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ABSTRACT

Blocked HI (BHI) was synthesized by the reaction of HI (2-
hydroxyethyl methacrylate combined with isophorone diiso-
cyanate) with ε-caprolactam (CPL). CPL was used as a blocking
agent to improve storage stability of HI. From the Fourier trans-
form infrared spectroscopy (FT-IR) and proton nuclear magnetic
resonance (

1
H-NMR) spectra, it was found that NH group in

CPL reacted with remaining isocyanate (NCO) groups in HI at
80°C for 8 hours. Grafting of BHI onto HDPE was carried out in
a xylene solution using a radical initiator. By the FT-IR spectra,
we confirmed the introduction of BHI onto HDPE and measured
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the relative extent of grafting. Deblocking temperature of BHI
grafted onto HDPE was determined by monitoring the regenera-
tion of isocyanate group at 2270 cm-1 with FT-IR spectra.
Differential scanning calorimetry (DSC) analysis was used to
determine the thermal properties of HDPE and BHI functional-
ized HDPE. DSC results showed that there was no crosslinking
reaction during the grafting reaction of BHI onto HDPE.
Processability of functionalized HDPE was evaluated by its
dynamic rheological behaviors. When the functional group
(BHI) was introduced onto HDPE, tensile strength of BHI func-
tionalized HDPE showed higher value than that of HDPE, while
elongation at breaks vice versa.

INTRODUCTION

Functionalization of polymers has received considerable attention, in
part due to their potential utility in polymer blend [1-2]. Functionalized polymers
are ideal candidates for immiscible polymer blending, where they are present as
the compatibilizers. Generally, the functional groups may be part of the polymer
backbone or link to a side chain as a pendant group. Grafting reaction initiated
by peroxy radicals has been increasingly being used to obtain functionalized
polyolefins [3-10]. 

Most widely used functional groups for the functionalization of poly-
olefins were carboxyl [11-12], acid anhydride [13-14], epoxy [15-16], oxazoline
[17-18], and isocyanate (NCO) groups that could react with hydroxyl, carboxyl
or amine groups of various thermoplastic resins. Particularly, in our previous
studies [19-23], isocyanate functionalized polyolefins were prepared by grafting
HI onto PE. We prepared HI by the reaction of 2-hydroxyethyl methacrylate
(HEMA) with isophorone diisocyanate (IPDI) and studied compatibilizing effect
of the isocyanate group on reactive blends of PE and engineering plastics. 

A large number of blocked NCO groups have been reported and studied
during the past few decades in coatings and propellant formulations, due to the
short port life and very sensitive humidity of NCO group [24-27]. A blocked
NCO group is an adduct containing a comparatively weak bond formed by the
reaction between an isocyanate and a compound containing an active hydrogen
atom. At elevated temperatures, the deblocking reaction tends to proceed in such
a way as to regenerate the NCO group and the blocking agent. The regenerated
NCO group can react with a counter polymer containing the hydroxyl, carboxyl
and amine functional groups.

708 KIM ET AL.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
4
1
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



ORDER                        REPRINTS

In this study, we prepared BHI to improve storage stability of HI, using
CPL that has been widely reported in the literature [26-27] as an effective block-
ing agent for NCO group. The grafting evidence and relative grafting extent of
BHI  onto HDPE were described. In addition, we presented the thermal, rheo-
logical and tensile properties of modified HDPE, compared with those of HDPE. 

EXPERIMENTAL

Materials

HDPE (Samsung J820A, melt flow index = 7.5 g/10min) was used as
received. BHI was prepared by the reaction of CPL (Aldrich Chemical Co.) with
HI at the molar ratio of 1.1:1. HI was synthesized by the reaction of 2-hydrox-
yethyl methacrylate (HEMA, Junsei Chemical Co.) with isophorone diiso-
cyanate (IPDI, Aldrich Chemical Co.) with a molar ratio at 0.95:1 [19], and in
addition, synthesized HI and CPL were mixed and heated to 80°C to block iso-
cyanate group of HI. The temperature was then maintained for another 8 hours.
Dicum-yl peroxide (DCP, Aldrich Chemical Co.) was used as a radical initiator. 

Grafting onto HDPE

Graft copolymerization was carried out in xylene solution with DCP.
HDPE (10 g) and xylene (100 g) were poured into a reaction vessel and heated
in N2 with agitation followed by the addition of BHI and DCP (0.1g). The reac-
tion continued at 120°C for 3 hours. The obtained products were precipitated in
excess acetone. The precipitated graft copolymer was isolated and washed sev-
eral times with acetone to remove unreacted monomer, initiator, and homopoly-
mer of BHI that could possibly be formed during the grafting reaction. Finally,
products were dried in a vacuum oven at 40°C for 24 hours.

