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ABSTRACT: A novel plasticiser, Dioctyl Oligobutylene Terephthalate (DOOBT), was synthesised via esterification
using p-Phthalic acid, 1,4-Butanediol, and 2-Ethyl-1-hexanol. Subsequently, polyvinyl chloride (PVC) films plasticised
with DOOBT were prepared for characterisation. The chemical structure and properties of DOOBT and the resulting
PVC films were analysed using Fourier Transform Infrared Spectroscopy (FT-IR), gel permeation chromatography
(GPC), thermogravimetry (TG), Differential Scanning Calorimetry (DSC), scanning electron microscope (SEM) and
a universal testing machine. The results showed that DOOBT is a polyester compound with an extremely low
polymerisation degree. The glass transition temperature (Tg) of DOOBT-plasticized PVC products decreased signifi-
cantly from 82.13◦C to 23.95◦C. More importantly, DOOBT exhibited superior anti-migration and anti-volatilisation
properties compared to the conventional plasticiser dioctyl terephthalate (DOTP). Specifically, the migration rate
of DOOBT from PVC into ethanol was 37% lower than that of DOTP, and its migration rate into soybean oil was
only 84% of DOTP’s. Furthermore, the volatilisation rate of DOOBT-plasticized PVC was merely 41% of that of the
DOTP-plasticized counterpart. These findings comprehensively demonstrate the excellent plasticising efficacy and
outstanding migration resistance of DOOBT. A theoretical explanation for its dual functionality is provided, offering
a solid foundation for the development of high-performance, environmentally friendly plasticisers with permanent
anti-migration properties.
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1 Introduction

Plasticizers, also known as plasticisers, have long been one of the most widely used high-molecular
processing additives globally, and are extensively applied in products such as floors, tablecloths, cables,
toys, medical supplies, building materials and food packaging [1]. Especially in the processing of hard
plastic products like polyvinyl chloride (PVC) [2], their addition can even reach about 50% of the product’s
weight [3]. However, the commonly used conventional plasticizers, the phthalate esters (Dioctyl-Phthalate
(DOP), etc. accounting for approximately 80% of the market share) are highly prone to leaching out from
PVC [4,5], affecting the environment and ecology [6], even through water [7] and food [8], they can
harm human health [9], especially that of children [10]. Not only do they cause damage to the peripheral
nervous system [11,12], have embryotoxicity [13,14] and teratogenicity [15], but also interfere with the
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secretion of hormones in the body [16,17], leading to cancer and promoting the proliferation of cancer
cells [17,18]. Therefore, researchers have developed various environmentally friendly plasticizers, such as
C-(22)-Triesters of Tricarboxylic Acid [19], epoxidized cardanol esters [20], methyl eleostearate [21], and
other biobased plasticizers [22,23]. However, these so-called environmentally friendly plasticizers may also
have the potential to interfere with endocrine functions [24]. So researchers also synthesized polymer-based
plasticizers with anti-migration properties, such as low-molecular-weight biobased polyester rubber [25],
Branching Structured Poly (vinyl chloride-co-hydroxyethyl acrylate)-g-polycaprolactone [26], and other
migration-resistant polymeric plasticizer for poly (vinyl chloride) [27].

However, plasticizers and migration are like the fish and the bear’s paw—they cannot both be obtained.
Low-molecular-weight plasticizers have excellent plasticity, but they are highly prone to migration. The
high-molecular-weight plasticizers are resistant to migration, but their plasticity is not satisfactory. So, is
it possible to achieve both at the same time? This has been a problem that has plagued the industry for
decades. See Fig. 1. Take polybutylene terephthalate (PBT) as an example. Firstly, the molecular weight of
PBT is generally above 10,000 [28], while the molecular weight of polyester polyols is between 1000 and
3000 [29]. For polyester-based plasticizers, their molecular weight cannot be too high, but they often reach
or even exceed the molecular weight level of polyester polyols, usually ranging from 1000 to 8000 [1,29]. The
high molecular weight makes the plasticizer difficult to migrate, and such plasticizers are called permanent
plasticizers [3,30]. But this makes the plasticizer products have relatively high viscosity and poor plasticizing
performance, often requiring them to be compounded with traditional plasticizers and to be added after
the traditional plasticizers have performed plasticizing, causing many inconveniences in processing and
not completely replacing conventional plasticizers. However, due to the high molecular weight having the
property of resistance to migration, and its synthesis process being similar to that of polyester polyols, it is
difficult to obtain low polymers with excellent plasticizing performance. So, molecules with a molecular
weight ranging from DOP to 1000 should possess not only excellent anti-migration properties but also
superior plasticization properties, and this range falls within the unexplored area of research. It is a
completely new research field. Therefore, this article involves replacing phthalic acid with p-Phthalic acid
and replacing other alcohols with 1,4-Butanediol, which can be derived from biological fermentation. It
first innovates the process, studies and synthesizes a “Dioctyl Oligoester Terephthalate” plasticizer—Dioctyl
Oligobutylene Terephthalate (DOOBT), with a molecular weight of only about 1000.

