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Abstract  Anisotropic growth of gold nanorods is often attributed to the adsorption of surfactant
cetyltrimethyl ammonium bromide (CTAB) bilayer on gold facets. In this work, we performed DFT
(density function theory) calculations to investigate possible binding sites of Br ions on Au(100),
Au(110), and Au(111) facets. The CTAB bilayers on these facets were then constructed, and the
structures of these interdigitated bilayers were studied by using molecular dynamics simulation. In
addition, the dynamic properties of CTAB bilayer were investigated, and the results indicate that the
outer layer exhibits noticeable lateral diffusion and undergoes fluctuation along surface normal. Both
lateral diffusion and surface normal fluctuation of CTAB bilayer on Au (111 ) facet are more
profound. The stability of CTAB bilayers on gold surfaces was estimated in terms of the required
energy for dissociation of a CTA™ ion from the outer layer. The stability of CTAB bilayer on Au
(111) is considerably weaker than on Au (100) and Au(110). Higher volatility and weaker
stability may be due to lower packing density of CTAB bilayer on Au(111) facet, and both of them
induce the growth tendency of gold nanoparticles along the (111) direction.
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Surfactants are

synthesis™” | stabilization'

!, and crystallization

of colloidal nanoparticles including gold nanorods.

The adsorbed surfactant molecules can self-assemble

on the surface of gold nanoparticles™® *'**™*! " Such

supported assemblies also play critical roles in

increasing the dispersity and colloid stability of
5

nanoparticles”’. In addition, the surface assemblies

regulate the
of gold

. For example, the surfactant

tailor the surface properties and

biocompatibility and
(5.9, 12, 15]

toxicity
nanoparticles™’
cetyltrimethyl ammonium bromide (CTAB) is demanded

751611 The supported

for the synthesis of gold nanorods
CTAB self-assemblies act as the protecting agent,
and are involved in the formation of rod-like structure,
serving as the structure-directing agent'® " '® 2/
Because of its unique optical properties, gold
nanorods inspire a variety of biomedical applications
[5, 11,2021, 23-24] . Ol'l the

other hand, gold nanorods disturb the structure of
[15, 2526

including sensing and imaging

cellular membrane and induce apoptosis
CTAB

molecules are highly related to the cytotoxicity of
[15,2529]

Many evidences suggest that surfactant
gold nanorods

In the light of the importance of supported
CTAB assembly, there have been many experimental
studies to characterize the structure of CTAB
assembly. According to the results of small angle x-

ray ( SAXS),

transmission election microsocope ( TEM ), the

neutron scattering ( SANS ) and

thickness of surfactant CTAB bilayer is around 3.0
t0 3.9 nm /. On the other hand, the length of

CTAB molecule is about 2.2 nm"*>*'. An uncommon

VOE

TRz EER; 2T FEN

interdigitated bilayer structure was then proposed ™’

Much has been learned about the supported CTAB
bilayer, while the molecular arrangement and the
stability of CTAB bilayer still remain elusive. More
importantly, the studies on the CTAB assemblies on
, (100), (110), and

are desired to understand their structure-
[34]

various gold surfaces, i. e

(111),
directing role and the cytotoxicity of gold
nanorods. Meanwhile, there have been many attempts
to replace CTAB molecules with alkanethiols™' or
phospholipids™ *) to achieve various functionalities
and reduce toxicity. The comparison of the structure
and dynamics properties as well as the stabilities of
CTAB bilayers on different surfaces may be also
helpful in understanding why such replacements tend
to occur at the ends of nanorod, giving rise to “two-
toned” nanorod"®’ (i. e. , the functional groups on
the rod ends are then different from those on the rod
sides ).
capacity to deliver hydrophobic drugs which are
CTAB

, and the corresponding mechanism is

Besides, the gold nanorod exhibits the

concentrated  and within

[17, 26]

sequestered
assembly
also associated with the molecular arrangement of
CTAB molecules.

Molecular dynamics simulations have been
widely used to investigate surfactants self-assembly

[36]

under various conditions e. g. , adsorbed on substrates

or formed at the air/water interface'”’. In this work
we studied the structure and stability of CTAB
bilayer on Au (100), Au(110), and Au(111)
facets by means of density function theory ( DFT)
calculations and molecular dynamics (MD) simulation.