Measurements

Prepared BHI was characterized using FT-IR (Nicolet, Mahgna IR-550)
and 1H-NMR (Varian, model Unity Inova NMR 300). For FT-IR analysis, films
were prepared by hot press (Masada Seisakusho Co., LTD, MH-7). The evidence
and extent of the grafting reaction onto HDPE were also characterized by their
FT-IR spectra. Also, the deblocking temperature of BHI was determined by FT-
IR spectra of BHI functionalized HDPE at various temperatures. DSC (Perkin-
Elmer, DSC-7) was used for measuring the thermal properties of HDPE and
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modified HDPE. The heating run up to 200°C was followed by a cooling run
down to 50°C at 10°C/min scanning rates. Two minutes were allowed between
the heating and cooling run. Rheological properties of HDPE and modified
HDPE were measured by a rotational rheometer (Rheometric Scientific, ARES).
Parallel Plates mode, 25 mm in diameter and a gap height of 1 mm, was used for
the frequency sweep test under N2 atmosphere. The frequency range and strain of
frequency sweep test used were 0.1 to 100 rad/s and 10%, respectively, and were
confirmed to be within linear viscoelastic region. All the specimens for tensile
testing were prepared by injection molding (Toshiba, IS-60B) at 150°C with a
mold temperature of 50°C. Tensile properties (Ushima, TS 201) were measured
following the procedures described in ASTM D638.

RESULTS AND DISCUSSION

Preparation and Characterization of BHI

Scheme 1 represents probable reaction procedure and molecular struc-
ture of BHI. HI has monourethane linkage because the OH group of HEMA
reacts with either of the two NCO groups in IPDI. Since the secondary NCO
group of IPDI has higher reactivity than the primary NCO group of IPDI [28],
HI has one major form (1-S) and the other minor form (1-P). After one of two
NCO groups in IPDI, mainly secondary, reacts with the OH group in HEMA, the
remaining NCO group in IPDI will react with the  NH group in CPL at higher
temperature (80°C) due to very low reactivity stemming from a very mild acti-
vating effect of urethane group [24]. Consequently, BHI is comprised of two
types of molecules, that is, major (2-S) and minor (2-P) types.

Figure 1 shows four FT-IR spectra of HI reacting with CPL as a function
of reaction times. The absorption peak at 2270 cm-1 (NCO) disappeared in 8
hours, indicating the remaining NCO groups of HI are completely blocked by
CPL (Figure 1 (d)). Absorption spectra show that most of the remaining NCO
groups in HI are blocked in the first 4 hours (Figure 1 (c)).

Figure 2 shows 1H-NMR spectra of (a) CPL, (b) HI, and (c) BHI. The
spectrum of (a) shows the unreacted NH peak of CPL at 6.7 p.p.m.. When the
reaction of HI with CPL is completed, cycloamide hydrogen peak of CPL almost
disappears. As shown in spectrum of (c), CH2NCO singlet of IPDI at 3.0 p.p.m.
and CHNCO singlet of IPDI at 3.8 ppm. almost disappear by the blocking reac-
tion with CPL [29]. The formation of NH produces absorbencies at 4.7 (5.2 ppm.
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Scheme 1. The reaction procedure and molecular structure of BHI.

Figure 1. FT-IR spectra of HI reacting with CPL as a function of reaction times:
(a) 0 hours, (b) 2 hours, (c) 4 hours, and (d) 8 hours.
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in spectra (b) and (c). The early-appearing NH signal centered at 4.8 ppm. is cou-
pled to the CH group arising from the reaction of secondary NCO, whereas the
later-appearing NH signal centered at 5.05–5.1 ppm. is coupled to the CH2 group
arising from the reaction of primary NCO [19]. These spectra provide the evi-
dence for the reaction of HI with CPL.

712 KIM ET AL.

Figure 2. NMR spectra for (a) CPL, (b) HI, and (c) BHI.
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Grafting and Deblocking Reaction

FT-IR spectra of HDPE and modified HDPE are shown in Figure 3.
Modified HDPE exhibited three peaks that are not found in pure HDPE. These
new absorption peaks are attributed to the grafting of BHI onto HDPE. The
absorption peak at 1730 cm-1 corresponds to the carbonyl stretching of
methacrylic ester of HEMA, while the absorption peak at 3400 cm-1 due to the
NH stretching vibration of urethane or amide bond in BHI. The peak height ratio
of the C=O peak at 1730 cm-1 to that for the CH3 peak at 1340 cm-1 is used as a
measure for the relative extent of grafting in the FT-IR spectra [4, 5, 10]. The rel-
ative grafting extents of BHI onto HDPE are 0.6 and 1.5 wt%.  BHI concentra-
tions to HDPE are 20 and 30 phr, respectively, in the solution grafting reaction.