Figure 1: Unstudied segments of oligomeric molecules.

Subsequently, its plasticizing performance was systematically investigated and compared with that of
DOP and DOTP, verifying its excellent plasticizing effect and superior migration resistance. The underlying
mechanism was also elucidated in detail.

The low-polyester plasticizer studied in this article is a new type of plasticizer product with a molecular
weight lying between that of single aromatic ring plasticizers (such as DOP, DOTP, etc.) and polyester-based
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plasticizers. Its molecular weight is usually greater than 400 and can reach up to around 1000. As shown in
Fig. 1, this special structure can bring many benefits. For instance, in the industry, it fills the gap for this type
of product; in application, such plasticizers often have better plasticizing performance than polyester-based
plasticizers (Requires blending and use together) and better anti-migration properties than phthalate-based
plasticizers. This provides an important reference for the development and innovation of anti-migration
plasticizers.

2 Methodology

2.1 Materials

p-Phthalic acid (PTA, 99%); 1,4-Butanediol (BDO, AR, 98%); 2-Ethyl-1-hexanol (98%); Dioctyl tereph-
thalate (DOTP, 98%); Titanium butoxide (RG, 98%), they all purchased from Shanghai Macklin Biochemical
Co., Ltd. (Shanghai, China); Polyvinyl chloride (PVC, DG-1000I), TianJin Dagu Chemical Co., Ltd. (Tianjin,
China); fatty acid calcium (Ca 6.6%~7.4%) and fatty acid zinc (Zn 10%~12%), they were purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd. (shanghai, China).

2.2 Preparation

2.2.1 Preparation of Dioctyl Oligobutylene Terephthalate (DOOBT)

Add 50 g PTA, 13.6 g BDO and 47 g 2-Ethyl-1-hexanol in a 250-cc round-bottomed, three-necked flask
provided with a mechanical stirrer, oil-water separator, reflux condenser and thermometer, then stir and
heat to 160◦C, add Titanium butoxide 0.1 g. Then gradually heat up to over 240◦C, stop stirring when no
water is flowing out. After cooling to room temperature, the device was changed to a distillation setup and
excess alcohols were removed by distillation using a vacuum oil ring pump (Nanjing, China) at 180◦C under
−0.09 MPa. The residue is DOOBT. The reaction equation can be found in Fig. 2.
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Figure 2: The synthesis equation of DOOBT.

2.2.2 Preparation of Plasticized PVC Test Specimens

Flexible PVC films were prepared according to a formulation ratio of PVC resin:plasticizer:stearic
acid salt = 100:40:6 (by weight). The raw materials were first dry-blended in a high-speed mixer for 2 min.
Subsequently, the pre-mixed compound was processed using a twin-roll open mill at 165◦C. The roller gap
was maintained at 2 mm, and the mixture was homogenized for 3–8 min using the triangular bag folding
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method to ensure thorough mixing and plasticization. The processed sheet was then hot-pressed at 165◦C to
obtain uniform PVC films with a thickness of approximately 0.4 mm. Finally, dumbbell-shaped specimens
(see Fig. 3) were die-cut from the films for subsequent mechanical property testing.

 

Figure 3: Style and size of dumbbell-shaped samples.

2.3 Characterizations

2.3.1 FTIR Analysis

The DOOBT was analyzed using the Infra-Red Spectrometer (iS50, Thermo Nicolet Corporation, USA).
The scanning range was 4000–400 cm−1.

