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Abstract 16 

 The influence of central structure and side chain length on plasticizer effectiveness of succinate 17 

and maleate diesters blended into poly(vinyl chloride) (PVC) was assessed by tensile testing, DMTA, and 18 

surface hardness measurements. While no significant differences between central structures with similar 19 

side chain lengths were found, the length of the side chain played an important role, and maximum 20 

effectiveness was found for the linear dihexyl esters. In comparison to commercial plasticizers such as 21 

DEHP and Hexamoll® DINCH®, succinates and maleates with linear side chains of four to eight carbons 22 

performed as well or better in several of the mechanical tests. Earlier work had established that the 23 

proposed succinate and maleate compounds exhibited higher biodegradation rates than DEHP, and 24 

pending toxicity studies, they seem to be viable replacement compounds for DEHP. 25 

 26 

Keywords: PVC Plasticizer Effectiveness; Succinate; Maleate 27 

 28 

Highlights: 29 

• Development of green plasticizers to replace phthalates 30 

• Evaluation of mechanical properties of linear succinate and maleate diesters 31 

• Highest plasticizer effectiveness for dihexyl succinate and maleate 32 

• No added benefit of ethyl branch in di (2-ethylhexyl) compounds 33 

• Several compounds of both series performed as good or better than DEHP and DINCH® 34 

  35 
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Introduction 36 

Plasticizers are typically relatively small molecules that are incorporated into polymeric materials 37 

in order to increase the workability, flexibility, or distensibility of the matrix polymer [1]. Plasticizers are 38 

added to hard and brittle polymers such as poly(vinyl chloride) (PVC), resulting in lower melt viscosity, 39 

lower glass transition temperature (Tg), lower elastic modulus, and better elongation of the blend, or any 40 

combination of these properties [2]. 41 

Due to the vast variety of polymers and plasticizers that exist, and the very different chemical 42 

moieties present in these materials, there are multiple theories on the mechanisms of plasticization that 43 

complement each other (i.e., the lubricity-, gel-, and free volume theories). In brief, there exist 44 

interactions between the polymer chains in the case of PVC due to the dipole present on each 45 

(δ+) C-Cl (δ-) bond. Due to this weak dipole, chains interact with neighboring chains, thereby creating a 46 

network that, when below the Tg, does not permit significant chain mobility, resulting in macroscopic 47 

brittleness. Once the Tg is reached, there is sufficient energy to overcome the attractive forces between the 48 

chains, thereby allowing for more chain movement within the blend, and then the material becomes 49 

macroscopically flexible [2-4]. The role of the plasticizer is to break up some of these chain-chain 50 

interactions, resulting in lowering the Tg which in turn influences the material properties of the final 51 

product. To achieve the separation of neighboring polymer chains, the plasticizer should contain non-52 

polar or slightly polarizable portions, yet a plasticizer that is too non-polar would be immiscible with 53 

PVC. For this reason, a plasticizer molecule will usually contain polar moieties (i.e., ester groups) that 54 

will interact with the PVC chains to assure compatibility, as well as non-polar groups (i.e., alkyl chains) 55 

that break up the chain-chain interactions and play the main role in the plasticizing effect [2-5]. 56 

In 2008, 5.6 million metric tonnes of plasticizer were produced to plasticize PVC, with phthalate 57 

diesters accounting for 88 % of this production. Of these phthalate diesters, di (2-ethylhexyl) phthalate 58 

(DEHP; sometimes misleadingly called DOP) accounted for 54 % of production in 2008 [6], making 59 

DEHP the most important industrial plasticizer (see Figure 1 for the structure). Since added plasticizers 60 

(also called external plasticizers) are not chemically bound to the polymer matrix, they tend to leach out 61 
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over time, ultimately ending up in the environment, where they preferentially accumulate in hydrophobic 62 

matter [7-11]. DEHP and its breakdown products have been considered ubiquitous environmental 63 

contaminants as early as the 1980s, being found in soils, water, the atmosphere, and in house dust [10, 12, 64 

13]. DEHP degradation happens primarily under aerobic conditions and temperature plays an important 65 

role [7, 10]. When DEHP is broken down by hydrolysis, it yields two stable metabolites; i.e., its 66 

monoester MEHP and 2-ethyl hexanoic acid, which is the oxidation product of the liberated 2-ethyl 67 

hexanol [14, 15]. Extensive studies on these compounds have been carried out, which show a wide range 68 

of toxic effects [14-23]. The monoester MEHP has been particularly linked to antiandrogenic activities in 69 

humans [24-26]. 70 

 71 

 72 

Figure 1: Structures of succinate and maleate diesters and the commercially-available plasticizers 73 

DINCH® and DEHP.  74 

 75 

Due to their environmental persistence and associated health concerns, several phthalates 76 

including DEHP have become increasingly subject to regulation [27-30], resulting in the need to develop 77 
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safer, and more environmentally compatible alternatives. The choice of a suitable alternative would 78 

require an extensive screening process in order to assure comparable plasticizing properties, ideally faster 79 

biodegradation rates without the buildup of stable metabolites, reduced toxicity, and reduced leaching. 80 

The compound diisononyl cyclohexane-1,2-dicarboxylate (Hexamoll® DINCH®; see Figure 1 for the 81 

structure) was introduced by BASF in the early 2000s as a plasticizer for “sensitive applications” [31]. 82 

Recently, we proposed series of n-alkyl succinates and -maleates (see Figure 1 for structures) as possible 83 

alternatives to DEHP due to the faster biodegradation rates of the parent compound and their metabolites 84 

[32-34] and their reduced leaching rates [35]. In our previous studies, the plasticizing ability was assessed 85 

only in terms of Tg reduction.  86 

The addition of plasticizer molecules to polymers results in the improvement of mechanical 87 

properties, and these improvements are a function of concentration but also of molecular structure [36]. 88 

