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1. Introduction

NMR relaxometry probes solvent-polarity-
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in stimuli-responsive lyogels
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Stimuli-responsive gels demonstrate macroscopic changes upon exposure to external stimuli, offering
potential for the development of adaptive chemical reactors. Early investigations into hydrogels
established that crosslinked polymer networks experience reversible volume phase transitions, with
temperature, pH, and solvent composition governing swelling and shrinking dynamics. Although hydrogels
behavior in agueous environments has been extensively characterized, lyogels that incorporate organic
solvents remain comparatively underexplored, despite their potential for enhanced chemical compatibility and
functional versatility. Here, we investigate how solvent polarity and crosslinking density govern the swelling
behavior, pore formation, and molecular-scale dynamics of poly(N-isopropylacrylamide)-based lyogels. Using
a combination of swelling measurement, scanning electron microscopy, and multiscale NMR relaxometry and
diffusometry, we demonstrate that solvent polarity fundamentally alters lyogel structure and dynamics.
Lyogels swollen in a high-polarity solvent exhibits macroporous networks and slower solvent exchange rates,
whereas a low-polarity solvent induces shrinkage, denser microstructures, faster solvent exchange rates, and
stronger surface interactions. These results establish a mechanistic framework linking thermodynamic affinity,
solvent dynamics, and microstructural confinement to macroscopic gel responsiveness. This framework
provides guidance for tailoring lyogels in dynamic environments, with potential applications in adaptable and
tunable chemical reactors.

external stimuli. Their adaptive behavior makes them highly
attractive for applications in flow control systems," sensor

Stimuli-responsive gels have emerged as a versatile class applications,” and functionally adaptable-tunable or SMART
of materials that exhibit macroscopic changes in response to reactors.> Earlier studies from Tanaka et al.>® demonstrated that
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polymer networks, such as hydrogels, can undergo volume phase
transition in response to environmental changes. Since then,
extensive studies have shown that external stimuli, such as tem-
perature, pH, electric fields, and chemical species, can induce the
swelling and shrinking of such networks.”'® Hoare and Kohane'
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actions to achieve precise control over material responses.

Gels consist of a three-dimensional polymer network that
can retain many times their own mass of solvents within the
polymer matrix (Fig. 1). Based on the solvent absorbed in the
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contain water, and lyogels, which contain organic solvents. The
use of organic solvents not only broadens chemical compati-
bility but also enables the introduction of diverse functional
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Macroscopic lyogels Porous structure Polymer network

Fig. 1 Schematic illustration of lyogels spanning from macroscopic to
microscopic scale. Unlike hydrogels, lyogels incorporate organic solvents
instead of water.

In this study, we focus on lyogels synthesized from N-isopropyl-
acrylamide (NIPAM), a thermoresponsive polymer with amphi-
philic character arising from hydrophilic amide groups and
hydrophobic isopropyl side chains.”*™* This dual affinity controls
molecular-scale solvent-polymer interactions to macroscopic swel-
ling behavior, making NIPAM-based lyogels an ideal platform for
studying solvent effects across a range of polarities.

Understanding the fundamental physical and chemical
principles that occur at the microstructural level during
swelling and shrinking is crucial for optimizing lyogels for
practical applications.'® Despite significant progress in under-
standing stimuli-responsive hydrogels, the mechanisms by
which solvent-polymer interactions and microstructural dynamics
control the macroscopic lyogel behavior remain incompletely
understood. To address this gap, a multiscale characterization
approach is required. Swelling measurements provide valuable
data on macroscopic changes and kinetics.*®"” In comparison,
advanced microscopic techniques such as (environmental)
scanning electron microscopy (ESEM/SEM), transmission elec-
tron microscopy (TEM), or micro-computed tomography (1CT)
offer insights into microstructural properties."®?° Most of
these microscopic techniques require dried samples or demand
extensive methodological development to be adapted for use
of gels in the solvated state.'®'? As a result, correlating the
structures obtained using these methods with solvent-induced
properties is often not straightforward. Moreover, small-angle
X-ray scattering (SAXS) can complement these techniques by
providing structural and morphological information on wet
gels, but it is a highly resource-intensive method.*"**

