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HIPE consists of monomer(s), polymerization of this phase 
followed by the removal of internal phase and drying yields 
polyHIPEs [1–4].

PolyHIPEs may exhibit open-cell or closed-cell pore 
morphology, depending on the presence of interconnectiv-
ity between cavities [5]. Application field of a polyHIPE is 
determined according to the pore morphology, hydropho-
bic/hydrophilic nature of the material and chemical func-
tionality [2, 4]. Morphological and mechanical features of 
a polyHIPE can be tuned by controlling the experimental 
parameters during emulsion preparation. Monomer com-
position, dispersed phase ratio, surfactant amount or the 
amount of nanoparticle loading have a great influence on 
the cavity diameter, interconnected pore diameter, pore size 
distribution, pore volume, skeletal density, foam density and 
mechanical strength [6]. PolyHIPEs are attracting increas-
ing attention in many fields, especially in adsorption [7, 8], 
chromatography [9, 10], energy storage [11, 12] and tissue 
engineering [13–15]. PolyHIPEs are usually prepared in 
monolithic shape [16–18]. However, to provide applicabil-
ity in different fields they can be also prepared in a wide 

Introduction

Poly(High Internal Phase Emulsion)s (polyHIPEs) are 
crosslinked porous polymers prepared via emulsion tem-
plating approach. Emulsions are thermodynamically unsta-
ble heterogeneous systems composed of immiscible two 
phases, which are in most of the cases oil and water. HIPEs 
on the other hand, are emulsions having an internal phase 
volume fraction (Ø) greater than 0.74. This volume fraction 
corresponds to the maximum packing ratio of monodisperse 
and non-deformable spheres. When the external phase of a 
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Abstract
Recently, there has been an increasing interest in the synthesis of bio-derived and sustainable polymers due to limited 
petroleum resources and the dependence of polymer chemistry on fossil fuels. Terpenes which are found in nature in wide 
variety of structures, are a large family derived from plants. Isoprene like structure of terpenes make these natural com-
pounds susceptible to polymerization. In this work, β-myrcene, which is an acyclic monoterpene was used in the synthesis 
of photocurable porous polymer monoliths via high internal phase emulsion (HIPE) templating. Photocuring of β-myrcene 
in HIPE templates has been achieved by the free radical copolymerization crosslinking reaction with 1,4-butanediol 
dimethacrylate (1,4-BDDMA). To determine the effect of monomer ratio on the crosslink density and pore morphology 
of the resulting polyHIPEs, the volume ratio of β-myrcene in the external phase has been varied from 10 to 90. Crosslink 
density of the polyHIPEs has been calculated by swelling experiments using Flory-Rehner Theory. In the end, polyHIPEs 
exhibiting pore morphology constituted of cavities and interconnected pores has been obtained in all cases. However, it 
has been determined that 60% is the optimum β-myrcene ratio to obtain a highly crosslinked polyHIPE accompanied with 
an open-cellular pore morphology.
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variety of forms including beads, rods, fibers, and complex 
shapes [2].

Hydrophobic polyHIPEs are usually synthesized from 
water-in-oil (w/o) HIPEs, whereas hydrophilic polyHIPEs 
are generally obtained from oil-in-water (o/w) HIPEs [2]. 
By far, thermally initiated free radical polymerization (FRP) 
is the most widely used polymerization mechanism for 
polyHIPE synthesis. For this purpose, mostly styrene, divi-
nylbenzene and (meth)acrylate monomers are preferably 
polymerized by FRP mechanism, in the external phase of 
HIPEs [19, 20]. However, thermal initiated FRP mechanism 
has limitations depending on emulsion stability, thermal 
susceptibility of highly reactive monomers and requirement 
of long curing periods. Photoinitiated FRP, on the other 
hand, provides the advantage of rapid polymerization at 
room temperature without compromising emulsion stability. 
In this respect, photocurable HIPEs were successfully used 
for the preparation of scaffolds by 3D-printing and lithogra-
phy. Until now, polyHIPE scaffolds have been synthesized 
using the advantages of “click” chemistry on photocurable 
thiol–ene and thiol–yne based HIPEs and polycaprolactone, 
polyurethane or acrylate based polyHIPEs [21–24].

Renewable resourced sustainable monomers and resins 
are attracting interest of researchers from academy and 
polymer industry due to depletion of fossil sources, and 
as well as increasing interest in green and environmental 
manufacturing processes. In this context, there is a growing 
interest on formulating photocurable resins based on bio-
derived and sustainable monomers for advanced manufac-
turing processes. Photocurable resins have wide range of 
applications in 3D-printing and lithography, where it is pos-
sible to manufacture materials with desired geometry and 
shape more easily and rapidly [25]. In accordance with this, 
preparing polyHIPEs from renewable resource monomers 
is recently became an issue of interest for the researchers. 
While there are limited number of bio-derived monomer 
and resin available for industrial manufacturing, terpenes 
and terpenoids are some of the most promising candidates 
for the preparation of sustainable bio-derived resins and 
photocured advanced polymers [26].

