View Article Online

View Journal

M) Checs tor updates

PCCP

Physical Chemistry Chemical Physics

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: M. Adrian, K. M.
Eckert, M. R. Serial, A. Tsanda, L. Rennpferdt, S. Benders, H. K. Trieu, T. Knopp, |. Smirnova and A. Penn,
Phys. Chem. Chem. Phys., 2025, DOI: 10.1039/D5CP04032A.

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after acceptance,
before technical editing, formatting and proof reading. Using this free
service, authors can make their results available to the community, in
citable form, before we publish the edited article. We will replace this
Accepted Manuscript with the edited and formatted Advance Article as
soon asitis available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes to the
text and/or graphics, which may alter content. The journal’s standard
Terms & Conditions and the Ethical guidelines still apply. In no event
shall the Royal Society of Chemistry be held responsible for any errors

o

o OF CHEMISTRY or omissions in this Accepted Manuscript or any consequences arising
from the use of any information it contains.

ROYAL SOCIETY

ROYAL SOCIETY rsc.li/pcc
OF CHEMISTRY /pccp

(3


http://rsc.li/pccp
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d5cp04032a
https://pubs.rsc.org/en/journals/journal/CP
http://crossmark.crossref.org/dialog/?doi=10.1039/D5CP04032A&domain=pdf&date_stamp=2025-12-11

Physical Chemistry Chemical Physics

Page 1 of 11

View Article Online

DOI: 10.1039/D5CP04032A

20U8017 peniodun O°E UOANG LY SUOWLLOD aAe8I) & Jopun pesteoljstopnesiyL [EELE)
"INV ET:TG:9 GZ0¢/LT/ZT UO popeo|umMoq “Se0Z Jauuessd TT U0 paus!iand B1uY sse00y uedo


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

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Physical Chemistry Chemical Physics Page 2 of 11

View Article Online
DOI: 10.1039/D5CP04032A

PCCP

ARTICLE TYPE

NMR
molecular interactions in stimuli-responsive lyogels’

Cite this: DOI: 00.0000/3000000000x relaxometry probes solvent-polarity-dependent

Muhammad Adrian,*¢ Kathrin Marina Eckert,”¢ M. Raquel Serial,%¢ Artyom Tsanda,?¢ Lukas
Rennpferdt,” Stefan Benders,%¢ Hoc Khiem Trieu,/ Tobias Knopp,%¢ Irina Smirnova,”¢ and
Alexander Penn%$

Received Date
Accepted Date

Stimuli-responsive gels demonstrate macroscopic changes upon exposure to external stimuli, offer-
. ing 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 aqueous environments has been extensively characterized, lyogels that incor-
porate 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 sol-
vent 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 sol-
vent 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 pro-
vides guidance for tailoring lyogels in dynamic environments, with potential applications in adaptable
and tunable chemical reactors.

1 Introduction
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Stimuli-responsive gels have emerged as a versatile class of ma-
terials that exhibit macroscopic changes in response to external
stimuli. Their adaptive behavior makes them highly attractive
for applications in flow control systems, sensor applications?,
and functionally adaptable-tunable or SMART reactors3#, Ear-
lier studies from Tanaka et al.>*8 demonstrated that polymer net-
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works, such as hydrogels, can undergo volume phase transition in
response to environmental changes. Since then, extensive stud-
ies have shown that external stimuli, such as temperature, pH,
electric fields, and chemical species, can induce the swelling and
shrinking of such networks?19, Hoare and Kohane! later em-
phasized the importance of tuning solvent-polymer interactions
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. . Based on the solvent absorbed in the matrix, a
distinction can be made between hydrogels, which contain wa-
ter, and lyogels, which contain organic solvents. The use of or-
ganic solvents not only broadens chemical compatibility but also
enables the introduction of diverse functional groups, enhancing
responsiveness and allowing property tuning for specific applica-
tions12.