Another useful technique is nuclear magnetic resonance
(NMR) relaxometry and diffusometry, which enable non-invasive
access into molecular structure dynamics. NMR relaxometry
probes relaxation times that are sensitive to molecular motion,
confinement, and structural heterogeneity.>*** NMR diffusome-
try, on the other hand, probes molecular displacement and
transport properties, providing insight into translational motion
over micrometer length scales. The diffusion measurement is
based on the pulsed-field gradient spin-echo (PGSE) technique
introduced by Stejskal and Tanner,*® which was later complemen-
ted by Cotts through the development of the pulsed-field gradient
stimulated echo (PGSTE) method,”® enabling quantification
of diffusion in heterogeneous environments. Many studies have
adapted NMR techniques to elucidate solvent dynamics and
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microstructural features such as binding interactions within
polymer networks, while tailoring these methods to meet diverse
experimental conditions and application-specific requirements.””**
For example, D’Agostino et al**?* investigated swelling-
induced structural changes in gelatin gels and molecular
motion in emulsion gels using NMR relaxometry and diffuso-
metry, while Knorgen et al.>* examined swelling and diffusion
in hydrogels through 'H NMR imaging. Despite these
advances, to the best of the author’s knowledge, no similar
investigations have been performed in lyogels.

To investigate polymer and solvent dynamics at the molecular
level, "H NMR relaxometry and diffusometry were complemented
by other analytical techniques to develop a framework for under-
standing solvent-polymer interactions in NIPAM-based lyogels
with varying solvent polarities. A multi-technique approach is
essential for characterizing poly(N-isopropylacrylamide) (pNIPAM)
lyogels in various solvents and capturing their structural complex-
ity. Macroscopic swelling measurements provide initial insights
into how solvent polarity and crosslinker concentration influence
the lyogel’s bulk behavior, while SEM allows for visualization of
changes in the porous microstructure across solvents. At the
molecular scale, NMR relaxometry and diffusometry enable
mechanistic interpretation of solvent-polymer interactions and
transport phenomena within the lyogel matrix.

2. Experimental

2.1. Lyogel synthesis and preparation

Lyogels were synthesized by dissolving 2.175 g of NIPAM with
N,N’-methylenebisacrylamide (MBA) in 23 g of deionized water,
followed by nitrogen degassing for 30 min. Sodium metabisulfite
(SMBS, 2.5 mg) and ammonium persulfate (APS, 2.5 mg), were
each dissolved in 1 mL of deionized water and subsequently added
to the mixture. Lyogels with varying crosslinker concentrations
(0.007-0.050 g crosslinker per g monomer) were prepared using
MBA as the crosslinker. The resulting lyogel monoliths were cast in
10 mL syringes sealed with parafilm. After polymerization, the gels
were cut into cylinders approximately 1.5 ¢cm in height and
thoroughly washed with deionized water for three days.

Lyogel synthesis was performed via a two-step solvent exchange
protocol designed to probe the influence of solvent polarity. Ethanol
(EtOH) was selected as a representative high-polarity solvent, while
butyl acetate (BuAc) was the low-polarity solvent. For EtOH-based
lyogels, the samples underwent three successive solvent exchanges
followed by equilibration for 48 h at 25 °C. In the case of BuAc-based
lyogels, an additional solvent exchange step was introduced to
transition from EtOH to BuAc. This transition induced shrinkage,
which altered the final gel structure and properties.

2.2. Standard gel characterization

In addition to the NMR-based analysis, the macroscopic swel-
ling was determined by calculating the degree of swelling (Dos):

Mgel, equilibrated
Dos — teel. equilibrate (1)
Mried polymer
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For this analysis, the equilibrated lyogel was weighed and
subsequently dried at 40 °C (£ 0.1 °C) for 48 h to obtain the
mass of the dried polymer.

Furthermore, the porous structure of the lyogel was char-
acterized using SEM. Prior to imaging, the samples were dried
with supercritical CO,. The lyogels were sealed in bags of filter
paper and dried in a custom-built autoclave with a volume of
250 mL. The drying was performed for 3 h at 60 °C and 125 bar
to preserve their native pore architecture. The samples were
then cut open and sputtered with a thin carbon layer of
approximately 10 nm. The SEM analysis was conducted using
a Zeiss Supra VP55 equipped with a cold field emission gun
and in-lense detector for imaging. The measurements were
performed using an acceleration voltage of 5.00 kV. Supercritical
drying was employed to preserve the native structure.'® It must be
emphasized that the SEM images only reflect the structure of the
dried samples, which could often exhibit a certain shrinkage
upon CO, drying. Therefore, no absolute conclusions about the
pore structure in the wet gels can be drawn from them. Only
trends of the different structure in varying solvents can be
inferred from this data. This structural imaging information from
SEM analysis was used to correlate with NMR relaxometry and
diffusometry, providing insights into the relationship between
microstructure and solvent dynamics at the molecular level.

