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Polymer-composite materials have been a 
topic of great interest in the last few dec-
ades to researchers in academia as well as 
in the industry.[1] Polymer-nanocomposite 
materials are generally formulated using 
polymer as matrix and inorganic nano-
particle as filler depending on the target 
applications. The high surface to volume 
ratio of inorganic nanoparticles enhances 
the mutual non-covalent interaction with 
the polymer matrix. These interactions 
lead to a synergistic nano-confinement 
effect that improves thermomechanical 
properties such as glass transition temper-
atures, thermal degradation, and tensile 
strength.[2–4]

The glass transition of polymer com-
posites has broad applications in mate-
rial properties related to minimum film 
formation temperature,[5] coating tough-
ness,[6] scratch and abrasion resistance,[7] 
thermal resistance,[8] and gas perme-
ability.[9] These properties are crucial in 
determining the suitability of composite 

materials for industrial coating formulation application, high 
performance consumer care products, and packaging mate-
rials development. While glass transition temperature (Tg) is 
an inherent property for a polymer system, it can be modi-
fied through the extrinsic environment in which the polymer 
is situated in. In composite coating applications, this change 
in Tg for the system is critical in inducing film formation for 
the coating layer. This can happen if particles and polymers 
come into close proximity when the bulk of the solvent leaves 
the system during the drying phase. Hence, in order to design 
a nanocomposite system with a significant enhancement of 
Tg, an understanding of filler–polymer interaction and the 
resulting nano-confinement effect is essential.[10] There are 
several reports on composite systems with conventional inor-
ganic fillers such as calcium carbonate,[11] mica,[12] silica,[4] 
alumina,[13] and magnesium hydroxide[14] showing superior 

A thorough experimental investigation of polymer-glass transition tem-
perature (Tg) is performed on poly(vinyl alcohol) (PVA) and fumed silica 
nanoparticle (SiNP) composite. This is done together with atomistic 
molecular dynamics simulations of PVA systems in contact with bare and 
fully hydroxylated silica. Experimentally, PVA-SiNP composites are prepared 
by simple solution casting from aqueous solutions followed by its charac-
terization using Fourier-transform infrared spectroscopy (FTIR), dynamic 
mechanical analysis (DMA), and dynamic scanning calorimetry (DSC). Both 
theoretical and experimentally deduced Tg are correlated with the presence 
of hydrogen bonding interactions involving OH functionality present on 
the surface of SiNP and along PVA polymer backbone. Further deconvolu-
tion of FTIR data show that inter-molecular hydrogen bonding present 
between PVA and SiNP surface is directly responsible for the increase 
in Tg. SiNP filler and PVA matrix ratio is also optimized for a desired Tg 
increase. An optimal loading of SiNP exists, in order to yield the maximum 
Tg increase arising from the competition between hydrogen bonding and 
crowding effect of SiNP.



property at high loading with respect to polymer matrix. How-
ever, so far no systematic study has been performed for the 
prediction of an optimized loading concentration in relation 
to filler–polymer interaction for a particular polymer matrix. 
Particle volume composition having more than its optimized 
requirement creates issues like crack development,[15] unusual 
filler agglomeration leading to high fragility,[16] brittleness,[16,17] 
and chalking effect,[18] which are particularly undesirable for 
coating applications. On the other hand, lower loading than 
the optimum value makes the composite material unsuitable 
for film forming applications.[17] It is challenging to develop 
a procedure in which a proper formulation recipe could be 
predicted prior to experimental formulation of the composite 
materials. Therefore, an optimization of loading percentages 
and nanoparticle size is often required to balance out the ben-
efits and drawbacks. Such intricate optimization requires the 
understanding of the fundamental interactions between the 
polymer and the nanoparticle at molecular scales. Here, mole-
cular dynamics simulations play a critical role as it can eluci-
date the polymer–filler interfacial interactions that lead to the 
Tg-shift.[19–21]

