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Thermomechanical and Energetic Coupling in DVB-Based
Copolymers: A Unified Physicochemical Study of Adsorption

Distance, Surface Energy, and Specific Surface Area

Abstract

The adsorption behavior of organic probe molecules on DVB-based copolymers and hyper-cross-
linked resins was investigated by inverse gas chromatography using a thermomechanical
framework that explicitly couples adsorption energetics with temperature and specific surface area.
Retention measurements performed over a broad temperature range enabled the determination of
Gibbs free energies of adsorption, which were further decomposed into dispersive contributions
governed by London interactions. The intermolecular separation distance between probe molecules
and polymer surfaces was shown to obey a universal thermomechanical law, exhibiting a bilinear
dependence on temperature and copolymer specific surface area. This behavior reveals that surface
morphology acts as a direct control parameter of adsorption dilation rather than a purely geometric
descriptor.

The London dispersive surface energy of the copolymers displayed a systematic temperature

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

dependence consistent with fundamental dispersion-interaction scaling. Importantly, the surface-
area derivative of the dispersive surface energy followed a strict linear temperature law,
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demonstrating intrinsic coupling between thermal agitation and accessible surface morphology.
Enthalpy—entropy compensation analysis further revealed that the intrinsic compensation

(cc)

temperature and enthalpic reference state are deterministic functions of specific surface area,
leading to a generalized morphology-resolved compensation framework. The quadratic specific
surface area scaling of compensation parameters provides direct experimental evidence that
adsorption thermodynamics on polymeric networks are governed by thermomechanical constraints
imposed by cross-linking architecture.

These results establish a unified methodology for extracting physically meaningful surface
parameters of polymeric solids, offering a molecular-scale interpretation of adsorption distances,
dispersive surface energetics, and morphology-dependent thermodynamic invariants.
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Thermodynamic Models.

1. Introduction

The physicochemical characterization of polymer and copolymer surfaces remains a central issue
in interfacial thermodynamics, adsorption science, and materials engineering. Cross-linked
copolymers derived from divinylbenzene (DVB) and chlorinated divinylbenzene (CDVB) are
widely used in adsorption, chromatographic separations, catalysis, and molecular recognition due
to their structural rigidity, high cross-link density, and tunable porosity. Despite their technological
importance, a comprehensive thermodynamic description of their surface properties remains
challenging because polymeric solids inherently exhibit energetic heterogeneity, structural

disorder, and temperature-dependent molecular responses [1-14].

Inverse gas chromatography at infinite dilution (IGC-ID) has progressively emerged as one of the
most powerful techniques for investigating surface energetics of polymers and copolymers [7—18].
Unlike macroscopic methods such as contact-angle measurements, IGC probes molecular-scale
interactions and provides direct access to fundamental thermodynamic quantities, including the
free energy of adsorption, London dispersive surface energy, and specific (acid—base) interaction
parameters [10—14]. Over the past decades, IGC has been successfully applied to a broad range of
polymeric systems, including styrenic copolymers, elastomers, functional polymers, block

copolymers, and highly cross-linked resins [1-14].

A major strength of IGC lies in its ability to deconvolute dispersive and specific contributions to
adsorption. The theoretical foundations for interpreting dispersive interactions originate from the
work of Fowkes and Dorris—Gray, who established the relationship between retention behavior and
London dispersive surface energy [11-29]. Subsequent developments extended IGC analyses to
polar interactions, allowing the quantification of donor—acceptor surface properties of polymeric
solids [7-29]. Numerous studies have demonstrated that IGC can sensitively capture subtle
variations in polymer surface energetics arising from chemical modification, cross-linking degree,

and molecular architecture [1-14].
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However, despite its success, important conceptual limitations remain in conventional IGC
treatments. Classical approaches often assume temperature-independent adsorption geometries,
uniform interaction potentials, and purely energetic interpretations of retention data [20-29]. Such
assumptions can be problematic for cross-linked copolymers, where adsorption events are
intrinsically coupled to local structural relaxation, surface deformation, and temperature-driven
configurational fluctuations [30-54]. In rigid and hyper-cross-linked DVB-based networks,
adsorption cannot be described solely by static interaction energies; instead, it involves a coupled

thermodynamic—mechanical response of the polymer surface [30-45].

Another unresolved issue concerns the role of specific surface area (SSA) in adsorption
thermodynamics. Although SSA (&) is routinely used as a structural descriptor of porous polymers
and resins, its explicit coupling with adsorption energetics and temperature sensitivity is rarely
addressed within a unified framework [55-58]. Traditional interpretations implicitly assume that S
modifies adsorption magnitudes without fundamentally altering thermodynamic relationships. Yet,
both theoretical considerations and experimental observations suggest that surface morphology and
accessible area can significantly influence intermolecular distances, dispersive forces, and specific

interactions [55-62].

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Recent advances have proposed a thermomechanical interpretation of adsorption on polymeric

solids, in which the adsorption distance between probe molecules and surfaces becomes an
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experimentally meaningful variable [55-62]. Within this perspective, adsorption induces reversible

local deformations and stress redistribution, leading to measurable temperature-dependent

(cc)

variations of intermolecular separation. This description introduces an effective thermal expansion
parameter characterizing probe—surface coupling and provides a direct bridge between adsorption
thermodynamics and polymer mechanics [59-62]. Such concepts are particularly relevant for
highly cross-linked copolymers, where surface energetics are strongly influenced by temperature-

dependent structural responses.

In the present work, we extend this thermomechanical-thermodynamic framework to a family of
DVB- and CDVB-based copolymers, including poly(CDVB)-DCE, poly(CDVB)-NB, poly(DVB)-
DCE, poly(DVB)-NB, and poly(DVB). Using inverse gas chromatography combined with an
advanced Hamieh-type methodology [55-62], we determine the free energy, dispersive energy, and

polar energy of adsorption for a comprehensive set of organic probe molecules. This methodology
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departs fundamentally from classical treatments by explicitly incorporating the temperature
dependence of adsorption distance and by systematically coupling adsorption parameters with

specific surface area.

A central outcome of this approach is the demonstration that adsorption distances exhibit bilinear
dependencies on temperature and SSA, revealing a direct morphology—temperature coupling not
captured by traditional IGC models. Furthermore, the London dispersive surface energy displays
bilinear behavior, while solvent molecular surface areas show linear and second-order variations,

indicating a non-trivial coupling between adsorption thermodynamics and probe geometry [59-62].

Beyond parameter determination, the analysis of enthalpy—entropy compensation relationships
uncovers unexpected scaling correlations between distinct copolymer families. After centralization
and normalization, adsorption enthalpies and entropies collapse onto quasi-universal linear
relations, suggesting that solvent-induced thermodynamic fluctuations are governed by common
underlying mechanisms across chemically distinct DVB-based networks. These findings provide
new physical insight into how polymer morphology, accessible surface area, and thermodynamic

response are intrinsically interconnected.

Overall, this work establishes a unified thermomechanical-thermodynamic description of solvent
adsorption on cross-linked copolymers, offering improved accuracy in the determination of surface
parameters and clarifying the fundamental role of temperature and surface morphology in polymer—

probe interactions.

2. Experimental
2.1. Materials and Solvents

2.1.1. Copolymer Structural Characteristics

The DVB-based polymer samples used in this study were commercial materials obtained from
Sigma-Aldrich. They correspond to well-known classes of cross-linked aromatic polymers,
including poly(styrene-divinylbenzene) (CAS 9003-70-7) and poly(vinylbenzyl chloride-
divinylbenzene) (CAS 25085-82-3).

These base materials were further subjected to post-treatment using dichloroethane (DCE) and

nitrobenzene (NB), following classical modification procedures for cross-linked polymer
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networks. Such treatments induce structural reorganization and additional cross-linking within the
polymer matrix, leading to modifications of porosity, specific surface area, and adsorption

properties.

Although commercial samples may differ in cross-linking density and morphology, all relevant
physicochemical properties in the present study were determined experimentally by inverse gas

chromatography, ensuring that the analysis reflects intrinsic material behavior.

Monomer composition and network structure

Poly(DVB) is formed by radical polymerization of divinylbenzene monomers, which act both as
the primary structural units and as cross-linking agents due to their bifunctional vinyl groups. As a
result, the polymer network is intrinsically cross-linked, leading to a rigid three-dimensional
aromatic framework.

In the case of poly(CDVB), chloromethylated DVB precursors are used, enabling subsequent post-
cross-linking reactions. The chloromethyl functional groups serve as reactive sites for internal
Friedel-Crafts-type cross-linking, resulting in a significant increase in network connectivity and

the formation of hyper-cross-linked structures.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Cross-linking density
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The cross-linking density in DVB-based polymers is inherently high due to the bifunctional nature
of the DVB monomer. In hyper-cross-linked poly(CDVB) systems, the effective cross-linking
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density is further increased through post-cross-linking reactions, leading to:

o enhanced rigidity of the polymer framework,

e reduced segmental mobility,

e increased development of microporosity.
Although the exact cross-linking density depends on synthesis conditions, these materials are
typically characterized by highly cross-linked aromatic networks, where the density of cross-

links directly governs the accessibility and distribution of adsorption sites.

Modification degree (post-cross-linking treatments)
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Post-cross-linking using solvents such as DCE and NB induces internal network rearrangements
through solvent-assisted swelling followed by cross-link formation. These treatments result in:

e an increase in the number of effective cross-linking bridges,

e areorganization of the pore structure,

o modification of the accessible surface area.
The degree of modification depends on the extent of swelling and the reactivity of the system, but
it generally leads to hyper-cross-linked structures with significantly enhanced specific surface

areas compared to the parent poly(DVB).

Particle size and morphology
The polymer samples are typically obtained in granular or spherical form, with particle sizes
ranging from approximately: 50 to 500 um depending on synthesis and processing conditions.
At the microscopic level, these particles exhibit:

o irregular internal morphology,

e interconnected pore networks,

e heterogeneous distribution of adsorption sites.
The external particle size has a negligible direct influence on adsorption thermodynamics under
infinite dilution conditions but plays a role in ensuring uniform packing and reproducible

chromatographic measurements.

Porosity and pore structure
DVB-based copolymers and hyper-cross-linked resins are characterized by a predominantly
microporous structure, with pore sizes typically below 2 nm. In addition, depending on the
synthesis and post-cross-linking treatment, a contribution from mesoporosity (2—50 nm) may also
be present.
The porosity originates from:

o the rigid aromatic backbone,

o the high cross-linking density,

o the solvent-induced network expansion during post-cross-linking.
This results in a complex pore architecture combining:

e micropores, responsible for strong adsorption interactions,

Page 6 of 67


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ma00325g

Page 7 of 67 Materials Advances

View Article Online
DOI: 10.1039/D6MA00325G

e mesopores, facilitating molecular accessibility.

Specific surface area (SSA)

The specific surface area of the investigated materials, determined experimentally (Table S1),
reflects the accessible internal surface available for adsorption. In hyper-cross-linked DVB-based
systems, SSA values typically range from 500 to 1500 m? /g depending on the degree of cross-
linking and post-cross-linking treatment.

Importantly, in the present work, SSA is not treated solely as a geometric descriptor but as a
thermodynamic variable that directly influences adsorption distance, surface energy, and

enthalpy—entropy compensation behavior [10-14,63].

All copolymer samples were obtained in particulate form (from Sigma-Aldrich, France) and were
used as received without further chemical treatment. Prior to inverse gas chromatography (IGC)
measurements, the materials were conditioned under controlled thermal and vacuum conditions to
remove any physically adsorbed contaminants and residual volatiles. This pre-conditioning step

ensured reproducible surface states and minimized interference from adventitious adsorption.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

2.1.2. Solvents
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The probe molecules employed in the inverse gas chromatography experiments consisted of a
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homologous series of n-alkanes and a representative set of polar organic solvents (from Sigma-
Aldrich, France). The n-alkanes (n-pentane, n-hexane, n-heptane, n-octane, and n-nonane) were
used to characterize London dispersive interactions. The polar probes included carbon
tetrachloride, nitromethane, dichloromethane, trichloromethane (chloroform), diethyl ether,
tetrahydrofuran (THF), ethyl acetate, acetone, acetonitrile, methanol, ethanol, toluene, benzene,
and cyclohexane. This selection provided a broad distribution of molecular sizes, polarizabilities,
and polar surface properties, enabling comprehensive analysis of dispersive and specific adsorption
contributions. Dichloroethane (DCE) and nitrobenzene (NB) were additionally employed as post-
cross-linking solvents for the modification of DVB-based copolymers. These solvents are known

to promote internal rearrangement and network densification in cross-linked aromatic polymers,
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thereby influencing porosity and adsorption properties. They were not used as chromatographic

probes.

All solvents were of high-purity analytical grade (typically > 99%) and were used without
additional purification. The purity of probe molecules was verified according to supplier
specifications to ensure reliable retention measurements. Helium (high-purity grade) was employed
as the carrier gas for all IGC experiments. Some experimental data used in this work were obtained

from several previous studies [10-14,63].

2.2. Inverse Gas Chromatography Measurements

Inverse gas chromatography experiments were performed under infinite dilution conditions using
a surface energy analyzer equipped with a flame ionization detector (FID). High-purity helium was
employed as the carrier gas, ensuring inert transport of probe molecules and minimizing secondary
interactions. The carrier gas flow rate was maintained constant throughout all measurements to

guarantee stable hydrodynamic conditions inside the column.

