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Abstract
Hyperbranched poly(ester)s from the renewable, abundantly-available, biomonomers, glycerol and adipic acid, may be prepared under 

conditions that permit control of molecular weight, avoid gelation, and ensure the presence of hydroxyl endgroups. Capping the endgroups as esters 
provides materials that are thermally stable, fluid at room temperature, fully compatible with a PVC matrix and provide effective plasticization of 
PVC at low levels of incorporation. Because of low toxicity and migratory potential, these materials represent attractive alternatives to traditional 

toxic plasticizers for PVC.
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Introduction
Poly(vinyl chloride) [PVC] is the third highest volume polymer 

produced worldwide. It has a unique set of properties that makes 
it useful in both rigid and flexible formulations. Aging, corroding, 
contamination-shedding metal water systems are being replaced 
with durable, noncorroding rigid PVC piping around the world. 
Flexible PVC is a tough material with relatively low gas permeability 
widely used in items from medical tubing to toys.

Despite its usefulness today, PVC was not an immediate 
commercial success. PVC was first synthesized in 1872 but was not 
considered to be a useful material [1]. The presence of polar carbon-
chlorine bonds makes PVC subject to strong interchain interactions. 
Consequently, it is a rigid material and not amenable to processing. 
It was not until the discovery by Waldo Semon at the B.F. Goodrich 
Company in 1926 that PVC could be plasticized to make it workable 
that it became a useful polymer [2].

In general, effective plasticizers must contain a polar group to 
make them compatible with the polymer and a nonpolar component  

 
to increase free volume within the polymer [3-5]. For this reason, 
esters early became popular plasticizers. The most common have 
been esters of phthalic acid. This acid is obtained by oxidation of 
o-xylene, the least valuable of the mixed xylenes from the reforming 
of naphtha [6]. Numerous phthalate esters may function as 
effective PVC plasticizers. However, the most prominent has been 
di(2-ethylhexyl)phthalate [DEHP]. The alcohol, 2-ethylhexanol, is 
obtained from butyraldehyde, a byproduct of hydroformylation 
of propylene. Adol condensation of butyraldehyde followed by 
hydrogenation affords the alcohol. Thus, DEHP may be readily 
obtained from two inexpensive materials. Further, it is an effective 
plasticizer for PVC. Huge volumes of plasticizers are required for 
PVC processing. Often plasticizer incorporation accounts for 40-60 
of flexible PVC. Approximately, 85% of all plasticizer production 
has traditionally been used in PVC formulation. DEHP alone has 
accounted for greater than 60% of usage.

Although phthalates, principally DEHP, have been effective PVC 
plasticizers that are readily available at modest cost, their use is 
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now being restricted. These materials readily migrate from the 
polymer matrix. This gives rise to two problems, negative health 
effects and flammability [7-9]. Phthalate plasticizers are widely 
distributed in the environment and human populations around the 
world have been exposed to these compounds, particularly DEHP. 
Exposure to phthalates disrupts endocrine function and leads 
to the development of various diseases affecting several organs, 
including the liver, kidneys, heart, lungs, and the reproductive tract 
[8-11]. These materials may no longer be used in PVC intended 
for the construction of medical devices or toys for young children. 
Limitations on the use of phthalate plasticizers has spurred the 
development of new efficient, nontoxic, nonmigrating plasticizing 
additives for PVC [12,13]. Those derived from biomaterials are 
particularly attractive. The precursors to these plasticizers are 
renewable, independent of petroleum production, generally 
nontoxic, and often biodegradable [14-22].

Results and Discussion
Glycerol is a trifunctional alcohol with great potential 

for the generation of useful, low-cost plasticizers for PVC. 
Although challenges for isolation and purification remain, 
glycerol is generated in huge volume as a byproduct of biodiesel 
production [23]. Simple esters of glycerol may be prepared from 
monofunctional carboxylic acids and are effective plasticizers for 
PVC [23]. However, the greatest potential for the development of 
effective, nontoxic, nonmigrating glycerol-derived plasticizers 
lies, with hyperbranched oligomers. Hyperbranched glycerol 
poly(ester)s may function as effective plasticizers and display low 
potential for migration from a polymer matrix into which they have 
been incorporated [24]. The outstanding effectiveness of these 
poly(ester)s as plasticizers largely arises from the presence of 
atomic-scale free-volume cavities [25-27].

