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ABSTRACT: Polyurea-cross-linked alginate (X-Ca-alg-IP) aerogels, prepared from
calcium alginate (Ca-alg) gels and the isocyanurate trimer of rigid aliphatic isophorone
diisocyanate (IP), provide insight into the role of the cross-linker molecular structure in
the nanoscale and macroscopic properties of X-biopolymer aerogels. Keeping all other
synthetic conditions the same, the polyurea (PUA) loading in X-Ca-alg-IP (40—46% w/
w) was lower than what was obtained using flexible aliphatic (56% w/w) or rigid
aromatic (60% w/w) triisocyanate monomers, reflecting differences in monomer
reactivity and packing efficiency of the resulting PUA. Cross-linking preserved the
macro/mesoporous nanoscale architecture of the native Ca-alg backbone, maintaining
high porosity (up to 95% v/v) and specific surface area (up to 393 m* g™'). Small-angle
neutron scattering (SANS) confirmed that the nanostructure and mass-fractal | SEESEE . E Contrast
organization are largely preserved by the cross-linking process that produced a ’ v matched
conformal interfacial layer of PUA around the primary Ca-alg skeletal particles, with an

estimated thickness on the order of 2—3 nm. Compared to other X-biopolymer aerogels, X-Ca-alg-IP aerogels showed significantly
enhanced stiffness, with Young’s moduli in the range of 11—16 MPa. These results highlight the critical role of the molecular
structure of the cross-linker in tailoring the structure—property relationships in X-biopolymer aerogels for advanced and sustainable
environmental and biomedical applications.

KEYWORDS: alginate, aerogels, cross-linked aerogels, X-aerogels, biopolymer aerogels, isophorone diisocyanate, SANS,
impulse excitation technique

1. INTRODUCTION

First invented by Kistler in the 1930s,”” aerogels are
nanostructured solid colloidal or polymeric networks expanded
throughout their entire volume by a gas.” Although it was
evident from the beginning that aerogels could be of virtually
any chemical composition, early research focused on silica and
other inorganic aerogels. Organic aerogels (based on natural or
synthetic organic polymers), hybrid organic—inorganic aero-
gels, as well as carbon aerogels, were developed later.* In

1,2

recent years, driven by an increasing emphasis on sustainability
in both material fabrication and end use, biopolymer-based
aerogels are attracting growing attention for environmental,
biomedical, and food applications.“’5

Alginates are naturally occurring polysaccharides extracted
from brown algae. They are linear block copolymers composed
of two diastereomeric monomers, namely f-(1—4)-linked D-
mannuronic acid (M) and a-(1—4)-linked L-guluronic acid
(G) (Figure 1). In aqueous solutions, alginates readily form
gels through interaction with divalent or multivalent cations;
these gels can subsequently be converted into aerogels. The
cations coordinate with the carboxylate groups of adjacent
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alginate chains, thereby inducing immediate ionotropic
gelation.”™® Another approach that provides close control
over the shape of the gels (in monolithic, fibrous, or bead
form) is via the reaction of aqueous alginate solutions with
acetic anhydride or acetic acid to form thixotropic gel-like
solutions, which then can be converted to regular gels either by
nonsolvent-induced phase separation or by ionotropic
gelation.” Similar to other biopolymer-based aerogels, alginate
aerogels are biodegradable, biocompatible, and nontoxic.
Consequently, beyond conventional aerogel applications such
as thermal insulation, catalysis, and adsorption, alginate
aerogels show considerable potential for applications in
biomedicine (e.g., for drug delivery) and in the food
industry, >0~
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Figure 1. The structures of calcium alginate (Ca-alg) and the
triisocyanates present in the commercial products Desmodur N3300
(N3300; trimer of hexamethylene diisocyanate), Desmodur RE (RE;
tris(4-isocyanatophenyl)methane), and Desmodur Z4470BA (IP;
isocyanurate-based trimer of isophorone diisocyanate—as a mixture
of isomers).

Despite these positive attributes, a major limitation of most
biopolymer-based aerogels is their inherently poor mechanical
performance, which restricts their practical applicability. This
issue has been successfully addressed through covalent cross-
linking of the biopolymer backbone with a polymer. This
approach, commonly referred to as the polymer-cross-linked
aerogel (X-aerogel) technology, was initially developed for
inorganic oxide aerogels.'” *° In the most common
implementation of this technology, innate functional groups
(—=OH or —NH,) and adsorbed water on the surface of
preformed biopolymer gels react with multifunctional iso-
cyanates. The ensuing reaction sequence results in the
formation of a nanometer-thin polyurea (PUA) coating over
the entire skeletal framework of the gel. The coating is
anchored to the framework through urethane and/or urea
linkages, and most importantly, it bridges the interparticle
necks that constitute the weakest points of the biopolymer
skeleton, thereby reinforcing the structure. The X-aerogel
technology has been applied with remarkable success to several
biopolymers carryin% —OH or —NH, groups in their structure,
including alginate,2 ~2% chitosan,” and cellulose,”” cross-
linked with PUA derived from flexible aliphatic
(N3300),”*** rigid aromatic (RE),”*** or rigid aliphatic
(IP)26 triisocyanates (Figure 1).

Isophorone diisocyanate (IPDI) is one of the most
commercially important aliphatic diisocyanates.”® Because of
its rigid cyclic aliphatic structure, IPDI produces PUA chains
that are inherently stiffer than those derived from other, more
flexible diisocyanates.”” As a result, IPDI has been widely
employed as a self-healing agent’™* and as an additive to
enhance the mechanical properties of biopolymer-based
materials.”* Similar to other aliphatic diisocyanates, the use
of IPDI in a condensed, isocyanurate-based trimer form
(abbreviated as IP; Figure 1) is often preferred, as it offers
improved control over reactivity, along with reduced volatility
and lower exposure potential.”® This aspect is particularly
important for IPDI, which is a known respiratory sensitizer.*>
Furthermore, like other triisocyanate monomers (Figure 1), IP
yields cross-linked polymer networks with enhanced mechan-
ical performance. Despite these attributes, however, IP has not
been used for cross-linking of inorganic or synthetic polymer

aerogels and has been used only scarcely for biopolymer
aerogels.”®

Based on the above, herein we present a systematic
investigation of X-alginate aerogels cross-linked with PUA
derived from IP (Figure 1). The physicochemical character-
istics, mechanical performance, and nanoscale structural
organization of the resulting materials are examined in detail,
with particular emphasis on insights obtained from small-angle
neutron scattering (SANS). The rigid aliphatic molecular
structure of IP bridges the gap between flexible/aliphatic and
rigid/aromatic triisocyanates, and thereby, whenever literature
data are available, results from this work are compared with
corresponding X-alginate aerogels derived from the isocyanu-
rate-based flexible aliphatic trimer of hexamethylene diisocya-
nate (N3300; Figure 1) and the aromatic tris(4-
isocyanatophenyl)methane (RE; Figure 1). The properties of
X-alginate aerogels, particularly their nanoscale architecture as
determined via SANS,*® have proven to be key parameters for
their implementation in diverse applications, including
environmental remediation®*™*’ and biomedicine.*'~

2. EXPERIMENTAL SECTION

2.1. Materials

Sodium alginate (Na-alg) was purchased from Duchefa Biochemie
(Haarlem, The Netherlands). CaCl,2H,0 and dialysis tubing
cellulose membrane (diameter: 25 mm) were purchased from
Sigma. Trace-metal grade HNO; 67—69% and trace-metal grade
H,0, 30% were purchased from Fisher Chemical. Desmodur
Z4470BA—trimer of isophorone diisocyanate, 70% solution in n-
butyl acetate (n-BuOAc)—was generously provided by Covestro AG.
Acetonitrile (MeCN) (HPLC grade) and acetone were purchased
from Fluka and were used as received. Deionized water was used
throughout all experiments. Deuterium oxide (D,0, > 99.9 atom %
D) was purchased from Sigma-Aldrich and used as received.