Terpenes and terpenoids have wide application in the 
food, cosmetics, fragrance, and perfume industry, due 
to their abundance in essential oils, tree saps, and citrus 
fruits [27]. These bio-derived molecules have a general 
formula similar with isoprene, and inherent double bonds 
which make them available for polymerization [28]. In 
this respect, β-myrcene is drawing attention in the devel-
opment of sustainable biobased elastomers through emul-
sion copolymerization [29–31]. However, attempts to (co)
polymerize  β-Myrcene through FRP, controlled RP, ionic 
polymerization or coordination polymerization have shown 
that these mechanisms are limited in controlling polymer 

microstructure, branching, molecular weight, and poly-
dispersity, as a result of steric hindrance and monomer 
reactivity [32]. Development of photocurable β-myrcene 
formulations for 3D-printing applications have been stud-
ied with using different thiols [33–35]. In these studies, low 
polymerization reactivity and low viscosity of the obtained 
formulations were reported as the main problems encoun-
tered [36–40].

In our previous studies, we have been investigated FR 
copolymerization crosslinking (FRCXL) of β-myrcene 
within HIPEs using several comonomers including styrene, 
glycidyl methacrylate (GMA), divinylbenzene (DVB), 
2-ethyl hexyl acrylate (2-EHA), ethylene glycol dimeth-
acrylate (EGDMA), 4-vinylbenzyl chloride (4-VBC) and 
1,3-butanedioldiacrylate (1,3-BDDA). We have been dem-
onstrated with this work that the limitations due to monomer 
reactivity prevent cross-linking, while highly cross-linked 
polyHIPEs based on polymyrcene (PMy) copolymers can 
only be obtained in the presence of comonomers providing 
free volume [41].

Herein, we have been focused on the preparation of pho-
tocurable HIPEs that are containing β-myrcene in the exter-
nal phase. 1,4-butanediol dimethacrylate (1,4-BDDMA) has 
been used as the crosslinker comonomer. The influence of 
monomer composition in the external phase on polyHIPE 
properties has been investigated by varying the ratio of 
β-myrcene to 1,4-BDDMA between 10/90 and 90/10. In 
the end, crosslink density of polyHIPEs has been calculated 
with the help of swelling tests and Flory-Rehner Theory. 
PolyHIPE pore morphology and thermal stability has been 
also investigated in detail. Moreover, the effect of the initia-
tion step of polymerization mechanism on the final poly-
HIPE properties has been also investigated with the help 
of counterpart samples synthesized via thermally initiated 
FRP.

Experımental

Materials

β-Myrcene (Supelco), 1,4-butanediol dimethacrylate 
(95%, contains 200–300 ppm MEHQ as inhibitor, Sigma-
Aldrich), Span® 80 (viscosity 1000–2000 mPas (20  °C), 
Supelco), Pluronic® L121 (poly(ethylene glycol)-block-
poly(propylene glycol)-block-poly(ethylene glycol), 
average Mn ~ 4,400, Sigma-Aldrich), pentaerythritol 
tetrakis(3,5-di-tert-butyl-4-hydroxyhydrocinnamate) (98%, 
Sigma-Aldrich), potassium persulfate (ACS reagent, 
≥ 99.0%, Sigma-Aldrich), 2-hydroxy-4′-(2-hydroxyethoxy)-
2-methylpropiophenone (commercially known as Irgacure 
2959, 98%, Sigma-Aldrich), calcium chloride hexahydrate 
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(98%, Sigma-Aldrich) were used as received. Ethanol 
(99.5%) which was technical grade, purchased from Tek-
kim Kimya.