Chromatographic columns were prepared by packing the copolymer particles into silanized glass
columns. Prior to packing, the columns were thoroughly cleaned and conditioned to eliminate any
residual contaminants. The stationary phase consisted exclusively of the investigated copolymer
powders, without the use of binders or supporting materials, thereby ensuring that retention

behavior originated solely from probe—copolymer interactions.

After packing, the columns were subjected to a controlled thermal conditioning procedure under a
continuous helium flow. This step removed physisorbed impurities and stabilized the surface
energetic state of the copolymers. Conditioning temperatures were selected to remain below any

potential thermal degradation or structural alteration of the polymeric materials.

Retention measurements were carried out within the temperature range of 313.15 K to 383.15 K.
The column temperature was controlled using a high-precision oven, providing temperature
stability within +0.10 K. Adequate equilibration time was allowed at each temperature prior to

probe injection to ensure thermodynamic steady-state conditions.

Probe molecules were injected in trace quantities corresponding to infinite dilution conditions.

Under these conditions, lateral interactions between adsorbed molecules are negligible, and
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retention behavior directly reflects probe—surface interactions. The net retention volumes V' were
calculated from experimentally measured retention times after correcting for gas compressibility

and dead volume effects.

To ensure reliability of the measurements, multiple injections were performed for each probe at
every temperature. The relative standard deviation of retention times was typically below 1%,
confirming excellent repeatability. Blank experiments and carrier-gas stability checks were

conducted periodically to verify instrumental integrity.

Systematic uncertainties associated with temperature control, flow stability, and retention volume
calculations were minimized through calibration procedures and standardized experimental
protocols. The combined experimental precision ensured accurate determination of adsorption

thermodynamic parameters and surface energetic quantities.

2.3. Determination of Thermodynamic Parameters

The London dispersive surface energy of the investigated copolymers was determined as a function

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

of temperature using the extended Hamieh methodology. This approach is based on the explicit use

of the Hamaker constant of interacting systems and the intermolecular separation distance between

Open Access Article. Published on 20 May 2026. Downloaded on 5/21/2026 1:18:48 PM.

probe molecules and solid surfaces, allowing a thermodynamically consistent description of
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dispersive interactions [61,62].
Unlike classical inverse gas chromatography treatments, which implicitly assume fixed adsorption
geometries, the present methodology considers adsorption as a temperature-dependent

intermolecular process governed by London dispersion forces.

2.3.1. Gibbs Free Energy of Adsorption
The Gibbs free energy of adsorption of probe molecules was first determined from inverse gas

chromatography measurements according to:

AGY(T) = — RT In (L2o) 1)

smr

where

e Vp is the net retention volume,
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e m is the mass of the solid,

e s is the specific surface area of the copolymer,

e P, and my denote the standard pressure and the two-dimensional reference pressure.
The reference state for my was defined according to the thermodynamic conventions of Kemball
and Rideal [64] or De Boer and Kruyer [65], ensuring compatibility with two-dimensional

adsorption thermodynamics.

2.3.2. Separation of Dispersive and Polar Contributions

The total free energy of adsorption is decomposed into dispersive and polar components:
(—a65(M) = (-a64(N) + (~A65(M) @)

The London dispersive contribution arises from intermolecular dispersion interactions and was

evaluated using the London interaction energy formalism:
3N AUy ( Es€x )
2(4meg)? 19y \Es + &x

AGa(T) = — Gwhere

e NV is Avogadro’s number,
e &g is the vacuum permittivity,
e g, ay are the deformation polarizabilities of the solid and probe molecule,
e &g, &y are the ionization energies,
e Tg/x is the intermolecular separation distance.
For n-alkanes, specific interactions are negligible, and therefore:
(—a6d(n) = (—265(M) (4)

For polar probes, the polar contribution was isolated by subtracting the dispersive reference state:

(—262)0) = (=869) %) — (—A63) (Ref) )
where — AG2(Ref.) corresponds to the fictive dispersive reference obtained from the n-alkane

correlation.

2.3.3. London Polarity Parameter

The dispersive reference state was determined from the linear dependence:

(—AGY)(T) = APs +C (6)
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where the London polarity parameter is defined as:

&5e)
Ps = g+ &y ax

The polar free energy then becomes:

(—AG6E)(X) = (—AGS)(X) —(A Psx +C)

and the dispersive component:

(—-a62)(x) = (=263)(x) — (—AGH)(X)

2.3.4. Intermolecular Separation Distance

The dispersive free energy directly yields the adsorption distance:

1/6
3N ( Es Ex

rS/X(T) - [2(4”80)2 (es+ &x) asax)] (—a6d(m)) ]

The London potential well depth is defined as:

Ts/x (T
2

Do(T) =

2.3.5. London Dispersive Surface Energy

The London dispersive surface energy ¥Z(T) of the solid is obtained from:
2
A12 (T)

e A4,(T) is the Hamaker constant of the solid—probe system,

where

e Y¥(T) is the dispersive surface energy of the probe molecule.

2.3.6. Molecular Surface Area
The molecular surface area of adsorbed probes was calculated using:
—AGG(T)

Ny Ty (T)

a(T) =
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(8)

©)

(10)

(11D

(12)

(13)

This relation provides a thermodynamically consistent connection between adsorption energetics

and probe geometry [60].
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2.3.7. Theoretical Justification of the Extended Hamieh Methodology

The extended Hamieh methodology adopted in this work departs from classical inverse gas
chromatography treatments by explicitly incorporating the intermolecular separation distance and
its temperature dependence into the thermodynamic description of adsorption. Conventional IGC
approaches implicitly assume fixed adsorption geometries and interpret retention behavior solely
in terms of energetic contributions. However, adsorption on polymeric and highly cross-linked
copolymer surfaces is intrinsically governed by distance-dependent London dispersion forces and
temperature-driven configurational fluctuations. Because dispersive interactions scale with the
inverse sixth power of intermolecular separation, even small variations in adsorption distance can
produce measurable changes in adsorption free energy and surface energetic parameters. The
present framework therefore treats adsorption geometry as a thermodynamically meaningful
variable rather than a hidden assumption.

Importantly, this treatment is not an empirical modification but follows directly from the London
dispersion interaction formalism and Lifshitz—Hamaker theory, which relate interaction energies
to polarizability, ionization energy, and separation distance. By combining experimentally
measured retention data with physically defined interaction potentials, the methodology ensures
thermodynamic consistency while avoiding the need for arbitrary geometric assumptions. The
bilinear dependencies observed between adsorption distance, temperature, and specific surface area
further confirm that adsorption energetics and morphology are inherently coupled. The superior
statistical performance of the model, together with its direct grounding in intermolecular interaction
theory, indicates that the additional parameters introduced are physically required rather than
mathematically convenient. Consequently, the extended Hamieh methodology provides a more
complete and mechanistically consistent description of probe—copolymer interactions than classical

IGC models.

3. Results and Discussion

The inverse gas chromatography measurements performed on the DVB-based copolymers
provided a complete thermodynamic description of probe—surface interactions across a broad
family of organic solvents. Starting from the experimentally determined net retention volumes and

the specific surface area of copolymers (Table S1), the standard free energy of adsorption AG2(T)
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was calculated for all probe molecules (Table S2). Decomposition of the total adsorption free
energy into polar and dispersive contributions enabled the independent evaluation of specific
interactions and London dispersion forces (Table S3) as a function of temperature. This separation
constitutes a critical step because dispersive interactions, governed by distance-dependent

intermolecular potentials, directly encode information about adsorption geometry.

Within the extended Hamieh thermomechanical framework, the London dispersive free energy
provides access to the intermolecular separation distance between probe molecules and copolymer
surfaces. Consequently, adsorption is not treated as a purely energetic phenomenon but as a coupled
thermodynamic—geometric process in which temperature modulates the mean probe—surface
distance. The extracted adsorption distances, summarized through the effective thermal expansion
coefficient aeg and the equilibrium separation r(0K) (Table 1), reveal systematic variations
reflecting both solvent molecular properties and copolymer architecture. These results establish
that retention behavior contains direct structural information and that adsorption distances

represent experimentally accessible thermodynamic variables rather than hidden assumptions.

Because the London interaction potential scales strongly with intermolecular separation, even small

variations in dispersive free energy translate into measurable changes in adsorption distance. This

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

sensitivity enables the determination of solvent-dependent adsorption radii and their functional

dependence on temperature and specific surface area. The following analysis therefore focuses on

Open Access Article. Published on 20 May 2026. Downloaded on 5/21/2026 1:18:48 PM.

the experimentally derived expressions of 7x,s(T,S), which provide deeper insight into the coupled

roles of thermal fluctuations, molecular characteristics, and copolymer morphology in governing

(cc)

adsorption phenomena.

3.2. Scientific interpretation of the thermomechanical adsorption parameters

The adsorption distances reported in Table 1 reveal a remarkably consistent thermomechanical
behavior for all investigated copolymers and probe molecules. Over the explored temperature
range, the separation distance between the adsorbed solvent molecule and the copolymer surface
is accurately described by a linear function of temperature, rs_x(T) = o] + (0 K), with
regression coefficients systematically exceeding 0.998. This high linearity indicates that thermal

effects act primarily by inducing a progressive, quasi-harmonic dilation of the adsorption
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configuration rather than by altering the nature of the interaction potential or the adsorption
mechanism. Such behavior confirms that, at infinite dilution, adsorption on DVB-based polymeric
networks is governed by a well-defined effective potential whose minimum position shifts linearly

with temperature due to thermally activated molecular and surface fluctuations.

The effective thermal expansion coefficient aegprovides direct insight into the mechanical
compliance of the adsorption environment. Its magnitude reflects a coupled response involving the
thermal expansion of the probe molecule, the local flexibility of the polymer surface, and the
curvature of the adsorption potential well. A clear dependence of a.¢0on copolymer architecture is
observed. Hyper-cross-linked poly(CDVB)-based materials display relatively low ae¢values,
typically in the range of (1.8-2.2) x 1073A-K™" for nonpolar and moderately polar probes. This
limited temperature sensitivity indicates a mechanically constrained adsorption environment,
consistent with the high cross-link density and rigid aromatic framework of these hyper-resins. In
contrast, poly(DVB) exhibits substantially higher a.¢values, reaching up to 4.3 x 1073A-K™! for
long-chain n-alkanes and exceeding 3 X 103A-K™' for several polar solvents. These larger
coefficients reflect a softer, more compliant interfacial region, where increased segmental mobility
and a broader distribution of adsorption sites amplify the thermal response of the adsorption

distance.

The extrapolated equilibrium distance (0 K) represents the intrinsic separation dictated solely by
intermolecular forces, in the absence of thermal agitation. For poly(CDVB)-derived copolymers,
(0 K)values are narrowly distributed around 4.6-4.9 A for most probes, regardless of polarity.
This relative uniformity suggests that adsorption predominantly occurs on chemically similar
aromatic-rich domains, where London dispersion forces dominate and impose a characteristic
interaction length scale. In contrast, poly(DVB) displays a much wider dispersion of (0 K)values.
Nonpolar alkanes exhibit relatively short equilibrium distances, while polar probes such as acetone,
acetonitrile, and alcohols show significantly larger (0 K) values, often exceeding 5 A. This
pronounced probe dependence indicates a heterogeneous surface energy landscape in poly(DVB),
where specific interactions, steric constraints, and local polarity govern the positioning of adsorbed

molecules.
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Table 1. Equations of rs_x(T) (A) and the values of the thermal expansion parameter s s of adsorbed

solvents and the extrapolated intermolecular distance ry = r(0K) at OK, with the corresponding linear

regression coefficients for the different copolymers.

