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ARTICLE INFO ABSTRACT
Keywords: Ester derivatives of experimental olefin-maleic anhydride copolymers synthesized at the Uni-
Olefin-maleic anhydride copolymer versity of Pannonia have been investigated by both classical and instrumental analytical methods

Compatibilizing additive
FT-IR spectroscopy
Ester-index

Oscillatory rheology

that contribute to a deeper understanding of how that type of additives functions as compati-
bilizers for plastics and rubbers.

Titration-based acid and saponification numbers have provided limited information about the
chemical structure of the experimental copolymer compounds. A prompt, precise and low-cost
method or combination of methods has been required to access to the ratio of the various de-
rivatives not only straight after esterification but also for quality control during long-term storage
considering the even stricter sustainability aspects either. Reproduction and scaling-up synthe-
sises can be also followed by the combined measuring techniques of Fourier-transform infrared
spectroscopy (FT-IR) and oscillatory rheometry. Structural changes occurred in the additives
could be followed through monitoring their Ester Indices (EI) during the measurement, which can
be connected also to the long-term properties. Experimental additives (AD) like AD-1 and AD-2
types with lower EI values of 21.5 % and 32.1 %, respectively, resulted in higher upper limits
of the linear viscoelastic (LVE) range (15 % and 10 %). Conversely, the higher EI values of AD-3
and AD-4 led to significantly lower or even immeasurable upper limits of the LVE range. Additives
with solid behaviour showed slight dependence on frequency above the crossover point that
indicated strong connections disappearing.

1. Introduction

Compatibilizing additives are highly needed in the vast majority of cases to enhance compatibility between the components in
various plastic and rubber composites and blends [1-11]. More advantageous mechanical, thermal and rheological properties can be
achieved through compatibilization in a composite due to the improved interactions and solubility during product development,
whether it concerns original or waste raw materials [12-17]. Commercial compatibilizing additives and coupling agents can be
categorized into two main groups based on their chemical structures: silane-type and maleic anhydride (MA) containing polymer-type
[18-23].

Many examples can be found in the literature for the latter one, such as MA-grafted polymers or copolymers [24-26]. MA plays a
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significant role in terms of improving compatibility, as it can form covalent bonds through its reactivity [27-30]. The ratio of MA rings
in these compatibilizers carries significant information, which is defined by the acid number or the MA content/ratio, depending on the
consistency of the additive [31-34]. In the additives containing functionalized MA, the acid number and the MA content/ratio do not
offer sufficient information to select the appropriate compatibilizing additive for a given composite material based on its chemical
structure, which would be more advantageous in many cases. The experimental olefin-maleic anhydride copolymer based additive,
synthesized at the University of Pannonia, in which the anhydride ring was functionalized with various compounds, proved to be more
advantageous in numerous composite system compared to the commercial MA-grafted polymer types [35-40]. The synthesis of
olefin-maleic anhydride copolymer-based additives allows to applying the additive with the proper chemical structure in the various
composite systems, since the structure of the additive can be tailored to the structure and polarity of the polymer and/or rubber
components.

Examination and an appropriate level of knowledge of the additive structure are crucial factors for designability. Widely used
classical and instrumental analytical methods can be applied to the structural analysis of polymer-type additives. Measurement of the
acid number and saponification number, which are used to determine functional groups like anhydrides, esters and carboxyls, can be
conducted using classical titrimetric methods. For a more in-depth structural analysis, the measurement of MA content and iodine
number can be employed from classical methods. For determining the additive structure and examining the mechanism FT-IR can be
employed, while rheological properties and viscoelastic deformations can be studied using oscillatory rheometry. Molecular weight
determination of the additives can be performed using e.g. gel permeation chromatography.

