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Nanoparticle Interactions Guided by Shape-Dependent

Hydrophobic Forces

Shu Fen Tan, Sanoj Raj, Geeta Bisht, Harshini V. Annadata, Christian A. Nijhuis,

Petr Krdl, and Utkur Mirsaidov*

Self-assembly of solvated nanoparticles (NPs) is governed by numerous
competing interactions. However, relatively little is known about the time-
dependent mechanisms through which these interactions enable and guide the
nanoparticle self-assembly process. Here, using in situ transmission electron
microscopy imaging combined with atomistic modeling, it is shown that the
forces governing the self-assembly of hydrophobic nanoparticles change with
the nanoparticle shapes. By comparing how gold nanospheres, nanocubes,
nanorods, and nanobipyramids assemble, it is shown that the strength of the
hydrophobic interactions depends on the overlap of the hydrophobic regions of
the interacting nanoparticle surfaces determined by the nanoparticle shapes.
Specifically, this study reveals that, in contrast to spherical nanoparticles, where
van der Waals forces play an important role, hydrophobic interactions can be
more relevant for nanocubes with flat side faces, where an oriented attachment
between the nanocubes is promoted by these interactions. The attachment of
nanocubes is observed to proceed in two distinct pathways: nanocubes either:
(i) prealign their faces before the attachment, or (ii) first connect through a
misaligned (edge-to-edge) attachment, followed by a postattachment alignment
of their faces. These results have important implications for understanding the
interaction dynamics of NPs and provide the framework for the design of future
self-assembled nanomaterials.

tions, where individual NPs, their ligands,
and solvents interact, the challenge is
to identify the dominant forces driving
the NP binding dynamics that deter-
mine the time-dependence and overall
outcome of the self-assembly process.!'!
The NP self-assembly is driven and con-
trolled by many competing attractive and
repulsive interactions that act between the
NPs, which include van der Waals (vdW)
attraction, electrostatic interaction, steric
repulsion, solvation forces, such as hydro-
phobic force, and others.''"1*l During
the self-assembly processes, attractive
interactions such as vdW (between the
metallic cores of NPs) and hydrophobic
(between the ligated NP surfaces) forces
are responsible for bringing NPs together
and stabilizing them against interparticle
repulsions.[141%]

In aqueous solutions, hydrophobic inter-
actions between NPs (with hydrophobic
surfaces) arise because the hydrogen
bonding network between water molecules
around the surface of each hydrophobic
NP is interrupted, leading to an increase

Spontaneous bottom-up self-organization of nanoscale objects
in a solution, such as biological molecules,'*] inorganic, and
organic nanoparticles (NPs)*-l into various desired architectures
is pivotal for their potential applications in catalysis,"! sensing,®l
optoelectronics,”’ and biomedicine.' Since NP self-assembly in
solution is governed by the competition between various interac-

in the energy of these interfacial water molecules surrounding
the NPs, which gives rise to an attractive force that drives the
NP selfassembly.'7l In general, hydrophobic interactions
between the NPs depend on their surface properties, sizes, and
shapes.['*1819 During chemical synthesis, NPs are often capped
with surfactant ligands to control their sizes and shapes.?"!
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Moreover, NPs can be further postsynthesis functionalized with
various ligands to induce their specific interactions in order to
direct their self-assembly.?'?% For example, tuning the hydro-
phobicity of nano-¥l and microparticles?®! with ligands helps to
control and tailor the morphology of their colloidal assemblies.

Our current understanding of how solvent-mediated
dynamic interactions drive the NP self-assembly is limited
by the lack of experimental methods that allow a direct time-
dependent nanoscale probing of interacting NPs in solution.
Methods based on small angle X-ray scattering,?’] UV-vis spec-
troscopy,?® and optical imaging®” produced much insightful
information about the dynamics of NP self-assembly in solu-
tion. However, these are bulk methods, which lack the reso-
lution needed to describe the interactions between individual
NPs at different stages of the self-assembly process.

Recent advances in in situ liquid cell transmission electron
microscopy (TEM)B%32 enable probing the interactions between
NPs and their self-assembly by direct nanoscale imaging of
their real-time dynamics in thin liquid films.3*3% This direct
imaging approach has made it possible to explore how elec-
trostatic,>=7) magnetic,¥ van der Waals,}**% molecular,*#2
capillary,***4 and hydration forces!**% between the NPs affect
their time-dependent self-assembly.

www.advmat.de

Here, we extend this unique imaging approach to examine
how shape-dependent attractive hydrophobic and vdW inter-
actions, and repulsive electrostatic forces guide the NP self-
assembly in water. We modified the NP surfaces by capping them
with either a monolayer or a bilayer of cetyltrimethylammonium
bromide (CTAB), an amphiphilic surfactant, by simply
tuning the CTAB concentration in the solution (Section S1,
Supporting Information). CTAB was chosen because it is the most
commonly used cationic surfactant for NP synthesis.[2%-21:47->2]
Using cuboidal gold NPs capped with a monolayer of CTA*,
we show that hydrophobic interactions between the nanocubes
(NCs) are directional, which promote their aligned face-to-face
attachment, and dominate over the vdW attraction and electro-
static repulsion. We find that the strength of different attrac-
tive interactions between the NPs capped with CTA* mono-
layers depends on the NP shape. The attractive hydrophobic
forces between two NCs are greater than those between a pair
of nanospheres (NSs), nanobypiramids (NBPs), and nanorods
(NRs) of similar sizes.