The interphase of a polymer-nanocomposite is defined as the 
region between the nanoparticle fillers and the polymer matrix. 
Polymer segmental dynamics at the interphase[22] region is 
strongly dependent on the type of interactions the polymer 
has with the nanoparticle fillers. Nanocomposites reinforced 
with nano-filler have demonstrated enhanced elastic modulus 
and significant shifts in Tg. It is known that the nanoparticle 
surface exerting a strong attractive force on the polymer sig-
nificantly slows down the dynamics of polymer chains.[23] This 
phenomenon is macroscopically measurable by the increase 
in Tg. On the other hand, if the nanoparticle surface exerts a 
repulsive force on the polymer, Tg decreases corresponding 
to the filler loading. In this study, we looked into the intricate 
interfacial interactions between PVA and SiNP. Hydrogen 
bonding interaction between PVA and SiO2 was investigated as 
it is the strongest non-covalent interaction among the physical 
interactions. PVA and SiO2 were chosen as components of the 
model composite system for this work because of their ability 
to form extensive hydrogen bonds through the hydroxyl groups 
present both in the polymer and the filler nanoparticle. Using 
molecular dynamics (MD) simulations, PVA-silica composite 
systems were modeled with two types of silica surface—one 
with no hydroxyl coverage and the other one with full (100%) 
hydroxyl coverage (9.4 groups per nm2). The Tg of the systems 
were estimated from polymer segmental dynamics, while 
the PVA-silica binding free energy was elucidated from the 
umbrella sampling method, and hydrogen bonding interac-
tions were studied. This study aims to correlate the Tg-jump 
with PVA-silica hydrogen bonding interaction and the corre-
sponding binding free energy change. MD simulations indi-
cate that the strong attractive interactions owing to PVA-silica 
H-bonds at the interfacial region can increase the Tg through 
retardation of the polymer segmental dynamics. We further 
experimentally studied the H-bonding interaction between 
the OH groups prevailing on the PVA chain and the surface 
OH groups on SiO2 through FTIR. The quantitative altera-
tion of PVA-SiO2 H-bonding with different SiO2 loading in 
PVA was explored. The effect of increasing H-bonding with 

SiO2 loading was also correlated with the Tg shift of the PVA/
SiO2 nanocomposite.

In this section, we present our results on the characteriza-
tion of silica nanoparticle as well as the thermal properties of 
the nanocomposite films that resulted from the incorporation 
of silica into PVA. The observable change in glass transition 
temperature is correlated to the hydrogen bonding analysis 
between PVA and silica as elucidated by both experiment and 
molecular dyamics (MD) simulations.

In our MD simulations, we modeled PVA-silica composite 
systems with two different types of silica-surface chemical struc-
tures—one with no surface hydroxyl groups (0%) and the other 
fully functionalized with hydroxyl groups on all surface sites 
(100%). The aim was to investigate the role of intermolecular 
H-bonding formed between PVA and silica on the interfacial 
binding strengths and its corresponding effect on glass transition 
temperatures. Simulation studies have shown that the Tg-shift 
can be considered as a consequence of strong attractive interac-
tions between polymer and filler particle through H-bonding.[24] 
As depicted in Figure 1a, intramolecular H-bonding was formed 
between PVA and silica at the interface. For 0% OH coverage, 
there was no H-bonding interaction. For 100% OH coverage, 
each PVA-OH group (O1HO), independent of the position in 
the chain, in contact with the silica surface was able to form two 
kinds of H bonds with silanol OH (OUHU) on the silica sur-
face: one between HO and OU and the other between HU and O1. 
To estimate the hydrogen-bonding interaction as a function of 
% silica surface OH coverage, we performed the hydrogen-bond 
analysis by implementing GROMACS tool gmx hbond. The geo-
metric criterion adopted for distance threshold (donor–acceptor) 
was 0.35  nm and the angle cut-off as 30° (hydrogen-donor-
acceptor).[25,26] These values were validated against the corre-
sponding radial distribution function and angle distribution for 
our systems. Figure  1b demonstrates the number of intermo-
lecular hydrogen bonds (both types) formed from the last 1 ns 
of the equilibrated trajectory. This double H-bonding interaction 
imparts a strong interfacial binding strength between polymer 
and the filler. To investigate how the relative binding strength 
varies when interfacial H-bonding is formed compared to null 
H-bonding formation, we carried out binding free energy cal-
culation using the umbrella sampling method. As depicted by 
potential of mean force (PMF) curves in Figure  2b, we found 
an increased binding strength (−149.90  ±  1.46  kcal mol−1)  for 
100% silica-OH coverage as compared to 0% OH coverage 
(−105.26 ± 0.92 kcal mol−1). This increase in PVA-silica binding 
strength led to a noticeable Tg-jump. When the Tg for composite 
systems with 0% and 100% silica-OH coverage was estimated 
using our simulations, we observed an ≈8 °C increase in glass 
transition temperature (Table  1). Thus, from the outcomes of 
the MD simulations conducted, we established a strong correla-
tion between polymer–filler attractive interaction via H-bonding 
interaction and the resulting Tg-jump.

