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The interactions between nanoparticles in high-temperature vapor-synthesis environments have important
implications on their self-assembly into specific structures. We apply classical molecular dynamics (MD)
simulations, with the Matsui-Akaogi interatomic potential, to study the interaction forces and the resulting
dynamics between pairs of cooriented and counteroriented charge-neutral TiO2 anatase nanoparticles in vacuum.
The distributions of Ti and O ions at the nanocrystal surface are asymmetric due to limited surface sites
preventing perfect sphericity, resulting in permanent dipoles that are approximately proportional to the surface
area in magnitude. For two approaching cooriented nanoparticles, with parallel dipole moments, the
nanoparticles translate toward each other with minimal rotation, where the attractive Coulomb dipolar force
is much larger than the van der Waals force at long-range distances. For two approaching counteroriented
nanoparticles, with antiparallel dipole moments and initially repulsive interaction, the nanoparticles experience
mutual rotations, and the Coulomb force changes from repulsive to attractive during translation. Both the
Hamaker approximation and the dipole-dipole approximation are compared with the MD simulation results
to assess their validity as a function of particle separation distance. As the temperature increases from 273 to
1673 K, the fluctuation of the dipole vector (in both magnitude and direction) increases, resulting in a dramatic
decrease of the time-averaged dipole moment from 60 to 2.1 D, as well as a reduction of the Coulomb
dipolar force between the two nanoparticles.

I. Introduction

Understanding and predicting the roles of intrinsic forces
between nanoparticles (NPs) has received a great deal of
attention, driven by both scientific and technological needs in
a wide range of fields, such as materials science (sintering and
agglomeration),1,2 atmospheric science (aerosol coagulation),3

chemical engineering (colloidal dispersion),4,5 and astrophysics
(planet formation).6 For example, in colloidal systems, substan-
tial efforts have been focused on the van der Waals (vdW)
interactions of small particles that originate from irreducible
fluctuations of electromagnetic (EM) fields in a vacuum.7-10 A
rigorous treatment of the vdW interactions for two infinite half-
spaces was pioneered by Lifshitz on the basis of fluctuational
electrodynamics.11 Evaluation of the vdW force between nano-
or microsized particles often relies on the approximation of
pairwise forces within the simpler Hamaker formulation. Ele-
ments of the Lifshitz theory for half-spaces can be incorporated
within the Hamaker approach to obtain a semiempirical relation
for the vdW force between two particles.7,10

Recent molecular dynamics (MD) simulations have shown
that the Coulombic interaction of fluctuating dipoles is the
dominant mechanism of heat transfer between nanoparticles.12,13

It has been reported that both vdW interaction and radiative
heat transfer between NPs are related to near-field effects due
to tunneling of evanescent waves.14,15 However, study of the

contribution of Coulombic forces due to existing dipole moments
(permanent or induced) of NPs, rather than dispersive vdW
forces, on the total interparticle interaction is limited. Interest-
ingly, it has been found that permanent dipoles exist in
semiconductor nanocrystals (NCs) such as CdSe NCs with a
wurzite structure16,17 and ZnSe NCs with a centrosymmetric
lattice.18 Moreover, the NP dipole is considered to be an
important factor responsible for the self-assembly of NP
functional nanostructures.19 For example, for CdSe NPs in the
presence of both dispersive (vdW) and dipolar-dipolar force
fields, short-range vdW forces favor their formation into close-
packed structures, whereas dipolar-dipolar interactions allow
for their arrangement into more open structures, such as quasi-
dimensional chains.20,21