Nowadays FT-IR spectroscopy is frequently employed to examine the structure of different polymers and composite systems due to
the simplicity and precision of the method. Since FT-IR spectroscopy is suitable for both qualitative and quantitative analysis, it
provides an easy way to study the structure of the additive synthesized at University of Pannonia. This can provide insight into the
ratios of functional groups present in the additive in various chemical environment. FT-IR method has been applied in numerous
studies to determine the maleic anhydride and carbonyl groups [41-45], because stretching vibrations of carbonyl groups of maleic
anhydride and its derivatives are easy to identify in the wavenumber range of 1900 cm*-1600 cm L.

For MA-grafted polymer type compatibilizers one of the most important property is the grafting yield, which means the ratio of MA
groups connected to the polymer chain. Machado et al. [46] determined grafting yield by FT-IR and the extent of cross-
linking/degradation by dynamic rheological measurements. Determination of storage (G) and loss (G") moduli constitute the most
relevant and enriching rheological procedure in polymer science. Small Amplitude Oscillatory Shear (SAOS) tests are conducted in the
linear region and low amplitudes, while Large Amplitude Oscillatory Shear (LAOS) tests are used in the non-linear regime. The analysis
of the terminal zone is used for quality control, practically the G’ and G” versus frequency is obtained by SAOS measurements.
Generally, study of nonlinear viscoelasticity by LAOS measurements focuses on studies of topology, morphology, concentration in a
variety of polymeric systems [47].

Double aims were set for the experimental work. One was development of an easy and prompt evaluation method for the ratio of the
carbonyl groups in different chemical environment in the ester derivatives of olefin-maleic anhydride copolymer based on the FT-IR
spectrum. Further aspects for the new method were decreasing both the chemical reagent and energy consumption and human
resource requirements of classical titration measurements. Also, an attempt was made to reveal whether oscillation rheology mea-
surements offer more information about the relationship between the chemical structure and rheological parameters and behaviour of
the additives.

2. Materials and methods

Additives were produced in a two-step synthesis. In the first step the copolymer chain was synthesized from the olefin (INEOS
Group Ltd.) and maleic-anhydride monomers (MOL Plc.) then the anhydride rings were functionalized with alcohol reagent (Sigma-
Aldrich, purity: 99.0 %) in xylene solution [48]. Esterification was conducted in 90 °C-200 °C temperature range during 1-8 h. Xylene
was removed from the end-product by vacuum distillation. In the present research the same copolymer was used for additive synthesis
in order to eliminate the effects of difference in copolymer chains on the rheology since it is an influencing factor beside the grafted MA
content on rheology of the MA-g-polyolefins [46]. Wide range of alcohol molar ratio was selected for the esterification in order to
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Fig. 1. The possible structure of the experimental olefin-maleic anhydride copolymer-based ester derivatives.
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investigate synthesis products having various levels of ester functional groups (Fig. 1).

Titration-based classic analytical measurements were performed to characterize the compatibilizers, and the results were sum-
marized in Table 1.

FT-IR measurements were carried out in order to study chemical structure of the functionalized olefin-maleic anhydride co-
polymers. FT-IR spectra were recorded by means of a Shimadzu IR Tracer 100 instrument in the region of 4000 cm™'-600 cm ™. The
samples were pressed into disks of appropriate thickness in order to make a comparison on the same basis. A total of 32 scans were
accumulated with a resolution of 4 cm L.

Measurements of viscoelastic properties of the additives were carried out by an oscillatory rheometer (MCR 302, Anton Paar).
Parallel plate (PP; plate radius = 25 mm) geometry was applied for samples with a constant gap of 1.0 mm. Firstly, an amplitude sweep
test was run at a constant frequency of 1 Hz and at 25 °C for each material to obtain the linear viscoelastic range. The further mea-
surements can be carried out safely within the LVE range avoiding irreversible structural damage of the molecular chains. Finally,
frequency sweep tests (o = 0.1 ... 628 rad/s) were carried out also at room temperature, applying a constant strain amplitude of 1 %.