PolyHIPE Synthesis

Thermally Cured PolyHIPEs

PolyHIPEs were synthesized by curing HIPEs having dis-
persed phase ratio of 80 vol%. Continuous phase of HIPEs 
were composed of β-myrcene, 1,4-BDDMA and surfac-
tant mixture. To prepare HIPEs β-myrcene, 1,4-BDDMA, 
Span® 80 and Pluronic® L121 were placed in a glass reac-
tor equipped with an overhead mechanical stirrer and peri-
staltic pump. In all cases, surfactant ratio was equal to 30 
vol% of monomer mixture. The ratio of Span® 80 and Plu-
ronic® L121 in the surfactant mixture were adjusted based 
on the volume fractions of β-myrcene and 1,4-BDDMA, 
respectively. Internal phases were prepared by dissolving 
1 mol % of KPS (with regards to monomer mole number) 
and 0.4 g of CaCl2.6H2O in 40 mL of ultrapure deionized 
water. HIPEs were prepared by dispersing internal phase in 
the continuous phase with the help of a peristaltic pump. 
During HIPE preparation, pumping rate of the internal 
phase was set to 50  rpm and emulsification was achieved 
at a stirring rate of 400 rpm. Once the addition of internal 
phase completed, stirring was continued for an additional 
15 min. Thereafter, HIPEs were transferred into cylindrical 
glass bottles (h x w = 3 cm x 3 cm) and cured at 60oC for 
24 h. In the end, monoliths were removed from the bottles 
and extracted with ethanol for 24 h. All the samples were 
dried under vacuum at 40oC until constant weighing was 
available. Resulting polyHIPEs were named as MBx, where 
x is designating the formulation number of HIPE. The for-
mulations of thermally-curable HIPEs were given in Table 
S1 in the Supplementary Information (SI) file.

Photocurable PolyHIPEs

Photocurable HIPEs were prepared by adding 2 wt% (with 
regards to monomer mixture) of Irgacure 2959 into the con-
tinuous phase of HIPEs during emulsion preparation. The 
composition of monomers and surfactant mixture were sim-
ilar with the thermally-curable HIPEs. Internal phases, on 
the other hand were separately prepared by dissolving 0.4 g 
of CaCl2.6H2O in 40 mL of ultrapure deionized water. HIPEs 
were prepared in an amber glass reactor equipped with an 
overhead mechanical stirrer and peristaltic pump. During 
emulsification, pumping rate of the internal phase was set to 
50 rpm, while stirring rate was constant at 400 rpm. When 
the addition of internal phase completed stirring was contin-
ued for an additional 15 min. Then photocurable HIPEs were 

rapidly poured into cylindrical glass containers with dimen-
sions of 0.5 cm x 3 cm (h x w). Photocuring was achieved 
in a UV-polymerization cabinet (lamp power 300 W, lamb 
distance: 20 cm) by exposing HIPEs to UV light for 15 min. 
Resulting polyHIPEs were extracted with ethanol for 24 h 
and dried under vacuum at 40oC until constant weight was 
achieved. Photocured polyHIPEs were named as UMBx 
where x is designating the formulation number of HIPE. 
The detailed formulations of photocurable HIPEs are given 
in Table S2 in the Supplementary Information (SI) file.

Characterization

The morphology of polyHIPEs was investigated by ZEISS 
Supra 40 VP (Zeiss, Germany) model Scanning Electron 
Microscope (SEM) at different magnification rates. For 
this aim, polyHIPE samples were first coated with gold to 
increase electron magnification on the surface of the sam-
ples. By using the SEM images, average cavity size (CS) 
and interconnected pore size (IPS) of each sample were 
calculated. In order to determine the average cavity size, 
the diameters of over 100 cavities were measured, whereas 
interconnected pore size was calculated by taking over 150 
measurements. To obtain a more reliable result, each mea-
surement was multiplied with a correction factor (2/

√
3), 

then the statistical average and error determined [42].
For the determination of Brunauer-Emmett-Teller (BET) 

specific surface area (δBET) of the polyHIPEs, Micromeritics 
Gemini VII Surface Area and Porosity Analyzer (Micromer-
itics Instrument Corporation, USA) was used. Before the 
analysis, all the samples were first degassed at 100oC for 
24 h, under nitrogen flow on a degassing unit (Micromerit-
ics FlowPrep 060 Sample Degas Unit, Micromeritics Instru-
ment Corporation, USA). BET specific surface area of the 
polyHIPEs was calculated by applying BET equation on 
the recorded N2 adsorption/desorption isotherms. For each 
polyHIPE sample, BET specific surface area was calculated 
from the arithmetic average of 3 different measurements 
conducted by using 3 different specimens.

Thermal stabilities of polyHIPEs were determined via 
thermogravimetric analysis (TGA) using a Mettler Toledo 
TGA/DSC 3 + STAR system. For this purpose, TGA analy-
sis was performed between 30oC and 650oC under N2 flow 
at a heating rate of 10oC min-1.

For calculating crosslink ratio, density of the monoliths 
were determined before and after equilibrium swelling 
experiments according to Archimedes′ principle by using an 
analytical balance equipped with a density determination kit 
(Weightlab WSA224T).
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In Eq.  4, R is the universal gas constant (1.987  cal 
K− 1 mol− 1), T is the temperature in Kelvin, VS is the molar 
volume of toluene, δS is the solubility parameter of toluene, 
and δR is the solubility parameter of poly(β-myrcene-co-1,4-
BDDMA). In that frame, δR was determined by using the 
method reported previously [52, 53] and found as 16.28. By 
adopting the abovementioned values to Eq. 4, χ1 for poly(β-
myrcene-co-1,4-BDDMA) was found as 0.367. Addition-
ally, the functionality of poly(β-myrcene-co-1,4-BDDMA) 
which referred to active sites of polymer chain for crosslink-
ing is accepted as 4 by referring the active sites of polyiso-
prene and polyisoprene-based copolymers [54, 55].