Recently, interests in synthesizing ultrafine, high-purity
anatase titania particles (e.g., TiO2) with sizes < 10 nm have
dramatically increased as they are expected to play important
roles in addressing various environmental and energy challenges
due to their unique properties (e.g., as a photocatalyst and
photosensitizer, respectively) applicable for wastewater reme-
diation and solar energy conversion.22 The synthesis methods
include wet-chemical, chemical vapor deposition, and flame
synthesis, with gas-phase flame hydrolysis of TiCl4 being the
major production route.23 The agglomeration and sintering of
primary TiO2 NPs, in the presence of both dispersive vdW and
Coulomb dipolar interactions, as mentioned above, affect the
morphology of flame-made titania products, impacting their
photocalytic and photovoltaic applications.24-26 Therefore, it is
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critical to understand interactions between TiO2 NPs during
agglomeration. However, there are few reports found in the
literature on the dipole properties of metal-oxide-type NPs like
TiO2, with even fewer discussing characterization of the dipole
moment in relation to particle size. Furthermore, with the dipoles
of NPs undergoing significant thermal fluctuations in high-
temperature environments such as flame aerosol reactors, the
influence of temperature on Coulombic dipolar interactions, as
well as the overall interactions of NPs, is still unclear and needs
further investigation.

This paper aims to clarify the detailed contributions of
dispersive vdW and Coulombic dipolar forces in the interaction
of two approaching anatase TiO2 NPs, for different particle sizes
and initial particle temperatures. The simple Hamaker ap-
proximation and the dipole-dipole approximation models are
compared with the MD simulation results.

II. Methods

The Matsui-Akaogi (MA) potential,27 which has been
validated by X-ray absorption spectra data to be one of most
suitable force fields for TiO2 structures,28,29 is employed here
to describe the interaction of atoms. In the MA potential, the
interaction energy Uij between atoms i and j separated by a
center-to-center distance of rij is expressed as

where the three terms on the right-hand side of the equation
represent electrostatic (Coulomb), dispersion (vdW), and repul-
sion interactions, respectively. The last two terms constitute a
Buckingham potential. The values of partial charges q and the
parameters A, B, and C of atom i (or j) in eq 1 are listed in
Table 1.

Molecular dynamics (MD) simulations are performed using
the DL-POLY code (version 2.18)30,31 with the MA potential
to understand the interaction dynamics between two identical
approaching TiO2 NPs with diameters of 2, 3, 4, and 5 nm.
Generally, the complete interactions between two NPs include
a precontact approach process followed by an on-contact
sintering (coalescence) process. As for the on-contact sintering
process, where grain boundary diffusion and surface diffusion
are predominant, several MD simulation studies have been
conducted.1,29 In this work, we investigate the precontact
approach and isolate the respective roles of Coulomb and vdW
forces. Surprisingly, such a study has received relatively little
attention, despite its importance in understanding NP self-
assembly and aggregation in synthesis processes.32

The simulation procedure of this work is given as follows.
First, a perfect lattice is constructed using parameters for anatase,
given that the anatase phase dominates for TiO2 nanocrystals
with dp < 10 nm. Then, a spherically circumscribed NP with a
set diameter is “excised” from the lattice. We term it as NP1.
The excess titanium or oxygen ions are removed from NP1 to

maintain electrical neutrality. Next, the neutral NP1 is simulated
in the canonical ensemble (NVT) for at least 3 ns (600 000 5-fs
time steps), which is sufficient for equilibration at the given
temperature. This equilibration state has been shown by repeated
tests to be independent of the initial MD velocity distribution.
The dipole moment, p, of a NP is calculated by p ) ∑i qiri,
where qi and ri are the charge and position vector of ion i (either
titanium or oxygen), respectively. Finally, the configuration of
NP1 is replicated and translated along the x-axis to establish
two particles separated by a center-to-center distance equal to
10 times the nanoparticle diameter (e.g., 30 nm for a 3 nm NP).
We term it as NP2. NP2 is given one of two possible orientations
initially; one keeps the same lattice orientation as NP1 (coori-
ented mode), and the other rotates the particle by an angle of π
around its centroid to obtain a dipole direction opposite
(antiparallel) to that of NP1 (counteroriented mode). Collision
of the two nanoparticles is investigated using the microcanonical
ensemble (NVE) by setting one particle with an initial velocity
of 10 m/s (based on the order of magnitude of Brownian motion
of the nanoparticles for our cases) while the other one is fixed
with zero initial velocity. The simulation is run for 3 ns
(3 000 000 1 fs time steps), which is of sufficient duration to
bring them into contact but not enough to study the entire
sintering process. This procedure is repeated for nanoparticles
with diameters of 2, 3, 4, and 5 nm and initial NVE temperatures
of 273, 973, 1273, 1473, 1673, 2473, and 2673 K, respectively,
to investigate the effect of temperature on interparticle interac-
tions with different diameters.