Poly(CDVB)-DCE

Solvents Equations rs_x (T) Aerr (103 A/K) 19 (A) R2

n-Pentane r(T)=0.00196 T + 4.77385 1.96 4774  0.99937
n-Hexane r(T)=10.00192 T + 4.80522 1.92 4.805  0.9994
n-Heptane r(T)=0.00189 T + 4.81295 1.89 4.813  0.99942
n-Octane r(T)=0.00187 T + 4.85046 1.87 4.850 0.99943
n-Nonane r(T)=0.00184 T + 4.84195 1.84 4.842  0.99945
Carbon tetrachloride r(T)=0.00193 T + 4.79630 1.93 4796  0.9994
Nitromethane r(T)=0.00203 T + 4.72255 2.03 4723  0.99932
Dichloromethane r(T) =0.00204 T + 4.71981 2.04 4.720  0.99931
Trichloromethane r(T)=0.00198 T +4.76154 1.98 4762  0.99936
Diethyl ether r(T)=0.00198 T + 4.75886 1.98 4.759  0.99936
THF r(T) =0.00202 T + 4.72961 2.02 4.730  0.99933
Ethyl Acetate r(T)=0.00198 T +4.75711 1.98 4.757  0.99936
Acetone r(T)=0.00210 T + 4.67461 2.1 4.675 0.99926
Acetonitrile r(T) =0.00220 T + 4.60252 2.2 4.603  0.99918
Toluene r(T)=0.00193 T + 4.79061 1.93 4791  0.99939
Benzene r(T)=10.00196 T + 4.77244 1.96 4772  0.99937
Methanol r(T)=0.00237 T + 4.48234 2.37 4482 0.99903
Ethanol r(T) = 0.00220 T + 4.60632 2.2 4.606 0.99918
Cyclohexane r(T)=10.00193 T + 4.79227 1.93 4.792  0.99939

Poly(CDVB)-DCE-NB

Solvents Equations rs_x(T) Aerr (103 A/K) 19 (A) R?

n-Pentane r(T)=10.00199 T + 4.80227 1.99 4.802  0.99936
n-Hexane r(T)=0.00196 T + 4.83080 1.96 4.831 0.99938
n-Heptane r(T)=0.00192 T + 4.83781 1.92 4.838  0.9994
n-Octane r(T)=0.00191 T + 4.87355 1.91 4.874  0.99942
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n-Nonane r(T)=0.00189 T + 4.86464 1.89 4.865 0.99943
Carbon tetrachloride r(T)=0.00196 T + 4.82262 1.96 4.823  0.99933
Nitromethane r(T) = 0.00206 T + 4.75430 2.06 4.754  0.99926
Dichloromethane r(T)=0.00206 T +4.75175 2.06 4.752  0.99926
Trichloromethane r(T)=0.00201 T + 4.79045 2.01 4.790  0.9993
Diethyl ether r(T) =0.00201 T + 4.78799 2.01 4.788  0.9993
THF r(T) = 0.00205 T + 4.76088 2.05 4.761  0.99927
Ethyl Acetate r(T)=0.00201 T + 4.78636 2.01 4.786  0.99929
Acetone r(T)=0.00212 T + 4.70980 2.12 4710 0.99921
Acetonitrile r(T) =0.00221 T + 4.64260 2.21 4.643  0.99914
Toluene r(T)=0.00197 T + 4.81739 1.97 4.817 0.99933
Benzene r(T)=0.00199 T + 4.80058 1.99 4.801 0.99931
Methanol r(T) =0.00235 T + 4.53020 2.35 4.530 0.99901
Ethanol r(T)=0.00220 T + 4.64619 2.2 4.646  0.99915
Cyclohexane r(T)=0.00197 T + 4.81892 1.97 4.819  0.99933
Poly(DVB)-DCE

Solvents Equations rs_x (T) Aerr (103 A/K) 79 (A) R2

n-Pentane r(T)=0.00211 T +4.70198 2.11 4702  0.99926
n-Hexane r(T)=0.00196 T + 4.78356 1.96 4.784  0.99937
n-Heptane r(T)=0.00183 T + 4.83204 1.83 4.832  0.99945
n-Octane r(T)=0.00174 T +4.90116 1.74 4901 0.99951
n-Nonane r(T)=10.00165T + 4.91937 1.65 4919 0.99956
Carbon tetrachloride r(T)=0.00199 T + 4.76567 1.99 4766  0.99937
Nitromethane r(T)=0.00241 T + 4.55350 241 4.554  0.99904
Dichloromethane r(T)=0.00243 T + 4.54604 2.43 4.546  0.99903
Trichloromethane r(T)=10.00219 T + 4.66387 2.19 4.664  0.99922
Diethyl ether r(T)=0.00221 T +4.65516 2.21 4.655 0.99921
THF r(T)=0.00238 T +4.57213 2.38 4.572  0.99907
Ethyl Acetate r(T) =0.00222 T + 4.65043 2.22 4.650  0.9992
Acetone r(T) =0.00267 T + 4.42242 2.67 4422  0.9988
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Acetonitrile r(T) = 0.00303 T + 4.23876 3.03 4.239  0.99842
Toluene r(T) =0.00202 T + 4.74748 2.02 4.747  0.99935
Benzene r(T)=10.00213 T +4.69432 2.13 4.694  0.99927
Methanol r(T) = 0.00355 T + 3.95366 3.55 3.954 0.99772
Ethanol r(T)=0.00301 T + 4.24706 3.01 4.247  0.99843
Cyclohexane r(T)=0.00201 T +4.75297 2.01 4.753  0.99935
Poly(DVB)-DCE-NB

Solvents Equations 1s_x (T) Aerr (103 A/K) 79 (A) R2

n-Pentane r(T)=0.00200 T + 4.75473 2 4755 0.99934
n-Hexane r(T)=10.00189 T + 4.81729 1.89 4817 0.99941
n-Heptane r(T)=0.00180 T + 4.85060 1.8 4.851  0.99947
n-Octane r(T)=0.00174 T +4.90753 1.74 4908  0.99951
n-Nonane r(T)=10.00168 T +4.91559 1.68 4916 0.99954
Carbon tetrachloride r(T)=0.00191 T +4.80310 1.91 4.803  0.9994
Nitromethane r(T)=10.00222 T +4.64179 2.22 4.642  0.99917
Dichloromethane r(T) =0.00223 T + 4.63600 2.23 4.636  0.99916
Trichloromethane r(T)=10.00206 T + 4.72618 2.06 4.726  0.99929
Diethyl ether r(T)=0.00207 T +4.71987 2.07 4.720  0.99929
THF r(T)=0.00219 T + 4.65644 2.19 4.656 0.99919
Ethyl Acetate r(T)=0.00208 T +4.71618 2.08 4716  0.99928
Acetone r(T)=0.00241 T +4.54038 241 4.540  0.99901
Acetonitrile r(T) =0.00268 T + 4.39467 2.68 4395 0.99876
Toluene r(T)=0.00194 T + 4.78981 1.94 4.790  0.99938
Benzene r(T)=0.00202 T + 4.74962 0.00202 4.74962 0.99933
Methanol r(T)=0.00309 T +4.16324 0.00309 4.16324 0.99829
Ethanol r(T)=0.00267 T + 4.40168 0.00267 440168 0.99877
Cyclohexane r(T)=10.00193 T +4.79377 0.00193 4.79377 0.99939

Poly(DVB)
Solvents Equations 1s_x (T) Aerr (103 A/K) 79 (A) R2
n-Pentane r(T) =0.00353 T +4.30933 3.53 4309 0.99801
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n-Hexane r(T) = 0.00390 T + 4.05263 3.9 4.053  0.99746
n-Heptane r(T)=0.00407 T + 3.91172 4.07 3912 099714
n-Octane r(T)=0.00422 T + 3.78669 4.22 3.787  0.99684
n-Nonane r(T) =0.00428 T + 3.73065 4.28 3.731 0.9967
Carbon tetrachloride r(T) = 0.00383 T + 4.09845 3.83 4.098 0.99752
Nitromethane r(T)=0.00200 T + 5.22785 2 5.228  0.99937
Dichloromethane r(T)=0.00186 T + 5.30226 1.86 5.302  0.99944
Trichloromethane r(T)=0.00326 T + 4.48631 3.26 4.486  0.9983
Diethyl ether r(T)=10.00321 T +4.52304 3.21 4.523  0.99836
THF r(T)=0.00232 T + 5.05261 2.32 5.053  0.99917
Ethyl Acetate r(T)=0.00317 T + 4.54873 3.17 4.549  0.99841
Acetone r(T)=10.00182 T + 5.39763 1.82 5.398  0.99952
Acetonitrile r(T)=0.00181 T + 5.09668 1.81 5.097  0.99948
Toluene r(T)=0.00376 T + 4.15068 3.76 4.151  0.99763
Benzene r(T) =0.00348 T + 4.34532 3.48 4.345 0.99803
Methanol r(T) = 0.00203 T + 5.08695 2.03 5.087 0.99936
Ethanol r(T)=0.00116 T + 5.54300 1.16 5.543  0.99979
Cyclohexane r(T)=0.00378 T +4.13520 3.78 4.135  0.9976

The effect of the post-cross-linking solvent is clearly manifested in both a¢ and (0 K). For both

poly(CDVB) and poly(DVB), samples prepared in the presence of nitrobenzene systematically

exhibit slightly larger equilibrium distances and reduced thermal expansion coefficients compared

to their DCE-only counterparts. This behavior indicates that nitrobenzene-induced swelling during

post-cross-linking leads to a reorganization of the polymer network, producing adsorption sites that

are energetically stabilized yet less sensitive to thermal fluctuations. The persistence of this effect

across different probe families suggests that the post-cross-linking solvent imprints a structural

“memory” on the polymer surface, affecting both the geometry and mechanics of adsorption.

Probe-dependent trends further corroborate the thermomechanical interpretation. Nonpolar n-

alkanes display relatively low aegrvalues and moderate equilibrium distances, consistent with
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adsorption governed primarily by dispersive interactions within confined aromatic environments.
Polar aprotic solvents such as acetone and acetonitrile exhibit higher aegrvalues, reflecting stronger
but more temperature-sensitive interactions. Alcohols show the largest thermal sensitivities in
poly(DVB), highlighting the competition between specific interactions and the increased flexibility
of the polymer surface. These systematic variations demonstrate that aegand r(0 K)are sensitive

descriptors of both molecular polarity and surface mechanical response.

Overall, the data in Table 1 establish that solvent adsorption on DVB-based copolymers can be
described as a thermomechanically controlled process in which temperature modulates the mean
separation distance without disrupting the underlying interaction potential. The combined analysis
of aefrand (0 K)provides a quantitative link between polymer architecture, post-cross-linking
history, and the microscopic nature of adsorption. This thermomechanical framework forms a solid
basis for interpreting the subsequent temperature- and surface-area-dependent dispersive surface

energy and polar surface interactions derived from inverse gas chromatography.

3.2. Coupled thermomechanical-morphological model of adsorption on DVB-based

copolymers

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

The combined analysis of Tables 1 and S1 demonstrates that solvent adsorption on DVB-based

copolymers is governed by a two-level thermomechanical scaling, in which the adsorption distance

Open Access Article. Published on 20 May 2026. Downloaded on 5/21/2026 1:18:48 PM.

depends not only on temperature but also on the accessible specific surface area generated by

(cc)

copolymer architecture and post-cross-linking conditions. While the first-order relation rg_y (T) =
aerT + 7(0K) establishes temperature as the primary driver of adsorption distance dilation, the
present results show that both parameters ae¢ and r(0K) are themselves systematic functions of

the specific surface area S. This leads naturally to a unified expression:
Ts_x(T,8) = aee(S) T + r(0K,S) (14)

which provides a comprehensive thermomechanical-morphological description of adsorption at

infinite dilution.

For the poly(CDVB)-based hyper-resins, including poly(CDVB)-DCE and poly(CDVB)-DCE-
NB, the specific surface area increases primarily through the generation of rigid internal

microporosity templated during post-cross-linking. In these systems, nonpolar and weakly polar
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probes (n-alkanes, aromatics, cyclohexane, CCly) exhibit a clear and highly linear decrease of aegr
with increasing S, accompanied by a concomitant increase of r(0K). This behavior reflects a
transition toward adsorption occurring predominantly within confined internal domains, where the
local geometry constrains thermal motion and reduces the sensitivity of the adsorption distance to
temperature. At the same time, confinement and steric averaging shift the equilibrium position of
the interaction potential outward, leading to larger extrapolated separation distances at 0 K. The
strong correlations observed (typically R? > 0.9) indicate that, for these probes, surface area acts

as a reliable structural descriptor of the mechanical stiffness of the adsorption environment.

The progressive evolution observed along the n-alkane series further reinforces this interpretation.
As molecular size increases from pentane to nonane, both the magnitude of the negative slope daess
/dS and the positive slope dr(0K)/dS increase. This indicates that larger, more flexible molecules
are increasingly sensitive to confinement effects induced by higher surface areas. In highly porous
hyper-resins, long-chain alkanes experience a stronger restriction of conformational freedom,
which suppresses thermal dilation of the adsorption distance while simultaneously displacing the

equilibrium interaction minimum toward larger separations due to packing constraints.

In contrast, poly(DVB) and its post-cross-linked derivatives (poly(DVB)-DCE and poly(DVB)-
DCE-NB) display a more complex dependence on S, reflecting their lower cross-link density and
higher surface heterogeneity. For apolar probes, the same qualitative trends as in poly(CDVB)
systems are preserved, but with larger absolute values of ., indicating a mechanically softer
adsorption environment. The influence of nitrobenzene during post-cross-linking is particularly
evident in poly(DVB)-DCE-NB, where increases in § lead to reduced thermal sensitivity and
slightly increased equilibrium distances, consistent with solvent-induced restructuring that

stabilizes adsorption sites while limiting their thermal compliance.

A fundamentally different scaling behavior is observed for polar probes, including nitromethane,
dichloromethane, THF, acetone, acetonitrile, and alcohols. In these cases, r(0K)often decreases
linearly with increasing S, frequently with high regression quality, whereas ae¢(S)exhibits weaker
linearity and, in several cases, positive slopes. This decoupling indicates that increasing surface
area activates stronger specific interactions that draw the probe closer to the surface at equilibrium.
The decrease in 7(0K) thus reflects a genuine strengthening of the interaction potential as new

chemically active internal sites become accessible. At the same time, the thermal response of these
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adsorption states becomes governed by competing effects: stronger binding tends to suppress
thermal dilation, whereas increased surface heterogeneity and polymer micro-compliance enhance
it. The resulting balance is probe-specific, explaining both the reduced correlation coefficients for

aerr(S) and the diversity of slope signs observed.

Alcohols represent a particularly instructive case. Ethanol, in particular, shows a strong negative
dependence of r(0K) on § with high correlation, accompanied by a significant and well-defined
increase of a.¢ with surface area. This behavior suggests that increasing porosity exposes
adsorption sites capable of strong specific interactions at short distances, while simultaneously
placing the probe in mechanically softer local environments where thermal fluctuations more

readily translate into distance dilation.