Finally, crosslink density of the monoliths (ν) was calcu-
lated by using Eq. 5 [48, 53–56].

Mc =
ρp

ν
� (5)

Results and Dıscussıon

The presence of three reactive double bonds in β-myrcene 
make this bio-sourced compound suitable for polymeriza-
tion through FRP mechanism by thermal-initiation or UV-
vis radiation. On the other hand, the use of acrylates in HIPE 
formulation reduce polymerization shrinkage and leads for-
mation of a more elastic material. Herein, to prepare a poly-
HIPE by using a terpene, β-myrcene was copolymerized 
with 1,4-BDDMA within the continuous phase of HIPEs. 
Polymerization of HIPEs were performed either by ther-
mal-initiation or photoinitiation. Accordingly, thermally-
initiated copolymerization of β-myrcene with 1,4-BDDMA 
was first performed by varying the ratio of β-Myrcene:1,4-
BDDMA from 10:90 to 90:10 in the presence of a water-
soluble thermal initiator (KPS). In the end, for all monomer 
ratios, stable HIPE templates were prepared and solid 
monoliths with porous structure were obtained after polym-
erization. Since the particular focus of the work is obtaining 
sustainable polyHIPEs through photopolymerization, the 
similar HIPE formulations was also used to prepare pho-
tocurable terpene-containing HIPE formulations. The only 
difference in the formulations was using a photoinitiator 
(Irgacure 2959), instead of thermal-initiator (KPS). Afterall, 
stable HIPEs were obtained in all cases. However, photocur-
able HIPE template having 10:90 ratio of β-Myrcene:1,4-
BDDMA did not yield a solid polyHIPE monolith. For the 
β-Myrcene:1,4-BDDMA ratios changing between 20:80 to 
90:10, open porous polyHIPEs were obtained by photocur-
ing of HIPEs.

To evaluate the effect of polymerization procedure on 
the pore morphology, SEM images of thermally cured 

Equilibrium Swelling Experiments

For defining the degree of crosslinking of MBx and UMBx 
monoliths, swelling of the monoliths were studied by fol-
lowing the increase in weight and volume of the monoliths 
in toluene. For swelling studies, the amount of solvent 
was adjusted as 1:10 (w/w) for monolith:solvent. Swell-
ing ratio (Q) was calculated according to Eq. 1 as reported 
by Steindl et al. previously [43]. For this purpose, weight 
and the dimensions of the swollen monoliths were recorded 
after 2 h, 4 h, 8 and 24 h. After 24 h, the swollen monoliths 
were dried at room temperature under vacuum for 72 h and 
weighed again. Then the mass and the density of the dry 
monoliths were determined [43–45]. In Eq. 1, Vsw is volume 
of the swollen polymer, V0 is the volume of dry polymer, Q 
is the swelling ratio and φp (V2m) is polymer volume frac-
tion at swelling equilibrium.

Q =
Vsw

V0
=

1
φP

� (1)

Polymer volume fraction in the equilibrium swollen poly-
mer (V2m) was calculated by using Eq. 2 [46, 47]. In this 
equation, Vp is the ratio of the volume of polymer, Vg is the 
volume of the swollen polymer or gel at equilibrium, ρg is 
the density of the swollen polymer, ρw is the density of tolu-
ene, mg is the mass of the swollen polymer at equilibrium 
and mw is the mass of the solvent present in the swollen 
polymer.

v2m =
vp

vg
=

vg − vw

vg
= 1 −

mwρg

ρwmg
� (2)

V2m values calculated from equilibrium swelling experi-
ments enabled calculation of molecular weight of polymer 
chains between crosslinks (Mc) with Flory-Rehner Theory 
given in Eq. 3 [48, 49].

Mc =
V1

[
(v2m)1/3 −

(
2
f v2m

)]

−
[
ln (1 − v2m) + v2m + χ1(v2m)2

]� (3)

where χ1 is the Flory–Huggins’s solvent-polymer interac-
tion parameter, V1 is the molar volume of toluene as a swell-
ing agent and f is the functionality of the crosslinks. V1 and 
f values are 106.4 cm3 mol− 1 and 4, respectively where 
χ1 for poly(β-myrcene-co-1,4-BDDMA) was calculated by 
using Hildebrand Equation given in Eq. 4 [50, 51]:

χ =
Vs

RT
(δS − δR)2� (4)
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be explained based on different phenomena including locus 
of initiation, monomer polarity and polymerization kinetics.