When comparing the effects of different molecular structures on material properties of polymers, both the 89 

term “plasticizer efficiency” [36, 37] as well as “plasticizer effectiveness” [38, 39] have been used. Some 90 

of the mechanical properties that are improved by the addition of plasticizer are, among others, increased 91 

strain at break, reduced tensile strength and modulus, reduced torsional modulus, and reduced surface 92 

hardness [2, 36]. 93 

In this work, we present more extensive material testing data of our candidate plasticizers to 94 

evaluate their plasticizer effectiveness when blended with PVC at equal weight-fractions (to ensure 95 

comparability) by tensile testing, dynamic-mechanical thermal analysis (DMTA), and surface hardness 96 

measurements. We investigated the effect of central structure, the overall molecule length as determined 97 

by the longest chain of oxygen- and carbon-atoms, and the influence of ethyl branches in the β-position to 98 

the ester moiety (as present in DEHP) on plasticizer properties. Finally, the results are compared to 99 

similar measurements conducted with commercially available DEHP and DINCH®. 100 

 101 

2 Methods and Materials 102 

2.1 PVC and Plasticizers 103 
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Unplasticized PVC (UPVC; K50) was provided by Solvay Benvic, France. Compounds 104 

commercially available were purchased through Sigma-Aldrich, and included di (2-ethylhexyl) phthalate 105 

(DEHP, 99 %), diethyl succinate (DES, 99 %), diethyl maleate (DEM, 97 %), and dibutyl maleate (DBM, 106 

96 %). The other commercially used, and marketed as “green”, plasticizer diisononyl cyclohexane-1,2-107 

dicarboxylate (Hexamoll® DINCH®, 99 %; called simply DINCH® from here on) was provided by 108 

BASF Canada. The other compounds including dibutyl succinate (DBS), dihexyl succinate (DHS), 109 

dioctyl succinate (DOS), di (2-ethylhexy) succinate (DEHS), dihexyl maleate (DHM), dioctyl maleate 110 

(DOM), and di (2-ethylhexyl) maleate (DEHM) were synthesized in our laboratories using Dean-Stark 111 

esterification, as described previously [34]. The structures of these plasticizers are indicated in Figure 1. 112 

 113 

2.2 Extrusion of PVC/Plasticizer Blends 114 

The blending of UPVC with the plasticizers was achieved with a conical intermeshing twin-screw 115 

extruder (Haake Minilab, Thermo Electron Corporation), with conical screws of 5/14 mm diameter and a 116 

length of 109.5 mm. The batch size was 3 g. Mixing of UPVC with the plasticizer was achieved in a two-117 

step process. First, a blend of 20 parts per hundred rubber (phr; equivalent to 16.6 wt.-%) was prepared, 118 

then the plasticizer content was raised to 40 phr in a second extrusion step by addition of more plasticizer 119 

into the compounded blend. This two-step procedure was necessary to ensure the homogeneity of the 120 

resulting blends. The extruder was operated at 130 °C during the first step to 20 phr and at 110 °C in the 121 

second step to achieve 40 phr, with a screw speed of 30 rpm, which was raised to 60 rpm after 5 min of 122 

each 3g batch to push out the remaining material. In the first step, 4 phr of epoxidized soy bean oil 123 

(Chemtura Corporation) as heat stabilizer and 5 phr of stearic acid (Fisher Scientific) as lubricant were 124 

added in addition to the appropriate amount of plasticizer. In the second step the remainder of the 125 

plasticizer was added (without other additives). Each extruded batch was recycled through the extruder a 126 

second time, meaning that each 40 phr blend tested had passed through the extruder for a total of 4 passes. 127 

 128 

2.3 Production of Test Bars for Tensile Testing and Dynamic Mechanical Thermal Analysis 129 
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Test bars were produced by pressing the finely chopped blends containing 40 phr of plasticizer 130 

(28.6 wt.-%) in a hot press (Carver manual Hydraulic Press, with Watlow temperature controllers). Type 131 

V test bars were used for tensile testing according to ASTM D-638, with the following dimensions: 132 

1.5 mm thickness, 3.25 mm width of narrow section (W), 15.5 mm length of narrow section (L), 32.5 mm 133 

distance between grips (D), 63.5 mm overall length (LO), and 10 mm width overall (WO) [40]. The 134 

rectangular test bars for DMTA were produced according to the ASTM D-4065 method, with the 135 

following dimensions: 1.5 mm thickness, 10 mm width, and 50 mm length [41]. The rectangular DMTA 136 

test bars were also suitable for hardness testing by nanoindentation according to the ASTM E-2546 137 

method [42]. All test bars were conditioned in a desiccator at room temperature for a minimum of 48 h 138 

prior to testing. 139 

 140 

2.4 Tensile Testing 141 

Tensile testing was carried out on a Yamazu Easy Test with a load cell of 500 N according to 142 

ASTM D-638 [40]. The exact dimensions of the middle section were recorded (Electronic Outside 143 

Micrometer, Fowler Tools & Instruments), and n = 5 specimens (except for DBM, DOS with n = 4) per 144 

blend were tested at a strain rate of 5 mm/min. The stress-strain curves (see examples shown in Figure 2) 145 

were used to obtain values for strain and stress at break. To calculate the apparent modulus, the derivative 146 

of a polynomial curve fit to the experimental data (R2 value of at least 0.98) was calculated to determine 147 

the apparent modulus at 15 % elongation (EL), 25 %EL, and 50 %EL as shown in Figure 2, but only the 148 

values for 25 %EL are reported for all blends in Table 1. 149 

 150 
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 151 

Figure 2: Selected tensile stress-strain curves for 40 phr blends of PVC with DEHP, DINCH®, DHM and 152 

DHS. Estimated values of apparent moduli at 15 %, 25 % and 50 % elongation (in MPa) are shown for 153 

DEHP (top values), and DHS (bottom values). 154 

 155 

 156 

2.5 Dynamic Mechanical Thermal Analysis (DMTA) 157 

DMTA was carried out on a rheometer with fixed bottom clamp and a moveable top clamp 158 

(Anton Paar MCR302 with SRF12 fixtures and CTD450 convection oven, Anton Paar GmbH). The 159 

convection oven was operated with nitrogen gas purge to avoid oxidation of the specimens. The exact 160 

dimensions of the middle section were recorded (Electronic Outside Micrometer, Fowler Tools & 161 