2.2. Preparation of Native Ca-Alginate (Ca-Alg) Hydrogel
and Aerogel Beads and Monoliths

Ca-alg hydrogels and aerogels in the form of beads were prepared
following literature procedures.”’ In brief, aqueous Na-alg solutions
(1%, 2%, or 3% w/w, as indicated in Table S1) were prepared by
dissolving Na-alg (1.0, 2.0, or 3.0 g) in H,0 (99.0, 98.0, or 97.0 g) at
25 °C. The solution was added dropwise, using a 25 mL buret, into a
solution of CaCl, (0.2, 0.5, or 1.0 M, as indicated in Table S1) under
mild magnetic stirring. Spherical hydrogel Ca-alg beads formed
instantly and were allowed to age for 24 h in the CaCl, bath.

For monolithic Ca-alg hydrogels and aerogels, aqueous Na-alg
solutions (2% or 3% w/w, as indicated in Table S2) were prepared as
described above and placed into dialysis tubing cellulose membranes.
The membranes were then immersed in a CaCl, solution (0.2 M) for
gelation and aging (24 h).

After aging, gels were either used for cross-linking (Section 2.3) or
were stepwise solvent-exchanged with acetone/H,O mixtures (30, 60,
90% v/v) and dry acetone (4X). The gels were then dried using
supercritical CO, to produce native Ca-alg aerogels.

2.3. Preparation of Polyurea-Cross-Linked Ca-Alginate
(X-Ca-Alg-IP) Aerogel Beads and Monoliths

X-Ca-alg-IP aerogel beads and monoliths were prepared by slightly
modified literature procedures.”>>** Ca-alg hydrogel beads and
monoliths from Section 2.2 were solvent-exchanged with MeCN/
H, O mixtures (30, 60, 90% v/v) and then with dry MeCN (4X). The
gels were then immersed in a solution of IP in n-BuOAc/MeCN
(solution volume 4X that of the gels) for 24 h. The IP solution was
prepared by mixing Desmodur Z4470BA with dry MeCN. Its
concentration was 0.56 M for the beads (Table S1) and 0.06, 0.13,
0.22, 0.40, or 0.60 M for the monoliths (as indicated in Table S2).
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Figure 2. Preparation flow-chart (top) and optical photographs (bottom) of Ca-alg and X-Ca-alg-IP aerogel beads and monoliths as indicated.

Subsequently, the system was placed in an oven at 70 °C for 72 h
to promote cross-linking. The resulting polyurea-cross-linked Ca-
alginate (X-Ca-alg-IP) gels were then solvent-exchanged with acetone
(4%) and dried under supercritical CO, conditions to yield the
corresponding X-Ca-alg-IP aerogels.

Sample nomenclature follows the following convention. In general,
native calcium alginate aerogels are referred to as Ca-alg, or more
specifically, when synthetic conditions must be mentioned, as Ca-alg-
B (or M)-xy, where “B” and “M” stand for beads and monoliths,
respectively, “x” stands for the concentration of the Na-alg solution,
and “y” is an incremental sample identifier. Similarly, Ca-alg aerogels
cross-linked with IP-derived PUA are referred to as X-Ca-alg-IP or X-
Ca-alg-IP-B (or M)-x.y, whereas “B”, “M”, “x” and “y” have the same
meaning as in native aerogels. Aerogels cross-linked with N3300 and
RE are referred to as X-Ca-alg-N3300 and X-Ca-alg-RE, respectively.

2.4. Methods

Supercritical drying was carried out in an autoclave (E3100, Quorum
Technologies, East Sussex, UK). Gels were placed in the autoclave at
12 °C and were covered with acetone. Liquid CO, was allowed into
the autoclave; acetone was drained out as it was being displaced by
liquid CO, (5%; 1 per 30 min). Afterward, the temperature of the
autoclave was raised to 45 °C; the pressure of the closed system
followed the temperature spontaneously, reaching 100 bar; these
conditions were maintained for 1 h. Finally, the pressure was gradually
released, allowing supercritical CO, to escape as a gas, leaving behind
the corresponding aerogels.

3C and "N Cross-Polarization Magic Angle Spinning (CPMAS)
NMR spectra were obtained with a 600 MHz Varian spectrometer
(Varian, Palo Alto, CA, USA) operating at 150.80 MHz for *C and
60.79 MHz for '*N. The sample spinning rate used was 5 kHz, and
the temperature was set at 25 °C.

ATR-FTIR spectra were obtained with a Shimadzu FTIR
IRAflinity-1 spectrometer equipped with an ATR Shimadzu

QATRIO single-reflection attachment. Spectra were recorded in the
wavenumber range 400—4000 em™.

Thermogravimetric analysis (TGA) was performed using a Mettler-
Toledo TGA/DSCI1 instrument (Schwerzenbach, Switzerland).
Samples were placed in platinum crucibles. An empty platinum
crucible was used as a reference. Samples were heated from ambient
temperatures to 800 °C in a 50 mL min~" flow of N, at a heating rate
of 10 °C min™".

N,-sorption measurements were made on a Micromeritics TriStar
11 3020 surface area and porosity analyzer (Micromeritics, Norcross,
GA, USA). Prior to analysis, all samples were degassed at 80 °C for 24
h using a Micromeritics VacPrep 061 (Micromeritics, Norcross, GA,
USA). Skeletal densities (p,) were determined by He pycnometry
using a Micromeritics AccuPyc II 1340 pycnometer (Micromeritics,
Norcross, GA, USA). Bulk densities (p,) of the samples were
calculated from their weight and natural dimensions.

To determine the calcium content of Ca-alg and X-Ca-alg-IP
aerogel beads, beads (20 mg) were subjected to wet digestion in an
Ethos Lean Compact Microwave Digestion (Milestone) instrument
with trace-metal-grade HNO; and H,0,. The digestate was diluted
and analyzed with inductively coupled plasma mass spectrometry
(ICP-MS) employing an Agilent 7700 series ICP-MS instrument.