The locus of initiation is the driving force affecting mor-
phology and molecular structure of polyHIPEs [57]. As it 
is well-known from previous studies, the use of water-sol-
uble initiators provides interface-initiated polymerization 
which tends to form closed-cell polyHIPEs [2]. It can be 
seen from the SEM images presented in Fig. 1 that the pore 
morphology of thermally cured polyHIPEs is also variated 
from closed to more open due to the increasing number of 
interconnected pores. On one hand, this variation can be 
attributed to increase in the amount of β-myrcene in the 
monomer composition. On the other hand, this result might 
be also explained by the difference between the monomer 
polarities. Since β-myrcene is a hydrophobic monomer, 
it tends to present in the oil phase. But, 1,4-BDDMA has 
relatively higher polarity and it tends to diffuse to aqueous 
phase. When a water-soluble thermal initiator is used, pri-
mary monomer radicals are formed in the aqueous phase 

polyHIPEs (MBx monoliths) and photocured polyHIPEs 
(UMBx monoliths) are given in Figs. 1 and 2, respectively. 
Additionally, cavity size and interconnected pore size of the 
thermally cured and photocured polyHIPEs which were cal-
culated from SEM images are given in Table 1, compara-
tively. When the obtained monoliths are compared in terms 
of cavity size, thermally cured polyHIPEs were found to 
exhibit more homogenous and uniform pore structure than 
photocured polyHIPEs. On the other hand, the SEM images 
presented in Fig. 2 clearly show that there is a much greater 
number of interconnecting pores between the cavities in 
photocured polyHIPEs. According to Table 1, in photocured 
polyHIPEs when the amount of β-myrcene was increased 
from 20 vol% to 90 vol%, average cavity size and intercon-
nected pore size was increased from 3.21 to 12.22 μm, and 
from 0.76 to 2.57 μm, respectively. This result can be sup-
ported by the comparison of the SEM images of UMB2 and 
UMB9 monoliths. Herein, variation of pore morphology can 

Fig. 2  SEM images of UMBx monoliths obtained from HIPEs having 
β-myrcene at varying ratios from 20 to 90 at a magnification rate of 
10.00 K X (EHT = 15.00 kV, Signal A = SE2).

 

Fig. 1  SEM images of MBx monoliths obtained from HIPEs having 
β-myrcene at varying ratios from 10 to 80 at a magnification rate of 
10.00 K X (EHT = 15.00 kV, Signal A = SE2).
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adjacent droplets. Formation of interconnected pores was 
also explained based on volume contraction during the con-
version of vinylic monomer units to polymer chains [5, 58, 
59]. On the other hand, Menner and Bismarck suggested 
that incompressible droplet phase prevent shrinking during 
polymerization of HIPE and holes are formed by a mechani-
cal process due to the rupture of polymer film surrounding 
the droplets [60]. Herein, due to rapid initiation and high 
monomer-polymer conversion rate, photocurable UMBx 
monoliths are exhibiting more uniform open-cellular mor-
phology [61]. However, the change of average cavity size 
and interconnected pore size in UMBx monoliths are found 
to be more susceptible to monomer composition as com-
pared to MBx monoliths. As a result, the average cavity size 
of MBx monoliths were changed slightly with the increas-
ing β-myrcene amount, while a more significant change was 
observed for UMBx monoliths. Additionally, in both cases, 
high β-myrcene ratio caused widening of cavities. In this 
respect, different than others, the morphology of thermally 
cured MB9 monolith constitutes from small holes, where 
the borders of the cavities cannot be identified (Fig.  3). 
This situation suggest that emulsion stability is broken until 
the gel point reached during polymerization. Maintaining 
emulsion stability is an important parameter for locking 
the emulsion geometry before polymerization. Long curing 
times create an opportunity for change in internal geometry 
before the gel point is reached. At high ratios, β-myrcene 
tend to add its own monomer to the growing copolymer 
chains due to high monomer reactivity, which leads delayed 
gel effect [41]. In addition, the cavity walls may collapse 
during drying due to the shrinkage of polymyrcene chains 
with elastomer property [62, 63]. Similarly, the larger cavi-
ties observed in UMB8 and UMB9 can be also explained 
due to emulsion stability. Consistent with these findings, 
BET specific surface area (δBET) of MBx and UMBx mono-
liths presented in Table 1 also found to be decreased as the 
amount of β-myrcene increased.