Viscoelastic behavior of PVA/SiNP nanocomposite film was 
studied through DMA. The complex modulus (ε* = ε′  +  iε″ ) 
of the test sample was calculated from the ensuing strain of 
sinusoidal force that is applied to the materials. Figure  3a 
shows the plot of storage modulus (ε′ ) versus temperature 
for PVA/SiO2 nanocomposite at varying SiO2 loading where 
ε′ showed a decreasing trend with increasing temperature. 



The materials showed ε′ values between ≈4000 to 5500 MPa at 
30  °C for PVA and the PVA-SiNP nanocomposite loaded with 
0.2 to 1 wt% SiO2. At ≈50 °C, the ε′ values began decreasing 
sharply and eventually arrived at a value of ≈100  MPa above 
120 °C. The abrupt decrease of the ε′ value is a result of the 
polymer reaching its glass transition temperature and in turn 
showing a corresponding drop in its load bearing ability. Inter-
estingly, PVA-0.8 (0.8 wt% SiO2 loading) showed maximum 
ε′ value both before and after reaching the glass transition 
point Tg, whereas comparably lower and higher SiO2 loaded 
PVA showed lower ε′ in both regions. This can be attributed 
to the reinforcement effect of SiO2 nanoparticles which have 
an impact on the chain mobility of the PVA backbone.[27] Rein-
forcement effect of SiO2 nanoparticles on the PVA chain kicks 
in at lower wt% loading where the interfacial adhesion of PVA 
chain over SiO2 nanoparticles restricts the mobility of the end 
chain of PVA. With increased SiO2 nanoparticles loading, this 

effect is enhanced and at 0.8 wt% SiO2 loading, the nanocom-
posite system achieved a maximum packing and thereby the 
smallest inter-chain gap, as compared to the other PVA-SiNP 
nanocomposite systems.[28] The compact PVA chain arrange-
ment due to the adhesion to SiO2 enhances the load bearing 
capacity of the nanocomposite, leading to higher ε′.[27] In con-
trast, 1.0 wt% SiO2-loaded PVA showed lower ε′ compared to 
0.8 wt% SiO2-loaded PVA. This can be attributed to the plasti-
cizing effects of SiNP which increases the free volume in the 
PVA polymer chain in the composite and in turn enhances the 
chain mobility of PVA.[29] The plasticizing effect of SiO2 on PVA 
can be explained further by analyzing the loss modulus (ε′′ ) of 
the materials.

