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Supramolecular Nanoarchitectonics of PNIPAAM-co-MA
and Imogolite to Obtain Thermoresponsive Clay Nanotubes
Through Complexation Mechanism

Claire Hotton, Lorenzo Lisuzzo, Giuseppe Cavallaro,* Erwan Paineau,* Thomas Bizien,
and Giuseppe Lazzara

In this study, the colloidal properties of hybrids formed by imogolite
nanotubes (INTs) and poly(N-isopropylacrylamide)-co-methacrylic
(PNIPAAM-co-MA) are investigated, which is a thermo-sensitive copolymer
suitable for drug delivery applications. The selective adsorption of anionic
PNIPAAM-co-MA onto the positively charged external surface of imogolite is
driven by electrostatic attractions as evidenced by both ¢{-potential and
Dynamic Light Scattering (DLS) experiments. According to polarized optical
observations and Small-angle X-ray scattering (SAXS) measurements, the
specific interactions with PNIPAAM-co-MA affect the structural organization
of imogolite nanotubes, destabilizing the nematic phase. On the other hand,
the formation of PNIPAAM-co-MA/INTs complex alters the
thermo-responsive characteristics of the copolymer due to variations on the
thermodynamics of the coil-to-globule transition of PNIPAAM-co-MA.
Thermodynamic characterizations (Differential Scanning Calorimetry, Density
and Speed of sound experiments) reveal that the lower crystalline solution
temperature (LCST) of PNIPAAM-co-MA is reduced in the presence of
imogolite nanotubes. The attained knowledge represents a starting point to

1. Introduction

The combination of functional poly-
mers and inorganic nanoparticles has
been recently investigated to develop
advanced materials useful for numerous
applications, including biomedicine,!'”]
catalysis,®10  remediation,[''*  and
packaging.'>71' " The  morphological
characteristics of the nanoparticles are
crucial to determine the properties and
the functionalities of the composite
materials.['824] In this regard, nanoma-
terials with a hollow tubular shape can
be suitable for different purposes due
to their cavity, which can be exploited
for the confinement of chemically
and Dbiologically active molecules.[5-28]
Among nanotubes, imogolite clay
is an emerging particle because of
its structure and surface properties

develop thermo-responsive clay nanotubes useful for biomedical purposes by
exploiting the selective coating of imogolite with PNIPAAM-co-MA.
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(Scheme 1).22232  The size of
imogolite nanotubes (INTs) depends

on their synthesis procedure.?*3*
Single-walled imogolite nan-
otubes exhibit an average outer

diameter of 2.5 nm, while the inner diameter range between
1.5 and 2.0 nm.**] The nanotube length is from 100 nm to a
few micrometers.[?”) Aluminogermanate double-walled imogo-
lite presents a larger external diameter (4.5 nm) with an as-
pect ratio that can be tuned in a wide range (from 6 to 210).353¢]
Literature reports that the aspect ratio of imogolite affects the
self-assembling mechanisms of the nanotubes dispersed in aque-
ous solvents because of excluded volume interactions.l’”38 Al-
though their low concentration, imogolite dispersions can gener-
ate liquid crystalline phases due to repulsive interactions between
INTs.39) Interestingly, the inner and outer surfaces of imogolite
possess different chemical composition and, consequently, op-
posite charges in a large pH interval.**l The inner surface is
formed by silanol groups (=Si—OH), whereas aluminol groups
(=Al—OH and =Al,—OH) are predominant on the INTs shell.
Below the INTs isoelectric point (pH 10.5), the outer surface is
positively charged (Scheme 1), allowing to the selective adsorp-
tion of anionic molecules in agreement to electrostatic attrac-
tions as demonstrated for DNAI*!l and sacran polysaccharide.[*?!
Oppositely, the negative charges of inner surface could lead
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Scheme 1. lllustration of the structure of the as-synthesized double-walled aluminogermanate nanotubes and its functionalization by direct blending
with an anionic polymer, poly(N-isopropylacrylamide)-co-methacrylic acid (PNIPAAM-co-MA). Al, Ge, O, and H atoms are shown in blue, gold, red, and

white, respectively.

to the encapsulation of cationic molecules inside the INTs
cavity.

