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The influence of silica nanoparticle geometry on
the interfacial interactions of organic molecules:
a molecular dynamics study†

Prasad Rama * and Zareen Abbas

The role of nanoparticle shape in the interaction and adsorption of organic molecules on the particle

surface is an unexplored area. On the other hand, such knowledge is not only vital for a basic

understanding of organic molecule interaction with nanoparticle surfaces but also essential for

evaluating the cellular uptake of nanoparticles for living organisms. The current study investigates the

role of silica nanoparticle shape in the interactions of phthalic acid organic molecules by using

molecular dynamics simulations. Silica nanoparticles of two different geometries namely spheroid and

cuboid with varying charge densities along with protonated and deprotonated phthalic acid molecules

are studied. The adsorption characteristics of phthalic acid molecules on these nanoparticles have been

analysed under different aquatic environments. The interactions of phthalic acid molecules, water

molecules and ions were found to be different for spheroid and cubic shaped particles at pH values of

2–3, 7 and 9–10. The interaction of phthalic acid molecules with cubical silica nanoparticles is enhanced

compared to the spherical shape particles. Such an enhanced interaction was seen when the silica sur-

face is neutral, pH 2–3 and when the silica surface is charged at pH 7 and pH 9–10 in the presence of

0.5 M NaCl electrolyte. The cuboid-shaped silica also exhibited more hydrophilicity and less negative

surface potential compared to spheroid shaped particles at pH 9–10. This is due to the enhanced con-

densation of Na+ counter-ions at the cuboid nanoparticle solution interface as to the interface of

spheroid particles, which is well in agreement with Manning’s theory of counter-ion condensation.

Simulation results presented in this study indicate that the shape of the silica nanoparticle has significant

influence on the interaction of water molecules, counter-ions and organic molecules which

consequently determine the adsorption behaviour of organic molecules on the nanoparticle surface.

1. Introduction

Silicon dioxide in the form of crystalline quartz is the most
abundant oxide present on earth. On the other hand, porous
silica (SiO2) nanoparticles are the most commercially produced
nanoparticles and have a wide range of applications such as
filler material in papermaking, hygiene products, and grouting
material to name a few. Its behaviour in contact with water
plays a major role not only in industrial applications but also in
a variety of environmental and geochemical processes.1 Despite
its vital role, the details of the aqueous silica interface at the
molecular level are still not fully understood. Silica nano-
particles entering into natural aqueous systems such as fresh

and saltwater interact with the organic matter released by the
living organisms such as plants and animals or by industrial
processes.2 Thus, these nanoparticles after entering into the
aqueous systems can be transformed into a complex aggregated
state due to changes in their surface properties (surface charge,
potential) in different aqueous environments or by the adsorp-
tion of organic matter.3

Besides the surface properties, shape of the nanoparticle can
also induce specific interactions with organic matter. Shape
effect of silica nanoparticles has recently been investigated in
cellular uptake.4–6 For example, Huang et al.7 have reported the
shape effect of mesoporous silica nanoparticles (MSNs) on
cellular uptake and behaviour, it was found that nanoparticles
with larger aspect ratios had a greater impact on different
aspects of cellular function. Zhao et al.8 had a comparative
study between spherical and rod-shaped MSNs demonstrating
that nifedipine (NI) drug-loaded long rod-shaped MSNs had a
higher bioavailability than NI-loaded short rod and spherical
shaped MSNs.
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It has also been reported that shape of the nanoparticles can
influence the adsorption of metal ions or dyes on metal
oxides.9,10 For instance, Tian et al.11 had examined the adsorp-
tion of methyl orange on NiCo2O4 nanoparticles of different
shapes and concluded that the removal efficiency of nanorods
for methyl orange is the highest. Krzysztof et al.12 have reported
interactions of various benzoic acid derivatives of organic
matter with respect to the flat surface of charged silica periodic
in two dimensions (extended indefinitely) that has shown
relatively distinctive adsorption behaviour both in pure and
saline water under different pH conditions. There are also
numerous studies reported on the curvature effect of silica
nanoparticles13–15 on lysozymes, cytochrome etc. indicating
adsorbed lysozyme or cytochrome shows a narrower orientation
distribution and a greater conformation change with a decrease
in surface curvature of silica nanoparticles. Hence the interface
involving the silica surface plays an important role in the
adsorption phenomenon.

