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ABSTRACT

Conventional strategies for materials design have long been used by leveraging primary bonding, such as covalent, ionic, and metallic
bonds, between constituent atoms. However, bond energy required to break primary bonds is high. Therefore, high temperatures and
enormous energy consumption are often required in processing and manufacturing such materials. On the contrary, intermolecular bonds
(hydrogen bonds, van der Waals forces, electrostatic interactions, imine bonds, etc.) formed between different molecules and functional
groups are relatively weaker than primary bonds. They, thus, require less energy to break and reform. Moreover, intermolecular bonds can
form at considerably longer bond lengths between two groups with no constraint on a specific bond angle between them, a feature that
primary bonds lack. These features motivate unconventional strategies for the material design by tuning the intermolecular bonding
between constituent atoms or groups to achieve superior physical properties. This paper reviews recent development in such strategies that
utilize intermolecular bonding and analyzes how such design strategies lead to enhanced thermal stability and mechanical properties of the
resulting materials. The applications of the materials designed and fabricated by tuning the intermolecular bonding are also summarized,
along with major challenges that remain and future perspectives that call for further attention to maximize the potential of programming
material properties by tuning intermolecular bonding.
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I. INTRODUCTION

Bonding between constituent atoms/molecules is crucial in
designing engineering materials with desirable properties.
Conventional material design strategies by leveraging primary
bonding between constituent atoms are well established to design
materials such as metals, ceramics, and alloys.H) Primary bonds
can be broadly classified into three types: covalent bonds, ionic

positively charged cation (Na*). On the other hand, chlorine (Cl)
possesses seven electrons in its outermost valence shell. It achieves
the energetically favorable configuration by gaining that electron,
thus becoming a negatively charged anion (Cl™). An ionic bond is
formed between Na* and Cl™ upon the transfer of the valence elec-
tron. Metallic bonds are formed when highly electrically conductive
metals release their electrons from the inner valence band to the

bonds, and metallic bonds. Covalent bonds usually occur between
atoms of non-metals, such as carbon [Fig. 1(a)], where electrons
are shared between neighboring atoms (e.g., the four electrons in
the outermost valence shell of a carbon atom). To achieve the
energetically favorable configuration (octet), a carbon atom may
share those four electrons with one electron from the neighboring
carbon atom and three electrons from each of the three surround-
ing hydrogen atoms, thus forming four different covalent bonds.
Ionic bonds [Fig. 1(b)] occur when there is a large difference in
electronegativity in neighboring atoms. For example, sodium (Na)
possesses just one electron in its outermost shell, and to achieve the
stable octet configuration, it donates this electron, thus becoming a

outer conduction band, thus becoming metallic cations [Fig. 1(c)],
forming negatively charged free electrons (electron cloud) around
them. This attraction between the positively charged metallic cation
with the swarm of negatively charged electron clouds forms the
metallic bond. Tuning the primary bonds between constituent
atoms/molecules has been the focus of engineering materials design
to achieve desired physical properties such as high strength, stiff-
ness, toughness, thermal stability, etc. However, such desirable per-
formances come at a price. The upper range for bond energy in
primary bonds is relatively high at around 1000 kJ/mol (~1000 kJ/mol
for covalent bonds, ~800 kJ/mol for ionic bonds, and ~850 kJ/mol for
metallic bonds). On one hand, the high bond energy of primary
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FIG. 1. Comparison between primary bonds (a)-(d) and intermolecular bonds (e) and (f). (a) Covalent bond; (b) ionic bond; (c) metallic bond; (e) Selected types of inter-
molecular bonds such as hydrogen bond, van der Walls (vdW) force, electrostatic interaction, and dynamic imine bond. (d) and (f) Comparison between primary bonds

and intermolecular bonds in terms of bond energy, bond angle, and bond length.

bonds is the origin of many desirable physical properties of metals,
ceramics, and alloys. But on the other hand, it also requires high
temperature and enormous energy consumption in processing and
manufacturing such materials, which often causes detrimental
effects on the environment and poses challenges to sustainability
and climate. For example, steel production releases more than
3 x10° metric tons of carbon dioxide yearly, accounting for 8% of
all human-made greenhouse gas emissions.

Intermolecular bonds, such as hydrogen bonds, van der Waals
(vdW) forces, electrostatic interactions, imine bonds, etc., have
relatively lower bond energy compared with primary bonds
[Figs. 1(d) and 1(f)], the maximum value ranging around
~470 kJ/mol (~1-190kJ/mol for hydrogen bonds, ~5-200kJ/mol
for electrostatic interactions, ~1-50 kJ/mol for van der Waals forces,
and 70-470k)/for imine bonds)."’ So, intermolecular bonds can
readily form, break, and reform under the influence of external
forces when two compatible atoms or functional groups are in close
proximity to each other. For example, a mechanically robust, self-
healing, low-weight polymer can be designed by tuning the cross-
linking density, which could rapidly heal multiple times without
noticeable deformation.'’ This rapid healing is possible because the
range of bond length in intermolecular bonds is much higher than
the conventional primary bonds [Fig. 1(d)]. In addition to the
higher bond energy described above, since the range of bond length
in primary bonds is smaller, their ability to reform and reconnect
decreases considerably. Furthermore, primary bonds need to be
formed at a specific range of bond angles in addition to the con-
straint already imposed by the relatively shorter bond length. Even
when the atoms are within the bond length, a primary bond cannot
form if the criteria related to the specific range of bond angle are not
satisfied. However, intermolecular bonds can form at a wide range of
bond angles'>"” because of their ability to reconnect at all degrees of
freedom with the surrounding molecules across all three dimensions.
As a result, unconventional material properties that were previously

impossible using solely primary bonds can be realized by tuning
intermolecular bonds. For example, the conflict between strength
and toughness, which are conventionally two mutually exclusive
mechanical properties, could be overcome in cellulose-based
materials'™'” that can achieve both high strength and toughness
through design strategies involving spatially dense intermolecular
bonds present in the constituent cellulose molecular chains.'® A
long-standing quandary, the stiffness-toughness conflict, was also
recently resolved through physical cross-linking in polymer, imple-
menting a unique application of intermolecular interactions resulting
in superb material physical properties.'” Thus, conceiving novel
material design strategies to achieve unconventional yet desirable
properties possess promising potential in designing next-generation
high-performance materials, which asserts the need to explore the
fundamental mechanism behind the strategies related to tuning of
intermolecular bonds.

Intermolecular bonds can be broadly categorized into hydro-
gen bonding, vdW forces, electrostatic interactions, and some
dynamic cross-linked bonds in between molecules, such as imine
bonds, as illustrated in Fig. 1(e). The term hydrogen bond was con-
ceptualized as early as 1912*° but imaging evidence of intermolecu-
lar hydrogen bonding was first obtained in 2013.”' A hydrogen
bond is primarily a dipole-dipole interaction, which is formed
when a hydrogen (H) is covalently bound to an atom or group
having higher electronegativity. This will typically comprise ele-
ments such as oxygen (O), nitrogen (N), and fluorine (F). The
atoms or groups containing these atoms are considered donors
(Do), and the hydrogen covalently bonded to it is denoted by Do-H.
When this group (Do-H) comes in proximity with another electro-
negative atom or groups having a lone pair of electrons (namely,
the acceptor denoted by Ac), this forms a hydrogen bond, denoted
by Do-H-Ac, where the dashed line suggests the presence of hydro-
gen bond. For example, a hydrogen atom (-H) in a molecular
chain [Fig. 1(e), left schematic] can form hydrogen bonding with
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the electronegative oxygen (-O) in a different (intermolecular
hydrogen bonding) molecular chain. The energy and the geometry
of the hydrogen bond can vary depending on the nature of Do and
Ac. It has been proven to exist in DNA,**** chitosans,”* proteins,25
alcohols (e.g., ethanol and methoxymethane),z"'28 natural (e.g.,
cellulose),””™" and synthetic (e.g., nylon and aramid fibers)’>*”
polymers.