In this study, we focus on lyogels synthesized from N-
isopropylacrylamide (NIPAM), a thermoresponsive polymer with
amphiphilic character arising from hydrophilic amide groups and
hydrophobic isopropyl side chainsT315. This dual affinity con-
trols molecular-scale solvent-polymer interactions to macroscopic
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Fig. 1 Schematic illustration of lyogels spanning from macroscopic to
microscopic scale. Unlike hydrogels, lyogels incorporate organic solvents
instead of water.

swelling behavior, making NIPAM-based lyogels an ideal platform
for studying solvent effects across a range of polarities.
Understanding the fundamental physical and chemical princi-
ples that occur at the microstructural level during swelling and
shrinking is crucial for optimizing lyogels for practical applica-
tions®. Despite significant progress in understanding stimuli-
responsive hydrogels, the mechanisms by which solvent-polymer
interactions and microstructural dynamics control the macro-
scopic lyogel behavior remain incompletely understood. To ad-
dress this gap, a multiscale characterization approach is required.
Swelling measurements provide valuable data on macroscopic
changes and kinetics2®17, In comparison, advanced microscopic
techniques such as (environmental) scanning electron microscopy
(ESEM/SEM), transmission electron microscopy (TEM), or micro-
computed tomography (uCT) offer insights into microstructural
properties 820, Most of these microscopic techniques require
dried samples or demand extensive methodological development
to be adapted for use of gels in the solvated statel812, As a re-
sult, correlating the structures obtained using these methods with
solvent-induced properties is often not straightforward. More-
over, small-angle X-ray scattering (SAXS) can complement these
techniques by providing structural and morphological informa-
tion on wet gels, but it is a highly resource-intensive method#122/
Another useful technique is nuclear magnetic resonance (NMR)
relaxometry and diffusometry, which enable non-invasive access
into molecular structure dynamics. NMR relaxometry probes re-
laxation times that are sensitive to molecular motion, confine-
ment, and structural heterogeneity2324 NMR diffusometry, on
the other hand, probes molecular displacement and transport
properties, providing insight into translational motion over mi-
crometer length scales. The diffusion measurement is based on
the pulsed-field gradient spin-echo (PGSE) technique introduced
by Stejskal and Tanner2>, which was later complemented by
Cotts through the development of the pulsed-field gradient stim-
ulated echo (PGSTE) method2¢, enabling quantification of diffu-
sion in heterogeneous environments. Many studies have adapted
NMR techniques to elucidate solvent dynamics and microstruc-
tural features such as binding interactions within polymer net-
works, while tailoring these methods to meet diverse experimen-
tal conditions and application-specific requirements2Z"32, For ex-
ample, D’Agostino et al.2334 investigated swelling-induced struc-
tural changes in gelatin gels and molecular motion in emulsion
gels using NMR relaxometry and diffusometry, while Knorgen et
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al.®>l 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 lyo-
gels.

To investigate polymer and solvent dynamics at the molecu-
lar level, 'H NMR relaxometry and diffusometry were comple-
mented by other analytical techniques to develop a framework for
understanding solvent-polymer interactions in NIPAM-based lyo-
gels with varying solvent polarities. A multi-technique approach
is essential for characterizing poly(N-isopropylacrylamide) (pNI-
PAM) lyogels in various solvents and capturing their structural
complexity. Macroscopic swelling measurements provide initial
insights into how solvent polarity and crosslinker concentration
influence the lyogel’s bulk behavior, while SEM allows for visual-
ization of changes in the porous microstructure across solvents.
At the molecular scale, NMR relaxometry and diffusometry en-
able 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 metabisul-
fite (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 concentra-
tions (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 ex-
change protocol designed to probe the influence of solvent polar-
ity. 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 transi-
tion induced shrinkage, which altered the final gel structure and
properties.