As suggested in experiments of in situ X-ray
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diffraction and STM studies of bromide adsorption on
noble metals, Br ions are chemisorbed on gold

3839
nanorods>**

Accordingly, we performed DFT
calculations to investigate the adsorption sites of Br
ions, and constructed the corresponding CTAB
bilayer. Then the structure and stability of the CTAB
bilayers were studied by using MD simulation.
CTAB bilayer exhibits a unique structure, wherein
two layers interdigitate with each other'"’. The
dynamical behavior of such interdigitated bilayer is
distinct from the lipid bilayer. For example, the
diffusion coefficient of CTAB molecule within outer
layer is three orders of magnitude slower than normal
bilayer. In addition, the stabilities of CTAB bilayers
were estimated by calculating the energies of pulling
a CTAB molecule from outer layer on various gold
surfaces. The CTAB assembly on Au(111) surface
is less stable than on the other two surfaces. The
difference in binding stability of CTAB assemblies on
various gold surfaces is related to the fitting of the
packing of CTAB assemblies to the arrangement of
Weaker binding
stability of the assembly on Au(111) surface may be

binding sites on gold surface.

one reason for directive growth of gold nanorod, and
the assembly is also vulnerable to the replacement

with other molecules.
1 Systems and methods

1.1 Density functional theory ( DFT)
calculations

We performed DFT calculations using the
Dmol3 package in Material Studio, version 4.4,
employing the exchange-correlation functional local
( LDA ) with the PWC

function. All calculations were carried out in spin-

density approximation

unrestricted fashion, which included the DFT-based
relative semi-core pseudo-potential ( DSPP ). The
electronic wave functions were expanded in a double
( DNP)
truncated at a real space cut-off of 4.8 A. 3 x3 x1

numerical plus polarization basis set

k-points samplings in Brillouin zone were used.
Fully relaxed structures were obtained by optimizing
all atomic positions until energy minimized. The

tolerances of energy, gradient, and displacement

convergences were less than 2 x 107° Ha, 0.002
Ha/A, and 0.005 A, respectively.

We constructed the slabs consisting of 5 x5 x
3,5x%x5x%x3, and 4 x8 x4 closely packed Au atoms
to model the Au(100), Au(110), and Au(111)
surfaces, respectively (see Fig. 1). The distance
between repeated slabs is 2.5 nm. For convenience
of the discussion of probable adsorption sites of Br
ions, the sites on the top of gold atom, on the bridge
site of adjacent gold atoms, and on the center of unit
cell of Au(100) and Au(111) facets were denoted
as the atop, bridge, and hollow sites, respectively
(Fig. 1 (¢), 1 (f)). In the case of Au (110)
facets, there are two kinds of bridge sites, i. e. , the
bridge sites across or adjacent to the neighbor Au
atoms (Fig. 1 (i)). Br ion was put on these sites
separately, and the resulting energies (see Table 1)
were compared to investigate the most stable

adsorption site of Br ion.
Table 1 Computed adsorption energies of

single Br ions on gold facets * (keal/mol)

bridge site

cleavage atop hollow -
across the  adjacent the
plane site site . .
neighbor Au neighbor Au
Au(100) o 0 1.38 N/A N/A
Au(110)  8.41 3.81 N/A 0. 09 0
Au(l111)  5.16 0 0.74 N/A N/A

Note: * using relative energy.

Once the most stable adsorption site of single Br
ion was determined, another DFT calculation was
performed to search the stable adsorption site of the
secondary Br ion.

1.2 Molecular dynamics (MD) simulations

The stability of CTAB bilayer on gold surfaces
was subsequently of MD
simulation. The sizes of Au(100), Au(110), and
Au(111) substrates are 6.525 nm X 6. 525 nm x
1. 020 nm, 6. 117 nm x 6. 922 nm x0. 721 nm, and
7.210 nm x 6.494 nm X 1. 177 nm, respectively.