Similar to hydrogen bonding, vdW forces also involve dipole-
dipole interactions. However, they are weaker than hydrogen bonds
and act between neutral molecules [e.g., HCI as in Fig. 1(e) titled
“vdW force”]. When neutral molecules come closer within a
threshold distance, electrons of one molecule are pulled toward the
nucleus of another, thus delocalizing them. When the neutral mol-
ecules are within a threshold distance, repulsion occurs, thus main-
taining the intermolecular distance. During the vibration or motion
of the molecule, this intermolecular interaction may disassociate,
causing the electrons to be delocalized. Without vdW forces, mole-
cules would simply drift away from each other, causing a gaseous
phase. A prominent example of vdW forces can be found in graph-
ite, in which graphene layers are held together by weak vdW
forces.” ™ Typically, vdW forces vary inversely with the distance
between the interacting molecules.

Electrostatic interactions, another type of non-covalent inter-
molecular bonding®” occurs when opposite charges (positive or
negative) are separated either due to ionization or incorporation of
another ionic species [Fig. 1(e), schematic titled “Electrostatic inter-
action”]. These interactions might be repulsive (between like
charges) and attractive (between opposite charges). For example,
metal organic frameworks (MOFs) are positively charged38 when
the pH of the solution is lesser than the point of zero charge (pzc).
Hydrated H;0" ions are present; thereby, the MOFs move toward
the negatively charged toxic elements (TEs), resulting in attractive
electrostatic interaction. However, when the pH of the solution is
greater than pzc, the MOFs are negatively charged, whereas the TEs
are positively charged, resulting in a repulsive electrostatic interac-
tion. Electrostatic interactions can be much stronger than vdW
force and hydrogen bonding. Similar to vdW force, electrostatic
interactions are long-range, and the interaction decreases gradually
with respect to the distance (l/rz; r is the distance between two
charged elements). The electrostatic force is the primary bonding
between macromolecules such as MOFs, protein, RNA, DNA, and
charged particles. Additionally, the electrostatic force is predomi-
nantly influenced by the water, salt concentration, and PH.

Other dynamic cross-linked intermolecular bonds can also
occur in composites, and one such example is an imine bond.
Imine bonds have bond energies lower than primary covalent
bonds but higher than other intermolecular bonding such as
hydrogen bonds, electrostatic interactions, and m-m stacking.10
Imine bonds [Fig. 1(e), schematic titled “Imine bonds”] are formed
through a reversible process when the nucleophilic addition of
primary amine (-NH,-R) takes place with the carbonyl group
(O=C-R) present in a ketone or aldehyde functional group, fol-
lowed by proton transfer and acid protonation, which results in the
formation of the iminium ion (-N*==C-R) with the elimination
of water. The final stage is the deprotonation of nitrogen to form
imine bonds (-N = C-R), as shown in Fig. 1(e) (schematic titled
“Imine bonds”). Some other types of dynamic cross-linked bonds

REVIEW scitation.org/journall/jap

also exist in the form of hydrazone bonds, disulfide bonds, and
oxime bonds. These dynamic cross-linked bonds are widely used in
materials requiring self-healing properties.””"’ For the scope of this
review, since the discussion is based primarily on the influence of
intermolecular bonds on major physical properties such as thermal
stability and material mechanics, the focus of studies related to
dynamic cross-linked bonds is primarily placed on imine bonds
unless otherwise mentioned.

The rest of this review paper is organized as follows. Section II
describes the corresponding material design strategies leveraging
intermolecular bonding. Section III analyzes the influence of inter-
molecular bonding on thermal stability and mechanical properties.
Section IV describes the applications of the materials that are fabri-
cated by tuning the intermolecular bonding through the
approaches that have been described in Sec. I1I. Finally, Sec. V con-
cludes with general remarks on the areas that require immediate
focus related to this domain, along with the major challenges that
call for further attention.

Il. MATERIAL DESIGN STRATEGIES LEVERAGING
INTERMOLECULAR BONDING

Due to the weak and long-range force of these non-covalent
bonding, the materials present an outstanding perspective to
modify the intermolecular interactions and tailor the properties of
materials. Intercalation is the insertion of an ion or a molecule into
materials with layered structures, thus increasing the layer spacing
and consequently enhancing the physical properties of the bulk
material."' Typically, it is analyzed by diffraction techniques and/or
by measuring electrical conductivity. A classic example of using ion
intercalation techniques may be found in graphite. Pang et al.”
inserted lithium (Li) ions in between the graphene layers of the
bulk graphite and obtained around seven times increase in the
inter-graphene-layer friction than that present in the natural graph-
ite. Seidl et al.*’ analyzed in detail the reversible intercalation of
solvated sodium (Na) ions into graphite which may aid in the
development of future generation Na-based batteries. The strategies
encompassing intercalation are not necessarily limited only to ions.
They can also be extended to using polymers as the intercalating
agents in metal dichalcogenides such as Molybdenum Disulfide
(MoS,), as demonstrated by Feng et al.*’ Here, various polymers
(e.g., polyethyleneimine and polyethylene glycol) were intercalated
into MoS, interlayers, thus expanding them. The expanded inter-
layer, acting as electrodes, had more active sites available for chemi-
cal reaction and allowed efficient diffusion of ions back and forth.
As a result, the MoS,/N-doped carbon heteroaerogel exhibited
ultrahigh capacitance and superior cycling stability. This might be
beneficial for implementation in future energy storage devices, thus
elevating the importance of novel intercalation strategies.

Another method of subjecting the molecules in a material to
different modes of intermolecular bonding is through element or
solution replacement and incorporation of functional groups.
Element or solution replacement applies to oxidative/reductive
chemical reactions by which one element in a molecule is replaced
by another. In addition, this may also imply treating the precursor
material through a series of experiments involving chemical treat-
ments by alcohol/enzymes followed by sonication, homogenization,
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and/or centrifugation.”**™* For example, the TEMPO/NaBr/
NaClO oxidation of native celluloses in water*™*’ under suitable
conditions will oxidize the C6-primary hydroxy groups (-CH,OH)
present on crystalline cellulose microfibril surfaces to sodium
C6-carboxylate groups (-NaCOOH). As a result, there is more
repulsion in the molecules which stabilizes the structure, and the
resulting solution becomes well dispersed. This solution can be
used as a precursor and, when hybridized with effective functional
groups, may lead to the development of multiple promising high-
tech materials used as filaments for osmotic energy conversion,””
3D printing ink,”' high-performance separators for lithium-ion
batteries,”” biosensors for enzyme detection,” macrofibers for flexi-
ble supercapacitors,”* and intelligent food packaging films.>

Other strategies such as cross-linking’® may also be incorpo-
rated to enhance the interfacial adhesion between the constituent
molecules without significantly altering the chemical structure.
This may be implemented to design the material topology by modi-
fying the functional groups and fabricating high-performance func-
tional materials. In addition, separate strategies such as physical
and chemical cross-linking may also be used to develop engineered
materials with superior physical properties. Physical cross-linking
is formed by ionic interactions or metal coordination or hydrogen
bondingfﬁ’58 and is reversible in nature, i.e., they can be dissociated
or associated depending on the external stimulus (e.g., heat). The
structural morphology of a material may be designed so that physi-
cal cross-linking between neighboring is effectuated. For example,
when cellulose molecular chains are involved in sliding relative to
each other during tensile loading, it involves breaking and reform-
ing physically cross-linked bonds. Chemical cross-linking is fre-
quently used where molecules (cross-linkers) consisting of multiple
reactive ends attach to the functional groups of neighboring poly-
meric molecules, thus introducing a covalent bond between
them.”*” They are much more stable than physical cross-linking
and form a tight network by reducing the mobility of the chemi-
cally cross-linked molecular chains, which makes it difficult to
sever the linked bonds. Sometimes a series of chemical and/or
physical treatments may inflict a combination of a double
network®' ™ of both physical and chemical cross-linking, which
also leads to improved physical properties in the material.

l1l. INFLUENCE OF INTERMOLECULAR BONDING ON
THE MATERIAL PHYSICAL PROPERTIES

This section summarizes the effects of intermolecular bonds
on various physical properties of materials, such as thermal stabil-
ity, mechanical strength, toughness and stiffness.