The current work aims to study the interactions of silica
nanoparticles of different geometry with small organic mole-
cules such as Phthalic acid (PHTHA, 1,2-benzenedicarboxylic
acid) in an aqueous ionic solution. Phthalic acid is a typical
precursor used in the production of phthalates,16 widely known
as plasticizers. Phthalates are extensively used in the manufac-
ture of toys, cosmetics, medical tubes, plastic bottles, blood
bags, glues, dye solvents and detergents etc.16,17 They contam-
inate the surrounding environment through leaching in water
during daily usage and disposal of the products.18

Therefore, molecular-level information about the interfacial
interaction of silica nanoparticles and phthalic acid organic
molecules can be helpful in understanding the fate of these
molecules in natural aqueous environments. Here we provide
such a detailed understanding at the molecular level of sphe-
rical and cubic silica nanoparticles using fully atomistic mole-
cular dynamic (MD) simulations. We evaluate the interactions
of PHTHA molecules towards the interface of spherical and
cubic silica in various aqueous environments and identify the
crucial parameters such as adsorption, counter-ion condensa-
tion and surface potentials.

2. Simulation details
2.1 Simulation model

The atomic representation of models for the two different
geometries of cristobalite silica (i.e.) spheroid and a cuboid
having the comparable solvent accessible surface area are as
shown in Fig. 1(a) and (b). The concentration of isolated silanol
groups (55 on each) was kept constant and distributed ran-
domly over their surface. The size of the spheroid nanoparticle
considered is 1 nm in radius and the cuboid nanoparticle has a
geometry of 2 nm in length, 2.1 nm in width and a height of
1.7 nm along the X, Z and Y-axis respectively.

All the Initial coordinates for the two different geometries of
silica nanoparticles and PHTHA organic molecules were gener-
ated using Visual Molecular Dynamics (VMD)19 and Avogadro20

software packages. The model had been set up such that a
simulation box of dimension 7 � 7 � 7 nm3 was considered
with five molecules of PHTHA distributed randomly over the
box and a silica nanoparticle of respective geometry with its
center of mass located at the center of the simulation box. To
solvate the system, we used TIP4P water model21 of 11350 water
molecules and periodic boundary corrections were applied in
all the three directions. Three different models corresponding
to the silica surface at different pH were obtained by deproto-
nating the surface silanol groups 0%, 20% and 65% which
corresponds to a pH of 2–3, 7 and 9–10, respectively and
assigned an additional �1 partial charge to the corresponding
deprotonated oxygen.22,23 The organic molecules were mod-
elled at different pH environments by deprotonating their
carboxylic groups as per their dissociation constant values
(pKa: 2.98; 5.28, one for each carboxylic group) from the
literature.12,24,25 Therefore, pH 2–3 corresponds to the system
where the model molecules and the silica surface were fully
protonated and pH 7 corresponds where the carboxylic groups
of model molecules and 20% of surface silanol groups were
deprotonated. Whereas, pH 9–10 resembles where the car-
boxylic groups of model molecules and 65% of surface silanol
groups were deprotonated. Sodium ions were added to the
simulation box wherever required to keep the net charge of
the system as neutral.

2.2 Computational details

The required topology files corresponding to the structural
coordinate files were prepared to define all the bonds, angles,
dihedrals, masses and charges of each atom as well as their

Fig. 1 Snapshots of the simulation models (a) Spheroid; (b) Cuboid;
(c) PHTHA Organic molecule; (d) Representative unit of a simulation cell
depicting the starting structure of MD simulation, water molecules are not
shown here for visual clarity.