Here, we studied aqueous mixtures of INTs and poly(N-
isopropylacrylamide)-co-methacrylic acid (PNIPAAM-co-MA),
which is an anionic polymer with thermosensitive properties.
As shown in Scheme 1, the electrostatic attractions between
anionic PNIPAAM-co-MA and INTs outer surface (positively
charged) can lead to the coating of clay nanotubes with thermo-
sensitive polymeric chains. According to literature > PNI-
PAAM based polymers can be employed as gels and nanocar-
riers for drug delivery applications useful in pharmaceutics
and biomedicine. Poly(N-isopropylacrylamide) shows a coil-to-
globule transition at ~32 °C, which represents the low crit-
ical solution temperature (LCST) of the polymer. The struc-
tural variation of PNIPAAM from hydrophilic coil to hydropho-
bic globule can be exploited for the controlled release of
drugs under temperature stimuli, which might simulate spe-
cific physiological conditions. Copolymerization of PNIPAAM
with both hydrophilic and hydrophobic molecules can alter the
LCST allowing to tune the properties of the polymer for spe-
cific applications.[***8] The modification of PNIPAAM by ionic
molecules drives to obtain thermosensitive and charged poly-
mers. Negatively charged PNIPAAMs are synthesized by the ad-
dition of carboxylic termination as well as by copolymerization
with methacrylic acid.[**-% On the other hand, the introduction
of amine groups to PNIPAAM leads to synthesizing a cationic
macromolecule.[*] PNIPAAMs modified with ionic groups were
used for selective functionalization of inorganic nanoparticles
through both covalent and supramolecular interactions, allow-
ing to obtaining of hybrid materials with thermo-responsive
behavior.[*8:51-53]

This work reports an extensive characterization of
INTs/PNIPAAM-co-MA aqueous mixtures from electrostatic,
structural, and thermodynamic viewpoints. The findings
demonstrate that the coating of imogolite with PNIPAAM-co-
MA is suitable for developing thermo-responsive nanotubes
promising as drug delivery systems. Similarly to small molecule-
based systems,’**] metal supramolecular assemblies!>®>7]
and clay-based organic inorganic composite materials,*®]
thermo-sensitive INTs/PNIPAAM-co-MA hybrids might be
suitable for applications in smart windows and soft actuating
devices.
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2. Results and Discussion

2.1. Adsorption of PNIPAAM-co-MA onto Imogolite Nanotubes

The synthesis of aluminogermanate double-walled nanotubes
was realized in a single-step process under hydrothermal condi-
tions under autogenous pressure as described in the Experimen-
tal Section. The characterization by transmission electron mi-
croscopy and infrared spectroscopy confirms the successful syn-
thesis of INTs (see Figure S1, Supporting Information) in agree-
ment with our previous reports.*>%° The functionalization of
imogolite with PNIPAAM-co-MA was demonstrated by studying
the effects of polymer addition on the surface charge and aqueous
dynamic behavior of clay nanotubes as illustrated in Scheme 1.
Moreover, polarized optical observations and SAXS experiments
evidenced that PNIPAAM-co-MA affects the structural organi-
zation of imogolite, confirming the polymer adsorption onto
nanoclays.

2.1.1. Surface Charge and Aqueous Dynamic Behavior of
Imogolite/PNIPAAM-co-MA Complexes

Figure 1A compares the {-potential data of imogolite nan-
otubes before and after the addition of variable PNIPAAM-co-MA
amounts.

According to their surface chemical composition, pristine
INTs are positively charged as evidenced by their {-potential value
(+29 + 2 mV), which agrees with literature data.*>®! Imogolite
can interact by electrostatic attractions with PNIPAAM-co-MA,
which possesses a negative surface charge due to the presence
of methacrylic acid.*8] Specifically, we calculated a ¢-potential
value of —10.4 + 1.2 mV for neat PNIPAAM-co-MA. As shown
in Figure 1A, PNIPAAM-co-MA addition induced an inversion
of the INTs ¢-potential that can be attributed to the neutraliza-
tion of the positive charges of imogolite outer surface, which is
formed by Al-OH groups. Namely, {-potential results reflect the
selective adsorption of the anionic copolymer onto the positive
INTs shell. Accordingly, it is reported that the selective function-
alization of imogolite external surface can reached by exploiting
electrostatic attractions with anionic species, such as selenate, 2]
perchlorates,®] and aminoacids.®¥) Recently, Hotton et al.
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Figure 1. Surface charge and aqueous diffusion of imogolite/PNIPAAM-co-MA. A) ¢ -potential of imogolite nanotubes as a function of PNIPAAM-co-MA
concentration. B) Number-weighted distributions obtained from DLS measurements for hydrodynamic radii of aqueous dispersions of PNIPAAM-co-MA,
imogolite and imogolite/PNIPAAM-co-MA. The concentrations of imogolite and polymer are 0.01 and 0.1 wt.%, respectively. C) Average hydrodynamic
radius for imogolite/PNIPAAM-co-MA hybrids with variable polymer concentrations.

investigated the colloidal behavior of INT in symmetric (NaCl)
and asymmetric electrolytes (Na,SO, and Na,PO,).®”) On the
other hand, it was proved that PNIPAAM-co-MA is successful
in the selective modification of halloysite inner surface, which
is composed by alumina groups.[*!