A. Thermal stability

Chemical and physical treatments for engineering the inter-
molecular bonding in composites can be an effective method to sig-
nificantly improve their thermal stability, thus making it suitable in
many large-scale industrial applications where high-temperature
material endurance is of prime importance. This subsection dis-
cusses the influence of various types of intermolecular bonding,
such as hydrogen bonds and imine bonds, in significantly improv-
ing the thermal stability in composites for different material types
such as hydrogels, aerogels, and composite films.

REVIEW scitation.org/journall/jap

For example, a strategy of tuning the intermolecular bonds to
increase the thermal stability of hydrogel can be envisioned by uti-
lizing directed hydrogen bonding, along with hydrophobicity for
polymers based on f-helical polyisocyanotripeptides (TriPIC) as
proposed by Yuan et al.®* Synthetic polymers like TriPIC exhibit
exceptionally high thermal stability owing to their structure, as
shown in Fig. 2(a). The central polyisocyanide backbone [bold red
in Fig. 2(a)] possesses two amide groups adjacent to it, which
forms two parallel intermolecular hydrogen bonding arrays A and
B [Fig. 2(a), top panel]. During heating, the hydrogen bonding
network A remains stable and shields the central backbone from
water, thus forming a hydrophobic core. The second intermolecular
hydrogen bonding network B gets stretched on heating, thus inflict-
ing the central polymer backbone with a helical structure with
enhanced stiffness. Heating beyond lower critical solution tempera-
ture dehydrates the oligo (ethylene glycol) tails, which results in
bundle formation in the polymer network, rendering high thermal
stability of the hydrogels for multiple hours at 80 °C as validated by
Fig. 2(b). On heating using a rheometer, the storage modulus (G’),
the ratio of applied stress to measured strain increases indicating
enhanced gel stiffness, which further retains its value for over 10 h
at a high temperature of 80 °C. For networks with different concen-
trations of the TriPIC polymer, the storage modulus was observed
to prominently increase from the gelation temperature [bottom
point of a sudden rise in each curve in Fig. 2(c) indicating hydrogel
formation] with the highest stiffness for the polymer network with
maximum concentration (4 gm_l) as shown in Fig. 2(b). Polymers
with different concentrations were much stiffer and retained their
exceptional thermal stability at 80 °C. This strain stiffening behavior
is completely reversible in cooling the sample. Repeated thermal
cycles have negligible effects on the other parameters, such as the
mechanical properties of these hydrogels, further highlighting the
effectiveness of this design principle. To shed further insights on
how the bundle formation aids in thermal stability for these hydro-
gels, FTIR measurements were performed [Fig. 2(d)]. The intermo-
lecular hydrogen bonds formed by amides titled “A” had the
maximum intensities for -C=0O- during vibrations, indicating
their probable role in protecting the central polymer backbone. In
contrast, the intermolecular hydrogen bonds formed by amides
titled “B” maintain the backbone helix and the structural stiffness,
which in turn makes the structure thermally stable. The FTIR
curves for variable temperatures [different colors, Fig. 2(d)] display
a change in the -C=O- vibrations, indicating its adjustment to
the ambient conditions to render superior thermal stability in the
bulk composite. This innovative biological approach of utilizing
hydrogen bonds and hydrophobic interactions is thus effective. It
may replace conventional strategies of altering the electrostatic
interactions of the surface for the material to be stable against
excess thermal energy. Several other research investigations also
report the advantages of intermolecular bonds in enhancing the
thermal stability of the hydrogel class of materials, such as in boron
nitride/polyvinyl alcohol (PVA) hydrogel,”> double-network
PU-based hydrogels,”” and in PVA-based hydrogels having nano-
fibrillated cellulose (NFC) aldehyde cross-linkers.”®

Besides hydrogels, engineering the intermolecular bonding to
improve thermal stability has also been demonstrated in other soft
materials, such as aerogel. For example, Song et al.’ fabricated a
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FIG. 2. Role of intermolecular bonds in improving the thermal stability of (a)—(d) hydrogels, (e)—(g) aerogels, and (h)—(j) composite films. (a) A schematic of the molecular

structure of hydrogels based on B-helical polyisocyanotripeptides (TriPIC), clearly
bonding arrays A and B. (b) Linear rheological analysis (time sweep) when the TriP

showing the central backbone (bold red) with two parallel intermolecular hydrogen
IC hydrogel is heated to 80 °C and then conditioned at 80 °C for 10 h, where G’ and

G” are the storage and loss modulus, respectively. (c) Plots of G’ with respect to temperature for different concentrations of the TriPIC hydrogel. (d) FTIR spectra of TriPIC
hydrogel where the different colored lines represent each spectrum at different temperatures. (e) Schematic illustrating the fabrication process of cellulose carbon and

reduced graphene-oxide polydimethylsiloxane (PDMS) aerogel (CCA@rGO/PDMS). (f

) Differential scanning calorimetry (DSC) curves to obtain the glass transition temper-

ature (T) for different concentrations of CCA@rGO/PDMS aerogels. (g) Thermo gravimetric analysis (TGA) plots to evaluate Ts and Ts (marked by dashed lines), which,
along with T, are used to compute the heat resistance index to determine the thermal stability of the aerogel. (h) lllustration of the molecular structure of polydimethylsilox-
ane (PDMS)/boron nitride nano sheets (BNNS) based elastomer composite film (PDMS/BNNS). (i) FTIR spectra comparison of the PDMS/BNNS for different contents of
BNNS, with pure PDMS elastomer. (j) TGA plots of the PDMS/BNNS film for different contents of BNNS and pure PDMS elastomer. (a)—(d) From Yuan et al,

Macromolecules 50, 9058-9065 (2017). Copyright 2017 Author(s), licensed under a

Creative Commons Attribution (CC BY) license. (e)~(g) From Song et al., Nano-Micro

Lett. 13, 91 (2021). Copyright 2021 Author(s), licensed under a Creative Commons Attribution (CC BY) license. (h)-(j) Reproduced with permission from Shang et al.,

Polym. Adv. Technol. 32, 4745-4754 (2021). Copyright 2021 Wiley.

cellulose carbon and reduced graphene-oxide polydimethylsiloxane
(PDMS) aerogel (CCA@rGO/PDMS) which showed exceptional
thermal stability on increasing wt. % of cellulose in the cellulose
carbon aerogel (CCA) from 2.24 wt. % to 3.95 wt. %. Here, cotton is
dissolved in the cellulose solution [Fig. 2(e)] using intermolecular
hydrogen bonding assisted assembly of cellulose and sodium
hydroxide (NaOH)/ urea solution. Cellulose aerogels are thereby

obtained through gelation and freeze-drying. The CCA@rGO are
obtained through a sequence of steps involving vacuum impregna-
tion, freeze-drying, and thermal annealing. Finally, the CCA@rGO/
PDMS aerogel is prepared by pouring PDMS into the CCA@rGO
mold followed by vacuum impregnation and natural cooling to
room temperature. Different concentrations of CCA@rGO were
impregnated in the PDMS solution to obtain CCA@rGO/PDMS
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aerogels with various cellulose concentrations. More cellulose wt. %
may indicate more efficient self-assembly of the solution driven by
spatially denser intermolecular hydrogen bonds. To obtain the
glass transition temperature (Ty) of the different concentrations of
CCA@rGO/PDMS  aerogels, differential scanning calorimetry
(DSC) curves were plotted [Fig. 2(f)]. Here, T, was obtained by the
corresponding temperature of the trough of the curve. T, gradually
increases with an increase in the loading of CCA@rGO. For
loading of CCA@rGO at 3.05 wt. %, the T, was ~5.7 °C more than
that of pure PDMS, which was fabricated without intermolecular
hydrogen bonding assisted self-assembly. Since T, indicates the
phase alteration of a material from rigid solid to rubbery state,
higher T, signifies delay of the material transformation to its
rubbery state, which in turn decreases the weight loss % when that
material is heated to higher temperatures, as shown in Fig. 2(g).
From the curves obtained in Fig. 2(g), the heat resistance index
(Tyrr) can be directly calculated using the formula Tygy=0.49
[Ts+0.6(T50—Ts)]. The temperatures Ts and T3, correspond to a
5% and 30% loss in weight, respectively, and are marked in Fig. 2(g)
by dashed black lines. From here, the CCA@rGO/PDMS aerogels
with 3.05wt. % of CCA@rGO were found to have a Tyg; of
178.3 °C, which was much higher than CCA@rGO/PDMS aerogels
having wt. % of 2.24 (172.4.9°C), 2.51(173.9°C) and 2.78 (175.7 °C).
This is because more loading of CCA@rGO might enrich the inter-
facial intermolecular bonding network between the matrix of
CCA@rGO and PDMS, this restricting molecular chain movement
on heating to high temperatures and thus enhancing the thermal
stability. Other literature suggesting the improvement of thermal
stability due to the presence of intermolecular bonding mechanism
has also been reported, such as but not limited to NFC aerogels
cross-linking with diisocyanate, where the thermal stability at 500 °C
was improved significantly in comparison to the un-cross-linked
aerogel,”® when the char residues of both the samples were
compared.