The morphology of the aerogel samples was imaged by using low-
voltage scanning electron microscopy (LV-SEM) on a Thermo
Scientific Scios 2 instrument. The specimens were mounted on the
sample holder by using vacuum-resistant carbon tape. Because of the
low accelerating voltage and reduced electron beam current, charging
effects were minimized. This enabled high-magnification imaging of
freshly fractured aerogel surfaces in their native state without the need
for any conductive coating.**

The detailed description of the small-angle neutron scattering
(SANS) experimental setup, the measurement process, and the data
evaluation is given in our previous publication.”® Briefly, the
measurements were carried out on the Yellow Submarine instrument
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Figure 3. Left: Thermogravimetric analysis (TGA, under Ar) and corresponding differential thermogravimetric analysis (DTG) curves of
representative X-Ca-alg-IP (solid line) and Ca-alg (dotted line) aerogels. Right: ATR-FTIR spectra of X-Ca-alg-IP, Ca-alg, and IP-derived PUA
aerogels as indicated. Dashed lines indicate characteristic absorption bands of Ca-alg (red) and IP-derived PUA (blue), discussed in the text.

at the Budapest Neutron Center, following procedures described
previously.**® A momentum transfer (Q) range of 0.007—0.400 A~
was covered. The measured scattering intensities were corrected for
sample transmission, empty cell and solvent scattering, detector
sensitivity, and background. Structural parameters were estimated by
the model-based analysis of the corrected scattering intensity (I) vs Q
profiles. For this, combined power-law and Guinier approximations
were applied to the entire SANS profiles via the unified single-level
Beaucage model, covering the entire experimental Q range
simultaneously.””*® Curve fitting was performed using nonlinear
least-squares routines in the SASView software (Version 5.0.6).
Initially, dry, as-prepared X-Ca-alg-IP aerogel beads were densely
packed into 5.0 mm thick quartz cuvettes and measured without any
prior treatment. The same samples were then filled with a D,0/H,0
mixture. The D,0/H,0 (51:49 v/v) mixture was selected to
approximate contrast matching of the native Ca-alg framework, as
detailed in our earlier work.”>*® Under these conditions, the
scattering contribution of the pristine alginate matrix is significantly
reduced, allowing enhanced sensitivity to the PUA phase associated
with the cross-linking layer.

For mechanical testing, disc-shaped specimens (0.7—2.1 mm thick,
11-12.5 mm in diameter) of X-Ca-alg-IP monoliths were cut using a
diamond disc blade under dry conditions. The Young’s modulus (E),
the shear modulus (G) and the Poisson’s ratio (u) of X-Ca-alg-IP
specimens were determined by employing the Impulse Excitation
Technique (IET)49 using the Buzz-o-Sonic system (BuzzMac
International LLC, USA). For the IET measurements, the disc-
shaped specimens were supported on a foam substrate and
automatically excited by a motor-driven metal rod (2 cm in length
and 2 mm in diameter). A microphone positioned near the sample
transmitted the resulting sound vibrations to the signal-processing
unit. The first and second natural resonance frequencies (fi,),
corresponding to flexural and torsional (antiflexural) vibration modes
(Figure S1), were identified and subsequently used to calculate the
corresponding Young’s modulus values (E, ,) using eq 1, where d, m,
t, and p represent the diameter, mass, thickness, and density of the
specimen, respectively, and u is determined according to ASTM
E1876—15" as a function of 2¢/d and f; ;. K, , are the first and second
natural geometric factors listed in ASTM E1876—1S as a function of y
and 2t/d. The Young’s modulus values obtained from the first and
second modes (E,,) were compared for consistency, and the final
Young’s modulus (E) was taken as their average. G was determined
using eq 2 The physical properties of the measured samples, together
with the corresponding resonance frequencies (f;: antiflexural mode;
f: axisymmetric flexural mode), are summarized in Table S4.

127rd2f12’2m(1 —u?) 37r2d4flz‘2p(1 — )
El,Z = 2,3 =
Kl,zt

Kt

(1)

E

T 21 +p) )

3. RESULTS AND DISCUSSION

3.1. Preparation of X-Ca-Alg-IP Aerogels

The preparation of both X-Ca-alg-IP aerogel beads and
monoliths is summarized in Figure 2. Ca-alg hydrogel beads
were obtained by the dropwise addition of an aqueous Na-alg
solution into an aqueous Ca(Il) solution. The Na-alg
concentration was set at three levels: 1%, 2%, and 3% w/w;
the Ca(Il) concentration was varied between 0.2 and 1.0 M
(Table S1). For the preparation of Ca-alg monoliths in a
cylindrical shape, aqueous Na-alg solutions (2% or 3% w/w;
Table S2) were poured into dialysis tube-shaped membranes
(25 mm in diameter), which were then immersed in a CaCl,
solution (0.2 M) for gelation. After gelation and aging for 24 h,
Ca-alg gels (beads or monoliths) were solvent-exchanged with
MeCN and then immersed in a solution of the triisocyanate
(IP) in n-BuOAc/MeCN (0.56 M for beads, Table S1; 0.06,
0.13, 0.22, 0.40, or 0.60 M, Table S2) for 24 h to allow
diffusion throughout the gel network. Subsequently, the
samples were heated at 70 °C for 72 h to accelerate and
complete the cross-linking process. Following drying with
supercritical fluid CO,, the corresponding X-Ca-alg-IP aerogel
beads and monoliths were obtained.

For beads, different Ca(Il) concentrations in the gelation
bath were investigated to assess their effect on the composition
and material properties of the resulting X-Ca-alg-IP aerogels.
As discussed in Section 3.2, the Ca(II) concentration has little
or no effect on the aerogel properties. Therefore, for the
preparation of monoliths, a single Ca(II) concentration (0.2
M) was used. On the other hand, the concentration of the IP
solution was varied (Table S2) in order to tune the PUA
content and, thereby, the mechanical properties of the
resulting X-Ca-alg-IP aerogels (Section 3.4).

Representative optical photographs of X-Ca-alg-IP aerogel
beads and monoliths are shown in Figure 2. The bead
diameters ranged from 2.1 to 2.5 mm for all samples, and the
monolith diameters were in the range of 10.0—12.5 mm.
Consistent with prior literature,”"** both X-Ca-alg-IP aerogel
beads and monoliths were slightly larger compared to their
native Ca-alg counterparts. Lower drying shrinkage relative to
the native networks has been a consistent observation across
the polgrgner—cross-linked aerogel domain, from inorganic (e.g,
silica)'*'™>* to organic (polymeric)*>™>" and across various
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Figure 4. Top: *C CPMAS NMR spectra of X-Ca-alg-IP, Ca-alg and IP-derived PUA aerogels, and *C liquid NMR spectrum of monomer IP
(Desmodur Z4470BA) as indicated. Bottom: SN CPMAS NMR spectrum of X-Ca-alg-IP aerogels.

types of cross-linking polymers. This has been attributed to the adsorbed on the surface of the alginate gel network, yielding
location of the cross-linking polymer and the rigidization

ines that sub tl ted with free IP molecules withi
brought upon the native network, halting drying shrinkage. amines That subsequently reacted with free I molectiies within

Representative bead diameter distributions are shown in Figure the pores to form urea groups. This process continues through

52. repeated hydrolysis of the dangling —NCO groups and
The cross-linking mechanism for preformed biopolymer gels

is summarized in Figure S3. As already established,”**** the reaction with fresh IP molecules in the pores until the alginate

reaction of the —OH groups of the alginate with one of the network becomes coated and cross-linked with PUA. The

—NCO groups of the triisocyanate (IP) formed urethane
linkages along the alginate backbone. The remaining —NCO
groups were hydrolyzed by gelation water, remaining strongly 3C CPMAS spectroscopy (Section 3.2).

cross-linking process has been confirmed with ATR-FTIR and
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3.2. Chemical Characterization of X-Ca-Alg-IP Aerogels

The uptake of material by Ca-alg during the cross-linking
process was confirmed with comparative thermogravimetric
analysis (TGA) of Ca-alg and X-Ca-alg (Figure 3 left). The
chemical identity of the cross-linking polymer was probed with
ATR-FTIR spectroscopy (Figure 3, right), *C (Figure 4, top),
and "N CPMAS (Figure 4, bottom) NMR. Finally, the
amount of the cross-linking polymer was quantified from the
skeletal densities of Ca-alg, X-Ca-alg-IP, and IP-derived PUA
aerogels.”’ These values were cross-checked with the TGA
data and were confirmed from the calcium content of both Ca-
alg and X-Ca-alg-IP aerogels using ICP-MS.