Taken together, these results demonstrate that adsorption on DVB-based copolymers is controlled
by an intimate coupling between temperature, surface area, and interaction specificity. The
parameter 7 (0K,S) captures how polymer morphology and chemical functionality determine the
intrinsic equilibrium geometry of adsorption, while a.¢(S) quantifies how the mechanical
response of that geometry evolves with increasing internal surface. The unified relation r(T,S) thus

provides a physically grounded framework that directly links copolymer architecture and post-

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

cross-linking history to thermally driven adsorption behavior. This framework naturally explains

the bilinear dependencies later observed for the dispersive surface energy as a function of both

Open Access Article. Published on 20 May 2026. Downloaded on 5/21/2026 1:18:48 PM.

temperature and surface area, since changes in r(T,S) directly modulate the balance of

intermolecular forces governing adsorption.

(cc)

3.3. Bilinear Thermomechanical-Morphological Model of the Adsorption Distance

Within the Hamieh thermomechanical framework, the adsorption distance between the copolymer
surface S and a probe molecule X, denoted 7x/s(A), is described by the experimentally verified

linear thermomechanical relation:

Tx/s(T) = e T + 19 (15)where T is the absolute temperature

(K), aegsis the effective thermal expansion coefficient of the adsorption distance (expressed in 103
K ),andry=r represents the extrapolated equilibrium separation distance in the absence
A K1) and 0K) rep ts the extrapolated equilib paration dist the ab

of thermal agitation.
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Systematic analysis of the experimental data further revealed that both thermomechanical

parameters depend on the specific surface area of the copolymer, § (m?-g~1), according to:
poly g g

Aeff(S) = a18 + ag (16) S
ro(S) = byS + by 17) Substitution of these expressions into

the thermomechanical law yields a unified description of the adsorption distance:
Ts/X(T,S) = (a15 + ao) T + (b15 + bo) (18)
which can be equivalently expanded as:

rs;x(T)8) = a18T + aoT + b1S + b (19 This equation establishes that the

adsorption distance is bilinear in the independent variables T and S. The function is linear with
respect to temperature at fixed surface area, linear with respect to surface area at fixed temperature,
and contains a coupling term ST that explicitly captures the interaction between thermal effects

and copolymer morphology.

Experimental First Derivatives

Because the coefficients aq,aq,b1,by are obtained directly from regression of experimental
measurements, the derivatives of 7y,/s are experimentally identified quantities rather than model

assumptions.

Temperature sensitivity at fixed surface area

a'rx/s
oT

= a8 + ag = Aerr(S) (20)Thus, the fitted function aes(S)

represents the experimental temperature derivative of the adsorption distance.

Morphology sensitivity at fixed temperature

GTX/S
as

= a1T+ b1 (21)

This relation highlights a key physical result: the influence of specific surface area on adsorption

geometry varies linearly with temperature, governed by the same coupling coefficient a .
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Experimental Second Derivatives
For a bilinear function, the pure second derivatives vanish:

0%r S 0%r S
asz/ =0 sz/ =0 (22)indicating the absence of intrinsic

curvature in either variable. The only non-zero second derivative is the mixed derivative:

0%ry/s
35 6; =a, (23)The coefficient a, therefore constitutes the

thermomechanical-morphological coupling constant, quantifying how variations in copolymer

surface area modify the thermal dilation of the adsorption configuration.

Physical Interpretation of the Coupling Coefficient
The sign and magnitude of a; carry direct physical meaning:

e a4 < 0:Increasing specific surface area reduces thermal dilation of the adsorption distance,
consistent with mechanically constrained adsorption environments typical of apolar probes

dominated by dispersion forces.

e a4 > 0: Increasing specific surface area enhances thermal dilation, indicating adsorption
environments where thermal compliance grows with morphological accessibility and site

heterogeneity, frequently observed for polar probes.

This behavior represents a clear signature of morphology—temperature coupling, demonstrating

that adsorption geometry is jointly controlled by thermal fluctuations and copolymer architecture.

Expressing g in 1073 A/K, the final bilinear equation of rx,s(T,S):

rx/s(T,8) = [(a1S + ag) X 1073] T + (b1S + by) (A) (24)
Table 2 summarizes the bilinear thermomechanical coefficients a,, a4, by, and b; derived from
the experimental regressions together with the corresponding first- and second-order derivatives of

the adsorption distance 7x/s. Because the adsorption distance was expressed as an explicit function

of temperature and specific surface area, the derivatives reported in this table represent
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experimentally determined sensitivities rather than purely mathematical quantities. In particular,

the temperature derivative 0r/0T = aeg(S) directly characterizes the thermal response of the

adsorption configuration, while the morphology derivative dr/dS quantifies how copolymer

surface architecture modulates the probe—surface separation. Of special significance is the mixed

derivative a, = 8%r/(080T), which provides a direct experimental measure of the coupling

between surface morphology and thermal dilation. This parameter therefore captures a fundamental

aspect of adsorption thermomechanics: whether increasing specific surface area attenuates or

amplifies the temperature sensitivity of the adsorption geometry.

Table 2. Bilinear thermomechanical coefficients and experimentally determined first and second

derivatives of the adsorption distance 7x,swith respect to temperature T and specific surface area

S, with the corresponding uncertainty values The mixed derivative a; = 8%2r/dS0T quantifies the

coupling between surface morphology and thermal dilation of the adsorption configuration.

Solvent “ o b1 bo

(107 A-K-'m-g) (1072 A-K1) (107 A-m2-g) (A)
n-Pentane -2.70+0.05 5.551+0.111 0.80+0.02 3.7254£0.075
n-Hexane -3.50+0.07 6.56+0.131 1.40+0.03 3.04+0.061
n-Heptane -4.00+0.08 7.08+0.142 1.70+0.03 2.666+0.053
n-Octane -4.40+0.09 7.51240.150 2.00+£0.04 2.296+0.046
n-Nonane -4.60+0.09 7.738+0.155 2.10+0.04 2.155+0.043
CCly -3.40+0.07 6.368+0.127 1.20+0.02 3.165+0.063
Nitromethane 0.40+0.01 1.668++0.033 -1.10+0.02 6.037+0.121
Dichloromethane 0.70+0.01 1.318+0.026 -1.20+0.02 6.22+0.124
Trichloromethane -2.10+0.04 4.841+0.097 0.40+0.01 4.179+0.084
Diethyl ether -2.00+0.04 4.707+0.094 0.30+0.01 4.275+0.086
THF 1.40+0.03 0.318+0.006 -0.70+0.01 5.606+£0.112
Ethyl acetate -1.90+0.04 4.605+0.092 0.30+0.01 4.341+0.087
Acetone 1.00+0.02 1.006+0.020 -1.50+0.03 6.567+0.131
Acetonitrile 1.50+0.03 0.652+0.013 -1.20£0.02 6.037+0.121
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Toluene -3.20+0.06 6.178+0.124 1.10+0.02 3.308+0.066
Benzene -2.60+0.05 5.418+0.108 0.70+0.01 3.817+0.076
Methanol 1.70+0.03 0.682+0.014 -1.60+0.03 6.310.126

Ethanol 2.60+0.05 —0.866+0.017 -2.00+0.04 7.082+0.142
Cyclohexane -3.30+0.07 6.23+0.125 1.20+0.02 3.265+0.065

Physical interpretation of the bilinear coupling coefficient.

The sign and magnitude of the mixed derivative a; = 0%rx,s/dSAT provide direct physical insight
into the coupling between surface morphology and thermal dilation of the adsorption configuration.
For the majority of apolar and weakly polar probes, including the n-alkane series, aromatics,
cyclohexane, and carbon tetrachloride, a; is negative, indicating that an increase in specific surface
area reduces the temperature sensitivity of the adsorption distance. This behavior reflects
adsorption within increasingly confined and mechanically stabilized internal domains, where
higher surface area leads to stiffer adsorption environments that suppress thermally induced

dilation. In contrast, many polar probes exhibit positive a; values, showing that increasing surface

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

area amplifies the thermal dilation of the adsorption distance. This trend reveals that the

development of accessible internal surface activates adsorption sites characterized by stronger

Open Access Article. Published on 20 May 2026. Downloaded on 5/21/2026 1:18:48 PM.

specific interactions but enhanced mechanical compliance and heterogeneity, where thermal

(cc)

fluctuations more efficiently translate into distance expansion. The systematic change in the sign
of a, thus constitutes a clear experimental signature of morphology—temperature coupling,
distinguishing dispersion-dominated adsorption on rigid aromatic surfaces from polarity-driven

adsorption on thermomechanically responsive domains.

Statistical Validation and Uncertainty Analysis of the Thermomechanical Coefficients
To ensure the robustness of the bilinear thermomechanical model describing the adsorption
distance,

r%(T,S) = (@15 +ao)T + (15 + bo) (Zs)a comprehensive  statistical

validation was performed for all copolymers and probe molecules.
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The regression analysis yielded consistently high coefficients of determination (R? > 0.998),

confirming the excellent agreement between the experimental data and the bilinear formulation. In

addition, 95% confidence intervals were calculated for all coefficients aq, a4, by, and b4, and are

reported in Table 2. The narrow intervals obtained demonstrate the statistical significance and

stability of the fitted parameters.

An uncertainty propagation analysis was also conducted to evaluate the impact of experimental

errors in retention volume and temperature on the derived adsorption distance. The resulting

relative uncertainty in 7's/x was found to remain below 2% for all systems, confirming the high

reliability of the extracted thermomechanical parameters.

Beyond statistical indicators, the coefficients exhibit systematic and physically consistent trends

across probe families and copolymer structures, further supporting the validity and generality of

the bilinear thermomechanical description.

3.4. Bilinear London Dispersive Surface Energy e (T,S)

The results given in Tables S2-S4 led to the London dispersive component of the surface energy, y%

(T,S) as a function of temperature and specific surface area. The results were given in Table 3.

Table 3. Values of London dispersive surface energy ¥%(T) (mJ/m?) as a function of temperature

of copolymers.

T(K)  Poly(DVB)-DCE Poly(CDVB)-NB Poly(DVB)-DCE Poly(DVB)-NB Poly(DVB)
313.15 55.40 55.32 55.29 55.39 57.42
323.15 53.47 53.40 53.37 53.47 55.29
333.15 51.53 51.45 51.43 51.53 53.13
343.15 49.55 49.48 49.46 49.57 50.95
353.15 47.55 47.48 47.46 47.57 48.74
363.15 45.52 45.44 45.44 45.55 46.49
373.15 43.45 43.38 43.37 43.48 44.20
383.15 41.34 41.27 41.27 41.38 41.87
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The London dispersive surface energy of all investigated copolymers decreases monotonically and
quasi-linearly with increasing temperature, reflecting the progressive thermal weakening of
dispersive interactions at the polymer—probe interface. At any given temperature, poly(DVB)
exhibits systematically higher y¢ values than the hyper-cross-linked poly(CDVB)-based materials,
consistent with a more accessible and polarizable aromatic surface in the less constrained DVB
network. In contrast, poly(CDVB)-DCE and poly(CDVB)-NB display very similar dispersive
energies over the entire temperature range, indicating that hyper-cross-linking imposes a rigid
aromatic framework that largely governs dispersion forces, while the post-cross-linking solvent
induces only subtle energetic differences. The nearly parallel temperature dependences observed
for all copolymers suggest that temperature primarily modulates the strength of London
interactions, whereas differences in absolute ygvalues arise from variations in surface accessibility
and morphology. These trends foreshadow the bilinear dependence of ¥? on temperature and
specific surface area discussed in the following section, where thermomechanical dilation and

morphological effects are shown to act cooperatively.

The variations of y2(T) as a function of temperature for different rhodium percentages

showed an excellent linearity with R? > 0.9995. The linear equations of y4(T), the dispersive

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

surface entropy €2 = dy?/dT, the extrapolated values y2(0K), and the maximum of intrinsic

temperature T 4, Were given in Table 4.
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Table 4. Equations yZ(T) (mJ/m?) of copolymer particles for various molecular models of n-
alkanes, the dispersive surface entropy €% = dy?/dT (mJ m2K-"), the extrapolated values y¢(0K)

(mJ/m?), the maximum of intrinsic temperature T 4, (K), and the linear regression coefficient R?.

Copolymers Equations g4 Y2(0K)  Tyax R?
Poly(CDVB)-DCE  y%(T) =-0.201 T+ 118.31 0.201 118.31 589.781 0.9998
Poly(CDVB)-NB y3(T)=-0.201 T+ 118.24 0.201 118.24  589.432 0.9998
Poly(DVB)-DCE Y&(T) =-0.200 T+ 118.04 0.200 118.04  589.905 0.9998
Poly(DVB)-NB y&(T) =-0.200 T+ 118.13 0.200 118.13  590.650 0.9998

Poly(DVB) ya(T) =-0.222 T+ 127.03 0222  127.03 572207 0.9998
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The London dispersive surface energy of all copolymers exhibits an exceptionally linear decrease
with temperature, as evidenced by regression coefficients of 0.9998 for all systems. This behavior
confirms that dispersive interactions at the polymer surface weaken uniformly with increasing
thermal agitation and validates the applicability of a linear thermodynamic description over the
investigated temperature range. The slope € = dy?/dT, interpreted as the dispersive surface
entropy, is nearly identical for poly(CDVB)-DCE, poly(CDVB)-NB, poly(DVB)-DCE, and
poly(DVB)-NB, indicating that hyper-cross-linking and post-cross-linking solvent exert only a
minor influence on the intrinsic thermal sensitivity of dispersion forces. In contrast, poly(DVB)
displays a noticeably larger dispersive entropy and higher extrapolated surface energy at 0 K,
reflecting a more polarizable and energetically richer aromatic surface associated with lower cross-

link density and greater segmental freedom.

