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A B S T R A C T   

The interest on adapting bio-derived species to polymer synthesis has been increased in the last decade. Terpenes 
that can be obtained by extracting from the essential oils of tree sap and citrus fruit have an important place on 
this subject. In this respect, β-myrcene, which is a promising linear conjugated diene, is attracting the interest of 
researchers. However, the free radical copolymerization of β-myrcene is difficult mainly because of concurrent 
Diels-Alder reactions with electron-deficient vinyl monomers via their s-cis forms. Here, we developed polyHIPEs 
from the high internal phase emulsions (HIPEs) of β-myrcene. For this purpose, HIPEs were prepared by using 
either 50 or 40 vol% of β-myrcene in the continuous phase. Meanwhile, the influence of 4-vinylbenzyl chloride 
(VBC), divinylbenzene (DVB), and 1,3-butanedioldiacrylate (BDDA) on the copolymerization crosslinking of 
β-myrcene within precursor HIPEs was explored. For this purpose, HIPEs were prepared by altering the amount 
of comonomers between 0 and 60 vol% of the total monomer composition. The resulting HIPEs showed excellent 
stability. However, crosslinking could not be achieved in all cases, due to the altered monomer composition. On 
the other hand, crosslinked polyHIPEs were hypercrosslinked with Friedel-Crafts alkylation method. Charac
terization of the resulting materials showed the Brunauer-Emmett-Teller specific surface area (δBET) of the 
polyHIPEs was increased from 2.25 m2 g− 1 to 60.18 m2 g− 1 by hypercrosslinking.   

1. Introduction 

Hierarchical porous structure and high surface area are the impor
tant features that make polymers important candidates for the applica
tions such as adsorption [1,2], catalysis [3,4] and energy storage [5,6]. 
In this context, as being the most convenient approach for the control of 
the porosity, emulsion templating stands out among the other methods 
used of creation porosity [7]. The principle of emulsion templating is 
based on using a concentrated emulsion for the creation of hierarchically 
ordered porous structure. For this purpose, high internal phase emul
sions (HIPEs), which are defined as the emulsions having an internal 
phase volume fraction (Ø) >0.74, are usually used. In this definition 
0.74 is not a random figure, but it is describing the lowest volume 
fraction at above which the dispersed phase droplets deformed into 
polyhedra and separated from each other by continuous phase films [8]. 
When HIPEs are prepared to contain monomeric species in the contin
uous phase, polymerization of HIPEs leads to the formation of macro
porous polymer foams. These foams are known as polyHIPEs [7–9]. 

PolyHIPEs have unique morphology composed of macropores (or 

cavities) that are connected to each other by small pore throats. This 
open-cell structure is known to be the reflection of the used HIPE tem
plates [9,10]. Thereby, controlling the experimental parameters (i.e. 
surfactant amount, crosslinker ratio, stirring rate, and etc.) during the 
emulsification step is used as a tool for obtaining well-defined porosity, 
and as well as improving physical properties [10,11]. Although highly 
open and hierarchical porous structure offers many advantageous for 
various applications, dominance of macropores and lack of meso- and 
micropores in the morphology usually resulted in low specific surface 
areas changing in the range of 3–20 m2g− 1 [12]. The application areas of 
polyHIPEs can be expanded by changing the porosity scale from macro 
(>50 nm) to micro (<2 nm) sizes. In this respect, while increasing the 
crosslinking ratio or using a porogen are effective approaches for 
extending the specific surface area [12], hypercrosslinking usually 
provides the advantage of preparing ultrahigh surface area materials 
[13,14]. 

Hypercrosslinking of polystyrene networks which was first reported 
by Davankov and Tsyurupa [15] have been using as an efficient meth
odology for integrating micropores into polymer networks without 
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differentiating the mechanical structure of the matrix. In hyper
crosslinking, firstly the polymer is swelled in a suitable polar solvent so 
that the distance between polymer chains widened. Afterwards, vinyl 
benzyl chloride (VBC) and its moieties are used as an internal electro
phile in the presence of FeCl3 catalyst, and metyhlene bridges are 
created between the long polymer chains in semi-solution state 
[13,14–17]. Meanwhile, the collapse of the polymer network during 
drying and extraction is prevented by the created additional crosslinks. 
Consequently, a polymer network exhibiting an extensive microporosity 
is obtained in the dry state [18,19]. Thereby, hypercrosslinking is also a 
good tool to include micro- and mesopores in the polyHIPE morphology. 
In fact, reactive sites of a polyHIPE can be developed by hyper
crosslinking without changing the material morphology prominently. 
Moreover, hypercrosslinked polyHIPEs can be used as precursor of 
carbonized foams [20]. In this respect, Macintyre et al. [21] synthesized 
poly[divinylbenzene (DVB)-co-vinylbenzyl chloride (VBC)] hyper
crosslinked materials by using a chloromethyl substituent as an internal 
electrophile and obtained materials with specific surface areas as high as 
1200 m2g− 1. In another study, Woodward et al. [22] synthesized 
hypercrosslinked poly[styrene (ST)-co-divinylbenzene (DVB)] poly
HIPEs by using dimethoxymethane as an external crosslinker to “knit” 
phenyl groups in the polymer network with Friedel-Crafts alkylation 
method. With this approach specific surface area of the resulting ma
terials was increased up to 417 m2g− 1. 