Similar to materials such as hydrogels and aerogels, intermo-
lecular bonding has been found to play a decisive role in increasing
the thermal stability of hard materials such as composite films, too.
Shang et al.*” prepared polydimethylsiloxane/boron nitride nano-
sheets (BNNSs) based elastomer composites (PDMS/BNNS) with
varying concentrations of BNNS such as 0%, 5%, 10%, 20%, and
30%. The resulting composite film contains multiple polymeric
groups such as polydimethylsiloxane (H,N-PDMS-NH,),
1,3,5-triformylbenzene (TFB), and BNNS, the structures of which
are shown in Fig. 2(h). To investigate the presence of intermolecu-
lar bonds, FTIR spectra studies were conducted as shown in
Fig. 2(i). The two FTIR bands of BNNS at 812, 1370, and
3438 cm™' represent out-of-plane vibration in B-N-B, in-plane
vibration of the ring due to stretching, and amino (N-H) group
vibrations, respectively. Furthermore, for PDMS/BNNS composites,
a peak at 1650 cm™, highlighted by dashed lines, was present, rep-
resenting the presence of dynamic imine bonds throughout the
PDMS/BNNS composite films for all concentrations of BNNS. This
polymer matrix, formed by the dynamic imine bonds in the
PDMS, ensured homogenous dispersion of BNNS through the
in situ polymerization process during preparation. As a result,
strong interfacial intermolecular bonding in the matrix provided an
avenue to provide favorable thermal stability of the composite film.

REVIEW scitation.org/journall/jap

With the increase in the content of BNNS, the thermal stability of
the composites increases, as shown in Fig. 2(j). The Ts of the pure
BNNS is 392.7°C. However, the corresponding values when
PDMS, enriched in dynamic imine bonds, were added increased to
411.8°C and 424.5°C for the composite having 5% and 30% wt.
percent of BNNS. All the PDMS/BNNS composites for BNNS
wt. % between 5% and 30% showed an exceptionally high thermal
stability greater than 400 °C. This enhanced thermal stability can
be attributed to the higher heat stability of the BNNS, which in
turn become stabilized in the polymer matrix due to the synergistic
interactions between the BNNS and PDMS facilitated by the
dynamic imine bonds. Besides elevated thermal stability, the imine
bonds are also responsible for making the material self-healing as
on cooling, the aldehyde and amino groups diffuse in the damaged
interface. They re-form the imine bonds when subjected to a con-
densation reaction. Such self-healing and thermally stable materials
can be desirable in applications related to thermal management
materials. In addition to imine bonds, intermolecular hydrogen
bonds can also play a prominent role in improving the thermal
stability of composite films. For example, Zhang et al.”’ increased
the cross-linking density between polyurethanes and carboxy-
methyl chitosan in a bio-based film. This subsequently increased
the hydrogen bonding between the functional groups. The glass
transition temperature also increased, implying superior thermal
stability of the film.

B. Mechanical properties

Mechanical properties of various high-performance materials
can also be tuned by engineering intermolecular bonding. Various
strategies, such as forging intermolecular hydrogen bonds, tuning
the vdW force and electrostatic interactions, and effectuating
double cross-linking, for both hard (e.g., graphene-oxide nano-
sheets) and soft (e.g., hydrogels) materials are discussed here.

Hard materials such as graphene-oxide nanosheets, which are
both mechanically strong and tough, generally two mutually exclu-
sive properties, can be achieved by utilizing intermolecular hydro-
gen bond interactions between transition metallic carbides and
polymers, as demonstrated by Shi et al.”' Here, Ti;AlC, powder
was gradually stirred in a solution of water and hydrochloric acid
(HCI), followed by heating, centrifugation, washing, and ultrasoni-
cation [Fig. 3(a)]. The titanium carbide (Ti;C,X) nanosheet (NS)
dispersion thus obtained possessed abundant -OH groups and was
mixed with polypropylene (PP) latex at a 30:70 ratio by weight and
stirred. The mixture was then subjected to an oxygen-free drying
method to obtain a powder comprised of maleic anhydride-grafted
isotactic polypropylene (MA-g-PP) and titanium carbide (Ti;C,X).
Then, the powder was melt-blended with PP granules in a roller
mill to obtain the PP/MA-g-PP/Ti;C,TX NS nanocomposite.
MA-g-PP offers a plethora of active bonding sites facilitating
intermolecular hydrogen bonding, which results in nanoconfine-
ment in the resulting nanosheet, thus improving its mechanical
performance. The tensile strength of the nanocomposite increased
by 35.3%, and the toughness (ductility) increased by 674.6%
[Fig. 3(b)], which was considerably higher than existing PP-based
nanocomposites. The reason for the superior mechanical properties
was primarily due to multiple active intermolecular hydrogen
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FIG. 3. Role of intermolecular bonding in elevating the mechanical properties of hard materials such as (a)-(c) nanosheets; (d) and (e) fibers, and (f) and (g) artificial
nacre. (a) Schematic representation to fabricate ultrathin titanium carbide (Ti;C,Ty)/polypropylene (PP) nanocomposites (PP/MA-g-PP/TisC,Ty NS) by utilizing intermolecu-
lar hydrogen bond interactions between transition metallic carbides and polymers, where MA-g-PP and NS stand for maleic anhydride-grafted isotactic polypropylene and
nanosheet, respectively. (b) Mechanical performance (tensile strength in blue, elongation at break in red) of the nanocomposites for different weight content of TisC,T, and
PP. (c) An SEM image (top) and model (bottom) of the multiple slippage sites of the nanocomposite on stretching. (d) lllustration showing the preparation of artificial spider
silk-like fiber using vinyl-functionalized silica nanoparticles (VSNPs) to cross-link with polyacrylic acid, followed by vertical dip of a rod into the reaction mixture, concluding
with quick drying by taking the rod out. (e) Plot showing the close comparison of the mechanical performance (toughness and tensile strength) of the artificial fiber with
respect to other naturally occurring mechanically superior materials such as spider silk as well as synthetic fibers. (f) A schematic showing the fabrication process of an
artificial nacre composed of graphene-oxide (GO) nanosheets and benzene synthesized sulfonated styrene—ethylene/butylene-styrene (SSEBS) copolymer, using a
vacuum-assisted filtration process by facilitating the n—r interactions exist between the GO. The right panel shows a digital image of the nanocomposite material. (g) A
molecular model showing the final stage of the proposed mechanism for fracture of this artificial nacre. (a)—(c) Reproduced with permission from Shi et al., Chem. Eng. J.
399, 125829 (2020). Copyright 2020 Elsevier. (d) and (e) From Dou et al., Nat. Commun. 10, 5293 (2019). Copyright 2019 Author(s), licensed under a Creative Commons
Attribution (CC BY) license. (f) and (g) Reproduced with permission from Song et al., Carbon 111, 807 (2017). Copyright 2017 Elsevier.

bonding sites in the 3D network of Ti;C,X NS and the MA-g-PP.
During stretching, the Ti;C,X NS slid relative to each other, but
the active intermolecular H-bonding forged between the intermedi-
ate layers restricted the sliding. Overcoming the dense H-bonds
caused multiple slippages [Fig. 3(c)] at the interface, thus dissipat-
ing a large amount of energy during the entire loading process.
Thus, the failure of the MA-g-PP polymeric chains was delayed
resulting in enhanced tensile strength. Moreover, the tensile stretch-
ing at higher deformation enhanced the ductility without

sacrificing the tensile strength. Similar observations of intermolecu-
lar hydrogen bonding playing a predominant role in elevating
strength and toughness have also been observed in other materials
such as cellulose’” and spider silk.””