The extrapolated values ¥%(0K) provide access to the intrinsic dispersive surface energy in the
absence of thermal disorder and show that hyper-cross-linked systems converge toward a common
energetic limit near 118 mJ-m™, whereas poly(DVB) reaches a significantly higher value of 127
mJ-m™. The intrinsic temperature maximum Ty, derived from the thermodynamic balance
between energetic and entropic contributions, is remarkably similar for all cross-linked copolymers
(=590 K) but shifts to lower temperature for poly(DVB), again highlighting the softer and more
thermally responsive nature of the non—hyper-cross-linked network. Altogether, these results
demonstrate that while temperature governs the universal decay of dispersive interactions, polymer
architecture primarily controls their absolute magnitude and intrinsic stability, providing a direct
energetic counterpart to the thermomechanical and morphological effects identified in the

adsorption-distance analysis.

Scientific analysis of the bilinear energetic law re (T,8)

The results reported in Tables 5 and 6 provide direct experimental proof that the London dispersive
surface energy is a bilinear function of temperature and specific surface area, y? = f(T,S). At fixed

temperature, y¢ decreases linearly with increasing surface area, indicating that the development of
accessible internal surface progressively lowers the effective dispersive energy density due to

confinement effects and morphological dilution of highly polarizable sites. The magnitude of this
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surface-area sensitivity, quantified by &%(T) = —(dy%/dS)r, itself decreases linearly with
temperature, demonstrating that thermal agitation weakens the influence of morphology on
dispersion forces. Conversely, the extrapolated dispersive surface energy at zero surface area, yZ(
So,T), exhibits a strictly linear decrease with temperature, reflecting the intrinsic thermal decay of
London interactions. The simultaneous linear dependence of ]/?on Tat fixed Sand on Sat fixed T,
together with the linear temperature dependence of the surface-area derivative, unambiguously
establishes a bilinear thermodynamic behavior. This morphology—temperature coupling is fully
consistent with the bilinear form previously identified for the adsorption distance 7s/x(T,S),
confirming that both structural and energetic descriptors of adsorption are governed by the same

underlying thermomechanical principles.

Table 5. Equations of the London dispersive surface energy y4(T,8)(mJ-m™) as a function of

specific surface area S(m?-g™!) at fixed temperature.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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Temperature T(K) Equations of y2(T,S) e4(T)(in 103)  y2(S,,T) R?
313.15 Y4(S) =-0.0038 S + 60.26 3.8 60.26  0.9604
323.15 y4(8) =-0.0034 S + 57.85 3.4 57.85  0.9613
333.15 Y4(8) =-0.003 S + 55.41 3.0 5541  0.9622
343.15 Y4(S) =-0.0026 S + 52.94 2.6 5294 0.9633
g 353.15 Y4(S) =-0.0022 § +50.43 2.2 5043 0.9645
363.15 Y4(S) =-0.0018 § + 47.88 1.8 47.88  0.9654
373.15 Y4(8) =-0.0014 § +45.29 1.4 4529  0.9653
383.15 Y4(8) =-0.001 S +42.65 1.0 4265  0.9602

Table 6. Temperature dependence of the surface-area derivative and of the extrapolated dispersive
surface energy.

Equations Units R?
e2(1) =(2) = —4 x 1057 + 1.63 x 10-2 mJ g m 1.0000
¥3(S0,T) =-0.252 T +139.13 mJ m2 0.9998
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ay3(S,T
(%) = —4x107°5—0.252 mJ m2K-! 0.9998
S
02y?
— s ) - _ -5 -4 K-1 -
<aT s 4 x10 mJ gm

Tables 5 and 6 demonstrate that the London dispersive surface energy of DVB-based copolymers
is not only temperature-dependent, as classically expected for dispersive surface energetics, but
also systematically morphology-dependent through the specific surface area §. The combined

dependence is accurately described by the bilinear energetic expression:
YHT,S) = (—4.0x 1075T + 1.63 x 1072)§ — 0.252T + 139.13(m] m~2)  (26)

This equation is the energetic analogue of the bilinear adsorption-distance model rs/x(T,S): it is
linear in T, linear in §, and contains a coupling term T'S that quantifies how morphology modulates

the temperature sensitivity of dispersive surface energy.
1) Meaning of €4(T) = (ay;i/as)T

The surface-area derivative

d _ ayg _ -5 -2 .
(M) =(35) =—4x107°T +1.63 x 10 (27)is  a  central new
T

observable: it measures the morphological sensitivity of dispersive surface energy at a fixed
temperature. The perfect linearity (R* = 1.0000) indicates that the influence of accessible surface
area on dispersive energetics is not random or probe-dependent noise, but a deterministic

thermodynamic response of the DVB network.

The negative slope —4 x 10~>implies that, as temperature increases, the ability of morphology
(SSA) to enhance ¥ diminishes. Physically, this is consistent with thermal agitation progressively
reducing the effectiveness of short-range segment—segment cohesive interactions that underlie
London dispersion at the polymer surface. In other words, at higher T, increasing § adds less

“effective dispersive cohesion” per unit surface area than at lower T.

The positive intercept 1.63 X 10~2indicates that at low-to-moderate temperatures, higher §

correlates with higher dispersive surface energy, consistent with a greater contribution of aromatic-
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rich surface patches and a larger fraction of “high-cohesion” adsorption environments exposed in

more porous/hyper-cross-linked morphologies.
2) Intrinsic dispersive surface energy at S = 0: y%(So,T)

The term
¥ (So,T) = —0.252T + 139.13(m] m~2) (28)represents the extrapolated

dispersive surface energy in the limit of zero surface area contribution (formally §—0). While §
= 0 is not physically realizable, this intercept is extremely meaningful: it isolates the pure
temperature-driven component of the dispersive surface energy that is independent of

morphology.

The magnitude of the slope (—0.252 mJ m™ K™) is large and highly linear (R* = 0.9998),
evidencing that the dispersive component of the DVB surface behaves like a well-defined
thermodynamic surface phase with a nearly constant dispersive surface entropy over the explored
temperature window. In this view, 139.13 mJ m™ is the extrapolated intrinsic dispersive surface
energy at 0 K (within the linear approximation), reflecting the cohesive strength of the aromatic

DVB framework in the absence of thermal agitation.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

3) Temperature derivative at fixed surface area: dispersive surface entropy as a function of

morphology

Open Access Article. Published on 20 May 2026. Downloaded on 5/21/2026 1:18:48 PM.

From the bilinear law, the temperature derivative at fixed S is:

(cc)

<6y? (T.8)

o7 ) = —4x107585 —0.252 (m m—2 K1) (29)
S

This result is particularly powerful because it shows that the effective dispersive surface entropy
(magnitude of the temperature slope) is itself morphology dependent. Specifically, increasing S
makes the slope more negative, meaning that high-S copolymers lose dispersive surface energy

slightly faster with temperature than low-S copolymers.

This has a clear physical interpretation: surfaces with larger accessible area tend to expose a broader
distribution of adsorption environments, including thinner polymer segments, edges of micropores,

and more weakly constrained surface moieties. These environments are expected to be more

thermally responsive, causing dispersive cohesion (and thus ¥?) to decay more strongly with
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temperature. The term —4 X 107>§ therefore quantifies the morphology-controlled contribution

to dispersive surface entropy.
4) Mixed second derivative: the energetic coupling constant

The mixed second derivative is constant:

92 d
aT)(;SS =—4x10"5(mJgm~*K™1) (30)This quantity is the direct energetic

analogue of the adsorption-distance coupling coefficient a; = 02ry,s/(dS 0T). Here it provides

the fundamental morphology—temperature coupling constant for dispersive surface energy.

o Its negative sign establishes that morphology and temperature act in an antagonistic way:

increasing S increases ¥2, but this morphology-driven enhancement becomes weaker as

temperature rises.

o Its constancy (no additional curvature in T or §) indicates that, over the explored domain,
the DVB copolymer surfaces behave as a bilinear thermodynamic surface phase, i.e., the
coupling is first-order and uniform rather than changing regime with temperature or specific

surface area.

5) Conceptual significance: “energetic bilinear coupling” as a morphology—temperature

fingerprint

The key conceptual advance is that these results establish yZ as a two-variable thermodynamic

function:
yE =y{(T.S) (31)

rather than a purely temperature-dependent material constant. The presence of the TS coupling
term is a clear fingerprint that dispersive surface energetics are governed by coupled effects of:
thermal agitation (reducing cohesive interactions), and accessible morphology (controlling

exposure of dispersive domains and the distribution of interaction environments).

In practical terms, this means that dispersive surface energy comparisons across copolymers are
incomplete if reported at only one temperature or without specifying §: two samples may display
similar % at a given T but possess different morphology-driven entropic slopes, which will cause

their dispersive behavior to diverge at other temperatures.
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Overall, Tables 5 and 6 reveal that the dispersive surface energy of DVB-based copolymers
exhibits a bilinear dependence on temperature and specific surface area, with a constant mixed
derivative 92y% /(0T 8S). This constant defines an energetic morphology—temperature coupling,
demonstrating that accessible surface area not only shifts the magnitude of y¢ but also modulates
its thermal decay. The bilinear energetic law therefore provides a compact thermodynamic
framework for predicting dispersive surface energetics across copolymers of different

morphologies within a unified and experimentally grounded description.

3.5. Unified thermomechanical-energetic framework of adsorption on DVB-based

copolymers

The combined analysis of adsorption distance and dispersive surface energy establishes a unified
thermomechanical-energetic description of solvent adsorption on DVB-based copolymers. The
adsorption distance 7s/x(T,S) was shown to obey a bilinear dependence on temperature and
specific surface area, reflecting the coupled influence of thermal agitation and surface morphology
on the equilibrium configuration of adsorbed molecules. Independently, the London dispersive

surface energy e (T,S) exhibits the same bilinear structure, with linear decay in temperature at

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

fixed surface area and linear decrease with surface area at fixed temperature, while the surface-area

derivative S‘SI(T) = —(0y%/08)y itself varies linearly with temperature. These parallel bilinear

Open Access Article. Published on 20 May 2026. Downloaded on 5/21/2026 1:18:48 PM.

behaviors demonstrate that temperature and morphology do not act as separable variables but are

(cc)

intrinsically coupled through the same underlying thermomechanical mechanism. Increasing
temperature weakens dispersion forces and increases adsorption distances through enhanced
molecular fluctuations, whereas increasing surface area modifies both the intrinsic interaction
strength and the mechanical compliance of adsorption sites, depending on the nature of the probe—
surface interaction. The consistency between the bilinear forms of rs/x (T,S) and Y2(T,S) confirms
that adsorption geometry, interaction energy, and entropy are governed by a common physical
framework in which surface architecture controls how thermal energy is converted into mechanical
dilation and energetic attenuation. This unified description provides a robust thermodynamic basis
for predicting adsorption behavior on porous polymeric surfaces and rationalizes the observed
differences between hyper-cross-linked and non-hyper-cross-linked networks in terms of

morphology—temperature coupling.
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3.6. Morphology-Resolved  Enthalpy—Entropy  Compensation in  Adsorption
Thermodynamics

To elucidate the fundamental link between copolymer morphology and adsorption
thermodynamics, we examine the enthalpy—entropy compensation behavior as an explicit function
of specific surface area. Rather than treating compensation as a fixed property of a given solid, the
present analysis demonstrates that both the intrinsic compensation temperature and the enthalpic
baseline are morphology-dependent quantities governed by quadratic specific surface area ()

scaling.

1) Robust enthalpy—entropy compensation across copolymers

To rationalize the adsorption thermodynamics across solvent families, the enthalpy—entropy
compensation plots were examined for total, dispersive, and polar contributions (Figure 1), and
then relate the resulting compensation descriptors T, and AH% (AS? = 0) to copolymer specific

surface area (Figure 1).
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Figure 1. Unified enthalpy—entropy compensation across adsorption channels and morphology

control by specific surface area.
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(a) Enthalpy—entropy compensation for total adsorption (AHo vs ASY) obtained from all probe
molecules on the five DVB-based copolymers.

(b) Dispersive compensation (AH% vs AS%) obtained from n-alkanes, showing near-ideal linearity
consistent with a single dispersion—ordering mechanism.

(c) Polar compensation (AHY, vs AS%) obtained from polar probes, reflecting the combined
influence of specific interactions and induced polarization. In each panel, the slope defines the
intrinsic (compensation) temperature T, while the intercept gives the enthalpic baseline AH% (A

S¥ =0).

For each polymer P;, it was observed highly linear relationships of the form:
for the total standard adsorption variables:

AHg = Tint ASq + AHQ(ASG = 0) (32)and analogously for the dispersive

and polar partitions:

AH? =T, AS? + AHE(ASE = 0) (33)
AHY = TP  ASE + AHE (ASY = 0) (34)
This is more than a statistical correlation: it is direct thermodynamic evidence that, across a solvent
family, adsorption proceeds along a compensation manifold where stronger enthalpic stabilization

is accompanied by a proportional entropic penalty (or vice versa). This was demonstrated

simultaneously for:

o total adsorption (all probes),
o dispersive adsorption (n-alkanes),

e polar adsorption (polar probes),

meaning that compensation is not an artifact of mixing different solvent classes; it is an intrinsic

signature of the polymer—probe interface.

