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ABSTRACT: The development of efficient and migration-resistant plasticizers from renewable resources is an
important challenge for the modern polymer industry. This work presents a thermodynamic approach for the rapid
screening of novel bio-based plasticizers-esters of dicarboxylic acids. Using differential scanning calorimetry (DSC),
the temperatures and enthalpies of melting and crystallization of the individual esters were determined, and the
hysteresis of phase transition parameters was calculated as a predictive indicator. It is shown that bio-based butoxyethyl
esters are characterized by low temperature hysteresis AT ~ 20°C and enthalpy hysteresis close to zero, indicating
weak intermolecular interactions and equilibrium crystallization. In contrast, phenoxyethyl esters exhibit pronounced
hysteresis with AT up to 76°C and significant variations in the AHyy parameter. The negative value of AHyy for
decylphenoxyethyl adipate (-63.4 J/g) indicates a thermodynamic predisposition towards the formation of highly
ordered structures. To validate the thermodynamic predictions, the bio-based plasticizers were incorporated into a
model polyvinyl chloride (PVC) matrix and studied by dynamic mechanical analysis (DMA). DMA data confirmed that
phenoxyethyl esters with high AT values induce microphase separation in the PVC matrix, manifested as two distinct
mechanical loss peaks, which correlates with an increased risk of migration. However, due to specific interactions
with PVC, these esters impart enhanced modulus and thermal stability to the composites. Bio-based butoxyethyl
esters, which form homogeneous systems, are, in contrast, optimal candidates for creating migration-resistant materials
requiring high elasticity. The proposed thermodynamic criteria represent an effective tool for the rational design and
selection of bio-based plasticizers depending on the required property profile.
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1 Introduction

The development of effective plasticizers from renewable sources is an important challenge driven by
the need to replace toxic phthalates [I-5]. Polyvinyl chloride (PVC) is a demanding matrix for testing new
materials due to its large production volume [6,7]. This study focuses on novel bio-based plasticizers-esters of
dicarboxylic acids—and their evaluation in PVC. By embedding into the polymer matrix, these compounds
increase free volume and segmental mobility, improving elasticity and processability [3,4].

Phthalates, despite their favorable characteristics [8], pose significant health risks [5,9,10], leading to
stringent regulations [11-13] and the need for migration-resistant alternatives [14,15]. The transition to third-
generation plasticizers emphasizes biodegradability and renewable sourcing [16-24].

Recent research has increasingly focused on bio-based alternatives derived from renewable resources,
aligning with global sustainability goals and circular economy principles [25,26]. A particularly illustrative
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example is the development of plasticizers from cashew nutshell liquid (CNSL), an agricultural waste
product. Cardanol, the principal CNSL component, features a phenolic ring with a long C15 alkyl chain—a
structural motif demonstrating promising PVC plasticization performance [27,28]. This combination of an
aromatic fragment for compatibility and a flexible aliphatic chain for mobility bears striking similarity to
the phenoxyethyl adipates investigated in the present study, suggesting common design principles for bio-
inspired, high-performance plasticizers [29,30]. Other renewable feedstocks successfully explored include
vegetable oils (soybean, castor, palm), tartaric acid, citric acid, succinic acid, gallic acid, rosin, isosorbide,
and various plant biomass extracts [5,31-33]. It is worth noting that the diester structures investigated here
are not limited to PVC plasticization. Similar ester-based plasticizers have recently demonstrated excellent
performance in other polymer matrices, such as poly(lactide) (PLA), where the chain length of geraniol
esters governs the plasticization efficiency [34]. This versatility highlights the broader relevance of our
thermodynamic hysteresis approach for designing bio-based plasticizers across different polymer systems.

The fundamental basis for predicting plasticizer migration lies in the thermodynamics of polymer-
plasticizer systems. Real systems deviate from ideality due to specific intermolecular interactions, creating
kinetic barriers during phase transitions [35-37]. This manifests as phase transition hysteresis—a disparity
between melting and crystallization parameters—which serves as a sensitive indicator of a compound’s
tendency to self-organize [38,39]. Although hysteresis is a universal phenomenon, its implications for
migration in molecular systems such as plasticizers remain unexplored [40]. Molecular dynamics sim-
ulations have demonstrated that plasticizers can be expelled from crystalline regions during polymer
crystallization, concentrating in amorphous domains and potentially initiating migration [41]. While surface
modification strategies (plasma treatment, coating, crosslinking) can reduce migration by 75%-98%, they
address symptoms rather than fundamental causes [42]. A more fundamental solution lies in the molecular
design of plasticizers that are thermodynamically predisposed to remain stably integrated within the PVC
matrix—a principle probed through careful analysis of phase transition parameters [43,44].

Among emerging bio-based plasticizers, adipate esters have attracted particular attention due to their
excellent low-temperature flexibility, biodegradability, and structural versatility [5,45]. Adipic acid-derived
plasticizers can be functionalized with various alcohol moieties, enabling fine-tuning of compatibility,
plasticization efficiency, and migration resistance [46].

The aim of this work was to establish a direct correlation between the molecular structure of new dicar-
boxylic acid esters derived from renewable resources (specifically, butoxy- and phenoxyethyl derivatives) and
their predicted migration stability. To achieve this goal, a thermodynamic approach based on the analysis of
the phase transition hysteresis of the individual bio-based esters was employed. The hysteresis parameters
are proposed as quantitative criteria for selecting plasticizers that ensure long-term stability of the polymer
material. This study provides a scientific basis for the development of effective and environmentally safe
alternatives to traditional phthalate plasticizers, contributing to the advancement of renewable materials for
high-performance applications.

Fig. 1 outlines the step-by-step experimental methodology. The synthesis of asymmetric and symmetric
diesters was carried out at 110°C-120°C under reflux with p-toluenesulfonic acid as catalyst. PVC compo-
sitions were prepared with 40 phr plasticizer, 2 phr tribasic lead sulfate and 1.5 phr calcium stearate, mixed
at 60°C for 5 min, and compression-molded at 170°C and 10 MPa for 5 min. DSC scans were performed
at 5 K/min under nitrogen. DMA measurements were conducted at 1 Hz with a heating rate of 3°C/min.
Migration tests were carried out in water, ethanol/water and vegetable oil at 50°C for 24 h.