Paper PCCP

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
Ja

nu
ar

y 
20

22
. D

ow
nl

oa
de

d 
on

 1
2/

5/
20

25
 4

:4
3:

13
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1cp04315c


This journal is © the Owner Societies 2022 Phys. Chem. Chem. Phys., 2022, 24, 3713–3721 |  3715

charge groups present in the silica nanoparticles by utilizing
the data reported in the literature.12 Topology files of proto-
nated and deprotonated PHTHA organic molecules were pre-
pared using the tool STaGE (Small molecule Topology
GEnerator).26 All of our MD simulations were performed using
the GROMACS-2019.2 package27 and OPLS-AA force field28,29

(Table S1, ESI†) was used to model the interatomic interactions.
The systems are first well equilibrated in an NVT ensemble for
t = 100 ps and then final production runs were performed using
NPT ensemble for t = 100 ns. The simulations were performed
at a temperature of T = 300 K and a pressure of P = 1 bar. A
Berendsen coupling thermostat and barostat30 with a relaxation
time of t = 0.1 ps is used for temperature and t = 2.0 ps for
pressure control. van der Waals forces are calculated using a
smooth cut off of 8–10 Å. The force constant was set to
40 kcal (Å�2 mol�1). To hold the silica nanoparticle at the
center of the box, the silicon and oxygen atoms inside the
nanoparticle were restrained and the surface silanol groups are
allowed to respond as per the dynamics of the system. All the
electrostatic interactions carried out in this study are evaluated
using a ‘particle–particle particle-mesh’ Ewald solver31 with a
grid spacing of 1 Å. A time step size of 2 fs was used for
integrating the equations of motion.

3. Results and discussion
3.1 Solvent accessible surface area

To evaluate the geometric surface area of silica nanoparticles
with two different geometries namely spheroid and a cuboid,
solvent accessible surface area determined by simulations has
been considered as a good measure for evaluating the surface
area of nanoparticles exposed to the interacting organic
molecules.32 In this study solvent accessible surface area for
spherical and cuboid geometries is determined by MD simula-
tions as shown in Fig. 2. The radius of the probe sphere
considered to trace out the surface area calculation is 1.4 Å
which roughly mimics as a water molecule. Fig. 2(a) represents
the available surface area due to the residue (silanol, Si–OH)

groups accessible to the solvent surrounding the cuboid and
spheroid nanoparticles. The average residual area (Si–OH)
exposed to the organic molecules in both cases is equal i.e.,
22 nm2. Fig. 2(b) signifies the total surface area of the silica
nanoparticle accessible to the adsorption of organic molecules
for both the geometries considered. From the plot, it can be
inferred that the average total surface area available for the
interaction of organic molecules in the case of spheroid geo-
metry is about 25 nm2 and for cuboid geometry is 27 nm2

approximately. These molecular models with their respective
interfacial areas are utilised to carry out further investigations
in this study.

3.2 Adsorption of PHTHA organic molecules

To explore the adsorption behaviour of PHTHA organic mole-
cules on the silica nanoparticles with spheroid and cuboid
geometry, density distribution of PHTHA molecules on the
surface of silica nanoparticles are calculated and plotted as a
function of distance from the center of the silica nanoparticle
as shown in Fig. 3. The linear density distribution of PHTHA
molecules is carried out such that the simulation box is sliced
in YZ-plane with a bin width of 0.1 Å along X-axis. Fig. 3(a)
corresponds to the linear density distribution of PHTHA mole-
cules representing the interfacial interactions between the
silica nanoparticles and PHTHA molecules at pH 2–3. Here
one can observe strong interactions of organic molecules with
both the geometries of silica surface as compared to all other
pH conditions examined in this study. Specifically, PHTHA
molecules have shown a strong affinity towards cuboid geome-
try as compared to spheroid geometry. The observed difference
in affinity can be attributed to the differences induced by
spheroid and cuboid geometries on the translational and
rotational motions of PHTHA molecules eventually affecting
their adsorption behaviour.33 The neutral organic molecules
are also found closer (d E �1.25 nm, 1.25 nm) to the neutral
silica surface of respective geometry as compared to all other
pH conditions, where silica surface is charged. This can be
attributed to the van der Waals interactions which drive the

Fig. 2 Solvent accessible surface area for the spherical and cubical geometries of silica nanoparticles during 100 ns MD simulation at pH 2–3 (i.e.) in
their neutral state; (a) Si–OH residues; (b) total surface of the silica nanoparticles of respective geometry.
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adsorption of protonated PHTHA molecules resulting in close
proximity to the silica surface.