Figure 1A shows an example of the attachment of two
gold NCs, each capped with a CTA* monolayer, into an NC-
dimer. The two gold NCs first approach each other via a trans-
lational and rotational motion, before undergoing a rapid

B 0.00s

456s

Figure 1. Pairwise interaction of CTA*-capped gold nanocubes in an aqueous solution. A) A time series of TEM images and a schematic showing an
aligned face-to-face attachment of two gold NCs capped with CTA* monolayer (Video S1, Supporting Information). A sequence of TEM images showing
the attachment between three NCs into: B) an L-shaped (Video S2, Supporting Information) and C) linear NC-trimers (Video S3, Supporting Informa-
tion). In both cases, all three NCs undergo the face-to-face attachment. D) TEM time-series images display the assembly of a small NC array from: 1)
one NC-trimer and I1,11l) two NC-dimer blocks (Video S4, Supporting Information).
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face-to-face attachment. Similarly, in the case of three NCs,
we found that the NC-trimers are formed with all their faces
perfectly aligned with one another (Figure 1B,C). Furthermore,
the attachment between small assembly blocks consisting of
several NCs can result in larger aligned assemblies. Figure 1D
shows the formation of small seven NC assembly via aligned
attachment of two dimers and one trimer. In all face-to-face
attachment events, we found that the postattachment spacing
between the NC faces was =1-2 nm (Section S2, Supporting
Information), suggesting that the surfactant monolayers
of the NCs are interdigitated and compressed upon attach-
ment (see molecular dynamics (MD) simulations, Videos S7
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and S8, Supporting Information) (the linear length of a fully
stretched CTAB molecule is =2.2 nm®3)).

Detailed examination of the attachment events reveals two
distinct pathways through which NCs undergo aligned face-to-
face attachments. Figure 2A shows the first pathway where two
gold NCs move toward each other through rotational and trans-
lational movements, during which they prealign their faces, and
finally attach in a face-to-face configuration. Figure 2B shows the
second alternative attachment pathway where two gold NCs first
attach through their edges and then rotate toward each other
into a final aligned face-to-face configuration (for details of rota-
tion dynamics see Section S3, Supporting Information). Our
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Figure 2. Face-to-face attachment of NCs in an aqueous solution. Schematics and TEM time series images showing the face-to-face attachment of
two gold NCs via two pathways: A) prealigned attachment (Video S5, Supporting Information) and B) postattachment alignment of NCs (Video S6,
Supporting Information). Molecular dynamics simulations showing two gold NCs (with a 5.3 nm side-length) capped with a monolayer of CTA*
undergoing: C) the prealigned attachment (Video S7, Supporting Information) and D) postattachment alignment (Video S8, Supporting Information).
In MD simulations, gold atoms, Br~ counterions and cationic surfactants (CTAY) are represented by orange, red, and blue colors, respectively. Water
molecules are omitted for clarity. The number of H-bonds per water (red) molecule and normalized water density (blue) as a function of distance from
ligands for: E) a monolayer and F) a bilayer CTA*, capping the surface of gold NPs.
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Figure 3. Interaction dynamics between NPs with different shapes. The pairwise interaction between CTA*-capped nanorods, nanobipyramids, nano-
spheres, and nanocubes results either in: A) a permanent attachment or B) a transient attachment followed by a detachment. C) The frequency of the
permanent attachments (red) and postattachment detachments (green) between the NPs. The ranking of the likelihood for the permanent attachments
following the pairwise contact between the NPs is NC > NS > NBP > NR. Note that, detachment of NCs is a rare event, which was observed only for
NCs contacting edge-to-edge or edge-to-face. The total number of permanent and transient attachment events for NRs, NBPs, NSs, and NCs are 102,
97,91, and 56, respectively. D) The MD simulations of pairwise attachment of NSs (left) (Video S9, Supporting Information) and NCs (right) (Video S7,

Supporting Information). The overlap of CTA* is greater for the attached NCs than for the NSs.

analysis of all the aligned attachment events revealed that the
prealigned attachment pathway (Figure 2A) is three times more
likely than the postattachment alignment pathway (Figure 2B)
(Section S5, Supporting Information), suggesting that the
interactions between the NCs are directional, where the face-
to-face attraction is preferred. Occasionally, we also found that
NCs may form assemblies with misaligned NCs when the NCs
attach through their edges and fail to rotate into the aligned
face-to-face configuration. This permanent misaligned attach-
ment is most likely caused by gold-gold bonding between the
NCs (Section S4, Supporting Information).