Separate intermolecular bonding schemes utilizing a combina-
tion of electrostatic interactions and intermolecular hydrogen
bonding have also been utilized so that the final developed material
can possess extraordinary mechanical performance analogous to
existing naturally occurring materials such as spider silk, which are
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already known to possess excellent mechanical properties. This was
demonstrated in the artificial spider silk-like fiber formed by a
combination of ion doping followed by twisting, as reported by
Dou et al.”* Here, vinyl-triethoxysilane and de-ionized water were
stirred to obtain vinyl-functionalized silica nanoparticles (VSNPs)
[Fig. 3(d)]. Acrylic acid, ammonium persulfate, and metal salts
(ZnCl,, MgCl,, etc.) were then added and stirred for a specific
time, followed by degassing, to obtain polyacrylic acid cross-linked
with VSNPs. A rod was then vertically dipped into the VSNP reac-
tion mixture and quickly taken out, followed by drying at ambient
temperature by holding at both ends, resulting in the solidified
final fiber. The twisted fibers were produced by attaching both ends
of the drawn non-dried fiber to a motor and a load at constant
pressure. The fibers produced using this method displayed a high
tensile strength (~895MPa) and toughness (~370 MJ/m>) [pink
stars, Fig. 3(e)], better than most synthetic and protein-based fibers
and closely comparable to naturally occurring mechanically supe-
rior materials such as spider silk. Here, a covalent network was
formed due to the vinyl groups cross-linking in acrylic acid and/or
functionalized silica nanoparticles, which was validated by NMR
spectroscopy. In addition, intermolecular hydrogen bonding also
formed in the active sites. Under tensile stretch, the polymeric
chains elongate, and the intermolecular hydrogen bonds unzip
from one site in the chain and rezip in the adjacent available site,
dissipating significant energy and causing an increase in the
mechanical strength and toughness. Twisting aligned the polymeric
chains to a greater extent contributing to the rise in mechanical
performance. Furthermore, the cross-linking facilitated by the ions
from salts (ZnCl,) restricted the mobility of the polymeric chains,
further elevating the strength, thus making these materials suitable
for multiple applications where high energy dissipation and impact
absorption are required.

Utilizing vdW forces and n-n stacking interactions, in addi-
tion to other intermolecular bonding mechanisms, are also promi-
nent in graphene-oxide (GO) based materials because GO is ideal
for devising such strategies because it contains abundant oxygen-
containing functional groups on its surface. Song et al.”” developed
an artificial nacre composed of GO nanosheets and benzene syn-
thesized sulfonated styrene-ethylene/butylene-styrene (SSEBS)
copolymer [Fig. 3(f)] using a vacuum-assisted filtration process.
Here, m-m interactions exist between the GO nanosheets and
benzene groups and the polystyrene chains in SSEBS.
Intermolecular hydrogen bonding also exists between the ~-OH and
—-COOH groups of the GO nanosheets with the sulfonic groups in
SSEBS. This caused the failure mechanism to progress in the pro-
posed steps starting with the deformation of EB chains in SSEBS
between the inter-layer spaces occupied by the GO NS. This was
followed by further elongation of the chains till failure along with
some proportion of partially slipped GO NS [Fig. 3(g)]. The com-
bined synergistic intermolecular bonding mechanisms comprised
of H-bonds and -7 stacking interactions thus increased the inter-
facial stress transfer efficiency leading to high energy dissipation,
which caused toughness (15.3MJ/m’) significantly higher than
natural nacre and many other morphologically similar GO-based
nanocomposites. Modeling-based studies predicting the mechanical
properties as a function of graphene interlayer cross-links have also
been performed’® to aid in the mechanistic design of GO-based
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sheets. Such models can predict the location of the maximum
strain (e.g., at the edges) and how adjusting the cross-links through
successful intermolecular bonding strategies (hydrogen, vdW, metal
ions, etc.) can help improve the mechanical performance of the
nanocomposite.

Another method of tuning intermolecular bonds to obtain
enhanced mechanical properties, e.g., higher strength and tough-
ness, can also be realized by engineering the noncovalent interfaces
of hierarchical material architecture.”””® Generally, this design
strategy is inspired by the architecture of natural biomaterials, such
as wood, bone, conch shell, and nacre.”’ These natural biomaterials
consist of building blocks that span across several length scales.
The mechanics of these biomaterials is largely dependent on the
interfaces among the building blocks. Insight from understanding
the mechanics of such biomaterials can help design advanced
materials with remarkable mechanical performance.”” For example,
natural nacre is known to have exceptional mechanical
properties.”’ " Inspired by natural nacre, Zeng et al®* used a
vacuum-assisted self-assembly method to fabricate artificial nacre-
like papers comprised of noncovalent functionalized boron nitride
nanosheets (NF-BNNSs) and polyvinyl alcohol (PVA). In the
ordered “brick-and-mortar” material structure analogous to natural
nacre, the long PVA molecular chains can tune the noncovalent
interfaces by linking the NF-BNNSs through intermolecular hydro-
gen bonds. The resulting artificial nacre-like paper demonstrated
outstanding mechanical strength (125.2 MPa, similar to natural
nacre) and toughness (2.37 MJ m™>) 30% better than natural nacre.
Theoretical studies on nacre-like bio-inspired composites by opti-
mizing material compositions (e.g., volume fraction, aspect ratio,
and offset ratio) and resolving the conflicts among mechanical
properties have also been demonstrated.®” A combination of atom-
istic modeling and experimental investigation®® also demonstrated
superior strength and toughness in disc-shaped material molds
made of silica-polymer composites. The inorganic silica network
could covalently bond with the polymer [polytetrahydrofuran
(PTHF)] chains. This was because of the molecular structure of
PTHF and the presence of other organic silane coupling agents.
The intermolecular bonding thus formed was crucial in increasing
the strength of the hybrid by ~321% % (from 0.32 to 1.35 MPa)
and toughness by 82% (from 120 to 219 kPa). The above research
efforts epitomize the effectiveness of designing and fabricating syn-
thetic materials with desirable mechanical performance by tuning
the noncovalent interfaces.

Apart from hard materials, soft materials such as hydrogels
can also be fabricated by effective intermolecular bonding strate-
gies. Hydrogels'”®’ are a representative class of materials possessing
a complex, three-dimensional network of polymeric chains with
water occupying the molecular voids in between. Here, the molecu-
lar properties of water are retained as the polymer network mesh is
much larger than individual molecules of water. The hydrophilic
functional groups of the polymeric framework make it swell, a dis-
tinctive feature of hydrogels, and enable this material to have a
high water retention capacity. But the chemically induced cross-
links among the constituent polymers restrict the dissolution of
hydrogels in water. From a mechanistic standpoint, the brittle and
tightly linked part of the network is primarily responsible for
energy dissipation. In contrast, the ductile and loosely linked part
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helps conserve elasticity. Different novel cross-linking strategies are
thus considered to render magnified mechanical stability to the
hydrogel network,”>* which has benefits in multiple applications.
In one such study, Gong et al°' reported a general method to
combine different hydrophilic polymers to obtain a double-network
(DN) hydrogel with high mechanical strength (tensile strength up
to 17.2 MPa, fracture strain up to 98%). For example, the first
network of PAMPS and PAA was synthesized from methypropane-
sulfonic acid and a cross-linking agent (methylenebisacrylamide),
followed by the synthesis of the second network in the presence of
the first.”” This investigation demonstrated that for two networks
of polymers entangled with each other in a hydrogel, different
parameters such as the molar ratio of the first network to the
second, the cross-linking density of the first (high cross-linking)
concerning the second (loose cross-linking) network are of crucial
importance to obtain a high mechanical strength hydrogel.