studied by means

According to the DFT calculation results, there are
128, 130, and 120 adsorption sites of Br ion on
these gold surfaces. The Br ions adsorbed on the
gold surfaces were restrained in the MD simulation to
mimic chemisorption. The constructed CTAB bilayers

adsorbed on gold surfaces were solvated in TIP3P
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Fig.1 Illustrations of putative adsorption sites of Br ion on gold facets

water boxes of 6. 525 nm X 6. 525 nm X 11. 34 nm,
6.117 nm x6.922 nm x 11. 85 nm, and 7. 21 nm X
6.494 nm x 11. 70 nm size, respectively. Then the
sodium bromide was added to neutralize the system
and yielded the ionic strength of 0.65 M. Three
initial configurations of CTAB bilayer on Au (100 )
surface with different overlapping extents were first
considered, i.e., sysl, sys2, and sys3 (Fig.Sl1).
The width of the overlapping region was 1.4 (sysl),
0.9 (sys2), and 0.4 nm (sys3), respectively. For
each system, a 2-ns MD simulation was carried out
after energy minimization, and the final structure
was used to decide which system should be chosen in
further investigation. We found that only the CTAB
bilayer with the overlapping region of 1. 4 nm (sysl)
maintained its structure during the simulation.
Secondly, The CTAB bilayers on the other gold

surfaces were also  constructed with  similar
overlapping. We examined the structure of CTAB
bilayer with 1.4 nm overlap on Au(100), Au(110),
and Au(111) surfaces after 5-ns simulation in NVT
ensemble at 298 K for equilibration. Eventually, a 150-
ns simulation was carried out using NPT ensemble at
298 K temperature and 1 bar pressure and the last
60-ns trajectories were used for analysis.

The Lennard-Jones parameters of Au and Br
atoms are r, ,, =2.951 A, &,, =5.29 keal/mol - “*/ |

o, 5 =3.190 A, and g, =0. 09 keal/mol 434 . and

the parameters of CTA " molecule were adapted from
CHARMM22 force field**"".
conditions were applied in three directions. Particle

Mesh Ewald (PME) method'®’ was used to treat

electrostatic interaction. A spherical cutoff of van

Period boundary

der Waals interactions was at 1. 2 nm. A time step of
2 fs was adopted, and the data were collected every
1 ps. All the MD systems were performed on the
NAMD 2. 8 package and then analyzed by VMD'**"/.

2 Results and discussion

2.1 Adsorption of Br ion on gold facets
The computed adsorption energies of single Br
on various sites of gold facets are presented in Table
1. The stability of adsorption on hollow site is
superior to bridge site and atop site on Au(100) and
Au(111) facets. On Au(110) facet, the stability of
adsorption on bridge site adjacent to neighbor Au
atoms is superior to the others. Subsequently, we
investigated the adsorption sites of secondary Br ion
on Au(100) and Au(111) facets by means of DFT
calculations ( see Fig. S2), and calculated the
adsorption energies (in Table S1). For each of the
two facets, the hollow site is the most stable
adsorption site. Accordingly, the unit cell of
adsorbed Br was constructed ( see Fig. 2). The

parameters of the unit cell on Au(100) are a =b =

5.768 A, and the area is 33.270 A’. The
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parameters on Au(111) are a =4.995 A and b =
7.258 A, and the area is 36. 014 A%, Both unit cells /o

are slightly larger than the CTAB head group with
the size of 32 A*"*'. As for the case of Au(110),
we investigated six possible unit cells of adsorbed Br
ions (see Fig. S3), and calculated the adsorption
energies (in Table S2). The parameters of proper
unit cell we selected are a =4. 995 A and b =7. 064
A, and the area is 35.283 A’ also slightly larger
than the CTAB head group. In summary, the
packing densities for CTAB bilayer on Au (100 ),
Au(110), and Au (111) surfaces are 3. 01, 2. 83,
and 2.78 number/nm’, respectively, which is in
line with the experimental observations that there is a
closely packed CTAB bilayer on gold surfaces.
Hence, we were able to construct reasonable MD
simulation models of CTAB bilayer adsorbed on gold
nanorod surfaces.
2.2 Z-axis distributions of CTAB bilayer
The structures of constructed CTAB bilayers
were then relaxed by subsequent MD simulation.
The distance between nitrogen of CTAB in the outer
layer and the gold surface was calculated. In the
cases of Au (111) and Au (110), the distance
quickly changed from 2. 96 to 2. 88 nm (Au(111))
and from 2. 84 to 2. 90 nm (Au(110)) within 5 ns
(see Fig. S4). While the structural relaxation is
on Au (100 ), the
progressively decreased from 3.09 to 3. 02 nm till ¢
=50 ns (see Fig. S4). The configurations of CTAB

bilayers after equilibrium are shown in Fig. 2.

relatively  slow distance

Subsequently, we characterized the structure of
equilibrated CTAB bilayers on three gold surfaces by
calculating the density distributions of nitrogen of
CTA" in outer layer, Br ion, and water (see Fig.3).