2.3.2 GPC Analysis

The molecular weight distribution of DOOBT was analyzed by gel chromatography (Waters1515,
Waters Corporation, USA).

2.3.3 TG and DTG Analysis

Thermal properties of these plasticizers were analysed by a Thermogravimetric Analyzer (TG209F1,
NETZSCH-Gerätebau GmbH, Germany). Thermo gravimetric (TG) and differential thermogravimetric
(DTG) curves were recorded with this apparatus by use of an aluminium crucible with a cover punch. The
weight of the analytical sample was within the range 3.5–5.0 mg. The samples were heated in a static
nitrogen atmosphere within the range from 40◦C to 600◦C, and the heating rate was 10◦C/min.

2.3.4 DSC Analysis

The Tg of the samples were determined using the Diamond differential scanning calorimeter. (DSC
8000, PerkinElmer Instruments Co., Ltd., USA).

2.3.5 Tensile Performance Test

The tensile properties of the plasticized PVC film were tested using the Microcomputer-controlled
electronic universal testing machine (LD24.304, Lishi (Shanghai) Instruments Co., Ltd., China). The sensor
capacity was 10 kN, the test speed was 50 mm/min, and the test temperature was 23◦C. The test data were
the average values of 5 parallel samples.

2.3.6 Analysis of Migration Tolerance

The migration resistance of PVC films was tested according to the ASTM D 1239—1998 [31] method.
The sample size was 50 mm × 50 mm. The soaking solutions used were distilled water, 10% ethanol and
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soybean oil. The PVC films were immersed in different soaking solutions for 24 h. After the soaking process,
they were cleaned, dried, and placed in a vacuum oven at 30◦C for 24 h. The mass changes of the PVC films
before and after soaking were recorded, and the mass loss rate was calculated according to Eq. (1).

𝜂 =
𝑚1 − 𝑚2

𝑚1
× 100% (1)

In the equation: 𝜂—Mass loss rate, %; m1—Sample mass before soaking, g; m2—Sample mass after
soaking, g.

2.3.7 Volatility Analysis

The volatility of PVC films was tested according to the standard ISO 176:2005. The sample size was
50 mm × 50 mm, samples were covered with activated carbon and placed in a constant-temperature drying
oven at 70◦C for 24 h. After the process is completed, the sample is cooled to room temperature, the activated
carbon is wiped off, and then cleaned with ethanol and dried. Finally, it is placed in a vacuum drying oven
at 30◦C for 24 h. The change in the mass of the PVC film before and after the process is recorded, and the
mass loss rate is calculated according to Eq. (1).

2.3.8 SEM Analysis

The microscopic structure of the fracture surface of PVC after tensile testing was studied by scanning
electron microscopy (SEM).

3 Results

3.1 Structural Representation

The structure of the synthesized DOOBT was analyzed by infrared spectroscopy. The specific spectro-
gram can be found in Fig. 4.

Figure 4: FTIR spectra of DOOBT.

As can be seen from Fig. 4, a distinct double bond stretching vibration peak of C=O was observed at
1722 cm−1, while asymmetric stretching vibration peaks of C-O-C were observed at 1267 cm−1 and 1105 cm−1.
Moreover, in the spectrum, there was no OH stretching vibration peak of terephthalic acid in the range of
3335–2500 cm−1. This clearly indicates that terephthalic acid has completely transformed into DOOBT.
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3.2 The Result of GPC

The main characteristic that distinguishes DOOBT from DOTP and polymers is its low degree of
polymerization. Therefore, accurately determining its molecular weight distribution is of crucial importance.
Therefore, we conducted gel chromatography analysis on DOOBT. The details can be found in Fig. 5.

 

Figure 5: Gel chromatography of DOOBT.

In Fig. 5, two peaks are observed. The peak at 14.108 min accounts for only 35% and has a molecular
weight of 1210; the peak at 14.899 min accounts for as much as 65% and has a molecular weight of 743. It
landed precisely around 1000, and the majority of them were below 1000. This indicates that the synthesis
of DOOBT was very successful.

3.3 The Results of TG and DTG

To further determine the composition and thermal stability of DOOBT,we conducted thermogravimetric
analysis on it simultaneously with DOTP. The specific results are shown in Fig. 6.