III. Results and Discussion

III.1. Interaction Forces between Two TiO2 NPs. Figure
1 shows the interaction forces between two approaching 3 nm
cooriented anatase TiO2 NPs at 273 K as a function of the
interparticle center-to-center distance (hereinafter referred to as
X12 for NP1 and NP2). The interparticle forces can be
decomposed into Coulomb, vdW, and repulsive components,
which are related by derivatives to their respective MA
interatomic potential terms in eq 1. The total interaction energy
is obtained by integrating these three terms for all atoms in the
two NPs. Comparatively, in precontact approach (namely, with
X12 larger than one particle diameter), the repulsion forces
between two NPs can be neglected since they have values that
are several orders of magnitude lower than the Coulomb and

TABLE 1: Interaction Parameters for the Matsui-Akaogi
Potentiala

q A B C

Ti 2.196 1.1823 0.077 22.5
O -1.098 1.6339 0.117 54.0

a Units: q in |e|, A and B in Å, and C in Å3 kJ0.5 mol-0.5.

Uij )
qiqj

rij
-

CiCj

rij
6

+ f(Bi + Bj) exp(Ai + Aj - rij

Bi + Bj
)

(1)

Figure 1. Interaction forces between two cooriented 3 nm TiO2

nanoparticles during the approaching process. The decomposition of
interparticle forces into the vdW and Coulomb components naturally
corresponds to their Coulomb and dispersion terms of Matsui-Akaogi
potentials between all atoms.
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vdW forces. The vdW force, which originates from the
interaction of the dynamic (time-dependent) dipoles,33 is at-
tractive and increases smoothly as the two NPs approach each
other. Generally, the charge density of small particles, even if
electrically neutral, includes not only a dynamic dipole but also
a static one.33 The Coulomb force between two NPs, obtained
from the summation of the MA Coulomb potentials of the
titanium and oxygen ions, is not zero, exhibiting attractive
behavior and increasing with decreasing X12. The nonzero
Coulomb force implies that the 3 nm TiO2 NP should have a
static permanent dipole (more discussion later). As shown in
Figure 1, the Coulomb force, which is sensitive to the detailed
atomic structure of the NPs, fluctuates significantly due to
thermal vibrations of the titanium and oxygen ions. The
Coulomb force between two cooriented NPs exhibits attractive
behavior and is much larger than the vdW force by several
orders of magnitude at long X12, for example, about three orders
for X12 ) 15-30 nm, two orders for X12 ) 10-15 nm, and one
order for X12 ) 4-10 nm. However, as X12 continues to
decrease, the vdW force increases more rapidly than the
Coulomb force, nearly catching up at X12 ) 4.0 nm. As X12

becomes smaller than 4.0 nm, the vdW force exceeds the
Coulomb force, but they are still both comparable in magnitude.
For instance, in the interval X12 ) 3.0-4.0 nm, the Coulomb
force is an average of about 0.6 times the vdW force.

