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This work reports for the first time the facile method for grafting maleic anhydride (MAH) to solid

C5-aliphatic hydrocarbon resin tackifier (HCR). MAH grafting has been carried out thermally (2401C)
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without using any peroxide. It has been shown that up to 30 wt% of MAH can be conveniently grafted to

the HCR via thermal process. Fourier transform infrared spectroscopy (FT-IR) and proton nuclear

magnetic resonance (1H-NMR) spectroscopy confirm that the MAH has been appended to the HCR. The

effect of varying MAH concentration, reaction time and reaction temperature on the grafting efficiency

(GE) has been reported. The grafting degree (wt%) and grafting efficiency (GE) of the maleated (MA-g-

HCR) samples have been determined by FT-IR spectroscopy and solvent extraction. The MA-g-HCR

samples have been thoroughly characterized by using gel permeation chromatography, differential

scanning calorimetry, thermogravimetric analysis, contact angle measurements and X-ray photoelec-

tron spectroscopy. A steady increase in the molecular weight, glass transition temperature, melting

point and maximum degradation temperature of the HCR tackifier has been observed with the

increasing weight percentage of MAH grafting. It has been shown that the polar component of the

surface energy of HCR resin can be increased up to 973 mN m�1 by grafting 30 wt% of MAH.

& 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Tackifiers are vital compounding ingredients used in adhesive
and rubber industry to improve tack and tack retention proper-
ties. Three major types of tackifiers are: hydrocarbon resins, rosin
and its derivatives and phenol–formaldehyde resins [1–3].
Tackifying resins typically have a molecular weight of ca 2000
or less [2]. Hydrocarbon resin tackifiers are low molecular weight
polymers derived from crude monomer streams [1–4]. Hydro-
carbon resin streams obtained from petroleum based feed stocks
can be classified as aliphatic (C5), aromatic (C9) and dicyclopen-
tadiene (DCPD) or mixtures of these. Polymerization of these
streams is carried out using a Lewis acid catalyst or by a free-
radical process using heat and pressure [1]. Because of the variety
of feed streams available and the various polymerization
techniques employed, a wide variety of hydrocarbon resins is
available with broad range of properties. In addition, hydroge-
nated hydrocarbon resin tackifiers show good stability towards
oxidation due to their mostly saturated backbone. It is this
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diversity that makes hydrocarbon resins more useful in adhesive
and tire industry [1–4].

In adhesive industries, hydrocarbon resins are used as
tackifiers in pressure sensitive [5] and hot melt adhesives [6].
The amounts of the hydrocarbon resin used in the adhesive
formulations are quite large, sometimes equaling the weight of
the base polymers in the formulations. On the other hand, tire
industries use 5–15 parts of hydrocarbon resin per 100 parts of
elastomer in rubber compounding to increase the autohesive tack
of synthetic elastomers [7–10].

However, the inherent non-polar nature of the hydrocarbon
resins restricts their utility in applications where strong polar
interactions are required between the joining surfaces. In such
cases, the polar tackifiers like rosins or phenolic resins are
extensively used. Because rosin is an acidic material, its acid
functionality is utilized in many commercial applications like:
adhesives, surface coatings and as compounding ingredients for
synthetic elastomers [1]. However, there are two major
disadvantages of rosin tackifiers, namely their low aging stability,
and the inadequate coating/processing properties of their aqueous
dispersions (related to its water sensitivity) [1]. On the other
hand, phenolic resin tackifiers are very expensive. Moreover, polar
tackifier will not be effective in improving the tack of fully non-
polar elastomers due to the existence of wide difference in the
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compatibility between the elastomer and the tackifier [11]. It is
particularly important in view of our recent work on nearly
non-polar brominated isobutylene-co-p-methylstyrene (BIMS)
rubber where phenolic resin tackifier has been found to be not
so useful in improving the tack property of the BIMS elastomer
[11]. Therefore, in some adhesive formulations, blend of hydro-
carbon resin (HCR) and polar tackifiers are used to achieve a
reasonable balance between the compatibility and the adhesive
performance [1]. But using two different tackifiers of different
nature in the adhesive formulation can have some negative
influence on the adhesive performance. Also, this will increase the
compounding time and cost of the adhesive. Therefore, a novel
tackifier, that is relatively inexpensive and which provides
excellent adhesive and cohesive strength to the adhesive through
their tailor-made chemical structure have been sought.