Figure 3b shows the variation of loss modulus with tempera-
ture for PVA and PVA-SiO2 nanocomposite films. The materials 
show maximum ε″ value at 76 °C for PVA-0.8, which could be 
ascribed to the noncovalent interfacial interaction developed 

Figure 1. a) Schematics for hydrogen bond interactions between PVA side groups (OH) and silanol groups of hydroxylated silica surface (SiOH). 
Two types of H-bonds can be formed as illustrated. b) The number of PVA-silica inter hydrogen bonds formed in the last 1 ns of equilibration run in 
the case of the composite system with 100% OH covered silica surface.

Figure 2. a) Three stages of pulling (initial, intermediate, and final) of PVA-silica system (0% OH coverage on silica) performed before umbrella sam-
pling was performed. b) PMF curves generated by umbrella sampling simulations, the relative binding strength of the polymer to the silica surface 
(0% and 100% OH coverage) could be estimated and compared.



between SiNP and PVA. As a result, polymer chain is absorbed 
on the surface of SiNP leading to a reduction in the segmental 
mobility of PVA chains. In such situation, an interphase region 
around the nanoparticle surface and polymer chain loses max-
imum segmental mobility resulting in a higher modulus than 
the rest of the chain segment. PVA-0.8 could have a maximum 
number of such interactions imparting restrictions to the PVA 
chain segmental mobility providing maximum modulus to the 
material.

Therefore, damping behavior of the nanocomposite mate-
rials is studied by calculating the loss tangent (tan δ) from 
storage and loss modulus data.

tanδ ε
ε

= ″
′
 (1)

Plot of tan δ versus temperature for PVA and the corre-
sponding PVA-SiO2 composite materials is shown in Figure 3c. 
The Tg of the PVA and the PVA/SiO2 nanocomposite is 

calculated from the temperature corresponding to the maxima 
of the plot of tan δ versus T. The glass transition temperature, 
Tg, of pure PVA is 79  °C. The glass transition temperature of 
the PVA-SiNP nanocomposite is higher than that of pure PVA 
and it increases with increasing SiNP loading in the compos-
ites. 0.8 wt % SiNP loaded sample shows the highest Tg (93 °C) 
in comparison with PVA and other SiNP loaded PVA samples. 
The Tg jump as observed in the PVA/SiNP-0.8 sample com-
pared to PVA can be attributed to the strong noncovalent inter-
action like H-bonding interaction between interfacial OH 
functional groups around SiNP and OH group present along 
the PVA polymer chain.[10] Consistent with our MD simula-
tions, such physical interaction imposes restrictions on the seg-
mental mobility of the polymer chain, resulting in an increased 
Tg.[30] PVA/SiNP-1.0 exhibits Tg at 90  °C, which is lower than 
PVA/SiNP-0.8. The lowering of Tg at comparatively higher 
loading than the optimum 0.8  wt% SiNP could be a result of 
the agglomeration of SiNP leading to a reduction in its physical 
interaction with PVA.[27] Unusual agglomeration of SiNP also 
increases free volume in the PVA matrix, thereby reducing 
the Tg. SiNP reaches maximum interaction with PVA polymer 
chains in the matrix only when the optimum wt% of its loading 
is achieved.[30] When SiNP is added below the optimal loading 
wt%, there are insufficient OH groups from the SiO2 sur-
face to form non-covalent interactions with the PVA polymer 
chain. Therefore, SiNP loading that is higher or lower than the 
optimal amount can increase the segmental mobility of PVA 
polymer chain and lead to lower Tg.

Table 1. Tabulation of the glass transition temperature Tg and the 
binding free energy values.

OH-coverage [%] on 
silica surfaces

Tg [K] Binding free energy  
[kcal mol−1]

0 366.9 ± 0.16 −105.2 ± 0.92

100 374.6 ± 0.29 −149.9 ± 1.46

Figure 3. Plot of a) Storage modulus b) loss modulus, and c) tan δ versus temperature of PVA, PVA/SiNP-0.4, PVA/SiNP-0.6, PVA/SiNP-0.8, and PVA/
SiNP-1 measured from DMA.