2.3. NMR measurement

Equilibrated lyogels with five distinct crosslinker concentra-
tions, prepared in EtOH and BuAc, were left under ambient
conditions for 3 min to facilitate bulk solvent evaporation.
Subsequently, the samples were cut to a uniform mass of
approximately 20 mg and placed into custom microfabricated
glass holders, produced via selective laser-induced etching
(SLE) (Fig. 2). This holder was inserted into a 5 mm NMR tube
and was specifically designed to ensure consistent sample
positioning and optimal signal quality.

All NMR experiments were performed using a 60 MHz
benchtop spectrometer equipped with a pulsed field gradient
system and temperature control maintained at 26 °C (Spinsolve
60, Magritek, Germany). Three key parameters were quantified:
(a) transverse relaxation time (7,) measured using the Carr-
Purcell-Meiboom-Gill (CPMG) sequence with an echo time of
300 ps, (b) longitudinal-transverse relaxation -correlation
(T1-T,) measurements performed with an inversion recovery-
CPMG (IR-CPMG) sequence using an echo time of 300 ps, and

Fig. 2 (a) Glass NMR sample holder with its cavity filled with lyogel,
ensuring uniform distribution and (b) final assembly inserted into a stan-
dard NMR tube for reproducible sample positioning and measurement.
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Table 1 NMR relaxometry parameters that were used to characterize
solvent—polymer interactions in lyogels dispersed in EtOH and BuAc

NMR relaxometry CPMG IR-CPMG
Echo time [us] 300 300
Number of echoes 30000 25000
Repetition time [s] 15 21
Number of points 32 32
Number of scans 4 4

Table 2 NMR diffusometry parameters used for assessing solvent—poly-
mer interactions of lyogels in EtOH and BuAc

NMR diffusometry PGSTE
Diffusion time [ms] 80
Gradient pulse duration [ms] 2
Repetition time [s] 15
Max gradient strength [mT m™'] 552
Number of points 16384
Number of scans 4

(c) self-diffusion coefficient (D) determined using the pulsed
gradient stimulated echo (PGSTE) method with a diffusion time
(4) of 80 ms (Tables 1 and 2). Parameters such as echo time
and diffusion time were carefully optimized to account for the
time sensitivity of the lyogels. As prior studies report no
measurable dependence of PFG attenuation on diffusion times
in hydrogel,*® the present measurements were treated as effec-
tively diffusion-time independent. Dwell time and related
acquisition parameters were further optimized to ensure repro-
ducibility and adequate relaxation between scans.

NMR data from three different batches of measurements
were processed using custom Python scripts designed to ana-
lyze both one- and two-dimensional relaxation and diffusion
datasets. Distribution functions of relaxation times from CPMG
data were obtained using the inverse Laplace transform (ILT)***”
with Tikhonov regularization (« = 0.1). The regularization para-
meter was selected using L-curve approach®® (see SI, Fig. S2) to
balance between noise suppression and resolution, ensuring the
identified peaks represent physically meaningful solvent popula-
tions. For methodological consistency, the same regularization
parameter was applied to IR-CPMG data. Signal components
with amplitudes exceeding 1% of the amplitude-normalized
intensity were considered indicative of distinct populations.
The diffusion data was processed using monoexponential fitting,
assuming that the solvent molecules primarily exhibit free
diffusion. To further quantify solvent-polymer interactions,
binding dynamics were evaluated by calculating solvent
exchange rates (ke) and standard Gibbs energy of binding
(AgG°) at equilibrium state.***' Molecular exchange between
two sites involves transitions between environments with differ-
ent local relaxation properties. Under the slow exchange limit,
free and bound solvent populations were resolved based on their
characteristic T, relaxation times, modeled as:

[Kbinding]

[freesolvent] == [bound solvent] (2)

[kdissociation]
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where [free solvent] and [bound solvent] denote the concentra-
tions of the solvent in the free and bound states and kpinding and
Kaissociation are the binding and dissociation rate constants,
respectively. The total exchange rate (k.,) is given by:

kex = kbinding * Kdissociation (3)

and slow exchange conditions were defined by:

1

1
kex € ot
o TZ,free

- T2,bound

4

The binding constant (Kg), describing the balance of bound
and free solvent, was calculated as:

[bound solvent]  Ppound

Kg
Pfree

= 5

[free solvent] (5)
where Ppoung and Py are the site occupancy of bound and free
solvent, respectively. In this regime, the total magnetization
relaxation follows a multi-exponential decay:

M(1)

M = Pfreee_t/ T3 free + Pbounde_t/ T bound (6)
0

where Pgee and Ppoung can be determined from the relative
amplitudes of the corresponding exponential components:**

Afree
Pfree = - . 4

Abo und (7)
Afree + Abound

PbOLll’ld -,
Afree + Abound

where A is the amplitude of the corresponding component.
Finally, standard Gibbs energy of binding AgG° associated with

solvent-polymer binding was determined from Kg:****

AgG° = —RTIn Ky (8)

where R is the universal gas constant (8.314 J mol " K™ ') and
T is the absolute temperature in Kelvin, assuming a room
temperature of 20 °C. The NMR measurements were Cross-
validated with complementary techniques, including swelling
measurements and SEM imaging, and were further compared
with theoretical models reported from previous studies.®

3. Results and discussion

3.1. Standard characterization of lyogels

The macroscopic analysis of the Dos reveals solvent-induced
shrinkage and the influence of crosslinker concentration
on swelling behavior. While pNIPAM lyogels exhibited strong
swelling in EtOH, significant shrinkage occured after solvent
exchange to BuAc (Fig. 3). A study'® attributed this effect to the
higher polarity of EtOH, which enhances solvent-polymer
interactions, in contrast to those observed for BuAc. Further-
more, in the macroscopic analysis, decreasing swelling for
increasing crosslinker concentrations could be observed in
EtOH and BuAc. This effect was particularly pronounced at
higher crosslinker concentrations, where the constrained poly-
mer network restricted solvent absorption, leading to shrink-
age. These observations align to previous studies highlighting
how solvent polarity and crosslinker concentration affect
hydrogel swelling.>***®
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Fig. 3 The degree of swelling (Dos) of lyogels in (a) EtOH and (b) BuAc.
Dos is defined as the ratio of the mass of equilibrated lyogels to the mass of
the polymer after drying the equilibrated lyogels.

Table 3 Infinite dilution activity coefficients (IDACs) (y), hydrogen-
bonding (E™8), and van der Waals interaction energies (EY9™) for the
interactions between NIPAM and pure solvents (EtOH, BuAc), calculated
using COSMO-RS model.?® A lower IDAC value indicates higher solute
miscibility with the given solvent, whereas more negative interaction
energy values correspond to stronger solute—solvent interactions

Solvent EtOH BuAc
In(y”) 0.026 0.813
E™® [k] mol "] -9.91 -1.37
EYW [Kk] mol '] —81.19 —83.00

A recent study by Eckert et al'® utilized COSMO-RS
(conductor-like screening model for real solvents)*® as thermo-
dynamic model to provide a quantitative framework for pre-
dicting solvent-polymer interactions based on the molecular
structure of the monomers. With this approach, quantitative
predictions of activity coefficients, hydrogen bonding, and van
der Waals interactions between NIPAM and the two solvents
were provided. The model results confirmed that hydrogen
bonding interactions prevail in EtOH, while in BuAc, weaker
hydrogen bonding is formed (Table 3).

The theoretical calculations were consistent with the
observed swelling equilibria. As expected, stronger interactions
between the lyogel monomer and the solvent correlated with
increased swelling behavior. The COSMO-RS calculations
describe bulk properties, but do not account for structural
effects, such as steric hindrance within the gel matrix. The
calculations were performed under conditions of infinite dilu-
tion, representing a single monomer in a bulk solvent. Thus,
the model is suitable for assessing component miscibility
and predicting bulk thermodynamic properties. The model,
however, does not capture surface interactions or structural
constraints arising from the polymer network.

Furthermore, the significant differences in the macromole-
cular structure of lyogels prepared in EtOH compared to BuAc
are consistently reflected by the SEM analysis (Fig. 4). While
lyogels prepared in EtOH exhibit a macroporous structure,
no distinct pore architecture could be identified in lyogels in
BuAc based on the SEM analysis. The pore sizes in the BuAc-
derived lyogels are significantly smaller and not resolvable by
SEM, likely due to the pronounced shrinkage observed under

This journal is © the Owner Societies 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp04032a

Open Access Article. Published on 11 December 2025. Downloaded on 6/15/2026 5:30:03 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Fig. 4 SEM images pNIPAM-based lyogels prepared in solvents of differ-
ent polarities. (a) Lyogels treated with EtOH at crosslinker concentration of
0.050 g g ! exhibited a clearly visible porous structure. In contrast,
(b) lyogels treated with BUAc at the same crosslinker concentration
showed significantly reduced porosity, with no clear pore structure.

these solvent conditions. Consequently, we conclude that a
dense and collapsed polymer network is formed in the presence
of BuAc.

