N
N

N

HAL

open science

Understanding polymer—colloid gels: a solvent
perspective using low-field NMR

Léo Hervéou, Gauthier Legrand, Thibaut Divoux, Guilhem P Baeza

» To cite this version:

Léo Hervéou, Gauthier Legrand, Thibaut Divoux, Guilhem P Baeza.
colloid gels: a solvent perspective using low-field NMR. Soft Matter, 2025, 21, pp.342 - 347.

10.1039/d4sm01098a . hal-04907412

HAL Id: hal-04907412
https://hal.science/hal-04907412v1
Submitted on 23 Jan 2025

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Understanding polymer—


https://hal.science/hal-04907412v1
https://hal.archives-ouvertes.fr

Soft Matter

ARTICLE TYPE

Cite this: DOI: 00.0000/XXXXXXXXXX A Solvent Pe r-

Understanding Polymer-Colloid Gels:
spective Using Low-Field NMR

Léo Hervéou,®?¥ Gauthier Legrand,”$ Thibaut Divoux? and Guilhem P. Baeza*%*

Received Date
Accepted Date

The present work emphasizes the relevance of low-field NMR relaxometry to investigate colloid-
DOI: 00.00 00/XXXXXXXXXX . . . . o
polymer hydrogels by probing water dynamics across a wide range of formulations between 10°C
and 80°C. By examining the temperature dependence of the transverse relaxation time T, we
demonstrate a clear link between the NMR response and the rheological behavior of the hydrogels.
In particular, we show that NMR relaxometry targeting the solvent provides reliable insights into
the hydrogel microstructure and allows the detection of phase transitions and aging processes. Our
findings suggest that this solvent-focused technique could greatly benefit the soft matter community,

complementing other experimental methods in the study of gels.
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Hydrogels represent a fascinating class of versatile materials orig-
inally consisting of a low fraction of hydrosoluble polymer form-
ing a 3D percolated network in water. 1 Important progresses
regarding their structural design have been made in the last
decades, notably leading to the emergence of double-2# and
hybrid-networks, respectively incorporating two (or moreZ)
polymers and inorganic particles. These advanced materials ex-
hibit enhanced mechanical properties, leading to widespread use
in key sectors like the food industry,®2 medical engineering, 10712
and energy. 134 Among them, natural polymer-based hydrogels
relying on networks of proteins, polyesters, or polysaccharides
present the advantage of employing abundant, biocompatible,
and (sometimes) edible polymers. Their amphiphilic nature, cou-
pled with well-chosen inorganic particles, results in a rich phase
diagram where mechanical properties can be easily selected from
the formulation and the processing conditions.T>17 For example,
we have recently demonstrated the dual nature of physical hydro-
gels made of the sodium salt of carboxymethylcellulose (CMC)
and carbon black (CB) soot particles. Depending on their com-
position, CB-CMC hydrogels can either display a microstructure
akin to a colloidal gel in which a percolated network of CB parti-
cles is stabilized by CMC, or a polymer gel in which a CMC matrix
is physically cross-linked by CB particles.18
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 Supplementary Information available: 1. 7> = f(ccmc) plots; 2. Cooling vs. heating
T, = f(1000/T) plots and E, values for the whole set of samples; 3. Corresponding
viscous modulus of the elastic modulus plotted in Fig. 4. CPMG experiments
with various echo times.

Besides, the amphiphilic character of natural polymer-based
hydrogels makes them particularly thermo-sensitive, including
within the narrow temperature window defined by water crys-
tallization and vaporization (0 and 100°C). In addition to ir-
reversible chemical alteration, temperature changes can signifi-
cantly impact chain conformation (e.g., protein denaturation2%),
or strongly influence the gelation scenario, leading to major topo-
logical changes of the network.2U Such changes have been ev-
idenced by multiple techniques, among which relaxometry, i.e.,
low-field NMR spectroscopy, was shown to yield precious insights
regarding the microstructure of complex biological tissues2223
and foodstuff.24#27 This technique, which is used to obtain in-
formation about the mobile protons of a sample, has also been
recently coupled to rheometry offering time-resolved information
on the samples microstructure under shear.2831 1 solid porous
media, low-field NMR targets the solvent to compute the sample’s
pore size distributions.?2 In contrast, in aqueous suspensions and
hydrogels, where water is replaced by D,O to mask the contri-
bution from the proton of the solvent, low-field NMR targets the
dynamics of the dispersed phase alone.