The heat flow versus temperature plot of PVA and that of 
PVA/SiO2 nanocomposites with varying weight% SiNP loaded 
measured from DSC is shown in Figure  4a. PVA and PVA/
SiNP nanocomposites show single Tg between the temperature 
range of 30–80 °C. The Tg of PVA, PVA/SiNP-0.4, PVA/SiNP-
0.6, PVA/SiNP-0.8, and PVA/SiNP-1 are observed to be 49, 
50, 52, 54, and 50 °C, respectively. The plot of Tg of PVA and 
PVA/SiNP composites against varying wt% SiNP is shown in 
Figure  4b. It is observed that PVA/SiNP-0.8 shows maximum 
Tg and the nature of the plot agrees with the Tg calculated from 
ε″ and tan δ. This can also be attributed to the physical interac-
tion as discussed earlier in the DMA. The physical interaction 
results in a change of thermal diffusivity in the material leading 
to a Tg increase. Therefore, the DSC observation agrees well 
with the DMA results.[31]

Figure  5 shows the FTIR spectra of PVA and the PVA/
SiNP nanocomposites. A broad band appeared in the band 
range 3300–3550 cm−1, associated with the OH stretching 
frequency[32] for intra-molecular hydrogen bonds involving 
the OH groups along PVA polymer backbone as well as 
inter-molecular hydrogen bonds engaging OH groups from 
individual PVA polymer backbone, SiNP surface, and H2O of 
absorbed moisture.[33]

FTIR spectra was deconvoluted in the 3000–3700 cm−1 wave 
number range to quantitatively measure the extent of intra/inter-
molecular H-bonding and is shown in Figure 5 and Figure S3, 
Supporting Information. Absorption due to intra-molecular 
H-bonded OH group of a PVA chain is considered to be 
around 3200 cm−1 and inter-molecular H-bonded OH groups 
of different PVA chain is assigned to be around 3400 cm−1. 
The similar inter-molecular H-bonded OH groups involving 
residual H2O is considered to be appearing at 3600 cm−1.[34] The 
respective percentage (%) of intermolecular H-bonding is calcu-
lated from the deconvoluted FTIR spectra where it is observed 
that the extent of inter-molecular H-bonding increases with 
increasing SiNP loading in the PVA/SiNP nanocomposites. The 
OH stretching frequency of PVA is blue shifted to lower fre-
quency range with increasing loading of SiNP.

In the preparation of PVA/SiNP samples, water is used as 
a solvent. During the solvation process, the water molecules 
disrupts the existing inter and intra molecular H-bonding 
within the PVA polymer. As water molecules leave the PVA-
SiNP nanocomposite during the drying phase, mobility of PVA 
chain is restricted due to the formation of random noncovalent 
bonds. The SiNP present in the PVA-SiNP nanocomposite pre-
vents PVA from forming inter and intra molecular H-bonding 
within the PVA chains. Thus, the SiNP that are dispersed in 
the PVA matrix forms intermolecular H-bonding with its own 
interfacial OH group (Figure 6).

PVA/SiNP-0.8 showed a maximum extent of inter-molecular 
H-bonding and further increases in SiNP loading did not show 
any considerable change. The homogeneously dispersed SiNP 
in the PVA matrix forces the OH group along the PVA chain 

Figure 4. a) DSC plots for i) PVA and ii) PVA/SiNP-0.4, iii) PVA/SiNP-0.6, iv) PVA/SiNP-0.8, v) PVA/SiNP-1.0; b) Plot of Tg versus SiO2 nanoparticle 
loading measured from i) tan δ and ii) loss modulus of DMA as well as from iii) DSC.