Since the vdW potential between two atoms varies as Uij ∝
-CiCj/rij

6, as shown in eq 1, the approximate Hamaker approach,
obtained by a simple pairwise summation of the vdW potential
between atoms, can be used to predict the vdW interaction
energy between two spherical nanoparticles, NP1 and NP2, as
given below20,34

where R is the radius of a NP and D12 ) (X12 - 2R) is the
separation distance of the closest approach between NP1 and
NP2. The Hamaker constant A is given as

where F1 (or F2) is the number density of the atoms contained
in NP1 (or NP2). (CiCj)Σ is the averaged dispersion coefficient
of all atoms in NP1 and NP2, which can be estimated from the
vdW term of the MA potential of eq 1 using the parameters for
TiO2 in Table 1. In this work, we calculate A to be 240.5 zJ (1
zJ ) 10-21 J) for anatase TiO2 and 287.0 zJ for rutile TiO2.
This value for anatase TiO2 agrees reasonably well with the
value of 199.0 zJ given by the single oscillator approximation
and the value of 173.1 zJ given by the full spectral method,35

particularly considering the uncertainty in the measurement and
estimation of the Hamaker constant in the vacuum system.

The vdW force between NP1 and NP2 can also be ap-
proximated by taking the derivative of the corresponding term
in eq 1, that is, F12 ) -dW/dD12. A comparison between the
vdW force obtained by the Hamaker approximation and that
obtained by the MD simulation is also illustrated in Figure 1.
These two predictions are found to nearly coincide for X12 >
4.0 nm, with the prediction error less than 30% for the Hamaker

approximation. As X12 is reduced further, the discrepancy
increases, being more than 10 times different at X12 ) 3.1 nm
(or D12 ) 0.1 nm). This difference is to be expected since at
close contact, the shape changes of NPs differ substantially from
the perfect sphere assumed in the Hamaker approximation.

As the nanoparticles are electrically neutral, the Coulomb
force between them, shown in Figure 1, can be thought of as a
Coulomb dipole-dipole interaction, leading to formation of a
static permanent dipole on the nanoparticles.18-20 This permanent
dipole may be attributed to the asymmetric distribution of
titanium and oxygen ions at the surface since a nanocrystal
lattice cannot be conformed into a perfect sphere due to a limited
number of surface ions of fixed positions. For a single
“spherically-shaped” NP, the geometrical center of all positive
ions is found not to coincide exactly with that of all negative
ions, with the difference being proportional to the strength of
the permanent dipole. For the 3 nm anatase TiO2 NP at 273 K,
the MD simulation predicts a mean distance between the centers
of the positive ions and negative ions of 0.0014 nm, providing
the NP a permanent dipole of about 60D as given by the formula
p ) ∑i qiri. As a result, the Coulomb interaction energy between
NP1 and NP2 can be expressed by the dipole-dipole ap-
proximation given below36

where X12 is the interparticle center-to-center distance, defined
as X12 ) |X1 - X2|, and n is the unit vector in the direction (X1

- X2). Similarly, the Coulomb dipolar force between two NPs
can be obtained by taking the derivative of eq 4.

Figure 2 compares the Coulomb forces predicted by the MD
simulation and the dipole-dipole approximation model for the
3 nm particles of Figure 1. In calculating the force in the
dipole-dipole approximation, the permanent dipole (p ) ∑i qiri)
of the NPs are updated in time using the MD simulated
coordinates of all ions, ri. At a long distance of X12 > 6 nm, the
dipole-dipole model gives a fairly good approximation to the
MD results. For instance, in the interval of 30 > X12 > 6 nm,
the force ratio of the dipole-dipole approximation to the MD
simulation fluctuates within the range of 1.0 ( 0.4. The larger
X12, the smaller the difference between the two models. For 6
> X12 > 3.2 nm, the prediction of the dipole-dipole model is

W12
vdW ) - A

12( 4R2

D12
2 + 4D12R

+ 4R2

D12
2 + 4D12R + 4R2

+

2 ln( D12
2 + 4D12R

D12
2 + 4D12R + 4R2)) (2)

A ) π2(CiCj)ΣF1F2 (3)

Figure 2. Comparison of interparticle Coulomb forces predicted by
both the MD simulation and the approximate dipole-dipole model for
the 3 nm nanoparticles of Figure 1.