3.2. NMR relaxometry and diffusometry

Based on solvent thermodynamic interactions with the polymer
network and in accordance with previous studies on hydro-
gels and other porous media,*>*”*® NMR relaxometry further
enables the differentiation of distinct solvent populations
within the lyogel matrices. As illustrated schematically in
Fig. 5, three distinct solvent populations could be identified
within the lyogel: (i) bound solvent, which is strongly attached
to polymer side chains, exhibiting severely restricted molecular
motion and short T, values; (ii) restricted solvent, weakly bound
and confined between polymer chains, where partial hindrance
of motion results in intermediate T, values; and (iii) free
solvent, unbound and freely mobile within the interconnected
pore space of the polymer matrix, displaying high molecular
mobility and long 7, relaxation times. This classification pro-
vides a useful framework for interpreting the relaxation popu-
lations obtained from NMR relaxometry and highlights the
hierarchical nature of molecular dynamics in lyogels.

Analysis of CPMG relaxation data revealed three distinct T,
populations in lyogels swollen with EtOH, while only two were
identified in lyogels swollen with BuAc (Fig. 6). This finding
contrasts the typical observations in other porous media, where

Hydrophilic

A Hydrophobic
amide group

isopropyl group Polymer

Polymer
side chain

backbone

Gy

Hiyg HiC,
o o

O N1

Ny Y

Bound
solvent

Restricted

solvent

Free
solvent

Fig. 5 Schematic illustration of pNIPAM interaction with solvents cate-
gorizing them into; bound solvent (where the first solvent interacts with
the polymer side chain), restricted solvent (subsequent solvent molecules
with limited mobility), and free solvent. Molecular structures used in figures
were generated with Avogadro (version 1.2.0).4°
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Fig. 6 Laplace inversion of CPMG measurement of lyogels (a) in EtOH
and (b) in BUAc. T relaxation times are defined as the time corresponding
to the peak signal intensity. The results revealed varying T, relaxation times
for different types of lyogels based on crosslinker concentrations from
0.007 to 0.050 g g% The figure shows amplitude-normalized signal
intensity to account for variations in sample weight during measurement.

usually only two solvent populations, free and bound are
detected. The presence of a third, intermediate population in
lyogels highlights the complex solvent-polymer interaction
mechanism unique to gels. The three T, populations corre-
spond to (i) free solvent (T, ~ 1 s), which is highly mobile and
experience minimal interaction with the polymer network,
detectable only in lyogels swollen with EtOH; (ii) restricted
solvent (T, ~ 100 ms), which is partially confined within the
polymer mesh; and (iii) bound solvent (7, ~ 10 ms), which is
closely associated with or interact onto the polymer backbone,
exhibiting significantly reduced mobility (Fig. 6).

These relaxation times reflect the degree of confinement and
solvent-polymer interactions, with shorter T, values corres-
ponding to more restricted, decreased mobility environments
(solid-like). Furthermore, an increase in the crosslinker concen-
tration resulted in a systematic decrease in T, values across
identified populations, with the most pronounced reductions
observed in the free solvent fraction of lyogels in EtOH and in
the restricted solvent fraction of lyogels in BuAc (Fig. 7a and d).
This trend indicates a denser, more compact polymer network,
leading to increasingly reduced solvent mobility and enhanced
shrinkage of the lyogels. These observations are consistent with
earlier studies on crosslinking-dependent swelling and mole-
cular dynamics in hydrogels, where increased crosslinking
density reduces network porosity and solvent mobility.”*”*?