In the case of Au(100) surface (see Fig. 3
(a)), there are four palpable peaks along the
distribution density function curve for the head
groups’ nitrogen atoms. The positions of the peaks
are at z=2.65, 2.91, 3.15, and 3. 4 nm. The gap
spacings between adjacent peaks are almost the
same, i.e., Az =0.25 nm, which is roughly equal
to the spacing between carbon atoms which are

bonded to the common third carbon atom in the
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(a) Br,@Au(100)

e
i
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(¢) Br,@Au(111)

(f) CTAB-Au(111) system

The outer layer of bilayer was colored in blue and the inner layer was

colored in green. The Br and Na ions in solution were shown in pink

and light yellow.

Fig.2 Proposed arrangements of adsorbed Br ions on

gold facets (a, b, c¢), and snapshots of CTAB bilayer
on gold surfaces at the equilibrium points (d, e, f)

extended alkane chain. Hence, the outer layer
consists of four sub-layers, denoted as SL1(100),
SI2 (100 ), SL3 (100), and SI4 (100 ),
respectively. There are three peaks along the
distribution curve for Br anions and the major peak
is at z =2.79 nm. Interestingly, these peaks are
located in-between the peaks of CTA ™ head groups.
The Br ions seem to insert between CTA * sub-layers
because of electrostatic attraction. There is a
separated peak along normalized water density profile
at z=2.72 nm. It implies that some water molecules
are entrapped in the outer layer.

In the case of Au(110) (see Fig.3(b)),
there are five palpable peaks along the distribution
density function curve for nitrogen. The positions of
the peaks are at z =2.63, 2.73, 2.90, 3.00, and
3. 12 nm, and we denote the respective sub-layers as
SL1(110), SI2(110), SL3(110), SI4(110),
and SL5 ( 110 ),
corresponding to SL1 (110) and SI4 (110) are

much higher than the others. There is only one peak

respectively.  The peaks

along the density profile of Br ions at z =2.79 nm,
i. e., at the interval between SL1 (110) and SI4
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Fig.3 Number density profiles of N of CTA*

and Br~ and normalized water density profiles

(110).

normalized water density profile at z=2. 60 nm.

Also, there is a separated peak along

In Fig. 3(c¢), we note that there are also five
palpable peaks along the distribution density function
curve for nitrogen on the Au (111) surface. The
positions of the peaks are at z=2.64, 2.74, 2.90,
3.01, and 3.12 nm.
share the same positions as the CTAB bilayer on Au

Interestingly, these peaks

(110) surface. Similarly, we denoted the respective
sub-layers as SL1 (111), SL2(111), SL3(111),
SIA(111), and SL5(111). The density distribution
of Br ions also shows only one dominant peak at z =

2.79 nm. There is a separated peak along normalized

water density profile at z =2. 60 nm. According to
the water distribution, the hydrophobic region of
CTAB bilayer on these gold surfaces is around 2.5
nm, which is very close to the experimentally
observed thickness of 2.4 nm for the hydrophobic
regionw’ S

The thickness of the CTAB bilayer was
estimated by calculating the distance from the gold
surface to the position of the outermost sub-layer, i.
e., SL3 (100), SI4 (110), or SI4 (111).
Accordingly, the thicknesses of CTAB bilayer on the
Au(100), Au(110), and Au(111) surfaces are
3.15, 3.00, and 3.01 nm, respectively. The
estimated values of thickness are also consistent with
which

thickness range between 3.0 and 3.9 nm.

the experimental results suggested  the

As for the inner layer, the average distances
between the nitrogen of CTA™ head groups and gold
surfaces are 0. 362 nm ( Au(100) ), 0.330 nm ( Au
(110) ), and 0.359 nm (Au(111)), respectively.
The results suggest that the CTA ™ head groups are in
direct contact with the gold surfaces via the gap
betwen the bromide ions, rather than adsorbing over
the adsorbed Br ions.
2.3 Lateral diffusion coefficients of CTA "
ions