W12
d-d ) 1

4πε0

p1 ·p2 - 3(n ·p1)(n ·p2)

X12
3

(4)
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generally less than that of the MD results, with the force ratio
within the range of 0.6 ( 0.4. For X12 < 3.2 nm, the force ratio
is 1 or 2 orders of magnitude. Thus, the Coulomb force between
NPs during precontact approach can be attributed mainly to the
role of particle dipoles, except for in the close-contact zone of
X12 < 3.2 nm (or D12 < 0.2 nm).

For two NPs that are cooriented with the same dipole
directions, as shown in Figures 1 and 2, they experience very
weak rotation during their approach from long distance to close
contact. To study the orientation effect of NP dipoles, the case
of two counteroriented NPs during the approaching process is
examined, as illustrated in Figure 3 by using Visual Molecular
Dynamics.37 The arrows show the directions of the dipoles of
NP1 (left) and NP2 (right), and the inset plots the absolute value
of the angle, θd, between the NP dipole and the x-axis as a
function of the particle separation distance. Initially, at X12 )
20 nm, the absolute θd of NP1 and NP2 are 30 and 150°,
respectively. Upon translation, both NP1 and NP2 begin to rotate
clockwise. Approaching X12 ) 13 nm, the absolute θd of NP1
and NP2 are both approximately 90° but at opposite dipole
direction. As X12 further decreases from 13 to 4 nm, the absolute
θd of the two NPs precesses twice at around 90°. Finally, for
X12 < 4 nm, they become nearly settled at 90°. Through the
whole process, the sum of the two angle values of the dipoles
is constant at 180°, with NP1 and NP2 always maintaining
antiparallel dipoles during their approach, satisfying the principle
of minimum Coulomb interaction energy according to eq 4. It
should be noted that the dipole-dipole interaction between the
two counteroriented NPs is initially repulsive. During the
approach, as induced by the inertial movement of NP2, the
aforementioned rotations of the NPs make their interaction
attractive at about X12 ) 15 nm.

III.2. Characteristics of the Dipole of a Single TiO2 NP.
The determination of the permanent dipole of a NP plays a key
role in the particle-level macroscopic approach describing the
interaction of two NPs. A MD simulation of a single 3 nm
anatase TiO2 NP is conducted in the NVE ensemble for 3 ns at
both 273 and 1673 K. Figure 4 shows the variation of the
magnitude of the NP dipole moment as a function of the time.
At 273 K, it fluctuates in a range from 40 to 80 D. Additionally,
the projection of the dipole direction varies in an angle range
of about π/4 (see inset A of Figure 5). At 1673 K (e.g., for that
found in high-temperature flame reactors), the magnitude of the
NP dipole moment fluctuates more significantly, ranging from
6 to 100 D. Also, the direction of the dipole varies in a wider

angle range of nearly 2π (see inset C of Figure 5). The
fluctuating dipole moment vector leads to the fluctuating
Coulomb forces between the NPs (as shown in Figure 1) and
can be associated with the vibration of the atoms in the lattice.
Reports on the dipole of a TiO2 spherical NP are scarce. There
are some referenced data on semiconductor NPs such as CdSe
and ZnSe, as observed by dielectric dispersion measurements.16,18

For bulk polar CdSe, the dipole moments of 3.4 and 4.6 nm
CdSe nanocrystals are 25 and 47 D, respectively. Although ZnSe
has no bulk dipole due to its centrosymmetric lattice, a 3.3 nm
ZnSe nanocrystal has a dipole moment of about 42 D.18 These
values of dipole moment are of the same magnitude as that for
the 3 nm TiO2 NP predicted by our MD simulation. It is known
that bulk anatase TiO2 has no dipole despite its noncentrosym-
metric lattice. As a result, we deduce that the origin of the dipole
in the anatase TiO2 NP arises from the previously described
asymmetric distribution of ions at the surface of the NP, similar
to the origin of the dipole moment in PbSe nanocrystals, which
is attributed to the noncentrosymmetric arrangement of Pb- and
Se-terminated {111} facets.20,21