2.2 Standard gel characterization

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

m, .
Dos — 8¢k equilibrated o

Mdried polymer
For this analysis, the equilibrated lyogel was weighed and subse-
quently dried at 40°C (+0.1°C) for 48h to obtain the mass of
the dried polymer.
Furthermore, the porous structure of the lyogel was character-
ized using SEM. Prior to imaging, the samples were dried with
supercritical CO,. The lyogels were sealed in bags of filter paper
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and dried in a custom-built autoclave with a volume of 250 mL.
The drying was performed for 3h at 60°C and 125 bar to pre-
serve their native pore architecture. The samples were then cut
open and sputtered with a thin carbon layer of approximately
10nm. The SEM analysis was conducted using a Zeiss Supra
VP55 equipped with a cold field emission gun and in-lense detec-
tor for imaging. The measurements were performed using an ac-
celeration voltage of 5.00kV. Supercritical drying was employed
to preserve the native structurel®. 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 differ-
ent 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 concentrations,
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. . This holder was
inserted into a 5mm NMR tube and was specifically designed to
ensure consistent sample positioning and optimal signal quality.

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.

All NMR experiments were performed using a 60 MHz bench-
top spectrometer equipped with a pulsed field gradient sys-
tem and temperature control maintained at 26°C (Spinsolve
60, Magritek, Germany). Three key parameters were quan-
tified: (a) transverse relaxation time (7;) measured using
the Carr-Purcell-Meiboom-Gill (CPMG) sequence with an echo
time of 300us, (b) longitudinal-transverse relaxation correla-
tion (7T7-T») measurements performed with an Inversion Recov-
ery—-CPMG (IR-CPMG) sequence using an echo time of 300 us, and
(c) self-diffusion coefficient (D) determined using the Pulsed Gra-
dient Stimulated Echo (PGSTE) method with a diffusion time (A)
of 80 ms (Table[T]and [2). Parameters such as echo time and diffu-
sion time were carefully optimized to account for the time sensi-
tivity of the lyogels. As prior studies report no measurable depen-
dence of PFG attenuation on diffusion times in hydrogel®?, the
present measurements were treated as effectively diffusion-time
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independent. Dwell time and related acquisition parameters were
further optimized to ensure reproducibility and adequate relax-
ation between scans.

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-polymer
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

NMR data from three different batches of measurements were
processed using custom Python scripts designed to analyze both
one- and two-dimensional relaxation and diffusion datasets. Dis-
tribution functions of relaxation times from CPMG data were
obtained using the Inverse Laplace Transform (ILT) 36137 with
Tikhonov regularization (o« = 0.1). The regularization param-
eter was selected using L-curve approach®® (see + ESI Fig. S2)
to balance between noise suppression and resolution, ensuring
the identified peaks represent physically meaningful solvent pop-
ulations. For methodological consistency, the same regulariza-
tion parameter was applied to IR-CPMG data. Signal components
with amplitudes exceeding 1% of the amplitude-normalized in-
tensity were considered indicative of distinct populations. The
diffusion data was processed using monoexponential fitting, as-
suming that the solvent molecules primarily exhibit free diffu-
sion. To further quantify solvent-polymer interactions, binding
dynamics were evaluated by calculating solvent exchange rates
(key) and standard Gibbs energy of binding (AgG®) at equilibrium
state2*41l, Molecular exchange between two sites involves transi-
tions between environments with different local relaxation prop-
erties. Under the slow exchange limit, free and bound solvent
populations were resolved based on their characteristic 75 relax-
ation times, modeled as:

Kbinding

[free solvent] =——— [bound solvent] @
dissociation

where [free solvent] and [bound solvent] denote the concentra-
tions of the solvent in the free and bound states and kyinging and
kaissociation are the binding and dissociation rate constants, respec-
tively. The total exchange rate (kex) is given by:

kex = kbinding + Kdissociation ()

and slow exchange conditions were defined by:
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1 1
kex < —— + 7 4@
eX TZ,bound T2,free
The binding constant (Kg), describing the balance of bound and
free solvent, was calculated as:

[bound solvent]  P,qund

Ke = [free solvent]

&)

P free

where B,oung and Py are the site occupancy of bound and free
solvent, respectively. In this regime, the total magnetization re-
laxation follows a multi-exponential decay:

M)

7M — Pfreeeir/TZ,free + flbounde*t/TZ,bound (6)
0

where Pqee and Pyoung can be determined from the relative am-

plitudes of the corresponding exponential components“2:

Afree Abound
Pree= 74— Proumd= 37—, — )
ree Afree +Abound o Afree T Abound
where A is the amplitude of the corresponding component. Fi-
nally, standard Gibbs energy of binding AgG°® associated with

solvent-polymer binding was determined from Kg“344.

