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Abstract
The aim of this work was to synthesize a novel hydrophilic structure based on poly-
styrene (PS) cross-linked by using N,N′-(hexane-1,6-diyl)diacrylamide (HDBPA). 
FT-IR was carried out for chemical structure characterization of HDBPA and cross-
linked samples. In addition to FT-IR, 1H NMR was also applied on HDBPA for 
more investigations. The results showed that HDBPA was synthetized through a 
condensation reaction, and consequently, it could successfully cross-link PS struc-
ture. Moreover, the determination of nitrogen content in HDBPA within PS network 
was investigated by means of elemental analysis. Afterward, the reactivity ratios 
between HDBPA and styrene were calculated via Fineman–Ross equation in which 
the obtained values were 0.66 and 0.23, respectively. On the other hand, by add-
ing the HDBPA to PS the water contact angle was decreased from 73.6° to 57.4°, 
thereby proving the indispensable role of the cross-linking agent on hydrophilicity 
of the samples. Finally, the thermal behavior of the samples was studied using DSC 
and TGA analyses. According to DSC thermograms, there was a shift in Tg up to 
30 °C for the samples with cross-linking densities ranging from 2.5 to 20 mol.%. In 
regard to the thermal stability of the cross-linked samples, the TGA curves revealed 
a reduction in this property owing to the presence of amide groups in HDBPA 
through the PS structure.
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Introduction

The hydrophobic property of widely well-known polymers like polystyrene (PS) 
has yet remained a big challenge which leads to restrictions for many applica-
tions. Those polymers containing at least a hydrophilic head are being received a 
great deal of attention to employ in many new fields such as electrochemistry [1], 
pharmacy [2], microprinting [3] and templating agent [4]. To increase the hydro-
philic characteristics of a polymer, different strategies such as its blending with 
hydrophilic micro-/nanoparticles [5, 6] and also surface modification [7] have 
been studied.

PS is a general-purpose and brittle synthetic polymer with an aromatic side 
group which has been extensively used in several industries. Hydrophilic-modi-
fied PS has many applications in membrane fabrication [8, 9], packaging materi-
als [10] and cell culture dishes [11]. Two main strategies for increasing the PS 
hydrophilicity are plasma treatment [12] and copolymerization [9, 13]. The con-
ventional method to modify the structure of PS for cell culture application is to 
cover the surface of PS-based dishes with a hydrophilic polymer. This solution 
cannot be an efficient method because of cell death and impairment of cellular 
test results [14].

Acrylic monomers are used to add some important properties to styrene includ-
ing high polarity, hydrophilicity and stability in aqueous solutions. In recent 
years, copolymers produced by hydrophilic blocks of acrylic acid and hydropho-
bic chains of PS have received much attention [15–17].

This work aims at synthesizing a hydrophilic-modified and cross-linked PS 
using N,N′-(hexane-1,6-diyl)diacrylamide (HDBPA) as a cross-linker. The 
HDBPA was also prepared by a condensation reaction between acrylic acid and 
hexamethylene diisocyanate. The properties of the cross-linked PS are changed 
by altering the HDBPA ratio. The aim of the present study is to offer a method to 
synthetize hydrophilic HDBPA and a comprehensive study on structural and ther-
mal behavior of PS with different amounts of HDBPA as a cross-linker.

Experimental

Materials

Styrene (99%, Merck, Germany) was stored in a refrigerator (− 10 °C) after being 
purified by distillation over CaH2 under reduced pressure and stored under nitro-
gen atmosphere. Hydroquinone (analytical grade, Merck, Germany) was used 
as the inhibitor of the polymerization. The hexamethylene diisocyanate (HDI), 
acrylic acid, azobisisobutyronitrile (AIBN) and dimethylformamide (DMF) 
(Merck, Germany) were used as received.
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Synthesis of N,N′‑(hexane‑1,6‑diyl)diacrylamide (HDBPA)

HDBPA was synthesized on the basis of a condensation reaction. Acrylic 
acid (2.46 mL) was added to a glass vial reactor (50 mL) and mixed with HDI 
(2.87 mL) and DMF (30 mL) at ice bath. (The overall molar ratio of acrylic acid 
to HDI was kept at 2:1.) Then, the reaction was done at room temperature for 24 h 
using a magnetic heater–stirrer under partial vacuum without a reflux condenser.