3. Results and discussion
3.1. Chemical structure evaluation by FT-IR

The carbonyl stretching vibrations were employed to determine the relative ratios of the derivatives, as unreacted anhydride rings
were expected to remain in the compound because of the reagent molar ratios used in the synthesis. Those vibrations appear in a well-
isolated wavenumber range of the FT-IR spectrum of both the copolymers and the additives, and possess high intensities too (Fig. 2).

For calculating areas under the characteristic absorption peaks of carbonyl groups methods of Fig. 3 (method “A” and method “B”)
were assumed from the possible integration methods of the OPUS 5.5. software since the peaks appear next to each other and may
overlap in that wavenumber region. Calculating with FT-IR method “B” required a meticulous determination of the wavenumber range
for integration, as the potential shifting of the peaks by a few cm ™! due to vibration overlap also needed to be considered.

Additives synthesized with various molar ratios of alcohols were assumed to be composed of unreacted anhydride and ester/half-
ester functional groups based on the FT-IR spectra. Characteristic carbonyl vibrations were found at 1778 cm ™!, 1733 cm ™! and 1699
cm ™! in the spectra of the additives (Fig. 2).

The two characteristic carbonyl vibrations for the anhydride rings appeared at 1855 cm™! and 1778 ecm™! [45,49] in the initial
copolymer. The absorption peak at 1778 cm™! belonged to one of the carbonyl groups in the anhydride rings in the additives and the
decreasing intensity was thought to be caused by the esterification.

Ring opening during esterification of anhydride can be assumed from the vibrations of free carboxyl groups. When the anhydride
ring opens, only one of the carbonyl groups reacts with the alcohol, resulting in the formation of a half-ester, while the other carbonyl
group remains unreacted. Fig. 4 served as examples demonstrating the appearance of carbonyl vibrations in the additive spectra.

The vibration at 1707 cm ™! pertaining to carbonyl groups of free carboxyl groups originated from anhydride in the half-ester part of
the additive shifted to 1699 cm™'. The new peak appearing at 1733 cm ™! was suggested to belong to carbonyl stretching vibrations of
ester groups derived from the opening anhydride rings. Ratio of the aforementioned vibrations varied in the additives with the molar
ratio of the reagents.

Integrated areas determined by the different methods were compared in Fig. 5 represented for AD-4.

Ratio of the FT-IR integrated area of ester carbonyl groups related to areas for all types of carbonyl functional groups was the basis
for calculating the ratio of the different derivatives in the additives (Table 2).

Only one of the carbonyl groups from the opening anhydride rings reacted with the alcohol reagent if its molar ratio was kept low,
and the other carbonyl group remained free in carboxylic acid form. The free carboxylic acid groups are expected to react with
increasing molar ratio of the alcohol, however esterification is an equilibrium reaction, so above a certain molar ratio the alcohol does
not incorporate.

The Ester Index was set up from the FT-IR integration results serving for uniform characterization of chemical structure of ester
derivatives of olefin-maleic anhydride copolymers. The Ester Index refers to the ratio of the integrated area under the stretching
carbonyl vibration of the ester functional groups (v = 1740-1730 cm™!) and the combined area of all the carbonyl (anhydride, ester,
free carboxyl) stretching vibrations, expressed as a percentage (Table 2).

Table 1
Typical properties of the experimental additives.
Property Acid number, mg KOH/g Saponification number, mg KOH/g Kinematic viscosity”, mm?/s Density”, g/cm3
AD-1 110.2 100.6 0.7135 0.7040
AD-2 99.0 101.2 0.7720 0.7270
AD-3 91.6 115.1 0.9411 0.7331
AD-4 108.0 113.5 0.8930 0.7303

2 10 wt % solution in heptane.
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Fig. 2. FT-IR spectrum of AD-4 in the investigated wavenumber region (orange: olefin-maleic anhydride copolymer, purple: AD-4: product syn-
thesized with alcohol reagent (molar ratio: 0.90)).
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Fig. 3. Selected FT-IR integration methods (method “A” and method “B”).
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Fig. 4. Progress in esterification of the olefin-maleic anhydride copolymer with different molar ratios of alcohol in FT-IR spectra.
3.2. Rheology