Thermogravimetric analysis (TGA) and differential ther-
mogravimetric analysis (DTG) of native Ca-alg aerogels
(Figure 3 left) show three decomposition steps, in agreement
with previous findings.”"****°° The first step, below 100 °C, is
attributed to the loss of water. The major step, from 200 to 300
°C, is attributed to the degradation of the Ca-alg polymer
chain. Further decomposition steps up to 800 °C can be
attributed to tar cracking, char formation, and the degradation
of inorganic residues.’’ For X-Ca-alg-IP aerogels, a second
major DTG peak from 300 to 500 °C is observed and
attributed to the decomposition of the urethane linkages, urea,
and isocyanurate groups.58’60'62’63 Residual mass at 800 °C
(~15%) is lower than that of native Ca-alg (~21%), consistent
with the noncarbonizable nature of aliphatic PUAs.**

ATR-FTIR spectra of X-Ca-alg-IP aerogels are shown in
Figure 3 (right), together with those of native Ca-alg aerogels
and IP-derived PUA for comparison. In both native and cross-
linked samples, the characteristic bands of the alginate
backbone can be clearly observed.”*” Bands at 1603 cm™
and 1418 cm™" correspond to the asymmetric and symmetric
stretching vibrations of the Ca(Il)-coordinated carboxylate
groups, while bands at 1082 cm™"' and 1034 cm™" correspond
to the asymmetric and symmetric stretching vibrations of the
C—0O—-C groups of the sugar rings. Additional bands
associated with IP-derived PUA are also present in the X-Ca-
alg-IP spectrum. Specifically, the bands at 1692, 1443, and 766
cm™, attributed to the stretching vibration of carbonyl groups
of the isocyanurate ring, C—H bending, and out-of-plane CH
bending in the cyclohexyl ring or deformation of the
isocyanurate ring, respectively, are observed in both spectra
of X-Ca-alg-IP and IP-derived PUA, while bands at 1636 and
1539 cm™', attributed to the stretching vibration of urea
carbonyl groups and N—H scissoring, respectively, appearing
overlapping with Ca-alg bands. The absence of bands at 2260—
2270 cm™! indicates no unreacted isocyanate groups.

The solid-state *C CPMAS NMR spectrum of X-Ca-alg-IP
aerogels is shown in Figure 4 (top), along with the spectra of
native Ca-alg aerogels and IP-derived PUA. Consistent with
the literature,””’ the characteristic peaks of the alginate
backbone, corresponding to the carboxylate carbonyls, the
acetal carbons (—C—O—C—0O-), and the ring carbons
attached to oxygen (—OH or —O—) appeared at 175, 101,
and 72 ppm, respectively. The peak at 158 ppm in the
spectrum of X-Ca-alg-IP was attributed to urea carbonyls,**
and the shoulder at 157 ppm to the carbonyls of the urethane
linkages.”>*>*>~" It is noteworthy that the 158 ppm/shoulder
pattern is identical to what has been observed with
biopolymers (i.e., alginate, chitosan)”"** and silica®® aerogels
cross-linked with another aliphatic triisocyanate (N3300;
Figure 1) via an analogous mechanism to that of Figure S3.
Carbonyls of the isocyanurate ring of IP-derived PUA

appeared at 150 ppm,°”®* while resonances in the range of

24—47 ppm were assigned to the aliphatic carbons of IP.

The liquid-phase *C NMR spectrum of the IP monomer
(Desmodur Z4470BA; Figure 1) is also included in Figure 4
(top) for comparison. As evidenced by the presence of two
major isocyanurate carbonyl peaks at 151 and 150 ppm and
two peaks at 123 and 122 ppm, assigned to secondary and
primary isocyanate groups,ég’69 respectively, the starting
material consisted of at least two of the four possible isomers
shown in Figure S4. It should also be noted that due to
substitution on the cyclohexane rings, additional cis and trans
configurations are possible for each constitutional isomer
shown in Figure $4.°°” The isocyanurate isomeric structures
present in the monomer are expected to be transferred intact
into the Ca-alg and X-Ca-alg-IP aerogels, partly explaining the
broadness of the isocyanurate carbonyl in the solid-state
spectra of the X-Ca-alg-IP aerogels. On the other hand, the
absence of the isocyanate resonances from the solid-state
spectra confirms the complete reaction of the isocyanate
groups, in agreement with the ATR-FTIR data.

The solid-state N CPMAS NMR spectrum of X-Ca-alg-IP
is shown in Figure 4 (bottom) and is also consistent with the
formation of PUA during cross-linking: the spectrum shows
two clusters of peaks at 140/131/118 ppm and 88/79 ppm,
assigned to the nitrogens on the isomeric isocyanurate rings of
IP and to the nitrogens of the urea/urethane groups,
respectively.””’" The multiplicities of the resonances are
attributed to the presence of various triisocyanate isomers.

The polymer ratio (Ca-alg/PUA) in the X-Ca-alg-IP aerogel
beads was determined based on skeletal density measurements.
Specifically, the PUA and Ca-alg content in X-Ca-alg-IP
aerogels were calculated from the skeletal densities of Ca-alg,
X-Ca-alg-IP, and IP-derived PUA aerogels (Table S1), as has
been reported before.”’ In turn, the amount of Ca was
calculated from the amount of Ca-alg in X-Ca-alg aerogels and
was also independently determined using ICP-MS. The results
from the two methods for the Ca content in X-Ca-alg-IP
aerogels were in good agreement and in line with the
theoretical amount of calcium expected if all —COO™ groups
of the alginate backbone were neutralized (~10% w/w).
Indeed, as confirmed by the data in Table S1, the amount of
Ca was found to be around 10% w/w for all native Ca-alg
samples. In turn, the amount of Ca was independent of the
Ca(II) concentration of the gelation bath, meaning that the 0.2
M bath of Ca(Il) already provided a high excess of Ca(II)
compared to the available coordination sites. As shown further
in Table S1, the PUA content of X-Ca-alg-IP aerogels was
found within overlapping ranges of 37—45%, 40—46%, and
42—48% w/w for aerogels prepared from 1%, 2%, and 3% w/w
Na-alg solutions, respectively. These values agree within 10%—
15% with the TGA data (Figure 3 left). In conclusion, the
amount of PUA in X-Ca-alg-IP was practically independent of
the concentration of Na-alg in the sol and the concentration of
Ca(II) in the gelation bath. By comparison, the PUA content
in X-Ca-alg-N3300 and X-Ca-alg-RE aerogel beads (also from
2% w/w Na-alg solutions) cross-linked with the same
concentration (0.5—0.6 M) of either flexible aliphatic
Desmodur N3300 triisocyanate or rigid aromatic Desmodur
RE triisocyanate was higher (56% w/w and 60% w/w,
respectively),” probably reflecting monomer reactivity and
stereochemical factors affecting packing.
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Figure 5. Representative N,-sorption isotherms for Ca-alg and X-Ca-alg-IP aerogels, along with the corresponding pore size distributions by the

Barrett—Joyner—Halenda method (insets) as indicated.