Fig. 3(b) represents the interactions for the case of pH 7 in
both aqueous and salt environments, showing a weak inter-
facial interaction of PHTHA molecules towards silica nano-
particles of respective geometry due to electrostatic repulsive
interactions between the negatively charged molecules and the
negatively charged silica surface. A shift in the distribution of
PHTHA molecules (d r �1.0 nm, & d Z 1.0 nm) away from the
geometric interface of silica nanoparticles was noticed as
compared to the case of pH 2–3. The observed shift in the
distribution can be ascribed to the combined effect of layer of
water molecules solvating the charged silanolate (Si–O�)
groups of silica (20% surface silanol groups deprotonated)
surface which pushes the PHTHA molecules away from its
surface and repulsive nature of interactions among negatively
charged silica and PHTHA molecules.

Fig. 3(c) represents the density distribution curves for the
case of pH 9–10 in which spheroid geometry showing a strong
interfacial interaction with PHTHA molecules as compared to
the cuboid geometry. However, with the addition of 0.5 M NaCl
electrolyte the interfacial interactions of PHTHA molecules
enhances with the cuboid geometry exhibiting in the layering
of PHTHA molecules and the first layer is closer than the
spheroid case. Such a shift of first layer closer to the cuboid
silica surface is due to the enhanced counter-ion (Na+) con-
densation which results in counter-ion mediated interactions
bridging the silanolate (Si–O�) groups of silica nanoparticle
and carboxylate (–COO�) groups of PHTHA molecules. At pH 9–
10, a further shift in the distribution peak (d r �1.0 nm & d Z

1.0 nm) is observed at the geometric interface compared to the
case of pH 7. The observed shift can be ascribed to the
increased number of water molecules around the negatively
charged silica (65% surface silanol groups deprotonated) sur-
face in addition to the repulsive nature of interactions among
the negatively charged silica and PHTHA molecules.

Thus, PHTHA organic molecules have shown relatively dis-
tinct interactions with silica nanoparticles of different geome-
tries at various pH conditions of aqueous environments.

To illustrate the response of PHTHA molecules with respect
to the geometry of silica nanoparticle, the minimum distance of
approach or contacts between silica nanoparticles of spheroid

or cuboid geometry and PHTHA molecules has been calculated
(Fig. S1, ESI†). To obtain the number of contacts of PHTHA
molecule with silica surface, the trajectories of simulations for
cuboid and spheroid particles were averaged over the time
period of 50 ns to 100 ns with a cut off distance of 0.6 nm
from the silica surface. The average minimum distance of
approach of PHTHA molecules towards the silica interface at
various pH values is shown in Fig. 4.

From the plot, it can be inferred that at pH 2–3, PHTHA
molecules have shown a strong affinity (van der Waals attrac-
tion) towards both the geometries of silica as to all other pH
conditions considered in this study. The significant reduction
in the number of contacts observed at pH 7 and 9–10 is due to
the repulsive nature of interactions among the negatively
charged molecules and silica surfaces. However, with the addi-
tion of 0.5 M of NaCl electrolyte, at pH 7 and 9–10 the
interaction of PHTHA molecules with the cuboid geometry is
enhanced as compared to spheroid. This can be attributed to
the increase in the condensation of Na+ ions at the cuboid
nanoparticle solution interface resulting in the screening of its
surface charge thereby favouring the counterion mediated
attractive interactions with PHTHA molecules. The inferences
drawn are well in correlation with the linear distribution plots

Fig. 3 Linear density distribution profiles of PHTHA molecules around the silica nanoparticles surface; Spheroid vs. Cuboid geometry; (a) pH 2–3;
(b) pH 7, pH 7_0.5 M; (c) pH 9–10, pH 9–10_0.5 M. The vertical dashed lines represent the geometric interface of silica nanoparticle along X-axis.

Fig. 4 Number of contacts between silica nanoparticles of spheroid and
cuboid geometry and PHTHA molecules at various pH values of the system
considered.