Moreover, we observed that the influence of PNIPAAM-co-MA
adsorption onto the ¢-potential of imogolite is proportional to
the copolymer concentration within the investigated range (0.1-1
wt.%). As expected, the increase of PNIPAAM-co-MA content fa-
vors the neutralization of INTs aluminol groups highlighting that
the copolymer saturation of imogolite surface was not reached.

The adsorption process was demonstrated also by studying the
effects of PNIPAAM-co-MA on the aqueous dynamic behavior of
imogolite nanotubes through Dynamic Light Scattering (DLS).

As a general result, the field-time autocorrelation curves of
imogolite and PNIPAAM-co-MA aqueous dispersions as well
as INTs/PNIPAAM-co-MA aqueous mixtures can be described
by monoexponentially functions. The latter highlights that the
copolymer adsorption does not alter the single-diffusive char-
acteristic of imogolite nanotubes. The fitting analysis of auto-
correlation curves by ILT (Inverse Laplace Transform) allowed
us to determine the distributions of the hydrodynamic radii
(Figure 1B). According to literature,!*?] the distribution of pristine
PNIPAAM-co-MA range between 2 and 3 nm. The addition of 0.1
wt.% PNIPAAM-co-MA significantly shifted the distribution of
the INTs hydrodynamic radii to larger values indicating that the
copolymer adsorption reduced the aqueous mobility of imogolite
nanotubes. This effect can be related to the alteration of the INTs
surface charge generated by PNIPAAM-co-MA. As compared
with pristine imogolite, the presence of 0.1 wt.% PNIPAAM-co-
MA decreased the {-potential absolute value meaning that the
repulsions between INTs were reduced. According to the DLVO
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theory,[®®! aggregation processes between imogolite nanotubes
can be expected by reducing their repulsion forces. Moreover, the
selective adsorption of PNIPAAM-co-MA onto the external sur-
face of imogolite can favor INTs clustering because of hydropho-
bic interactions between the alkyl chains of the copolymer. The
enhancement of the hydrodynamic radius is consistent with the
formation of INTs clusters induced by PNIPAAM-co-MA. Simi-
lar observations were detected for halloysite nanotubes function-
alized with PNIPAAM-NH, on their outer surface.l*®] Figure 1C
shows the dependence of the average hydrodynamic radius for
INTs/PNIPAAM-co-MA with variable copolymer concentrations.
For 0.1 wt.% PNIPAAM-co-MA, the average hydrodynamic ra-
dius was enhanced by ca. 45 nm in comparison with pristine
imogolite (from &35 to 90 nm). A further copolymer addition re-
duced the average hydrodynamic radius of INTs/PNIPAAM-co-
MA indicating that the aggregation between imogolite nanotubes
is prevented. This finding agrees with the increase of the repul-
sions predicted by ¢-potential data (Figure 1A). Both ¢-potential
and DLS results suggest that the addition of PNIPAAM-co-MA
at 0.1 wt.% can favor the sedimentation of imogolite nanotubes
dispersed in water, while this effect is disadvantaged by increas-
ing the copolymer concentration. This hypothesis was supported
by optical images of INTs/PNIPAAM-co-MA aqueous mixtures
(Figure 2B). The mixing of imogolite with 0.1 wt.% copolymer
destabilizes the clay nanotubes dispersed in water as evidenced
by the formation of a clear sediment after 48 h from the prepa-
ration of the mixtures due to the INTs clustering. On the other
hand, the mixtures containing larger PNIPAAM-co-MA amounts
did not show any phase separation in agreement with their higher
colloidal stability. It should be noted that aqueous dispersion of
pristine imogolite nanotubes (Figure 2A) is stable up to several
years.
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Figure 2. Influence of PNIPAAM-co-MA addition on the aqueous colloidal
ous suspension. B) Optical images of INTs/PNIPAAM-co-MA aqueous mi
concentration of imogolite (0.01 wt.%). The effect of the time (48 h from th

2.1.2. Effects of PNIPAAM-co-MA on the Structural Organization of
Imogolite Nanotubes

We investigated the effects of PNIPAAM-co-MA addition on
the organization of imogolite nanotubes dispersed in water by
macroscopic optical observations between crossed polarizers and
Small-angle X-ray scattering (SAXS) experiments. As shown in
Figure 3A, 0.01 wt.% imogolite suspensions did not exhibit
any birefringence indicating that the clay nanotubes are ran-
domly dispersed in water. The addition of PNIPAAM-co-MA
did not confer any ordering to the organization of imogolite
nanotubes. In contrast, INT aqueous dispersion at higher con-
centration (0.1 wt.%) evidenced flow birefringence highlight-
ing pretransitional effects toward a liquid-crystalline phase,*!
which is partially observed also by adding 0.1 wt.% PNIPAAM-
co-MA (Figure 3B). On the other hand, the presence of 1 wt.%
PNIPAAM-co-MA induced a complete destabilization of the ne-
matic phase suggesting that the copolymer adsorption onto the
imogolite surface generates a dealignment of the nanotubes.