For this DN hydrogel®' comprising of a short-chain network
of poly(1-acrylanmido-2-methylpropane sulfonic acid) (PAMPS)
and a long-chain network of polyacrylamide (PAAM) polymers,
fatigue behavior was also studied by Zhang et al.”’ During stretch-
ing, the short-chain network ruptures and dissipates energy. In
contrast, the long-chain network contributed to the retention of the
hydrogel elasticity for both types of prepared samples, cut and
uncut [Fig. 4(a)]. On application of a cycle of loading and unload-
ing in the PAMPS/PAAM network, the PAMPS network broke.
Still, the PAAM network was preserved [Fig. 4(b)]. Cyclic load
applied on uncut samples to check the stress-stretch curves revealed
that the internal damage could accumulate through thousands of
cycles before final failure. On application of cyclic loading on cut
samples to study the fatigue crack propagation, it was observed that
the crack travels cycle-wise when a stretch amplitude beyond a
certain value was applied. The threshold for energy release rate,
indicating when the crack starts propagating, was observed to be
higher (~400J/m®) in PAAM networks having low-density cross-
linkers and lower (~200]/m?) in PAAM networks having high-
density cross-linkers, which was validated using the Lake-Thomas
model. Such a study of fatigue behavior is essential for using hydro-
gels in applications where a large load needs to be sustained.

Novel design strategies to fabricate DN hydrogels with high
self-recovery and improved fatigue resistance have also been dem-
onstrated by incorporating ions in the second network, as reported
by Chen et al.’* Here, a hybrid DN gel was fabricated comprising
physically cross-linked (via hydrogen bonding) Agar gel as the first
network and chemically-physically cross-linked copolymer of
acrylamide and acrylic acid (PAMAAC) gel as the second network.
The hybrid DN gel was soaked in the Fe’" solution at optimal con-
ditions, and utilizing the strong intermolecular coordination
bonding, Agar/PAMAAc-Fe** DN gels were obtained [Fig. 4(c)].
The mechanical properties of the obtained hybrid DN gel
(strength ~ 1.55 MPa) were found to be much superior [Fig. 4(d),
top panel] than the gel without any ion intercalation or the gel that
did not possess double network [PAMAAc-Fe*" gel, top panel of
Fig. 4(d)], emphasizing on the role of the coordination interactions
to improve the mechanical properties in DN hydrogels. The hybrid
DN gel even self-recovered almost 50% of its toughness around
1 min after removal of loading [Fig. 4(d), bottom panel], which can
be attributed to the synergistic effect of intermolecular bonding
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(hydrogen bonds in the first network and coordination bonds in the
second network), causing immense energy dissipation internally and
thus delaying the fracture. Furthermore, manipulation of the second
network content (AAc varied from 1 to 20 mol. %) of the DN gel
also demonstrated even higher mechanical strength (~8 MPa) and
was subjected to six loading cycles; the hysteresis loops remained
almost the same during the last four cycles. The latter phenomenon
demonstrates its superior fatigue resistance due to Fe>* coordination
bonding offering a higher withstanding capacity of larger stress,
paving the path for applying these freely shapeable [Fig. 4(d), side
panel] double-network hydrogels in the development of strong and
tough, shape-shifting next-generation soft materials.

Separate studies modifying the DN design strategies and
forming a triple-network (TN) supermacroporous hydrogel in the
same manner by using the DN network [Fig. 4(e)] as the precursor
have also been demonstrated,” which had a much higher compres-
sive modulus [Fig. 4(f)] than double-network (DN) or single-
network (SN) hydrogels. Hydrogels having mesoscale networks
containing constituent structures at different length scales (e.g.,
ionic bonds at the ~0.1 nm scale, transient polymer network at
~1nm scale, permanent chemically cross-linked network at the
~10 nm scale, bicontinuous hard/soft phase at ~100 nm scale) have
also been observed to be tough, self-healing, and fatigue resistance
as demonstrated by Li et al.”* with detailed analysis on factors
determining the rate (slow/fast) of crack propagation. Similar
mechanistic analysis on the suppression of crack advance in other
mesoscale network hydrogels has also been reported.””® Apart
from this, numerous modeling studies including, but not limited
to, enriching the design of DN hydrogels with a focus on constitu-
tive models”’ revealing the mechanism of damage and also finite
element models™ studying the deformation regime near the crack
tip of chemically and physically cross-linked PVA-based hydrogel
are also reported, which vividly elucidates the importance of inter-
molecular bonding on these novel soft materials.

Other soft materials, such as aerogels, have also exhibited
superior mechanical performance due to incorporation of intermo-
lecular bonding. Aerogels are materials composed of a complex
interconnected network of fibers confined together by diverse inter-
molecular bonding mechanisms. Aerogels are obtained from hydro-
gel as a starting material, then subjected to a series of physical/
chemical treatments. For example, polyvinyl alcohol (PVA), phytic
acid (PA), and montmorillonite (MMT) was used to fabricate an
aerogel utilizing both physical and chemical cross-linking design
strategies.”” PVA, PA, and MMT were mixed in an aqueous suspen-
sion where the rich ~-OH groups in each of them were responsible
for forming hydrogen bonding and thus enabling physical cross-
linking [Fig. 4(g)]. Then, the solution was freeze-dried by using a
vacuum oven to obtain the final aerogel. The freeze-drying process
enabled the esterification of PVA and PA, resulting in the chemical
cross-linking [Fig. 4(g)]. The resulting double-network aerogel was
ultralight (0.078-0.103 gm/cm®) and possessed an ultrahigh com-
pressive modulus (~41.9 MPa) [Fig. 4(h)] when compared with
similar single and double cross-linked aerogels. The ultralow
density resulted in the aerogel standing on the flower petals lightly
[Fig. 5(h)], while the ultra-strong bonding leads to the ultrahigh
resistance from the crushing of a car (~1520kg) and bicycle tires
(~75kg), as shown by SEM imaging in Fig. 5(i). It should be noted
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FIG. 4. The role of intermolecular bonding in elevating the mechanical properties of soft materials such as (a)-(f) hydrogels and (g)-(k) aerogels. (a) Schematic of a
double-network (DN) hydrogel, a short-chain network of PAMPS, and a long-chain network of PAAM polymers. (b) Typical loading/unloading cycle of the hydrogel during
stretching (left panel). Fatigue crack propagation on the application of cyclic loading (right panel). (c) Schematic of a hybrid DN gel composed of Agar gel in the first
network and a chemically cross-linked copolymer of acrylamide and acrylic acid (PAMAAG) gel in the second network, soaked in Fe>* solution. (d) Stress-strain plots show
the superior mechanical strength of the hybrid DN gel (top panel) and the self-recovery characteristics (bottom panel). The side panel shows the digital images of the
easily shapeable DN gel. (e) A schematic of the two-step process to fabricate DN cryogels. (f) Comparison of the compressive modulus values for the triple-network (TN)
gel with the DN and single-network (SN) gels. (g) A schematic of the two-step process to fabricate a double-network aerogel using physical and chemical cross-linking of
polyvinyl alcohol (PVA), phytic acid (PA), and montmorillonite (MMT). (h) Comparison of the ultra-high compressive modulus (MPa) of the aerogel (red star labeled “This
work”) in this work with other similar single and double-network aerogels. (i) Top left image shows the ultra-light double-network aerogel resting on a flower. The top right,
bottom left, and bottom right are the SEM images after the aerogel is crushed under control, car and bicycle, respectively. (j) Schematic (top) of an aerogel structure com-
prised of polyvinylpolymethylsiloxane (PVPMS), prepared through a facile synthesis route involving radical polymerization and hydrolytic polycondensation. The bottom
panel shows image evidence of the remarkable self-recovery characteristics of the aerogel. (k) Stress—strain plots of a GO-based aerogel infested with cobalt ions, devel-
oped by facilitating coordination bond interactions (chemical cross-link) along with hydrogen bonding (physical cross-link) under multiple (till 1000) loading cycles. (a) and
(b) Reproduced with permission from Zhang et al., Eng. Fracture Mech. 187, 74 (2018). Copyright 2018 Elsevier. (c) and (d) Reproduced with permission from Chen et al.,
Chem. Mater. 28, 5710 (2016). Copyright 2016 American Chemical Society. (e) and (f) Reproduced with permission from Sedlacik et al., Chem. Mater. 32, 8576 (2020).
Copyright 2020 American Chemical Society. (g)-(i) Reproduced with permission from Shi et al., Chem. Eng. J. 399, 125829 (2020). Copyright 2020 Elsevier. (j)
Reproduced with permission from Zu et al., ACS Nano 12, 521 (2018). Copyright 2018 American Chemical Society. (k) Reproduced with permission from Zhang et al.,
Chem. Eng. J. 381, 122784 (2020). Copyright 2020 Elsevier.
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that optimal proportion of the elements in the double network is of
prime importance to extract the best mechanical performance. A

demonstrated by altering the modes of physical and chemical treat-
ments. For example, polyvinylpolymethylsiloxane (PVPMS) aerogel

greater proportion of PA disrupted its ability to engage in excessive
cross-linking, thus distorting the stable double cross-linked hydro-
gel network.