Paper PCCP

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
Ja

nu
ar

y 
20

22
. D

ow
nl

oa
de

d 
on

 1
2/

5/
20

25
 4

:4
3:

13
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1cp04315c


This journal is © the Owner Societies 2022 Phys. Chem. Chem. Phys., 2022, 24, 3713–3721 |  3717

shown in Fig. 3. For instance, simulation snapshots represent-
ing the counterion mediated binding structure and orientation
of PHTHA molecules towards the spheroid and cuboid silica at
pH 7_0.5 M are shown in Fig. 5. It can be observed that PHTHA
molecules interact with surface silanolate groups through their
carboxylate (COO�) groups mediated by Na+ ions. The rise in
the condensation of Na+ ions at the interface of cuboid silica
can also be observed. Water molecules are not shown here for
visual clarity. Snapshots at other pH conditions are reported in
Fig. S2 of ESI.†

3.3 Counter-ion Adsorption

Densities of Na+ counter-ions as a function of the simulation
box length for volumes that were sliced in the YZ-plane with a
bin width of 0.1 Å along the X-axis are plotted in Fig. 6 at
different pH conditions in aqueous ionic solutions. We observe
that the number density of Na+ ions on the cuboid geometric
interface is higher as compared to the spheroid case in all the
cases (pH 7, pH 7_0.5 M, pH 9–10, pH 9–10_0.5 M) considered
in this study. The obtained results are well in agreement with
Manning’s theory of counter-ion condensation on charged
spheres and planes.34 According to this theory in dilute solu-
tions of non-zero salt or simple salt, a planar surface of any
charge density condenses significantly more counter-ions as
compared to a charged sphere. Hence the observed counter-ion

density on the cuboid geometric interface is higher at all pH
values.

3.4 Dynamic properties of water

3.4.1 Water density distribution. The affinity of water
molecules towards cubic and spheroid silicas was compared
and quantified to determine the amount of water adsorbed
onto these surfaces. Fig. 7. Represents the number density
distribution of water molecules across the simulation box along
the X-axis calculated for volumes that were sliced in the YZ-
plane (normal to the surface) with a bin width of 0.1 Å. The
number density of water molecules at the interface of cuboid
silica has been noticed to be higher in the case of pH 9–10
compared to all other cases considered in this study. The
observed increase in the density of water molecules can be
attributed to the increased condensation of Na+ ions (Fig. 6(b),
at pH 9–10) on the interface of cuboid nanoparticles which in
turn brings more water molecules at the interface due to the
hydration of sodium ions.35 However, such an enhanced water

Fig. 5 Snapshots representing the binding structure and orientation of
PHTHA molecules towards the spheroid and cuboid geometries of silica
nanoparticle at pH 7_0.5 M of aqueous environment.

Fig. 6 Number density profiles for sodium ions adsorbed on the interface of silica nanoparticles of spheroid and cuboid geometry; (a) pH 7, pH 7_0.5 M;
(b) pH 9–10, pH 9–10_0.5 M. The dashed lines represent the reference for the silica nanoparticles geometrical interface along the X-axis.

Fig. 7 Number density profiles for water molecules around the silica
nanoparticles at pH 2–3 and pH 9–10, Spheroid; Cuboid. The dashed
lines represent the reference positions for the silica nanoparticles geo-
metric interface along the X-axis.
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density on cuboid surface at pH 9–10 in the presence of 0.5 M
NaCl is not observed (Fig. S3, ESI†). This is most probably due
to the fact that in 0.5 M NaCl there are more condensed Na+

ions, which strongly screen the negatively charged silica surface
and bring PHTHA molecules in close proximity (Fig. 3(c)) to the
surface. This leads to the less number density of water mole-
cules at the cuboid interface. The number density of water
molecules observed at the interface of spheroid and cuboid
geometry at all other pH conditions in the presence of NaCl
electrolyte are reported in Fig. S3 of ESI.†

It is interesting to know about how the Na+ ion hydration
changes in the vicinity of charged silica surface as compared to
the ion hydration in the bulk solution. Fig. 8. Represents the
coordination of water molecules around the Na+ ion in the
vicinity of silica nanoparticles of spheroid geometry. We
observe a decrease in the coordination of water molecules
around the Na+ ion in the vicinity (r0.2 nm) of the silica
nanoparticle as compared to the Na+ ion which is far away
(42 nm) from the surface of the nanoparticle. We interpret this
to the loss of water molecules surrounding Na+ ions while
traversing from solvent to the surface of silica.36 Similar effect
has been observed för cuboid silica and results are shown in
Fig. S4 of ESI.†