Crosslink density is a parameter playing an important 
role in featuring final characteristic properties of materials 
such as morphology and swelling [64]. In order to inves-
tigate the crosslink density of a polymer network, equi-
librium swelling experiments should be performed in an 

by the attack of initiator radicals to the 1,4-BDDMA mono-
mers diffused to this phase. This primary monomer radicals 
are diffused to the oil-water interface and initiated the free 
radical copolymerization crosslinking (FRCPXL) reac-
tion between β-myrcene and 1,4-BDDMA. When the ratio 
of hydrophobic monomer increased, oil phase become the 
source of monomer units for the growing polymer chains 
and propagation reactions inclined to proceeded at the oil 
phase. Therefore, more open porous structure is formed 
with the increase of β-myrcene in the monomer composi-
tion. Here, we also believe that primary monomer radicals 
containing 1,4-BDDMA units play a major role in the initia-
tion and propagation steps of polymerization. In our expe-
rience, FRCPXL of HIPEs containing β-myrcene is only 
possible in the presence of comonomers containing flexible 
units. Flexible comonomer units prevent steric hindrance 
and crosslinked polymer networks are formed. Otherwise, 
the gel point cannot be reached, and solidification does not 
occur [41].

In a typical polyHIPE with a hierarchical porous struc-
ture, the first level of pores (cavities) is reflecting emulsion 
droplets. During polymerization, a continuous polymer 
film is formed around the emulsion droplets. Removal of 
the dispersed phase leads the formation of cavities. Accord-
ingly, cavity size distribution is a clue for emulsion stabil-
ity. Polymerizing of emulsions that could maintain stability 
until the gel point leads smaller cavities, and homogeneous 
cavity size distribution. Secondary pores (interconnections, 
pore throats or holes) are formed by the rupture of the poly-
mer film from the closest and thinnest point between the 

Table 1  Cavity size (CS), interconnected pore size (IPS) and BET spe-
cific surface area (δBET) of MBx and UMBx monoliths
PHP β-myrcene 

(vol%)
1,4-
BDDMA 
(vol%)

δBET 
(m2g− 1)

CS (µm) IPS (µm)

MB1 10 90 24.03 5.44 ± 0.18 0.35 ± 0.01
MB2 20 80 26.07 3.88 ± 0.11 0.41 ± 0.01
MB3 30 70 24.60 4.03 ± 0.06 0.41 ± 0.01
MB4 40 60 17.19 5.88 ± 0.13 0.39 ± 0.01
MB5 50 50 13.57 5.94 ± 0.13 -
MB6 60 40 16.20 5.18 ± 0.10 0.79 ± 0.01
MB7 70 30 6.03 5.35 ± 0.14 0.83 ± 0.02
MB8 80 20 4.01 5.60 ± 0.16 0.92 ± 0.02
MB9 90 10 0.53 - 5.44 ± 0.19
UMB1 10 90 - - -
UMB2 20 80 12.89 3.21 ± 0.10 0.76 ± 0.02
UMB3 30 70 13.34 2.62 ± 0.06 0.77 ± 0.02
UMB4 40 60 4.50 5.35 ± 0.12 1.69 ± 0.03
UMB5 50 50 4.51 4.72 ± 0.11 1.16 ± 0.03
UMB6 60 40 4.33 5.67 ± 0.13 1.46 ± 0.03
UMB7 70 30 2.86 5.55 ± 0.12 0.93 ± 0.03
UMB8 80 20 1.63 8.27 ± 0.19 2.29 ± 0.12
UMB9 90 10 0.29 12.22 ± 0.41 2.57 ± 0.10

Fig. 3  SEM images of MB9 monolith at a magnification rate of (a) 
2.00 K X ; (b) 10.00 K X (EHT = 15.00 kV, Signal A = SE2).
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can be calculated to estimate the degree of crosslinking in 
the polymer network. However, due to the approximated 
assumptions have been made in Flory-Rehner theory, this 
calculation is prone to errors. Therefore, the data obtained 
is not certain and can be only used to get qualitative infor-
mation [43]. In this context, to make an estimation of the 
variation of crosslink density depending on the monomer 
composition, the polymer volume fraction in the swollen 
mass (V2m), molecular weight between crosslinks (Mc) and 
crosslink density (υ) of MBx and UMBx monoliths were cal-
culated approximately using Flory-Rehner theory. Accord-
ingly, the obtained data and the foam densities determined 
via Archimedes′ principle for MBx and UMBx monoliths 
are respectively tabulated in Tables 2 and 3.

Depending on the variation of polymer volume fraction 
in the swollen mass (V2m) of MBx and UMBx monoliths, 
monomer-polymer conversion of the polyHIPEs determined 
to be increased by the increment in the ratio of β-myrcene. 
It can be seen by the comparison of V2m values presented 
in Tables  2 and 3 that monoliths prepared by the polym-
erization of HIPEs with highest β-myrcene concentration, 
namely MB9 and UMB9, have higher V2m. Furthermore, 
Tables  2 and 3 also shows that the crosslink density (ʋ) 
increased while molecular weight between crosslinks (Mc) 
decreased in both thermally cured and photocured mono-
liths. The reason of this alteration can be explained by the 
formation of a more entangled polymer network with more 
crosslink points. Especially, crosslink density of UMBx 
monoliths were found to be lower than MBx monoliths due 
to rapid initiation of photopolymerization [65, 66].