Other design techniques effectuating enhanced intermolecular
bonding by implementing double cross-linking have also been

was prepared through a facile synthesis route'” involving radical
polymerization and hydrolytic polycondensation [Fig. 4(j)],
which enabled the double chemical cross-linking between polyme-
thylsiloxanes and hydrocarbon chains, followed by drying using dif-
ferent methods such as ambient pressure drying or solar conduction
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drying. The transparent aerogel displayed extraordinary compression
flexibility [till 80% strain without fracture with recovery to the original
shape, as shown in Fig. 4(j), bottom panel] and superior bending
flexibility. These exquisite mechanical properties were primarily due
to the hydrogen bonds in the -CH3OH groups of the polymethylsi-
loxane skeleton, which aided in the recovery when compressed or
bent, as well as the chemical cross-linking between the polymethylsi-
loxane skeleton and hydrocarbon chains, which increased the
deformability under compression. This work shows significant pro-
gress in double cross-linked aerogels, which can be used in insulator
applications in the near future. Apart from the above outstanding
mechanical properties, the aerogel also presents us the high fatigue
resistances. Zhang et al.'’' demonstrated a double cross-linked hydro-
gel facilitating the coordination bond interactions (chemical cross-
link) along with hydrogen bonding (physical cross-link). Here, hydro-
gen bonds formed between GO nanosheets, and coordination interac-
tions inflicted by cobalt ions were applied in the resulting
GO-polymer-based aerogel. The final aerogel possessed a high

(0.506 MPa) compression modulus, 43% improvement of tensile
modulus, and high fatigue resistances lasting over 1000 cycles [Fig. 4
(k)]. Such aerogels fabricated using relatively green, cheap, non-
chemically toxic methods could be used as an insulating material in
multiple applications proving the effectiveness of a successful inter-
molecular bonding scheme in aerogel-like materials. Aerogels fabri-
cated using such innovative mechanistic design strategies described
above have already been found to be useful in multiple applications
related to super elasticity, thermal insulation,'®>™'%° heat s'[abili'[y,101
phase change materials,® biomedical industry,'”” wearable
sensors, "' %! contaminant filters,”>''>'"* some of which will be
discussed in Sec. IV.

IV. APPLICATIONS

The enhanced properties fostered by engineering intermolecu-
lar bonding lead to multiple applications crucial to instigating the
materials science community in designing next-generation
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materials."'*''> Some of those applications are categorized here pri-
marily based on thermal and mechanical properties, which have
been observed to improve significantly due to manipulation of the
intermolecular bonding as reviewed above. Other applications
based on properties related to electronics, sensing, optics, and bio-
medical uses are also briefly reviewed to demonstrate the versatility
in materials development due to maneuvering intermolecular
bonds.

Facilitating intermolecular bonding to tune thermal properties
has been done in many materials, such as, but not limited to,
Ti;CsT, MXene/poly (vinyl alcohol) (PVA) composites.''® Here,
the incorporation of PVA, forged hydrogen bonds between the
MXene and PVA due to the presence of hydroxyl groups in
the PVA and Ti-O bonds, as confirmed by spectroscopy. Thereby,
the thermal stability significantly improved, as indicated by
the reduction of the thermal coefficient from -0.06271 to
—0.03357 cm™'/K. Furthermore, the thermal conductivity of the
PVA based composite was higher (~47.8 W/mK) than many metals
and most two-dimensional materials. Such nanocomposites may
have novel future uses in battery and thermoelectric devices. Soft
materials like hydrogels based on polymers, such as NFCs, contain
spatially dense hydrogen bonding networks between the NFCs and
water,”” and can be used as a raw material for biomimetic devices
[Fig. 5(a)]. When a double-network hydrogel is fabricated based on
NECs and CNTs using wood as substrate, the NFC/CNT layer pro-
tected the wood substrate by localizing heat, thus acting as an effec-
tive thermal insulation layer, which can be considered a future
candidate for water purification, ionic conductors, and biomedical
devices. Other soft materials such as double cross-linked aerogels'*
based on polyvinylpolydimethylsiloxane show low thermal conduc-
tivities (~16.2 W/K), which are much lower than standard insulat-
ing materials such as stationary air (26 W/K), nanocellulose and
chitosan aerogels (22-30 W/K), polyurethane (20-50 W/K),
mineral wool (35-80 W/K), etc., thus demonstrating their extraor-
dinary thermal insulation performance.

Intermolecular bonding, if tuned appropriately, can result in
mechanically strong and tough materials replicating natural materi-
als. For example, Liao et al''” demonstrated strong (~1236 MPa)
and tough (~137]/gm) fibers with mechanical properties compara-
ble to spider silk from yarn by electrospinning, stretching, and
cross-linking using a minor amount of poly (ethylene glycol) bisa-
zene. Techniques such as these, when applied to commercial poly-
mers may be an effective method to design fibers with possible
applications in satellite technology, biomedicine, and automobiles.
A simple but sustainable two-step drawing process®* using a chito-
san and KOH/urea aqueous solution brought the inherent smaller
fibers in closer proximity because of flow-induced alignment, thus
increasing the spatial intermolecular hydrogen bond density and
resulting in super stiff (~44.7 GPa) and strong (~878 MPa) chito-
san filaments which could demonstrate vital applications as smart
textiles such as lifting heavy weights [Fig. 5(b)]. A combination of
chemical cross-linking and intermolecular hydrogen bonding has
also been exhibited to demonstrate high strength (13.7 MPa),
toughness (11.8 MJ/m®), and strain at break (91.8%) in hyper-
branched polyester doped soy protein films** which could prove to
be of great use in recyclable tissue engineering and packaging appli-
cations. This proves how various effective intermolecular bonding

REVIEW scitation.org/journall/jap

strategies can be extended for the bottoms-up design of multiple
strong and tough materials with targeted properties, paving the way
for application in many practical applications needing mechanically
superior materials. Soft materials such as double cross-linked
aerogel based on polyimide/reduced graphene-oxide/cobalt have
also been demonstrated'’’ to possess superior mechanical proper-
ties such as high modulus and high fatigue resistance which can
prove very useful in applications like structural materials in
buildings and pipelines as well as for thermal insulation materials
[Fig. 5(c)]. Polyimide (PI) based aerogels1 18 using amino-function-
alized carbon nanotubes as cross-linkers have been found to dem-
onstrate mechanically strong (~2 MPa) aerogel materials where the
compression modulus increased from 4.2 MPa in pristine PI based
aerogels to ~47.3 MPa when intermolecular bonding strategy of
cross-linking was adopted. The drastic increase of compression
modulus aerogel by over 1100%, along with its high strength, indi-
cates its applicability in lightweight, high-performance applications
in the aerospace sector where strong materials providing superior
thermal insulation are needed. Other soft materials such as cross-
linked hydrogel inspired from natural substances such as mussels
are already being manufactured with tunable mechanical properties
such as stress, strain, Young’s modulus, and toughness, which
could be very useful in wearable sensor applications used in smart
textiles.''” Cross-linked hydrogels, when infested with different
ions,'”” have also been observed to remarkably increase their
mechanical properties (strength from ~50 kPa to ~15 MPa; tough-
ness from ~ 0.0167 to ~150 M]/m3; elongation from ~300% to
~2100%; modulus from ~24 to ~140 kPa), manifesting the suitabil-
ity of its usage in flexible electronics. Double-network hydrogels
have also found their applicability in many useful and life-saving
biomedical applications to cure cancer cells.'*'

Tuning intermolecular bonds can also accelerate the enhance-
ment of other lucrative properties of materials along with mechani-
cal properties. Hydrogels can be used in artificial skins,'*> human-
machine interaction devices such as touchpads, and triboelectric
generators to convert mechanical movement to electric current,
widely used in pressure sensing electronics. Dynamic methylimida-
zolium chloride-based gels'* [Fig. 5(d)] have also been designed to
have tunable topological networks, reversible properties related to
toughness, and electric conductivity along with adhesive and self-
healing properties, which may find their applications in artificial
skins located in smart devices to detect the style of breathing and
touch [Fig. 5(e)]. Bi,O,Se as the layered structure is stacked
through the electrostatic interaction [Fig. 5(f)]. Recent research
reveals that strain engineering can be utilized to modify this inter-
layer interaction and thus results in the conversion from semi-
conductivity to metallicity."** All this enormous attention suitably
proves the potential of intermolecular bond engineering to signifi-
cantly alter various physical properties such as thermal stability
and mechanics and emphasizes the urgent need to pursue research
and development in this direction.