The great potential of hyperbranched poly(ester)s generated 
from glycerol and a bioderived dicarboxylic acid has long been 
recognized. However, the development of useful materials has 
been hampered by the lack of a reliable method for preparing well-
defined polymers while avoiding gelation. The condensation of 
glycerol with a diacid is complicated in several ways. The reactivity 
of the three glycerol hydroxyl groups is not the same (the primary 
hydroxyls are approximately 1.4 times as reactive in esterification 
as is the secondary hydroxyl). Further, the reactivity of remaining 

hydroxyl groups is impacted by initial esterification. Traditional 
gelation theory is inadequate for predicting the ratio of monomers 
(ratio of reactive functional groups) that will permit reaction to high 
monomer conversion without gelation and with the assurance of a 
single kind of endgroup functionality [27-34]. The preparation of 
glycerol hyperbranched polymers has generally been approached 
empirically--varying monomer concentration, reaction times and 
temperature, or extent of reaction [35-39]. For the generation of 
functional plasticizers, this approach is inadequate. By limiting the 
extent of reaction, nongelling polymers may be obtained. However, 
these materials contain both hydroxyl and carboxyl endgroups 
and will gel upon storage. Empirical methods do not permit 
polymerization to a high degree of monomer conversion without 
gelation or the targeting of molecular weight, degree of branching 
or endpoint identity based on initial reactant stoichiometry. A 
more rational approach is required [40-43]. Using the Martin-
Smith model for the determination of initial monomer ratios (ratio 
of reactive functional groups), polymerization may be carried out 
of high degrees of monomer conversion without gelation. The 
materials generated have well-defined structure and a single type 
of endgroup. This approach is based on Macosko-Miller statistical 
probability and accounts for both differences in functional group 
reactivity and changes in reactivity as a consequence of partial 
substitution [43].

Hyperbranched poly(ester)s were prepared from two renewable 
biomaterials, glycerol and adipic acid, under conditions to avoid 
gelation and ensure the presence of hydroxyl endgroups. A polymer 
with molar mass of 1250 g/mol, a dispersity of 2.9 and a degree of 
branching of 30% was chosen for further modification to generate 
plasticizers. A series of ester end capped polymers was generated 
from the hydroxyl terminal hyperbranched material by treatment 
with 2-ethylhexanoyl chloride (HBPE-E), octanoyl chloride 
(HBPE-O) and benzoyl chloride (HBPE-B) [44]. For evaluation as 
plasticizers, these oligomers were blended with PVC at 5 and 15 
parts-per-hundred (phr). The effectiveness of plasticization was 
reflected in a reduction of the PVC glass transition temperature 
(Tg) as determined using differential scanning calorimetry (DSC) 
or dynamic mechanical analysis (DMA) [4]. Results are presented 
in Table 1. Unplasticized PVC and PVC plasticized with DEHP are 
included for comparison.

Table 1: Effectiveness of Ester Endcapped Hyperbranched Glycerol/Adipic Acid Oligomers as Plasticizers for PVC.

Plasticizer (15 phr)
Glass Transition Temperature (°C)/PVC-Plasticizer Blends

DSC DMA

HBPE-E 50 76

HBPE-O 68 97

HBPE-B 55 71

DEHP 58 82

None 83 100
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As may be noted all the oligomeric poly(ester)s are effective 
plasticizers for PVC. Two, HBPE-E and HBPE-B, are fully as effective 
as DEHP. All are liquid at room temperature are fully compatible 
with PVC. They offer great potential as nontoxic, nonmigrating 
replacements for phthalates as plasticizers for PVC.

Conclusion
Hyperbranched poly(ester)s from renewable biomonomers, 

glycerol and adipic acid, may be prepared using standard, cost-
effective techniques under conditions that permit control of 
molecular weight, avoid gelation, and ensure the presence of 
hydroxyl endgroups. The terminal endgroups may be converted to 
esters of varied structure to afford materials that are fluid at room 
temperature, thermally stable, fully compatible with a PVC matrix, 
provide effective plasticization of PVC at low levels of incorporation, 
and display low migratory potential. The ease of production from 
inexpensive, abundant biomaterials coupled with effectiveness 
and nontoxicity make these materials attractive candidates for 
commercial development as replacement for phthalates as PVC 
plasticizers.
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