Figure 5. Plot of SiO2 loading versus % of H-bonding calculated from the 
deconvolouted FTIR spectra of a) PVA, b) PVA/SiNP-0.4, c) PVA/SiNP-0.6, 
d) PVA/SiNP-0.8, and e) PVA/SiNP-1.0 in 3000–3700 cm−1 wave number 
range (Figure S3, Supporting Information).



to form inter-molecular H-bonding and PVA/SiNP-0.8 shows 
saturated nano confinement considering that the OH of both 
SiNP and PVA is within the nanocomposite. A higher loading 
of SiNP cannot further increase the inter-molecular H-bonding, 
but rather subdivides the same number of nano confined OH 
on the PVA backbone to more SiNP and additional intermo-
lecular H-bonding is not observed. Furthermore, addition 
of excess SiNP can lead to agglomeration, which in turn dis-
rupts the proper orientation of SiNP that can reduce the prob-
ability of inter-molecular H-bonding between SiNP and PVA 
chain. Direct correlation between H-bonding and Tg with SiNP 
loading in PVA can also be done by taking our umbrella sam-
pling simulation study into account, where it was observed that 
the interfacial interactions between PVA-bare-silica and PVA-
hydroxlated-silica led to the corresponding binding strengths 
(free energy of binding)[23] that caused a noticeable change in Tg 
(≈8 K increment).

To summarize, in this work, atomistic molecular dynamics 
simulation and experimental evaluation of Tg in PVA/SiNP 
nanocomposite films were carried out and correlated with inter-
facial interactions quantified by FTIR measurement of various 
types of OH stretching vibrations. Our simulation results 
show a relationship between Tg-increase and intermole cular 
hydrogen bonding interaction between polymer hydroxyl groups 
and surface hydroxyl groups of silica. Umbrella sampling 
simulation study demonstrated that the different interfacial 
interactions guide binding strengths (free energy of binding) 
of PVA-bare-silica and PVA-hydroxlated-silica correlating to 
the emergence of a noticeable Tg difference (≈8 K increment). 
From the FTIR characterization, the percentages of H-bonding 
are observed to increase with increasing SiNP loading, which 
reached a saturation point at 0.8 wt% loading. It is observed 
that Tg increased with increasing SiNP loading in PVA and 
showed the highest value at 0.8 wt% loading. The Tg result cor-
relates well with the percentage of H-bonding calculated from 
the FTIR analysis. Earlier studies in nanocomposites stated 
that an attractive interaction between polymer and nanoparti-
cles could promote Tg-jump while a weak interaction leads to 
Tg-decrease. In our study, we demonstrated for the first time 
that even by maintaining a low particle loading percentage, 
a desired Tg-change can be directly modulated by exploiting 
the role of intermolecular hydrogen bonding as measured by 
FTIR. This direct correlation will enable the design of better 

composites where a significant Tg enhancement is desired for 
specific applications. In future, we aim to employ our under-
standing to explore different formulations of composite sys-
tems, for example, copolymer latex-SiO2 nanocomposites for 
industrially important emulsion paint application.

Experimental Section
Materials: Polyvinyl alcohol (PVA) (number average molecular weight 

2000; degree of polymerization ≈45, 90% hydrolyzed) was purchased 
from Tokyo Chemical Industry Co., Ltd., Japan. SiO2 nanoparticles 
having average diameter 35  nm and surface area 200 m2 g−1 were 
supplied by Sigma-Aldrich (for TEM image, please see Figure S2, 
Supporting Information). Distilled water was used as solvent throughout 
the experiments.

Preparation of PVA/SiO2 Nanocomposite Film: PVA/SiO2 was prepared 
by simple dispersion technique of SiO2 into aqueous solution of PVA. 
1.2 g PVA was added in 30 mL of distilled water and magnetically stirred 
for about 8 h at 90 °C to obtain a clear PVA solution. Weighted amount 
of SiO2 nanoparticles was dispersed in 30  mL of distilled water in a 
Branson, Ultrasonic Cleaner at 40  kHz frequency for 30  min to attain 
homogeneous dispersion of SiO2 nanoparticles. The resulting SiO2 
dispersion was added to the PVA solution and magnetically stirred at 
250 rpm for about 8 h. The mixture was then casted into a teflon petri 
dish and placed in an oven at 60 °C for 72 h for drying. The film was then 
peeled off and further dried in a vacuum oven at 90 °C for 72 h and used 
for characterization. The detailed composition recipe and corresponding 
nomenclature of the samples are provided in Table 2.