AG° = —RTInKp (8)

where R is the universal gas constant (8.314 Jmol~! K~!) and T is
the absolute temperature in Kelvin, assuming a room temperature
of 20 °C. The NMR measurements were cross-validated with com-
plementary techniques, including swelling measurements and
SEM imaging, and were further compared with theoretical mod-
els 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 ex-
change to BuAc (Fig. . A study® attributed this effect to the
higher polarity of EtOH, which enhances solvent-polymer inter-
actions, in contrast to those observed for BuAc. Furthermore,
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 con-
centrations, where the constrained polymer network restricted
solvent absorption, leading to shrinkage. These observations
align to previous studies highlighting how solvent polarity and
crosslinker concentration affect hydrogel swelling>1242]

A recent study by Eckert et al.l® utilized COSMO-RS
(Conductor-like Screening Model for Real Solvents) 46l 55 thermo-
dynamic model to provide a quantitative framework for predict-
ing solvent—polymer interactions based on the molecular struc-
ture of the monomers. With this approach, quantitative pre-
dictions 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

4] Journal Name, [year], [vol.],
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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.

interactions prevail in EtOH, while in BuAc, weaker hydrogen
bonding is formed (Table[3).

Table 3 Infinite dilution activity coefficients (IDACs) (¥°), hydrogen-
bonding (EMB), and Van der Waals interaction energies (EY4W) for the
interactions between NIPAM and pure solvents (EtOH, BuAc), calculated
using COSMO-RS model1®. A lower IDAC value indicates higher solute
miscibility with the given solvent, whereas more negative interaction en-
ergy values correspond to stronger solute-solvent interactions.

Solvent EtOH BuAc
In(y”) 0.026 0.813
EHB [kJ/mol] -9.91 —1.37
EVIW [kJ/mol] —81.19 —83.00

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 dilution, representing a
single monomer in a bulk solvent. Thus, the model is suitable
for assessing component miscibility and predicting bulk thermo-
dynamic properties. The model, however, does not capture sur-
face interactions or structural constraints arising from the poly-
mer network.

Furthermore, the significant differences in the macromolecu-
lar 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 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 hydrogels
and other porous media®24748 NMR relaxometry further en-
ables the differentiation of distinct solvent populations within the
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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.

lyogel matrices. As illustrated schematically in Fig. |5| three dis-
tinct 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 7> val-
ues; (ii) restricted solvent, weakly bound and confined between
polymer chains, where partial hindrance of motion results in in-
termediate 7, values; and (iii) free solvent, unbound and freely
mobile within the interconnected pore space of the polymer ma-
trix, displaying high molecular mobility and long 75 relaxation
times. This classification provides a useful framework for inter-
preting the relaxation populations obtained from NMR relaxome-
try and highlights the hierarchical nature of molecular dynamics
in lyogels.

Hydrophilic
amide group

\m

Hydrophobic
isopropyl group Polymer  Polymer

side chain  backbone

CHy

H,CY

O N

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).

Analysis of CPMG relaxation data revealed three distinct 75
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
usually only two solvent populations, free and bound are de-
tected. The presence of a third, intermediate population in lyogels
highlights the complex solvent-polymer interaction mechanism
unique to gels. The three T, populations correspond to (i) free
solvent (75 ~ 1s), which is highly mobile and experience minimal
interaction with the polymer network, detectable only in lyogels
swollen with EtOH; (ii) restricted solvent (75 ~ 100ms), which
is partially confined within the polymer mesh; and (iii) bound
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solvent (7> =~ 10ms), which is closely associated with or interact
onto the polymer backbone, exhibiting significantly reduced mo-

bility (Fig.[6).