3.4.2 Hydrogen bonding interactions. To get an insight
into the structure of water molecules surrounding the geome-
tries of silica nanoparticles, hydrogen bonding interactions
among the water molecules and silanol groups (Si–O�/Si–OH)
at the silica–water interface are analysed. The geometrical
criteria adopted for realizing the formation of hydrogen
bonds37 between hydrous species is such that the distance
between the donor (OSilanol) and acceptor (HWater) is less than
3.5 Å, the distance between the oxygen of the acceptor molecule
(OWater) and the hydrogen of the donor molecule (HSilanol) is not
more than 2.4 Å and hydrogen (HSilanol)–donor (OSilanol)–accep-
tor (HWater) angle of below 301.

Fig. 9 shows the number of hydrogen bonds averaged over
the duration of simulation at various pH conditions concerning
the two geometries of silica. The simulation results revealed the
possible number of hydrogen bonds among the water

molecules and silanol groups at the geometric interface of
silica nanoparticles vary with their populations depending on
the pH environment of the aqueous solutions, pH 2–3, pH 7
and pH 9–10.

The average number of hydrogen bonds formed at the
geometric interface of silica was found to be increased with
an increase in the pH of the aqueous environment. This
increase in hydrogen bond number can be attributed to the
polarizability of water molecules38 induced by greater number
of charged silanolate groups at an increasing pH of the solvent
which in turn enhances the hydrogen-bonded interactions. The
observed difference in the number of hydrogen bonds with
respect to two geometries has been reduced considerably at
pH 7 and pH 9–10. On the other hand, the significant differ-
ence in the number of hydrogen bonds observed at pH 2–3 can
be ascribed to the weakening of the hydrogen bond structure
with cuboid geometry accompanied by the orientation of the
dipole water vector towards the geometrical surface of
nanoparticle.39 Further, it can also be noted that with the
addition of 0.5 M NaCl electrolyte there has been a slight

Fig. 8 Snapshot showing the coordination of water molecules around the Na+ ion (blue in colour) in the vicinity of silica (r0.2 nm) of spheroid
geometry are highlighted using pink-red (O atoms) and white (H atoms) colours.

Fig. 9 The average number of hydrogen bonds (with error bars) formed at
the silica–water interface with regard to the spheroid and cuboid geome-
tries of silica nanoparticles at various pH conditions.
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decrease in the number of hydrogen bonds which can be
inferred due to distortion in the structure of hydrogen bond40

among water molecules and the silanol groups.
The strength of the hydrogen-bonded interactions among

the water molecules and silanol groups of silica nanoparticles
of respective geometry is revealed by the bond angle distribu-
tions of hydrogen-bonds among the water molecules and
silanol groups as shown in Fig. 10. The lower the hydrogen-
bond angle is between the water molecules and silanol groups
the more is the strength of the hydrogen-bond, resulting in a
more ordered network of hydrogen-bonds at silica–water inter-
face. From Fig. 10. It can be seen that the hydrogen-bond angle
distribution of water molecules solvating the silanol groups is
lowered considerably with an increase in the pH of the aqueous
environment indicating, the formation of a more ordered
hydrogen-bonding network as the charge on the silica surface
increases at increasing pH values.38,41 The root cause of this
enhanced hydrogen bonded network at highly charged silica
surface is the increase in polarization of coordinating water
molecules. This observation is also evident from the decrease in
hydrogen-bond lengths, rDA (donor–acceptor distance) calcu-
lated for the systems at different pH environments as reported
in Fig. S5 of ESI.† From Fig. 10, it can also be inferred that at
pH 9–10 when the surface of silica is highly charged, both the
geometries of silica nanoparticles had shown a strong correla-
tion in angle distributions among hydrogen-bonds showing a
strong ordered network. On the other hand, at pH 2–3 and
pH 7, there are differences observed in hydrogen-bond
strengths with respect to specific geometry, but these differ-
ences are reduced as pH increases to 7. Thus, signifying
strength of hydrogen-bonding interactions can be influenced
by the geometry of nanoparticle and pH of the aqueous
environment surrounding the silica nanoparticle.