Here, we take a mixed approach by conducting Low Field (LF)
'H-NMR experiments on CB-CMC hydrogels to monitor the dy-
namics of water, i.e., the solvent, over a wide range of compo-
sitions and temperatures. The use of the popular Carr-Purcell-
Meiboom-Gill (CPMG) pulse routine33%33 allows us to measure
the spin-spin (transverse) relaxation time 75, which, in the case
of pure water is of several seconds.28 Our results clearly show
that LF-NMR experiments targeting the solvent can effectively
detect the sol-gel transition, thermally-induced phase transition,
and physical aging. This makes it a promising and complemen-
tary technique to the traditional focus on the dispersed phase.

In the following, samples are denoted through the code "CMCX-
CBY," where X and Y represent the mass fraction (in wt.%) of
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Fig. 1 LF-NMR CPMG signal normalized by Iy, the signal amplitude
extrapolated at t=0 s extracted from fitting the data with Eq. (@) (black
solid lines). Measurements are performed on a CMC0.01-CB2 hydrogel
at various temperatures, every 10 °C between 10 °C and 80 °C (see
color code from dark blue to red). Inset: same data in semi-logarithmic
representation.

CB and CMC, respectively (see technical details in the experimen-
tal section). Typical CPMG experiment outputs are presented in
Figure [1]| for a low-density gel, i.e., a hydrogel of composition
CMCO0.01-CB2 where the transverse magnetization of hydrogen
atoms (almost exclusively coming from water) /(r) decreases over
a characteristic time 75 following the expression

](t) =1 exp(—t/Tz), (@)

where Iy = I(0) and ¢ is the experimental time. As expected, 7»
increases for higher temperatures, indicating the overall greater
mobility of water molecules. However, in contrast to several
other natural polymer-based hydrogels, 2237432/ the single and un-
stretched character of the exponential decay suggests that, on av-
erage, over the entire experimental time, all water molecules in
the hydrogel exhibit identical dynamics. In other words, despite
the spatial density fluctuations and the corresponding various res-
idence times in different micro-environments, water molecules
appear to move through the material much faster than the time
required to lose their magnetization. This indicates the absence
of significant molecular immobilization, which might have been
expected in hydrophilic polymers.49%43 A rough estimate of the
diffusion length Lp, calculated using the self-diffusion coeffi-
cient of water at room temperature™¥ (D,, ~ 2.3 102m?s~!) and
T, (=4 s), yields Lp = +/D,,T5 ~ 100 um. This value is much
larger than the mesh size of CMC gels determined from rheom-
etry, which is approximately 50 nm#2
of CMC fringe micelles measured by neutron scattering, approxi-
mately 75 nm.4©

Figure [2| gathers the times 7, measured across all samples in-
vestigated between 10 and 80°C. The first row highlights the im-

or the average diameter

2| Journal Name, [year], [vol.], 1

pact of CB content (xcg = 0 — 8 wt.%) in three hydrogel matrices
made of 0.01, 0.5, and 3 wt.% of CMC, while the second row ex-
amines the impact of CMC concentration (ccyc = 0.01 —3 wt.%)
for three CB contents 2, 4, and 8 wt.%. At first glance, 7, generally
decreases as the reciprocal temperature increases, reflecting the
reduced mobility of water molecules. As expected, and consis-
tent with our previous work on CMC hydrogels,4€ T, in CB-free
samples follows an Arrhenius dependence across the entire tem-
perature range, expressed as:

T =Ty exp (—E,/RT) @)}

where Tz0 is the pre-exponential factor and E, represents the ap-
parent activation energy that describes the temperature sensitiv-
ity of T» (see solid lines in Fig.[2). Although the Arrhenius trend
appears to hold at lower temperatures (typically below 50°C) in
hybrid hydrogels as well, 7, clearly deviates from this behaviour
at higher temperatures, indicating more complex dynamic sce-
narios (discussed further below). In addition, 7> consistently
decreases with increasing concentrations of CB and CMC, high-
lighting that although water molecules are indistinguishable in
a given sample, their time-averaged dynamics are strongly influ-
enced by the gel composition. This important finding becomes
even more evident when using the alternative representation
Tz’1 = f(ceme) for various xcp and temperatures, which coincides
with the weighted average of the relaxation rates of two funda-
mental water states, namely bulk and bound, expressed as

1 ¢ (szulk _ T2b0und) 4 szound

= 3

T bulk pbound
T, Ty Ty

where ¢ is the fraction of bound water molecules assumed to
vary as ccmc, resulting in 729 ~ 0.05 0.1 s and 7P ~ 1 -5 s
regardless of the gel composition (see SI Section 1).

Beyond the evolution of 7> with the temperature and the gel
formulation, it is also worth noting that E,, extracted from Ar-
rhenius fits between 10°C and 50°C, clearly decreases as either
ccMe Of xcp increases. Its values range from ca. 19 KJ.mol~! in
the most dilute samples (e.g., CMC0.01-, CMCO0.1- and CMC-0.5-
CBO0), to nearly 0 kJ.mol~! in the densest hydrogel (CMC3-CBS),
where 7> no longer seems to depend on temperature. Although
it might be tempting to link these activation energies to effec-
tive binding energies determined in rheology,4Z the interpreta-
tion in NMR is quite the opposite. Here, a low activation energy
corresponds to high thermal stability in a material where water
molecules move through a dense network with slow polymer dy-
namics.#2 While a quantitative correlation between E, and the
network density/topology remains elusive, comparing these val-
ues with rheological properties allows us to build a remarkable
phase diagram presented in Figure This diagram integrates
(i) the sample rheological state — either viscoelastic liquid, poly-
mer gel, or colloidal gel, as defined above in the introduction
(data extracted from ref1®) — and (ii) the E, values measured
from NMR experiments (see the color map). This dual analy-
sis clearly illustrates the above-mentioned trend, showing that
E, decreases with increasing CB or CMC content, and highlights
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Fig. 2 Spin-spin relaxation time T vs. reciprocal temperature for selected formulations varying xcg between 0 and 8 wt.% for ccme =0.01, 0.5, and
3 wt.% (top row, left to right) and varying ccmc between 0.01 and 3 wt.% for xcg =2, 4, and 8 wt.% (bottom row, left to right). Solid lines are
Arrhenius fits of data in the whole temperature range (top row) and the 283-323 K range (bottom row). Symbols refer to the rheological behavior:
circle and cross: viscoelastic liquid, square: colloidal gel, and triangle: polymer gel.

the excellent agreement between the two techniques in defining
the polymer gel domain, which encompasses the densest materi-
als (red zone). In addition, the highest E, values (purple zone)
are only observed in CB-free hydrogels, whereas nearly CMC-free
gels display intermediate values (light green) across a wide range
of xcg, indicating that the impact of CB and CMC on E, is not
equivalent. This observation supports the correlation between
macroscopic rheological properties and local water diffusion: a
CB-free liquid-like sample containing a relatively high fraction of
(partly hydrophilic) CMC results in a lower impact on E, than a
gel made of a small fraction (e.g., 0.01wt.%) of CMC decorating
a physically cross-linked network of (hydrophobic) CB particles.
In other words, 75 is more sensitive to the presence of a 3D net-
work (even if loose and made of strands that do not interact with
water molecules) than to an increase in the concentration of a
polymer that interacts favorably with water in solution. Although
not directly comparable, this result aligns with observations in
polymer melts, where 7, decreases with increasing cross-link den-
sity in a nearly identical chemical environment.#& The situation
becomes more complex when moving away from the left- and
bottom-axes of the diagram, where it appears that CMC and CB
interact synergistically to influence E,. This translates into the

centro-symmetric color gradient originating from the CMC3-CB8
formulation (top-right corner of the diagram). In this region,
which includes the densest viscoelastic liquids and colloidal gels,
as well as all the polymer gels, E, values progressively decrease
as the material densifies, regardless of whether CB or CMC con-
centrations are increased. The transition from colloidal gel to vis-
coelastic liquid implies, in this case, a decrease of E, (see e.g.,
xcB = 4wt.%), suggesting that favorable CMC-water interactions
dominate the gelation process.