—
Q
-~
-
—
(=)
-
-

Restricted
solvent

0.007 g/g
0.014 g/g
0.020 g/g

—0.035g/g

—0.050 g/g

0.007 g/g
0.014 g/ig
—0.020 g/g
—0.035 g/g
-=0.050 g/g
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O G
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Norm. magnitude [-]
Norm. magnitude [-]
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1073 102 10t 10° 1073 102 10t 10°
Time [s] Time [s]

Fig. 6 Laplace inversion of CPMG measurement of lyogels (a) in EtOH
and (b) in BuAc. T relaxation times are defined as the time correspond-
ing 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 0.050g/g. The figure shows amplitude-normalized signal
intensity to account for variations in sample weight during measurement.

These relaxation times reflect the degree of confinement and
solvent-polymer interactions, with shorter 75 values correspond-
ing to more restricted, decreased mobility environments (solid-
like). Furthermore, an increase in the crosslinker concentration
resulted in a systematic decrease in 7, 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. Eh,d). This trend indi-
cates a denser, more compact polymer network, leading to in-
creasingly reduced solvent mobility and enhanced shrinkage of
the lyogels. These observations are consistent with earlier studies
on crosslinking-dependent swelling and molecular dynamics in
hydrogels, where increased crosslinking density reduces network
porosity and solvent mobili.

In addition to T, relaxation times, T;-T, correlation maps
were examined, from which the 77/7, ratios have been derived
(Fig. [7b,c.e,f). The Ty/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 interac-
tion strength®®, When molecules interact with a polymer surface,
their rotational and translational motion are hindered, resulting
in increased Tj/T, ratio2%51, According to the Bloembergen—
Purcell-Pound (BPP) theo, nuclear spin relaxation arises
from local magnetic field fluctuations caused by molecular mo-
tion, characterized by the correlation time (7). In low-viscosity
fluids, where molecular motion is rapid (7. < 1/my, with @y being
the Larmor frequency), both 7; and 7, are relatively long and of
similar magnitude. In confined environments, for example near
polymer surfaces, molecular motion becomes restricted, leading
to enhanced surface relaxation for both 77 and 75, with T, ex-
hibiting higher sensitivity due to magnetic susceptibility induced
internal field gradients. These gradients shorten 7, by inducing
spin dephasing that further attenuates the signal and increasing
sensitivity to surface interactions. Due to 7; is largely unaffected
to such internal gradients®, the 73/7; ratio increases in liquids
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where stronger surface interactions are present. Consequently, a
higher 7} /75 ratio reflects slower rotational and translational dy-
namics and stronger molecular interactions with the surrounding
matrix=2. This effect is evident from the measurements, as the
free solvent population in EtOH, which exhibits minimal interac-
tions with the polymer surface, remains the least affected, despite
a reduction in 75 relaxation times when crosslinker concentration
increases (highlighted by the blue circle in Fig. [7h,c). As an ini-
tial step, T;-T5 correlation maps were evaluated, which provided
further evidence for distinct solvent populations, in agreement
with T5 relaxation profiles (in Fig. ,e, blue, cyan, and red cir-
cles mark distinct populations corresponding to free solvent, re-
stricted solvent, and bound solvent, respectively). Notably, a free
solvent population was observed exclusively in EtOH, as indicated
by signal intensity in close proximity to the diagonal line (7} =
1), which is characteristic of freely moving solvent with minimal
motional restriction (Fig. ). 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 re-
stricted or bound fractions (Fig. ). When examining the relax-
ation time distributions derived from the 777, correlation maps,
the T; distributions are comparatively narrow, whereas the 75 dis-
tributions exhibit pronounced broadening, consistent with previ-
ous observations in hydrogels®2. This difference arises from the
distinct sensitivity of the two relaxation mechanisms to molecular
motion and structural heterogeneity within the lyogel network>2.
The T; relaxation primarily reflects molecular reorientation pro-
cesses at Larmor frequencies and is therefore less affected by spa-
tial restrictions. In contrast, 7> relaxation is strongly influenced by
slow molecular motions and local magnetic field inhomogeneities
caused by pore geometry and solvent-polymer interactions. Con-
sequently, variations in pore size and connectivity within the het-
erogeneous lyogel matrix lead to a broad distribution of 7, values,
while the 7| relaxation remains largely invariant across different
regions of the lyogels. These observations further confirm the
progressive confinement of pores and the enhanced surface in-
teractions, as reflected by the increasing 7;/T, ratio with higher
crosslinker concentration (Fig. ,f).

