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ABSTRACT: The geometry and material property mismatch across the interface of hybrid
materials with dissimilar building blocks make it extremely diﬃcult to fully understand the
lateral chemical bonding processes and design nanocomposites with optimal performance.
Here, we report a combined ﬁrst-principles study, molecular dynamics modeling, and
theoretical derivations to unravel the detailed mechanisms of H-bonding, deformation, load
transfer, and failure at the interface of polyvinyl alcohol (PVA) and silicates, as an example of
hybrid materials with geometry and property mismatch across the interface. We identify
contributing H-bonds that are key to adhesion and demonstrate a speciﬁc periodic pattern of
interfacial H-bond network dictated by the interface mismatch and intramolecular Hbonding. We ﬁnd that the maximum toughness, incorporating both intra- and interlayer strain
energy contributions, govern the existence of optimum overlap length and thus the rupture of
interfacial (interlayer) H-bond assemblies in natural and synthetic hybrid materials. This
universally valid result is in contrast to the previous reports that correlate shear strength with
rupture of H-bonds assemblies at a ﬁnite overlap length. Overall, this work establishes a uniﬁed understanding to explain the
interplay between geometric constraints, interfacial H-bonding, materials characteristics, and optimal mechanical properties in
hybrid organic−inorganic materials.

1. INTRODUCTION
By combining platelet-like ceramic building blocks and organic
matrices nature creates hybrid materials such as bone, teeth and
mollusk shells that have outstanding balance of stiﬀness,
strength and ﬂaw-tolerance.1−3 This has inspired fabrication of
several advanced human-made polymer−matrix composites
with inorganic reinforcing materials such as cement, clays, glass,
graphite, SiC, and mica.4−7 In these hybrid materials, the
adhesion and load transfer between organic and inorganic
constituents at the nanoscale is a complex process that mainly
trace back to the cooperative action of several chemical bonds.
Considering hydrogen-bond (H-bond) network as the source
of interfacial interactions, previous studies have primarily
focused on either the average response of such hybrid materials
under shear load, e.g., graphene oxide composite paper,8,9 or
the detailed processes of shear load transfer only between
identical building blocks such as β-sheets in spider silk,10−12
where the H-bond donor (guest) and the H-bond acceptor
(host) sites for H-bonding are aligned in parallel. Despite the
importance of the lateral H-bonding, there is currently no
fundamental understanding (to our knowledge) on detailed
mechanisms of interfacial interactions in hybrid materials where
there is a mismatch between the guest and host sites across the
interface.
To address this issue and illustrate our purpose, here we
focus on synthetic polymer−silicates as a subclass of hybrid
organic−inorganic materials and map out the inherent,
nonintuitive characteristics of interfacial H-bonding and load
transfer in these hybrid materials. A prime example of synthetic
© XXXX American Chemical Society

polymer−silicates is the introduction of polymers in calcium−
silicate−hydrate (C−S−H) gel,13−16 where the latter is the
main product of cement hydration.17 With Zeolitic-type pores
and interlaminar distances of a few angstroms, C−S−H
provides an excellent system to host polymers in conﬁned
spaces and study their hybrid chemical and physical behavior.
Recent syntheses of various polymer C−S−H systems have
shown enhanced material properties.18−22 X-ray diﬀraction
(XRD), nuclear magnetic resonance (NMR), and Fourier
transform infrared spectroscopy (FTIR) experiments on
polymer modiﬁed C−S−H reveal the intercalation of the
polymer chains into the nanopores of the C−S−H.19,23,24
There are reports on synthesized polymer modiﬁed C−S−H
with several water-soluble polymers and incorporation of
organic groups in C−S−H without disrupting its inorganic
framework.15,23 These experimental works suggested proximity
of ethyl groups to the silica tetrahedra in C−S−H. Later,
Mojumdar et al.24 reported H-bonding between C−S−H and
polyvinyl alcohol (PVA) by monitoring the shift in frequencies
of FTIR spectra. In another study, the same group incorporated
poly(acrylic acid) (PAA) into C−S−H20 and reported
intercalation of PAA as well as exfoliation of C−S−H. Their
diﬀerential scanning calorimetry showed higher glass transition
temperature of the hybrid material compared to the bulk
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Figure 1. Closeup at the interface domain of PVA and tobermorite substrate. In the full atomic representation on the right, PVA chain is on the top
and a silicate substrate (tobermorite) is at the bottom. The PVA and silicates are surrounded by water molecules in a periodic simulation box. In the
shear mode, the polymer is dragged parallel to the silica chain of tobermorite while in the tear mode, it is pulled normal to the axis of silica chains.

First, by using potential mean force and time correlation
function, we demonstrate that the H-bonding between hydroxyl
groups of PVA and nonbridging oxygen atoms of silicate
substrate are the primary source of adhesion at the interface of
PVA−silicate system. Next, by pulling virtual experiments, we
show that the eﬀective resistance of the hybrid composite to
fracture in shear mode is equivalent to fracture energy of
approximately 2−6 H bonds. This ﬁnding translates into the
existence of an optimum overlap length for which the
toughness (total elastic strain energy density) of the composite
is maximized. To provide critical mechanistic insights on the
sources of such optimized overlap length in hybrid materials, a
general theoretical model is developed and validated by an
atomistic size-eﬀect study. Finally, the detailed mechanism of
interfacial H-bonding network between the PVA and silicate
substrate is demonstrated that is dictated by the geometric
anomaly at the interface and intramolecular H-bonding in PVA.