In this work, the above mentioned objective has been
attained by synthesizing polar HCR tackifier via reacting maleic
anhydride (MAH) with the HCR tackifier. In literature, there are
few patented works that examine the different modification
procedures of HCR tackifiers [12]. However, to our knowledge,
there are no reports in open literature which describe the polar
modification of mostly saturated solid C5-aliphatic HCR
tackifier. This paper reports the facile method for grafting
maleic anhydride onto the solid C5-aliphatic HCR tackifier. The
extent of grafting has been varied from 5 to 30 wt% of MAH. It
has been shown that MAH can be easily appended to the HCR
tackifier by a simple thermal process in the absence of any
initiator or catalyst. The maleated hydrocarbon resin tackifier
(MA-g-HCR) has been thoroughly characterized by different
techniques to understand the efficacy of this modification
technique. The effect of polar modification on the glass
transition temperature (Tg), molecular weight and thermal
stability of the HCR has been shown. This maleated
hydrocarbon resin tackifier can be used as a potential
alternative for rosin and phenolic resin tackifiers.
2. Experimental

2.1. Materials

EscorezTM hydrocarbon resin (C5-aliphatic hydrocarbon resin
tackifier; softening point: 96–104 1C; glass transition temperature
50 1C; and Mw=2220) was supplied by the ExxonMobil Chemical
Company, Baytown, TX, USA and maleic anhydride (laboratory
grade) was procured from E. Merck, Mumbai, India.

2.2. Synthesis of maleated hydrocarbon resin tackifier (MA-g-HCR)

MAH grafting was carried out thermally at high temperature in
the absence of initiators. 10 g of HCR were placed in a 500 mL
three-necked round bottom flask fitted with a thermometer and
condenser. Required amount of MAH was added to the three-
necked round bottom flask. The HCR and MAH mixture was
Table 1
Composition of samples.

Sample number Designation Hydrocarb

1. E1102 100

2. 5ME1102 100

3. 10ME1102 100

4. 20ME1102 100

5. 30ME1102 100

a phr—parts per 100 g of hydrocarbon resin (HCR).
heated to 235–240 1C for 2 h under nitrogen. Once the reaction
temperature was reached, the reaction was continued for
additional 2 h under nitrogen. The stirring of the mixtures was
accomplished by using a magnetic paddle at 750 rpm. The amount
of MAH was varied from 5 to 30 weight percent on total mixture.
Finally, the MA-g-HCR was decanted from the three-necked round
bottom flask into an aluminum pan. The details of the composi-
tion of the samples are enlisted in Table 1.

2.3. Determination of grafting degree (GD) and grafting efficiency

(GE) of MAH through the Soxhlet extraction

The MA-g-HCR samples placed on filter paper were placed in a
Soxhlet apparatus for extraction. For complete removal of
unreacted MAH, each extraction was carried out for 24 h, using
methanol as the extracting medium. After extraction, the samples
on filter paper were dried under vacuum for 72 h at 70 1C till they
showed no weight variation (Wg). The GD and GE were calculated
from Eqs. (1) and (2) respectively [13].

GD¼ ½ðWg�W0Þ=W0� � 100 ð1Þ

GE¼ ½ðWg�W0Þ=Wm� � 100 ð2Þ

where Wg, weight of grafted HCR; W0, weight of HCR before
grafting and Wm, weight of the maleic anhydride monomer added.

2.4. Fourier transform infrared spectroscopic (FT-IR) studies

The infrared spectra of the HCR and Soxhlet extracted MA-g-
HCR samples were recorded with a Perkin-Elmer FT-IR spectro-
photometer (Shelton, CT, USA) at room temperature (25 1C). In
order to obtain the base spectra of the samples, FT-IR absorbance
spectra were obtained from sample/KBr pellets. A milligram of the
finely ground sample was mixed with 100 mg of dried KBr powder
within a sample set. A pressure of 69–103 MPa was applied for
2 min to yield a disk. All samples were scanned from 4000 to
400 cm�1 with a resolution of 4 cm�1. All spectra were reported
after an average of 32 scans.

