
huge interest because of their unique ability of remembering
their shape. Recently, the vanillin-core structure that is present
in DGEVA has attracted considerable attention to produce mate-
rials with shape memory behavior.[42,43] While P1–P2 and T1 did
not show the ability of shape memory, the thermal polyadduct
T2 turned out to be an excellent candidate. In order to show
shape-memory properties, one polymer specimen of T2 in a ser-
pentine line form (Figure 6a) was heated above its TG (35 °C) to
90 °C, reformed to a temporary stretched shape and immediately
cooled to room temperature (Figure 6b). The specimen was able
to maintain its temporary shape at this temperature, but heating
to 90 °C led to a spontaneous (<10 s) return to the original wavy
shape (Figure 6c). For better visualization of the shape memory
properties of T2, Video S1 (Supporting Information) shows the
effect in real time.

3. Conclusion

In this study, the lignin-derived epoxy monomer DGEVA was
polymerized in four different ways: cationic photopolymeriza-
tion with and without CTAs, thermal anionic polymerization
and base-catalyzed thermal polyaddition. The (photo)reactivity as
well as thermomechanical properties of all polymers were as-
sessed. Firstly, the cationic photopolymerization was analyzed us-
ing photo-DSC. In a coupled study with proton NMR measure-
ments, it was shown that multifunctional alcohols act as CTAs
and both monomers convert homogeneously over time with a
rate of polymerization of 16.5 mol L−1 s−1. Additionally, the addi-
tion of CTAs led to increased photoreactivity (tmax of 6 s, t95 of

32 s), while simultaneously enhancing the final conversion of
the epoxy monomers (>80%). In a DSC study, the anionic ho-
mopolymerization via AROP was compared to the thermally initi-
ated epoxy-alcohol polyaddition. Again, the addition of equimolar
amounts of hydroxyl groups to a neat epoxy resin enhanced the
final conversion (>80%) with onset temperatures of 90 °C and
peak temperatures of 110 °C. Most important information was
gathered during DMTA, as the addition of alcohols did not only
lead to significant network homogenization (FWHM of tan𝛿max
of 20–27 °C) but also to reduced crosslinking densities (G’r of
1.8–4.4 MPa). The change network architecture has a direct im-
pact on stress–strain behavior of the material. Traditional CROP
and AROP gave brittle polymers (𝜎M up to 80 MPa, 𝜖B <10%),
but adding alcohols either as CTAs or comonomers into the net-
works resulted in a substantial increase in elongation at break
(up to 27%) and concomitantly also in increased tensile tough-
ness (up to 10 MJ m−3). Finally, polymers derived from epoxy-
alcohol polyaddition turned out to be promising candidates as
shape-memory materials.

4. Experimental Section
Materials and General Methods: Vanillyl alcohol (TCI Europe),

epichlorohydrin (Sigma-Aldrich), tetrabutylammonium chloride (TCI Eu-
rope), sodium hydroxide (Sigma-Aldrich), phenyl glycidyl ether (Sigma-
Aldrich), n-hexanol (Sigma-Aldrich), 1,6-hexanediol (Sigma-Aldrich),
trimethylolpropane (ACROS), imidazole (Fluka), and pyridine (TCI Eu-
rope) were purchased from the respective companies and used without
further purification. The photoinitiator Cyracure UVI6976 was purchased
from Univar Products International.

Column chromatography was performed on a Büchi Sepacore Flash
System (Büchi pump module C-605, Büchi control unit C-620, Büchi
UV-Photometer C-635, Büchi fraction collector C-660), using glass
columns packed with silica gel (Merck). Ethyl acetate and petroleum ether
were used as eluents and received from Donau Chemie.

NMR-spectra were recorded on a Bruker Avance DRX-400 FT-NMR
spectrometer at 400 MHz for 1H- and 100 MHz for 13C-NMR spectra. The
signals are reported with their chemical shifts in ppm and fine structure
(s = singlet, d = doublet, t = triplet, q = quartet, qn = quintet, sep =
septet, m = multiplet). The chemical shifts were indicated in ppm rela-
tive to trimethyl silane (d = 0 ppm) and referenced by using the respective
NMR solvent [1H: CDCl3 (7.26 ppm), DMSO-d6 (2.54 ppm) 13C: CDCl3
(77.16 ppm)] as internal reference.