In a highly crosslinked polymer network, by an incre-
ment in crosslink density, polymer chain movements are 
restricted, and solvent could not interact with polymer 
chains, hence resulted with a decrease in swelling capacity 
[45, 67]. The reason of low swelling ratio and high crosslink 
density of MB9 and UMB9 monoliths could be explained 
depending on that issue. On the other hand, this alteration 
on crosslink density could not be only accepted as a sign of 
copolymerization of β-myrcene and 1,4-BDDMA. In addi-
tion to this, when the ratio of β-myrcene in the monomer 
composition is significantly higher than 1,4-BDDMA, it 
tends to add its own kind to the growing chains, due to the 
higher monomer reactivity. These reactions result with the 
formation of polymyrcene chains having different micro-
structures beside poly(β-myrcene-co-1,4-BDDMA) chains 
[28, 68]. However, by the formation of polymyrcene chains, 
which has a similar structure with isoprene, leads shrinkage 
of polymer network. Resultingly, while the pores and cavi-
ties are collapsed, swelling degree of the polymer network 
is also decreased [29, 30, 69].

The density of the polymer foams is given in Tables 2 
and 3. As can be seen from related tables, the density of the 

appropriate solvent. In this respect, swelling ratio (Q) of 
MBx and UMBx monoliths were determined using tolu-
ene as a swelling agent to investigate the crosslink density. 
During equilibrium swelling experiments, alterations on the 
mass of the monoliths within 2 h, 4 h, 8 h and 24 h were 
recorded. The images of MBx and UMBx monoliths before 
swelling and after swelling for 24 h are given as a supple-
mentary file (Figure S1, S2, S3 and S4). The calculated 
swelling ratio of MBx and UMBx monoliths are tabulated in 
Tables 2 and 3, respectively. Depending on Tables 2 and 3, 
it can be concluded that as the ratio of β-myrcene increased, 
swelling ratio of the monoliths decreased. Especially, for the 
MBx and UMBx monoliths obtained from HIPEs having 
β-myrcene ratio between 30 and 60%, swelling ratio was 
found to reach the highest value. On the other hand, MB8 
and MB9 monoliths obtained from HIPEs having 80 and 
90% β-myrcene had shown the lowest swelling ratio. As it is 
well-known, the degree of swelling for a polymer network 
is usually changed inversely with the degree of crosslink-
ing. If a highly crosslinked polymer network is involved, 
swelling degree is decreased. By adopting the swelling data 
in Flory-Rehner theory, the physicochemical parameters of 
a polymer network such as polymer volume fraction in the 
swollen mass (V2m), molecular weight between crosslinks 
(Mc) and crosslink density (υ) of MBx and UMBx monoliths 

Table 2  Swelling ratio (Q), foam density (ρ), polymer volume fraction 
in the swollen mass (V2m), molecular weight between crosslinks (Mc), 
and crosslink density (ʋ) for MBx monoliths
PHP Q ρ (g 

cm− 3)
V2m Mc (g 

mol− 1)
ʋ (mol 
cm− 3)

MB1 2.69 0.27 0.24 4026.94 7.01 × 10− 4

MB2 3.33 0.28 0.19 6310.88 6.06 × 10− 4

MB3 3.52 0.31 0.20 6367.67 7.57 × 10− 4

MB4 3.80 0.24 0.19 7077.55 8.23 × 10− 4

MB5 3.57 0.24 0.20 6446.88 1.06 × 10− 3

MB6 3.94 0.30 0.17 8353.12 9.36 × 10− 4

MB7 3.04 0.27 0.21 5350.14 1.65 × 10− 3

MB8 1.27 0.39 0.39 1167.20 8.41 × 10− 3

MB9 1.52 0.83 0.37 1315.72 8.22 × 10− 3

Table 3  Swelling ratio (Q), foam density (ρ), polymer volume fraction 
in the swollen mass (V2m), molecular weight between crosslinks (Mc), 
and crosslink density (ʋ) for UMBx monoliths
PHP Q ρ (g 

cm− 3)
V2m Mc (g 

mol− 1)
ʋ (mol 
cm− 3)