Beyond the low-temperature regime mainly described by the
phase diagram, a closer look at high-temperature data in Figure[2]
reveals a striking non-monotonic evolution of 75 in several formu-
lations, particularly noticeable for xcg =4 wt.%. Overall, increas-
ing the gel density systematically results in a progressive transi-
tion of 75(T') from (i) a monotonic Arrhenius profile, (ii) a mono-
tonic non-Arrhenius profile, and (iii) a non-monotonic profile (see
e.g., the come = 0.01% panel). While an Arrhenius profile is com-
monly expected from water molecules that steadily gain mobility
with increasing temperature,42
suggests a thermally induced modification of the network struc-
ture. This is further confirmed by CPMG experiments performed
upon cooling, which show a perfect overlap of 7, during heating

a non-monotonic evolution here
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Fig. 3 Phase diagram gathering rheological state determined at T =22°C
extracted from ref.2® and low-temperature apparent activation energies
reported in Fig. ] Symbols mark the sample formulations investigated
in the present work. Squares, triangles, circles, and crosses correspond to
viscoelastic liquids, polymer gels, colloidal gels, and a CB-free polymer
solution, respectively. The color map is interpolated using the Gouraud
shading from the matplotlib package (Python). E, values are reported
in S| Section 2.

and cooling for samples with an Arrhenius profile, while revealing
a significant decrease in 75 in the cooling branch for other profiles
(see SI Section 2). Interestingly, this hysteresis becomes more
pronounced in samples with higher CB content, suggesting that
denser colloid-polymer hydrogels exhibit a stronger tendency to
age with temperature changes. Although the low E, values make
it challenging to observe the non-monotonic trend of 7> in dense
gels, this observation indicates that the rheological properties of
these materials are likely to evolve in a complex manner upon
heating.

In line with this reasoning, Figure shows the frequency
dependence of the storage modulus of CMC3-CB8 measured on
three different samples at 10 °C, 50 °C, and 70 °C. All three
spectra exhibit a low-frequency plateau, which is linked to the
topological density of the gel through entropic elasticity, and
a high-frequency power-law evolution with an exponent o, cor-
responding to the relaxation modes of the network strands. As
expected, increasing the temperature from 10 °C to 50 °C accel-
erates the strand relaxation dynamics and decreases the lifetime
of attractive interactions (”stickers"@), resulting in a significant
decrease of G’ at both high- and low- frequencies. However, at
70 °C, the situation is more intriguing. Indeed, at this tempera-
ture, the plateau modulus increases significantly (by a factor of 4),
and the power-law exponent « shifts from the Rouse-like value of
0.5 (observed for 10—50 °C) to 0.3, both of which unambiguously
indicate a strong densification of the network, in good agreement
with the aforementioned NMR results showing a decrease of T5.
For completeness, we also confirm that the aging kinetics vary sig-
nificantly with the temperature (see inset in Fig.|S4), resulting in
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Fig. 4 Frequency dependence of the storage modulus G’ of the CMC3-
CB8 sample measured at 10, 50, and 70 °C for y=0.1%. The parameter
o is the exponent characterizing the high-frequency power-law response
G ~ @%. Inset: time sweep measurement performed at ® = 27 rad.s'.
See S| Section 3 for G”.

a rapid increase of G’ at 70 °C. This observation is in line with the
non-monotonic onset of 75 observed in most formulations, from
1000/T =~ 3.0 (i.e., T > 50 °C) in Fig. [2} which suggests a change
in the network microstructure, therefore different aging processes
and dynamics.