polymer, thus suggesting potential applications in corrosive and
high temperature environments.
It is widely hypothesized that in all polymer modiﬁed C−S−
H nanocomposites the material property enhancements arise
primarily from the H-bonding between polymers and the
layered structure of the C−S−H gel.13,24 However, the
underlying chemistry and physics of these interactions and
the mechanisms of load transfer between polymers and C−S−
H remain elusive. The complexities originate from two major
sources. First, polymers and C−S−H come from diﬀerent
chemistry classiﬁcations, thus unexpected characteristics can be
found in their hybrid system which are absent in individual
constituents.25 The second source of complexity arises from the
geometric anomaly between potential bonding agents at the
interface of the two constituents, i.e., the short spacing distance
between hydroxyl groups of PVA, SD ≈ 2.15 Å, compared to
the longer spacing between silicon tetrahedra in the C−S−H
substrate, SA ≥ 7.5 Å. Therefore, a basic understanding rooted
in the subatomic level could provide important fundamental
chemical insights to introduce new design concepts and
principles for de novo synthesis of advanced hybrid materials.
Herein, we report a combined ﬁrst-principles calculations,
molecular dynamics (MD) modeling and theoretical study that
together elucidate the binding characteristics at the interface of
PVA and silica chains of tobermorite mineral, a natural analog
of C−S−H.17 Tobermorite has a layered structure with three
repeating units of silicon tetrahedra where the third unit, socalled bridging silicon tetrahedron, is slightly shifted up or
down (Figure 1). Here, as our main intention is to provide a
fundamental insight, the simulations are set up based on the
assumption of basal intercalation, where PVA strands interact
with the interlayer tobermorite silica chains. The intercalation
of polymers and C−S−H is a function of C/S ratio and type of
the polymer.22 It is known that in the absence of interlayer
(basal) intercalation, the composite behavior of the C-SH and
polymers will be similar to that in traditional composites.24
However, interlayer intercalation of polymers in stacked
nanocomposites is an important step to achieve enhanced
material properties. Experimental measurements report no
increase in basal spacing of PVA interaction with C−S−H for
C/S < 1.22 This suggests that interlayer intercalation of PVA
does not occur for C−S−H with C/S <1, and thus interactions
are intralayer in nature. However, with no reported
experimental results for 1.1 nm tobermorite, the possibility of
interlayer intercalation remains unknown. It must be noted that
having intralayer or mixed intralayer−interlayer interactions
adds more complexity to the environment.

2. SYSTEM SETUP AND COMPUTATIONAL
PROTOCOLS
2.1. MD Simulations. MD simulations were performed using a
scalable parallel molecular dynamics simulator, LAMMPS.26 The
geometry of tobermorite crystal with a chemical formula of
Ca6Si6O18.2H2O, was obtained from previous experimental work,27
which includes 72 atoms per unit cell. The unit cell was then extended
to a 1 × 7 × 1 supercell and relaxed with the CSH-FF potential.28 This
potential is an improved version of CLAYFF29 potential and has been
obtained by ﬁtting to an extensive set of ab initio data on C−S−H
family.28 The ability of CSH-FF potential in accurately predicting the
lattice parameters, bond distances, and other higher order properties of
tobermorite and C−S−H has been previously validated against
experiments or ab initio calculations.28,30 Water molecules are
modeled as the three-site simple point charge (SPC)31 as described
in CSH-FF. Partial charges and cutoﬀs and all parameters of CSH-FF
potential are given in the Supporting Information (SI). The consistent
valence force ﬁeld (CVFF) potential32 is employed as interatomic
potential for PVA. CVFF is previously used in predicting hydrocarbon
conformations and interface interactions.33,34 The cross interaction
terms between PVA and tobermorite are computed based on the
standard Lorentz−Berthelot combination rules.35
To study the interaction of PVA with tobermorite, a single PVA
chain is placed on top of a 1 × 7 × 1 supercell of tobermorite. The
simulation was set up in this way to minimize the entropic eﬀects of
polymer conformations and focus on the mechanical characteristics of
the interface. The PVA-tobermorite system is fully equilibrated in
explicit water with approximate cell dimensions of 25 Å × 105 Å × 40
Å and periodic boundary conditions in all directions (Figure 1). These
dimensions are chosen such that the PVA and tobermorite do not
interact with their corresponding images. After relaxation, it turns out
the parallel orientation of the PVA with silica chains is the favorable
orientation. The built-in steered molecular dynamics (SMD) tool of
B
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LAMMPS was utilized to carry out the pulling virtual experiments. In
our implementation, one end of a linear spring is tethered to the
terminal carbon atom of the PVA, whereas the other end is pulled with
a constant rate in either shear or tear direction, as shown in Figure 1.
We used the spring constant of K = 10 kcal mol−1 Å−2 which has been
previously used in similar computational conformations.36 A full study
on the eﬀect of the pulling rate is detailed in section 3.2.
All MD relaxation and SMD simulations are performed under
canonical ensemble (NVT) at 300 K with Nose-Hoover thermostat37,38 for the time integration. The simulations have been relaxed for
2 ns with a time step of 1 fs and the trajectories are written out every
20 fs. To obtain the mechanisms of H-bonding, a PVA chain with 18
monomers is dragged by SMD simulations on tobermorite as shown in
Figure 1.
2.2. DFT Calculations. The geometries of representative PVA−
silicate complexes are optimized using density functional theory
(DFT) with Becke’s three-parameter hybrid functional combined with
Lee−Yang−Parr correlation functional (B3LYP) with 6-31+G* and 6311++G** basis sets.39 The reliability of these methods in predicting
the vibrational frequencies of H-bonded clusters is conﬁrmed earlier.40
The geometries of all clusters were optimized on their respective
potential energy surfaces at the B3LYP/6-31+G* level of theory and
atomic charge distributions are calculated from natural bond orbital
(NBO) analysis at B3LYP/6-311++G** level of theory. Binding
energies (BEs) of the complexes were calculated using the supermolecule approach and corrected for basis set superposition error
(BSSE) using the counterpoise (CP) procedure.41 Then, the BE is
obtained via BE = Ecomplex − (EpVA + Etobermorite) where Ecomplex is the
total energy of the complex and EpVA and Etobermorite are the PVA and
tobermorite energies, respectively. All calculations were performed
using the Gaussian 09.42