3.3. Material Properties of X-Ca-Alg-IP Aerogels

3.3.1. General. All aerogels in this study were low-density
materials, with X-Ca-alg-IP aerogels consistently displaying only
slightly higher bulk densities (0.07—0.23 g cm™) than their native Ca-
alg counterparts (0.05—0.16 g cm™?), despite the PUA uptake—a fact
attributed to their lower drying shrinkage. Results are summarized in
Table S1. As expected, bulk densities followed an increasing trend
with higher Na-alg concentrations in the sol. For comparison, X-Ca-
alg-IP aerogels coming from a 2% Na-alg solutions and cross-linked
with IP (this study) were more dense (0.12 g cm™) than the
corresponding native Ca-alg aerogels (0.09 g cm™), but less dense
than the corresponding X-Ca-alginate aerogels cross-linked with either
flexible-aliphatic N3300 (X-Ca-alg-N3300; 0.19 g cm™) or rigid-
aromatic RE (X-Ca-alg-RE; 0.18 g cm™>), reflecting partly the lower
PUA content of X-Ca-alg-IP aerogels (42% vs 56% and 60% w/w,
respectively) and partly their higher porosity (92% vs 87% and 88%
v/v, respectively).*®

Skeletal densities decreased upon cross-linking, adopting inter-
mediate values (1.43—1.58 g cm™) between those of the native Ca-
alg aer0§els (1.91-2.14 g cm™) and of the IP-derived PUA (1.117 g
em™)." Among the X-Ca-alg-IP samples, skeletal densities slightly
decreased with increasing Na-alg concentration in the sol. Keeping all
other parameters equal, the skeletal densities of the X-Ca-alg-IP
aerogels coming from a 2% Na-alg sol (1.47 g cm™) were similar to
the skeletal densities of X-Ca-alg-N3300 aerogels (1.43 g cm™) or X-
Ca-alg-RE aerogels (1.44 g cm™3).*

3.3.2. The Porous Structure. The porous structure of Ca-alg and
X-Ca-alg-IP aerogels was characterized using N,-sorption porosim-
etry, and, where possible, experimental values were compared with
those calculated from bulk and skeletal density data. Typical N,-
sorption isotherms are shown in Figure S, and data are summarized in
Table S1. Percent porosities calculated from bulk and skeletal density
data of the native Ca-alg aerogels fall in the range of 92—97% v/v.
Cross-linking led to a slight decrease in porosity: X-Ca-alg-IP aerogels
from 1% and 2% w/w Na-alg sols had porosities in the range of 91—
95% v/v, and those from 3% w/w solutions had porosities in the 84—
86% v/v range. As mentioned above, the porosities of X-Ca-alg-
N3300 and X-Ca-alg-RE aerogels from 2% w/w Na-alg sols were 87%
and 88% v/v, respectively.”®

The N,-sorption isotherms of both Ca-alg and X-Ca-alg-IP aerogels
(Figure S) displayed hysteresis loops but did not reach saturation,
consistent with predominantly macroporous materials with some
mesoporosity. Indeed, in all cases, the specific total pore volumes,
Voo calculated from bulk (p,) and skeletal density (p,) data via
View = (1/py) — (1/p,), were much larger than the specific pore
volumes in the 1.7—300 nm range probed by the N,-sorption method
(V17-300 nm) —see Table SI.

The BET specific surface areas of native Ca-alg aerogels were
relatively high, from 422—487 m* g~! (Table S1), while 14—18% of
those values were assigned to micropores via t-plot analysis according
to the Harkins and Jura model,”"”> consistent with previous
results.”"*>***? BET surface areas of the X-Ca-alg-IP aerogels of
this study remained notably high (in the 354—393 m?® g™' range)

compared to X-Ca-alg-N3300. Specifically, the BET surface area of
the X-Ca-alg-IP aerogels made with a 2% Na-alg solution was 385 m*
g~', while the BET surface area of the corresponding X-Ca-alg-N3300
was 265 m? g_l.25 In general, the decrease in the BET surface area
upon cross-linking can be associated with the formation of a
conformal PUA coating that fills smaller skeletal crevices, smooths
fine surface features, and reduces the accessible surface area without
disrupting the overall hierarchical nanoscale framework. Indeed, all
micropore-assigned surface area in native Ca-alg aerogels was lost
after cross-linking with either IP (Table S1) or N3300, as reported
previously,”"* consistent in both cases with the confinement of a
rather compact cross-linking polymer in the space between the
elementary building blocks of the alginate skeletal network. By the
same token, it is also noted that the surface area of similarly obtained
(from a 2% Na-alg sol) X-Ca-alg-RE aerogels was higher (425 m* g™")
with a significant (~12%) portion assigned to micropores, which is
attributed to the rigid, inflexible aromatic structure of RE. It is noted
that all polymeric aerogels derived from RE, including PUAs,”***”*
polyurethanes,”>*%” polyamides,”* and polyimides,” include micro-
pores.

The accumulated IP-derived PUA did not significantly affect the
BJH pore size distributions of pores in the mesopore range (1.7—300
nm, shown as insets in Figure S), which were broad and similar in all
native and polyurea-cross-linked aerogels, with maxima in the 27—34
nm range. Average pore diameters in the 1.7—300 nm range remained
largely unaffected by cross-linking and were close to the maxima of
the corresponding pore-size distributions. In contrast, average pore
diameters calculated via the 4XVr.1/0gpr method were several times
larger than the pore sizes in the 1.7—300 nm range, reflecting the
macroporous nature of the samples, as is clearly visible from the SEM
images (Figure 6).

Figure 6. Representative SEM images of native Ca-alg and X-Ca-alg-
IP aerogels as indicated.

It has been reported in the literature that polyurea cross-linking
renders X-alginate aerogels hydrophobic, in contrast to native alginate
aerogels, which are inherently hydrophilic.*" Indeed, the water contact
angle of a 5§ uL droplet on X-Ca-alg-IP aerogels was in the range of
120—125 deg, exhibiting the rose-petal effect.”® These values are
consistent with those reported in the literature for X-Ca-alg-N3300
(up to 119 + 2 deg).21 A more detailed investigation of surface
wettability and related properties of these materials is currently
underway.

https://doi.org/10.1021/acsapm.6c02361
ACS Appl. Polym. Mater. XXXX, XXX, XXX—=XXX

920z AInC 62 U0 J8sn NIOFFIA 40 A NN A 4pd "T9€2099 wdesoe /09502€99 /192009 wdesoe /TZ0T 0T / 10p /4pd -8 |9 11 4e /paudee /6 10 "soe "sqnd //:d 13y wo 14 papeo juwoq


https://pubs.acs.org/doi/suppl/10.1021/acsapm.6c02361/suppl_file/ap6c02361_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsapm.6c02361/suppl_file/ap6c02361_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsapm.6c02361/suppl_file/ap6c02361_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsapm.6c02361/suppl_file/ap6c02361_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsapm.6c02361/suppl_file/ap6c02361_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsapm.6c02361?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.6c02361?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.6c02361?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.6c02361?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.6c02361?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.6c02361?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.6c02361?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.6c02361?fig=fig6&ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.6c02361?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Polymer Materials

pubs.acs.org/acsapm

100 T T 10000 T T
° e full contrast e full contrast
%0 e contrast matched 10000 o, e contrast matched 1}
10 F '\
— o, Ca-alg — 100 N X-Ca-alg-IP
3 o, =5 I".. e |
s o S o 1
S S
= = 1 f Sosssssnmmmman 1
01
\ ® 0.1 e,
M [ osmummmnms ]
0.01 A A 0.01 A A
0.01 0.1 0.01 0.1
Q(A?) Q(A?)

primary particles of X-Ca-alg-IP aerogel
coated with polyurea; radius = 10.9 nm

secondary particle of X-Ca-alg-IP aerogel
- space within the secondary particle NOT filled with polyurea
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according to SANS (see text). The panel labeled “Filled” denotes a sample filled with a contrast-matching agent (D,0/H,0O mixture, 51:49 v/v).