 

Figure 6: TG and DTG curves of DOTP and DOOBT.
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It can be seen from Fig. 6 that the TG curve of DOOBT lags behind that of DOTP significantly and has
more than one weight loss step. This fully demonstrates that DOOBT has better thermal stability than DOTP
and that its composition is not a single compound (This is in perfect agreement with the analysis results of
GPC). Looking at the DTG spectrum, DOOBT shows two peaks at 301.4◦C and 384.9◦C, respectively, both of
which are significantly higher than the 285.9◦C of DOTP. This once again indicates that DOOBT has better
thermal stability and volatility resistance, and also confirms that DOOBT is indeed a low-molecular-weight
oligomer with a higher molecular weight than DOTP. Additionally, the residue of DOOBT is 1.57%, which
is also significantly higher than the 1.13% of DOTP, further confirming this point. Furthermore, DOOBT is
not a solid, which indicates that it is not a polymer, and its molecular weight lies between that of DOTP
and polyester. This is precisely the substance we need to synthesize.

3.4 The Result of DSC

In order to determine the plasticizing performance of DOOBT and the glass transition temperature of
the PVC plasticized by it, we conducted DSC analysis on the PVC products that were plasticized by DOOBT
and compared them with pure PVC. The specific results are shown in Fig. 7.

Figure 7: DSC curves of glass transition of PVC and plasticized PVC.

As can be seen from Fig. 7, the Tg of PVC plasticized by DOOBT is 23.95◦C, Like other polyester
plasticizers, they are all higher than that of PVC plasticized by DOP (−10◦C), but it’s significantly better
than that of polyester-based plasticizers (Difficult to be molded and shaped). While that of pure PVC is
82.13◦C, reduced by 58 degrees Celsius, it is significantly better than that of polyester-based plasticizers.
This indicates that DOOBT has a good plasticizing effect on PVC.

3.5 Mechanical Properties and SEM

To further determine the mechanical properties of the DOOBT-plasticized PVC synthesized, tensile
tests were conducted on the plasticized PVC films. The specific stress-strain curves are shown in Fig. 8.

From the stress-strain curve graph, it can be seen that the curves of the five samples are almost the
same, indicating that the PVC products are uniformly mixed and DOOBT has good plasticizing performance.
Additionally, the tensile strength of the samples is 18.63 MPa, the elongation at break is 155% (not as good
as 327.58% for DOP), and the tensile elastic modulus is 635 MPa (average value). This fully demonstrates
that the PVC plasticized by DOOBT has good plasticization performance and mechanical properties. Its
plasticity is significantly superior to that of polyester-based plasticizers. Its performance lies between that
of polyester and DOP, providing a better option for plastic processing. Furthermore, we also conducted
SEM analysis on the cross-sectional morphology of the samples, and details can be found in Fig. 9.
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Figure 8: Stress-strain diagram.

 

Figure 9: SEM photo of the fracture surface of PVC film.

In Fig. 9, there is no obvious cracking in the PVC cross-section. Instead, there is a clear wire-like
texture with uniform distribution, which fully demonstrates that DOOBT has good compatibility with PVC
and has already entered the PVC chain segments, achieving a good plasticizing effect.

3.6 Extraction and Volatility

For PVC films plasticized with different plasticizers, the extraction resistance properties in aqueous so-
lution, ethanol solvent and soybean oil were systematically characterized, while their volatility performance
was also evaluated in parallel. All the test results are shown in Table 1.

Table 1: Test results of extraction and volatility of plasticized PVC films.

Solution/Weight Loss/% Water 10% Ethanol Soybean Oil Volatility

DOOBT/PVC 0.06 0.05 0.11 0.35
DOTP/PVC 0.04 0.08 0.70 0.86
DOP/PVC 0.04 -* 1.04 5.54

*An increase in quality, indicates reverse inhalation of ethanol.