Melting points were measured on an OptiMelt automated melting
point system from SRS Stanford Research System. The heating rate was
set to 1 °C min−1.

Synthesis of Diglycidyl Ether of Vanillyl Alcohol (DGEVA): For this study,
a diglycidyl derivative of vanillyl alcohol was prepared in analogy to Fache

Macromol. Rapid Commun. 2024, 2400323 2400323 (8 of 10) © 2024 The Author(s). Macromolecular Rapid Communications published by Wiley-VCH GmbH
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et al.[16] A detailed synthetic procedure can be found in the Supporting
Information.

Formulation and Specimen Preparation: For the proton NMR study,
(photo-)DSC, DMTA and tensile test measurements formulations were
prepared using 1 wt% of the respective initiator (imidazole for thermal
curing and Cyracure UVI6976 for photopolymerization). If necessary, the
formulations were heated to 60 °C to melt solid components and homog-
enized using a vortex mixer. For the (photo-)DSC measurements and pro-
ton NMR study, all formulations were directly used after preparation. For
(thermo)mechanical measurements, the thermally curable monomer for-
mulations were casted in silicone molds (sticks, 5× 2× 40 mm3 for DMTA;
dog-bone-shaped samples in accordance with ISO 527 test specimen 5b,
total length of 35 mm and a parallel region of 2 × 2 × 2 mm3 for tensile
tests) at 90 °C for 18 h. Photoreactive formulations were polymerized at
60 °C in an Uvitron UV 1080 Flood Curing oven equipped with Uvitron
Intelliray 600 halide lamps at 50% intensity (approximately 60 mW cm−2)
with an unfiltered spectral range from 320 to 580 nm for 5 min. Thereafter,
the specimens were post-cured at 90 °C for 18 h. The polymer specimens
were ground to obtain uniform specimens with exact dimensions (devia-
tions ≤ ± 0.1 mm).

FT-IR Spectroscopy: Conversion of the epoxy moieties was determined
by FT-IR spectroscopy by analysis of the change of the integral of the epoxy
ring vibration (≈910 cm−1) in reference to the integral of the aromatic ring
vibration (≈800 cm−1).[44]

Epoxy group conversion (%) =
⎛⎜⎜⎜⎝
1 −

Aepoxy,polymer

Aref ,polymer

Aepoxy,monomer

Aref ,monomer

⎞⎟⎟⎟⎠
⋅ 100% (1)

where Aepoxy,polymer/monomer is the area of the epoxy signal at ≈910 cm−1 in
the polymer/monomer and Aref,polymer/monomer is the area of the reference
band at ≈800 cm−1 in the polymer/monomer.

Proton NMR Study: Formulations of around 1 g were composed as
follows: monofunctional epoxy (PGE) and alcohol (n-hexanol) monomers
were mixed in a 50 mol% ratio (in respect to functional groups) and 1
wt% of the cationic photoinitiator Cyracure UVI6976 was added. Irradia-
tion of the samples was conducted using a Netzsch DSC 204 F1 Phoenix
equipped with an autosampler and a double-core glass-fiber light guide
(diameter = 3 mm). 10–12 mg of the formulation were weighed in stan-
dard aluminum crucibles and closed with glass lids to prevent evapora-
tion. All measurements were performed under a N2 flow of 20 mL min−1

at 60 °C. After an isothermal phase of 5 min, the crucibles were irradiated
for 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 60, 90, 120 and 240 s with an Exfo
OmniCure 2000 device with a spectral range of 320–500 nm. The light in-
tensity on the surface was set to 35 mW cm−2. The measurements were
conducted at 25 °C. After the measurement, the samples were immediately
quenched with 1 drop of pyridine to prevent dark-curing and dissolved in
≈0.7 mL of the NMR solvent.

The conversion of both epoxy and alcohol moieties was followed by the
decrease of the respective signal integral over time, using Equation (2).
The corresponding NMR spectra are depicted in Figure S2 (Supporting
Information).