In addition to T, relaxation times, 7T;-T, correlation maps
were examined, from which the T,/T, ratios have been derived
(Fig. 7b, ¢, e and f). The T3/T, ratio serves as a probe for surface
relaxation effects, owing to its sensitivity to molecular motion,
and is commonly employed as an indicator of surface inter-
action strength.’® When molecules interact with a polymer
surface, their rotational and translational motion are hindered,
resulting in increased Ty/T, ratio.”®”" According to the Bloem-
bergen-Purcell-Pound (BPP) theory,>® nuclear spin relaxation
arises from local magnetic field fluctuations caused by mole-
cular motion, characterized by the correlation time (z.). In low-
viscosity fluids, where molecular motion is rapid (t. < < 1/w,,
with w, being the Larmor frequency), both T; and T,
are relatively long and of similar magnitude. In confined
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Fig. 7 T, relaxation, T;—T, correlation map, and T;/T, ratio of pNIPAM across different crosslinker concentration in EtOH ((a)—(c)) and in BuAc ((d)—(f)).
The results reveal distinct solvent populations and their corresponding T> relaxation times, which vary depending on the crosslinker concentration of the
lyogels. Additionally, differences in solvent polarity influence the surface interactions between solvent and polymer backbone. The blue, cyan, and red
circles mark distinct populations corresponding to free solvent, restricted solvent, and bound solvent, respectively.

environments, for example near polymer surfaces, molecular
motion becomes restricted, leading to enhanced surface relaxa-
tion for both T, and T, with T, exhibiting higher sensitivity due
to magnetic susceptibility induced internal field gradients.>?
These gradients shorten 7, by inducing spin dephasing
that further attenuates the signal and increases sensitivity to
surface interactions. T, is largely unaffected by such internal
gradients,”* leading to increases in the T4/T, ratio in liquids
where stronger surface interactions are present. Consequently,
a higher T,/T, ratio reflects slower rotational and translational
dynamics and stronger molecular interactions with the sur-
rounding matrix.>® This effect is evident from the measure-
ments, as the free solvent population in EtOH, which exhibits
minimal interactions with the polymer surface, remains the
least affected, despite a reduction in T, relaxation times when
crosslinker concentration increases (highlighted by the blue
circle in Fig. 7a and c). As an initial step, T;-T, correlation maps
were evaluated, which provided further evidence for distinct
solvent populations, in agreement with T, relaxation profiles
(in Fig. 7b and e, blue, cyan, and red circles mark distinct
populations corresponding to free solvent, restricted solvent,
and bound solvent, respectively). Notably, a free solvent popu-
lation was observed exclusively in EtOH, as indicated by signal
intensity in close proximity to the diagonal line (T; = T5), which
is characteristic of freely moving solvent with minimal
motional restriction (Fig. 7b). The absence of a free solvent in
BuAc is attributed to the shrinkage of the polymer network,
which expels the free solvent during lyogel shrinkage, leaving
only restricted or bound fractions (Fig. 7e). When examining
the relaxation time distributions derived from the T,-T, corre-
lation maps, the T; distributions are comparatively narrow,
whereas the T, distributions exhibit pronounced broadening,

1650 | Phys. Chem. Chem. Phys., 2026, 28, 1645-1654

consistent with previous observations in hydrogels.>® This
difference arises from the distinct sensitivity of the two relaxa-
tion mechanisms to molecular motion and structural hetero-
geneity within the Iyogel network.>” The T relaxation primarily
reflects molecular reorientation processes at Larmor frequen-
cies and is therefore less affected by spatial restrictions.
In contrast, T, relaxation is strongly influenced by slow mole-
cular motions and local magnetic field inhomogeneities caused
by pore geometry and solvent-polymer interactions. Conse-
quently, variations in pore size and connectivity within the
heterogeneous lyogel matrix lead to a broad distribution of
T, values, while the T; relaxation remains largely invariant
across different regions of the lyogels. These observations
further confirm the progressive confinement of pores and the
enhanced surface interactions, as reflected by the increasing
T4/T, ratio with higher crosslinker concentration (Fig. 7c and f).

Comparing lyogels in EtOH and BuAc highlights pro-
nounced differences in their relaxation behavior. Relative to
EtOH, lyogels in BuAc exhibit lower T, values and predomi-
nantly high T,/T, ratios, consistent with more restricted mole-
cular motion and enhanced surface interactions. This
difference can be attributed to the smaller pore sizes in BuAc,
which result in stronger surface interactions compared to the
more macroporous network in EtOH. Referring to the thermo-
dynamic modeling (Table 3), stronger solvent-polymer interac-
tions were predicted in EtOH than in BuAc, which may appear
to contradict the interpretation derived from the NMR relaxo-
metry discussed above. Although both approaches consider
solvent-polymer interactions, they capture fundamentally dif-
ferent aspects: thermodynamic modeling reflects the bulk
properties of the system, whereas NMR relaxometry provides
direct insight into the changing interactions at the polymer
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Fig. 8 The effective self-diffusion coefficients (D) of EtOH and BuAc were
determined in pNIPAM-based lyogels with crosslinker concentrations
ranging from 0.007 to 0.050 g g%, with the most pronounced decrease
observed for BuAc in pNIPAM.

surface. Furthermore, since the COSMO-RS calculations were
performed on monomers and oligomers,® this technique can
only capture a limited impact of the lyogels’ structural proper-
ties. In contrast, NMR relaxometry enables the analysis of
both structural characteristics and solvent to polymer-surface
interactions or surface interaction strength.