Instrument). DMTA was run in torsion mode, strain-controlled with an amplitude gamma of 0.01 %. A 162 

temperature sweep from 25 °C to 100 °C at a rate of 2 °C/min at a constant shear rate of 1 Hz was carried 163 

out for each blend, with the machine controlling the normal force set to -0.5 N. The software RheoPlus 164 

(V3.61, Anton Paar GmbH) was used to obtain the storage modulus G’, and the loss modulus G”. 165 
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 166 

2.6 Hardness Testing 167 

The surface hardness of the various blends was determined using a micro-indenter (Nanovea 168 

PB1000 with Nano module, stainless steel ball tip of 1 mm diameter). Measurements were done at room 169 

temperature and repeated three times on each test bar, with each test conducted in a different third of the 170 

length of the test bar. Once the indenter had reached the zero point, it subsequently built up a contact load 171 

of 0.3 mN, and then forced the tip into the sample at a rate of 30 mN/min until a load of 20 mN was 172 

reached. The tip was then removed at the same rate of 30 mN/min. During the experiment, indentation 173 

depth was recorded automatically by the software (Nanovea Nano Hardness Tester). A Matlab® program 174 

was used to calculate the surface hardness according to ASTM E-2546 (2007). In brief, this calculation is 175 

based on a stiffness term derived from the slope of the first third of the unloading curve, as well as the 176 

estimated contact area and indentation depth, with the result expressed in units of MPa.  177 

 178 

2.7 Statistics 179 

Statistical analysis was performed using GraphPad Prism 5 software, for one-way- and two-way 180 

ANOVA tests with Bonferroni post-tests. A p value less than 0.05 was interpreted as significant, with 181 

p < 0.05 represented by *, p < 0.01 by **, and p < 0.001 by ***. 182 
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Table 1: Properties of 40 phr blends of PVC and different plasticizers. Averages and standard deviations are reported for n specimens, as indicated. 183 

Structures of plasticizers are shown in Figure 1. 184 

 185 

 Tensile strength   DMTA torsion  Surface hardness 

Plasticizer Strain at break 

(%EL)a 

Max stress 

(MPa)a 

Apparent modulus 

at 25 %EL (MPa)a 

G’ at 1Hz, 25 °C 

(MPa) 

G” at 1Hz, 25 °C 

(MPa) 

Nano-indentation 

(MPa)b 

DES 102 ± 6 9.3 ± 0.2 10.0 ± 0.3 34.0 12.0 2.59 ± 0.24 

DBS 107 ± 4 5.7 ± 0.2 6.3 ± 0.3 8.7 2.1 0.69 ± 0.13 

DHS 99 ± 6 5.5 ± 0.2 6.4 ± 0.3 7.5 2.1 0.54 ± 0.07 

DOS 87 ± 4c 6.5 ± 0.3c 7.4 ± 0.2c 31.0 9.2 1.02 ± 0.09d 

       

DEM 105 ± 3 9.9 ± 0.2 10.3 ± 0.3 35.9 14.2 1.70 ± 0.31 

DBM 109 ± 5c 6.3 ± 0.4c 7.2 ± 0.1c 6.7 1.4 0.74 ± 0.17d 

DHM 92 ± 6 5.9 ± 0.2 6.8 ± 0.2 6.5 2.0 0.51 ± 0.05 

DOM 92 ± 4 6.6 ± 0.2 7.4 ± 0.3 23.8 7.3 0.93 ± 0.04 

       

DEHS 99 ± 6 6.7 ± 0.2 7.9 ± 0.2 17.0 5.9 0.78 ± 0.07 

DEHM 96 ± 5 7.0 ± 0.2 8.4 ± 0.2 17.0 6.4 1.08 ± 0.18 

DEHP 96 ± 4 11.8 ± 0.1 12.1 ± 0.6 7.6 3.1 0.44 ± 0.05a 

       

DINCH® 87 ± 5 8.8 ± 0.4 9.1 ± 0.2 32.9 11.8 1.64 ± 0.53 

 186 

a n = 5; b n = 3; c n = 4; d n = 2 187 

 188 



11 
 

3 Results 189 

3.1 Tensile Strength 190 

All samples exhibited strain softening during tensile testing, obtained stress-strain curves are thus 191 

non-linear as shown, for example, in Figure 2 for blends with DEHP, DINCH®, DHM, and DHS. 192 

Averages of stress at break, strain at break, and apparent modulus at 25 %EL are reported in Table 1.  193 

 194 

3.1.1 Strain at Break 195 

The data for strain at break is reported in Table 1 and visualized in Figure 3a), where results for 196 

blends with the commercial plasticizers DEHP and DINCH® are shown first. These are followed by 197 

blends with the series of succinate and maleate plasticizers, in ascending order of linear side chain length 198 

from C2 (diethyl; “DE”) to n-C8 (dioctyl; “DO”). This is followed by the respective branched di 199 

(2-ethylhexyl) compound (“DEH”), which is not part of the series of unbranched alkyl side chains, but 200 

only compared to the equally-long dihexyl (“DH”) compound, and the dioctyl (“DO”) compound, which 201 

is of equal molecular weight. 202 

There was a significant effect of chain length on strain at break (two-way ANOVA, p < 0.0001), 203 

yet the central group structure had no effect (two-way ANOVA, p = 0.64) for our candidate plasticizers. 204 

DBS and DBM had the highest means of strain at break observed within their respective series, which 205 

were significantly higher than commercial DEHP (one-way ANOVA, Bonferroni post-test: DBS, 206 

p < 0.05; DBM, p < 0.01) and commercial DINCH® (one-way ANOVA, Bonferroni post-test: DBS, 207 

p < 0.001; DBM, p < 0.001). DOS and DOM had the lowest strain at break within their respective series, 208 

but were not significantly different from commercial DEHP (one-way ANOVA, Bonferroni post-test, 209 

p > 0.05, respectively) or DINCH® (one-way ANOVA, Bonferroni post-test, p > 0.05, respectively). 210 

Thus, we conclude that all compounds performed as well or better than the commercial plasticizers in 211 

terms of increasing strain at break. 212 

While no significant difference between the equally long DHS and DEHS was observed (one-way 213 