Styrene has been so far the mostly used monomer for polyHIPE 
synthesis due to its hydrophobicity, easy accessibility, reactivity and 
cost advantage. Several monomeric kinds including methacrylates 
[23–25], acrylates [26], dicyclopentadiene [27], ε-caprolactone [28], 
thiols [29,30], and even resins such as unsaturated polyester [31,32], 
and epoxy [33], and tannin [34] have been also used in years. However, 
adaptation of bio-derived and renewable sources in polyHIPEs prepa
ration is also attracting interest of scientists as a result of the increasing 
demand on environmentally friendly processes, and depletion of pe
troleum resources. In this context, terpenes have an important place in 
the synthesis of bio-derived polymers. 

Terpenes are specific kinds obtained by extracting from the essential 
oils of tree sap and citrus fruit. As well as their main applications are in 
the field of fragrances, cosmetics, pharmaceuticals and food industry, 
they are also attracting considerable interest in polymer synthesis 
because of their convenient chemical structure [35]. Terpenes can be 
polymerized through their double bonds to produce polymer resins. 
Particularly, β-myrcene that has a similar chemical structure with pe
troleum derived unsaturated hydrocarbons with its three double bonds 
gives polyisoprene like chains by polymerization [36]. Polymyrcene 
chains that are exhibiting unsaturation allow further functionalization 
reactions [37]. On the other hand, as being a linear conjugated diene, 
β-myrcene undergoes concurrent Diels-Alder reactions with electron- 
deficient vinyl monomers via their cis forms during radical copolymer
ization [38]. Moreover, its high monomer reactivity and highly hydro
phobic nature might prevent the formation of β-myrcene based high 
molecular weight or highly crosslinked copolymers [38]. 

In our previous work, for the first time in the literature, we reported 
copolymerization of β-myrcene in water-in-oil (w/o) type HIPEs to 
develop polyHIPEs by using a bio-derived monomeric kind [39]. For this 
purpose, we used several kinds of comonomers including styrene, DVB, 
acrylates and methacrylates to achieve highly crosslinked polyHIPE 
foams based on β-myrcene. By this study, we demonstrated the impor
tance of using a comonomer with a spacer group, and the monomer ratio 
in the continuous phase to obtain a highly crosslinked solid polymer 
foam exhibiting the desired hierarchical morphology. 

Herein, synthesis of hypercrosslinked polymyrcene foams by HIPE 
templating approach is described. For this aim, polyHIPEs were first 
synthesized from precursor HIPEs which were obtained by altering the 
monomer composition in the continuous phase. Thus, 13 different HIPE 
formulations were prepared. In the experiments the amount of β-myr
cene was either 50 or 40 vol% of the monomer composition, while the 

amounts of the comonomers were altered between 0 and 60 vol%. 
Accordingly, the influence of comonomers on the copolymerization 
crosslinking of β-myrcene within precursor HIPEs was explored. 
Thereafter, polyHIPE foams produced from the precursor HIPE tem
plates were hypercrosslinked (HXL) in the presence of a Lewis catalyst 
(FeCl3) via Friedel-Crafts alkylation. Chemical structure, pore 
morphology and Brunauer-Emmett-Teller (BET) specific surface area 
(δBET) of the resulting polyHIPEs and HXL-polyHIPEs were investigated. 
Thus, the effect of monomer composition on final material properties 
was demonstrated. 

2. Experimental 

2.1. Materials 

β-Myrcene (technical grade, Sigma-Aldrich), 1,3- butanediol dia
crylate (BDDA; 98%, Sigma-Aldrich), poly(ethylene glycol)-block-poly 
(propylene glycol)-block-poly(ethylene glycol) (Pluronic® L-121; Mn ~ 
4400, non-ionic surfactant, Sigma-Aldrich), sorbitane monooleate 
(Span® 80, non-ionic surfactant, Sigma-Aldrich), potassium persulfate 
(KPS; ≥99.0%, ACS reagent), calcium chloride hexahydrate 
(CaCl2⋅6H2O; 98%, Sigma-Aldrich), FeCl3 (anhydrous, powder, 
≥99.99% trace metals basis, Sigma-Aldrich), 1,2-dichloroethane (DCE, 
≥99.0%, ACS reagent), tetrahydrofuran (THF, ≥99.9%, Sigma-Aldrich) 
were used as received. In all experiments ultrapure double distilled 
deionized water was used. 

2.2. Synthesis of terpene-based polyHIPEs 

Terpene-based polyHIPEs were synthesized with 80 vol% of nominal 
porosity. While the ratio of β-myrcene in the continuous phase corre
sponds to 50 or 40 vol%, the ratio of comonomers was changed between 
0 and 60 vol% of the monomer composition. With this approach 13 
different HIPE formulations were obtained. Monomer compositions of 
the HIPEs are presented in Table 1. In Table 1, HIPEs were named as 
HIPE-x, where x is designating the experiment number. 