0.25 wt% 0.1 wt% 1 wt%

www.advmatinterfaces.de

PNIPAM concentration
0.5 wt%

0.25 wt% 0.1 wt%

A e -

stability of imogolite nanotubes. A) Optical image of 0.01 wt.% INT aque-
xtures with variable copolymer content (from 0.1 to 1 wt.%) and constant
e preparation of the mixtures) is presented.

SAXS data confirmed the observations determined by naked-
eyed inspections of the samples between crossed polarizers. As
shown in Supporting Information (Figure S2, Supporting In-
formation), SAXS curves of 0.01 wt.% INTs dispersions (before
and after the addition of PNIPAAM-co-MA) did not present any
characteristic signals related to the presence of nematic phase.
On the contrary, Figure 4 shows that the SAXS curve of 0.1
wt.% INT suspension evidenced a broad correlation peak at Q
= 0.00595 A~! corresponding to an average intertube distance d
= 27/Q of ~105.6 nm. The addition of 0.1 wt.% PNIPAAM-co-
MA shifted the correlation peak to a lower Q-value of 0.00555
A~ (d = 113 nm). This increase in the average intertube dis-
tance can be attributed to the interaction of the polymer with the
outer surface of INTs. At 1 wt.% PNIPAAM-co-MA, the correla-
tion peak related to the short-range positional order of the nan-
otubes completely vanished, but the scattered intensity still pre-
served a Q! dependence, indicating the lack of nanotube aggre-
gation in this Q-range. Moreover, the first oscillation at high Q-
value corresponding to the first minimum of the nanotube form

INT PNIPAAM concentration (wt%)
(Wt%) .

(1X1}} : 0.2
- \ £

w

~&

Mixtures

INT PNIPAAM
(wt%) concentration (v
0.1

Mixtures

Figure 3. Optical observations between crossed polarizers of INT aqueous dispersions and INT/PNIPAAM-co-MA mixtures in water prepared with

different imogolite concentrations. A) 0.01 wt.%. B) 0.1 wt.%.

Adv. Mater. Interfaces 2025, 2500211 2500211 (4 of 10)

© 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH

85U8017 SUOWIWIOD BA 11810 3|t [dde ay) Aq pausenob ae sapile VO ‘85N JO Sa|n. 10y AfeldTauIIUQ AB|1M UO (SUONIPUCD-pUe-SWe)LI00 A3 | IM Ale.d jpuluo//:sdny) SuonpuoD pue swie 1 ay) 88s *[5z02/50/02] uo Areigiauluo A1iM 'Id 1pnis 116ea AiseAIUN AQ TTZ00SZ0Z ILPe/Z00T OT/I0P/W0D A8 1M Aleiq |l |uo"psoueApe//Sdny WoJj papeo|umod ‘0 ‘0SEL96TZ


http://www.advancedsciencenews.com
http://www.advmatinterfaces.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
INTERFACES

Open Access,

www.advancedsciencenews.com

www.advmatinterfaces.de

A

PNIPAM-co-MA / INT 0.1% mixtures
— 1 Wt%
— 0.1 wt%
— 0.01 wt%
— O wt%

1(Q) (a.u)

V)

Q*1 (Q) (a.u.)

PNIPAM-co-MA / INT 0.1% mixtures
— 1wt%

— 0.1 wt%

— 0.01 wt%

— O wt%

2 3 4567 ! 2
001
QA)

2 3 4567 " 2
001
QA

Figure 4. SAXS curves of PNIPAAM-co-MA/INTs mixtures at 25 °C. The polymer concentrations was changed from 0.01 to 1 wt.%, while the INTs
concentration was kept constant at 0.1 wt.%. The small bump around Q ~0.0025 A~ is due to parasitic scattering close to the beamstop.

factor remains unchanged, indicating no alteration in the mean
nanotube radii of INTSs. Besides, I(Q) versus Q trends, Figure 4
shows Q.I(Q) versus Q plots for a better description of the SAXS
profiles.