Synthesis of HDBPA cross‑linked PS

Cross-linking reaction was conducted in DMF medium using styrene and AIBN 
(initiator) by general solution polymerization. The polymerization of styrene was 
carried out in sealed glass bottles as reactor. In brief, to produce samples containing 
2.5 mol.% HDBPA cross-linker, 13.1 mol (1.5 mL) styrene was added to 0.011 mol 
(2.5  mL) of HDBPA in DMF solution (3.1 × 10−2  wt.%). Then, DMF was added 
until the reaction medium reached to the total volume of 15 mL and AIBN (3 mg) 
was used as the polymerization initiator. The prepared medium was vacuumed after 
adding to the reactor and then deoxygenated by bubbling nitrogen gas with 99.999% 
purity at room temperature for 5 min. Reaction was performed by stirring at 70 °C 
for 24 h. To remove the unreacted substances, reaction products were washed three 
times and the synthetized gel was dried in vacuum oven at 40 °C for 48 h. The same 
reaction was repeated, for samples containing 10 and 20 mol.% HDBPA except for 
altering the amount of HDBPA-to-styrene molar ratios. The same reaction was car-
ried out for samples containing 10 and 20  mol.% HDBPA except for altering the 
amount of HDBPA-to-styrene molar ratios. P1, P2 and P3 represent samples with 
2.5, 10 and 20 mol.% cross-linker, respectively.

Measurements

FT‑IR, 1H NMR and elemental analysis studies

For structural composition analysis, FT-IR spectra of samples were recorded using 
KBr method from 4000 to 400  cm−1 at a spectral resolution of 4  cm−1 with a 
Thermo Nicolet 670 spectrometer. To understand the HDBPA and styrene content, 
elemental analysis was performed by CHNS elemental analyzer (Flash EA 1112 
series, Thermo Finnigan). Liquid proton nuclear magnetic resonance (1H NMR) 
spectrometer (300 MHz, Bruker Co.) was also conducted on HDBPA to determine 
the molecular structure.

To determine monomer conversion, gravimetric analysis was used. During the 
polymerization, the samples (1  mL) were periodically taken from the reactor. In 
order to stop polymerization reaction in samples, hydroquinone was used. Monomer 
conversion was calculated using Eq. (1):

(1)Monomer conversion (%) =
(M2 −M0) ×MT

(M1 −M0) × (Monomercontent)
× 100
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where M0 , M1,M2 and MT are mass of blank aluminum foil, aluminum foil contain-
ing the reaction solution and dried aluminum foil containing dried sample and the 
total mass of reactor content, respectively. The results are shown in Fig.  1. Total 
monomer conversion was determined via gravimetry with amounts of 40.7%, 53.6% 
and 65.4% for P1, P2 and P3, respectively.

Water contact angle

Contact angle measurements were taken using a contact angle measuring system 
(G40, Krüss GmbH, Hamburg, Germany) at room temperature. The common sessile 
drop method was used to determine contact angle values [18].

DSC and TGA analyses

Thermal properties of the samples were evaluated by differential scanning calorim-
etry (DSC, PerkinElmer Diamond DSC) and thermogravimetric analyses (TGA, 
Pyris 1) in nitrogen atmosphere and heating rate of 10 °C/min.

Results and discussion

As reported in the literature [19], isocyanate-containing structures (R–N = C=O), 
where R is an alkyl or aryl groups, are able to react with active hydrogen atoms in 
amine, water, alcohol, carboxylic acid, urethanes and urea at room temperature. In 

Fig. 1   Styrene conversion plot as a function of time
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this study, two isocyanate groups of HDI reacted with carboxylic acid functional 
groups of acrylic acid. The mechanism is shown in Fig. 2. In the first step, isocy-
anate groups of HDI reacted with active hydrogen in acrylic acid and resulted in 
an anhydride structure (highlighted in Fig.  2). In the next step, the intermediate 
compound converted to the final product containing two amide groups (HDBPA). 
The by-product of the reaction was CO2 gas which released. Figure 3 illustrates the 
mechanism of cross-linking reaction.