In a classical experiment, β-myrcene, comonomers and surfactants 
(Pluronic® L 121 and Span® 80) were added into a round-bottom two- 
necked glass reactor which was equipped with an overhead stirrer and a 
peristaltic pump. In the formulations the total amount of the surfactants 
was equal to the 30 vol% of the continuous phase, and each surfactant 
has equal volume proportions. Once all components were added into the 
reactor, continuous phase was stirred for 10 min to obtain a homoge
neous mixture. Afterwards, aqueous phase containing 1 wt% of 
CaCl2⋅6H2O (regarding to aqueous phase) and KPS (1 mol %, regarding 
to monomer composition) was added by droplets with the help of a 
peristaltic pump, under constant stirring (@400 rpm). When the addi
tion of aqueous phase completed stirring was continued for an extra 30 
min to obtain a homogeneous emulsion. Then, obtained HIPE was 
transferred into a glass container and placed in an air-circulating 

Table 1 
Monomer composition of HIPEs.  

HIPE β-Myrcene (vol. %) BDDA (vol. %) DVB (vol. %) VBC (vol. %) 

HIPE-1 50 30 10 10 
HIPE-2 50 20 10 20 
HIPE-3 50 10 10 30 
HIPE-4 50 – 25 25 
HIPE-5 50 – 20 30 
HIPE-6 50 – 15 35 
HIPE-7 50 – 10 40 
HIPE-8 50 10 – 40 
HIPE-9 50 50 – – 
HIPE-10 50 – 50 – 
HIPE-11 50 – – 50 
HIPE-12 40 – 60  
HIPE-13 40 – – 60  
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constant temperature oven at 60 ◦C and kept for 24 h to achieve cross
linking. Afterwards, crosslinked foam was removed from the glass 
container and extracted with ethanol in a Soxhlet apparatus for 24 h. 
Finally, polyHIPE foam was dried under vacuum at 40 ◦C until the 
constant weighing is available. 

In the end, 5 different solid polyHIPE foams were produced from the 
precursor HIPEs. Resulting polyHIPEs were labelled as MBx, where x is 
the number of HIPE formulation. 

2.3. Hypercrosslinking of polyHIPEs 

Hypercrosslinking of resulting polyHIPEs was achieved by using 
post-polymerization hypercrosslinking method which is based on 
Friedel-Crafts alkylation reaction [40]. For this purpose, ~2.5 g of 
powdered polyHIPE sample was put into 50 mL of 1,2-dichloroethane 
(DCE) and left to swollen for 2 h in a round-bottom glass reactor 
equipped with a thermometer. Then the reactor was placed in an ice 
bath and when the temperature was decreased to 4 ◦C, 2.5 g of FeCl3 was 
added into the reactor under constant stirring (300 rpm). Thereafter, the 
reactor was placed in an oil bath on a magnetic stirrer and the tem
perature was increased up to 80 ◦C and the reaction was continued for 
18 h to achieve conversion of reactive groups to methylene bridges to 
obtain hypercrosslinked (HXL) structure. In the end, HXL-polyHIPEs 
were removed from the reaction mixture by filtration and rinsed with 
1% (v/v) of aqueous hydrochloric acid solution and then deionized 
water. Finally, HXL-polyHIPEs were extracted with ethanol for 24 h and 
dried under vacuum at 40 ◦C, until constant weighing is available 
[40,41]. HXL-polyHIPEs were labelled as HMBx, where x is the formu
lation number of the HIPE template used for polyHIPE synthesis. 

In order to reveal the influence of atmospheric conditions on 
hypercrosslinking reaction, HXL-polyHIPEs were prepared under Argon 
atmosphere. In these experiments all the reaction conditions were 
identical with the procedure described above. The only difference was 
that Argon gas was passed through the reactor before hypercrosslinking 
and continued during the hypercrosslinking reaction process. To 
distinguish the composition of the HIPEs, resulting materials synthe
sized under inert conditions were labelled as IHMBx, where x is desig
nating the number of HIPE formulation. 

2.4. Solubility test 

Crosslinking of HIPEs was investigated by a simple solubility test. For 
this purpose, ~0.3 g of polyHIPE sample was immersed in 20 mL of 
tetrahydrofuran (THF) and stirred at 25 ◦C for 24 h. Afterwards, poly
HIPE sample was filtered, extracted with ethanol and dried under vac
uum at 40 ◦C until constant weighing is available. Then the loss of mass 
was calculated to determine the amount of soluble polymer in the 
resulting polymer network. 

2.5. Characterization 

Chemical structures of the polyHIPEs and HXL-polyHIPEs were 
confirmed by Fourier transform infrared (FTIR) spectroscopy. For this 
purpose, spectrums of the monomers and the obtained polyHIPEs were 
all recorded on a Perkin Elmer Spectrum 100 Fourier transform infrared 
spectrometer in 500–4000 cm− 1. 

Additionally, Nuclear Magnetic Resonance (NMR) spectroscopy was 
used to confirm the chemical structures of obtained materials. For this 
purpose, a JEOL ECZ500 model instrument was used. While the 1H NMR 
of β-myrcene was recorded in the liquid state by using CDCl3, 1H NMR 
spectrums of the polyHIPE and HXL-polyHIPE samples were recorded in 
the solid-state. 

The investigation of the morphology of polyHIPEs was performed by 
Scanning Electron Microscopy (SEM; ZEISS Supra 40 VP, Germany). For 
this aim, polyHIPE samples were first coated with gold. By using the 
taken SEM images, average cavity size (CS) and interconnected pore size 

(IPS) of each sample was calculated. For the calculation of CS, the 
diameter of over 100 cavities was taken, whereas IPS was calculated by 
taking over 150 measurements. Before calculating the statistical average 
and error, each measurement was multiplied with a correction factor (2/ 
31/2) [42]. 