Since solvent-induced shrinkage influences not only the
structural changes but also the diffusive properties of lyogels,
the subsequent analysis focuses on the solvent self-diffusion
coefficient as a quantitative measure for comparison. The self-
diffusion coefficients of bulk EtOH and BuAc were determined
by NMR diffusometry, yielding values of 1.11 x 10 ° m*s ™' and
1.62 x 107° m” s~ ', respectively. The comparison of effective
self-diffusion coefficient (D) showed that lyogels in BuAc exhib-
ited higher restriction than those in EtOH (Fig. 8). The larger
deviation between the bulk and effective (D) values further
evidences that molecular transport within the lyogel matrix is
more hindered in BuAc than in EtOH. The results align with the
previously determined higher fraction of free solvent in EtOH-
based lyogels compared to those in BuAc, as revealed by the ILT
analysis (Fig. 6). The lower self-diffusion coefficient in BuAc
lyogels is likely attributable to stronger surface interactions and
increased microstructural complexity. These factors reduce the
accessible bulk volume for diffusion, resulting in a smaller and
more constrained porous network, supported by the SEM
micrographs (Fig. 4). The observed trends are evident not only
when comparing the effects of EtOH and BuAc on the porous
structure, but also with increasing crosslinker concentration,
indicating a more compact network in highly crosslinked
lyogels. These findings are consistent with previous studies
on diffusion in polymer networks, where solvent quality, net-
work architecture, or polymer chain dynamics were shown to
significantly influence diffusivity.>"**>°

3.3. Solvent exchange rate and standard Gibbs energy of
binding

Binding dynamics within lyogels were characterized by quanti-
fying solvent exchange rates (k.,) between different populations
and by determining the standard Gibbs energy of binding
(AgG®) at equilibrium, following the principles outlined in
Section 2.3. It is important to note that these analyses are
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Fig. 9 Solvent exchange rate (kex) and standard Gibbs energy of binding
(AgG®) from free to bound state of pNIPAM in EtOH ((a) and (b)) and from
restricted to bound state of pNIPAM in BuAc ((c) and (d)).

intended for qualitative interpretation; for a more comprehen-
sive understanding, they should be complemented with further
methods such as molecular dynamics simulations.

In the context of solvent exchange rate analysis, higher
solvent exchange rates were observed mainly in BuAc compared
to EtOH, indicating faster exchange between restricted and
bound states, and lower kinetic barriers within the pNIPAM
polymer network (Fig. 9a and c). This observation is consistent
with the weaker solvent-polymer interactions predicted by
COSMO-RS simulations. In contrast, EtOH exhibited lower
solvent exchange rates, reflecting stronger binding affinities
and increased kinetic limitations.

When examining the standard Gibbs energy of binding, the
results provide only limited scope for a direct comparison
between EtOH and BuAc. A lower AgzG° was observed in BuAc,
suggesting a stronger thermodynamic affinity for the polymer
side chains, likely the hydrophobic isopropyl groups of pNI-
PAM, shaped by the polymer’s steric environment (Fig. 9b
and d). In contrast, the moderately higher AgG° in EtOH may
result from limited access to the amide groups, which serve
as primary binding sites and are located within hydrophobic
domains.

These results reveal fundamental differences in solvent-
polymer interactions. In BuAc, simulation model reveals weaker
thermodynamic binding, while experimental measurements
demonstrate faster solvent exchange between the two sites,
together indicating rapid exchange between the different bind-
ing states of the solvent within network. The solvent molecules
solvating the polymer chains are continuously replaced due to
these accelerated exchange rates, leading to changes in the
solvation states of the chains, ultimately resulting to structural
collapse and gel shrinkage. In EtOH, on the other hand, stronger
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binding and slower exchange occur due to its higher hydrogen-
bonding potential and the restricted access to binding sites
imposed by the polymer’s steric environment, thereby stabilizing
the lyogels in a swollen state. As has been concluded in earlier
works,"*®*” our findings further emphasize the need to balance
thermodynamic affinity and steric accessibility when desig-
ning lyogels with tailored transport properties and responsive
behavior.