2.2. Thermo-Responsive Characteristics of
Imogolite/PNIPAAM-co-MA Mixtures

2.2.1. Effect of Temperature on the Aqueous Diffusion of
Imogolite/PNIPAAM-co-MA

DLS experiments were carried out as a function of temperature
to investigate the thermo-responsive characteristics of imogolite
clay nanotubes after PNIPAAM-co-MA adsorption. As shown in
Figure 5A, the hydrodynamic diameter of pristine imogolite is
constant at ~#40 nm highlighting that the aqueous dynamic be-
havior of clay nanotubes is not affected by temperature variations.
On the other hand, Figure 5B-D compares the hydrodynamic di-
ameter versus Temperature trends for PNIPAAM-co-MA disper-
sions and INTs/PNIPAAM-co-MA mixtures in water.

As a general result, we observed that both pristine PNIPAAM-
co-MA and imogolite/PNIPAAM-co-MA hybrids present a sharp
increase in the hydrodynamic diameter that is attributed to
the formation of aggregates induced by dehydration process of
copolymers. In particular, dehydration of PNIPAAM-co-MA moi-
eties can favor hydrophobic attractions between polymeric chains
and the consequent coil-to-globule transition.[®¢] The transi-
tion temperature is defined as lower crystalline solution temper-
ature (LCST). As a general result, we detected that the adsorp-
tion onto imogolite determine LCST decreases. This finding was
confirmed by turbidimetric experiments through UV-vis spec-
troscopy (see Figure S3, Supporting Information). The interac-
tions with imogolite surface reduced the clouding temperature
of PNIPAAM-co-MA within a range between 30 and 35 °C. Simi-
lar observations were detected for PNIPAAM-NH, adsorbed onto
the external surface of halloysite clay nanotubes.[*®! It is notewor-
thy to evidence that the presence of the coil-to-globule transition
in the imogolite/PNIPAAM-co-MA mixtures is consistent with
the selective adsorption of copolymer onto the outer surface of
INTs. According to this consideration, it is reported that LCST
cannot be determine from DLS experiments on PNIPAAM-co-

Adv. Mater. Interfaces 2025, 2500211 2500211 (5 of 10)

MA confined within the cavity of halloysite clay nanotubes.[*8]
It should be noted that the hydrodynamic diameters after LCST
of INTs/PNIPAAM-co-MA are constant at #4000 nm, which is
significantly larger with respect to the hydrodynamic diameters
(=100 nm) of pristine PNIPAAM-co-MA. Based on these results,
we can exclude that PNIPAAM-co-MA is desorbed from imogo-
lite surface during the temperature ramp.

2.2.2. Effects of Temperature on the Thermodynamic Properties of
Imogolite/PNIPAAM-co-MA

The influence of imogolite on the specific volume (v,,) and
isoentropic compressibility (k,) of PNIPAAM-co-MA was inves-
tigated by densitometry and speed of sound experiments per-
formed at variable temperatures (from 15 to 40 °C). As depicted in
Figure 6, both parameters increase with the temperature in agree-
ment with the positive expansibility of the copolymer.

In detail, the evolution of the specific volume on temperature
sharply changed in correspondence to LCST due to the release
of the water molecules from PNIPAAM-co-MA. In the first re-
gion (T < LCST), the slope of increasing trend is smaller be-
cause the copolymer is highly hydrated, and hydrogen bonds are
predominant. Below LCST, the imogolite addition did not alter
the slope of the v, versus T trend. On the other hand, the pres-
ence of INTs induced an increase in the slope within the sec-
ond region (T > LCST) highlighting that imogolite favors the de-
hydration process. Accordingly, we observed that the fraction of
free water molecules is slightly larger for INT/PNIPAAM-co-MA
with respect to that of PNIPAAM-co-MA within the temperature
range between 33 and 40 °C. Opposite results were detected in
the interval between 15 and 32 °C (see Figure S4, Supporting
Information).

As concerns the isoentropic compressibility values, we de-
tected a monotonic increase with the temperature for pristine
PNIPAAM-co-MA, while a step change at 33 °C was observed
for INTs/PNIPAAM-co-MA. The negative k, values (determined
up to 30 °C) are consistent with the coil conformation of the hy-
drated copolymer. On the other hand, we detected positive isoen-
tropic compressibility at higher temperature in agreement with
the formation of stable hydrophobic aggregates.”] As shown in
(Figure S5, Supporting Information), both specific volume and
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Figure 5. Effect of temperature on the aqueous diffusion of imogolite,
PNIPAAN-co-MA and imogolite/PNIPAAM-co-MA dispersions. A) Depen-
dence of hydrodynamic radius on temperature for 0.01 wt.% imogolite
dispersion. B-D) Dependence of hydrodynamic radius on temperature
for PNIPAAM-co-MA dispersion and imogolite/PNIPAAM-co-MA mixture.
The copolymer concentration is variable (from 0.1 to 1 wt.%), while the
content of imogolite is fixed at 0.01 wt.%.

isoentropic compressibility of imogolite nanotubes are not influ-
enced by temperature variations.