ANOVA, Bonferroni post-test, p > 0.05), DOS was significantly lower than the compound with the same 214 
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molecular weight, DEHS (one-way ANOVA, Bonferroni post-test, p < 0.05). No statistical difference 215 

between DHM and the equally-long DEHM was observed (one-way ANOVA, Bonferroni post-test, 216 

p > 0.05), nor between the compound of equal molecular weight, DOM and DEHM (one-way ANOVA, 217 

Bonferroni post-test, p > 0.05).  218 

  219 
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 220 
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Figure 3:  Strain at break (a), stress at break (b), and apparent modulus at 25 %EL (c) for blends of 221 

PVC/plasticizer at 40 phr. Averages and standard deviations of n = 5 specimens are shown, with the 222 

exception of DBM and DOS with n = 4. (a) ‡ DINCH® strain at break results were statistically 223 

significantly different from: DES**, DBS***, DHS*, DEHS*, DEM***, DBM***; (b) All stress at break 224 

results were statistically significantly different (***) except where shown (and except DES versus DEM 225 

**; DBS vs DBM **; DHS vs DHM *); (c) All apparent modulus results were statistically significantly 226 

different (***) except where shown (and except DBS versus DBM **).   227 

 228 

 229 

3.1.2 Stress at Break 230 

The data for stress at break are presented in Table 1 and Figure 3b). There was a significant effect 231 

of chain length on the stress at break (two-way ANOVA, p < 0.0001), as well as an effect of central group 232 

structure (two-way ANOVA, p < 0.0001) for our candidate plasticizers. 233 

All tested compounds exhibited significantly lower means for stress at break compared to DEHP 234 

(one-way ANOVA, Bonferroni post-test, p < 0.001), for which the highest ultimate tensile stress was 235 

observed. Regarding the other commercial plasticizer, DINCH®, only DEM (the plasticizer blend with 236 

the highest stress at break among the maleates) showed a higher stress at break (one-way ANOVA, 237 

Bonferroni post-test, p < 0.01). The succinate with the highest stress at break recorded, DES, was shown 238 

to not differ significantly from DINCH® (one-way ANOVA, Bonferroni post-test, p > 0.05). Similar to 239 

DEHP, all other compounds showed significantly lower averages for stress at break compared to 240 

DINCH® (one-way ANOVA, Bonferroni post-test, p < 0.001). 241 

When comparing the equally long DHS to DEHS and also DHM to DEHM, the unbranched DH-242 

compounds showed significantly lower values than the DEH-compounds (one-way ANOVA, Bonferroni 243 

post-test, p < 0.001, respectively). However, when comparing the molecules of equal molecular weight, 244 

DOS to DEHS, and DOM to DEHM, no significant statistical difference between the means was observed 245 

(one-way ANOVA, Bonferroni post-test, p > 0.05, respectively). 246 
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 247 

3.1.3 Apparent Modulus at 25 % Elongation 248 

According to ASTM D-638 [40], the modulus of elasticity is preferably reported, however, no 249 

linear portion was present in the recorded curves (as shown in Figure 2). For non-linear behavior, it is 250 

suggested in ASTM D638 that the secant modulus be reported, which is obtained by drawing a secant 251 

from the origin to a set strain [40]. Given the differences between the obtained curves, especially in the 252 

first third of the curves (i.e., compare DEHP to DHS in Figure 2), reporting secant moduli would 253 

exaggerate the differences between the recorded curves and thus not accurately describe our observations 254 

(Figure 2 contains examples of stress-strain curves for four different compounds). Instead, we used the 255 

apparent modulus, which corresponds to the slope of the curve at a defined strain. As shown in Figure 2 256 

for three different strains (15 %EL, 25 %EL, and 50 %EL), and for two curves (DEHP and DHS), the 257 

apparent modulus did not result in as large a difference between curves as the secant modulus did, while 258 

accounting for the change in slope as the elongation increases. In Table 1 we show the results for the 259 

apparent modulus at 25 %EL for all experiments. 260 

The data for the apparent modulus are presented in Table 1 and visualized in Figure 3c). A 261 

significant effect of chain length on the apparent modulus at 25 %EL was observed (two-way ANOVA, 262 

p < 0.0001), as well as an effect of central group structure (two-way ANOVA, p < 0.0001) for our 263 

candidate plasticizers.  264 

All tested compounds exhibited significantly lower means for apparent modulus at 25 %EL 265 

compared to DEHP (one-way ANOVA, Bonferroni post-test, p < 0.001). This indicates that blends with 266 

DEHP were the stiffest specimens tested. The stiffest compounds within the series of succinates and 267 

maleates were DES and DEM, respectively, which were significantly less stiff than DEHP (one-way 268 

ANOVA, Bonferroni post-test, p < 0.001), but stiffer than DINCH® (one-way ANOVA, Bonferroni post-269 

test, p < 0.001). The least stiff compounds within the series of succinates were DBS and DHS, which 270 

were not found to differ significantly (one-way ANOVA, Bonferroni post-test, p > 0.05). A slight 271 

increase in stiffness was observed for the longest compound in the series, DOS, which was significant 272 
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compared to the aforementioned DBS and DHS (one-way ANOVA, Bonferroni post-test, p < 0.001). 273 

Within the series of maleates, DBM, DHM, and DOM showed the lowest stiffness and all three means 274 

were not significantly different from each other (one-way ANOVA, Bonferroni post-test, p > 0.05). 275 

The unbranched DHS was found to exhibit a lower stiffness than the equally long but branched 276 

compound DEHS (one-way ANOVA, Bonferroni post-test, p < 0.001), yet for the compounds of equal 277 

molecular weight, DOS and DEHS, no significant difference between the means was found (one-way 278 

ANOVA, Bonferroni post-test, p > 0.05). For the maleates, a significant difference between both the 279 

equally long DHM and DEHM (one-way ANOVA, Bonferroni post-test, p < 0.001), as well as the 280 

molecules of equal molecular weight DOM and DEHM was observed (one-way ANOVA, Bonferroni 281 

post-test, p < 0.001). 282 

 283 

3.2 Torsional DMTA 284 

For all blends, DMTA was performed with a temperature sweep from 25 °C to 100 °C at a 285 

constant frequency of 1 Hz. Two exemplary curves of storage (G’) and loss (G”) moduli for blends of 286 