III.3. Influence of System Temperature. Since NPs experi-
ence high temperatures during gas-phase synthesis, we study a
single 3 nm TiO2 NP at different temperatures via simulation
in NVE for 300 ps. The time-averaged dipole moment is readily
obtained from the fluctuating moment data (e.g., Figure 4).
Figure 5 shows the effect of temperature on the dipole of the

Figure 3. Snapshots of two counteroriented nanoparticles showing the
varied directions of their dipoles during the approaching process.

Figure 4. Time evolution of the dipole moment of a 3 nm TiO2 particle
in an NVE ensemble at 273 and 1673 K.

Figure 5. Time-averaged dipole moments of a TiO2 nanoparticle at
different temperatures. Insets A, B, and C show the distribution of dipole
vectors projected onto the x-y plane along the time period at different
temperatures.
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TiO2 NP. As the temperature increases from 273 to 1673 K,
the magnitude of the time-averaged dipole moment dramatically
decreases from 60.1 to 2.1 D. As the temperature further
increases, it remains below 4.0 D with relatively small deviation.
The decrease of the magnitude of the time-averaged dipole
moment with respect to temperature can be attributed to the
increasing fluctuation of the instantaneous dipole direction. Inset
A of Figure 5 shows the distribution of dipole vectors projected
onto the x-y plane for the given simulation time period at 273
K. The distribution of the fluctuating dipole directions is
relatively narrow and is nearly constrained in the angle range
of π/4. As the temperature increases to 973 K (inset B of Figure
5), the direction of the dipole vector spreads more widely, but
the distribution is still obviously asymmetrical, resulting in a
value of 21.8 D. When the temperature further increases to 1673
K (inset C of Figure 5), despite variance in dipole modulus,
the spreading of the direction of the dipole vectors over the
entire angular range makes the time-averaged dipole moment
diminutive. The large fluctuations of the positions of the Ti and
O ions in the lattice at high temperature generate a wide
distribution of dipole directions according to p ) ∑i qiri.

Ostensibly, the dipole changes under high temperature may
affect the Coulomb dipolar force between two NPs. Figure 6
shows the vdW force (Hamaker) and the total interaction force
(vdW + Coulomb + repulsive) between two cooriented
approaching 3 nm TiO2 NPs at 273 (left) and 1673 K (right).
In the left plot, at an initial temperature of 273 K, prior to the
repulsive force playing a role at close contact, the total
interaction force is always larger than the vdW force, even by
several orders of magnitude at certain X12, given the strong
attractive Coulomb dipolar force, with the NP dipole at around
60 D. However, at an initial temperature of 1673 K (right plot),
the values of the total interaction force spread through the
“smooth” values of the vdW force, indicating that the Coulomb
dipolar force vacillates between being attractive and repulsive
along the time evolution due to large fluctuations of the dipole
direction at high temperature. For X12 ranging from 6 (i.e., one
diameter separation) to 3.2 nm (i.e., 1/15 diameter separation),
the interaction force is expected to play a key role in the self-
assembly of NPs. However, in this range, the mean total
interaction force is approximately that of the vdW force, washing
out a net Coulombic force. Therefore, we conclude that
preferential self-assembly at high temperatures is likely inhibited.