To understand the origin of the interactions between the
NCs and their attachment dynamics, we modeled a system of
two NCs capped with CTA* monolayer in water in the presence
of Br~ counterions using atomistic molecular dynamics simula-
tions (Figure 2C). The Br~ counterions partially neutralize the
276 CTA" ions in the monolayer, but the MD simulations still
give a net equilibrium charge of approximately +40e for each NC,
which corresponds to 236 Br~ ions connected to the NC. Despite
a large electrostatic repulsion, these two NCs experience a sig-
nificant attraction leading to their face-to-face attachment. This
strong net attraction between the NCs cannot be accounted only
by a gold—gold vdW force acting between their gold cores, since
the CTA*-capped NCs carry significant charge (Section S6, Sup-
porting Information), and the energy barrier associated with the

Adv. Mater. 2018, 30, 1707077
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electrostatic repulsion between the NCs is rather large (Section S7,
Supporting Information). In fact, when the simulations are
repeated with the gold—gold vdW force set to 0, the NCs still
undergo a pairwise attachment (Section S9, Supporting Infor-
mation), which suggest that hydrophobic forces dominate
during the assembly. Through simulations, we also validated
the second attachment pathway. When the NCs were placed
apart at an angle, they first undergo an edge-to-edge attach-
ment, followed by their rotation into a face-to-face attachment
configuration (Figure 2D). These experimental observations
and simulations suggest that the hydrophobic interaction
between the NC ligands may have a significant contribution to
the attractive force, which leads to their attachment.

We assessed the hydrophobic coupling between the NC
ligands by examining the water density and an average
number of hydrogen bonds (H-bonds) per water molecule as a
function of distance from the spherical NP ligands. Figure 2E
shows that the there is an =2 A gap between the ligand and
the first water layer, consistent with neutron®* and X-ray!>>->°
reflectivity measurements. The water density at the first water
layer located 2.8 A away from the CTA* ligands is higher than
the density of the bulk water (Section S10, Supporting Infor-
mation). Moreover, the water molecules in the first water
layer participate on average in =3 H-bonds, which is =15%
less than =3.5 H-bonds for bulk water. In the second water

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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layer at 5.6 A away from the ligands, the increase in water
density and decrease in the number of H-bonds is negligible,
and its contribution to the overall interaction energy should
be less.

The increased water density and the loss of H-bonds in the
first water monolayer surrounding the NCs cause the reduction
in entropy and increase in the energy of water molecules at the
ligand-water interface. The increase in free energy associated
with this change in the entropy and interfacial energy (surface
tension) generates attractive hydrophobic force acting between
the NCs because the NC-NC attachment lowers the free energy
of the system by eliminating a fraction of NCs” hydrophobic sur-
face exposed to water (i.e., ligand—water interface). Note that for
NCs capped with a CTA* bilayer (in the presence of 20 x 1073 m
CTAB in solution (Section S1, Supporting Information)), a
similar reduction in the number of H-bonds within the first
water monolayer occurs (Figure 2F). However, owing to a much
stronger electrostatic repulsion associated with the doubling of
the CTA* amount on the NP surfaces (Sections S6 and S9, Sup-
porting Information), these bilayer-capped NPs repel strongly
and do not come into contact (Section S8, Supporting Infor-
mation). This lack of contact and attachment between the NPs
is consistent with our MD simulations showing a significant
repulsion between the bilayer-capped NPs (Figure S12, Sup-
porting Information).

The preferential face-to-face attachment of NCs suggests that
their cubic shape influences their pairwise hydrophobic attrac-
tion. To test how the shape of NPs, in general, affects their
attraction and subsequent attachment, we also monitored the
attachment of CTA*-capped nanospheres, nanobipyramids, and
nanorods. When the CTAB concentration is <1 X 1073 m, and
the NPs are capped with a monolayer of CTA* (Section S1, Sup-
porting Information), NPs can attach in a solution (Figure 3A,B),
but the attachments between the NPs of these shapes are
weaker than the attachment between the NCs, and the once
attached NPs can often detach. Figure 3C displays the frequency
of permanent attachments and postattachment detachments
(i.e., transient attachments). Overall, the NCs are most likely to
attach permanently (=84% of the cases), followed by the NSs