UMB2 3.51 0.65 0.19 6732.48 9.68 × 10− 5

UMB3 4.47 0.70 0.14 11625.40 6.06 × 10− 5

UMB4 5.64 0.52 0.11 20818.33 2.52 × 10− 5

UMB5 5.30 0.56 0.15 12177.33 4.61 × 10− 5

UMB6 6.58 0.47 0.09 33284.59 1.43 × 10− 5

UMB7 3.15 0.56 0.21 5367.52 1.06 × 10− 4

UMB8 2.55 0.54 0.24 4173.41 1.31 × 10− 4

UMB9 2.07 0.82 0.26 3325.37 2.47 × 10− 4
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be evaluated in three different temperature zones: 0-100oC, 
100-250oC, 250-500oC. The mass loss detected under 100oC 
generally indicated the presence of volatile products, water, 
or a solvent. However, the second degradation step observed 
between 100-250oC can be accepted as a clue for the for-
mation of polymyrcene homopolymer, due to the tendency 
of β-myrcene monomer adding its own kind to the grow-
ing chains [72, 73]. This degradation step was observed 
in monoliths prepared from HIPEs containing β-myrcene 
higher than 60% in the monomer composition such as MB7, 
MB8 and MB9. According to DTG thermograms given in 
Fig. 4 and the data presented in Table 5, the maximum deg-
radation rate has been reached between ~ 411oC and 421oC 
for MBx monoliths. Table 5 shows that the maximum degra-
dation temperature (Tmax) of MBx monoliths is slightly dif-
ferent from each other, most probably due to the formation 
of different polymer microstructures at different monomer 
compositions. Additionally, as the amount of β-myrcene in 
the monomer composition increases, the maximum degra-
dation temperature shifts to higher temperatures and the rate 
of degradation decreases. On the other hand, as different 
than the others, MB1 monolith exhibits an additional degra-
dation step between 250oC and 360oC. This additional step 
might be attributed to the degradation of poly(1,4-butane-
diol dimethacrylate) (PBDDMA) homopolymer.

Thermograms presented in Fig. 5 indicates that UMBx 
monoliths are subjected to two-step degradation. The DTG 
thermograms of UMBx monoliths presented in Fig. 5 and 
the data given in Table 5 reveals that the maximum degrada-
tion rate has been reached between 413-419oC. However, 
as similar with the MBx monoliths, the amount of degraded 
polymer at the maximum degradation temperature in UMBx 
monoliths obtained from HIPEs with a β-myrcene ratio 
more than 70% is lower due to the presence of polymyrcene 
homopolymer. Depending on the reaction temperature and 
regioselectivity, three different microstructures of polymyr-
cene (1,2 − 1,4- and 3,4-polymyrcene) may occur [62, 74]. 
Accordingly, as the amount of β-myrcene in the monomer 
composition increases, the rate of degradation decreases. 
In addition, when the maximum degradation temperatures 

polymer monoliths increased as the amount of β-myrcene 
in the monomer composition increased. Moreover, den-
sity of resulting polyHIPEs is determined to be higher than 
expected. Indeed, polyHIPEs usually exhibit densities lower 
than 0.1 g cm− 3 [5]; additionally depending on Eq. 5, den-
sity of the polymers is expected to decrease by the increase 
of crosslink density. Herein, density of the resulting poly-
HIPEs is increased with the increase in crosslinking den-
sity. The reason of this unusual change can be explained 
due to the formation of polymyrcene moieties with different 
microstructures at high β-myrcene ratios. Moreover, at high 
degree of crosslinking, average distance between two cross-
link points decreases, which also lead a decrease in polymer 
free volume [63, 70, 71].

Indeed, the presence of polymyrcene and poly(β-
myrcene-co-1,4-BDDMA) also proved by thermal degrada-
tion analysis of MBx and UMBx monoliths. TG and DTG 
curves of MBx and UMBx monoliths are given in Figs. 4 
and 5, respectively. According to the thermograms presented 
in Fig.  4, the thermal degradation of MBx monoliths can 

Table 5  Maximum thermal degradation temperature (Tmax) of MBx 
and UMBx monoliths
PHP Tmax (oC) PHP Tmax (oC)
MB1 411.9 UMB1 -
MB2 415.5 UMB2 413.3
MB3 414.7 UMB3 416.9
MB4 415.5 UMB4 417.7
MB5 416.7 UMB5 418.7
MB6 420.9 UMB6 415.4
MB7 424.5 UMB7 416.6
MB8 421.4 UMB8 415.3
MB9 420.9 UMB9 415.6

Fig. 4  TG and DTG curves of MBx monoliths
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morphology due to rapid polymerization rate. Accordingly, 
it has been shown that photocuring is a convenient and an 
efficient way for the synthesis sustainable polyHIPEs using 
β-myrcene. Future work will focus on the synthesis of sus-
tainable polyHIPEs through photopolymerization of HIPEs 
prepared entirely from terpene-based monomers.
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