III.4. Influence of Particle Diameter. Figure 7 displays the
effect of NP diameter on the time-averaged dipole moment at

273 K. The dipole moment is found to be approximately
proportional to the surface area (∼R2) of the spherically shaped
TiO2 NP. As the particle diameter increases from 2 to 5 nm,
the surface area increases from 12.8 to 78.5 nm2, corresponding
to a linearly increasing dipole moment from 27.2 to 182.1 D.
Interestingly, in previous work examining the size effect on the
dipole of CdSe nanocrystals, Shim and Guyot-Sionnest18 found
that wurtzite CdSe exhibits a large permanent dipole moment
that is linearly dependent on the core radius of the nanocrystal.
They attributed this linear size dependence of the dipole moment
to the nanocrystal facets being decorated with surface charges
in the Se-hole states. On the other hand, Li and Alivisatos17

found the dipole moment of CdSe nanorods to be linearly
proportional to their volume (∼R3), where they associated the
intrinsic polarity of the CdSe crystallographic lattice to the lack
of inversion symmetry. Since bulk anatase TiO2 is nonpolar,
the linear surface area dependence of the NP dipole moment
may be attributed to the asymmetric distribution of Ti and O
ions at the surface of the particle surface. For example,
nanocrystals decorated with N randomly placed surface charges
lead to a dipole that scales as N1/2R. Shim and Guyot-Sionnest18

assumed that the presence of more than one charge will be
strongly hindered by the large Coulomb interaction and hence
lead to the limitation of one charge per facet (N ≈ 1), causing
the dipole to grow linearly with size (∼R). However, in this
work, we believe that the number N might be limited by the
total number of surface sites, thus resulting in a dipole with

Figure 6. Evolution of the total interacting force and the vdW force between two 3 nm TiO2 nanoparticles during the approaching process (a) with
an initial temperature of 273 K and (b) with an initial temperature of 1673 K.

Figure 7. Time-averaged dipole moments as a function of the surface
area of nanoparticles at a temperature of 273 K.
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surface area (∼R2) dependence. It is worth noting that we expect
this surface area dipole dependence to be valid only for our
specific nanometer-size range, with a turning point in the trend,
as larger particles (e.g., those of micrometer size) can possess
increasing sphericity with more available surface sites for the
ions, thereby producing more symmetric distributions with ever
smaller dipole moments.

IV. Conclusions

The interaction forces between two anatase TiO2 NPs are
studied using classical MD simulations on the basis of the
Matsui-Akaogi potential. During the approach stage, the
Coulomb dipolar force between two 3 nm cooriented NPs is
almost always attractive, being several orders of magnitudes
larger than the vdW force for large X12 but dropping below the
vdW force at X12 ) 4.0 nm. The Hamaker approximation
predicts the vdW forces, as compared to MD, by an error of
less than 30% for X12 > 4.0 nm. The dipole-dipole approxima-
tion for the Coulomb force is nearly the same as that found in
the MD simulations for X12 > 6.0 nm. Nevertheless, at a close
range of X12 < 3.2 nm (or D ) 0.2 nm), the two approximations
can have prediction errors of several orders. For the approach
of two 3 nm counteroriented NPs, the dipole-dipole interaction
induces clockwise rotation for both NPs, eventually settling
when the absolute angle between the dipole vector and the
particle center-to-center axis is about perpendicular. During this
process, initial repulsion changes to attraction as the NPs move
toward each other. The permanent dipole of a spherical TiO2

NP can be associated with the asymmetric distribution of both
Ti and O ions at its surface, fluctuating at around 60 D for a 3
nm anatase TiO2 due to the lattice vibration. The NP dipole
moments are found to be approximately proportional to the
surface area of spherically shaped TiO2, that is, the square of
the particle radius (∼R2) for these nanometer-size ranges.
Thermal fluctuations cause the angular direction of the NP dipole
vector to spread more widely. As a result, as the temperature
increases from 273 to 1673 K, the time-averaged dipole
dramatically reduces from 60 to 2.1 D, producing weakened
Coulomb dipolar interactions between two TiO2 NPs at high
temperature. These results have implications on the self-
assembly of functional nanostructures in high-temperature
synthesis processes.
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