To obtain PMF plots, the PVA chain is initially located
parallel to the silica chains with a distance more than a typical
H-bond length to prevent initial H-bonding (Figure 2a). After

Figure 2. (a) Close-up atomistic snapshot of the PVA-tobermorite
interface. Silicon tetrahedra are shown in yellow, oxygen atoms in red,
calcium atoms in cyan, carbon atoms in green, and hydrogen atoms are
shown in white. Op refers to oxygen of PVA, and Ob and Onb denote
bridging and nonbridging oxygen atoms of silicates. (b) Potential of
mean force plots for possible H-bonds in the PVA−tobermorite
system calculated from MD simulations. The contours in the color bar
are in units of kBT. In all cases the magnitude of the global minima and
the saddle points are shown with a white color. The inset on the topleft shows a schematic picture of a H-bond denoted by an acceptor
(A), donor (D) and the hydrogen atom (H). (c) H-bond time
correlation functions for diﬀerent types of H-bonds. In the legend, the
ﬁrst and second atoms separated by the dash line indicate the donor
and acceptor sites, respectively. Op denotes oxygen of PVA, Ow
denotes oxygen of water, and Ob and Onb represent bridging and
nonbridging oxygen atoms of silicates.

3. RESULTS AND DISCUSSION
3.1. Classiﬁcation of Heterogeneous H-Bonds in the
PVA-Silicate System. To obtain information on the inﬂuence
of the H-bonds on the interface interactions, it is necessary to
deﬁne them ﬁrst. A hydrogen bond between a donor (D) and
an acceptor (A) is usually deﬁned based on the energetic and/
or geometric criteria. A widely used geometric criterion for a Hbond symbolized by H−DA is when R < 3.5 Å and β < 30°
where R represents the distance between D and A atoms, and β
is the angle between the H−D and D−A rays.43 While this
criterion is suited to describe H-bonds that form in bulk water,
to reduce arbitrariness in deﬁning H-bonds in more complex
systems such as PVA−tobermorite we adopt an energetic
criterion based on two-dimensional (2D) potential of mean
force (PMF).44 In this method, for each 2D PMF plot that is
constructed based on diﬀerent choices of angles and distances,
there is a lowest energy basin at short distances. This basin
corresponds to the H-bonded states and is detached by a saddle
point from another higher-energy basin that corresponds to the
non-H-bonded states. Then, the equipotential contour that
passes through the saddle point delineates the boundary for the
H-bond. Mathematically, the PMF,W(R,β), can be written as44
WHDA(R , β) = −kBT ln(gHDA (R , β))

relaxation and investigating PMF plots for various pairs, it turns
out there are only 7 types of H-bonds in our system, namely
Op−Onb, Ow−Onb, Ow−Ob, Op−Op, Ow−Op, Op−Ow,
and Ow−Ow. In all of these cases, the ﬁrst symbols indicate the
donor sites and the second symbols denote the acceptor sites.
Figure 2b shows the PMF plots for these 7 cases calculated
from MD simulations. The basins and saddle points are obvious
in each PMF plot. To distinguish the heterogeneity of H-bonds
strengths in the PVA−tobermorite system, we computed the
intermittent H-bond Time correlation function (TCF)30,43,45

(1)

C(t ) =

where kB is the Boltzmann constant, T is temperature, and
gHDA(R,β) is the angular-radial distribution function deﬁning
the probability of ﬁnding an acceptor atom (A) at the distance
R from the donor (D) while forming an ADH angle of β. In the
PVA−tobermorite composite there are four diﬀerent types of
oxygen atoms: the oxygen of PVA (Op), the bridging oxygen of
silicates (Ob), the non-bridging oxygen of silicates (Onb), and
the water oxygen (Ow). While all of these oxygen atoms can
serve as H-bond acceptors, Op and Ow can also function as Hbond donors.

⟨δn(t )δn(0)⟩
⟨δn(0)δn(0)⟩

(2)

where n(t) = n(t) − ⟨n⟩, and n(t) is a binary operator
representing H-bond population variable that takes the value of
one if a pair of donor and acceptor are H-bonded, and zero
otherwise. The symbol ⟨⟩ denotes average over all the pairs and
time origins.46 C(t) is a representation of the number of the
pairs which remain H-bonded since the assigned reference time.
Thus, for a perfectly H-bonded pair, C(t) remains nearly one
over time whereas deviations from one indicate weak H-bond
interactions.
C
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Considering H-bonds TCF in Figure 2c, the relaxation of the
Op−Onb remains very slow even at long time scales, which
indicates the high strength of this category of H-bonds. Note
that Ow is in competence with Op to make H-bonds with Onb;
however, Ow−Onb H-bond TCF decreases rapidly with time,
indicating more favorable bonding between Op and Onb. Thus,
we can conclude that Op−Onb H-bonds are the primary source
of adhesion between PVA and silicates, serving as the load
bearing points for load transfer between the organic and
inorganic constituents of this hybrid composite.
While the interfacial H-bonding (Op−Onb) will be the
primary focus of the present work, we can rank all of the
hydrogen bonds from the strongest to the weakest as follows:
(1) Op−Onb (oxygen of PVA/nonbridging oxygen of
silicates)
(2) Ow−Onb (water/nonbridging oxygen of silicates) and
Op−Ow (oxygen of PVA/water)
(3) Op−Op (oxygen of PVA/oxygen of PVA) and Ow−Ob
(water/bridging oxygen of silicates)
(4) Ow−Op (water/oxygen of PVA)
(5) Ow−Ow (water/water)
3.2. Eﬃcient Number of H-Bonds Cross-Linking PVA
and Silicates. To quantitatively study the load transfer at the
PVA−silicate interface, SMD simulations are performed to
impose incremental strains until fracture of the interface. For
this purpose, a PVA with 12 mers is dragged on the surface of
the tobermorite. The pulling virtual experiments include both
shear and tear modes. In both cases the PVA chain is initially
equilibrated and placed in parallel to the silicate chains. Next,
via SMD simulation, the force is applied in parallel
(perpendicular) to the silicate chains in the shear (tear)
mode (see Figure 1). We use the tear mode to study single Hbonds since they break sequentially and use shear mode to
study clusters of H-bonds as they break simultaneously.10
To compute the required energy for H-bond breakage in
shear and tear modes, modiﬁed Bell’s theory47 is utilized, which
is an extension of the conventional Bell model48 to relate bond
associated properties with the pulling speed. In the modiﬁed
Bell’s theory, the rupture force scales linearly with the logarithm
of pulling velocity10 (Figure 3):
F=