2.5. Nuclear magnetic resonance (1H-NMR) spectroscopy

Proton nuclear magnetic resonance (1H-NMR) spectra were
recorded in a 200-MHz Bruker NMR spectrophotometer (Billerica,
MA, USA). All scans were taken after dissolution of the samples in
CDCl3.

2.6. Gel permeation chromatographic (GPC) studies

The molecular weights of the samples were determined by size
exclusion chromatography (SEC) at ambient temperature using a
Viscotek Gel Permeation Chromatography (Viscotek, Houston, TX,
USA) equipped with a VE 1122 solvent delivery system, a VE 3580
RI detector, and two ViscoGEL mixed bed columns (17392-
GMHHRM), which were preceded by a guard column that protects
on resin (HCR) (grams) Maleic anhydride (MAH) in phra
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Fig. 1. FT-IR spectrum of E1102 and (inset) FT-IR spectra of E1102, 5ME1102,

10ME1102, 20ME1102 and 30ME1102 in the range 2000–1500 cm�1.

K. Dinesh Kumar et al. / International Journal of Adhesion & Adhesives 30 (2010) 200–207202
the main bank of the GPC column from adverse conditions. Data
analysis was collected using OmniSEC 4.2 software. THF was used
as the eluent at a flow rate of 1.0 ml/min and calibration was
carried out using low polydispersity polystyrene standards.

2.7. Glass transition temperature (Tg)

The Tg of samples was measured by DSC (DSC Q 100 from TA
Instruments, New Castle, DE, USA), in the temperature range
0–150 1C at a heating rate of 10 1C/min. Dry nitrogen gas was
purged into the DSC cell with a flow rate of 50 mL/min. Of about
5–10 mg sample were encapsulated in standard aluminum pans.
The scanning runs consisted of heating from room temperature to
150 1C at 10 1C/min, cooling from 150 to 0 1C by quenching, and
then heating to 150 1C again at a rate of 10 1C/min. The results of
the second run were used for this study.

2.8. Capillary melting point temperature

Very small quantity of the sample was placed on a watch glass.
The solid sample was grinded to powder. The grinded sample was
gathered into a small pile using spatula. One end of the capillary
tube was sealed and other end was kept open to load the sample.
The open end of melting point capillary tube was plunged several
times into the pile to a depth of about 1 mm. The capillary tube
was then inverted and the sealed end was tapped on the bench to
encourage the solid to drop to the bottom. The height of sample in
the capillary tube was not more than 2–3 mm. The capillary tube
filled with sample was tied with a thermometer using a metal
wire and immersed in a sulphuric acid bath. The acid bath was
heated in a preprogrammed way at a ramp rate of 2 1C/min from
50 to 150 1C. The temperature at which the sample changed into
full liquid state was observed and recorded as the capillary
melting point of the resin. Each capillary melting point value
quoted is the mean of at least three measurements with a
maximum error of 75 1C.

2.9. Thermogravimetric analysis

Thermogravimetric analysis was done using Perkin-Elmer
Instrument, Diamond TG-DTA (Waltham, MA, USA). The samples
(3–5 mg) were heated from ambient temperature to 800 1C in
the furnace of the instrument under oxygen atmosphere at
100 ml/min and at a heating rate of 20 1C/min, and the data of
weight loss vs. temperature were recorded. The analysis of the
thermogravimetric (TG) and derivative thermogravimetric (DTG)
curves was done and the onset temperature, weight loss at major
degradation steps and temperature corresponding to the max-
imum value in the derivative thermogram were recorded. The
temperature at which maximum degradation took place is
denoted as Tmax and onset temperature of degradation is denoted
as Ti. The error in the measurement was 71 1C.

2.10. Surface analysis

2.10.1. Contact angle measurements

The samples for contact angle measurement were prepared by
following a procedure given by Comyn [14]. About 5 g of HCR and
MA-g-HCR samples were placed on aluminum foil and heated in
an oven at 200 1C for 10 min. The molten resin samples were
removed and allowed to spread by a glass rod on a glass Petri dish
and then heating again in the oven at 200 1C for 5 min, and then
the samples were removed and allowed to cool. This produced a
perfect flat surface for contact angle measurements. The values of
the dispersion, gS

D, and polar, gS
P, components of surface energy
for the HCR and MA-g-HCR samples were obtained using contact
angle meter Kernco, Model G-II from Kernco Instruments (EI Paso,
TX). The sessile drop method employing 2ml drops of different
probe liquids were applied for contact angle measurements. The
liquids used for the contact angle measurements were triply
distilled water, and special grades of ethylene glycol, formamide
and dimethylsulfoxide all obtained from the Lancaster Synthesis
(Morecambe, England). Each contact angle value quoted is the
mean of at least five measurements with a maximum error in y of
711. All investigations were carried in a vapor saturated air at
23 1C in a closed sample box. The advancing contact angle value of
probe liquids on the sample at 1 min was observed in all cases.