To summarize, we have demonstrated that low-field NMR ex-
periments that measure the spin-spin relaxation time 7, using
the CPMG pulse sequence, are effective in probing the gelation
and structural evolution of polymer-colloid hydrogels. Specif-
ically, when using CMC, we observed a single and unstretched
exponential decay of the transverse magnetization across all gel
formulations and temperatures, indicating that water molecules
are indistinguishable at the 7, timescale (approximately 4 s). For
T < 50°C, T»(T) allows for extracting an apparent activation en-
ergy E,, which can be directly compared to rheological data, of-
fering an alternative perspective to study gelation. In the loosest
networks, E, is about 19 kJ.mol~!, but it decreases to 0 kJ.mol~!
in the densest networks, indicating a temperature-independent
NMR response. On the other hand, for T > 50°C, we observed
significant network densification and accelerated aging, empha-
sizing the dominance of CB-CMC interactions over CMC-water
and CMC-CMC interactions. These findings are supported by rhe-
ological experiments, establishing NMR relaxometry as a practical
and valuable tool for systematically investigating hydrogels from
the solvent point of view.

Experimental Section

Samples preparation

Samples are prepared by first dissolving sodium carboxymethyl-
cellulose (NaCMC, Sigma Aldrich, M,, = 250 kg.mol~! and DS =
0.9 as specified by the manufacturer, (see ref.*>for actual mea-



sured values) in deionized water (H,O). Stock solutions up to 5%
wt. are prepared and stirred at room temperature for 48 h un-
til homogeneous, before adding the Carbon Black (CB) particles
(VXC72R, Cabot). Samples are placed in a sonicator bath for two
rounds of 90 min separated by a period of 24 h under mechani-
cal stirring. The samples are finally left at rest for another 24 h
before being tested. The samples are characterized by their CMC
concentration ccpc expressed in wt.% of the stock solution (with-
out CB) and their mass fraction of CB xcg, following=22.,

LF-NMR

The 'H low-field NMR experiments were performed on a Bruker
minispec mq20 spectrometer (“NF” electronics) operating at a
resonance frequency of 20 MHz with 90° and 180° pulse lengths
of 2.2 ms and 4.8 ms respectively, and a dead time of 15 us. A Car-
Purcell-Meiboom-Gill (CPMG) echo train acquisition was used to
measure data up to about three times the spin-spin relaxation
time 75 of gels, being approximately 1 s. The echo-time was sys-
tematically set to 27 =2 ms. It was varied down to 27 =0.25 ms for
a single sample (CMC2-CB2) at 10°C and 80°C showing no and
little effect on the measurements of 75, respectively (see SI Sec-
tion 4). Measurements were performed by increasing the temper-
ature in a step-wise manner from 10°C to 80°C every 10°C with
a BVT 3000 heater connected to a liquid nitrogen Dewar. Be-
fore each measurement, the temperature was left to stabilize for
10 min. For some samples, the experiments were then repeated
from high to low temperatures to investigate aging effects (see SI
Section 2).

Rheology

The rheological properties were measured with a cone-and-plate
geometry (angle 2°, radius 20 mm and truncation 46 um) con-
nected to a strain-controlled rheometer (ARES G2, TA Instru-
ments). The cone was smooth and the plate was sandblasted
with a surface roughness of about 1 um to prevent wall slip. For a
given sample, each temperature was probed independently with
a different loading and independent gap calibration. The three
temperatures probed T = 283,323, and 343 K were maintained
constant by a Peltier modulus placed under the bottom plate. The
rheological protocol for linear viscoelastic characterization of the
samples was divided into three consecutive steps: (i) a preshear
at 7 =500 s—! for 3 min to erase the loading history and reju-
venate the sample™3™2; (i) a recovery phase of 5 min during
which we monitored the sample linear viscoelastic properties by
applying small amplitude oscillations in the linear regime at a
frequency ® = 27 rad.s™'; (iii) a frequency sweep performed by
mutliwave strain signals=® in the linear regime to span frequen-
cies from @ = 0.15 to 420 rad.s~'. The samples remained in the
rheometer for 9 minutes, and no evidence of alternation due to
evaporation was witnessed by visual inspection, even at the high-
est temperature.
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Supporting Information