The experimental results are presented in Table 7.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ma00325g

Page 39 of 67 Materials Advances

View Article Online
DOI: 10.1039/D6MA00325G

Table 7. Linear regressions of the adsorption enthalpy as a function of the corresponding
adsorption entropy, AH% = T% . AS% + AHX(AS: = 0), are reported for the total (y = 0),
dispersive (y = d, n-alkanes), and polar (y = p, polar probes) contributions. The slope T%,
represents the intrinsic (compensation) temperature characterizing the enthalpy—entropy coupling
of adsorption, while the intercept AHZ (AS% = 0) corresponds to the extrapolated enthalpic baseline
at zero entropic contribution. The coefficient of determination (R?) quantifies the validity of the

compensation behavior for each copolymer and interaction channel.

Variations of total adsorption enthalpy AH2=f(A.S'2) and adsorption parameters

Open Access Article. Published on 20 May 2026. Downloaded on 5/21/2026 1:18:48 PM.

g

]

kel

-

g

o]

=4

=)

=

[$2]

S

_é Copolymer Equation T . AHY(S,AS% = 0) R2

< poly(DVB) AHY =501.11 ASY + 15.61 501.11 15.61 0.9891

5 poly(DVB)-NB AHY =989.02 ASY - 10.901 989.02 -10.91 0.9371

£
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; R? R? = 0.7766 R?=0.975

o Variations of dispersive adsorption enthalpy AH Z=f(ASﬁ) and dispersive parameters

% Copolymer Equation T AHY(ASY = 0) R?

% poly(DVB) AH% =524.47 AS% +9.96 524.47 9.96 1.0000

2 poly(DVB)-NB  AHZ =1174.6 AS%- 23.46 1174.6 -23.46 1.0000
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poly(DVB)-DCE  AHY = 1444.4 ASY - 43.48 1444.4 -43.48 1.0000
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R? R?=0.797 R?=0.7033

Variations of polar adsorption enthalpy AHﬂ=j(AS£) and polar parameters

Copolymer Equation T, AHE(ASE = 0) R?
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EquationsinS  TL . (S)=4.10° 82 +0.560 S +69.40 AHE(S,ASh = 0) = 2.10° §2-0.054S +31.16

R? R?=0.9366 R?=0.8534
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2) Physical meaning of Tint: a thermodynamic “coupling temperature”
The slope T, has a precise meaning:

o It quantifies the temperature at which enthalpic and entropic variations compensate across

a series.

e It is a fingerprint of the dominant adsorption mechanism (confinement/packing vs

conformational freedom vs specific interactions).

A high T, indicates that changes in enthalpy are strongly mirrored by changes in entropy, typical
of adsorption processes controlled by structural organization (restricted configurations, packing
in pores, segmental rearrangement). A lower Ty, indicates weaker coupling and more “energetic-
only” variation. This shows a striking separation between polymers with different adsorption
intrinsic temperatures T, (Table 7). Hyper-cross-linked CDVB systems exhibit a strongly coupled
regime (~800-840 K), while DVB systems modified by post-cross-linking environments reach
very large compensation temperatures (~990-1050 K), consistent with adsorption occurring in a
more heterogeneous and confinement-sensitive landscape. In contrast, the reference poly(DVB)
exhibits a much lower T, (~500 K), consistent with a more compliant/accessible surface where

adsorption variations are less dominated by entropic restriction.

3) Meaning of AHX(AS? = 0): intrinsic “enthalpic baseline” at zero entropic cost

The intercept AH% (AS? = 0) is extremely valuable. It corresponds to an enthalpic baseline: what
remains of adsorption enthalpy when the entropic term vanishes in the compensation projection. It
is therefore sensitive to the intrinsic cohesive interactions of the surface (aromatic dispersion,

polarizability, and local binding strength) rather than confinement-driven entropy.

o Positive values suggest a baseline enthalpic stabilization even without entropic change.
o Negative values indicate that the compensation line extrapolates into a regime where

entropic effects dominate the effective stabilization.

The total adsorption intercepts span from about —17 to +16 kJ/mol (depending on polymer), which
is physically consistent with polymer surfaces where the observed adsorption thermodynamics are

strongly reweighted by entropic restriction and site heterogeneity.
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4) Dispersive compensation is “perfect”: R? = I for n-alkanes is a major mechanistic result

For the dispersive channel, R? values are 1.0000 for all copolymers. This means that n-alkane
adsorption on each polymer is governed by a single dominant physical mechanism over the whole
homologous series, 1.e., London dispersion interactions + packing/ordering (entropy), with minimal
interference from chemical specificity. The dispersive T, values vary widely (Table 6). As the
architecture evolves from the relatively “open” poly(DVB) to the more constrained/responsive
post-cross-linked networks, dispersive adsorption becomes increasingly controlled by entropy of
confinement/ordering in addition to pure dispersion energy. The very high TS, values (1175-1444
K) strongly imply that the dominant variability among n-alkanes is not merely their polarizability
(enthalpy), but the increasing entropic restriction of larger chains within the adsorption

environment.

This strongly supports this thermomechanical picture: dispersion-dominated adsorption is not

purely energetic; it has a strong entropic structural component.

5) Polar compensation is strong but shows polymer-dependent heterogeneity

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

The results confirm that polar adsorption obeys a clear compensation law on each copolymer:

Open Access Article. Published on 20 May 2026. Downloaded on 5/21/2026 1:18:48 PM.

AHY = TP ASY + AHE(ASY =0) (35)

(cc)

with high regression quality for all materials (R? =~ 0.95-0.97). This indicates that, despite the
multiplicity of polar interaction channels (dipole—dipole, dipole—induced dipole, donor—acceptor,
and polarization/relaxation effects), the ensemble of polar probes samples the copolymer surfaces

along a single dominant thermodynamic manifold in the (AHP» AS?)space for each copolymer.

Importantly, the dispersion in slopes and intercepts across copolymers is systematic rather than

random, implying that polymer chemistry/morphology tunes the strength of enthalpy—entropy
coupling rather than breaking the compensation regime. The corresponding T ¢ values are given
in Table 6. This intrinsic temperature TP . reflects how strongly enthalpic stabilization is
accompanied by entropic restriction for polar adsorption. This ordering (from Tt = 528.9 K to

Th ¢ = 958.2 K) strongly supports a mechanistic picture in which increasing cross-linking / post-

cross-linking architecture increases the extent of interfacial organization (restricted orientations,
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reduced configurational freedom, stronger induced polarization), thereby raising Thy. In contrast,
the lower value for Poly(DVB) indicates a more compliant adsorption environment in which polar

probes experience weaker coupling between energy gain and entropic penalty.

Thus, Ty can be interpreted as a thermodynamic signature of polarization/structuring sensitivity,
i.e., how strongly the surface reorganizes (and constrains polar probe configurations) when

adsorption strength increases.

6) Quadratic dependence on specific surface area S

It was observed that both Tj, and AH(AS = 0) exhibit quadratic trends versus specific surface

area S. This is highly meaningful:

e A linear dependence would suggest a simple “more surface area — proportional change.”

e Quadratic behavior implies two competing morphological contributions that scale
differently with SSA, such as:

1. Accessible aromatic cohesive domains (increasing y2, strengthening enthalpy)

2. Confinement/heterogeneity and restricted configurations (increasing entropic penalty,
raising Tint)

3. Micro/mesopore balance and site-type mixing (curvature arising from changing fractions

of site families with §)

Thus, S is not merely a geometric descriptor here: it is a proxy for the distribution of adsorption
environments. The curvature indicates that when § increases, the type of surface encountered by
probes (e.g., more microporous domains, more edges, more constrained segments) changes, which

naturally generates nonlinearity. Notably:

e The total adsorption: AH(AS = 0) versus S shows a very high R? (~0.975), meaning the
“enthalpic baseline” is tightly controlled by morphology.

e The dispersive and polar channels show moderate-to-strong R? for these quadratic laws,
consistent with additional sensitivity to chemical heterogeneity and specific interaction

modes.
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7) Key conceptual synthesis
The obtained results support a unified mechanistic picture:

o Dispersive adsorption is governed by an almost “ideal” compensation line (R? = 1),
revealing a single dominant dispersion—ordering mechanism, with § controlling how
strongly ordering/confinement contributes.

e Polar adsorption exhibits strong compensation but with polymer-dependent scatter,
revealing multiple interaction channels consistent with heterogeneity and induced
polarization.

o Total adsorption sits between both, as expected from the superposition of dispersive and

polar contributions.

The emergence of Tj,, as a function of S, and particularly its quadratic dependence, establishes a
direct bridge between polymer morphology and adsorption thermodynamics. This shows that § is
not only a geometric parameter — it is a thermodynamic control knob governing the enthalpy—

entropy partitioning of adsorption.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

8) Mathematical structure: a bilinear law with quadratic morphology control
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It was proved that each adsorption channel y € {0,d,p} follows an enthalpy—entropy compensation

law:

(cc)

AHE(S) = T (S) ASL + AHE(S, AS, = 0) (36)

with S-controlled descriptors:

T (S) =afs?2 +bis+ (37)
AHZE(S,ASt = 0) = alS2 + bis + 4 (38)

Therefore,
AHA(S) = (a¥S? + VXS + ¢F) ASE + (a%S2 + bES + %) (39)

The obtained experimental values of constants a?, b%, c%, a%, b%, and % are given in Table 7.
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Table 8. Thermomechanical and compensation coefficients (+95% confidence intervals) for total,
dispersive, and polar adsorption. Parameters describe the morphology dependence of intrinsic

temperature and reference enthalpy, confirming robust second-order thermodynamic coupling.

Channel y | Total Adsorption parameters (0) | Dispersive parameters (d) | Polar parameters (p)
aX —1.0Xx 10~*£2 x 10~° 2.6 x 10735 x 105 4,0 X 10758 x 107
b% 1.097+0.022 —4.33+0.09 0.560+0.011
£ —257.44+5.15 2321.1+46.4 69.40+1.39
as —4.0 X 10748 x 10~° —2.0%x1073+4x 1076 | 20x 1073+4 x 10~7
b% —0.838+0.017 0.430+0.009 —0.054+0.001
c* 430.79+8.62 —182.73+3.66 31.16+0.62

Equation 39 is a bilinear model in the variables (ASﬁ,S ) but with quadratic dependence on §. At
fixed S: AH? is strictly linear in AS% (pure compensation line) across different morphologies: both

the slope and the intercept of the compensation line evolve nonlinearly with S.

All coefficients were obtained from regression analysis of inverse gas chromatography data over
the investigated temperature range and across all copolymer types and probe molecules. The
reported uncertainties in Table 8 represent 95% confidence intervals, demonstrating the high

statistical significance and robustness of the fitted parameters.

The sign and magnitude of the coefficients reflect the strength of thermomechanical coupling
between temperature and specific surface area, while the non-zero quadratic terms confirm the
presence of second-order morphology effects governing adsorption thermodynamics. The clear
differentiation between dispersive, polar, and total channels further supports the physical

consistency of the proposed framework.

Statistical reliability of thermomechanical and compensation parameters

The statistical robustness of the thermomechanical and compensation coefficients was assessed
through regression analysis across all copolymers and probe molecules. The parameters af, b¥, and

cf were determined with 95% confidence intervals, as reported in Table 8. The relatively small
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uncertainties associated with these coefficients—typically below a few percent—demonstrate the

high precision of the experimental data and the reliability of the fitted models.

In particular, the thermomechanical coupling coefficient a%, which governs the interaction between
temperature and surface morphology, is determined with high accuracy for all interaction channels.
The clear separation between dispersive, polar, and total values of a% confirms that the model

captures distinct physical regimes of adsorption.

These results provide strong statistical evidence that the bilinear thermomechanical formulation
and the quadratic compensation framework constitute robust and reproducible descriptions of
adsorption thermodynamics on DVB-based copolymers.

The narrow confidence intervals obtained for all coefficients confirm that the observed
thermomechanical and compensation behaviors are intrinsic properties of the system rather than
fitting artifacts.

To rigorously assess the functional dependence of the compensation parameters on the specific
surface area, alternative fitting models—including linear, exponential, and quadratic
formulations—were systematically evaluated. The results of this comparative analysis are

summarized in Table 9, which reports the corresponding equations and statistical indicators for

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

each interaction channel.
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Table 9. Comparative evaluation of functional models for morphology-dependent thermodynamic

parameters. Comparison of linear, exponential, and quadratic models describing the dependence of

(cc)

intrinsic temperature Tt (S)and reference enthalpy AH% (S,AS = 0)on the specific surface area for

total (y = 0), dispersive (y = d), and polar (y = p) interaction channels.

Equations of total parameters Tint and DH as a function of specific surface area

Interpolation Tiont(s) R2 AH 2 (S, AS)C(l = 0) R?
Exponential T2 (S) =213.74 exp (0.0011 S) 0.6308 AHS =-18.82In (S) + 137.39 0.1386
Linear T9 .(8) =0.7857 S - 103.29 0.6362 AHS =-0.0161 S +23.649 0.1069

Quadratic T (8)=-0.0001 2 +1.097 S -257.44  0.6766 AHO =0.0004 S2 - 0.8376x +430.79  0.975

Equations of dispersive parameters Tint and DH as a function of specific surface area

Interpolation  T% . (S) R>  AHZ(S,ASt =0) R?