We studied the lateral diffusion behavior of
interdigitated CTAB bilayer.

electrostatic attraction between CTA ™ inner layer and

Because of the

the chemisorbed Br ions, the lateral diffusion of
CTAB bilayer is mainly attributed to its outer layer.
The diffusion coefficients were calculated by mean
( MSD ) method. The
calculation was based on last 60-ns trajectories. The
MSDs of nitrogen of CTA™ head groups on Au
(100), Au(110), and Au (111 ) surfaces are
shown in Fig. 4(a). The lateral diffusion of CTA "

molecules in the outer layer is very slow and the

square  displacement

spontaneous fluctuation induces the deviation of MSD
from linearity in the region of ¢ between 0 and 4 ns.
Consequently, the lateral diffusion coefficients were
obtained by using a least squares fit to the MSDs
from t =4 to 10 ns
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where r(t) is the position of nitrogen at time ¢. The  osl //_/N’/’\N/\
diffusion coefficients of CTAB bilayer on Au(100) é
Au(110), and Au(111) are 1.94 x 107, 1.97 x =0
107", and 4.01 x 107" em’/s, respectively. The 067
diffusion coefficient of the bilayer on Au (111) is 05
about 2 times faster than the counterparts on the 0 2 i - 6 8 10
other gold surfaces. The diffusion of CTAB bilayer is 020 (@) M§Ds of 'C'l‘AB f)uterlalyer on Ty-lilaﬂ'e
much slower than the free standing bilayer (e. g. , e
POPC or DPPC), whose diffusion coefficients are 0.154 _ﬁzﬁim 4
between 0. 8 x 107 and 1.6 x 10 7 em”/s'™'. The g
poor fluidity of the CTAB bilayer should result in _50.10-
longer survival time of the vacancies in the bilayer s
and facilitate the adsorption of hydrophobic \
molecules ' 04— : : , ‘g . :
3 =2 -1 0 1 2 3

2.4 Fluctuations of outer layer in z-axis

In addition, we studied the fluctuation of the
CTA " along the surface normal. We calculated the
distribution of z-position of each CTA ™ head group
the

distributions are shown in Fig. S5. Moreover, the

in outer layer.  Several representative

distributions of every CTA® head group were
averaged to obtain the probability distribution of the
whole layer (see Fig. 4 (b)). The probability
distribution is close to the normal distribution. The
full width at half maximum ( FWHM ) of the
distribution was calculated and used to characterize
the amplitude of the fluctuation along the surface
normal. The FWHM of CTAB bilayers on Au(100) ,
Au(110), and Au (111) are 0.44, 0.53, and
0.67 A, respectively. Hence, the CTAB bilayer on
Au(111) surface undergoes larger fluctuation than
that on the other surfaces.
2.5 Average dissociation energy

We estimated the stability of CTAB bilayers by
calculating the energy required for dissociation of a
CTA" molecule from the adsorbed bilayer. More
specifically, steered molecular dynamics ( SMD )
simulations were performed for dissociation of a
single CTA ™ molecule from the outer layer, and the
As

above, there are several sub-layers in the outer

corresponding work was calculated. shown

layer. The CTA™ molecules in all the primary sub-

fluctuation range of nitrogen Az/A
(b) fluctuations of CTAB outer layer along surface normal

Fig. 4 Dynamical properties of CTAB bilayer

layers were chosen. The dissociation energy profiles
with the pulling velocity of 0.5 nm/ns were
calculated (Fig. S6). For the CTAB bilayers on all
three gold surfaces, the dissociation energy of the
outmost sub-layer is considerably smaller than that of
In other word, the CTA”

molecule in the outmost sub-layer is more incline to

the other sub-layers.

dissociate. Hence, the dissociation energy of CTA "
molecules in these sub-layers (i.e., SL3(100),
SIA(110), SIA(111)) was adopted to evaluate the
stability of CTAB bilayer.

CTA" molecules were selected and the average

For each system, six

dissociation energies with four different pulling
velocities, i.e., 0.5, 1.0, 2.0, and 4.0 nm/ns
were calculated separately.