3.4. Proposed solvent-polymer interaction model

Based on these experimental findings, a mechanistic model of
solvent-polymer interactions for pNIPAM in EtOH and BuAc is
proposed (Fig. 10). In EtOH, strong hydrogen bonding with the
amide groups facilitates solvent binding to the polymer side
chains. In contrast, BuAc binds preferentially to the hydropho-
bic isopropyl groups and exhibits strong surface interactions

Macroscopic
lyogels

.

% . :
| II I - X Ii CHs i N&I

slow free-bound exchange
and weak surface interactions and strong surface interactions

l l

fast restricted-bound exchange

swelling effect shrinking effect

Fig. 10 Schematic representation of the proposed solvent—polymer
interaction model, illustrating distinct solvent populations within pNIPAM
lyogels in EtOH (high-polarity solvent) and BuAc (low-polarity solvent). The
color scheme distinguishes the solvent states: bound solvent (red),
restricted solvent (cyan), and free solvent (blue). Lyogels in EtOH exhibit
a pronounced presence of free solvent, evidenced by a T, population near
~1 s, characteristic of a swelling behavior. In contrast, BuAc does not
show a detectable free solvent signal in this range, likely due to a faster
solvent exchange rate that promotes gel shrinkage. Lyogels in EtOH
exhibit weaker surface interactions (liquid-like) compared to BuAc, sug-
gesting a more expanded pore structure. On the other hand, the stronger
surface interactions (solid-like) observed in BuAc are associated with
reduced pore volume and increased structural compaction.

1652 | Phys. Chem. Chem. Phys., 2026, 28, 1645-1654

View Article Online

PCCP

with the polymer backbone. Structurally, pNIPAM in EtOH
exhibits network swelling and the formation of macropores,
while in BuAc a more compact structure with reduced porosity
is observed. At equilibrium in EtOH, slow solvent exchange
rates are indicative of strong solvent-polymer interactions,
which support the formation of a stable solvation layer around
the polymer backbone and side chains. This stabilizing effect
contributes to preserve the gel’s structural integrity. In contrast,
BuAc exhibits fast exchange, which limit the formation of such
a solvation layer. As a result, the polymer matrix experiences
reduced solvation and increased structural contraction, ulti-
mately leading to shrinkage of the lyogel network.

NMR relaxometry and diffusometry provide molecular level
evidence for these behaviors, revealing fundamental differ-
ences in solvent-polymer interactions between EtOH and BuAc,
which represents solvents of differing polarity. While a high-
polarity solvent promotes swelling through slower exchange
kinetics and side-chain binding limitation, a low-polarity sol-
vent induces shrinkage due to rapid exchange and enhancing
surface interactions.

4. Conclusions

This study demonstrates the effectiveness of combining NMR
relaxometry and diffusometry with complementary techniques
such as macroscopic swelling analysis and SEM imaging to
investigate the microstructural dynamics of pNIPAM lyogels in
solvents of varying polarity. In these systems, solvent polarity
critically influences solvent-polymer interactions, exchange
kinetics, and network morphology. EtOH, a high-polarity sol-
vent with strong hydrogen bond energy, binds primarily to the
amide groups, inducing swelling and macropore formation
through slower solvent exchange. In contrast, BuAc, a low-
polarity solvent, binds to hydrophobic isopropyl groups and
exhibits faster solvent exchange, leading to a denser network,
stronger surface interactions, and greater confinement.

These contrasting behaviors illustrate the importance of
balancing thermodynamic affinity, kinetic accessibility, and
steric factors when designing lyogels for targeted performance.
This work not only deepens our understanding of solvent-
polymer interactions but also provides insight into the struc-
tural and steric properties relative to bulk models, while high-
lighting NMR as a powerful tool for guiding the design of
responsive soft materials for applications in dynamic chemical
environments. These findings elucidate the interplay between
molecular-scale dynamics, network structure, steric constraints,
and thermodynamic binding, offering new insights into lyogel
responsiveness and enabling rational design of materials for
adaptive applications, including flow control and process inten-
sification in functionally adaptable-tunable reactors. In future
work, ultra-fast NMR measurement approaches can be imple-
mented to overcome conventional timing limitations and enable
the characterization of dynamic confinement behavior and
rapidly evolving lyogel microstructures that remain inaccessible
with standard acquisition methods.
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