a1 =

x ⎞
E
kBT ⎛
⎜ln v − ln b ⎟ + b = a1 ln v − a 2
τ0 ⎠
xb ⎝
xb

Figure 3. (a) Schematic proﬁle of the energy barrier (Eb) and bond
extension (Xb) between the equilibrium state and the transition state
of an atomic bond. (b) SMD implementation of the modiﬁed Bell
theory. The maximum forces for the shear and tear fracture modes are
obtained as a function of the pulling speed, which after line-ﬁtting
result in estimation of energy barriers, Eb.

bonds are broken simultaneously in the shear mode. In other
words, under shear loading, regardless of how many H-bonds
exist, the eﬀective resistance to fracture is equivalent to fracture
energy of a hybrid PVA−silicate system that is connected with
∼2.1 H-bonds. Considering that each H-bond donor (hydroxyl
group) of PVA is linked with exactly one monomer, i.e., 1 Hbond = 1 monomer, this eﬃcient number of H-bonds translates
into an optimal overlap length that is critical for the shear load
transfer and the overall mechanical performance of the
composite. Considering the length of each monomer 2.51 Å,
the modiﬁed Bell’s theory suggest an optimum overlap distance
of Lopt ≈ 5.3 Å for the chosen system of PVA−tobermorite.
The exact atomistic snapshots of H-bond assemblies before and
after shear failure are discussed in section 3.5.
3.3. Shear Load Transfer between Dissimilar Building
Blocks: Theoretical Model. In the previous section, the
eﬃcient number of H-bonds (overlap length) between the PVA
and the silica chain was investigated via MD simulations and
relevant theories. In this section, a theoretical-based model is
proposed to reinforce the calculated overlap length and to
provide more fundamental insights on the shear load transfer
between the polymer and the silica chain. While the problem of
shear load transfer between identical building blocks is studied
within diﬀerent contexts including adhesive lap joints51 and
staggered materials,52−54 to our knowledge there is no study on
the details of the optimum overlap length between dissimilar
building blocks (here PVA and silica chains). To address this
issue and to better understand the details of load transfer
between PVA and silicate, we construct a simple 2D theoretical
model to study shear lag between tablets with dissimilar
properties and dimensions.
Assume two connected tablets with Young moduli, E1 and E2
and widths of b1 and b2 subjected to stress σ0 on the right end
of the top tablet (Figure 4a). Additionally, the system is
clamped at the left end of the bottom tablet, and traction-free
on all other dimensions except the overlap length, L. In our
particular example, the top tablet denotes the PVA chain and
the bottom tablet corresponds to the silica chain. The model
also includes an intermediate layer (with thickness h), which
models the interfacial H-bond layer between the PVA and the
silica chains. The theoretical approach is derived in full detail in
the Supporting Information (SI). We ﬁnd that

(3)

⎛ E ⎞
kBT
kT
, a 2 = − B ln v0 , v0 = xb/τ0 exp⎜ − b ⎟
xb
xb
⎝ kBT ⎠
(4)

In the above, τ0 is the reciprocal of the natural frequency of
bond oscillation, Eb is the bond energy, F is the maximum
applied force, xb is the bond extension required to initiate
fracture,v is the pulling velocity,v0 is the natural bond breaking
speed, T is the temperature, and kB is the Boltzmann constant
as before. For each shear and tear mode, we simulated pulling
virtual experiments with several velocities from 0.3 to 50 m/s
consistent with previous studies.49,50 Next, by line ﬁtting for the
two unknowns, a1 and a2, we calculated Eb and xb (Figure 3b).
The energy barrier of the shear mode, Eshear
= 6.33 kcal/mol,
b
corresponds to the fracture energy of a cluster of H-bonds and
the energy barrier of the tear mode, Etear
= 2.99 kcal/mol,
b
corresponds to that for a single H-bond. Thus, the ratio of
tear
Eshear
b /Eb ≈ 2.1 indicates that an equivalent of nearly two HD
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property that describes the ability of the material to absorb
energy and deform without fracturing. For a material with a
brittle interface failure such as PVA−silicate, the toughness is
identical to the total elastic strain energy density, Wtotal. This
parameter for the composite in Figure 4a can be written as (see
the SI)
Wtotal =