PVC/DEHP and PVC/DHS are shown in Figure 4, and the results for the other compounds can be found 287 

in Figures S1-S11 in the supplementary data. Table 1 summarizes the results of G’ and G” only at 25 °C 288 

since the general trends were the same for all tested blends. Values at 25 °C were chosen since this 289 

condition is closest to room temperature. 290 

As shown by the torsional data in Table 1, in both series of succinates and maleates, the shortest 291 

compound, DES and DEM, had the highest torsional moduli (G’ and G”). Moreover, as the chain length 292 

increased, torsional modulus decreased with a minimum reached at side chain lengths around four to six 293 

carbons (DBS, DHS, and DBM, DHM). The torsional modulus increased again slightly for the 294 

compounds with n-C8 side chains, DOS and DOM. All branched DEH compounds (DEHS, DEHM, 295 

DEHP) show values at similar levels, comparable to DOM, but higher than the DB and DH compounds, 296 

which showed the least torsional stiffness of all compounds. DINCH® and DOS showed values slightly 297 

higher than DEHP. 298 
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 299 

Figure 4: Selected plots of DMTA torsional temperature sweep for 40 phr blends of PVC with DEHP and 300 

DHS. Storage modulus G’ (filled symbols) and loss modulus G” (open symbols) are shown. 301 

 302 

 303 

3.3 Surface Hardness by Nano-indentation 304 

 The results obtained for the surface hardness of the blends of PVC with the various plasticizers 305 

are presented in Table 1 and visualized in Figure 5.  A significant effect of chain length on surface 306 

hardness was observed (two-way ANOVA, p = 0.0025), as well as an effect of central group structure 307 

(two-way ANOVA, p < 0.0001). 308 

The blends with the highest surface hardness in the succinate and maleate series were those 309 

plasticized with the diethyl compounds, DES and DEM, respectively. While DEHP was significantly 310 

softer than DES and DEM (one-way ANOVA, Bonferroni post-test, p < 0.001), DINCH® was only softer 311 

than DES (one-way ANOVA, Bonferroni post-test, p < 0.001), while no significant difference in hardness 312 

was observed between DEM and DINCH® (one-way ANOVA, Bonferroni post-test, p > 0.05). All other 313 

members of the succinate and maleate series did produce hardness values slightly above that for DEHP, 314 

yet no significant difference was observed (one-way ANOVA, Bonferroni post-test, p > 0.05). This 315 
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means that all plasticizer candidates rendered the surface of PVC softer than commercially-available 316 

DINCH®, and similarly soft as DEHP, with the exception of the diethyl compounds.  317 

No significant differences in surface hardness were observed between the equally-long DHS and 318 

DEHS, and also DHM and DEHM, respectively (one-way ANOVA, Bonferroni post-test, p > 0.05), nor 319 

between the molecules of equal molecular weight, DOS and DEHS, and also DOM and DEHM (one-way 320 

ANOVA, Bonferroni post-test, p > 0.05). 321 

 322 

 323 

Figure 5: Surface hardness (in MPa) for blends of PVC/compound at 40 phr. Averages and standard 324 

deviations are shown for n = 3 measurements, with the exception of DBM and DOS (n = 2) and DEHP 325 

(n = 5). Symbols above error bars indicate statistically significant differences (p < 0.05, Bonferroni post-326 

test) with respect to DINCH® (+), DES (‡), and DEM ($). 327 

 328 

4 Discussion 329 

As DEHP and phthalates are increasingly considered to be compounds of concern, alternative 330 

plasticizers that are less problematic for human health and environmental stability must be developed. 331 
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However, if these compounds are to be viable replacements for DEHP and other commercially-available 332 

phthalates, they should be as effective, or more effective in plasticizing PVC. Here, we tested a series of 333 

maleate and succinate diesters with linear side chains, varying from two to eight carbons, including one 334 

branched compound with the same branching as present in commercial DEHP. Note that the side chain is 335 

incorporated into the diester by the appropriate choice of alcohol in the esterification reaction. Previously, 336 

we have shown that the succinates and maleates are readily biodegraded and that metabolites produced 337 

were only transient [32, 33]. In the present study, these greener compounds and, for comparison, the 338 

commercial plasticizers DEHP and DINCH® were extruded with PVC at 40 phr and these blends were 339 

then subjected to a series of tests in order to compare their effectiveness as plasticizer in blends with 340 

PVC. We present the results of some standard tests to evaluate the blends regarding their formability 341 

(elongation at break), their strength (tensile strength), their stiffness (tensile and torsional moduli), and 342 

their durability (surface hardness).  343 

The performance of the plasticizer candidates improved with increasing size, from the smallest 344 

compounds (C2 side chains) to the dihexyl compounds (C6 side chains), and then decreased slightly for 345 

the longest molecules (C8 side chains). No apparent effect was visible from the addition of ethyl branches 346 

in di (2-ethylhexyl) maleate (DEHM) and succinate (DEHS), when compared to the equally-long, but 347 

unbranched dihexyl compounds. Particularly, the dihexyl compounds of the maleate and the succinate 348 

showed comparable plasticizing effectiveness to DEHP in terms of strain at break and hardness, and 349 

better performance in terms of stress at break, and torsional and tensile moduli. The mentioned dihexyl 350 

compounds were also more effective in all tested properties when compared to DINCH®. 351 

 352 

4.1 Influence of Side Chains 353 

In diester plasticizers, the side chains are often made up of alkyl chains, with their length and the 354 

degree of branching imparted through the alcohol used in the esterification reaction. Their primary role is 355 

to separate the PVC polymer chains and reduce chain-chain interactions. These result from the weak but 356 

permanent dipole present on each carbon-chlorine bond (C(δ+) - Cl(δ-)). The large amount of attractive 357 
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chain-chain interactions along the backbone of PVC are the cause for the hard and brittle nature of PVC 358 

when not plasticized. Alkyl chains are non-polar and almost non-polarizable and therefore, can disrupt the 359 

interactions between PVC chains. We wanted to determine whether the length of these side chains had an 360 

effect on plasticizing efficiency beyond the data previously reported [5, 43]. 361 