Brunauer-Emmett-Teller (BET) specific surface area (δBET) of the 
polyHIPEs was measured by using Micromeritics Gemini VII Surface 
Area and Porosity Analyzer (Micromeritics Instrument Corporation, 
USA). All the measurements were performed after degassing which was 
conducted at 100 ◦C for 24 h, under nitrogen flow on a degassing unit 
(Micromeritics FlowPrep 060 Sample Degas Unit, Micromeritics In
strument Corporation, USA). δBET of the polyHIPEs was calculated by 
applying BET equation on the recorded N2 adsorption/desorption iso
therms. For each polyHIPE sample, δBET was calculated from the arith
metic average of 3 different measurement conducted by using 3 different 
specimens. 

Mechanical properties of the resulting polyHIPEs were investigated 
according to the ASTM D1621-2004 standard test method by using 
Zwick Universal Testing Machine (Zwick GmbH&Co.KG, Germany). 
Compressive stress/strain plots were recorded by applying 10 kN of 
uniaxial compressive load on intact polyHIPE foams without applying 
any cutting or breaking to the samples. 3 identical specimens were tested 
for each polyHIPE sample and elastic modulus was determined from the 
stress/strain plots of the samples by using the original software of the 
testing machine. The elastic modulus was calculated from the arithmetic 
averages of the elastic modulus of 3 identical specimens for each poly
HIPE sample. 

3. Results and discussion 

Herein, in order to develop novel polyHIPE materials we created 
formulations composed of β-myrcene, BDDA, VBC and DVB. Since 
β-myrcene provides isoprene like structure and BDDA also contributes 
on chain flexibility one of the goals in here was to diminish the brit
tleness arises from porous structure and rigid monomeric units. Since it 
is a sustainable monomer, we intended to keep the amount of β-myrcene 
in the continuous phase at least 50 vol% of the total monomer compo
sition. We also intended to provide suitable sites for post-polymerization 
hypercrosslinking reactions. In this respect, the amounts of DVB and 
VBC in the HIPE formulations were altered considering that DVB plays 
an important role in creating suitable crosslinking points and VBC forms 
a hypercrosslinked network by providing interconnections with meth
ylene bridges between aromatic rings [43]. HIPEs were prepared by 
varying the ratio of DVB and VBC between 0 vol% and 60 vol% of the 
total monomer composition. 

However, it is known from the previous studies that synthesis of high 
molecular weight polymers from β-myrcene by free radical polymeri
zation or copolymerization is often restricted due to the linear conju
gated diene structure [44–46]. We know based on the results of our 
previous study that using comonomers having long spacer groups during 
copolymerization reactions of β-myrcene facilitate the formation of 
crosslinked polymer matrices [39]. Thereby, BDDA comonomer was not 
only used to increase the chain flexibility but also to achieve the prep
aration of crosslinked polymer networks by copolymerization of 
β-myrcene in HIPE templates. Since, this is the first time of using this 
monomer composition in polyHIPE synthesis, the influence of monomer 
mixture on the stability and crosslinking performance of HIPEs was 
investigated. Emulsion stability is a crucial parameter for polyHIPEs, 
because cavities of a polyHIPE reflect the droplets of precursor HIPEs. If 
the two major destabilization processes, Ostwald ripening and coales
cence cannot be prevented they lead the droplets merge and form larger 
ones [47,48]. This would result in the creation of larger cavities in the 
polyHIPE morphology. In addition, cavity size distribution would also 
expand [49]. On the other hand, it is also important that the emulsion 
stability is maintained until the gel point is reached during polymeri
zation [10]. 
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Emulsion stability of the prepared HIPEs was explored by observing 
phase separation behaviours at two different temperatures. For this 
purpose, two sets of HIPEs were prepared by using the monomer com
positions given in Table 1. However, internal phases were prepared 
without polymerization initiator (KPS). Once HIPEs were obtained they 
transferred into sealed glass containers. Then the first set was placed in a 
constant temperature oven at 25 ◦C, while the second set was placed in 
another oven at 60 ◦C. Then it was checked whether there was phase 
separation on a daily basis. These temperatures were selected based on 
the conditions that HIPEs are prepared and polymerized. It was observed 
that each HIPE formulation exhibited phase integrity more than 30 days 
at 25 ◦C, and more than 24 h at 60 ◦C. Since polymerization of a HIPE is 
usually completed within 24 h, these results show that the necessary 
stability criterion is provided. The stability behaviour of the obtained 
HIPEs is presented in Table 2 accompanying with the crosslinking per
formance of each HIPE. After it was determined that HIPEs did not 
exhibit phase separation at 60 ◦C within 24 h, the same formulations 
were used as precursors for polyHIPEs. For this purpose, another set of 
HIPE was prepared with the monomer compositions presented in 
Table 1, this time by using KPS in the aqueous phase. Then the precursor 
HIPEs were placed in an air circulating oven at 60 ◦C and left in the oven 
for 24 h for the completion of crosslinking. At the end of 24 h it was 
observed that only HIPE-1, HIPE-2, HIPE-3, HIPE-4 and HIPE-9 yielded 
crosslinked solid polyHIPE foams (MB1, MB2, MB3, MB4, and MB9). 
Crosslinked foams were tested for solubility after purification. However, 
no significant loss of mass was detected. On the other hand, it was also 
observed that precursor HIPEs (HIPE-x formulations; x = 5, 6, 7, 8, 10, 
11, 12 and 13) which did not yield solid polyHIPE foams were like gel 
creams and they were all preserving their phase integrity. 