τf 2
h
f (λkL)
G b1 + b2 + h

(7)

where

σ1(x) =
σ2(x) =

f (λkL) =

⎤
− mσ0 ⎡ sinh(λkx) − (k 2 − 1) sinh(λk(L − x))
− 1⎥
2 ⎢
sinh(λkL)
⎦
k ⎣
λb1σ0 ⎡ cosh(λkx) + (k 2 − 1) cosh(λk(L − x)) ⎤
⎢
⎥
k ⎣
sinh(λkL)
⎦
(5a−c)

b1
E
G
, n = 1 , k 2 = mn + 1, λ 2 =
b2
E2
E1hb1

2λkL(coth(λkL) + (k 2 − 1) csch(λkL))2

Equation 7 indicates that for ﬁxed material properties of the
composite, (E1, E2, and G) and constant thicknesses of the
matrix and tablets (h, b1, and b2), i.e., constant m and k, the
toughness is only the function of the overlap length, L. Thus, to
maximize toughness, one has to maximize f(λkL). By using m =
0.3 and n = 1.885 for the PVA-tobermorite composite, the
maximum of f(λkL) occurs at λkLopt ≈ 1.068, suggesting an
optimum overlap length of Lopt ≈ 0.854(E1hb1/G)1/2 = 14.6 Å
where h and G are taken 3 Å and G = 8.2 GPa, respectively (see
the SI). Considering the approximate length of each PVA
monomer 2.51 Å, this optimum overlap length of 14.6 Å yields
Nopt ≈ 5.8 as the optimum number of H-bonds (monomers),
which is quite comparable with the modiﬁed Bell’s theory
predictions (Nopt ≈ 2.1 and Lopt ≈ 5.3 Å). Given the idealized
nature of the 2D theoretical model compared to the atomistic
simulation, this level of agreement in the order of magnitude is
quite encouraging. The diﬀerences mainly arise from the
complex processes that exist in the atomistic simulations but
not accounted for in the theoretical model. These include the
drag force of the surrounding water molecules on PVA in the
pulling processes, various H-bonding between diﬀerent species
(as discussed in section 3.1) that may dynamically change the
PVA adhesion to substrate and so on.
Figure 4d,e shows respectively the typical shear stress
distribution, eq (5c), across the interface, and strain energy
density (toughness) components obtained from the theoretical
predictions as a function of the overlap length, L. It turns out
that both the average shear stress, τ,̅ as well as the shear
component (Wshear) of the total strain energy density increase
by decreasing L. These changes are even more pronounced for
small overlaps where both τ(x) and Wshear approach their
maximum values at the asymptotic limit of zero overlap length.
However, at this extreme limit, the contribution of axial strain
energy density Waxial (combined contributions from PVA and
Si-chain) to total strain energy approaches zero. Thus, there is
an optimum overlap length in which both shear and axial
stresses oﬀer their best contributions to maximize overall
toughness Wtotal (Figure 4e). Note that the overlap length in
which Wtotal is maximized is diﬀerent than where Waxial is
maximized. In our system, Waxial indicates contribution of
intralayer bonds in both PVA and silicate layers to Wtotal while
Wshear represents contribution of the interlayer H-bonds
between PVA and silicates Wtotal. For a hybrid material with a
brittle interface (linear elastic shear until failure) such as PVA−
silicate, Wtotal reaches to its ﬁnal value prior to failure. Thus, by
varying the overlap length, one may ﬁnd an optimum overlap
length for which Wtotal is maximized preceding the interfacial

where
m=

( λkL2 ))
(8)

⎤
σ0 ⎡ sinh(λkx) − (k 2 − 1) sinh(λk(L − x))
+ k 2 − 1⎥
2⎢
sinh(λkL)
⎦
k ⎣

τ(x) =

(

k 4 coth(λkL) + (k 2 − 1) λkL − 2 tanh

Figure 4. Analytical results of the elastic solution to the system of two
dissimilar tablets under shear load interacting via a soft matrix. (a)
Schematic view of the hybrid system where the top and bottom tablets
represent PVA and Si-chain, respectively. (b) Typical shear stress
distribution across the interface. (c) Typical axial stress distributions in
the top and bottom tablets. (d) Normalized shear stress distribution as
a function of varying overlap length. Note the higher values for shorter
overlap length. (e) The behavior of total elastic strain energy density
(toughness) and its shear and axial components as a function of the
overlap length (Wtotal = Waxial + Wshear). At an optimum overlap length,
the toughness Wtotal is maximized.

(6)

In the above, σ1 and σ2 are the axial stresses on the top and
bottom tablets, τ is the shear stress between the two tablets,
and G and h are the shear modulus and thickness of the
interface, respectively. The elastic solutions expressed above are
the generalized solution to the shear-lag problem of identical
tablets and dimensions.55−57 For the PVA parameters of b1 =
3.3 Å, E1 = 245 GPa,58 and tobermorite parameters of b2 = 11
Å, E2 = 130 GPa,59 (hence m = 0.3, n = 1.885) the typical axial
and shear stress distributions are shown in Figure 4b,c.
Compared to the two ends of the overlap length, the central
region not carry much shear load, and thus is expected to
contribute minimally to the overall strength of the hybrid
system. Nonuniform but symmetric distribution of shear stress
in staggered layer composites or shear lag models is
known.51,56,57 However, our model reveals that for dissimilar
tablets shear stress distribution is not symmetric. In other
words, not only the contribution of the interfacial H-bonds in
the central region is negligible to the shear load transfer, but
also those at the left end bear less shear stress compared to the
H-bonds on the right end (Figure 4b). Note that while these
behaviors may slightly change by choosing diﬀerent estimates
of E1 and E2 from the literature, the general trends of the plots
in Figure 4 are unchanged.
To quantify inﬂuence of shear and axial stresses on rupture,
we focus on the elastic strain energy density as it directly relates
to the toughness and failure force. Toughness is a key material
E
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failure. Note that here due to the stiﬀ covalent C−C and Si−O
bonds in PVA and silicates, upon pulling PVA on silicate
substrate, mainly the angular C−C−C bond in PVA increase to
accommodate the imposed intralayer stress. Our results show
that the average C−C−C angle in PVA changes from ∼109° in
equilibrium state to ∼112° preceding interfacial H-bond failure
under shear mode.
Hence, although counterintuitive, at the optimum overlap
length, the intralayer angular bonds in PVA and silicates slightly
stretch to maximize overall toughness Wtotal preceding the
interlayer (interfacial) H-bond failure. In fact, this is what the
modiﬁed Bell’s theory predicts from atomistic standpoint for
brittle bond fracture. In such cases, the rupture force and
maximum elastic strain energy density occur simultaneously.
This analysis clearly explains the sources of the limited number
of H-bonds (i.e., optimum overlap length) from the absorbed
energy standpoints in the intra- and interlayer bonds. The fact
that the results of this model only depend on intrinsic, “ﬁrstprinciples” properties of PVA and tobermorite and their
geometry underlines the signiﬁcance of our ﬁnding.
We can employ the elastic solution presented so far to infer
about the failure force and the average interfacial shear strength
of the hybrid material as a function of the overlap length.
Considering that the brittle interface collapses at shear strength,
τf = τ(x = L), by rearranging eq (5c), one can obtain the failure
force of the composite for a unit lateral length as
F=