2.10.2. X-ray photoelectron spectroscopy (XPS) measurements

X-ray photoelectron spectroscopy (XPS) measurements were
recorded in an ESCA-3 Mark II spectrometer (VG Scientific Ltd.,
England) using AlKa radiation (1486.6 eV). Binding energies were
calibrated with respect to C (1 s) at 285 eV with a precision of
0.2 eV. For analysis, the samples were made into 0.5 mm thick,
8 mm diameter pellets and placed into an ultra high vacuum
chamber at 10�9 Torr. The data analysis was done considering the
sensitivity factors of each element present.
3. Results and discussion

3.1. Infrared spectroscopic analysis of MA-g-HCR

Fig. 1 shows the FT-IR spectrum of neat HCR (E1102). The peak
designations for HCR are listed in Table 2. The FT-IR spectra of the
samples 5ME1102, 10ME110, 20ME1102 and 30 ME1102 are
given as inset of Fig. 1. On comparing the FT-IR spectra of HCR and
MA-g-HCR samples (see inset of Fig. 1), the asymmetric and
symmetric carbonyl vibrations at 1862 and 1780 cm�1 are
observed for the grafted MAH [15–18] in the MA-g-HCR
samples besides the inherent vibrations of HCR. Moreover, the
intensity of these bands increases gradually with the increase in
the concentration of MAH. Also, there is a strong band at
1710 cm�1 for the samples 20ME1102 and 30ME1102 due to
the carbonyl (C=O) group in COOH [18]. These bands indicate
that MAH has been grafted onto HCR. The intensity ratios (C1) of
the absorbance peak of C=O at 1780 cm�1 and a reference peak of
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Table 2.
IR bands assignment for E1102.

Serial

number

Frequency

(cm�1)

Vibration

1. 2876–2925 C–H stretching

2. 1458 C–C stretching (alkyl groups)

3. 1376 C–C stretching vibrations of methyl, ethyl, n-propyl,

or isopropyl group

4. 970 C–H bending vibrations of n-propyl, isopropyl group

or cycloalkane

Fig. 2. Calibration curve for FT-IR spectroscopy analysis.

Fig. 3. Variation of GD (from FT-IR spectroscopy), GD (from solvent extraction)

and GE with MAH (wt%).

Fig. 4. 1H-NMR spectra of samples E1102 and 10ME1102.
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C–C at 1376 cm�1, have been calculated. Calibration curve for FT-
IR analysis (Fig. 2) has been established using a series of
quantitatively prepared mixtures of HCR and MAH in various
compositions. Good correlation among the data has been achieved
and the linear relationship is used as the calibration curve. GD
(wt%) has been calculated using Eq. (3):

GD ðwt%Þ ¼ 7:0 C1Samples ð3Þ

where C1Samples is the C1 of MA-g-HCR samples.
Qi et al. [16] used a similar technique for estimating the GD of

MAH in maleated acrylonitrile–butadiene–styrene (ABS) terpoly-
mer.

Fig. 3 compares the GD calculated from Eqs. (1) and (3). The GD
increases steadily with the increasing concentration of MAH. It
should be noted that there is good correspondence between the
GD estimated from FT-IR spectroscopy and solvent extraction
technique. Furthermore, the GE has been calculated from Eq. (2)
and the results are plotted in Fig. 3. At all concentrations of MAH,
the GE is almost close to 90%, indicating extended degree of
reaction between MAH and HCR.