This result might be attributed to the regioselectivity and high 
monomer reactivity of β-myrcene. β-Myrcene has four regioregular mi
crostructures including 1,4-cis, 1,4-trans, 3,4 and 1,2 structures. Ac
cording to Bauer et al, regioselectivity is higher at low temperatures as 
compared to polymerizations carried out at high temperatures [50]. 
Depending on the polymerization conditions of the precursor HIPEs, it is 
possible for more than one regioregular microstructure to form during 
polymerization [50–52]. Conjugated double bonds of β-myrcene might 
also cause steric hindrance in copolymerization reactions. In these cases, 
the growth of polymer chain radicals might be limited, or crosslinking 
might be prevented. 

On the other hand, since β-myrcene has high reactivity, it might tend 
to add its own monomer to the growing chains in free radical copoly
merization reactions. Accordingly, it might be difficult to obtain co
polymers exhibiting the preferred microstructure [44–46,50]. In free 
radical copolymerization, microstructure of the copolymer chains is 
highly dependent on monomer reactivities. Since different monomers 
form different radical structures, with the relative rates of chain growth 
dependent on the structure of both monomer and radical. On the other 
hand, reactivity ratios also control copolymer sequence distribution 
along the chain. However, reactivity of a monomer in copolymerization 

reactions cannot be predicted based on its reactivity in homopolymeri
zation and reactivity of the comonomer(s) should also be considered 
[53]. The effects of monomer composition and reactivity ratios on 
copolymerization crosslinking of β-myrcene based HIPEs can be un
derstood more clearly by evaluating the crosslinking performances of 
HIPE-9, 10, 11, 12 and 13. As can be seen from Table 2, solid polyHIPE 
foams could not be obtained from copolymerization of HIPEs prepared 
using equal volume proportions of β-myrcene and DVB or β-myrcene and 
VBC in the continuous phase composition (HIPE-10 and HIPE-11). 
Lowering the volume ratio of β-myrcene in the monomer composition 
to 40% and increasing the ratio of DVB or VBC to 60% at the same time 
(HIPE-12 and HIPE-13) were also not resulted with crosslinked poly
HIPEs. On the other hand, HIPEs prepared using equal volume pro
portions of β-myrcene and BDDA resulted in polyHIPE material (MB9). 
This result can be explained by the reduction of steric hindrance and the 
increase of the degree of crosslinking with the contribution of flexible 
comonomer units. It might also be explained by the high reactivity of 
BDDA in the copolymerization reaction with myrcene. On the other 
hand, it is consistent with our previous results [39]. 

In order to review the influence of monomer composition on the pore 
morphology SEM imagining was used, and SEM images of MB1, MB2, 
MB3 and MB4 samples are presented in Fig. 1, while the SEM image of 
MB9 is presented in the Supplementary Information File (see Fig. S1 in the 
SI document). On the other hand, average cavity sizes (CS) and inter
connected pore sizes (IPS) were given in Table 3. According to the SEM 
images given in Fig. 1 and Fig. S1, MBx foams are all exhibiting the well- 
known polyHIPE morphology composed of large cavities and inter
connected pores. On the other hand, Table 3 reveals the significant in
fluence of monomer composition on the pore size. It was determined 
from Table 3 that the foams MB1, MB2, MB3 and MB4 had larger cavities 
and interconnected pores when the BDDA amount increased and VBC 
amount decreased in the formulation. When the average cavity size of 
MB1 and MB2 samples were compared, it was found that the cavity size 
decreased from 6.51 μm to 4.15, when the VBC ratio was increased by 
10 vol% and the BDDA ratio was decreased by the same amount. It was 
also determined that decreasing the amount of BDDA by 10 vol% and 
increasing the amount of VBC by 30 vol% increased the average cavity 
size up to 7.14 μm. This change observed in cavity dimensions 
depending on the monomer composition was also observed for inter
connected pores. Accordingly, it was determined that the interconnected 
pore size of the foams MB1, MB2, MB3 and MB4 increased from 0.61 μm 
to 1.48 μm with the change in the amount of BDDA and VBC in HIPE 
formulations. On the other hand, MB9 foam was found to have smaller 
cavities (1.87 μm) and pore connections (0.12 μm) (Table 3). Since the 
cavities of a polyHIPE is reflecting the droplets of precursor emulsions 
[10,11], the decrease in the average cavity size can be attributed to the 
increased emulsion stability. Because the surface energy per unit area is 
lower in more stable emulsions, droplet size is decreased [49]. On the 
other hand, in case of β-myrcene based polyHIPEs, the variation of 
cavity size can also be explained by the change of the amount of BDDA. 
Because crosslinking of β-myrcene can be easily achieved with the 
presence of comonomers with long spacer groups [39,44,46], the other 
reason of the increase in cavity size might be the low crosslinking ratio 
[54]. Hence, it is also not an unexpected result MB4 has the larger 
cavities, while MB9 has the smaller ones. 