Conversion (%) =
(

1 −
integral (tx)

integral (t0)

)
⋅ 100% (2)

where integral (tx) is the area of the corresponding peaks at time points
t = tx and integral (t0)is the area of the corresponding peaks prior to the
reaction

The rate of polymerization (Rp) was determined according to Equa-
tion (3). Therefore, monomer conversion (%) was plotted against the re-
action time (s) and the slope of the graph gave the rate of polymerization
(Rp,s) in s−1, which describes the conversion of the monomer per time
(s). To obtain the rate of polymerization as the concentration (mol L−1)
per time (s), the density (𝜌 in g L−1) and molecular mass (g mol−1) of the

monomer were used. The density of the monomers was determined by
using a pycnometer with an exact volume of 1 mL.

Rp

[
mol
L ⋅ s

]
=

Rp,s [1∕s] ⋅ 𝜌
[

g
L

]
M

[
g

mol

] (3)

where Rp is the rate of polymerization [mol L−1 s−1], Rp,s is the rate of
polymerization derived from the slope of conversion per time graph [s−1],
𝜌 is the density of the monomer at 60 °C [g L−1], and M is the molecular
weight of the monomer [g mol−1].

Reactivity Study via (Photo-)DSC: For the assessment of the thermal
curing behavior, about 10 mg (with an accuracy of ±0.1 mg) of each for-
mulation were weighed in an aluminum pan and subsequently sealed with
an aluminum lid. An empty pan was used as reference. The measurements
were conducted on a simultaneous thermal analyzer (STA 449 F1 Jupiter,
NETZSCH), and the temperature was raised from 25 to 200 °C with a
heating rate of 5 K min−1. For analysis of the DSC plots, the onset of the
exothermal peak was evaluated by laying tangents and intersecting them.
Heat of reaction was determined through the integration of heat flow over
the exothermal peak. All measurements were conducted in duplicates, and
the results were averaged. For the photoreactivity, photo-DSC measure-
ments were conducted as mentioned above. Samples were irradiated for
300 s at 60 °C and measurements were conducted in triplicates to ensure
reproducibility.

Dynamic Mechanical Thermal Analysis (DMTA): Dynamic mechanical
thermal analysis (DMTA) measurements were performed with an Anton
Paar MCR 301 with a CTD 450 oven and an SRF12 measuring system. The
polymer specimens were tested in torsion mode with a frequency of 1 Hz
and a strain of 0.1%. The temperature was increased from −100 to 200
°C with a heating rate of 2 °C min−1. The storage modulus (G′) and loss
factor (tan 𝛿) curves were processed with the software Rheoplus/32 V3.40
from Anton Paar. The glass transition temperature (TG) was obtained from
the maximum of the loss factor (tan 𝛿max). Additionally, G′ at the rubbery
plateau (G′r) and full width at half maximum (FWHM) of tan 𝛿max were
determined.

G’r was used to calculate the average mesh size L of the networks
as a measure for the crosslinking density of polymer networks by Equa-
tion (4).[35]

L =
(

R ⋅ T
G′

r ⋅ NA

)1∕3

(4)

where L is the average mesh size [nm], R is the molar gas constant [J K−1

mol−1], T is the temperature at which G’r was determined (TG + 30 °C)
[K], G′r is the storage modulus at the rubbery plateau [Pa] and NA is the
Avogadro number [mol−1].

Tensile Tests: Tensile tests were performed on a Zwick Z050 tensile ma-
chine, which reaches a maximum test force of 50 kN. The samples were
strained with a crosshead speed of 5 mm min−1 and a maximum force
of 1 kN. During the measurement, a stress−strain plot was recorded for
analysis. Six specimens were tested per formulation with satisfactory re-
producibility.

Shape Memory: For the shape-memory experiments, a formulation
consisting of equimolar amounts (regarding functional groups) of DGEVA
and TMP was cured at 90 °C for 18 h using 1 wt% of imidazole as cata-
lyst. To demonstrate the shape memory behavior, the polymer sample was
heated to 90 °C with a water bath, stretched and immediately cooled to
25 °C (using a water bath). Following, the deformed specimen was sub-
jected into a hot water bath (90 °C).

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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