In order to further confirm the grafting of MAH onto the HCR,
the 1H-NMR spectra of HCR and 10ME1102 samples are shown in
Fig. 4. The 1H-NMR spectra of HCR show broad peaks at 0.85, 1.25
and 1.58 ppm which are assigned to the CH3 and CH2 groups in
the HCR. Furthermore, the peaks at 5.1 and 5.3 ppm indicate the
presence of CH and CH2 (olefinic groups) in the HCR. On
comparing the 1H-NMR spectra of HCR and 10ME1102, a new
peak at 3.7 ppm is observed for the MA-g-HCR sample (inset of
Fig. 4) besides the expected signals for the HCR. The peak at
3.7 ppm could be assigned to the hydrogen proton on the
anhydride ring [16–18]. From the results of FT-IR and 1H-NMR
spectra, we can conclude that MAH has been successfully grafted
onto the HCR tackifier. Here, the plausible grafting reaction
involves initiation to form macroradicals by abstraction of
hydrogen atoms from the HCR chain by the initiator radicals
(generated at high reaction temperature), and addition of
unsaturated monomer (MAH) to the macroradicals. Hasenbein
et al. [19] have proposed a similar grafting reaction between MAH
and homopolymer or copolymer of ethylene at very high
temperatures (4210 1C) in the absence of peroxide. Derouet
et al. [20] have also suggested a similar grafting reaction between
liquid natural rubber and MAH at higher temperatures in the
absence of peroxide.
3.2. Effect of reaction parameters on GE

3.2.1. Effect of reaction temperature on GE

To understand the effect of reaction temperature on the GE
(from Eq. 2), the grafting reactions have been carried out at 160,
200, 240 and 280 1C. Fig. 5 shows the effect of temperature on the
GE for the sample 20ME1102. It is found that the GE increases
with the increasing of temperature up to 240 1C. This can be
anticipated because the number of free radicals generated and
their mobility will be more at high temperatures [16]. Also, there
is good reduction in the melt viscosity at higher temperatures,
which will facilitate the reaction between the MAH monomer and
the HCR and hence the GE is higher. The slight reduction in the GE
at 280 1C can be attributed to various reasons. Although the rate of
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Fig. 5. Effect of reaction temperature on GE and (inset) effect of reaction time on

GE.

Table 3
Molecular weight values of samples from GPC.

Sample number Designation Mw Mv

1. E1102 2220 2024

2. 5ME1102 2335 2122

3. 10ME1102 2361 2204

4. 20ME1102 2466 2290

5. 30ME1102 2610 2413

Fig. 6. GPC traces of E1102 (solid line) and 20ME1102 (dashed line).

Fig. 7. DSC traces of E1102 and MA-g-HCR samples.
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the reactions will increase, there will be many side reactions. Also,
the probability of degradation of the HCR will increase with
temperature. Homopolymerization of MAH cannot be ruled out.
[16].

3.2.2. Effect of reaction time on GE

To understand the effect of reaction time on the GE (from
Eq. 2) of sample 20ME1102, the grafting reactions have been
carried out for 1, 2, 4 and 6 h at the optimized reaction
temperature (240 1C). Inset of Fig. 5 shows the effect of reaction
time on the GE for the sample 20ME1102. The GE steadily
increases with the increase in reaction time and finally levels of at
4 h.

3.3. Molecular weight studies through gel permeation

chromatography (GPC)

The HCR and the MA-g-HCR samples are characterized by
weight average molecular weight (Mw) and viscosity average
molecular weight (Mv) obtained from GPC. Mw and Mv of the HCR
increase gradually with increasing weight percentage of grafting
(Table 3). Furthermore, there is a shift in the GPC trace after
grafting MAH onto the HCR (Fig. 6) that may evidence for the
grafting of MAH. The increase in molecular weight of the HCR
with the addition of MAH can be ascribed to the presence of MAH
groups in the HCR after the grafting reaction.

3.4. Glass transition temperature (Tg) and melting point (Tm)

Fig. 7 shows the DSC curves of HCR and MA-g-HCR samples.
DSC data show that the presence of maleic anhydride groups in
the MA-g-HCR samples affects the glass transition temperature of
the HCR. An increase of Tg is observed for maleated products when
compared to the unmodified precursor (see Table 4). In
accordance with the literature [21], increasing polar
functionality with respect to the alkyl nature of any polymer
increase intermolecular interactions, reducing mobility in the
chains and therefore increasing the glass transition tempera-
ture. The increase in the glass transition temperature of HCR
with increasing weight percentage of grafting is indicative of an
increase of polar anhydride groups in the HCR. A similar increase
in the capillary melting point temperature is observed for
MA-g-HCR samples when compared to the HCR (see Table 4),
due to the similar reason stated above.