kτf
1
λ coth(λkL) + (k 2 − 1) csch(λkL)

Figure 5. Atomistic size-eﬀect study by SMD simulations to predict
the failure force for diﬀerent overlap lengths in PVA−silicate system.
Twelve cases are considered representing overlap lengths of 1−12
mers. Note that in the top-left panel, the computational pulling is
conducted out of the plane to break single H-bonds, i.e., tear mode. All
other pulling experiments demonstrate the shear mode. The colors in
each panel denote SDM results corresponding to diﬀerent initial
conditions.

(9)

This equation indicates that the failure force, F, initially
increases with the overlap length and then becomes saturated.
But the average interfacial shear strength, τ ̅ = (F/L) = ((∫ L0 τ(x)
dx)/L), decrease with the overlap length. These two behaviors
(not the magnitudes) are both independent of the choice of the
material properties (E1, E2, G, τf) and dimensions (b1, b2, h).
This rigorous theoretical derivation is strongly supported by an
atomistic size-eﬀect study described next.
3.4. Atomistic Size-Eﬀect Study on the Inﬂuence of
Overlap Length. We performed the size-eﬀect study via SMD
simulations by repeating the pulling virtual experiment in the
shear mode for a PVA with chain lengths extending from one
up to twelve monomers (Figure 5). The speed of pulling was
ﬁxed at 5 × 10−6 femtosecond/Å, consistent with previous
studies.36 To minimize the eﬀects of initial conﬁguration of
PVA on the substrate, several simulations with diﬀerent initial
positions were conducted to obtain the average values of failure
force from the ﬁrst peak of force-displacement plots. Note that
in the tear mode (the top-left panel in Figure 5), the pulling
direction is out of the plane to break single H-bonds
representing the failure force for a single mer.
Figure 6a,b represent respectively the failure force and the
average interfacial shear strength obtained from the SMD
simulations and theoretical model as a function of the number
of monomers (overlap length). The trend obtained from the
SMD simulations matches very well with our theoretical
predictions. Together, they demonstrate that (i) the failure
force of the composite initially increases linearly and then
becomes saturated at an overlap length that is much larger than
Lopt for which the toughness was optimized and (ii) the average
interfacial shear strength monotonically increases by decreasing
the overlap length. This latter ﬁnding obtained from rigorous
mathematical modeling and a systematic size-eﬀect study by

Figure 6. Failure force and the average interfacial shear strength of the
hybrid material as a function of the overlap length (number of
monomers). Both the theoretical model and the atomistic size-eﬀect
study show that the failure force increases monotonically as a function
of the overlap length until it becomes saturated (a). The average
interfacial shear strength is only maximized at the limit of zero overlap
length (b). This conﬁrms that unlike the earlier results in the literature
(e.g., H-bonded β -sheet systems in proteins), the maximum shear
strength cannot explain the sources of the optimum overlap length
(see text). The vertical bars in panels a and b show the error bars in
SMD simulations. The dashed line represents the location of the
optimum toughness predicted by the continuum analysis.

atomistic simulations has a signiﬁcant physical meaning: it
elucidates that in contrast to the current understanding and
F
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reports that correlate maximum “shear strength” with rupture
of interfacial H-bonds assemblies at optimum overlap lengths,
e.g., β-sheets in spider silks,10−12 we ﬁnd that the maximum
toughness incorporating both axial (intralayer) and shear
(interlayer) strain energy densities governs the rupture of
interfacial H-bond assemblies at the optimum overlap length.
This universally valid result, which is independent of the choice
of natural or synthetic materials and geometric dimensions, is
the most signiﬁcant result of our paper. In the PVA−silicate
system, the maximum toughness mainly comes from intralayer
contributions (C−C−C angular bonds in PVA and Si−O−Si
bonds in silicates) and interlayer H-bond contributions (Op−
Onb H-bonds). It should be noted that the relatively large
values of shear stress in Figure 6b is due to the very small
overlap area (length of less than ∼30 Å, and unit lateral
thickness) considered here. Nevertheless, the trends of the
results are independent of the dimensions.
Note that an eﬃcient overall load transfer occurs at an
overlap length where the highest toughness and strength are
met simultaneously. This is what happens in nature materials
such as nacre, making them strong and tough concurrently. In
the case of PVA−tobermorite, our continuum model predicts
that toughness is maximized at Lopt ≈ 14.6 Å while the strength
will be asymptotically increasing with length. At Lopt ≈ 34.0 Å
the strength will reach 90% of its saturation value (see SI).
Therefore, strength is optimized at an overlap length that is
about 57% more than the length scale where toughness is
maximized. Better eﬃciency can be achieved by tuning the
tablet (tobermorite and/or PVA) and the interface (H-bonds)
properties, e.g., use of another type of polymer such that the
two length scale get closer. This will be discussed in detail in
the future.
It is worthwhile to mention that our theoretical model is
derived in a general framework that provides fundamental
physical intuitions useful to understand, conceptualize and
introduce new design concepts and principles for complex
systems such as hybrid organic−inorganic materials with
dissimilar building blocks.
3.5. Basic Mechanisms of H-Bonding at the PVA−
Silicate Interface. The atomistic and theoretical results
discussed so far provide the basic mechanistic insights on
how H-bonding across the interface (particularly at the two
ends) contributes to the load transfer and the optimized
overlap length in hybrid materials. In this section, we unravel
the detailed mechanisms of the H-bond rupture and formation
that are key to load transfer at the interface of PVA and silica
chains. The slip-stick behaviors of shear force versus displacement in Figure 5 indicate successive H-bond breakage and
reformation. Additionally, the individual sudden force drops
represent a brittle fracture behavior at the interface (although
the overall sawtooth process may be viewed as a ﬂaw-tolerant
or may imply a deformation mode similar to those in metallic
glasses60 or glassy polymers61). As observed in a typical SMD
simulation of Figure 5 (see the movie in the SI) and illustrated
schematically in Figure 7, the distance between H-bond donor
sites, SD, and acceptor sites, SA, are such that they dictate a
certain H-bonding mechanism. Speciﬁcally, for every three
adjacent hydroxyl groups of PVA (named as 1, 2, and 3), two
are H-bonded to a common acceptor site (Onb) in the
substrate while the third one does not participate in any
intermolecular H-bonding. Given such a geometric pattern, the
detailed slip-stick processes in the PVA−silicate system include
three basic mechanisms, which occur almost simultaneously.