The aim of the oscillatory rheological measurements has been to get information about the effect of structural changes in additives
on their rheological behaviours and the main indicating properties since the ratio of ester groups of experimental additives varied
based on FT-IR evaluation. The first rheological measurement of the olefin-maleic anhydride copolymer derivatives was amplitude
sweep test, conducted to determine the linear viscoelastic range of the additives. Generally, if any of the moduli changes more than 5 %
compared to the initial value, that is the indicator for leaving the LVE range. If the shear during the test exceeds the upper limit of the
LVE range the structure of additive undergoes an irreversible change. As a result, the sample cannot express a long-term resistance
against deformation, and the structure might be destroyed.
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Fig. 5. Integrated areas beneath the various absorption peaks.

Table 2

Ratio of the derivatives calculated from the FT-IR integrated areas.
Additive  Alcohol reagent molar ratio  Total integrated area ~ Ratio of unreacted rings (1778 Ratio of ester groups (1733 cm™!)  Ester Index, %

em™)
A B A B A B A B

AD-1 0.25 2.1353 1.4038 0.5008  0.4892 0.2150 0.2446 21.5 24.5
AD-2 0.50 3.3028  2.4767 0.5692  0.4721 0.3210 0.3279 321 32.8
AD-3 0.75 3.1082 1.7499 0.2933  0.2892 0.6870  0.6108 68.7 6l1.1
AD-4 0.90 4.0021 2.1627 0.2542  0.1439 0.7140 0.6561 71.4  65.6

3.2.1. Amplitude sweep test

The effects of different ester group ratios (Ester Indices) of the additives revealed during the amplitude sweep test too because of the
physical appearance.

Fig. 6 was a good representation for the moduli curves after the amplitude sweep test of olefin-maleic anhydride copolymer ester
derivatives synthesized with various molar ratios of alcohols.

AD-1 and AD-2 exhibited liquid-like behaviour that was indicated by the loss modulus curve being above the storage modulus curve
within the LVE range based on the relative positions of the storage and loss moduli curves. In contrast to that AD-3 and AD-4 exhibited
higher storage moduli than loss moduli in the investigated LVE range, so indicating solid behaviour. The relative position of the
modulus curves offers even more information. The difference between the curves of storage and loss moduli for additives AD-1 and AD-
2 increased even up to magnitude difference, indicating viscous character. The values of G’ and G’ fell within the same magnitude for
AD-3 and AD-4, indicating that the additives do not have a predominantly elastic or viscous behaviour [50,51]. Even the upper limit of
the LVE range for the additives can be determined from the G’ curve of the amplitude sweep test, as shown in Fig. 6 [50,51].

AD-1 and AD-2 had relatively wide LVE ranges, with the upper limit obtained at 15 % and 10 % shear amplitude, respectively.
Contrary to those, AD-3 had very narrow LVE range as it exits LVE range above 0.02 % shear, practically not possessing an LVE range
within those measurement conditions. AD-4 also does not have LVE range, as indicated by the slope of the curves. The explanation is
that the sample initially existed in solid state and then transitioned to flow as the shear increased, thus resulting in values higher than
G’ above the crossover point.

A relationship was observed among the physical consistency, the ratio of ester functional groups and the upper limit of LVE for
additives. An increase in the molar ratio of the alcohol reagent during the synthesis resulted in increasing ratio of ester groups,
meanwhile decreasing the upper limit of LVE. The results were indicated in Fig. 6.

3.2.2. 2 Frequency sweep test

Shear amplitude for frequency sweep test is suggested to be selected within the LVE range [50,51]. For accurate comparison, the
same (1 %) shear amplitude was applied for the frequency sweep test of the additives. Figs. 7 and 8 represented the results of the
frequency sweep test of four ester derivatives synthesized with various Ester Indices.