The BET specific surface area (δBET) of the MBx samples were 
measured by applying BET equation to their N2 adsorption/desorption 
isotherms, and the obtained data are also presented in Table 3. It was 
determined that the specific surface area of the MB1, MB2, MB3 and 
MB4 foams was decreased from 5.79 m2g− 1 to 2.25 m2g− 1, when the 
volume ratio of BDDA comonomer in HIPE formulations was decreased 
from 30% to 0%. It is also not unexpected that the BET specific surface 
area for MB9 foam increases to 36.12 m2g− 1 due to the variation of 
cavity dimensions. 

The influence of monomer composition on the final material prop
erties was also investigated in terms of mechanical properties. For this 

Table 2 
Stability and crosslinking behaviours of HIPEs.  

HIPE Stability @25 ◦C Stability @60 ◦C Crosslinked Foam 

HIPE-1 >1 month >24 h Yes 
HIPE-2 >1 month >24 h Yes 
HIPE-3 >1 month >24 h Yes 
HIPE-4 >1 month >24 h Yes 
HIPE-5 >1 month >24 h No 
HIPE-6 >1 month >24 h No 
HIPE-7 >1 month >24 h No 
HIPE-8 >1 month >24 h No 
HIPE-9 >1 month >24 h Yes 
HIPE-10 >1 month >24 h No 
HIPE-11 >1 month >24 h No 
HIPE-12 >1 month >24 h No 
HIPE-13 >1 month >24 h No  
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purpose, stress–strain behaviour of the polyHIPE foams (MBx; x = 1, 2, 
3, 4) were investigated under uniaxial compressive load. While 
stress–strain plots are presented in Fig. S2 in the SI document, 
compression modulus (Ec) and compressive stress at 10% deformation 
(σ10) of the polyHIPE foams are given in Table S1 in the SI document. 
According to the stress–strain plots polyHIPE foams were all exhibited 
linear elasticity at very low stress values. On the other hand, the shape of 
stress–strain curves being similar with each other is suggesting the 
similar deformation mechanisms. As the compression proceeds, foam 
specimens squeezed with the applied load and the stress was raised with 
the deformation. It was found that the compressive stress at 10% 
deformation (σ10) was changed between 979 and 144 kPa (Table S1). 
This result is demonstrating the relationship between the corresponding 
polymer matrix of the foams and mechanical properties. Since MB1 
foam has also much higher compressive modulus variation of mechan
ical properties can be attributed to the monomer composition. It can be 
seen from Fig. S2 and Table S1 that when the amount of BDDA in the 
monomer mixture decreased mechanical properties of the foams were 

also regressed and reach the lowest value in foam sample obtained 
without using BDDA in the monomer mixture (MB4). It can be also noted 
that when the applied stress was removed each specimen gained the 
deformation and turned its original dimensions. 

In order to improve the specific surface area by using the advantage 
of monomer composition for future applications, hypercrosslinking was 
conducted to MB1, MB2, MB3 and MB4 foams. For this purpose, 
hypercrosslinking procedure was performed either under atmospheric 
conditions or under Argon atmosphere. Structural characterization of 
HXL-polyHIPE samples were performed by FTIR analysis. Comparative 
FTIR spectra of monomers, precursor polyHIPEs (MBx samples; x = 1,2, 
3, 4) and HXL-polyHIPEs (HMBx and IHMBx; x = 1,2, 3, 4) were pre
sented in Fig. 2. 

It can be seen from the FTIR spectrums presented in Fig. 2(a)–(c) that 
the characteristic C––O vibration of the ester bond of BDDA is detected 
at 1728 cm− 1. The presence of this peak in the spectrums of MB1, MB2 
and MB3 confirms the successful bounding of BDDA units to the polymer 
chain. On the other hand, detection of this peak also in the spectrums of 
hypercrosslinked MB1, MB2 and MB3 foams (corresponding HMBx and 
IHMBx foams) is the second indicator of the formation of copolymer 
chains containing BDDA units on the polymer sequence. The peaks at 
1641 and 811 cm− 1 in the spectrum of monomer BDDA can be attributed 
to the C––C stretching of BDDA. Non-existence of these peaks in the 
spectrums of MB1, MB2 and MB3 and corresponding hypercrosslinked 
polyHIPEs (HMBx and IHMBx; x = 1, 2, 3) confirms the conversion of 
double bonds to single bonds with copolymerization. On the other hand, 
conjugated double bonds of β-myrcene are the other decisive in the 
crosslinking reactions. The peak at 1597 cm− 1 in the spectrum of 
β-myrcene can be attributed to the vibrations of the conjugated double 
bonds [55]. This peak is almost disappeared in the FTIR spectrums of 
HMBx and IHMBx which could be accepted as the verification of the 
participation of conjugated double bond in the polymer formation. The 
peak at 1270 cm− 1 in the spectrum of VBC can be attributed to the 
–CH2Cl group of the monomer [56]. The intensity of this peak is changed 

Fig. 1. SEM images of crosslinked polyHIPE samples. (MBx foams; x = 1, 2, 3, 4).  