Figure 7. Detailed atomistic mechanisms of slip-stick processes
between PVA and silicate substrate under shear force. (a-c) the
schematic pictures on the left-hand side represent the intermolecular
H-bonds shown on the right-hand side, obtained from the snapshots of
SMD simulations. (a) PVA is shown on the top of the silica chain
where two donor sites (two Op) share a common acceptor (Onb). On
the left, each line in the PVA represents a hydroxyl group. (b) rupture
of H-bond 1, followed by reconﬁguration of H-bond 2. (c) The
formation of a new H-bond 3 to recover the initial arrangement in
panel a. The dashed black circle on the left highlights in the inter- and
intramolecular H-bonding while the solid black circle on the right
represent a typical intramolecular H-bonding in PVA. Flanked Si
atoms of the substrate have two attached oxygen atoms but only one
of them acts as a host site for intermolecular H-bonding to PVA (the
other oxygen atom is out of plane and has a larger distance to the
donor site). In panels b and c, red and white colors represent oxygen
and hydrogen atoms while silicon and carbon atoms are shown with
yellow and cyan colors. The dashed lines denote H-bonds.

The ﬁrst mechanism is the breakage of H-bond 1, which is
immediately followed by (or concurrent with) the second
mechanism, that is, shifting of H-bond 2 from an old alignment
in Figure 7a to a new one in Figure 7c. This H-bond does not
break during this reconﬁguration. The third mechanism is the
formation of a new H-bond 3, which was not H-bonded
previously and is formed in lieu of the broken H-bond 1
(Figure 7c).
While these basic mechanisms are identical for all the
repeating units of the PVA−silicate interface, there are
instances where local intramolecular H-bonding may signiﬁcantly inﬂuence the interfacial properties. In particular,
depending on the traveled distance of the PVA chains and
the local environment, there might be intramolecular Op-Op
H-bonding in the PVA. This is due to the mismatch distance
between the donor and acceptor sites (SD ≠ SA) at the interface.
As shown in Figure 7c, the hydroxyl groups of the PVA chain,
which cannot ﬁnd any host at the silicate substrate, may form
intramolecular H-bonds to acceptors within their own adjacent
hydroxyl groups. To reveal the inﬂuence of these relatively
strong H-bonds (see Figure 2c for comparison of H-bond
strengths) that form within the PVA molecule on the interfacial
mechanics of the hybrid PVA−silicate system, we performed
ﬁrst-principles calculations with high level of theory on small
G
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(Figure 8). The BE of the complex in the case 1 is
approximately 4 kcal/mol larger than that of in the case 2.
Considering the electronegativity of atoms, before complex
formation the charges on the oxygen atoms in PVA are less
negative compared to those after complex formations. This
reveals that electrons transfers from the Si−O bond to the H−
O bond when a H-bond is formed. Particularly in case 1
(Figure 8b), due to the intramolecular H-bonding of PVA, the
charge transfer is higher than that in the complex in case 2
(Figure 8d). This results in shorter H-bond distances and thus
stronger intermolecular H-bonding across the interface.
Interestingly, upon complex formation the intramolecular Hbonding of PVA, i.e., Op−Op, become shorter and stronger too
(cf. Figure 8a,b).
Overall this analysis clearly elicits that intramolecular Hbonding in the PVA moiety, i.e., Op−Op, play a crucial role in
the PVA−silicate complex formation and increase the strength
of the intermolecular Op-Onb H-bonds across the interface.
This suggests that the use of polymers with more intramolecular H-bonding may result in more interfacial adhesion, a
feature that is not intuitive. This is particularly important for
improving the synthetic brick-and-mortar composites (e.g., soft
organic matrix with reinforcing inorganic platelets) discussed in
section 1. Moreover, the ﬁrst-principles analyses show that the
PVA−silicate complexes are predominantly stabilized by the
intermolecular H-bonds between PVA and silicates (Op−Onb),
corroborating our results inferred from the PMF plots.
Finally, although PVA−silicate building blocks were used in
this study as a platform to provide fundamental insights and
quantitative mechanistic information on the interface interactions generated through a complex H-bond network, our
ﬁndings have important implications on several other hybrid
materials made of dissimilar building blocks in both natural and
synthetic systems.