J Renew Mater. 2026;14(8):6 ’
Reaction with
SYNTHESIS A 6 water removal
PROCESSING E |’| % Egtcprrgzé?r?g&
|7 | Thermal analysis &
ANALYSIS |/‘/ = migration testing

Figure 1: The general scheme of the research methodology.

2 Materials and Methods
2.1 Materials

PVC used in this study was a commercial suspension-grade resin (brand S-7058M, supplied by JSC
“Bashkir Soda Company”, Sterlitamak, Russia). Its viscosity average molecular weight (Mv) was 5.5 x 10%.
Adipic acid (299.8%, melting point 152.3°C), azelaic acid (>99.5%, melting point 106°C-108°C), and sebacic
acid (>99.5%, melting point 131°C-134°C) were purchased from Vekton LLC (Russia). Butoxyethanol
(299.2%, density 0.901 g/cm® at 20°C) was supplied by SintezOrg CJSC (Russia). Phenoxyethanol (>99.5%,
density 1.107 g/cm® at 20°C) was obtained from ChimReaktiv LLC (Russia). Butanol (>99.4%, density
0.810 g/cm” at 20°C) and decanol (>98.8%, density 0.829 g/cm’ at 20°C) were purchased from Vekton LLC
(Russia). p-Toluenesulfonic acid (pTSA, >98.5%) used as a catalyst and toluene (anhydrous, 99.8%) used as
a solvent were supplied by Sigma-Aldrich. All chemicals were used as received without further purification.

2.2 Methods

Synthesis of asymmetric esters (alkyl butoxyethyl adipates and alkyl phenoxyethyl adipates). The asymmet-
ric diesters were synthesized via a two-step esterification reaction. In a typical procedure, 0.5 mol of adipic
acid, 0.5 mol of the first alcohol (butoxyethanol or phenoxyethanol), 0.005 mol of p-toluenesulfonic acid as a
catalyst, and 150 mL of toluene as a solvent were placed in a three-necked round-bottom flask equipped with
a reflux condenser, a thermometer, and a Dean-Stark trap. The mixture was heated to reflux (approximately
110°C-120°C) and stirred until the calculated amount of water (0.5 mol) was collected in the Dean-Stark
trap, indicating the completion of the first esterification step and the formation of the monoester.

Subsequently, the second alcohol (aliphatic alcohol, 0.55 mol) was added dropwise through a dropping
funnel. The reaction mixture was refluxed again until an additional 0.5 mol of water was collected. After
completion, the mixture was cooled to room temperature. The organic layer was washed sequentially with 5%
aqueous NaHCO; solution, distilled water, and saturated sodium chloride solution to remove the catalyst and
unreacted acids. The organic phase was then dried over anhydrous sodium sulfate for 12 h. After filtration,
the solvent was removed under reduced pressure using a rotary evaporator. The obtained product was dried
under vacuum at 60°C to constant weight. The yield of all asymmetric diesters exceeded 86%.

Using this method, the following asymmetric esters were prepared: butylbutoxyethyl adipate (butyl-
BEA), octylbutoxyethyl adipate (octy]lBEA), butylphenoxyethyl adipate (butylPEA), i-butylphenoxyethyl
adipate (i-butylPEA), decylphenoxyethyl adipate (decylPEA).
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Synthesis of symmetric esters (diphenoxyethyl esters). Symmetric diesters were prepared by a single-
step esterification. A mixture of 0.5 mol of dicarboxylic acid (adipic, azelaic, or sebacic acid), 1.1 mol of
phenoxyethanol, 0.005 mol of p-toluenesulfonic acid, and 150 mL of toluene was refluxed with a Dean-Stark
trap until 1.0 mol of water was collected. The reaction mixture was then cooled, washed, dried, and the solvent
removed as described above. The yield exceeded 88%.

The following symmetric esters were obtained: diphenoxyethyl adipate (DPEA), diphenoxyethyl azelate
(DPEAz), diphenoxyethyl sebacate (DPES) (Fig. 2).

Figure 2: Diphenoxyethyl sebacate.

Preparation of PVC compositions. The formulation comprised 100 parts by weight of PVC (S-7058M),
40 parts by weight of the investigated ester (acting as a plasticizer), and a standard thermal stabilizer (2
parts by weight of tribasic lead sulfate and 1.5 parts by weight of calcium stearate). The components were
mixed in a laboratory mixer at 60°C for 5 min to ensure homogeneity. The resulting dry blends were then
compression-molded into rectangular specimens (50 x 10 x 2 mm®) at 170°C under a pressure of 10 MPa for
5 min, followed by cooling under pressure to room temperature.

Differential Scanning Calorimetry (DSC). The phase transition temperatures (melting point, Ty,, and
crystallization point, T.;) and the corresponding enthalpies (AH,,, AH,;) of the synthesized esters were
determined using a differential scanning calorimeter DSC1 (Mettler Toledo, Switzerland). Samples of 4-8 mg
were placed in sealed aluminum pans (40 pL). Measurements were performed under a dynamic nitrogen
atmosphere (flow rate 80 mL/min) to prevent oxidative degradation. The thermal protocol consisted of:

1. Heating from 25°C to 120°C at a rate of 5 K/min and holding for 15 min to erase the thermal history.
2. Cooling to —110°C at a rate of 5 K/min to record the crystallization exotherm.
3. Reheating to 120°C at a rate of 5 K/min to record the melting endotherm.

Ty and T, were taken as the peak maximum of the endothermic and exothermic transitions, respec-
tively, using the STARe software. Enthalpies (AH,,, AH,,) were determined by integrating the peak areas.
Each sample was analyzed in triplicate, and the reported values are the mean. The uncertainty in temperature
measurement was +0.3°C, and the relative uncertainty in enthalpy was +3%. The hysteresis of phase
transitions was calculated as AT = Ty, — Te; and AHpy = | AHp| — |AH|.

Dynamic mechanical analysis (DMA). DMA measurements were performed on a dynamic mechanical
analyzer (DMA-242, Netzsch 70, Germany) in the three-point bending mode. The temperature range was
from —100°C to 100°C at a heating rate of 3°C/min and a frequency of 1 Hz. The storage modulus (E ), loss
modulus (E"), and mechanical loss factor (tand = E”/E,) were recorded as a function of temperature. The
glass transition temperature (T;) was determined as the peak maximum of the tand curve. The shape of
the tand peak (single, double, or broadened) was used as an indicator of the system’s homogeneity and the
presence of microphase separation.