1. Impact of the CB content on T,

Figure shows the impact of the CMC concentration on the transverse relaxation rate 1/7; for hydrogels containing 0, 2, 4, 6 and
8 wt.% in CB. Data were measured at various temperatures, every 10°C between 10 to 80°C. Following Eq. (3) in the main text, the
low and high ccme limit values represent 1/79%* and 1/79*d. For each CB content, it is worth noting that while 1/79* tends to
increase upon increasing the temperature (corresponding to longer 75), the extrapolated values of 1/ Tz”"“”d mostly collapse in a narrow
interval close to 1/ TZ”"“”d ~ 10 s~! corresponding to szo"”d < 4 s, in agreement with a strongly reduced molecular mobility of the
water molecules. This dichotomy is further reminiscent of the two mechanisms impacting the 7, values evoked in the main text: i)
the presence of a 3D network limiting long-range water diffusion (mostly observed at low CB and CMC contents), and ii) short-range
attractive interactions between the CMC and the water molecules (dominating 75 at large CMC content).
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Fig. S1 Spin-spin relaxation rate 1/75 vs. CMC concentration ccye measured various temperatures, every 10 °C between 10 °C and 80 °C (see color
code from dark blue to red) for the pure CMC solution, and hybrid hydrogels containing xcg =2, 4, 6, and 8 wt.% of carbon black particles. Solid
lines show the best fit to the data with Eq.(3) from the main text.
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2. Heating vs. Cooling T, measurements

Figure[S2]shows the impact of the thermal history on 7> measured on samples containing ccyc = 0.01 wt.% and various fractions of CB.
The measurements are performed in a stepwise manner by increasing the temperature from 10 to 80°C and subsequently cooling down
from 80 to 10°C. While no significant effect is observed at xcg = 2 wt.%, the data on the cooling branch systematically exhibit lower
T, values corresponding to a growing degree of aging when increasing the gel density. Figure [S3|confirms this result by showing even

stronger effects for copc = 0.1 wt.%.
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Fig. S2 Spin-spin relaxation time T, vs. reciprocal temperature measured upon heating from 10 to 80°C and subsequent cooling over the same
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temperature range. Experiments performed on selected formulations where ccvc = 0.01 wt.% and xcg =2, 4, 6, and 8 wt.%.
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Fig. S3 Spin-spin relaxation time 7 vs. reciprocal temperature measured upon heating from 10 to 80°C and subsequent cooling over the same
temperature range. Experiments performed on selected formulations where ccye = 0.1wt.% and xcg =2, 6 and 8 wt.%.
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3. Loss modulus and loss factor of CMC3-CB8 at various temperatures

Figure [S4|shows the loss modulus, G”, and loss factor, tan§ = G” /G, of the CMC3-CB8 hydrogel corresponding to the storage modulus
G’ reported in Figure 4 in the main text. These data confirm the non-monotonic behavior of the viscoelastic properties upon increasing
the temperature, particularly emphasizing the relative decrease of its viscous character at 70°C.
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Fig. S4 Frequency dependence of (a) the loss modulus G” and (b) loss factor tané = G”/G’ of the CMC3-CB8 sample measured at 10, 50, and 70 °C
for y=0.1%.
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4. Impact of the CPMG echo time on the T, values at low and high temperatures.

Figure shows T» values obtained for the sample CMC2-CB2 at 10°C and 80°C across different CPMG echo-times (27). Although
a slight decrease in 75 is observed with increasing echo-time in both cases, it only corresponds to a relative variation of about —4%
and —16%, respectively. These variations are negligible compared to the potential aging effects and the significant 7> changes with
temperature reported in Figure 2 of the main text. This key observation confirms that our CPMG measurements are not impacted by
technical artefacts related to the nature of the material.”
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Fig. S5 Spin-spin relaxation time T, vs. CPMG echo-time 27 for CMC2-CB2 measured at (a) 10°C and (b) 80°C on independent samples.
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