We observed an improvement in plasticizing effectiveness as the (unbranched) side chain length 362 

was increased (Table 1). From side chain lengths of two to six carbons, the stress at break, apparent 363 

modulus, torsional modulus, and hardness improved with increasing side chain length. When the side 364 

chain length is increased, which occurs on both sides of the diester, more non-polar groups are added to 365 

both sides of the molecule, which in turn can disrupt more PVC chain-chain interactions. This explains 366 

the increased plasticizer effectiveness of the succinates and maleates with longer side chains. Curiously, 367 

this effect seems to level off once six carbons in the side chain are reached. In fact, for some experiments, 368 

there was a deterioration in plasticizing performance of the n-dioctyl compounds (i.e., stress at break, 369 

torsional modulus, and surface hardness, see Table 1), meaning that the most effective compounds were 370 

those with a side chain length of around six carbons. This deterioration is partly due to the amount of 371 

plasticizer within the blends, which is determined by the weight, and not by moles, which is standard 372 

procedure in the polymer industry. With increasing side chain length, the molecular weight (MW) of the 373 

overall compound increases and therefore, given that the same mass of plasticizer is used in every blend 374 

(i.e., 40 phr), the corresponding absolute amount of plasticizer-molecules in the blend decreases (i.e., on 375 

molar basis, there would be 14 % more DOS molecules compared to DEHP, or 70 % more DBM 376 

molecules compared to DEHP). It has been previously shown that addition of dialkyl phthalates on a 377 

molar basis to PVC, rather than a mass basis, did indeed result in a linear increase in Tg reduction 378 

efficiency with increasing side chain length, and not the above-described maximum efficiency near the 379 

six-carbon compounds [44, 45]. 380 

The differing number of moles between samples is not the only explanation why the data in 381 

Figures 3b), 3c), and 5 exhibit the afore-mentioned effectiveness maximum near dihexyl compounds. The 382 

compatibility of the plasticizers with the PVC resin also plays a role [45]. Several studies have been 383 
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conducted to investigate the effect of alkyl chain length of diesters on their compatibility with PVC, and 384 

similar maxima for compatibility around side chain lengths of six carbons were observed. Compatibility 385 

measurements were based on Flory-Huggins theory [46, 47]. Doty and Zable reported such compatibility 386 

maxima for dialkyl phthalates and sebacates using osmotic pressure measurements [48]. Anagnostopoulos 387 

et al. found compatibility maxima for phthalates (ortho-substituted), isophthalates (meta-substituted), 388 

terephthalates (para-substituted), maleates, and fumarates when measuring solid-to-gel temperatures of 389 

PVC particles in plasticizers [49, 50]. In a methodologically similar study, Luther et al. also reported such 390 

compatibility maxima for phthalates, adipates, and citrates [51]. Note that sebacates and adipates differ 391 

from succinates only in the length of the central chain that connects the two ester functions. Similarly, 392 

Würstlin and Klein reported similar curves for phthalates and a matrix of saturated diesters varying both 393 

in central chain length (C2-C10) and alkyl side chain (C1-C8), through the measurement of the cloud 394 

point (i.e., determined by cooling a dilute solution of PVC dissolved in the plasticizer). In fact, the 395 

authors found succinates with side chains from four to six carbons to be most compatible with PVC [43, 396 

52]. 397 

In all of the above-mentioned studies, the recorded curves went through a local maximum of 398 

compatibility between a side chain length of four to six carbons. Stuart et al. focused on the Tg reduction 399 

efficiency of dialkyl succinates blended with PVC, as measured by differential scanning calorimetry 400 

(DSC), and also found the best performing compound to be dihexyl succinate [53]. The above 401 

observations match very well with our own observations as shown in Figures 3b) and 3c), and Table 1. 402 

There also exist other studies that focused on plasticizer effectiveness by material properties 403 

measurements rather than compatibility based on fundamental properties as described in the above 404 

paragraph. These further support our findings that diesters with unbranched alkyl chains between four and 405 

six carbons were the most effective plasticizers. For example, Walter measured the modulus of elasticity 406 

of soft PVC gels plasticized with dialkyl phthalates and observed that blends with dibutyl phthalate had 407 

the lowest modulus (i.e., and, hence, the best performance) [54], which is similar to the results reported 408 

here in Figure 3c) and Table 1.  409 
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 410 

4.2 Influence of Branching 411 

For each maleate and succinate, one branched diester was tested, in which the side chains 412 

resembled those of DEHP, meaning that the alcohol used to esterify the diacid was 2-ethylhexanol. We 413 

compared the results of these compounds specifically to the corresponding dihexyl compound as these are 414 

similar in overall molecular length (i.e., the longest chain of carbon- and oxygen atoms), with the only 415 

difference being the ethyl-branch on the β-carbon in the side chain of the di(2-ethylhexyl) (DEH) 416 

compounds. Additionally, we compared the DEH-succinate and -maleate to the corresponding di-n-octyl 417 

compounds as these are of similar molecular weight. 418 

Results indicate that there were no added benefits in terms of plasticizer effectiveness for either 419 

the succinates or the maleates when the ethyl-branch was present, which has previously been described 420 

for phthalates [55]. In fact, for stress at break and apparent modulus, the ethyl branches seemed to have a 421 

negative effect on these properties when compared to the equally long DH compounds. It seems that the 422 

more important factor for plasticizer properties is the overall molecule length. 423 

With the exception of strain at break, no difference between the compounds of equal molecular 424 

weight, DEHS/DOS, and DEHM/DOM were observed. Similar observations were reported previously by 425 

Würstlin and Klein for dialkyl phthalates, where in every case the branched phthalates showed a poorer 426 

Tg reduction efficiency compared to their unbranched counterparts of equal molecular weight [44]. 427 