Method for Determining Plasticizer Migration. A 50 mm x 50 mm square was cut from a PVC film with

a thickness of 0.2-0.5 mm (sample weight ~10 g). The sample was conditioned for 24 h at 50°C in extractants
(water, 30%-50% ethanol, vegetable oil) at a 1:10 sample-to-extractant ratio. The sample was weighed before
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(myp) and after (m; ) exposure using an analytical balance (accuracy 0.0001 g). The mass loss was calculated as
Am = (my — m;)/my x 100%. The acceptable migration limit is <2%-5%, depending on the film application.

3 Results and Discussion

3.1 Synthesis and Characterization of Esters

Earlier works described the preparation and investigation of the characteristics of esters of ethoxylated
alcohols [43-46]. Briefly, the esters were obtained via an esterification reaction of adipic, azelaic, or sebacic
acid with the corresponding alcohols (butanol, octanol, decanol, i-butanol, butoxyethanol, phenoxyethanol)
in the presence of an acid catalyst (Fig. 3).

Hea1t%g1t§0rglux 5 Derlpw'i‘sei gdgitigﬂ of QMQ Re1t1agt$g0reélux
-120° coho S -120°
( ) i WKV\)L (ROH) )
—_— OR, E———) —_—
i b, b
-0 moth Adipic acid S
monoester
[HOOC(CH,),COOR]
' Vacuum
Cooling ) drying (60°C) o
Reaction mixture Sequential washing Drying over Solvent removal " .
diester o?organic layer: anhydrous (rotary evaporator) g“g&é&;ﬁaiego ORJ]
5% NaHCO, Na,S0, (12 h) ! Sabbaahc
Water Filtration
Saturated NaCl

Figure 3: Synthesis scheme of adipates.

The yield of all diesters exceeded 86%. The synthesized compounds are characterized by a low acid
number (<0.05 mg KOH/g) and minimal volatility (weight loss <1% at 150°C) (Fig. 3). These characteristics
are essential prerequisites for their application as PVC plasticizers, as they prevent thermal degradation of
the polymer during processing and reduce the initial tendency for migration.

The process performance is verified through several complementary methods. First, the yields of 86%
and 88% refer to isolated purified products after washing, drying, and solvent removal. For a two-step
esterification reaction of dicarboxylic acids with bulky alcohols (butoxyethanol, phenoxyethanol) using
an acid catalyst, these yields are considered very good. Typical literature values for similar esterifications
range from 70% to 90%; above 85% is generally regarded as efficient, especially when the products are
oily liquids requiring careful purification. Second, the quality of the synthesis is confirmed by low acid
numbers (<0.05 mg KOH/g) and minimal volatile content, indicating high purity and negligible unreacted
starting materials. Third, FTIR spectra show complete disappearance of O-H and free carboxylic C=0 bands,
confirming reaction completion. Thus, yields of 86%-88% together with these analytical data demonstrate
reliable and reproducible process performance.

It is important to note that all key components used in this study—the dicarboxylic acids (adipic, azelaic,
and sebacic acids) and the alcohols (butoxyethanol, phenoxyethanol, butanol, and decanol)—can be derived
from renewable sources [16,17,29].
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The dicarboxylic acids employed in this work are well-recognized bio-based building blocks [17,29].
Adipic acid can be obtained from renewable biomass through the catalytic conversion of sugars (e.g.,
glucose from starch or cellulose) or via fermentation of aromatic compounds derived from lignin [16,28].
Recent advances have demonstrated integrated biological routes using engineered strains of Pseudomonas
putida [17]. Azelaic acid is produced industrially by the ozonolysis of oleic acid, which is obtained from
vegetable oils such as high-oleic sunflower oil or tall oil [2,5]—a direct use of renewable plant feedstock.
Sebacic acid has traditionally been manufactured from castor oil, a renewable agricultural raw material,
through the alkaline cracking of ricinoleic acid [23,25,30]. This has been an industrial practice for decades,
confirming the viability of bio-based production.

The alcohol components are similarly accessible from renewable feedstocks. Aliphatic alcohols such as
butanol and decanol can be obtained via biomass fermentation (bio-butanol) or from bio-ethylene [16,29].
Phenoxyethanol can be synthesized from phenol (potentially bio-based) and bio-ethylene oxide, while
butoxyethanol is typically produced from butanol and ethylene oxide, both of which can be derived from
renewable sources [29].

Thus, the esters synthesized in this work represent a class of plasticizers with fully or partially bio-
based origin, aligning with the principles of green chemistry and sustainable development. The plasticizers
presented here possess the potential for complete transition to bio-based feedstocks, directly corresponding
to the core aims and scope of the journal.

3.2 Phase Transition Parameters from DSC

In addition to the characteristics listed above, the thermophysical parameters, including the melting
and crystallization temperatures, as well as the enthalpies of these processes, are of significant importance
for the use of a compound as a plasticizer. They determine the behavior of the plasticizer during processing
and service, as well as its tendency to migrate and the long-term stability of the polymer composition [7,25].

Determining the values of the specific heat of phase transitions (AHy,, AH,,) of plasticizers provides
important information about their properties and compatibility with the polymer matrix. Of particular
importance is the correlation of the enthalpy of fusion with the temperature coefficient of solubility, which
does not depend on the composition of the solution. This statement is of fundamental importance in the
thermodynamics of solutions and is based on the Schroder-van Laar Fq. (1):

Inx = (AH,/R) - (1/Ty - 1/T) ey

where x is the mole fraction of the solute (plasticizer),
AH,, is its enthalpy of fusion,
R is the universal gas constant,
Ty, is its the melting point,
T is the solution temperature.

The temperature coefficient of solubility is determined by the derivative (2):

d(Inx)/dT = AH,,,/R - T? ()

This ratio shows that the steepness of the temperature dependence of solubility is determined solely by
the enthalpy of fusion of the substance and does not depend on the nature of the solvent.