2.2.3. Influence of Imogolite on the Thermodynamics of
PNIPAAM-co-MA Phase Transition

Figure 7 shows the Differential Scanning Calorimetry (DSC)
curves of PNIPAAM-co-MA and imogolite/PNIPAAM-co-MA
dispersions obtained under heating and cooling ramps.
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Figure 6. Density and Speed of sound experiments on PNIPAAM-co-MA
and imogolite/PNIPAAM-co-MA dispersions. Effects of temperature on
the specific volume (top) and isoentropic compressibility (bottom) of
PNIPAAM-co-MA. The concentrations of PNIPAAM-co-MA and imogolite
were set at 0.1 and 0.01 wt.%, respectively.

Both DSC thermograms during heating evidenced an en-
dothermic signal that is related to the PNIPAAM-co-MA de-
hydration and the consequent coil-to-globule transition of the
copolymer.[*®] As reported elsewhere,*®%8] we determined the
LCST values at the minimum of the endothermic peaks. We
detected that the presence of imogolite induces a slight reduc-
tion of LCST from 35.1 to 33.8 °C. These results agree with the
DLS trends (Figure 5) confirming that the imogolite addition de-
creases the LCST of PNIPAAM-co-MA. The integration of the
DSC peaks allowed us to estimate the enthalpy variation (AH,)
due to the copolymer dehydration. We observed that the copoly-
mer adsorption onto imogolite generates a significant AH, re-
duction from 331 + 11 to 185 + 6 k] mol~!. This effect could
indicate that PNIPAAM-co-MA moieties are partially dehydrated
before LCST because of the electrostatic interactions between
copolymer and imogolite. Moreover, imogolite nanotubes coated
by PNIPAAM-co-MA can act as nucleating agents, favoring the
aggregation of copolymer even before LCST. Similar results were
detected for PNIPAAM adsorbed on halloysite nanotubes.[*8!

DSC curves under cooling ramp (Figure 7) evidenced exother-
mic peaks that can be attributed to PNIPAAM-co-MA hy-
dration highlighting that the coil-to-globule transition of the
copolymer is a reversible process. The addition of imogolite
shifted the exothermic signal to a lower temperature range.
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Figure 7. Differential Scanning calorimetry of PNIPAAM-co-MA and
imogolite/PNIPAAM-co-MA dispersions. DSC curves under heating (top)
and cooling (bottom) ramps. The concentrations of PNIPAAM-co-MA and
imogolite were set at 1 and 0.01 wt.%, respectively.

Specifically, we determined that the temperatures at the maxi-
mum of DSC peaks are 30.8 and 26.4 °C for PNIPAAM-co-MA
and imogolite/PNIPAAM-co-MA, respectively. As expected, the
enthalpy changes (AHy) for copolymer hydration are negative
for both systems. The mixing with imogolite decreased the AH,,
absolute value indicating that the heat released from globule-to-
coil transition is reduced by PNIPAAM-co-MA adsorption onto
INTs surface. We calculated AHy, values of —260 + 9 and —142
+ 5 k] mol~! for PNIPAAM-co-MA and imogolite/PNIPAAM-co-
MA, respectively.

2.2.4. Effects of Temperature on the Structural Organization of
Imogolite/PNIPAAM-co-MA

Figure 8A presents the optical observations of INT dispersion and
imogolite/PNIPAAM-co-MA mixtures kept at 45 °C. After the
heating process (1 h at45 °C), we do not observe as much birefrin-
gence of the INT suspension, meaning that the heating process
seems to destabilize the nematic phase. Similarly, INT/PNIPAM-
co-MA mixtures did not exhibit any birefringence, which implies
the random organization of imogolite nanotubes in such condi-
tions. However, we observed a turbid white colloid for the high-
est concentration of PNIPAM-co-MA (1% wt), which is related to
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Figure 8. Macroscopic polarized optical observations of INT aqueous dis-
persions and INT/PNIPAAM-co-MA mixtures in water after their heating
at 45 °C. A) POM images of the colloidal systems kept at 45 °C for 1 h,
B) after return at 25 °C for 1 h, and C) after return at 25 °C for 48 h.

the coil-to-globule transition of the copolymer. Observations after
the cooling of the suspensions from 45 to 25 °C and the subse-
quent stabilization for 1 h are presented in Figure 8B. Whatever
the concentration of PNIPAM, the dispersions are all isotropic,
and no preferential organization of the nanotubes is observed.
Obviously, the mixture with 1 wt.% PNIPAM-co-MA is now
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Figure 9. SAXS curves of PNIPAAM-co-MA/INTs after the heating process at 45 °C and their cooling to 25 °C for 48 h. The polymer concentrations were
changed from 0.01 to T wt.%, while the INTs concentration was kept constant at 0.1 wt.%.

transparent due to the reversibility of the coil-to-globule transi-
tion of the copolymer. Furthermore, we performed observations
48 h after stabilizing at 25 °C (Figure 8C). We observed that
PNIPAM-co-MA/INT mixtures present only a white precipitate
at the bottom of the flask.