3.3.3. The Solid Skeletal Network. The skeletal network was
visualized with scanning electron microscopy (SEM), and its
elementary building blocks were probed with small-angle neutron
scattering (SANS).

SEM images (Figure 6) show that the characteristic fibrous
morphology of native Ca-alg aerogels is retained after cross-linking,
consistent with PUA accumulation templated by the surface
functionality of the skeletal network, as described in Figure $3.”"****

On the other hand, SANS probes structural correlations over length
scales of approximately 1—100 nm and is, therefore, directly sensitive
to the nanoscale building blocks of the alginate aerogel skeleton, their
aggregation into secondary structures, and the nature of their
interfacial regions.”” Beyond providing particle dimensions and fractal
characteristics, SANS is particularly powerful for multiphase soft
materials, as contrast variation via isotopic substitution enables
selective observation of specific structural components within
complex hierarchical systems. In the system studied here, X-Ca-alg-
IP aerogels, SANS indicatesthe preservation of the overall nanoscale
architecture, complementing N,-sorption porosimetry, which reveals
modifications in the finest porosity.

Figure 7 (top) compares the SANS profiles of Ca-alg”® and X-Ca-
alg-IP aerogels measured under full contrast (dry state) and after
contrast matching of the alginate network by filling the pore space
with a D,0/H,0 (51:49 v/v) mixture.”> Under full contrast
conditions, both materials exhibit extended power-law scattering,
characteristic of nanoscale primary particles aggregated into mass-
fractal secondary structures, which, in turn, assemble to form fibrous
skeletal architectures as seen in SEM and previously reported for
other organic aerogels, notably certain polyimides’® and PUAs.”*”°

Parameters obtained from the analysis of the scattering profiles using
the Beaucage Unified Model are summarized in Table S3.

The high-Q region of native dry Ca-alg aerogels displays a power-
law slope of —4.55, exceeding the Porod value of —4.00 expected for
sharp interfaces, indicating that the interfacial regions of the primary
particles are not abrupt but instead consist of continuous density
gradients across the particle boundaries.”” The Guinier knee (the
curved region in the scattering profile) that follows the high-Q power-
law region provides the radius of gyration (R,) of the primary
particles. Assuming spherical geometry, the primary particle radius

(R) was calculated from R, according to R=+/5/3 R,, yielding R = 8.3

+ 0.1 nm. Following the Guinier knee, the subsequent low-Q power-
law exponent (2.05) gives the mass fractal dimension of the assembly
of primary particles into secondary particles. All power-law exponents,
as well as the R and R values, are provided in Table S3.

Upon D,0/H,0 (51:49 v/v) mixture, approximate contrast
matching of the Ca-alg phase renders the alginate cores effectively
invisible to neutrons, and the scattering profile is dominated by a
single high-Q power law with a slope equal to —3.72. As matching
suppresses scattering from uniform regions having approximately the
same scattering length density as the solvent, the new scattering
profile can be interpreted as a transition from geometric interface-
dominated scattering in the native Ca-alg aerogels to fluctuation-
dominated scattering arising from correlated density variations within
the density-gradient halo surrounding the practically invisible
contrast-matched Ca-alg particles. The slight shift of the contrast-
matched profile toward lower Q (by approximately 0.02—0.03 A™")
indicates only a modest increase in the associated correlation length
upon solvent infiltration. Because Ca-alg does not swell in water,”
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and the contrast-matched cores no longer contribute to the measured
intensity, this shift is consistent with hydration-induced broadening of
the diffuse interfacial density gradient rather than physical swelling of
the solid primary particles themselves.

Both before and after contrast matching, the SANS profiles of X-
Ca-alg-IP aerogels closely resemble each other and those of dry native
Ca-alg, showing distinct high- and low-Q power-law regions separated
by a Guinier knee. Upon contrast matching, the X-Ca-alg-IP profile
shifts slightly to lower Q (by ~0.01 A™") indicating a modest increase
in the characteristic correlation length upon solvent infiltration. The
similarity between the pristine and contrast-matched scatterin
profiles is consistent with solvent access to interparticle voids.”
Thus, PUA deposition appears to occur conformally along the
surfaces of existing Ca-alg primary particles rather than filling the
secondary structural elements.

The high-Q slope of the full-contrast (dry) profile of X-Ca-alg-IP
aerogels is —5.86 + 0.2, which is more negative than both the Porod
slope and the high-Q slope of the dry native Ca-alg aerogels (—4.55 +
0.3). This slope is attributed to the IP-derived PUA coating
surrounding the primary particles, indicating an extended diffuse
interfacial region with continuously varying scattering length density
rather than a sharp core—shell boundary. The low-Q slope (x~—2.19)
remains unchanged between the full-contrast and the contrast-
matched (D,0/H,0-filled) X-Ca-alg-IP samples, corresponding to a
mass-fractal dimension of ~2.2. The invariance of the mass-fractal
exponent suggests that PUA formation modifies the interfacial
structure while largely preserving the aggregation topology, consistent
with cross-linking proceeding under strong templating, while the
hierarchical architecture is inherited from the original Ca-alg core.

Guinier analysis of dry X-Ca-alg-IP aerogels provides an estimate of
the apparent primary radius of 10.9 + 0.2 nm, compared with 8.3 +
0.1 nm for native Ca-alg. Upon contrast matching of the Ca-alg core,
substantially larger apparent radii are obtained (14.6 + 0.3 nm),
reflecting neutron scattering from hydrated polymer—solvent density
correlations surrounding the contrast-matched cores rather than from
particle boundaries. In other words, the increase in apparent size
reflects swelling of a solvent-accessible interfacial region—the IP shell.
Hydration expands the spatial extent over which density correlations
persist, shifting the Guinier regime toward lower Q without altering
aggregate topology. The persistence of well-defined scattering,
together with these hydration effects, provides strong evidence that
solvent not only permeates secondary aggregates but also reaches the
Ca-alg core particles, which validates and supports the interpretation
of the contrast-matched measurements.

Figure 7 (bottom) illustrates the hierarchical topology of X-Ca-alg-
IP aerogels as inferred from SANS analysis. Although the schematic
representation may visually resemble a core—shell structure, the
SANS data do not support the presence of an abrupt interface, and
therefore, a classical core—shell model is not appropriate for
quantitative description. In other words, the polymer coating cannot
be described as a sharp core—shell boundary but rather as a
conformal, density-modified interfacial layer surrounding the Ca-alg
particles. This interpretation is consistent with well-established
concepts in polymer physics, whereby polymer properties in the
vicinity of an interface differ from bulk behavior, giving rise to an
interphase region characterized by gradual changes in density and
molecular mobility. Such interphases typically extend over a few
nanometers from the surface,®"”*> consistent with the thickness scale
of the density gradient within the conformal PUA coating identified
by SANS in this work.