] Renew Mater. 2026;14(8):6 7

The practical significance of the phenomenon for plasticizers is as follows:

1. Predicting the behavior of plasticizers: knowledge of AH,,, makes it possible to predict how the solubility
of the plasticizer in the polymer will change with temperature fluctuations during operation;

2. Assessment of migration tendency: plasticizers with high AH,, values demonstrate a sharper depen-
dence of solubility on temperature, which can lead to exudation during temperature cycles;

3. Optimization of processing temperature conditions: for materials intended for operation in a wide
temperature range, plasticizers with moderate AH,, values are preferable.

Thus, studies of the phase transitions of plasticizers make it possible to establish strict quantitative
relationships between the energy characteristics of the phase transitions and the molecular structure of the
synthesized compounds. The data obtained are essential for predicting the behavior of plasticizers during
the processing and operation of polymer compositions.

The phase transitions of the synthesized esters were studied by differential scanning calorimetry.
The thermograms (Figs. 4-7) show endothermic melting peaks in the heating mode and exothermic
crystallization peaks during cooling. The obtained values of temperatures and enthalpies are summarized
in Table 1.
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Figure 4: DSC thermograms of alkylbutoxyethyl adipates. (a) DSC thermogram of butylbutoxyethyl adipate. (b) DSC
thermogram of octylbutoxyethyl adipate.
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Figure 5: DSC thermograms of alkylphenoxyethyl adipates. (a) DSC thermogram of butylphenoxyethyl adipate. (b)
DSC thermogram of decylphenoxyethyl adipate.
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Figure 6: DSC thermograms of phenoxyethyladipates. (a) DSC thermogram of diphenoxyethyl adipate. (b) DSC
thermogram of i-butylphenoxyethyl adipate.
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Figure 7: DSC thermograms of symmetrical phenoxyethyl esters. (a) DSC thermogram of diphenoxyethyl azelate. (b)
DSC thermogram of diphenoxyethyl sebacate.

Table 1: Parameters of phase transitions of esters according to DSC data.

Ester Abbreviation T, °C AH,,, J/g T, °C AH, J/g
Butylbutoxyethyl adipate butylBEA -42.2 0.6 -64.0 -0.3
Octylbutoxyethyl adipate octylBEA -40.3 14.1 -60.5 -9.4

Butylphenoxyethyl adipate butylPEA 872 113.5 12.2 -111.6
Decylphenoxyethyl adipate decylPEA 84.0 67.8 8.0 -131.2
i-Butylphenoxyethyl adipate i-butylPEA 89.3 121.7 15.,0 -118.7
Diphenoxyethyl adipate DPEA 98.1 173.6 39.1 -99.1
Diphenoxyethyl azelate DPEAz 96.3 106.7 35.5 -81.5
Diphenoxyethyl sebacate DPES 70.5 79.3 28.8 -71.6

The obtained data demonstrate a pronounced dependence of the thermodynamic parameters of phase
transitions on the nature of the substituent in the ester molecule. Butoxyethyl adipates remain liquids at
negative temperatures, characterized by low melting enthalpies and weak intermolecular interactions. In
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contrast, all phenoxy-substituted esters are solid substances with high melting points and enthalpies, which
indicates the presence of strong specific interactions (dipole-dipole and 7-7 stacking) in the crystal lattice.

3.3 Hpysteresis Analysis

An important aspect of the analysis is the comparison of the melting and crystallization processes. For all
compounds, especially for phenoxy derivatives, there is a significant difference between the absolute values
of AHy, and AH,, (JAH,,| > |AH,,|), as well as significant temperature hysteresis (AT = Ty, — T,,). To quantify
this effect, the enthalpy hysteresis (AHpys = |AHp | — |AH,,|) was calculated, the values of which are presented
in Table 2.

Table 2: Hysteresis of phase transition parameters of asymmetric esters.

Ester AT, °C AHpyst, J/g
Butylbutoxyethyl adipate 21.8 0.3
Octylbutoxyethyl adipate 20.2 4.7

Butylphenoxyethyl adipate 75.0 1.9

Decylphenoxyethyl adipate 76.0 -63.4

i-Butylphenoxyethyl adipate 74.3 3.0
Diphenoxyethyl adipate 59.0 74.5
Diphenoxyethyl azelate 60.8 252
Diphenoxyethyl sebacate 41.7 7.7

The low values of temperature hysteresis and the enthalpy hysteresis values close to zero, characteristic of
butoxyethyl esters, indicate rapid, nearly equilibrium crystallization of these compounds. Positive enthalpy
hysteresis (|AHp,| > |AH,,|), observed, for example, for butylphenoxyethyl adipate (AHyy = +1.9 J/g), points
to incomplete crystallization and the formation of a metastable structure upon cooling from the melt [26-28].
In this case, part of the energy remains “frozen” in crystal lattice defects or in the amorphous phase.
According to the thermodynamic description of hysteresis, such metastability implies the accumulation of
free energy in the system, which can subsequently act as a driving force for long-term relaxation processes
and, within a polymer matrix, can manifest as slow migration of the plasticizer.

The length of the alkyl chain in the series of asymmetric phenoxyethyl esters plays a crucial role.
Lengthening the chain from butyl to decyl leads to a qualitative leap: AHyys changes sign from positive
(+1.9 J/g) to sharply negative (-63.4 J/g) for decylphenoxyethyl adipate. Such a negative value means that
significantly more energy is released during crystallization from the supercooled melt than was absorbed
during melting. This is only possible if a more perfect polymorphic modification or a denser molecular
packing is formed compared to the original sample [25]. The combination of large temperature hysteresis
(AT = 76°C) and negative AHyy; indicates a high kinetic barrier to nucleation which, once overcome, leads
to the formation of an exceptionally stable crystalline structure.

According to the thermodynamic description of hysteresis [39], such metastability implies that part of
the free energy remains “frozen” in the system, accumulating in the form of structural defects or incomplete
molecular ordering. This accumulated energy subsequently acts as a driving force for long-term relaxation
processes, which in a polymer matrix can manifest as slow migration of the plasticizer.
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From the perspective of the Bertotti concept [47-50], such a pronounced negative value of AHpys means
that the energy dissipated during crystallization from the supercooled melt exceeds the change in free energy
between the initial and final states. This is possible only if the final crystalline state is significantly more
ordered than the initial one, and the process itself is accompanied by extensive molecular rearrangement and
the release of significant energy.