3.5. Thermal stability studies

The thermogravimetry (TG) and differential thermogravi-
metric (DTG) plots for HCR and MA-g-HCR samples are compared
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Table 4
Glass transition temperature (Tg) and capillary melting point temperature (Tm) of HCR and MA-g-HCR samples.

Sample number Designation Glass transition temperature (Tg) (1C) Capillary melting point temperature (1C)

1. E1102 54 105–115

2. 5ME1102 64 115–125

3. 10ME1102 67 120–130

4. 20ME1102 75 125–135

5. 30ME1102 81 135–145

Fig. 8. (a) TGA plots of HCR and MA-g-HCR samples. (b) DTG plots of HCR and MA-

g-HCR samples.

Table 5
Onset of degradation (Ti) and maximum degradation (Tmax) temperature for HCR

and MA-g-HCR samples.

Sample number Designation Tonset Tmax

1. E1102 340 398

2. 10ME1102 366 410

3. 20ME1102 377 422

4. 30ME1102 377 430

Fig. 9. Contact angle of water on MA-g-HCR vs. percentage of the grafted MAH.
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in Fig. 8a and b respectively. The temperatures corresponding to
the onset of degradation (Ti) and maximum degradation (Tmax) for
these samples are reported in Table 5. The thermal stability of
HCR significantly increases with increase in addition of MAH
groups to the hydrocarbon resin chains. In the MA-g-HCR, the
MAH will act as a physical barrier, thus reducing the oxygen
diffusion towards the bulk and hindering the exit of the volatile
degradation gases from the HCR, just like the effect of fillers [22].
Therefore, the thermal stability of HCR significantly improves in
O2 atmosphere with the addition of MAH.
3.6. Surface properties

3.6.1. Hydrophilicity and surface energy

3.6.1.1. Hydrophilicity. The measurement of the hydrophilicity can
be estimated from water contact angle values. The dependence
of the water contact angle vs. content of grafted MAH in the MA-
g-HCR is given in Fig. 9. The water contact angle on the nongrafted
hydrophobic HCR surface is very high and reaches the value of
1001. Since MA-g-HCR is more hydrophilic than HCR, the value of
contact angle of water decreases nonlinearly with the increasing
concentration of MAH. This indicates that the increase in
concentration of MAH imparts hydrophilicity to the HCR. A



ARTICLE IN PRESS

Fig. 10. Plot based on Eq. (5) for contact angle liquids against samples E1102,

5ME1102, 20ME1102 and 30ME1102 and (inset). Experimental dispersion, gS
D,

and polar, gS
P, component values of HCR and MA-g-HCR samples.

Table 6
Literature data on contact angle probe liquids measured at 25 1C.

Serial number Liquids gL
D (mN m�1) gL

P (mN m�1) Ref.

1. Water 21.8 51.0 [14]

2. Ethylene glycol 29.3 19.0 [32]

3. Formamide 39.5 18.7 [29]

4. Dimethyl sulfoxide 34.8 8.6 [32]

Table 7
C and O elemental concentrations in HCR and MA-g-HCR samples.

Sample number Designation Element Concentration (in %)

1. E1102 C1s 97.7

2. E1102 O1s 2.3

3. 10ME1102 C1s 88.5

4. 10ME1102 O1s 11.5
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similar increase in the hydrophilicity of various other non-polar
polymers by grafting MAH is shown in the literature [23–25].

3.6.1.2. Surface energy. By applying the Owens–Wendt approach
[26–28], both the polar and dispersion components of the surface
free energies of the modified and unmodified samples have been
calculated using Eq. (4):

gLð1þcosyÞ ¼ 2
ffiffiffiffiffiffiffiffiffiffiffi
gD

S gD
L

q
þ2

ffiffiffiffiffiffiffiffiffiffi
gP

SgP
L

q
ð4Þ

The above equation can be conveniently rewritten as:

gLð1þcosyÞ
2ðgD

L Þ
1=2

¼ ðgP
S Þ

1=2 ðgP
L Þ

1=2

ðgD
L Þ

1=2
þðgD

S Þ
1=2

ð5Þ

If the left-hand side of Eq. (5) is plotted against

ððgP
L Þ

1=2=ððgD
L Þ

1=2
ÞÞ, the graph should be linear with intercept

ðgD
S Þ

1=2 and slopeðgP
S Þ

1=2. Plots of this type for samples E1102,

5ME1102, 20ME1102 and 30ME1102 are shown in Fig. 10. Comyn
has used the above procedure to calculate the surface energy of
pentaerythritol rosin ester tackifier [14]. The surface energy value
of E1102 obtained from it by linear regression analysis is about
25 mN m�1. Since HCR is a fully non-polar material, its surface
energy value is obviously low as reported in the literature for other
non-polar polymers like ethylene propylene diene polymethylene
elastomer and butyl rubber [29–31]. Inset of Fig. 10 shows the
variation of polar and dispersion components of the surface free
energy of the samples with MAH weight percentage. Comparing
these values (see inset of Fig. 10), it can be seen that, in particular,
it is the polar component that increases with increase in addition
of MAH groups to the hydrocarbon resin chains. The dispersion
component remains almost constant for all the samples. Therefore,
the MAH polar groups in HCR have a contribution mainly to polar
component of the surface energy of MA-g-HCR. It is also clearly
seen that the higher the MAH concentration, the higher the surface
polarity. The values of surface parameters for the probe liquids
(measured at 25 1C) used are shown in Table 6 [14,29,32].

3.6.2. X-ray photoelectron spectroscopy (XPS) studies

From the X-ray photoelectron spectra, the elemental
concentrations (C, O) have been determined for samples HCR
(E1102) and 10ME1102 and the results are presented in Table 7. It
is found that the unmodified E1102 also contains some elemental
oxygen, though not detected in FT-IR and 1H-NMR spectroscopy.
This can be generally ascribed to the surface oxidation of HCR
during processing or storage. However, as a result of grafting MAH
(10ME1102), the oxygen content increases due to the formation of
carbonyl and carboxylic groups as confirmed from the FT-IR and
1H-NMR studies. This also provided evidence for the grafting MAH
onto the HCR. For sample E1102, the C1s peak appears at 284.6 eV
binding energy due to the presence of C–C or C–H groups in the
HCR and another small peak appears at 286.8 eV binding energy,
which corresponds to the C–O groups [14,33,34] arising from the
surface oxidation of the HCR. Besides the expected peaks of HCR,
two more additional peaks are observed for sample 10ME1102 at
288.1 eV and 289.2 eV binding energy due to the presence of C=O
and COO– groups [14,33,34] arising from the grafted MAH.
4. Conclusions

The MA-g-HCR has been successfully synthesized by thermal
process (at 240 1C) in the absence of any initiator, and very high
grafting degree (GD wt%) is obtained. The effects of various
reaction conditions on the grafting degree have also been studied.
The important findings are summarized below:
(1)
 The FT-IR spectra and 1H-NMR spectra confirm the grafting of
MAH onto HCR.
(2)
 In the graft polymerization of MAH onto HCR, the grafting
degree increases with increasing concentration of MAH even
at 30 wt% of MAH concentration.
(3)
 At all concentrations of MAH, the grafting efficiency is almost
close to 90%.
(4)
 From the gel permeation chromatographic (GPC) studies, it is
shown that the molecular weight of the HCR tackifier steadily
increases with the increasing concentration of MAH, which
clearly supports the reaction between the MAH and HCR.
(5)
 An increase of glass transition temperature (Tg) and capillary
melting point temperature is observed for maleated products
when compared to the unmodified precursor, which is
ascribed to the increase in intermolecular interaction in the
maleated species, reducing mobility in the chains and there-
fore increasing the glass transition temperature.
(6)
 It is observed that the thermal stability of HCR significantly
increases with increase in addition of MAH groups to the
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hydrocarbon resin chains. MAH acts as a physical barrier, thus
reducing oxygen diffusion towards the bulk and hindering the
exit of the volatile degradation gases from the HCR.
(7)
 The grafting of MAH onto the HCR increases the polar
component of the surface tension of HCR up to 973 mN m�1

at 30 wt% of MAH concentration.

(8)
 X-ray photoelectron spectroscopy studies further substantiate

the grafting of MAH to the HCR.
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