As shown in Table 1, the migration behavior of DOP-plasticized PVC is markedly inferior to that of
its DOTP-plasticized counterpart. Notably, the DOP-plasticized PVC exhibited weight gain in ethanol,
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suggesting high solubility and a propensity for substantial long-term leaching. In contrast, DOOBT-
plasticized PVC demonstrated significantly enhanced stability. While its migration in water was comparable
to that of the DOTP-based sample, DOOBT achieved a 37% reduction in migration into ethanol and an 84%
reduction in migration into soybean oil. Furthermore, the volatilization resistance of DOOBT was notably
superior. The volatilization rate of DOOBT-plasticized PVCwas measured to be only 41% of that observed for
the DOTP-plasticized control. These results comprehensively demonstrate that DOOBT imparts excellent
solvent migration resistance and anti-volatilization properties to PVC. The data confirm that DOOBT is a
high-performance anti-migration plasticizer. More importantly, this finding validates the initial hypothesis:
properly designed polyester-based plasticizers can indeed reconcile effective plasticization with permanent
migration resistance, bridging a key performance gap in conventional plasticizer technology.

4 Mechanism

Research shows that DOOBT not only has excellent plasticizing performance but also possesses
exceptionally outstanding anti-migration properties. Then, why do oligomeric esters like DOOBT have both
plasticizing and anti-migration properties? To explain this phenomenon, this study analyzed its mechanism,
as detailed in Fig. 10.

 
Figure 10: Plasticizing model of PVC by DOOBT.

Firstly, DOOBT, as a low-polymerization-degree polyester, shares key structural motifs (benzene rings,
alkyl chains, and ester groups) with conventional plasticizers like DOP. This structural similarity ensures
that its compatibility with PVC is comparable to that of DOP, providing a fundamental basis for effective
plasticization.

Secondly, although DOOBT possesses a certain degree of polymerization, its oligomeric chain length is
significantly shorter than that of typical polymers. This structural feature endows it with excellent fluidity
and processing characteristics similar to small-molecule plasticizers, thereby avoiding the severe loss of
plasticizing efficiency commonly observed in high-molecular-weight polymeric plasticizers.

Most importantly, this precisely controlled, extremely low degree of polymerization is the key to its
dual functionality. It enables DOOBT to achieve a remarkable balance between effective plasticization and
permanent anti-migration properties. As illustrated in Fig. 10 (indicated by the hollow arrow), the proposed
migration mechanism is as follows: For small-molecule plasticizers like DOP, once the intermolecular
forces (e.g., dipole-dipole interactions) with the PVC matrix are weakened or disrupted by a solvent, DOP
molecules can readily migrate out. In contrast, DOOBT’s oligomeric structure provides multiple anchoring
points to the PVC chains. Even if one end of the DOOBT molecule is solvated, the remaining segments
remain firmly associated with the PVC matrix, effectively "locking" the plasticizer within the polymer
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network. Macroscopically, this translates into the observed significantly enhanced resistance to migration
and extraction.

The excellent plasticizing performance and superior migration resistance of DOOBT can be attributed
to its unique molecular structure, which bridges the gap between small-molecule and polymeric plasticizers.

5 Conclusions

In this study, a novel plasticiser, namely Dioctyl Oligobutylene Terephthalate (DOOBT), was synthesised
using p-Phthalic acid, 1,4-Butanediol, and 2-Ethyl-1-hexanol as raw materials, which integrates both
favorable plasticising performance and outstanding migration resistance. The as-synthesised DOOBT was
blended with polyvinyl chloride (PVC) and stearate salts to prepare composite films. Characterisations via
Fourier-transform infrared spectroscopy (FT-IR), gel chromatography (GPC) and thermogravimetric analysis
(TGA) verified that DOOBT is a polyester compound with an extremely low degree of polymerisation.
Subsequent differential scanning calorimetry (DSC) and tensile mechanical tests demonstrated that DOOBT
exhibits excellent plasticssing efficiency. Solvent migration tests and volatilisation tests further confirmed
the exceptional anti-migration performance of DOOBT as a plasticiser. A theoretical mechanism accounting
for the simultaneous realisation of plasticising effect and anti-migration property was proposed, which
provides a fundamental theoretical support for the development of eco-friendly anti-migration plasticisers.
Currently, the practical applications of monoester and high-molecular-weight polyester plasticisers have
proven their stable reliability, while the only limitation of DOOBT lies in its unique paste-like fluid state,
which is neither a typical solid nor a free-flowing liquid. Therefore, follow-up research will be further
intensified to achieve the targeted synthesis of a liquid low-polymerised polyester anti-migration plasticiser
at an early stage.
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