3.4 Dynamic Mechanical Analysis of PVC Compounds

Hysteresis analysis allows not only to characterize the kinetics of crystallization, but also to predict the
behavior of the plasticizer in the polymer matrix. To validate the thermodynamic predictions derived from
the pure biosourced compounds, they were incorporated into a model PVC matrix (40 phr) and the resulting
blends were studied by dynamic mechanical analysis (Table 3, Figs. 8-15).

The DMA data obtained on the model PVC blends correlate well with the hysteresis parameters of
the pure biosourced plasticizers. Butoxyesters, which have small positive hysteresis, show a single narrow
peak on the mechanical loss curves (tand) (Fig. 8), which corresponds to a homogeneous distribution of the
plasticizer and the absence of microphase separation. Low glass transition temperatures (down to —61.3°C)
confirm their high plasticizing efficiency.

Table 3: Results of dynamic mechanical analysis of PVC plastics.

Ester E, MPa (-80°C) T,°C T4 °C  Tg,°C Tigsmax °C tgd max T¢-Ts, °C
butylBEA 3400 -62.0 =371 17.3 23.7 0.335 79.3
octyBEA 6000 -73.3 —-61.3 40.0 20 0.300 113.3
butylPEA 7250 -47.8 -20.5 8.4 11.1/69.9 0.238/0.552 56.2
decylPEA 5000 -50.7 =311 11.5 9.7/65.6 0.212/0.510 62.2

i-butylPEA 7000 -31.2 -12.4 9.3 11.4/67.4 0.265/0.480 40.5

DPEA 4850 -17.2 7.4 23.5 29.6 0.420 40.7

DPEAz 8170 -26.1 -14.6 10.5 19.7 0.395 36.6

DPES 8350 -32.7 -19.9 4.0 15.7 0.290 36.7

DOP 5800 -29.4 -26.2 23.2 30 0.410 52.6

DOA 3350 -78.4 —-65.7 3.2 24 0.338 81.6

DINA 3800 -73.0 -62.7 -33.5 -3.9 0.302 39.5
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Figure 8: DMA thermogram of butylbutoxyethyl adipate.
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Figure 11: DMA thermogram of decylphenoxyethyl adipate.
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Figure 12: DMA thermogram of diphenoxyethyl adipate.
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Figure 13: DMA thermogram of i-butylphenoxyethyl adipate.
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Figure 14: DMA thermogram of diphenoxyethyl azelate.
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Figure 15: DMA thermogram of diphenoxyethyl sebacate.

Asymmetric phenoxyesters (butyl, decyl and i-butyl derivatives), characterized by large temperature
hysteresis, exhibit two distinct tand peaks on the DMA thermograms (Figs. 8-13). The low-temperature peak
corresponds to the glass transition of the plasticizer-enriched phase, and the high-temperature peak (65°C-
70°C) corresponds to the presence of regions with limited molecular mobility, i.e., microphase separation.
This is especially pronounced for decylphenoxyethyl adipate, which in DSC showed a unique combination
of high AT and negative AHyy. Apparently, strong -7 interactions of the aromatic fragments contribute to
the formation of physically cross-linked nanoscale aggregates in the PVC matrix [27].

Symmetric diphenoxyesters (DPEA, DPEAz, DPES), despite very high melting enthalpies and large
positive hysteresis (for adipate AHyys; = 74.5 J/g), give only one, although sometimes broadened, tan §
peak (Fig. 15). This indicates that the symmetric structure of the molecules allows them to distribute
better between the PVC chains without forming separate microphases, however, the plasticization efficiency
remains low (glass transition temperatures higher than those of butoxyesters).

The microphase separation suggested by the two distinct tand peaks in the DMA analysis for asymmetric
phenoxyethyl esters is directly confirmed by SEM imaging (Fig. 16a), which reveals a heterogeneous surface
morphology. In contrast, the single tand peak observed for symmetric diphenoxyethyl esters correlates with
a smooth and homogeneous SEM micrograph (Fig. 16b), indicating a uniform distribution of the plasticizer
within the PVC matrix.

Figure 16: SEM micrographs of PVC compounds plasticized with (a) butylphenoxyethyl adipate, showing microphase
separation (indicated by arrows), and (b) diphenoxyethyl sebacate, revealing a homogeneous morphology.
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3.5 Migration Resistance and Thermodynamic Correlation

To verify the thermodynamic approach to plasticizer migration stability, the mass loss of PVC film
samples was investigated (Table 4).

Table 4: Results of migration resistance of PVC films.

Ester Migration, %
Butylbutoxyethyl adipate 0.80
Octylbutoxyethyl adipate 0.75

Butylphenoxyethyl adipate 0.78
Decylphenoxyethyl adipate 0.75
i-Butylphenoxyethyl adipate 0.77
Diphenoxyethyl adipate 0.65
Diphenoxyethyl azelate 0.42
Diphenoxyethyl sebacate 0.40

DOP 0.50

DOA 0.85

DINA 0.70

The experimental data on the migration resistance of the studied esters (Table 4) were analyzed within
the framework of the thermodynamic approach. According to the DSC analysis results, plasticizers with low
temperature hysteresis AT ~ 20°C and phase transition enthalpy hysteresis close to zero should form the
most homogeneous and stable systems with minimal migration, whereas compounds with high temperature
hysteresis and sharply negative enthalpy hysteresis are considered potentially migration-prone due to their
thermodynamic predisposition toward self-organization and the formation of ordered structures.

3.6 Kinetic Aspects of Butoxyethyl Ester Diffusion

Butoxyethyl esters (Butylbutoxyethyl adipate, Octylbutoxyethyl adipate). These compounds exhibited
low temperature hysteresis values (AT ~ 20-22°C) and enthalpy hysteresis close to zero (AHpy from +0.3
to +4.7 J/g). According to the proposed model, this indicates an equilibrium crystallization behavior and
predicts a minimal tendency toward migration. However, the experimental migration values for butyl- and
octylbutoxyethyl adipates were 0.80% and 0.75%, respectively, which is somewhat higher than the predicted
level. This discrepancy is likely due to the high flexibility and mobility of the aliphatic chains of these esters,
which facilitate their diffusion within the polymer matrix despite the thermodynamic equilibrium of the
system. Nevertheless, a tendency toward decreased migration is observed when transitioning from the butyl
to the octyl derivative (from 0.80% to 0.75%), correlating with a decrease in AHyys and an increase in
molecular mass, which enhances steric hindrances to diffusion.