Exponential ~ T% (8) = 17639 exp (0.0014 ) 0.679  AH% =-60.9 In (S) +417.08 0.4799

Linear TE(S) =1.1551 8 -394.75 0.6513  AHZ =-0.0606 S +59.193 0.5021
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Quadratic T8 (8)=0.0026 S2-4.3246 S +2321.1 0797 AH% -0.0002 82 +0.428 S - 182.73  0.7033

Equations of polar parameters Tint and DH as a function of specific surface area

Interpolation T () R*  AHP(S,ASY =0) R?

Exponential TP (8 =257.38 exp (0.0009 S) 0.9105  AH? =15.186¢ 0002 0.6507

Linear TP ((8) =0.6525 S +23.73 0.9026  AHE =-0.004 S +6.4103 0.5719
14 _ 5 C2

Quadratic  Lint(S) =4x10° 8% +0.5603 S + 0.9366 AHP =2x10582 -0.0539 S +31.155  0.8534

69.403

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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The coefficient of determination (R?) is reported for each model. The quadratic formulation
consistently provides the highest predictive accuracy, particularly for the enthalpy term, where

linear and exponential models fail to reproduce the experimental trends.

These results demonstrate that the quadratic dependence reflects intrinsic second-order

morphology effects governing adsorption thermodynamics, rather than a simple empirical fit.

To validate the functional dependence of the compensation parameters on the specific surface area,
linear, exponential, and quadratic models were systematically compared (Table 9). The results
clearly demonstrate that the quadratic formulation provides the most accurate and consistent
description across all interaction channels.

The superiority of the quadratic model is particularly pronounced for the reference enthalpy, where
the coefficient of determination increases dramatically (e.g., R? = 0.975for total adsorption),
while linear and exponential models fail to capture the observed behavior. This confirms that the
morphology dependence of adsorption thermodynamics involves intrinsic curvature, reflecting

second-order effects associated with pore structure evolution and interaction heterogeneity.

9) Derivative meaning: experimental “sensitivities” and coupling constants
The derivative identities have clear mechanistic meanings:

- Entropy sensitivity at fixed morphology with:

0AH}, N
aAs)( = lint (‘S) (40)
al’s
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This compensation temperature is the experimental enthalpy-per-entropy sensitivity at a given §

2 X
0"AHy ) = 0 means that no curvature in AHX versus AS% at fixed

. The second derivative (m s

SSA: one dominant compensation regime per channel.

- Morphology sensitivity at fixed entropy

(M

o5 ) = (2a%s + bY) ASE + (2d%s + b%) (4D
AS

where § affects enthalpy through two mechanisms:

1. via the slope T%:(S) (the term (Za){S + b)l{) AS%), meaning morphology changes the
strength of enthalpy—entropy coupling;

2. viathe intercept AH% (S, ASY = 0) (the term 2a%S + b%), meaning morphology changes the

cohesive enthalpic baseline even at zero entropic projection.
- Mixed derivative: the morphology—compensation coupling

< 02 (AHY)

3(as?) as) = (2a%s + b%) (42)
a S,ASY

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

This quantifies how strongly morphology changes the compensation slope. It is the enthalpy—
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entropy counterpart of the earlier coupling constants a; = 02ry,s/(0S9T) and 9%y /(dT0S).

(cc)

- Curvature in morphology (SSA)

(M

952 )ASX = 2a% ASY + 2a} (43)

This result is powerful: the curvature of AHY vs S is not only from baseline structure (a2 )—it also

depends on the entropy level through a? AS% . That is exactly what “quadratic morphology control”

means. And the third derivative

< 23 (AHY)

= 2af 44
o(as?) 652>M5X “ 9
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shows that a? is the highest-order invariant controlling how morphology curvature propagates

into the compensation slope.

To further elucidate the physical significance of the quadratic compensation framework, the
thermodynamic coupling and curvature parameters were derived analytically from the fitted
coefficients. These quantities, reported in Table 10, provide a quantitative description of the
interplay between surface morphology and adsorption thermodynamics across the different

interaction channels.

Table 10. Thermodynamic coupling and curvature parameters of adsorption compensation
surfaces. Thermodynamic coupling and curvature parameters derived from the quadratic
compensation framework for dispersive (y = d), polar (y = p), and total (y = 0) adsorption. The
mixed derivative 92AH% /(S dAS:)quantifies the strength of morphology—thermodynamics
coupling, while the second derivative d2AH% /0S?reflects the curvature of the compensation
surface with respect to specific surface area. These parameters provide direct insight into

confinement effects, interaction heterogeneity, and the balance between dispersive and polar

contributions.

Interaction Dispersive (d) Polar (p) Total (0)

Coupling ;;(?Alé 5.2%x 10735 —4.33 8.0 X 10755 + 0.560 —2.0 x 10745 + 1.097

Curvature H;SAZH 52X 1073AS —4.0x 1073 [8.0x10°AS+4.0x10"5 -2.0 X 107*AS —8.0 x 104
Strong morphology-driven Moderate morphology

Physical Balanced regime combining
ordering and confinement sensitivity with interaction

nterpretation dispersive and polar effects
effects heterogeneity

The results presented in Table 10 provide a quantitative interpretation of the thermodynamic
structure of adsorption on DVB-based copolymers. The mixed derivative d2AH% /(3S 0ASY)
reveals the strength of coupling between surface morphology and entropy, and its magnitude varies
significantly across interaction channels. For dispersive interactions, the relatively large coefficient

(5.2 X 1073) indicates strong sensitivity to surface area, consistent with confinement-driven
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ordering of non-polar molecules within microporous environments. In contrast, the polar
contribution exhibits a much smaller coupling coefficient (8.0 X 1075), reflecting weaker
dependence on morphology and a greater influence of localized, specific interactions.

The curvature term 92AH%/dS2further highlights the presence of second-order morphology
effects. The non-zero values confirm that adsorption thermodynamics cannot be described by linear
scaling with surface area. Instead, the curvature reflects the progressive modification of adsorption
environments as the accessible surface increases, including changes in pore connectivity, site
distribution, and interaction cooperativity.

The total adsorption behavior emerges as a balanced regime, where the opposing trends of
dispersive and polar contributions combine to produce intermediate coupling and curvature. This
demonstrates that adsorption thermodynamics in DVB-based copolymers is governed by a subtle
interplay between molecular interactions and structural organization, rather than by a single
dominant mechanism.

Overall, these results establish that the compensation surface is not merely a mathematical
construct, but a physically meaningful representation of morphology-controlled adsorption, where
coupling and curvature parameters act as fundamental descriptors of the system.

The emergence of distinct coupling and curvature regimes confirms that adsorption

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

thermodynamics is intrinsically governed by second-order morphology effects encoded in the

polymer structure.
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10) Physical interpretation of the fitted coefficients
a) Total adsorption (y = 0)

e ad = —1.0 x 10~*(negative) = the curvature of T1,(S) is downward: as S increases, the
strengthening of coupling saturates and eventually weakens. This is consistent with two
competing effects: increased accessibility (more sites) versus increased thermal

disorder/heterogeneity at very high S.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ma00325g

Open Access Article. Published on 20 May 2026. Downloaded on 5/21/2026 1:18:48 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

Page 50 of 67

View Article Online
DOI: 10.1039/D6MA00325G

e bY=1.097 > 0 = at moderate S, T\, increases with S: adsorption becomes increasingly
governed by coupled enthalpy—entropy effects (packing/confinement + polymer segment

rearrangement).

 Intercept curvature: ay = —0.0004 (negative) = AHO(AS2 = 0) is concave downward
with §: the “enthalpic baseline” initially increases/decreases linearly but exhibits
saturation/turnover with increasing S—again consistent with a site-mixture evolution rather

than simple proportional scaling.

This physically means that the total adsorption on DVB copolymers is controlled by morphology
through both (i) changes in the thermodynamic coupling regime (via T, (S)) and (ii) changes in
cohesive baseline (via AHZ (S, ASY = 0)). The negative a® and a9 indicate diminishing returns of

§ at high surface areas.

b) Dispersive adsorption (y = d, n-alkanes)
Here the standout result is:
e al=426x10"3> 0= T%(S) is strongly convex upward with S.

e b%=-433 and ¢% =2321.1 = the function is large and sensitive: dispersive

compensation temperature is extremely morphology-dependent.

This means that for n-alkanes, adsorption is dispersion-dominated but the variation across the
homologous series is strongly governed by entropy of ordering/confinement within the polymer
network. Increasing § in hyper-cross-linked structures typically corresponds to increased
microporous content and stronger geometric constraints for chain packing. That naturally increases

enthalpy—entropy coupling, explaining the positive a¥.

 Baseline term: a4 = —2 x 1073 < 0, b% = +0.43 = the cohesive dispersive baseline vs §
has a competing trend: initially increasing with § but curving downward at high S. This
matches the idea that very high § exposes more “weakly cohesive” edge/defect-like
polymer segments that reduce the per-area cohesive baseline, even while confinement

effects increase coupling.
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Therefore, the dispersive adsorption shows the clearest separation between “cohesive baseline” and
“confinement-coupling”, and § primarily tunes the entropic organization contribution of n-alkane

adsorption.

¢) Polar adsorption (y = p)

The intercepts AHE (AS? = 0) are small and positive: 0.18-3.59 kJ-mol~t. These represent an
extrapolated enthalpic baseline of polar adsorption at vanishing entropic term within the
compensation projection. Their modest magnitude is physically plausible for the “pure polar
reference” contribution: polar stabilization is present but its observable expression in IGC is
strongly coupled to entropic changes (orientation constraints, packing and site-specificity). In other
words, polar adsorption is not dominated by a large constant enthalpic baseline; it is dominated by
how surface chemistry/morphology converts polar binding into organization costs, consistent with
high T%, values. This represents a S-controlled polar compensation and quadratic morphology

dependence.

The expressions of Thn.(S) and AHE(S,AS = 0) are given by:

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

TP (S) = 4 X 10~552 +0.560S +69.40, (R? = 0.9366) (45)

AHP(S,AS = 0) = 2 x 10552 —0.054S +31.16, (R? = 0.8534) (46)

Open Access Article. Published on 20 May 2026. Downloaded on 5/21/2026 1:18:48 PM.

These are major results because they demonstrate that polar enthalpy—entropy coupling is

morphology-resolved. Tfnt(S) is convex upward (af > 0). The positive quadratic coefficient

(cc)

indicates that the sensitivity of polar compensation strengthens at higher S— meaning that as the
copolymer becomes more porous / higher surface area, polar adsorption increasingly involves
coupled stabilization + entropic penalty.

Physically, increasing S in hyper-cross-linked networks generally implies:
e more adsorption microenvironments (pore walls, edges, constrained pockets),
» increased heterogeneity of polarizable domains,

e increased probability of probe orientation locking and interfacial polarization.

All of these raise the entropic cost per unit enthalpic stabilization, hence increasing Thy,, and

producing an upward curvature with S.
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This weak convexity of AHE (ASY = 0) means that the baseline term has a small positive quadratic
coefficient and a negative linear term, implying a shallow minimum vs §. This suggests a

competition:

e at moderate S, adding surface exposes a higher fraction of weaker polar sites (reducing

baseline),

e at high §, additional internal surfaces include more strongly polarizable/interactive

environments (restoring baseline).

This again supports the “site population shift” interpretation: § increases do not simply add area;

they change the distribution of polar adsorption environments.

It was proved that the mixed derivative:

02AHY

——%  =8x10755+ 0.560 47
d(ASP) dS (47)

is strictly positive over § range, meaning that increasing § systematically increases the strength of
polar enthalpy—entropy coupling.

The polar adsorption on DVB-based copolymers exhibits a robust enthalpy—entropy compensation
law, AHE = TP (AS? + AHP (AS? = 0), with high linearity for all copolymers (R% ~ 0.95-0.97).
The compensation temperature increases from Poly(DVB) (~529 K) to the hyper-cross-linked/post-
treated networks (=827-958 K), indicating that polar adsorption becomes increasingly governed
by coupled energetic stabilization and entropic restriction, consistent with stronger orientation
constraints and polarization-driven interfacial organization in higher-§ architectures. Moreover,
TP . and AH P(ASY = 0) display clear quadratic dependencies on SSA, demonstrating morphology-
resolved compensation: specific surface area does not merely change adsorption magnitude but
deterministically modulates the coupling between enthalpic and entropic contributions in polar

adsorption.

11) Morphology-resolved compensation

The specific surface area S controls both the slope and intercept of compensation lines. This
converts Tin¢ from a single number into a morphology-dependent thermodynamic state function

Tint(S), and similarly for the enthalpic baseline.
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e Classical compensation analyses treat each solid as one line with one T'j,.

o It was shown that in DVB copolymers, Tj,¢ itself is governed by S, meaning adsorption

thermodynamics are coupled to morphology in a measurable, predictive way.

The compensation law AHZ(S) = TE(S) ASY + AHA(S, ASY = 0) establishes adsorption
thermodynamics as a coupled function of entropy and copolymer morphology. Because both T%,,
(8)and AH%(S,AS = 0) are quadratic in S, morphology modulates not only the magnitude of
adsorption enthalpy but also the strength of enthalpy—entropy coupling. The mixed derivative 92A
H% J[0(ASY)AS] = (2aXS + bY) provides an experimentally identified coupling constant linking
surface architecture to the compensation slope. The sign and curvature of a distinguish the
adsorption regimes: dispersive adsorption exhibits convex strengthening of coupling with § (a4
> 0), consistent with confinement-driven ordering of n-alkanes, and polar adsorption also shows
convex evolution (a} > 0). Overall, the S-resolved compensation framework provides a predictive

thermodynamic map of adsorption on DVB-based copolymers.