As shown in Fig. 5, the relative stability order
of CTAB bilayer on these gold surfaces is presented
as follows (100) > (110) > (111). For example,
the dissociation energies of CTA * molecules with the
pulling velocity of 0.5 nm/ns are 34.8 kcal/mol
(Au(100)), 32.3 kcal/mol (Au (110)), and
28. 8 kcal/mol (Au(111)). The results are in good
agreement with the experimental observation that
CTAB tends to adsorb on the (100) or (110)
surface rather than the (111) surface' >,
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Fig.5 Dissociation energy of CTAB bilayer

2.6 Angle distribution functions

As shown above, the stability of CTAB bilayer
on Au (111) is considerably weaker than on Au
(110 ) even though their arrangements are quite
similar. To further study the mechanism of their
stabilities, we investigated the orientations of CTA "
molecules by calculating the angle § between CTA ™
and surface normal. The probability distributions of
CTA " orientation in the inner and outer layers are
shown in Fig. 6. In the case of Au (110), the
average 0 values for both layers are 2.1°, and
CTA® molecules in both
perpendicular to the gold surface. As for the CTAB

layers are well

bilayer on Au (111), the average 6 value of the
outer layer is 2. 0°, and it is parallel to the surface
normal. However, the average 0 value for the inner
layer is up to 5.0°, which suggests that the CTA "
molecules adopt more tilting orientation. The CTA "
molecules in two layers are no longer parallel to each
other. Hence, the weaker stability of CTAB bilayer
on Au(111) is due to the fact that two CTAB layers

are not well aligned.

3 Conclusion

In this study, we first investigated possible
arrangements of adsorption sites of bromide ion on
Au(100), Au (110), and Au (111) facets by
performing  DFT

molecular dynamics simulations of CTAB bilayers on

calculations.  Subsequently,
the three gold surfaces were performed. We showed
a novel interdigitated bilayer formed on gold surface.
The thickness of bilayer, as the distance between

periphery sub-layer and gold surface, was estimated,

0.045 = . .

- I, i e
0.040 i & — Au(100)
i) T b —Au(110) ]

\ Au(111)

0.030

4
0/(%)
The solid line and dash line represented outer layer and inner
layer of the CTAB bilayer, respectively.
Fig.6 Angle distributions of the CTA* ions

and the hydrophobic region of CTAB bilayer was
defined as the region in the absence of water. The
estimated values for the thickness of both bilayers
and the hydrophobic region are in agreement with the
employed MSD
method to obtain the diffusion coefficient of the
CTAB bilayer. The diffusion within such interdigitated
bilayer is much slower than that in normal bilayers.
The diffusion within CTAB bilayer on Au ( 111)

surface is relatively faster than that on the other

experimental results. We also

surfaces. Besides, the fluctuation along surface

normal is more considerable on Au(111) surface.
In addition, the stability of CTAB bilayers was
estimated in terms of the dissociation energy of single
CTA ™ molecule. Similarly, the stability of CTAB
bilayers on Au(111) is considerably lower than that
on the other two surfaces. The differences in stability
of CTAB bilayer on different gold surfaces should
contribute to the anisotropic growth of the gold

nanorod along the (111) direction.
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Shape-controlled

simple chemistry meets

sys3

At ¢t=0 (on top) and ¢ =2ns (on bottom). The Br~ and Na™* ions are shown in pink and yellow, respectively.

Fig. S1 Configurations of three constructed model of CTAB bilayers on (100) surfaces
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Fig. S2 Possible adsorption sites of secondary Br ion on Au (100) and Au (111) facets
Table S1 Computed energies of adsorption of two Br ions on (100) and (111) facets® (keal/mol)
Type
w 1 2 3 4 5 6 7 8
Facet
Au (100) 0. 81 1. 15 1.16 1. 10 0 0.99 7.38 0.02
Au (111) 0 0.62 0.42 1.01 0.09 0.32 4.41 ©
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Fig. S3  Six possible unit cells of adsorbed Br ions on Au (110) facet
Table S2 Computed energies of the possible unit cells of adsorbed Br ions on (110) facet® (kcal/mol)
Mode 1 I | v v A\
Energy” 781. 38 778.71 o 0 773.13 659. 65

Note: * using relative energy.
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Fig. S4 Evolution of thickness of CTAB bilayer on gold surfaces
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Fig. S5 Distributions of the fluctution along surface normal
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Fig. S6 Dissociation work of CTA * ion in different primary CTAB outer sub-layer