The observation that butoxyethyl esters exhibit slightly higher migration values (0.75%-0.80%) than
predicted by the thermodynamic equilibrium model warrants a deeper analysis of the kinetic factors
governing plasticizer diffusion. While the thermodynamic approach based on phase transition hysteresis
(AT and AHpys) provides a reliable estimate of the driving force for self-organization and phase separation,
the actual migration process is also controlled by kinetic parameters, particularly the diffusion coefficient of
the plasticizer within the PVC matrix [51].
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For diffusion in polymer matrices, the diffusion coeflicient D is inversely related to the molecular size
of the diffusant. Early work by Storey et al. demonstrated that the diffusion coefficient of dialkyl phthalates
in PVC decreases with increasing molecular weight; for a given molecular weight, branched structures
diffuse slower than linear ones. In our study, butoxyethyl esters have smaller molecular volumes compared
to their phenoxyethyl counterparts (calculated molecular weights: butylbutoxyethyl adipate ~388 g-mol™*,
octylbutoxyethyl adipate ~472 g-mol™!, while butylphenoxyethyl adipate ~428 g-mol!, decylphenoxyethyl
adipate ~540 g'mol™!). The smaller molecular size of butoxyethyl esters reduces the steric hindrance to
diffusion, allowing faster long-range translation of individual plasticizer molecules through the free volume
of the polymer. This is consistent with the general principle that low-molecular-weight plasticizers are more
prone to migration than their high-molecular-weight analogs [52].

The flexibility of the alkyl chain also plays a crucial role. Butoxyethyl esters contain linear, highly
flexible ethoxy and butoxy fragments that can easily adopt conformations facilitating movement between
PVC chains. In contrast, phenoxyethyl esters contain a rigid aromatic ring that restricts conformational
freedom and increases the activation energy for segmental motion [53]. Thus, plasticizers with flexible
chains exhibit higher diffusion coefficients because they can more easily overcome local energy barriers
through conformational rearrangements. The lower glass transition temperatures observed for butoxyethyl
ester-plasticized PVC (T as low as -61°C for octylbutoxyethyl adipate, Table 3) further confirm the higher
segmental mobility imparted by these plasticizers, which inevitably facilitates diffusion.

The slightly elevated migration of butoxyethyl esters thus reflects a trade-off between thermodynamic
compatibility and kinetic mobility. While these esters form homogeneous, equilibrium mixtures with PVC
(as evidenced by single tand peaks in DMA and low AHyy), their small molecular volume and high chain
flexibility reduce the kinetic barrier to diffusion. In the language of the Eyring transition state theory, the
activation energy for diffusion is lower for butoxyethyl esters, allowing a larger fraction of molecules to
escape the polymer matrix over a given time despite the absence of a thermodynamic driving force for phase
separation. This is analogous to observations in other polymer-plasticizer systems, where plasticizer-polymer
compatibility is a stronger determinant of exudation than plasticizer size and diffusivity alone, but once
compatibility is assured, the diffusion kinetics become the rate-limiting factor.

This kinetic-thermodynamic analysis suggests that optimal migration resistance can be achieved by
simultaneously maximising molecular volume (or introducing branching) to reduce diffusion coefficients,
while retaining sufficient compatibility to avoid microphase separation. For butoxyethyl esters, a further
reduction in migration could be achieved by increasing the alkyl chain length (e.g., from butyl to octyl,
which already reduced migration from 0.80% to 0.75%) or by introducing moderate branching. The design
of hybrid plasticizers containing both flexible ethoxy segments for compatibility and bulky terminal groups
for diffusion retardation represents a promising direction for future research.

3.7 Kinetic-Thermodynamic Trade-Off: The Case of Decylphenoxyethyl Adipate

Asymmetric phenoxyethyl esters (Butylphenoxyethyl adipate, Decylphenoxyethyl adipate, i-
Butylphenoxyethyl adipate). These compounds are characterized by high temperature hysteresis values
AT (74°C-76°C); however, the enthalpy hysteresis varies widely—from sharply negative (-63.4 J/g for the
decyl ester) to small positive values (+1.9...+3.0 J/g for the butyl analogs). Yet the range of experimental
migration values is narrow (0.75%-0.78%).

Butylphenoxyethyl adipate (AHpys: = +1.9 J/g) and i-Butylphenoxyethyl adipate (AHpy = +3.0 J/g)
demonstrate similar migration values, 0.78% and 0.77%, respectively. The positive AHyys indicates a
metastable state of the system, which correlates with DMA data revealing microphase separation for such
esters—two mechanical loss peaks. However, despite the similar mechanism, the migration of the i-butyl
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derivative was only marginally lower than that of the linear isomer, which may be associated with additional
steric hindrances created by the branched structure.

Decylphenoxyethyl adipate (AHpys = —63.4 J/g) is predicted to be the compound with the highest
migration risk due to the enormous thermodynamic driving force toward the formation of ordered struc-
tures. However, the experimental migration value (0.75%) proved to be not higher, but even somewhat lower
than that of the butyl analogs. This important observation allows us to refine the proposed model: a sharply
negative AHpy indicates the formation of exceptionally stable and perfect structures in the crystalline state.
Upon incorporation into PVC, this may lead to the formation of nanoscale ordered domains, which is
consistent with DMA data. These domains, while increasing the material’s stiffness, simultaneously slow
down plasticizer diffusion due to steric factors. Furthermore, the high kinetic barrier AT = 76°C hinders rapid
structural rearrangement under service conditions. Thus, the combination of high temperature hysteresis and
sharply negative enthalpy hysteresis does not always lead to high migration—the net effect is determined by
the competition between the thermodynamic driving force and kinetic constraints, as well as the architecture
of the supramolecular structures formed within the matrix.

The experimental observation that decylphenoxyethyl adipate (decylPEA) exhibits a low migration
value (0.75%) despite its sharply negative enthalpy hysteresis (AHpys = —63.4 J/g) and high temperature
hysteresis (AT = 76°C)—parameters that would conventionally predict a high migration tendency—points
to a non-trivial kinetic-thermodynamic trade-oft. Understanding this trade-off is essential for the rational
design of high-performance bio-based plasticizers.