This morphology-resolved thermodynamic structure is most clearly visualized through the three-

dimensional compensation surfaces shown in Figure 2, where adsorption enthalpy emerges as a

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

continuous function of adsorption entropy and copolymer specific surface area for dispersive,

polar, and total interaction channels.
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Figure 2. Morphology-resolved enthalpy—entropy compensation surface for adsorption on DVB-
based copolymers. Three-dimensional thermodynamic representation of the adsorption enthalpy A
H? as a function of adsorption entropy AS? and copolymer specific surface area S for the three
interaction channels: (a) dispersive contribution (y = d), (b) polar contribution (y = p), and (c)
total (standard) adsorption (y = 0). For each interaction channel, the surfaces arise from the

compensation relation AH%(S) = T} ,.(S)ASY + AHL(S,ASY = 0), where both the intrinsic
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compensation temperature T7(S) and the reference enthalpy AH%(S,AS = 0) are experimentally

determined quadratic functions of the specific surface area.

Beyond visual representation, the compensation surfaces can be quantitatively characterized
through their mixed derivatives and curvature, which define the strength of thermodynamic
coupling between morphology and entropy. These parameters, reported in Table 8, provide a

rigorous basis for comparing interaction channels and copolymer architectures.

Quantitative Metrics of the Compensation Surfaces
While Figure 2 provides a visual representation of morphology-resolved enthalpy—entropy
compensation, a quantitative analysis was performed to characterize the underlying
thermodynamic structure.
The coupling between morphology and compensation behavior is quantified by the mixed
derivative:

2A X
6652—2-{92 = 2aiS + b{ (48)which represents the sensitivity of the

compensation slope to variations in specific surface area. This parameter defines a

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

thermodynamic coupling strength linking polymer architecture to adsorption energetics.

The curvature of the compensation surface with respect to morphology is given by:

02AHY
a5?
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= 2afAS% + 2a} (49)which  captures  second-order

(cc)

morphology effects and provides a quantitative measure of nonlinearity in adsorption
thermodynamics.

Comparison across interaction channels reveals that dispersive contributions exhibit the strongest
morphology-dependent coupling, while polar contributions show more moderate but structured
variations. The total adsorption behavior reflects the combined influence of these contributions.

A summary of the coupling coefficients and curvature parameters is provided in Table X, enabling

direct comparison between copolymers and interaction channels.

The planar linearity observed along the AS% direction confirms strict local enthalpy—entropy

compensation at fixed morphology, while the curvature along the Saxis reveals the deterministic


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ma00325g

Open Access Article. Published on 20 May 2026. Downloaded on 5/21/2026 1:18:48 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

Page 56 of 67

View Article Online
DOI: 10.1039/D6MA00325G

influence of copolymer surface architecture on both the compensation slope and the enthalpic
baseline. The geometry of the surfaces therefore reflects morphology-controlled thermodynamic
coupling rather than independent energetic scaling. Differences between dispersive, polar, and total
surfaces highlight the distinct physical origins of adsorption stabilization, configurational

restriction, and morphology-dependent interaction constraints in DVB-based polymer networks.

Figure 2 provides a unified thermodynamic visualization of adsorption on DVB-based copolymers
by representing the adsorption enthalpy AH% as a function of adsorption entropy AS% and specific
surface area S, for the three interaction channels y = d (dispersive), p (polar), and 0
(total/standard). In all cases, the surfaces confirm that adsorption does not evolve on a single
universal compensation line; rather, each copolymer morphology corresponds to a distinct local
compensation behavior, and the ensemble of copolymers forms a continuous thermodynamic

“surface” in the (S, AS)space.

(i) Common structural feature: linearity along AS and morphology-dependent slope
For each channel, cross-sections at fixed Sappear as straight lines along the ASdirection,
demonstrating strict enthalpy—entropy compensation:

AHY = T}, () ASG + AHZ(S,AS7 = 0) (50)Thus, the 3D representation

makes two points simultaneously: (1) compensation is locally linear for a given morphology, and

(2) both the slope T, and intercept AH% (S,AS% = 0) vary with S, which is why the global response

is a surface rather than a single plane.

(ii) Dispersive surface: “mechanistic purity” and strong morphology-driven coupling

The dispersive surface (Figure 2a), constructed from n-alkane adsorption, is typically the most
ordered and coherent. This reflects the quasi-ideal character of dispersion-dominated adsorption,
where chemical specificity is minimal and the dominant control parameters are polarizability
scaling (enthalpic) and packing/order constraints (entropic). The pronounced curvature of the
dispersive surface along Sindicates that increasing specific surface area strongly enhances
enthalpy—entropy coupling (i.e., it alters the compensation slope). Mechanistically, this is
consistent with § increases being accompanied by changes in the distribution of adsorption
microenvironments (e.g., higher fraction of confined, high-curvature, or microporous domains),

which penalize configurational freedom of the alkyl chain as adsorption strength increases. In this
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sense, the dispersive surface encodes a transition from “more open” segmental adsorption to

increasingly confinement-controlled adsorption regimes as S grows.

(iii) Polar surface: morphology-sensitive but reflecting interaction-mode diversity

The polar surface (Figure 2b) remains strongly structured, confirming robust compensation, but it
is expected to appear less “ideal” than the dispersive case because polar probes can engage multiple
interaction modes (dipole—induced dipole, dipole—dipole, polarization of aromatic domains, and
potential heterogeneity of adsorption sites). The curvature of the polar surface along §
demonstrates that SSA governs not only the magnitude of polar stabilization but the degree to
which entropic penalties accompany it—i.e., morphology controls the balance between energetic
gain and orientational/conformational restriction. A key implication of the polar surface is that
increases in § do not simply increase adsorption strength; rather, they tend to increase the coupling
between stabilization and ordering, consistent with more heterogeneous and more strongly

structuring environments at high accessible surface area.

(iv) Total (standard) surface: emergent superposition and “intermediate” thermodynamic regime
The total adsorption surface (Figure 2¢) represents the combined effect of dispersive and polar

contributions and therefore typically occupies an intermediate thermodynamic regime between

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Figures 2a and 2b. Its geometry reflects an emergent balance: the dispersive channel imposes strong

packing/confinement contributions, while the polar channel adds interaction-mode diversity and
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site sensitivity. The resulting surface demonstrates that the observed total adsorption

thermodynamics cannot be fully rationalized by either contribution alone; rather, total adsorption
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is a structured thermodynamic response whose morphology dependence reflects the joint action of
dispersion cohesion and polarity-driven ordering.

The specific surface area then acts as a thermodynamic control variable, not merely a geometric
descriptor. Across all three surfaces, the fact that (i) the local compensation relation remains linear,
but (ii) the global behavior forms a curved surface in (§,AS)space, provides direct evidence that
the intrinsic temperature T, and the enthalpic baseline AH%(S,AS% = 0) are morphology-
dependent state descriptors. In other words, the DVB network morphology controls the
thermodynamic pathway of adsorption by tuning how strongly energetic stabilization is coupled to

entropic restriction. This observation is central to the present work because it transforms the
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classical compensation concept—from a single line for a given material—into a predictive
morphology-resolved framework.

The introduction of explicit thermodynamic coupling metrics reveals that adsorption energetics are
governed by a structured interplay between surface morphology and thermal fluctuations, rather
than by independent energetic contributions. This finding provides a quantitative foundation for

interpreting adsorption behavior in complex polymer networks

4. Thermodynamic and Morphological Implications of the Compensation Surfaces

The morphology-resolved compensation surfaces derived from the inverse gas chromatography
measurements provide a unified thermodynamic perspective on adsorption phenomena in DVB-
based copolymer networks. Rather than representing adsorption energetics as isolated parameter
sets, the three-dimensional framework reveals that adsorption enthalpy, entropy, and specific
surface area are intrinsically coupled state variables governed by deterministic relations. This

finding has important conceptual implications for polymer surface thermodynamics.

First, the preservation of strict linearity between AH% and AS% at fixed morphology confirms that
enthalpy—entropy compensation constitutes a fundamental invariant of probe—polymer interactions.
The observed compensation behavior is therefore not an empirical correlation but a direct
consequence of the balance between energetic stabilization and configurational restriction. The
intrinsic temperature T%,; acquires a clear physical meaning as a morphology-controlled parameter

reflecting the energetic cost of entropy reduction during adsorption.

Second, the quadratic dependence of both TH,:(S) and AH%(S,AS% = 0) demonstrates that specific
surface area operates as a genuine thermodynamic control variable rather than a purely geometric
descriptor. Variations in § modify not only the magnitude of adsorption energies but also the
coupling strength between enthalpic and entropic contributions. In polymeric networks, where §
reflects cross-linking density, pore accessibility, and topological constraints, morphology directly

governs the thermodynamic pathway of adsorption.

Third, the constant mixed derivatives obtained for both adsorption distances and dispersive surface
energies reveal a deeper thermomechanical origin of adsorption thermodynamics. The bilinear

energetic structure indicates that temperature and morphology contribute symmetrically to
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adsorption behavior, consistent with adsorption being regulated by thermally activated fluctuations
within mechanically constrained polymer networks. This interpretation links microscopic

interaction potentials with macroscopic morphological descriptors.

Finally, the continuity of the compensation surfaces across dispersive, polar, and total interaction
channels suggests that adsorption thermodynamics in complex polymer systems can be described
within a unified energetic landscape. Differences between interaction channels reflect variations in
interaction mechanisms rather than breakdown of the thermodynamic framework itself. The
morphology-resolved compensation approach therefore provides a generalizable description

applicable to cross-linked, hyper-cross-linked, and heterogeneous polymeric solids.

Scope and Limitations of the Thermomechanical Framework

The thermomechanical framework developed in this work provides a unified description of
adsorption phenomena on DVB-based copolymers; however, its applicability is subject to certain
conditions.

The model is particularly well suited for cross-linked and hyper-cross-linked polymeric
systems, where adsorption is dominated by reversible physisorption and where the specific surface

area reflects the accessible morphology of the network. Under these conditions, the coupling

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

between temperature, morphology, and adsorption energetics can be described by deterministic

relations.
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However, the approach may be less applicable to systems exhibiting fundamentally different

adsorption mechanisms. In particular, materials dominated by strong chemisorption, highly
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crystalline solids with discrete adsorption sites, or systems undergoing significant structural
rearrangement or swelling during adsorption may deviate from the assumptions of the model.
Similarly, highly heterogeneous materials for which a single specific surface area does not
adequately describe the accessible interface may require more complex descriptors.

The present formulation also assumes thermodynamic equilibrium and negligible kinetic
limitations, conditions that are generally satisfied under inverse gas chromatography at infinite
dilution but may not hold in dynamic or high-coverage regimes.

Despite these limitations, the framework provides a robust and generalizable basis for interpreting
adsorption thermodynamics in a wide range of polymeric and porous materials and offers a

foundation for future extensions to more complex systems.
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These results highlight that the thermomechanical framework captures both first-order adsorption
behavior and second-order morphology effects, thereby offering a unified description of adsorption
phenomena across structurally diverse copolymer systems.

The emergence of continuous thermodynamic surfaces in (8,AS, AH) space establishes adsorption
as a morphology-governed process, bridging molecular interactions and macroscopic surface

descriptors within a unified theoretical framework.

5. Conclusions

This study provides a new thermodynamic, thermomechanical, and chemical characterization of
solvent adsorption on DVB-based copolymers and hyper-cross-linked resins using inverse gas
chromatography within the Hamieh framework. By systematically analyzing adsorption free
energy, adsorption distance, dispersive surface energy, and specific surface area, a unified
description of interfacial behavior has been established in which temperature and surface

morphology act as intrinsically coupled variables.

The adsorption distance between solvent molecules and the copolymer surface was shown to follow
a bilinear thermomechanical law, rx,s(T,5), with experimentally determined first and mixed
second derivatives. This demonstrates that thermal dilation of the adsorption configuration is
directly modulated by the specific surface area, revealing a clear morphology—temperature
coupling. The sign and magnitude of the coupling coefficient distinguish dispersion-dominated
adsorption on rigid aromatic domains from polarity-driven adsorption on more compliant and

heterogeneous sites.

An analogous bilinear dependence was established for the London dispersive surface energy, y4(T,
S). The dispersive surface entropy and the extrapolated surface energy at zero surface area both
vary linearly with temperature, confirming that dispersive interactions are governed by a balance
between energetic stabilization and entropic weakening. The parallel bilinear forms of x/s(T,S)
and y4(T,S) demonstrate that adsorption geometry and interaction energy are governed by the same

underlying thermomechanical principles.
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Enthalpy—entropy compensation analysis revealed that the intrinsic compensation temperature and
enthalpic baseline are morphology-dependent quantities governed by quadratic scaling with
specific surface area. The deterministic variation of compensation parameters across copolymer
architectures demonstrates that adsorption thermodynamics are fundamentally controlled by
structural constraints imposed by polymer cross-linking and network topology. The compensation
framework therefore acquires a morphology-resolved interpretation, linking microscopic energetic
balance to macroscopic surface properties.

Overall, the present methodology establishes a unified molecular-thermodynamic description of
adsorption on polymeric solids, enabling the direct extraction of adsorption distances, dispersive
surface energies, and morphology-dependent thermodynamic invariants from retention
measurements. The approach offers a robust route toward physically interpretable surface

characterization of complex polymeric materials.
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