Characterizations: Transmission electron microscopy images were 
taken by Tecnai TF 20 S-twin instrument (1.0 nm [Acc. V. 15–30 kV], 2.2 nm 
[1  kV]) equipped with Lorentz Lens having magnification ≈25–650 000× 
and the images were recorded in CCD camera having resolution 
2000 by 2000 pixels. The colloidal silica was drop casted on carbon-
coated copper grids and left overnight in vacuum for drying. Dynamic 
mechanical analysis (DMA) was carried out in Netzsch DMA 242 D 
(Germany) and the data were analyzed in Proteus software version 6x. 
Measurements were carried out under N2 atmosphere at frequency 1 Hz, 
starting from ambient temperature up to 180  °C with a heating rate 
of 10  °C min−1. Dynamic scanning calorimetry (DSC) was recorded in 
Mettler Toledo DSC 1 STARe System equipped with GC10 gas controller. 
Samples of about 5  mg were weighed into a DSC aluminum pan of 
40 µL capacity and dynamic heating scans were carried out from 50 to 
300 °C at a heating rate of 20 °C min−1 in N2 atmosphere. FTIR analysis 
was carried out on a PerkinElmer FTIR Spectrometer RXI using KBr discs 
over the frequency range 3000–4000 cm−1.

Polymer-Nanocomposite Model: In this work, the PVA model was 
optimized to obtain well-equilibrated configuration and physical 
properties such as bulk density, which was validated against experimental 
data (Table S1, Supporting Information). A systematic simulation 
process was implemented thoroughly to prepare a well-equilibrated 
PVA system before the nanocomposite system was modeled. Models of 
silica slabs (with 0% and 100% OH coverages) were adopted from the 
Interface FF library.[35] Silica slabs with 6 strands of 100-mer PVA were 

Figure 6. H-bonding bridging interaction that immobilizes segmental 
movement of the PVA polymer chain, accounting for the Tg jump.

Table 2. Composite recipe and nomenclature.

PVA solution SiNP dispersion SiNP weight% in  
PVA/SiNP

Composite 
designationPVA [g] H2O [mL] SiNP [mg] H2O [mL]

1.2 30 0 30 0 PVA

1.2 30 4.82 30 0.4 PVA/SiNP-0.4

1.2 30 7.24 30 0.6 PVA/SiNP-0.6

1.2 30 9.68 30 0.8 PVA/SiNP-0.8

1.2 30 12.12 30 1.0 PVA/SiNP-1.0



used to create the PVA-silica nanocomposite systems. In this study, the 
interface between silica and PVA was either fully covered by hydroxyl 
groups (100% coverage) or bare (0%, i.e., no Si-OH coverage).

Simulation Method: All-atom molecular dynamics (MD) simulations 
were performed using the GROMACS 2016.3[36] software package using 
bonded and non-bonded force-field parameters from the CGenFF[37] for 
PVA and Interface FF[35] for silica.[38] Simulations were carried out with 
time steps of 2 fs and periodic boundary conditions were considered 
along x-y. The cut-off radius was set at 1  nm for electrostatic and 
Lennard–Jones interactions. Long-range electrostatic interactions were 
treated using the Particle mesh Ewald (PME) summation method.[39] 
Temperature coupling was done with a velocity-rescale thermostat 
and pressure coupling was achieved using the Berendsen barostat.[40] 
Coupling times of 0.1 and 1.0  ps were used for temperature and 
pressure coupling, respectively. The simulated annealing method was 
applied to prepare a well-defined starting configuration. Subsequently, 
an NPT equilibration run was performed for 5  ns followed by a 
10  ns NVT run. Each system was cooled down stepwise from a well-
equilibrated configuration prepared at 500  K down to 400  K at a gap 
of 25 K. After initial pre-equilibration (10  ns, NVT), all simulations 
were extended further for 50  ns (NVT) equilibration runs for each 
temperature.