Characterization of chemical structure of HDBPA and cross‑linked PS

As shown by FT-IR spectroscopy (Fig. 4a), HDBPA characteristic peaks were as fol-
lows: absorbance peaks at 2860 and 2930 cm−1 attributed to –CH2 stretching vibra-
tions [20] and 3415 cm−1 ascribed to amide groups of HDBPA formed during the 
condensation reaction [21]. Finally, 1666, 1386 and 1715 cm−1 are assigned to the 
amide carbonyl group stretching [22], N–C bond in amide group [23] and –C = O 
bond in unreacted acrylic acid monomer, respectively.

The absence of isocyanate group absorbance peak at 2273 cm−1 indicates that both 
isocyanate groups present in HDI have participated in the reaction. The cross-linked 

Fig. 2   Schematic illustration of HDBPA synthesis reaction

Fig. 3   Schematic illustration of cross-linking reaction
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samples were also investigated using FT-IR technique, and as it was expected, the 
structure remained intact except for the C = C bond in benzene group of PS by which 
the absorbance peak at 1441 cm−1 was observed [24].

To investigate the molecular structure of the synthetized cross-linker, 1H NMR was 
also performed. The 1H NMR spectrum and chemical shifts attributed to each proton 
are illustrated in Fig.  4b [25–27] which is in accordance with chemical structure of 
HDBPA. The chemical shift at 2.5  ppm is known to be related to solvent (DMSO) 
[26]. According to the spectrum, the 1H NMR peaks split into a triplet at 1.4, 3.1 and 
5.5 ppm a doublet at 6.2 and 8.0 ppm. The area under each peak related to the carbons 
in the structure of HDBPA was also calculated and is depicted in Fig. 4b.

To examine the successful copolymerization of styrene and HDBPA cross-linker, 
the elemental analysis was performed. The copolymerization reaction product was 
washed for several times to remove solvent and unreacted substances. Then, HDBPA 
content in each sample was calculated using nitrogen percentage data obtained by ele-
mental analysis. The results are represented in Table 1. Accordingly, mol.% of cross-
linker was increased from 7.7 in P1 to 31.4 in P3. Reactivity ratio of monomers was 
calculated using Fineman–Ross equation (FR, Eq. 2) [28].

(2)F(f − 1)∕f = r1(F
2∕f ) − r2

Fig. 4   a FT-IR spectrum of HDBPA and cross-linked PS (P2: 10% mol.), b 1H NMR spectra of HDBPA

Table 1   Elemental analysis 
results and theoretical values 
for samples with different cross-
linking degrees

Sample name Elemental analysis results Theoretical values

C (%) H (%) N (%) C (%) H (%) N (%)

P1 84.91 8.18 2.16 91.3 7.2 1.5
P2 79.06 8.07 4.19 83.8 10.8 5.4
P3 72.90 8.25 5.69 80.4 12.9 6.7
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where F is the monomer ratio in feed ( F =
[

HDBPA]∕
[

Styrene] ) and ƒ is the molar 
fraction of comonomer units in molecular structure ( f = m1∕m2 , HDBPA ( m1 ) and 
styrene ( m2)).

In this method, copolymerization constants are evaluated by plotting (F2∕f ) ver-
sus [F(f − 1)∕f ] (Fig. 5). Considering HDBPA as M1 and styrene monomer as M2 , 
the reactivity ratios are r1 = 0.66 and r2 = 0.23 . It should be noted that the obtained 
values for r1 and r2 declare a rapid gelation. However, low monomer loading in reac-
tion mixture facilitates the product processing [28]. According to the results, the 
higher amount of HDBPA in molecular structure compared to feed was attributed to 
higher reactivity ratio of HDBPA.