3.5 Electrostatic potential distribution

Surface charge of silica nanoparticle plays a major role in
driving the interfacial interactions of organic molecules. Elec-
trostatic interactions are long-range and are strongly depen-
dent on the adsorbed molecules, solvent and ions surrounding

the geometrically different silica nanoparticles. Electrostatics
considers the evaluation of the static electrical field formed
between the charged species due to the influence of each other
and their local environment. Fig. 11 shows the variation of the
electric potential as a function of pH environment. Electric
potential values are calculated in the YZ-plane by integrating
the charge density along X-axis across the simulation box. For
the system with pH 9–10 we observe that surface potential of
spheroid silica nanoparticle shows a large negative value,
approximately 0.9 V as compared to 0.6 V for cuboid nanopar-
ticle. The observed more negative potential on the surface of
spheroid silica can be attributed to the fewer number of Na+

counter-ions condensed onto its surface resulting in less
screening of its surface charge (Fig. 6(b)). However, with the
addition of 0.5 M NaCl electrolyte, the surface potential on the
cuboid silica has decreased to approximately 0.1 V, as a result
of enhanced screening of its surface charge by the condensa-
tion of Na+ counter-ions. This result is consistent with the idea
of electrostatic screening of the surface potential with the
addition of salt42 and consequently, a decrease in the screening
length so-called Debye length. The surface potentials observed
with respect to spheroid and cuboid geometry at other pH
conditions can be seen in Fig. S6 of ESI.†

4. Conclusions

The study demonstrates that two different geometries of silica
i.e., spheroid and cuboid have a profound effect on the inter-
actions of PHTHA organic molecules in different aquatic envir-
onments of pH 2–3, 7, and 9–10. Moreover, it was found that
the charge on the silica surface and of PHTHA molecules along
with the number of condensed counter-ions determine the
strength of interaction. The PHTHA molecules exhibited a
strong interfacial interaction at pH 2–3 while weaker interac-
tions at pH 7 and pH 9–10 with both spherical and cuboid
shape silica nanoparticles. The observed weak interactions are

Fig. 10 Hydrogen-bond angle distributions observed at the silica–water
geometrical interface for the spheroid and cuboid geometries of the silica
nanoparticles.

Fig. 11 Electrostatic potential profiles for the silica nanoparticles at dif-
ferent pH (2–3 and 9–10) values simulated with two different geometries:
Spheroid and Cuboid. The dashed lines represent the interface of silica
nanoparticles along the X-axis.
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due to the repulsive electrostatic interactions between the
negatively charged PHTHA molecules and negatively charged
silica surface. The inferences drawn are also consistent with the
number of contact counts of PHTHA molecules with the geo-
metric interface of respective silica. Atomistic MD simulations
results reveal that cuboid geometry enhances the condensation
of Na+ counter-ions compared to the spheroid geometry thereby
validating Manning’s theory of counter-ion condensation.

The hydrogen-bonded interactions among the water mole-
cules and silanol groups (H2O and Si–O�/Si–OH) at spheroid
and cuboid geometric interfaces have been investigated in
detail. An increase in the hydrogen-bonded network has been
noticed at increasing pH values indicating more structured
water at highly charged silica surfaces at pH 9–10. This is true
for both spheroid and cuboid silica nanoparticles. However, at
pH-2–3 where silica surface is neutral there are some differ-
ences observed namely the spheroid geometry of silica nano-
particle exhibited strong hydrogen-bonded interaction
compared to the cuboid. The calculated electrostatic potential
at the interface of cuboid and spheroid silica nanoparticles in
NaCl electrolyte showed that potential around spheroid silica is
more negative than cuboid silica. This is due to the enhanced
screening of the charged cuboid surface by Na+ counter-ions as
compared to the spheroid silica. The enhanced screening of the
surface charge on cuboid silica in presence of 0.5 M NaCl has
also led to the increased adsorption of negatively charged
PHTHA molecules due to reduced repulsion between the simi-
larly charged silica and PHTHA molecules. The outcomes
showed that shape of the silica nanoparticles have profound
effects on the adsorption behaviour of organic molecules, water
molecules and counter-ions.
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