Tg Estimation from Segmental Dynamics Analysis: The self-part of 
the intermediate scattering function was used to evaluate the polymer 
segmental relaxation both in bulk and composite structures. The 
expression for the scattering function is given by

∑= − −( , ) 1 exp[ ( ( ) (0))]sF q t
N

iq r t rj jj

N
 (2)

where, q represents the wave-vector, rj(t) is the coordinate of jth particle 
at time t, N is the total number of repeating units present in the PVA 
system. For computing segmental relaxation, each repeat unit of 
polymer (PVA) was considered as a segment. The magnitude of wave-
vector q was considered to be 12.7 nm−1, which corresponded to the 
wave-vector of the first peak in the static structure factor S(q) at 400 K 
obtained from the bulk PVA simulation. To calculate the scattering 
function, the positions of alpha carbons were selected on each of the 
vinyl alcohol repeat units. The scattering function Fs(q,t) was plotted 
for a 10  ns time-scale and averaged over the last 50  ns trajectory. The 
relaxation time τα was defined as the time at which Fs(q,t) decays to 0.2 
based on a Kohlrausch–Williams–Watts (KWW) stretched exponential fit 
having the functional form[23,41,42]

τ= −















β
( , ) exps KWW
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F q t C t  (3)

where CKWW, τKWW, and βKWW are fitting parameters. The Tg was then 
estimated from the relaxation time (τα) versus temperature plot through 
WLF (Williams–Landel–Ferry) theory.[43]
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where τ0, C1, C2, and Tg are the fitting coefficients. WLF fitting plots for 
the composite systems with 0% and 100% Si-OH coverage are shown in 
Figure S1, Supporting Information.

Umbrella Sampling Simulation: Umbrella sampling[44] simulations 
calculated the free energy of the system evolving from one 
thermodynamic state to another (e.g., reactant and product) as 
a function of the reaction coordinate, ξ.[45] This method involved 
simulation of systems with a biasing umbrella potential to arrive at a 
conformational phase space, which was otherwise not possible with 
conventional MD simulations. As umbrella sampling technique required 
multiple configurations (windows) to be constructed along the binding 
pathway, the effective sampling could be achieved by performing 
sampling simulations on individual windows which, once combined, 

could provide a more realistic energy surface. In this method, the 
sampling windows along the reaction coordinate were generated and 
simulated independently. The sampled distribution of the system along 
the reaction coordinate were used to calculate the free energy change in 
each window and then combined together to generate the continuous 
smooth energy profile.

In this study, the PVA component was pulled away from the 
silica surface to create the binding pathway and provided numerous 
configurations along the reaction coordinate. For the pulling simulation 
along z-direction, a pull force constant of 1500 kJ mol−1 nm−2 and a pull 
rate of 0.01 nm ps−1 were used. The configurations were then extracted 
and subjected individually to extensive umbrella sampling simulations 
(each configuration with 6 ns NVT run). The PMF was computed after 
combining all the configurations along the reaction coordinate. The 
binding free energy was obtained from the PMF plot, which provided 
the measure of interfacial interaction between nanoparticle and polymer. 
The binding free energy was estimated by the difference of maximum 
and minimum points on the respective curves. This sampling technique 
was applied to investigate the relative adhesion of PVA-silica systems 
with a bare silica slab (0% OH coverage) and a fully functionalized 
(100% OH coverage) silica interfacing with the PVA. The difference in 
the free energy change experienced by the detaching PVA would indicate 
the relative adhesion strength to the different interfaces (silica with 0% 
and 100% OH coverage) (Figure 2).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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