A negative AHyys; means that during cooling from the melt, the crystallization process releases more
energy than is absorbed during subsequent melting. This can only occur if the crystalline phase formed upon
cooling is more ordered or more perfectly packed than the original sample before melting. The high AT indi-
cates a large kinetic barrier to nucleation: the melt must be significantly undercooled before crystallization
starts. Once nucleation is overcome, however, the system rapidly forms highly perfect, thermodynamically
stable crystallites. This behaviour is typical of molecules with strong directional interactions—here, 7-m
stacking between the phenoxyethyl moieties [53].

When such a plasticizer is incorporated into a PVC matrix (40 phr), the strong 7-7 interactions do not
simply lead to macroscopic phase separation. Instead, they drive the self-assembly of plasticizer molecules
into nanoscale ordered domains (physical crosslinks). These domains are typically 5-20 nm in size, as
suggested by the absence of visible turbidity and the single but broadened tand peak in DMA (Fig. 6b). The
aromatic rings of neighbouring plasticizer molecules stack in a face-to-face manner, creating local regions of
high cohesive energy density. Importantly, these domains remain finely dispersed within the amorphous PVC
phase because the alkyl chains (decyl) provide sufficient flexibility and compatibility with the polymer matrix.

The nanoscale ordered domains reduce migration through at least three cooperative mechanisms:

- Steric hindrance. The ordered domains act as physical obstacles that impede the long-range diffusion of
individual plasticizer molecules. A plasticizer molecule must first escape from its ordered aggregate—
a process that requires breaking multiple 7z-7 interactions—before it can migrate through the polymer
matrix. The energy penalty for such escape is substantially higher than for a freely dissolved molecule.

- Physical crosslinking. The domains connect PVC chains via transient but strong non-covalent bonds
(7 stacking between plasticizer aromatic rings, and dipole-dipole or 7-7 interactions with PVC’s polar
groups). This creates a dynamic network that reduces segmental mobility of PVC chains in the vicinity
of the domains, thereby lowering the overall free volume available for diffusion.

- Reduced effective concentration of mobile plasticizer. Only the fraction of plasticizer that remains
molecularly dispersed (i.e., not incorporated into ordered domains) is available for rapid diffusion.
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The highly negative AHyy; indicates a strong thermodynamic driving force toward the ordered state;
consequently, the equilibrium concentration of free plasticizer is very low. Migration then becomes
limited by the slow kinetics of domain dissociation rather than by diffusion of individual molecules.

The example of decylPEA reveals a general design strategy: instead of seeking thermodynamic com-
patibility alone (which would favour molecular dispersion but may lead to high diffusivity), one can
deliberately introduce strong, directional intermolecular interactions (e.g., -7 stacking, hydrogen bonding)
that promote the formation of nanoscale ordered domains. The key is to balance the strength of these
interactions such that:

- The domains are small enough to remain dispersed without macroscopic phase separation (ensuring
optical clarity and mechanical integrity).

- The dissociation kinetics are slow on the service time scale (providing migration resistance), but fast
enough during processing (high temperature) to allow homogeneous mixing.

- The plasticizer still retains sufficient flexibility (via long alkyl spacers) to plasticise the PVC matrix
effectively.

Thus, a moderately negative AHpys: (e.g., -10 to —40 J/g) might be an optimal range for many
applications, whereas extremely negative values (as in decylPEA) still work well due to kinetic stabilization.
The design should also consider the length of the aliphatic bridge: longer chains (sebacate vs. adipate) reduce
the density of aromatic groups and weaken the domain stability, leading to lower hysteresis and even better
migration resistance (0.40% for DPES).

This kinetic-thermodynamic framework allows researchers to screen potential bio-based plasticizers
using DSC-derived parameters (AT, AHyys;) before time-consuming migration tests. A plasticizer with high
AT (strong kinetic barrier) and moderately to strongly negative AHyys (thermodynamic drive toward order-
ing) is predicted to form self-stabilising nanodomains, offering both low migration and good plasticization.
For applications where extreme migration resistance is critical (e.g., medical devices, food contact materials),
symmetric diphenoxy esters with longer diacid chains (DPES, DPEAz) provide an even better balance, as
their hysteresis values are moderate and they do not exhibit microphase separation (single tand peak).

3.8 Symmetric Diphenoxy Esters and Comparison with Commercial Plasticizers

Symmetric diphenoxy esters (Diphenoxyethyl adipate, Diphenoxyethyl azelate, Diphenoxyethyl seba-
cate). For these compounds, a clear correlation is observed between structural parameters, hysteresis, and
migration resistance. With an increase in the length of the aliphatic bridge (from adipate C6 to sebacate
Cl10), a regular decrease in migration occurs from 0.65% to 0.40%. This is accompanied by a decrease in
the enthalpy hysteresis AHpy; from 74.5 to 7.7 ]/g, indicating a reduction in metastability and an approach
toward an equilibrium state. Despite the high positive hysteresis of diphenoxyethyl adipate, the symmetric
structure of these esters apparently promotes their more uniform distribution in PVC and reduces diffusion
mobility due to their larger molecular volume.

Comparison with commercial plasticizers. All investigated phenoxyethyl esters, with the exception
of butylphenoxyethyl adipate, are either comparable to DOP (0.50%) in terms of migration resistance
or significantly surpass it (symmetric esters). The asymmetric phenoxy esters (0.75%-0.78%) are inferior
to DOP but surpass the commercial analogs DOA (0.85%) and DINA (0.70%). The best performance is
exhibited by symmetric diphenoxyethyl sebacate (0.40%) and diphenoxyethyl azelate (0.42%), making them
promising candidates for creating materials with reduced plasticizer migration.
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3.9 Overall Assessment of the Hysteresis Approach

The experimental migration data obtained generally confirm the predictive value of the phase transition
hysteresis analysis proposed in this work. The parameters AT and AHyy allow for primary screening and
ranking of plasticizers according to their potential migration resistance. However, the ultimate migration
behavior is determined by a more complex set of factors, including not only thermodynamic characteristics
but also diffusion kinetics, molecular volume, substituent architecture, and the nature of plasticizer distribu-
tion within the polymer matrix: homogeneous or microphase-separated. The best combination of properties
(low migration while maintaining efficiency) is achieved for esters with moderate hysteresis values and a
structure that provides an optimal balance of flexibility and steric hindrance, particularly for symmetric
diphenoxy esters with a long aliphatic bridge.