Besides these optical observations, we performed SAXS exper-
iments on the suspensions after their heating/cooling cycle and
the final stabilization at 25 °C for 48 h (Figure 9). We detected a
broadening of the nematic peak between PNIPAAM-co-MA con-
centrations of 0 and 0.1 wt.% with a slight shift in the Q-value
of the peak (0.00595 A~! at 0 wt.% (105.6 nm, 0.174%), 0.00585
A~1(107.4 nm, 0.168%) at 0.01 wt.% and 0.00575 A~" (109.3 nm,
0.162%) at 0.1 wt.%). This shift can be attributed to the increase of
the uncertainty in the determination of the peak due to its broad-
ening. At PNIPAAM-co-MA 1 wt.%, the peak has completely dis-
appeared but there is the appearance of a shoulder at 0.056 A~
follow by a I #Q~3° decrease. Also, the first oscillation at high
Q-value corresponding to the nanotube form factor is slightly
modified. This might be consistent with the formation of a
network.

3. Conclusion

In this paper, we studied the formation of supramolecular com-
plexes obtained by electrostatic interactions between imogo-
lite clay nanotubes (INTs) and Poly(N-isopropylacrylamide-co-
methacrylic acid) (PNIPAAM-co-MA) dispersed in aqueous
medium. As expected, anionic PNIPAAM-co-MA was selec-
tively adsorbed onto the INTs outer surface, which is posi-
tively charged. Accordingly, the adsorption of the copolymer in-
duced an inversion of the positive surface charge of imogo-
lite as well as a reduction of the aqueous dynamic behavior of
imogolite nanotubes depending on the PNIPAAM-co-MA con-
centration. Aggregation processes were detected for aqueous
mixtures of INTs (0.01 wt.%) and PNIPAAM-co-MA (0.1 wt.%).
The increase of PNIPAAM-co-MA concentration prevented the
clustering between INTs, enhancing the colloidal stability of
the aqueous dispersions. According to SAXS and POM experi-
ments, the adsorption of PNIPAAM-co-MA reduced the order-
ing of imogolite nanotubes in water, destabilizing the nematic
phase.

Adv. Mater. Interfaces 2025, 2500211 2500211 (8 of 10)

Furthermore, we investigated the thermodynamic and struc-
tural properties of INTs/PNIPAAM-co-MA at variable temper-
atures. The results revealed that the interactions with imogo-
lite surfaces strongly affect the coil-to-globule transition of
PNIPAAM-co-MA. The lower crystalline solution temperature
(LCST) of the copolymer was reduced by the presence of imogo-
lite, which also induced a relevant decrease in the enthalpy vari-
ation of the coil-to-globule transition. This effect could indicate
that PNIPAAM-co-MA moieties are partially dehydrated before
LCST due to the electrostatic attractions between the copolymer
and imogolite. Structural investigations of the mixtures were con-
ducted after heating/cooling cycle between 25 and 45 °C to ex-
plore the influence of temperature on the organization of imogo-
lite nanotubes. The results evidenced that temperature variations
within the coil-to-globule transition do not prevent the destabi-
lization effects of PNIPAAM-co-MA toward the INTs ordering.
The attained knowledge represents a starting point for design-
ing thermo-sensitive nanotubes suitable as drug delivery systems
under variable physiological conditions, smart windows, and soft
actuators.

4. Experimental Section

Preparation of Imogolite Nanotubes Dispersed in Water.  Typically, a mix-
ture of aluminum perchlorate (ACS reagent, >98%), urea (ACS reagent,
99%) and germanium (V) ethoxide were mixed under stirring in a PFTE
beaker to obtain a molar ratio [Ge]:[Al]:[urea] = 1:2:2, the initial aluminum
perchlorate concentration being set at C = 0.2 mol L™!. After homogeniza-
tion, the beaker was transferred into an acid digestion bomb (Zeoclave,
Maximator, France) that was placed in an oven (Memmert) at 140 °C for
5 days. After this ageing period, the autoclave was cooled down and the
resulting suspension was placed in semi-permeable membranes (Spec-
tra/Por, 10 kDa) to perform dialysis against ultrapure water until the con-
ductivity of the dialysis bath was below 5 uS cm~'. The concentration of
the purified dispersion was realized by weight loss upon drying. Character-
ization of the structure of as-synthesized INTs was performed by transmis-
sion electron microscopy on a JEOL 1400 microscope operating at 80 kV.
Infrared spectroscopy was carried out on a Nicolet iS50 spectrometer in
transmission mode (4 cm™! of resolution) with a KBr beamsplitter and a
DTGS/KBr detector.