systems of PVA and silicon tetrahedra. Two cases were
considered:
(1) a PVA with intramolecular H-bonding
(2) a PVA without intramolecular H-bonding.
In both cases, the PVAs interact with a silicon tetrahedron
(Figure 8). Table 1 shows the calculated stretching frequency,

Figure 8. Panels a and b show optimized geometries and atomic
charge distributions of a PVA with an intramolecular H-bond before
and after complex formation with a silicon tetrahedron, respectively.
For clarity only partial charges close to the interface are shown. Panels
c and d show optimized geometries and atomic charge distributions of
a PVA without an intramolecular H-bond before and complex
formation with a silicon tetrahedron, respectively. For clarity only
partial charges close to the interface are shown. The data are obtained
from the B3LYP/6-311++G** level of theory. The gray, white, and
red spheres represent carbon, hydrogen, and oxygen atoms,
respectively, and orange and dark red denote silicon and calcium
atoms. The calcium atoms are added to ensure charge neutrality.

4. CONCUSIONS
In summary, we conducted a suite of DFT calculations, MD
simulations, and theoretical methods to study the basic
atomistic interactions, deformation mechanisms, and failure
events of PVA−silicate systems, as an example of hybrid
materials with geometric and material property mismatch
across the interface. Our results reveal that the intermolecular
H-bonding between PVA and the nonbridging oxygen atoms of
the silicate substrate are the primarily source of adhesion and
load transfer in such hybrid materials. This H-bond assembly
has a certain periodic pattern controlled by the interfacial
geometric anomaly. Speciﬁcally, due to the mismatch between
successive donor and acceptor sites, for every three hydroxyl
groups of PVA, two are H-bonded to a single acceptor site in

intensity, red shift values and binding energies of the complexes
for these two cases. Vibrational spectroscopy is a valuable tool
to quantify the strength of weak H-bonding interactions in
various complex materials. The free O−H stretching
frequencies prior to complex formation in case 1 and 2 are
3655 and 3649 cm−1 and after the complex formation, these
values change to 3277, and 3373 cm−1, respectively. The
calculated O−H frequency of case 1 is consistent with available
experimental data,62 i.e., 3250 cm−1. The corresponding red
shift and intensity values of Table 1 suggest that the case 1 has a
better intermolecular connectivity than case 2. This can be
veriﬁed from the calculated binding energy (BE) and
electronegativity of atoms inﬂuencing the interfacial bonding

Table 1. Calculated O−H Stretching Frequencies, Red Shifts and Binding Energies of PVA−Silicate Complexes at B3LYP/631+G* Level of Theory, along with Available Experimental Value (cm−1)
PVA/silicate complex

O−H stretching

νcal (cm−1)

intensity

PVA
case 1:
PVA−silicate

free O−H
intramolecular H-bond
O−H···OS
intramolecular H-bond
Free O−H

3655
3581
3277
3460
3649

20
157
1716
273
20

O−H···OS

3373

1201

PVA
case 2:
PVA−silicate
a

red shift (cm−1)

νexp (cm−1)

378
121

3250

276

BEs (kcal/mol)

14.47
(13.90)a

10.60 (9.73)

BEs calculated at the B3LYP/6-311++G** level.
H
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silicate substrate while the third hydroxyl group is left
nonbonded. However, depending on the applied force and
local environment, these stand alone hydroxyl groups may form
intramolecular H-bonding within PVA, which then entail
nonintuitive consequences: intramolecular H-bonding within
PVA increases the electronegativity of atoms that are
participating in the intermolecular H-bonding, thus resulting
in larger binding energy and adhesion across the interface. The
latter suggests that depending on the frequency of host-sites,
the use of polymers with the possibility of more intramolecular
H-bonding may result in better mechanical adhesion to the
substrate. This is particularly important for improving the
connectivity of synthetic brick-and-mortar composites (e.g.,
inorganic reinforcing platelets embedded in a soft organic
matrix).
More importantly, we developed a general theoretical model
that formulated the deformation of two dissimilar tablets
connected by a soft matrix. By linking the results of modiﬁed
Bell’s theory and theoretical derivations, we ﬁnd that the
maximum toughness, incorporating both axial (intralayer) and
shear (interlayer) strain energy contributions, governs the
existence of optimum overlap length and thus the rupture of
interfacial H-bond assemblies in natural and synthetic materials.
This universally valid result is in contrast to the current
understanding and reports that correlate “shear strength” with
rupture of H-bonds assemblies at optimum length scales.10−12
We demonstrated that at the optimum overlap length, the
intralayer bonds in the tablets slightly stretch to maximize
toughness Wtotal preceding the interlayer (interfacial) H-bond
failure. The developed theoretical model is not limited to the
PVA−silicate materials and can be used for numerous organic,
inorganic or hybrid materials.
Our results may lay the foundation for the development of
new “unit processes” that govern the rupture of hybrid
organic−inorganic materials. A rich set of models for the
deformation and fracture of ceramics and metallic systems have
been developed over the past decades, describing dislocations,
shear bands, and plasticity. However, similar advances for
hybrid organic−inorganic materials, especially at their interface
which is often the roadblock for improving the material
properties, have thus far remained elusive. In analogy to
dislocation nucleation and propagation in metals or shear band
in metallic glasses, the breaking of interfacial H-bonds across
the interface represents a basic unit process of failure in hybrid
organic−inorganic materials. To the best of our knowledge, this
report for the ﬁrst time describes a rigorous holistic approach
integrating DFT calculations, MD simulations, size-eﬀect study,
and theoretical methods to describe the fundamental
deformation mechanisms and interfacial H-bond failure events
in hybrid organic−inorganic materials.
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