 428 

4.3 Influence of Central Structure 429 

 The central structure of diesters played an equally important role as the side chains with respect to 430 

plasticizer effectiveness. Purely non-polar compounds containing only alkyl chains would not be 431 

compatible with PVC due to the inherent polar nature of the PVC chains. This means that in order to 432 

retain the non-polar part of the plasticizer - which plays the more active role in plasticization (i.e., the 433 

alkyl chain part) - within the PVC matrix, one or more polar parts that interact with PVC are also needed. 434 

However, the polarity of these groups must be of the same order of magnitude as the PVC polarity, 435 
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otherwise there would not be a sufficient interaction between the two and phase separation would occur. 436 

Diesters have been shown to have the required degree of polarity, thus rendering diester molecules good 437 

candidates for PVC plasticizers [5, 56]. 438 

As indicated in Figure 1, the maleate contains a double bond between the two central carbon 439 

atoms, thereby locking the orientation of the two ester groups towards one another in the shown cis 440 

position. Both dipoles inherent to the ester groups would be pointing essentially in the same general 441 

direction (i.e., δ- on the carbonyl oxygen, and δ+ on the carbonyl carbon), allowing this compound to 442 

interact with one or two PVC chains at two different locations. The same would apply to DEHP, where 443 

the ester groups are also in a similar position to one another. The specific orientation of the diester 444 

molecules towards one another has also been shown to play an important role in its plasticizer 445 

effectiveness: that is, in previous work, we were able to show that the fumarate molecule, a structural 446 

isomer to the maleate except for the positioning of the ester bonds towards one another, did not reduce the 447 

Tg in blends with PVC as effectively as the maleate [34]. In the fumarate, the ester groups are in a trans 448 

position relative to one another, resulting in the dipoles of the ester groups pointing in different directions. 449 

Finally, in the saturated succinate molecule, there is no double bond present, with the result that the 450 

succinate is free to rotate around the central bond. Because of this, the succinates would be free to take 451 

the most advantageous position for interaction with PVC chains within the polymer matrix. In earlier 452 

work, we showed that Tg reduction efficiency of succinates and maleates were at comparable levels [32, 453 

33], and similar observations were made in this study for several other material properties.  454 

The structure of DINCH® is slightly more complicated, due to presence of the cyclohexane ring, 455 

which unlike the phthalate is not planar and can take on a range of spatial conformations. The “chair”-456 

conformation is generally the most stable conformation, especially when bulky substituents are present 457 

(see Figure 6) [57]. In a 1,2-disubstituted cyclohexane such as DINCH®, these substitute groups are on 458 

neighboring carbons of the ring and can be in cis- and in trans positions relative to each other, as shown 459 

in Figure 6 ( a), b): trans, c), d): cis) [57]. Additionally, due to the cyclic structure of cyclohexane, 460 

substituents can be in an equatorial position and in an axial position, resulting in the four possibilities 461 
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shown in Figure 6; the first row ( a) and b) shows the trans-configuration, in which both substituents can 462 

either be in the equatorial (Figure 6a)) or the axial position (Figure 6b)). In a trans-DINCH®, the 463 

favorable conformation would be the one in which both bulky substituents are positioned equatorially 464 

(Figure 6a)), due to the reduced steric interaction with neighboring atoms, as compared to the axial 465 

position (Figure 6b)) [57]. For a cis-DINCH®, one substituent has to be in axial and one in equatorial 466 

position, which means that there is no preferred conformation between those shown in Figures 6c) and 467 

6d) when both substituents are similar, as is the case for DINCH®.  468 

No detailed information was provided by the supplier on the composition of the DINCH® sample 469 

we tested (which also contains structural isomers stemming from the mixture of alcohols used to create 470 

the ester bond), so it is assumed that the sample likely consisted of a mixture of cis/trans isomers. In such 471 

a mixture, one would thus expect the conformations a), c), and d) in Figure 6 to be predominantly present. 472 

Upon examination, it can be seen that all three conformations are more closely related to the maleate in 473 

terms of the ester positioning than the fumarate (i.e., compare Figure 1 to Figures 6a), c), d)). Only the 474 

axial conformation of the trans-DINCH® (Figure 6c)) would resemble the fumarate rather than the 475 

maleate but, as explained above, this configuration is sterically unfavorable. Taken together, this explains 476 

why DINCH® is an effective plasticizer. 477 

 478 

  479 
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 480 

 481 

Figure 6. Cyclohexane in the “chair” conformation with equatorial substituents indicated in bold: (a) 482 

R-substituents trans and in equatorial position; (b) R-substituents trans and in axial position; (c) and (d) 483 

R-substituents cis with one substituent in axial and one substituent in equatorial position. 484 

 485 

However, for some of the experiments carried out in this study, the plasticizer performance of 486 

DINCH® was lower compared to DEHP and the maleates with chain lengths of four carbons (i.e., when 487 

comparing stress at break, apparent modulus, torsional modulus, and surface hardness). This suggests that 488 

the positioning of the ester groups relative to one another is not as advantageous in DINCH® as in DEHP 489 

or the maleates with side chains of at least four carbons. Given that DINCH® is likely a mixture of 490 

isomers, this is not surprising and similar experiments conducted with pure cis- and trans-DINCH® 491 
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would bring more insight. Comparing plasticizer effectiveness of DINCH® to the succinates with side 492 

chains of at least four carbons, similar results were found: that is, values for stress at break, apparent 493 

modulus, torsional modulus, and surface hardness were lower for the succinates, indicating higher 494 

plasticizer effectiveness. In both DINCH® and the succinate, the carbonyl groups are linked by two 495 

saturated carbons, but rotation around the central bond is only possible in the succinate. In DINCH® 496 

rotation cannot occur due to the presence of the cyclohexyl-ring (see Figure 1). In earlier work, we 497 

demonstrated that the ability of the central chain to rotate plays an important role in Tg reduction 498 

effectiveness [33], and the results for the mechanical properties tested in this study further support this. 499 