Upon filling with the D,0/H,0 (51:49 v/v) mixture, the scattering
contribution of the native Ca-alg framework is strongly reduced,
indicating approximate contrast matching of the Ca-alg phase. Under
these conditions, the remaining scattering from X-Ca-alg-IP is
primarily associated with the IP-derived PUA phase and the
corresponding interfacial regions. Because contrast-matched con-
ditions probe the solvated structure, estimation of coating dimensions
is more reliably based on dry, full-contrast measurements. Differences
between the apparent radii of native and cross-linked samples
therefore provide an estimate of the effective thickness of the density-

modified PUA layer (approximately 2—3 nm). It is noted that in
structures arising from the aggregation of primary particles into fractal
networks, the characteristic pore dimensions are typically of the same
order of magnitude as the particle and aggregate length scales that
define the network topology.**** Accordingly, the SANS-derived
primary particle radius of Ca-alg (~8.3 nm) is consistent with
mesoporous structures in the ~8 nm range, in agreement with N,
sorption data for Ca-alg aerogels derived from 2% w/w sols (pore
diameters 15—16 nm, Table S1). The formation of a conformal 2—3
nm PUA interphase is expected to modify the effective interparticle
separation and is consistent with the observed shift toward larger
apparent pore diameters (17—18 nm, Table S1) in the cross-linked
system.

By comparison, X-Ca-alg-IP aerogels exhibit a similar hierarchical
organization to X-Ca-alg-N3300 aerogels cross-linked with flexible-
aliphatic N3300 (refer to Figure 1),> as evidenced by similar low-Q
fractal exponents (—2.19 vs —2.02) and comparable contrast-matched
correlation sizes (Rg =113 + 2 A for IP and 122 + 4 A for N3300,
corresponding to apparent radii of 14.6 + 0.3 and 16.0 + 0.5 nm,
respectively; Table S3). The primary distinction lies in the packing
efficiency of the deposited PUA. Flexible N3300 chains can fold and
pack efficiently around the alginate framework, producing higher-
density PUAs*® (1.20—1.31g cm™ vs 1.117 g cm™ from IP,
respectively) and smaller apparent dry particle radii (8.8 + 0.1 nm
vs 10.9 + 0.2 nm from IP; Table S3). By the same token, the rigid
structure and isomeric constitution of the IP monomer hinder dense
packing, yielding a less compact conformal coating that expands the
scattering density envelope despite lower overall polymer content
(44% w/w vs 56% w/w for N3300). The larger swelling radius
observed for N3300 under contrast matching (16.0 + 0.5 nm; Table
S3) is also consistent with greater conformational flexibility and
enhanced solvent uptake. The characteristic primary particle sizes
obtained from SANS (~8—11 nm) are consistent with the mesopore
size range determined by N,-sorption, supporting a structural picture
in which pores arise from the packing of these primary building
blocks.

In contrast to aliphatic systems, previous studies have shown that
cross-linking with the more reactive aromatic triisocyanate (RE;
Figure 1) yields a distinctly different nanoscale structure. Highlighting
the effects of reaction kinetics and polymer rigidity, rapid polymer-
ization promotes nucleation within interparticle voids, resulting in
partial filling of secondary particles with microporous RE-derived
PUA.*

3.4. Elastic Properties of X-Ca-Alg-IP Aerogels

The elastic properties of X-Ca-alg-IP aerogels were evaluated
using the impulse excitation technique (IET),*” using
cylindrical samples of variable bulk densities (Table S2)
prepared by varying the Na-alg concentration in the sol and the
IP concentration in the cross-linking bath, as discussed in
Section 3.1. Cylindrical samples were subsequently cut into
thin disc-shaped specimens (0.7—2.1 mm thick and 11-12.5
mm in diameter). The specifications of the samples used for
testing are summarized in Table S4 of the Supporting
Information. Representative amplitude vs time waveforms
and their corresponding frequency spectra are shown for
selected specimens (X-Ca-alg-IP-M2.3—1 and X-Ca-alg-IP-
M2.1-1) in Figure SS at two resonant frequencies. (Note: The
last number (—1, —2, or —3) in the sample names is simply an
index identifying the specific specimen, as described in Table
S4.)

Figure 8 shows the elastic modulus, shear modulus, and
Poisson’s ratio data derived from the IET measurements for
the various preparation conditions reflected by the sample
names (refer to the Experimental Section). While all X-Ca-alg-
IP aerogels exhibited Poisson’s ratios within the expected range
for elastic polymeric materials (0.2—0.5),% both the elastic and
shear moduli increased as the Na-alg concentration in the sol
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Figure 8. Elastic modulus (E; top), shear modulus (G; middle), and
Poisson’s ratio (y; bottom) of X-Ca-alg-IP aerogels as indicated.
Vertical lines delineate measurements of several specimens of the
same sample.

increased. The average values of the elastic properties derived
for each material are summarized, together with relevant
material properties, in Table SS.

The dependence of Young’s modulus and sound velocity on
bulk density and porosity is shown in Figure 9. It is noted that
the sound velocity (v) is related to Young’s modulus (E) and
bulk density (p,) via the equation v = (E/p,)"/2 According to
Figure 9, the concentration of the Na-alg precursor solution is
the single most important factor influencing the Young’s
modulus of the aerogels. For example, samples X-Ca-alg-IP-
M3.2 and X-Ca-alg-IP-M2.1 carry similar relative amounts of
PUA (~30% w/w), but the Young’s modulus of X-Ca-alg-IP-
M3.2 is approximately twice that of X-Ca-alg-IP-M2.1 (28.5 vs
14.8 MPa). This is directly related to the strong dependence of
stiffness (Young’s modulus) on bulk density (0.133 + 0.004 ¢
cm™ vs 0.106 + 0.002 g cm™>), which in turn is governed by
the amount of Ca-alg on the backbone, and is controlled by the
concentration of the Na-alg solution, consistent with our
previous studies.”’ Notably, no clear correlation was observed
between Young’s modulus and average pore diameters (Figure
S6).

Focusing attention within families of X-Ca-alg-IP aerogels
sharing the same Ca-alg backbone, variations in the PUA
content of X-Ca-alg-IP-M2 aerogels had a limited influence on
Young’s modulus; samples exhibited moduli in the range of
10—16 MPa, with only a slight upward trend as the bulk
density increased. In contrast, increasing the PUA content of
X-Ca-alg-IP-M3 aerogels was accompanied by a decrease in the
Young’s modulus (from 31 to 21 MPa: Table SS and Figure 9).
The observed behavior suggests a deviation from the idealized
structure in Figure 7 (bottom), as accelerated cross-linking at
higher IP concentrations on the denser Ca—alg network
produces a more heterogeneous PUA distribution, which, in
turn, alters the effective stiffness of the backbone—coating
system. The sound velocity (Table SS and Figure 9) combines
bulk density and Young’s modulus information, resulting in
opposite trends in X-Ca-alg-IP-M2 and X-Ca-alg-IP-M3
aerogels as a function of density. On the other hand, as
expected for porous solids, both the Young’s modulus and the
speed of sound exhibit opposite trends with bulk density and
porosity; that is, any increase (or decrease) with density is
accompanied by a corresponding decrease (or increase) with
porosity (Figure 9).