Wettability of PS in the presence and absence of HDBPA

The water contact angle between a surface and water is governed by its surface 
energy. It is also known that surface energy and contact angle have an inverse rela-
tion, i.e., for a high wetting surface, the surface energy is stronger than the surface 
tension of the liquid [29]. Hence, the hydrophilic nature of HDBPA (cross-linker) 
contributed to an increase in surface energy and hydrophilicity of modified PS 
which led to a decrease in contact angle (Fig. 6).

Water absorbing capability of cross-linked materials is also an indicator of its 
hydrophilic nature [30–32]. By increasing the HDBPA content in structure, the 
structure becomes more hydrophilic with expected higher water uptake. How-
ever, at the higher cross-linker content, the water uptake efficiency reduces due 

Fig. 5   FR method to determine reactivity ratio (slope is r1 and intercept is r2)
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to more extensive 3-D network structure. Hence, it is predicted that the overall 
water uptake is governed via these two factors.

Thermal characterization of cross‑linked PS

DSC

The glass transition temperatures (Tg) were determined using DSC. The results 
were 87, 102 and 117 °C for P1, P2 and P3, respectively (Fig. 7). To remove the 
thermal history, the prepared samples were first heated from ambient tempera-
ture to 400 °C at the heating rate of 10 °C/min and then cooled again to ambient 
temperature. By plotting obtained Tg versus degree of cross-linking, Tg of the 
pure PS could be calculated via data extrapolation. The PS Tg was estimated 
about 84 °C which is in complete agreement with the results obtained by Kanig 
et al. [33]. Yamasaki et al. [34] also studied Tg for different structures. They con-
cluded that a Tg about 84 °C is an expected result for PS-based structures. The 
observed increment in glass transition temperature is expected due to a decrease 
in the degree of chains freedom imposed by cross-linking.

Fig. 6   Contact angle variation as a function of cross-linking density of samples
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TGA​

To investigate the effects of cross-linking on thermal stability of the final structure, 
TGA analysis was performed. As shown in Fig. 8, thermogram showed a weight loss 
at 100–260 °C which might be a result of residual moisture and solvent entrapped in 
cross-linked structure.

The second step for P2 and P3 was observed at 260–350 °C which was due to 
the backbone fragmentation. It should be noted that the second weight loss was not 
observed in P1 at temperature below 400 °C. The higher thermal stability in P1 is 
consistent with the reports of other researchers [35–37]. The benzene ring in PS is 
mostly the reason for thermal stability of this commercial polymer. Delman et  al. 
[35] conducted a comprehensive study on the effects of different functional groups 
on the thermal stability of compounds containing benzene groups. They concluded 
that the substitution of a benzene ring with an N–H bond decreases the thermal sta-
bility of structure. Similar results were obtained by Wu and Uhl et al. [38, 39]

Conclusion

Hydrophilic modification of PS was carried out by simultaneously polymeriza-
tion and cross-linking of PS with synthetized HDBPA cross-linker. FT-IR and 1H 
NMR peaks revealed successful synthesis of HDBPA. PS hydrophilic modification 
was also verified based on FT-IR data. HDBPA content was calculated based on the 
nitrogen percentage data measured from elemental analysis. Reactivity ratio values 

Fig. 7   DSC plot of P1, P2 and P3
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were calculated by plotting FR equation parameters ( rHDBPA = 0.66 and rSt. = 0.23 ). 
The results showed a very good fitting with R2 of 0.99. The improvement in hydro-
philic properties was confirmed by contact angle measurements. To investigate 
the thermal properties, DSC and TGA analyses were also applied on the cross-
linked samples. As expected, in DSC, the Tg of samples was increased by raising 

Fig. 8   a Derivation of TGA plot. b TGA plot of P1, P2 and P3
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in cross-link density. Also, in TGA a decrease in thermal stability of samples was 
occurred as a result of the substitution of a benzene ring with amide groups.
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