Figure 4 presents the FT-IR spectra of BHI functionalized HDPE at var-
ious temperatures. For BHI grafted onto HDPE, the bond between the carbonyl
carbon atom of HI and CPL is thermally labile at certain temperature. Using
regeneration of NCO peak at 2270 cm-1, we can confirm the temperature of
deblocking reaction of BHI in modified HDPE. When grafting reaction of BHI
onto HDPE is carried out at 120°C, there is no NCO peak in the FT-IR spectra

HIGH-DENSITY POLYETHYLENE 713

Figure 3. FT-IR spectra of (a) HDPE and (b) BHI functionalized HDPE.
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of modified HDPE, indicating deblocking reaction do not occur. However, at
200°C, we can observe the presence of NCO peak at 2270 cm-1. These results
show that deblocking reaction of BHI in modified HDPE occurs from 200°C.

Thermal, Rheological, and Tensile Properties

Generally, crosslinking is dominant side reaction in functionalization of
PE with the peroxide-initiated. Hence, a major concern is the effect of side reac-
tion on the structure and rheological properties of functionalized HDPE. Figure
5 shows the DSC results for HDPE and modified HDPE in the heating and cool-
ing run. The melting points of HDPE and BHI modified HDPE are almost the
same, indicating extensive crosslinking do not occur in the course of grafting
reaction of BHI onto HDPE. If extensive crosslinking takes place during the
grafting reaction, melting points of BHI modified HDPE samples will be lower
than that of HDPE, due to the decrease of crystallinity. The difference of crys-
tallinity between HDPE and functionalized HDPE is shown in the heating run
(Figure 5 (a) and (b)), using heat of fusion. Because this property is very sensi-
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Figure 4. FT-IR spectra of BHI functionalized HDPE (1.5 wt%) at different tem-
peratures:  (a) 120, (b) 150, and (c) 200°C.
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tive to thermal history such as drying times, precipitation rates, it is not clear that
at this point whether differences observed are genuine or whether they reflect
different thermal history. As expected, the difference in crystallinity of the sam-
ples is not shown in the cooling run, when the different thermal history is
excluded (Figure 5 (c) and (d)).

Figure 6 shows storage (G') and loss (G'') modulus plotted as a function
of angular frequency (ω) for HDPE and BHI functionalized HDPE samples at
190°C. At low frequencies, deformation is generally more viscous than elastic
for most thermoplastics, hence G'' is greater than G'; the reverse is true for elas-
tomeric materials. BHI modified HDPE samples exhibit greater G'' than G' at
low frequency range and there is no transition where G'' and G' cross over. 

Table 1 gives the tensile strengths and elongations at break of HDPE and
BHI functionalized HDPE with a relative grafting ratio of 0.6 and 1.5 wt %. The
tensile strengths of modified HDPE samples are greater than that of a pure
HDPE sample, while elongations at break vice versa. Generally, crystallinity has
an effect on the mechanical properties of a crystalline polymer. However, DSC

HIGH-DENSITY POLYETHYLENE 715

Figure 5. The DSC results for HDPE (a and c) and functionalized HDPE (1.5
wt%) (b and d) in the heating (a and b) and cooling (c and d) run.
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thermograms indicate that there is little or no difference in crystallinity between
HDPE and BHI modified HDPE samples. Hence, greater tensile strengths and
smaller elongations at break of functionalized HDPE than pure HDPE can be
ascribed to the effect of interaction between polar BHI groups grafted onto HDPE. 

716 KIM ET AL.

Figure 6. Loss (�) and storage (�) modulus versus angular frequency. Open sym-
bols for functionalized HDPE (1.5 wt%) and closed symbols for pure HDPE sample.

TABLE 1. Tensile Properties of the HDPE and BHI
Functionalized HDPE Sample
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CONCLUSION

In order to improve storage stability of HI, BHI was prepared and char-
acterized by FT-IR and 1H-NMR spectra. Grafting of BHI onto HDPE and
deblocking temperature of BHI were confirmed by the spectra of FT-IR for func-
tionalized HDPE. The onset temperature of deblocking reaction was 200°C.
There was little difference in the melting temperature of HDPE and functional-
ized HDPE, indicating modified HDPE was thermally stable. G' and G'' of
HDPE and modified HDPE showed that there was no transition where G' and G''
crossed over. The tensile strengths of modified HDPE samples were greater than
that of a pure HDPE sample. However, elongations at break of functionalized
HDPE samples were smaller than that of a HDPE sample. These results indi-
cated that there was interaction between polar BHI groups grafted onto HDPE.
Since blocked isocyanate group of modified HDPE can regenerate reactive iso-
cyanate group at elevated temperature, BHI modified HDPE has a potential
application in the reactive compatibilization of immiscible blend.
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