Figure 10 shows the sensitivity of the Young’s modulus to
bulk density. A power-law scaling relationship, E « p,% is
observed. The exponent a was found to be equal to 3.1 & 0.4,
which is close to the values reported previously for X-Ca-alg-
N3300 aerogels (a = 2.1-2.7). ! These exponents are between
those for native Ca-alg aerogels (around 4.0)*' and N3300-
derived PUA (a = 1.63)°* aerogels, indicating that the stiffness
of X-Ca-alg aerogels is affected by both the alginate network
and the PUA. By comparison to other aerogels from the
literature, the sensitivity of the stiffness of all X-Ca-alg aerogels
to bulk density is comparable to that of native silica (a = 2.59—
3.53)"® or Xssilica cross-linked with Desmodur N3200 (a =
3.10)°" but higher than X-vanadia aerogels cross-linked with
Desmodur N3200 (a = 1.87)."°

For a direct comparison of the effect of cross-linking with
rigid-aliphatic IP-based PUA versus flexible-aliphatic N3300-
based PUA, we compare the Young’s modulus of X-Ca-alg-IP-
M.2 and X-Ca-alg-N3300 aerogels, both derived from 2% Na-
alg solutions, at similar densities. The bulk density of the X-Ca-
alg-IP-M.2 aerogels (this study) was in the range of 0.105—
0.116 g cm™ (Table S5), while the bulk density of the
corresponding native Ca-alg aerogel was 0.054 g cm™>,*" and
that of X-Ca-alg-N3300 was in the range of 0.08—0.12 g
cm™.”" The Young’s modulus increased from 3.3 MPa for the
native Ca-alg backbone to 3.5—11 MPa for X-Ca-alg-N3300
and further to 11—16 MPa for X-Ca-alg-IP-M.2. Notably, the
IP-derived PUA content in X-Ca-alg-IP-M.2 was lower than
the N3300-derived PUA content in X-Ca-alg-N3300 (Section
3.2), yet it produced a higher modulus. Given the rigidity of
the IP-derived conformal PUA coating, as inferred from the
SANS analysis of the backbone, the higher modulus of X-Ca-
alg-IP-M.2 aerogels relative to X-Ca-alg-N3300 with less cross-
linker was attributed to the greater molecular rigidity of the IP
structure.

4. CONCLUSIONS

Polyurea-cross-linked alginate (X-Ca-alg-IP) aerogels, derived
from calcium alginate (Ca-alg) preformed gels and the
isocyanurate trimer of rigid aliphatic isophorone diisocyanate
(IP), have provided further insight into the role of the cross-
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linker’s molecular structure on the properties of X-biopolymer
aerogels.

Compared to other X-Ca-alginate aerogels prepared under
nearly identical conditions, X-Ca-alg-IP aerogels had a lower
PUA content: 40—46% w/w vs 56% w/w for X-Ca-alg-N3300
and 60% w/w for X-Ca-alg-RE, which were cross-linked with a
flexible aliphatic and a rigid aromatic polyurea, respectively.
This difference has been attributed to variations in monomer
reactivity and stereochemical constraints affecting network
formation and packing efficiency of the resulting PUA.

N,-sorption porosimetry and SEM demonstrated that, on
one hand, cross-linking clogged micropores but, on the other,
had a minimal effect on the macro/mesoporous structure,
preserving both high porosity (up to 95% v/v) and specific
surface area (up to 393 m?> g'), although both were slightly

reduced compared to native Ca-alg aerogels, as typically
observed for X-aerogels. More detailed structural analysis of
the solid network with SANS revealed that the PUA phase
forms a diffuse interfacial region around the primary particles,
with an estimated thickness on the order of 2—3 nm. By
comparison, the X-Ca-alg-IP aerogels of this study and the X-
Ca-alg-N3300 aerogels from previous work exhibit nearly
identical hierarchical organization, as reflected by similar low-Q
mass fractal exponents (2.19 vs 2.02) and comparable
correlation sizes (Rg =113 £ 2 Avs 122 + 4 A), confirming
that PUA formation primarily modifies the interfacial structure
rather than the aggregation topology. Therefore, all differences
in the properties of the respective X-aerogels can be attributed
to the rigid versus flexible nature of the IP and N3300
monomers, respectively.

In this context, the higher molecular rigidity of IP relative to
N3300 translates into enhanced stiffness, yielding higher
Young’s modulus values for X-Ca-alg-IP than for both native
Ca-alg aerogels and those cross-linked with the more flexible
aliphatic N3300, despite the lower PUA content. For example,
the Young’s modulus values of X-Ca-alg-IP aerogels were in
the range of 11—16 MPa, whereas those of native Ca-alg and
X-Ca-alg-N3300 aerogels were 3 MPa and 3.5—11 MPa,
respectively.

Overall, IP-derived PUA acts as an intermediate system
between flexible aliphatic and rigid aromatic cross-linkers,
combining nanoscale structural retention with enhanced
mechanical performance. Consistent with other studies on
purely organic polymer aerogels, these results underscore the
critical role of the molecular structure of the cross-linker in
tuning structure—property relationships in X-biopolymer
aerogels and support the development of mechanically robust,
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highly porous materials for advanced environmental and
biomedical applications.

Finally, in combination with the N,-sorption studies, the
SANS results reported here have implications extending well
beyond the immediate scope of this work. The disappearance
of the microporosity present in native Ca-alg after cross-linking
indicates that PUA forms a continuous, tight, conformal
coating around the primary particles of the alginate backbone.
However, as demonstrated by the SANS contrast-matching
experiments, this PUA coating can be swollen by water, which
can thereby access the alginate core, rendering the contrast-
matching experiments possible in the first place. This finding is
important because it provides a mechanistic explanation for the
previously reported uptake of UO,** and Hg** ions by X-Ca-
alg aerogels and warrants further systematic investigation of the
selective ion uptake by X-alginate networks.
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Figure S1. The first two modes of vibration of a disc: (a)
flexural and (b) antiflexural Dashed lines indicate nodal
lines, and arrows denote the direction of motion; Figure
S2. Representative bead diameter distributions of Ca-alg
and X-Ca-alg-IP aerogel beads, as indicated. (Bead
diameters were measured with Image]; histograms were
calculated using OriginPro 9.0.) Mean diameters, full
width at half maxima (fwhm) and sample sizes (N) are
shown within the frames; Figure S3. Schematic
representation of the cross-linking process of preformed
Ca-alg networks with IP; Figure S4. The structures of
the four possible constitutional isomers of the
isocyanurate-based trimer of isophorone diisocyanate
(IP), potentially present in the commercial product
Desmodur Z4470BA; Figure S5. Left: Amplitude vs time
waveform of the (a) 1st resonant mode (antiflexure) of
specimen X-Ca-alg-IP-M2.3—1, (c) 2nd resonant mode
(axisymmetric flexure) of specimen X-Ca-alg-IP-M2.3—
3, (e) 1st resonant mode (antiflexure) of specimen X-
Ca-alg-IP-M2.1-1, (g) 2nd resonant mode (axisym-
metric flexure) of specimen X-Ca-alg-IP-M2.1—1. Right:
(b), (d), (), (h) Power vs frequency spectra obtained by
Fourier transformation of the corresponding waveforms
shown on the left; Figure S6. Young’s modulus as a
function of the average pore diameter calculated by N,
sorption (left) and from the skeletal densities (right) of
X-Ca-alg-IP aerogels, as indicated. The PUA content of
each material (% w/w) is also indicated on the graphs.
Solid lines have been added to guide the eye; Table S1.
Chemical composition and selected material properties
of Ca-alg and X-Ca-alg-IP aerogel beads; Table S2.
Chemical composition and selected material properties
of X-Ca-alg-IP aerogel monoliths prepared for mechan-
ical testing; Table S3. Structural parameters estimated by
fitting the SANS profiles of full-contrast and of D,0/
H,O-filled native (Ca-alg) and cross-linked (X-Ca-alg-
N3300 and X-Ca-alg-IP) aerogels; Table S4. Specifica-
tions of X-Ca-alg-IP aerogel specimens and resonant
frequencies (f; antiflexure, f, axisymmetric flexure) used
for mechanical testing by the IET method; and Table SS.
Average values of the elastic properties of X-Ca-alg-IP

aerogels. Bulk and skeletal densities, as well as porosities,
are also included for reference (PDF)
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