Thus, the analysis of the phase transition hysteresis parameters AT and AHpy allows not only
diagnosing crystallization features but also providing a quantitative thermodynamic assessment of their
tendency toward migration in the polymer matrix, serving as an effective tool for the targeted selection of
compounds with a desired level of stability.

The thermodynamic hysteresis approach proposed in this work differs from conventional meth-
ods for evaluating plasticizer migration and compatibility. Table 5 summarises the main advantages and
disadvantages relative to commonly used techniques.

Table 5: Comparison of the proposed DSC-based hysteresis method with conventional approaches.

Equilibrium
Proposed DSC Conventional Dynamic Thermodynam-
Aspect/Method Hysteresis Migration Tests Mechanical ics (e.g., Aspect/Method
Analysis (Gravimetric) Analysis (DMA) Solubility
Parameters)
Time required Low (hours) High (days to Medium (hours) LOW. Time required
weeks) (computational)
Sample amount Very low (mg) High (grams) Low (mg) None Sample amount
p Y 8 g1 18 8 (calculation only) p
Predictive Indirect, Direct, Indirect (through Low for real Predictive
power for semi-quantitative quantitative microphase systems (ignores power for
migration (screening) (end-point) separation) kinetics) migration
Mechanistic ngh (therr.nod.y— Low (only mass M.e.d um Low (ideal Mechanistic
. namics + kinetics (mobility, phase . L
insight . . loss) . assumptions) insight
via hysteresis) homogeneity)
Equipment cost ~ Moderate (DSC) Low (oven, High (DMA) None Equipment cost
balance)
High (multiple Low (one Very high
Throughput & P condition at a Medium b Throughput
samples per run) time) (theoretical)

Advantages of the proposed method. The DSC-based hysteresis analysis offers several benefits over

conventional approaches. First, it is rapid and requires only milligram quantities of the pure plasticizer,
enabling early-stage screening of many candidates without preparing PVC compounds. Second, it pro-
vides mechanistic insight by distinguishing between equilibrium crystallization (AHyys; ~ 0, low AT) and
kinetically hindered or self-organising behaviour (high AT, positive or negative AHyy). Third, the method
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directly links molecular structure (e.g., aromatic vs. aliphatic fragments, chain length) to thermodynamic
predisposition toward ordering, which is difficult to infer from solubility parameters alone.

However, the following limitations should be considered when applying this approach:

- The method predicts migration tendency from the pure plasticizer’s phase behaviour, not from actual
PVC compounds. It is a screening tool; final migration values must still be confirmed by gravimetric tests
(Table 4). The correlation is reliable for ranking but not absolute for all chemical families.

- DSC and DMA are required for full characterisation. While DSC is common, not all laboratories have
access to DMA, which was used here to validate microphase separation.

- The parameters AT and AHhyst provide a qualitative to semi-quantitative ranking (low/medium/high
migration risk). They do not yield an exact numerical prediction of migration percentage without
calibration against known plasticizers.

- The method has been validated for dicarboxylic acid esters (adipates, azelates, sebacates) with butoxy-
and phenoxyethyl substituents. Its extension to other chemical classes (e.g., citrates, phosphates,
polymeric plasticizers) requires further validation.

- While hysteresis includes kinetic barriers (AT), the method does not directly measure diffusion coeffi-
cients or activation energies of migration. As noted in Section 3 (butoxyethyl esters), small molecular
size and high chain flexibility can lead to higher migration than predicted from thermodynamics
alone. Therefore, the method should be combined with molecular weight and structural flexibility
considerations for optimal predictions.

- The method infers phase homogeneity or microphase separation from DMA (tand peaks) and indirectly
from hysteresis parameters. Direct imaging (e.g., AFM, TEM) was not performed in this study and
remains a direction for future work.

As a practical recommendation for routine screening of novel bio-based plasticizers, we recommend
using DSC hysteresis analysis as a first-pass filter. Candidates with low AT (<30°C) and AHyy; close to
zero are expected to form homogeneous, migration-resistant systems. Candidates with high AT (>50°C)
and strongly negative AHyys; may form nanodomains that reduce migration despite high thermodynamic
driving force, but they require validation by DMA and gravimetric tests. Positive AHpys with high AT
signals metastability and possible microphase separation, indicating a higher migration risk. Ultimately, final
material certification should rely on standard migration tests (e.g., food simulants, medical device leachables)
according to regulatory requirements.

4 Conclusions

This study successfully demonstrates the application of thermodynamic analysis of phase transition
hysteresis for the rapid screening of novel bio-based plasticizers—dicarboxylic acid esters containing butoxy-
and phenoxyethyl fragments. The proposed methodology overcomes a key obstacle to the widespread
adoption of bio-based plasticizers—the problem of migration—and provides a basis for the accelerated
development of durable and reliable materials, making a significant contribution to the field of renew-
able resources.

The following results were obtained in this work:

1. The replacement of an alkoxy fragment with a phenoxy group radically alters the nature of inter-
molecular interactions in the esters—from weak dispersion forces (AHyys; < 15 J/g) to strong specific
interactions (m-m stacking). This leads to an increase in melting enthalpy up to ~170 J/g and the
appearance of significant temperature hysteresis (AT up to 76°C).
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2. The magnitude and sign of the enthalpic hysteresis serve as indicators of system stability. Positive values
of the AHyy; parameter indicate a kinetically hindered, metastable state, whereas sharply negative values
(down to —63.4 J/g for decylphenoxyethyl adipate) signal a thermodynamic predisposition toward the
formation of highly ordered crystalline structures.

3. Dynamic mechanical analysis data, obtained upon incorporating the bio-based plasticizers into a model
polymer matrix, confirmed the thermodynamic predictions. The appearance of a second mechanical
loss peak for phenoxy derivatives is direct evidence of microphase separation initiated by the self-
organization of plasticizer molecules. While this correlates with an increased risk of migration, it
simultaneously imparts enhanced rigidity and thermal stability to the materials.

The formulated principles of molecular design—the balance between flexible alkyl chains and aromatic
fragments—provide a foundation for the rational construction of bio-based plasticizers with optimized
migration resistance. The developed methodology is universal in nature and applicable for assessing the
long-term performance characteristics of any plasticizer derived from renewable feedstocks, representing
a fundamental contribution to the creation of environmentally friendly materials and the advancement of
green chemistry principles.
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