Preparation of Imogolite/PNIPAAM-co-MA Aqueous Mixtures: Imogo-
lite dispersion (1 wt.%) was diluted with water by factors 1/10 and 1/100
to reduce the INT concentrations to 0.1 and 0.01 wt.%, respectively.
Then, variable amounts of PNIPAM-co-MA were added to the diluted INT
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85U8017 SUOWIWIOD BA 11810 3|t [dde ay) Aq pausenob ae sapile VO ‘85N JO Sa|n. 10y AfeldTauIIUQ AB|1M UO (SUONIPUCD-pUe-SWe)LI00 A3 | IM Ale.d jpuluo//:sdny) SuonpuoD pue swie 1 ay) 88s *[5z02/50/02] uo Areigiauluo A1iM 'Id 1pnis 116ea AiseAIUN AQ TTZ00SZ0Z ILPe/Z00T OT/I0P/W0D A8 1M Aleiq |l |uo"psoueApe//Sdny WoJj papeo|umod ‘0 ‘0SEL96TZ


http://www.advancedsciencenews.com
http://www.advmatinterfaces.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
INTERFACES

Open Access,

www.advancedsciencenews.com

dispersions to systematically change the INT/PNIPAM-co-MA mass ratio
of the mixtures. INT/PNIPAM-co-MA mixtures were subjected to ultrason-
ication for 10 min and then magnetically stirred for 60 min. The tempera-
ture was kept at 25 °C. For comparison, PNIPAM-co-MA dispersions were
prepared in water using the same protocol.

Characterization of the Dispersions: Dynamic light scattering (DLS) and
{-potential experiments were carried out by means of a Zetasizer NANO-
ZS (Malvern Instruments). ¢-potential tests were conducted at 25 °C us-
ing a disposable folded capillary cell, while DLS measurements were per-
formed in isothermal conditions (T = 25 °C) as well as under a heating
ramp from 20 to 45 °C. The wavelength and the scattering angle were fixed
at 632.8 nm and 173°, respectively.

The specific volume and the isoentropic compressibility were deter-
mined by density and speed of sound measurements conducted at vari-
able temperatures (from 15 to 40 °C) by using DSA 5000 m (Anton Paar)
apparatus. The combination of density and speed of sound data allowed
them to estimate the fraction of free water molecules.

Turbidimetric experiments were conducted by UV-vis spectroscopy us-
ing a Specord S600 Analytik Jena instrument. The measurements were
conducted at variable temperatures (from 20 to 45 °C).

The thermodynamics of coil-to-globule transition of PNIPAAM-co-MA
was studied by micro differential scanning calorimetry (micro-DSC) anal-
ysis. These experiments were performed by using a Setaram DSC Ill ap-
paratus under constant nitrogen flow in the range from 10 to 50 °C. Both
heating and cooling ramps were carried out with a scan rate of 1°C min~".
The stainless steel (1cm?) sample cell was filled with ~500 mg of the aque-
ous dispersion, and the reference cell with the corresponding amount of
water. The calibration was performed by using naphthalene.

Macroscopic polarized optical observations were realized between
crossed polarizers in a home-made setup equipped with a Panasonic
DMC-FZ18camera. The aqueous dispersions were transferred to 12 cm?
glass vials and stored vertically prior to observations.

Small-angle X-ray scattering experiments were carried out at the SWING
beamline of SOLEIL synchrotron (Saint-Aubin, France). The incident wave-
length was fixed at 4 = 1.0332 A. SAXS patterns were acquired on a 2D de-
tector (Eiger 4 m, Dectris Ltd., Switzerland) placed in a vacuum tunnel ata
distance of 6 m from the sample. In this case, aqueous dispersions were
transferred into cylindrical borosilicate glass capillaries (WJMGlas/Miiller
GmbH, DE) that were flame-sealed and stored vertically. Angular integra-
tion of the scattering patterns, giving the dependence of the scattered in-
tensity as a function of the scattering vector modulus Q (Q = 4z sin(6)
/ 4 with 20 is the scattering angle), was processed by using the Foxtrot
software available on the beamline.
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