Comparing lyogels in EtOH and BuAc highlights pronounced
differences in their relaxation behavior. Relative to EtOH, lyogels
in BuAc exhibit lower 7, values and predominantly high 71/7»
ratios, consistent with more restricted molecular motion and en-
hanced surface interactions. This difference can be attributed to
the smaller pore sizes in BuAc, which result in stronger surface in-
teractions compared to the more macroporous network in EtOH.
Referring to the thermodynamic modeling (Table[3), stronger sol-
vent—polymer interactions were predicted in EtOH than in BuAc,
which may appear to contradict the interpretation derived from
the NMR relaxometry discussed above. Although both approaches
consider solvent-polymer interactions, they capture fundamen-
tally different aspects: thermodynamic modeling reflects the bulk
properties of the system, whereas NMR relaxometry provides di-
rect insight into the changing interactions at the polymer surface.
Furthermore, since the COSMO-RS calculations were performed
on monomers and oligomers2®, this technique can only capture
a limited impact of the lyogels’ structural properties. In contrast,
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NMR relaxometry enables the analysis of both structural char-
acteristics and solvent to polymer-surface interactions or surface
interaction strength.

Since solvent-induced shrinkage influences not only the struc-
tural changes but also the diffusive properties of lyogels, the sub-
sequent analysis focuses on the solvent self-diffusion coefficient
as a quantitative measure for comparison. The self-diffusion co-
efficients of bulk EtOH and BuAc were determined by NMR diffu-
sometry, yielding values of 1.11 x 10~° m?/s and 1.62 x 10~° m?/s,
respectively. The comparison of effective self-diffusion coefficient
(D) showed that lyogels in BuAc exhibited higher restriction than
those in EtOH (Fig.[8). The larger deviation between the bulk and
effective (D) values further evidences that molecular tranpsort
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 fac-
tors reduce the accessible bulk volume for diffusion, resulting in a
smaller and more constrained porous network, supported by the
SEM micrographs (Fig. [d). 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, in-
dicating a more compact network in highly crosslinked lyogels.
These findings are consistent with previous studies on diffusion
in polymer networks, where solvent quality, network architecture,
or polymer chain dynamics were shown to significantly influence
diffusivity 213350,

3.3 Solvent exchange rate and standard Gibbs energy of
binding

Binding dynamics within lyogels were characterized by quan-
tifying solvent exchange rates (k..) between different popula-
tions and by determining the standard Gibbs energy of binding
(AgG°®) at equilibrium, following the principles outlined in sub-
section It is important to note that these analyses are in-
tended for qualitative interpretation; for a more comprehensive
understanding, they should be complemented with further meth-
ods such as molecular dynamics simulations.

In the context of solvent exchange rate analysis, higher sol-
vent 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 net-
work (Fig. @h,c). This observation is consistent with the weaker
solvent-polymer interactions predicted by COSMO-RS simula-
tions. In contrast, EtOH exhibited lower solvent exchange rates,
reflecting stronger binding affinities and increased kinetic limita-
tions.