Table 3 
Morphological properties of polyHIPEs.  

PolyHIPE CS (μm) IPS (μm) δBET (m2g− 1) 

MB1 6.51 ± 0.19 0.61 ± 0.02 5.79 ± 0.25 
MB2 4.15 ± 0.05 1.23 ± 0.03 3.33 ± 0.18 
MB3 7.14 ± 0.20 1.48 ± 0.05 3.11 ± 0.19 
MB4 11.70 ± 0.16 1.39 ± 0.04 2.25 ± 0.12 
MB9 1.87 ± 0.05 0.12 ± 0.01 36.12 ± 0.23 
HMB1 6.38 ± 0.19 0.68 ± 0.02 34.12 ± 1.13 
HMB2 7.23 ± 0.31 1.17 ± 0.04 32.86 ± 1.86 
HMB3 7.35 ± 0.21 1.27 ± 0.04 39.85 ± 2.04 
HMB4 12.76 ± 0.65 1.49 ± 0.05 60.18 ± 3.24 
IHMB1 7.59 ± 0.24 0.60 ± 0.02 27.22 ± 0.99 
IHMB2 7.81 ± 0.39 1.22 ± 0.03 23.48 ± 0.84 
IHMB3 8.10 ± 0.33 1.44 ± 0.04 11.71 ± 0.76 
IHMB4 10.77 ± 0.58 1.43 ± 0.05 52.07 ± 2.54  
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in the MBx samples, confirms the presence of VBC units on the copol
ymer chains. In addition, this peak is completely disappeared in the 
spectrums of HXL-polyHIPEs. The disappearance of this peak in the 
spectrums of HMBx and IHMBx samples confirms the achievement of 
hypercrosslinking reactions [41]. In the spectrums of MBx, HMBx and 
IHMBx samples, the bands appeared between 2800 cm− 1 and 3100 cm− 1 

is due to the C–H stretches, while the bands appeared at 3000 cm− 1 

belongs to the C–H stretches of the aromatic groups. Moreover, the 
bands appeared below 3000 cm− 1 is due to the C–H extensions of alkyl 
groups of β-myrcene and BDDA. In addition to all, the peaks at 700 cm− 1 

and 900 cm− 1 in the spectrums DVB and VBC can be attributed to the 
aromatic skeletal bonds. While the intensity of these peaks is slightly 
declined in MBx samples, they are overlapped in the FTIR spectrums of 
HMBx and IHMBx. 

The variation of chemical structure with hypercrosslinking was also 
confirmed by 1H NMR characterization by using the crosslinked and 
HXL-polyHIPE foams prepared from precursor HIPE-3 (MB3, HMB3 and 
IHMB3). PolyHIPEs obtained from HIPE-3 was used because of its 
monomer composition composed of 50 vol% of β-myrcene, 10 vol% of 
BDDA, 10 vol% of DVB and 30 vol% of VBC. 1H NMR spectrums of 
β-myrcene, MB3, HMB3 and IHMB3 are presented respectively in Fig. 3 
(a)–(d). 

Methyl groups which are attached to C8 in all types of microstruc
tures of β-myrcene appear at 1.69 and 1.60 ppm (Fig. 3(a)). By 

copolymerization of β-myrcene with other monomers, the signals of 
these –CH3 protons disappears and –CH protons of the double bonds 
appears as a broad peak at the shield between 3.963 and 5.000 in the 1H 
NMR spectrums of polymers, as in MB3 foam. By hypercrosslinking re
action, this broad peak is shift to upfield and detected at 4.268 ppm in 
the spectrum of HMB3. When the broad peak of –CH protons observed 
at 4.268 ppm in the spectrum of HMB3 evaluated with a close look, two 
splitting at 3.902 and 4.878 ppm are observed, which indicates the 
presence of other regioregular microstructures of β-myrcene. However, 
this peak appears as a singlet at 4.329 ppm in the spectrum of IHMB3 
due to highly hypercrosslinked polymer network. Additionally, the 
signals of the methylene protons of VBC, aromatic –H of VBC and ar
omatic –H of DVB are detected at 6.464, 6.830 and 7.807 ppm, 
respectively in the spectrum of MB3. However, in the spectrum of 
HMB3, this peak is widened and shifts to the upper field, appears as a 
single at 8.234 ppm, the same signal cannot be observed in the spectrum 
of IHMB3. The splitting of the broad peak appear in the magnetic field 
between 3.963 ppm and 5.00 ppm shows the presence of 3,4- (at 5.00 
ppm), 1,4-cis and 1,4-trans (4.573 and 4.268 ppm), 1,2- microstructure 
(at 3.963 ppm) of β-myrcene in the proton NMR spectrum of MB3. On 
the other hand, the signal detected at 5.00 ppm due to the presence of 
3,4-microstructure is not detected in the spectrum of HMB3. Moreover, 
the other microstructures of β-myrcene such as 1,2-, 1,4-cis and 1,4-trans 
also contributed to the polymer network under Argon atmosphere. This 

Fig. 2. Comparative FTIR spectra of the monomers (β-myrcene, BDDA, DVB and VBC), MBx, HMBx and IHMBx polyHIPEs. (a) MB1, HMB1, and IHMB1, (b) MB2, 
HMB2, and IHMB2, (c) MB3, HMB3, and IHMB3, (d) MB4, HMB4, and IHMB4. 
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contribution is detected by a broad singlet signal at 4.329 ppm. This 
signal arises due to the presence of variable organic structures in the 
polymer network [57]. 