Overall, whenever a side chain length of at least four carbons was present in our candidate 500 

plasticizers, members of both series of compounds showed comparable or higher plasticizer effectiveness 501 

than the commercial plasticizers. In comparison to DEHP, better performance was found for stress at 502 

break and apparent modulus. However, in comparison with DINCH®, the mentioned succinates and 503 

maleates with side chains of at least four carbons showed better performance with respect to stress at 504 

break, apparent modulus, torsional modulus, and surface hardness. Differences between the succinate and 505 

maleate series seemed rather minor, from which we conclude that from a plasticizing effectiveness 506 

standpoint, both central structures make such molecules feasible alternatives to DEHP and DINCH®. 507 

 508 

4.4 Global Structural Considerations 509 

A credible alternative plasticizer must be one that is not only an effective plasticizer in 510 

comparison with current commercially-available compounds, but it must also be less hazardous to the 511 

environment and human health. In this work, we focused primarily on evaluating the plasticizing 512 

effectiveness of compounds in terms of final PVC formulation material properties for which green 513 

characteristics had already been observed [32, 33]. 514 

From Table 1, the dibutyl- and dihexyl compounds DBS, DBM, DHS, and DHM stand out as the 515 

compounds with the highest plasticizer effectiveness within their respective series, but also when 516 

compared to the commercial plasticizers DEHP (with lower stress at break, apparent modulus, and 517 
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torsional modulus, and comparable strain at break and surface hardness) and DINCH® (with higher strain 518 

at break and lower stress at break, apparent modulus, torsional modulus, surface hardness). Additionally, 519 

these compounds also lowered the Tg more efficiently than DEHP [32, 33]. 520 

Higher plasticizer efficiency is important as it means that a smaller mass of plasticizer would 521 

need to be incorporated into PVC to obtain the desired product properties. Such an effect could possibly 522 

overcome the higher cost premium that these compounds may have relative to DEHP or other current 523 

commercial plasticizers. 524 

As alluded to above, the mechanical properties alone are not the only important characteristics 525 

that need to be considered when designing alternative plasticizers, but important factors including 526 

biodegradation, environmental persistence and toxicity must also be given due consideration. Earlier work 527 

focused on assessing the biodegradability of the succinate and maleate plasticizer candidates compared to 528 

DEHP [32, 33] and additional studies with respect to toxicity are ongoing. An added important advantage 529 

that one alternative plasticizers may have over another would be if the compound could be produced from 530 

renewable resources.  In this respect, succinate diesters could be of particular interest because of the 531 

increased fermentative production capacities of succinic acid [58], which could lead to a product that is 532 

more fully in line with the principles of green chemistry [59]. 533 

 534 

5 Conclusion 535 

Our results lend further support to earlier findings that: (1) within the diesters of a central-chain 536 

length of four carbons, an unsaturated compound in cis position is about as effective as the saturated 537 

compound [34]; (2) between such compounds, the length of the side chain plays a more important role 538 

than the central structure [32, 33]; and (3) free rotation around the central bond plays an important role in 539 

the plasticizer effectiveness of saturated compounds [33]. 540 

We have demonstrated that diester plasticizers based on succinic and maleic acid with linear side 541 

chains between four and eight carbons in length are as effective as commercially-available DEHP and 542 

DINCH® in terms of plasticizing PVC resin, and for some tests even improved mechanical properties 543 
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were apparent. The length of the alcohol used to create the ester bonds, which determines the alkyl side 544 

chain length of the diester, had a strong influence on plasticizer properties: for both succinates and 545 

maleates, the compounds with a side chain length of four to six carbons showed the highest plasticizer 546 

effectiveness. In terms of alkyl branching within the molecule, adding an ethyl-branch (such as that 547 

present in DEHP) did not improve plasticizer performance, but instead deteriorated some mechanical 548 

properties. When comparing the two central groups (i.e., saturated, and non-saturated in cis 549 

configuration), some differences were observed, but these were minor. Taken together, this suggests that 550 

the right choice of alcohol to produce diesters with a certain side chain length is as important as the 551 

choice of the central structure to produce effective plasticizers. 552 
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Figure Captions 692 

Figure 1: Structures of succinate and maleate diesters and the commercially-available plasticizers 693 

DINCH® and DEHP. 694 

 695 

Figure 2: Selected tensile stress-strain curves for 40 phr blends of PVC with DEHP, DINCH®, DHM and 696 

DHS. Estimated values of apparent moduli at 15 %, 25 % and 50 % elongation (in MPa) are shown for 697 

DEHP (top values), and DHS (bottom values). 698 

 699 

Figure 3:  Strain at break (a), stress at break (b), and apparent modulus at 25 %EL (c) for blends of 700 

PVC/plasticizer at 40phr. Averages and standard deviations of n = 5 specimens are shown, with the 701 

exception of DBM and DOS with n = 4. (a) ‡ DINCH® strain at break results were statistically 702 

significantly different from: DES**, DBS***, DHS*, DEHS*, DEM***, DBM***; (b) All stress at break 703 

results were statistically significantly different (***) except where shown (and except DES versus DEM 704 

**; DBS vs DBM **; DHS vs DHM *); (c) All apparent modulus results were statistically significantly 705 

different (***) except where shown (and except DBS versus DBM **).   706 

 707 

Figure 4: Selected plots of DMTA torsional temperature sweep for 40 phr blends of PVC with DEHP and 708 

DHS. Storage modulus G’ (filled symbols) and loss modulus G” (open symbols) are shown. 709 

 710 

Figure 5: Surface hardness (in MPa) for blends of PVC/compound at 40 phr. Averages and standard 711 

deviations are shown for n = 3 measurements, with the exception of DBM and DOS (n = 2) and DEHP 712 

(n = 5). Symbols above error bars indicate statistically significant differences (p < 0.05, Bonferroni post-713 

test) with respect to DINCH® (+), DES (‡), and DEM ($). 714 

 715 
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Figure 6. Cyclohexane in the “chair” conformation with equatorial substituents indicated in bold: (a) 716 

R-substituents trans and in equatorial position; (b) R-substituents trans and in axial position; (c) and (d) 717 

R-substituents cis with one substituent in axial and one substituent in equatorial position. 718 

  719 
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Table Headings 720 

 721 

Table 1: Properties of 40 phr blends of PVC and different plasticizers. Averages and standard deviations 722 

are reported for n specimens, as indicated. Structures of plasticizers are shown in Figure 1. 723 