When examining the standard Gibbs energy of binding, the re-
sults provide only limited scope for a direct comparison between
EtOH and BuAc. A lower AgG° was observed in BuAc, suggesting
a stronger thermodynamic affinity for the polymer side chains,
likely the hydrophobic isopropyl groups of pNIPAM, shaped by the
polymer’s steric environment (Fig.[9b,d). In contrast, the moder-
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Fig. 7 T» relaxation, Ti-T» correlation map, and 71 /T» ratio of pNIPAM across different crosslinker concentration in EtOH (a, b, ¢) and in BuAc (d, e,
f). The results reveal distinct solvent populations and their corresponding 7> relaxation times, which vary depending on the crosslinker concentration

of the lyogels. Additionally, differences in solvent polarity influence the
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Fig. 8 The effective self-diffusion coefficients (D) of EtOH and BuAc
were determined in pNIPAM-based lyogels with crosslinker concentra-
tions ranging from 0.007 to 0.050 g/g, with the most pronounced de-
crease observed for BuAc in pNIPAM.

ately higher AgG® in EtOH may result from limited access to the
amide groups, which serve as primary binding sites and are lo-
cated within hydrophobic domains.

These results reveal fundamental differences
polymer interactions. In BuAc, simulation model reveals
weaker thermodynamic binding, while experimental measure-
ments demonstrate faster solvent exchange between the two sites,
together indicating rapid exchange between the different binding
states of the solvent within network. The solvent molecules sol-
vating 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 binding and
slower exchange occur due to its higher hydrogen-bonding po-
tential and the restricted access to binding sites imposed by the
polymer’s steric environment, thereby stabilizing the lyogels in a

in solvent-
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Fig. 9 Solvent exchange rate (k.) and standard Gibbs energy of binding
(AgG®°) from free to bound state of pNIPAM in EtOH (a, b) and from
restricted to bound state of pNIPAM in BuAc (c, d).

swollen state. As has been concluded in earlier works1128557 oyr

findings further emphasize the need to balance thermodynamic
affinity and steric accessibility when designing lyogels with tai-
lored 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
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proposed (Fig. [I0). In EtOH, strong hydrogen bonding with
the amide groups facilitates solvent binding to the polymer side
chains. In contrast, BuAc binds preferentially to the hydrophobic
isopropyl groups and exhibits strong surface interactions with the
polymer backbone. Structurally, pNIPAM in EtOH exhibits net-
work 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 forma-
tion 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, ultimately leading to shrinkage of the lyo-
gel network.

Macroscopic
lyogels

"l ““ "«. . |
slow free-bound exchange  fast restricted-bound exchange
and weak surface interactions and strong surface interactions

| l

shrinking effect

swelling effect

Fig. 10 Schematic representation of the proposed solvent-polymer in-
teraction model, illustrating distinct solvent populations within pNIPAM
lyogels in (a) EtOH and (b) BuAc. 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 sol-
vent, 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 pro-
motes gel shrinkage. Lyogels in EtOH exhibit weaker surface interactions
(liquid-like) compared to BuAc, suggesting a more expanded pore struc-
ture. On the other hand, the stronger surface interactions (solid-like)
observed in BuAc are associated with reduced pore volume and increased
structural compaction.
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NMR relaxometry and diffusometry provide molecular level
evidence for these behaviors, revealing fundamental differences
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 solvent induces
shrinkage due to rapid exchange and enhancing surface interac-
tions.

4 Conclusions

This study demonstrates the effectiveness of combining NMR re-
laxometry and diffusometry with complementary techniques such
as macroscopic swelling analysis and SEM imaging to investi-
gate 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 solvent with strong
hydrogen bond energy, binds primarily to the amide groups, in-
ducing swelling and macropore formation through slower solvent
exchange. In contrast, BuAc, a low-polarity solvent, binds to hy-
drophobic 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 balanc-
ing 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 structural and steric properties
relative to bulk models, while highlighting NMR as a powerful
tool for guiding the design of responsive soft materials for applica-
tions in dynamic chemical environments. These findings elucidate
the interplay between molecular-scale dynamics, network struc-
ture, 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 intensification in functionally adaptable-tunable reactors.
In future work, ultra-fast NMR measurement approaches can be
implemented 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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