V. CHALLENGES AND FUTURE PERSPECTIVES

Despite the prominent interest in recent years in engineering
intermolecular bonds and fabricating novel materials with superior
physical properties, a few challenges related to intermolecular
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bonding strategies need to be addressed to foster research using
these approaches. Some of the notable challenges posing as obsta-
cles in this domain are discussed in this section.

For crystalline structures, it is a standard practice to compute
phonon dispersion curves'*>'*° to identify whether the in-plane or
out-of-plane vibrations of atoms are the dominant factors influenc-
ing thermal conductivity. A shift in the phonon spectra correlates
with an increase or decrease in energy of the phonons in the bulk
composite, which is directly related to the increase or decrease of
the thermal conductivity of the material. However, to the best of
our knowledge, this method is yet to be applied specifically to
intermolecular bonded molecular regions, which could shed light
on the fundamental reason for how intermolecular interactions
lead to enhancement or weakening of the overall thermal conduc-
tivity values. Some studies'”” on strong/weak intermolecular hydro-
gen bond interactions between small, large, or continuous polymer
blends affecting the thermal transport pathway could serve as a
starting point in pursuing this research area which may enable
obtaining targeted thermal conductivities. The molecular origin of
various kinds of intermolecular interactions, bridging the bonding
between molecules, affecting the phonon transport and thus the
thermal conductivity of these structures is largely unknown, which,
if possible, could help guide the thermal management of multiple
beneficial devices.

The simultaneous improvement in strength and toughness is
typically absent for traditional materials. But such a challenge
has been addressed in some materials such as MXenes,'>* metal
oxides,'?”1?° cellulose,'® dendrite composites,m_133 and carbon-
based composites'°”'** by adopting different intermolecular
bonding strategies. Applications of these strategies alter the material
nano/micro-structure through different processes such as self-
assembly, the introduction of anisotropy and/or chemically modi-
fied molecules or functional groups. These processes, along with
the modifications they induce on the final mechanical properties,
are well-documented. However, there is a lack of standardized
experimental evidence that elucidates the mechanism of enhance-
ment or weakening of the mechanical properties due to implement-
ing these strategies. For example, an accurate, stepwise
representation of a generalized failure mechanism in the resulting
mechanically superior materials is still elusive. Furthermore, inter-
calated ions and molecules influence the enhancement of the
mechanical properties, such as cellulose intercalated with water
molecules'”” or polymers/graphene intercalated with ions."*
Experimental results on increased mechanical strength by increas-
ing the proportion of ions/molecules have also been demon-
strated.””” But there is still no research, to the best of our
knowledge, which delineates the mechanism illustrating how this
intercalation process evolves. Such knowledge may help identify the
parameters that govern what ratio of intercalated ions/molecules
best optimizes the mechanical properties. Without a proper under-
standing of a generalized mechanism, different intermolecular
bonding techniques applied by various research groups lead to
materials with diverse final morphology. Such practice might make
that specific material suitable for selected use but prohibits extend-
ing that study to multifaceted applications.

One of the unique features of successful intermolecular
bonding is the development of large failure strain and remarkable

REVIEW scitation.org/journall/jap

thermal stability, as already discussed before. As a result, applica-
tions of such materials may become feasible in extreme environ-
ments caused by external factors such as, but not limited to, high
temperature, pressure, or humidity. For example, a polyimide-based
sensor,"”® comprised of ether and anhydride, could survive a wide
spectrum of temperatures ranging from —150 to 300 °C and with-
standing high deformations. It might make its applications possible
for recording temperature in non-contact mode, a desirable feature
for wireless temperature sensing. Similar other representative
studies exist which elucidate how to achieve superlative electronic
properties in extreme environments (e.g., flame, high pressure, and
humidity)."**~"*" But the detailed process describing how the inter-
molecular bonding evolves in extreme environments and modifies
the electronic properties is still unknown. Shedding light on this
topic might be a great perspective for future researchers.

Another challenge that researchers should address is the large
gap that exists in scaling up the bottoms-up design of tuning the
intermolecular bonds toward bulk materials properties. Fundamental
building blocks often have superior mechanical properties that are
orders of magnitude higher than their bulk counterpart. For
example, isolated crystalline cellulose nanocrystals may have high
strength (1.6-7.7 GPa)'**'* and stiffness (150 GPa),'**'*® but
natural wood that primarily contains cellulose has much lower
strength (100 MPa) and stiffness (few GPa).'"” Efforts are ongoing to
correlate the molecular properties with the bulk for materials such
as, but not limited to, biomimetic polymers'** and gel.'*’ In these
studies, the force spectroscopy between functional groups has been
demonstrated to agree reasonably well with the bulk mechanical
properties. However, these strategies are still far from being standard-
ized. Furthermore, developing a prototype material in the lab often
focuses on obtaining superior physical properties by overlooking
other important aspects, such as a robust life cycle analysis of the
entire process and the wastage of chemicals or water. But neglecting
these aspects might hinder the industrial-scale fabrication of these
advanced materials.

Another significant hurdle that needs to be overcome is
scaling up the computational modeling framework and predicting
the properties of advanced materials."”” The nanoscale phenome-
non becomes negligible at the continuum level, whereas continuum
mechanics cannot consider the beneficial effects of microscale and
molecular levels. A robust theoretical framework incorporating
multiscale mechanics and cross-scale modeling is needed to
capture the mechanical properties dominated by material structure
and composition in advanced materials. There exist constraints to
developing such a framework mainly because of the limitations on
the existing computational capabilities.'”"'>*

Novel computational techniques such as machine learning
(ML) aided materials discovery'>>~'®" might provide another
avenue to accelerate materials design by various intermolecular
bonding strategies. For example, hydrogen bond donor and accep-
tor strengths“’1 in chloroform (CCl,) were determined using ML
methods with values quite close to experiments, typically done
using infrared spectroscopy techniques. This can prove to be a fast
predictor by substituting experiments and avoiding repeated trial
and error that wet lab experimental procedures typically entail, as
well as significantly reducing the time taken for manually identify-
ing useful hydrogen bond strength information after navigating
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previous literature. However, the hydrogen bond energy databases
to train the ML models need to be expanded significantly to apply
to other molecules beyond CCl,. Furthermore, unlocking the
nature of chemical bonding between different molecules by evaluat-
ing how different molecules bind with each other could help realize
how to control the strength of bonds by ML-based models. Some
research on this domain has been done by applying the Bayesian
learning-based model'® to decipher how catalysts bind with differ-
ent intermediate molecules leading to efficient catalytic processes
and may have the potential to be extended to separate processes.
There exist fertile opportunities for new materials development by
tuning intermolecular bonds that call for collaborations among
interdisciplinary researchers. Such collaborations will help in
exploring facile and unconventional strategies of programming
materials properties by engineering intermolecular bonding. The
rational materials design scheme obtained will accelerate the dis-
covery of new functional materials with the potential to address
rising global challenges, such as reducing energy consumption and
diminishing carbon footprint.
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