The rheograms of the additive pairs significantly differed from each other at the selected shear amplitude (y = 1 %). The relative
positions of the storage and loss modulus curves of the samples AD-3 and AD-4 and the trend of the complex viscosity curves (Fig. 8)
suggested a slightly crosslinked polymer structure [50,51]. The storage modulus showed a plateau in the low frequency range, and
complex viscosities approach to infinity, which is characteristic for the rheograms of crosslinked polymers. However, all the signs



C. Varga and L. Simon-Stéger Heliyon 10 (2024) 28948

—e—G'_AD-1 —4—G"_AD-1 —e—G' AD-2 —4—G"_AD-2
—e—G' AD-3 —+—G" AD-3  ——G' AD-4 ——G"_AD-4

1.E+06

A A A A A kA A A A A A A A Ah i‘

1LE+05 &—d—d—d—A—4-
oo o000

“\\:\.COOQQQJt\

1.E+04 <o gy

o A
] % L
=9
23
=
= 1.E+03
=
s
1.E+02
1.E+01
0.01 0.1 1 10 100
Shear amplitude, %
Additive
serial number AD-1 AD-2 AD-3 AD-4
Ester index (%) 21:5 32.1 68.7 71.4
Physical nature Viscous Viscous Gel-like/solid Gel-like/solid

Fig. 6. Storage (G) and loss (G") modulus of copolymer ester derivatives with various EI at room temperature in the function of the shear amplitude,
® = 10 rad/s.

suggested that AD-3 and AD-4 contained crosslinks, but the chemical reactions during additive synthesis did not facilitate crosslinking
reactions. Instead, the gel-like structure of the additive was observed. Below the critical shear, the storage modulus (G) often remains
independent of frequency as it can be expected from a well-structured solid material where molecules are strongly interconnected.
Plateau of the storage and loss moduli in low frequency range (0.010-0.734 rad/s) is well-described by the loss factor (tan 6 = G”/G’)
corresponding to the elastic character of the sample [50,51]. Based on data in Fig. 9, no significant difference was observed in loss
factor with the molar ratio of alcohol reagent in the low frequency range.

Above the crossover point the structure of AD-3 and AD-4 was weakened, and loss moduli dominated over the storage ones. Above
the crossover frequency, viscosity is generally expected to be independent of the frequency. However, for AD-3 and AD-4 additives the
modulus values showed slight dependence on frequency, indicating that the strong connection between the molecules disappeared.
Rheograms of AD-1 and AD-2 were corresponding to a material without crosslinking because loss modulus had higher values than the
storage modulus.

4. Conclusion

The research was carried out on experimental olefin-maleic anhydride copolymer based ester derivatives by combining FT—IR and
rheology measurements for a deeper knowledge about the structural properties of the compounds developed. The carbonyl stretching
vibrations were employed to determine the relative ratios of the derivatives after esterification, as unreacted anhydride rings were also
expected to remain in the compound. A concept of Ester Index was determined based on the integrated areas belonging to the carbonyl
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Fig. 8. Complex viscosity of copolymer ester derivatives with various EI at room temperature and 1% shear amplitude.

stretching vibrations, which gives the ratio of ester functional groups in the additive. The concept of EI is useful for characterization
and following structural changes during rheological measurements or long-term storage either.

A relationship was observed among the physical consistency, the Ester Index and the upper limit of LVE of the additives. An in-
crease in the molar ratio of the alcohol reagent during the esterification resulted in increasing Ester Index, meanwhile decreasing the
upper limit of LVE. Reproduction and scaling-up synthesises can be also followed by the combined measuring techniques of FT-IR
spectrometry and oscillatory rheometry. Elimination of classical titration qualification for olefin-maleic anhydride copolymer de-
rivatives is a huge step toward a sustainable chemistry as high chemical- and time-consuming measurements can be exchanged with
prompt, precise and low-cost measurements that are also useful for long-term control of structural quality. Statements stand at room
temperature; therefore, more measurements are required whether those also stand at the temperature of polymer processing.
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