After hypercrosslinking, the morphology of the HXL-polyHIPE sam
ples (HMBx and IHMBx; x = 1, 2, 3, 4) was also investigated with SEM 
and presented in Fig. 4 in order to reveal the variation of pore structure. 
Moreover, the comparative change of cavity size distribution after 
hypercrosslinking was also determined and presented in Fig. 5. As can be 
seen from Fig. 4, hypercrosslinking did not yield a significant change on 
the pore structure. In general, average cavity size and interconnected 
pore size of the hypercrosslinked samples (HMBx and IHMBx) were 
found to be similar with those the corresponding MBx samples. In 
addition to all, it was determined that atmospheric conditions during the 
hypercrosslinking reaction did not have a considerable importance. 
Reactions conducted at the inert atmosphere resulted similar variation 
of pore structure with the ones conducted at normal conditions. By 
comparing the cavity size distribution of MBx samples with the cavity 
size distributions of HMBx and IHMBx samples, it was determined that 
hypercrosslinking did not cause a significant change on cavity size dis
tribution (Fig. 5). 

On the other hand, specific surface area of the HMBx and IHMBx 
samples were also determined right after hypercrosslinking reactions 
and the results were presented in Table 3. Despite that hypercrosslinking 
caused only an insignificant change in pore structure, a remarkable 
change was observed for specific surface area of the obtained polyHIPEs. 
As can be seen from Table 3, while the specific surface area of the MBx 
samples (x = 1, 2, 3 and 4) was changing in the range between 5.79 
m2g− 1 and 2.25 m2g− 1, it was changing between 34.12 m2g− 1 and 60.18 
m2g− 1, 27.22 m2g− 1 and 52.07 m2g− 1, respectively for HMBx and 
IHMBx samples. According to this results, higher increase in specific 
surface area was observed for the polyHIPE sample which was prepared 

by using 25 vol% of VBC monomer in the monomer composition. 
However, the improvement in the specific surface area was unfortu
nately not as high as the previously published results [58,59]. This result 
can be attributed to the monomer composition of the precursor HIPEs. 
Since crosslinked polyHIPE foams cannot be obtained using large 
amounts of VBC in the HIPE formulation, the formation of methylene 
bridges between neighboring molecules is limited [40,60]. 

4. Conclusion 

PolyHIPEs are an important class of hierarchical macroporous 
polymer foams. In recent years, they have become important candidates 
especially for the storage of gases, liquids and energy, due to their 
unique morphology and ease of preparation. Thereby, developing a bio- 
based sustainable polyHIPE is an important goal. In the scientific liter
ature there is limited number of studies focused on the copolymerization 
of terpene derives within HIPE templates. 

In this study, we prepared macroporous polyHIPEs from w/o type 
HIPEs consisting β-myrcene in the continuous phase. β-Myrcene is a 
linear conjugated dien and an important acyclic monoterpene derivate. 
Because it is commercially available, cost effective, and provides 
chemistry similar with hydrocarbons there is a growing interest on 
implementing this terpene in the synthesis of sustainable polymers. 
Moreover, when β-myrcene is polymerized it provides polyisoprene like 
chain structure and leads the formation of rubbery polymers. Within this 
context, we prepared HIPEs in which the volume fraction of β-myrcene 
was either 40 or 50% in the monomer mixture. We also investigated the 
copolymerization crosslinking performance of β-myrcene based HIPEs in 
the presence of BDDA, VBC, and DVB comonomers by altering the 
comonomer amounts between 0 and 60 vol% of the monomer mixture. 
Accordingly, the influence of monomer composition on the emulsion 

Fig. 3. 1H NMR spectrums of (a) β-myrcene (b) MB3, (c) HMB3 and (d) IHMB3.  
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Fig. 4. SEM images of HXL-polyHIPE foams (HMBx and IHMBx foams; x = 1, 2, 3, 4).  
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stability and polyHIPE morphology were also demonstrated. It was 
shown that monomer composition has a great influence on the formation 
of crosslinked polymyrcene network. Thanks to the functionality of the 
comonomers, we also achieved to create suitable sites for post- 
polymerization hypecrosslinking by Friedel-Crafts alkylation. 
Although the resulting polyHIPE foams exhibited very low specific 
surface areas, we achieved to increase the BET specific surface area of 
the polyHIPEs up to 60 m2g− 1 by hypercrosslinking. Nevertheless, we 
also showed that a deeper understanding of the copolymerization ki
netics of this terpene derivative is required to enable the development of 
fully bio-based polyHIPEs. We believe that terpene based polyHIPE 
foams will be good candidates for the preparation of polymer-supported 
phase change materials (PCMs). 

5. Data availability 

The data that support the findings of this study are available from the 
authors, upon reasonable request. 
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[3] V.Ş. Ünnü, S. Çetinkaya, Synthesis and Catalytic Activity of polyHIPE-supported 
NHCbearing ruthenium initiator for ROMP, Catal. Lett. 148 (2018) 2432–2445, 
https://doi.org/10.1007/s10562-018-2467-4. 
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