A 0.00s 6.60 s
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(=52%) and NBPs (=22%), whereas the attachment between
the NRs is the weakest, i.e., they detach easily (only =11%
of the NR-NR attachments are permanent attachments). In
addition, NRs and NBPs often come into contact with their
tips first because the energy barrier associated with their
electrostatic repulsion is the least in the tip-to-tip configuration.!l
However, the attachments between NBPs, which often occurs
between their flat sides, as they slide sideways (Figure 3A,B),
result in a permanent attachments more frequently than in
the case of NRs (Figure 3C). To further confirm that similar
shape-dependent trend in attachment strength persists for hydro-
phobic NPs capped with different hydrophobic ligand molecules,
we tested the attachment dynamics between the gold NSs and
between the gold NCs, both capped with thiolated-polyethylene
glycol (Section S11, Supporting Information). Again, consistent
with our CTA*-capped NPs, NSs were less likely to form per-
manent attachments than the NCs (=67% vs =100%). Based on
the NP shapes and sizes (Figure 3), our results suggest that the
attachments with larger and larger relative surfaces result in
the gradual increase in the relevance of the hydrophobic inter-
actions in a sequence of NRs < NBPs < NSs < NCs.

The observed dependence of the attachment strength on the
shape of NPs can be better explained by visualizing the overlap
of CTA" monolayers between the two interacting NPs. MD sim-
ulations in Figure 3D show a comparison between the attached
NC-pair and NS-pair. The overlap of CTA* ligands depends on
the shape and the size of NPs. Here, this overlapping hydro-
phobic region is larger for the NCs than for the NSs because
the flat surfaces of {100} gold planes (i.e., side faces of the NCs)
with a strong CTA* binding affinity have more overlapping
CTA* ligands when NPs come into a contact. Therefore, the net
strength of the associated ligand-mediated hydrophobic binding
is stronger for the NCs than for the NSs. Furthermore, when
the vdW interaction between the NSs was set to 0 in our MD
simulations, the NSs did not assemble, unlike in the case of the
NCs; attachment between the NSs was possible only in the pres-
ence of both the hydrophobic and vdW attractions (Section S9,
Supporting Information). This result highlights the impor-
tance of the vdW forces when other attractive interactions—in

740s C 120+
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Figure 4. Long-range attractive interactions between the CTA*-capped NPs. A,B) A time series of TEM images showing the pairwise attachment of
two CTA*-capped gold NCs (A) and NSs (B). C) Center-to-center separation between four gold NC pairs (red curves) and four gold NSs (black curves)
similar to those shown in (A,B). Here, t, is the time point when the NP—NP attachments take place.
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this case, hydrophobic interactions—are weak. Thus, here the
shape of NPs can affect the type of the forces that drive their
self-assembly. In general, since hydrophobic (overlapping
hydrophobic regions) and vdW attractions also depend on NP
size, both the NP size and shape determine the dominant
forces responsible for NP self-assembly.

Finally, by analyzing the trajectories of interacting NPs, we
found that in most attachment events the NPs jumped into
contact when the separations between their surfaces were
20-100 nm (Figure 4). From the earlier studies, we expect that
both vdW and hydrophobic interactions between the macro-
scopic surfaces to be short-range (i.e., attraction range for both
of them is 520 nm).['®57] Moreover, in those studies, long-range
attractive interactions between the macroscopic surfaces were
attributed to other effects, indirectly associated with surface
hydrophobicity, such as a formation of bridging air nanobubbles
between hydrophobic surfaces.'”l The bridging nanobubbles
were not observed in our attachment events. While our pre-
sent observations alone do not allow us to directly discriminate
between the vdW, hydrophobic, or other possible attractions at
large separations, they suggest that the net interaction at large
distances, albeit expectedly weak, is attractive and sufficient to
drive the NPs into contact.

We anticipate our observations to be common to hydro-
phobic interactions in many nanoscopic systems. Moreover,
since the size of NPs are comparable to the size of large protein
complexes, these observations can stimulate studies that are
important in understanding the biological processes, such as
protein folding, site-specific docking, and assembly of biomole-
cules. In general, the ability to monitor self-assembly pathways
of NPs can impact the synthesis of new materials, bottom-up
nanofabrication, and structural biology.

Experimental Section

Sample Preparation: The following reagents were used to synthesize
the gold NCs: gold(lll) chloride trihydrate (HAuCly-3H,0, Cat.
No. 520918, Sigma-Aldrich Co., St Louis, MO, USA), sodium
borohydride (NaBH,, Cat. No. 213462, Sigma-Aldrich Co., St Louis, MO,
USA), cetyltrimethylammonium bromide (Cat. No. 52370, Sigma-Aldrich
Co., St Louis, MO, USA), copper sulfate (CuSO,, Cat. No. 451657,
Sigma-Aldrich Co., St Louis, MO, USA), and L-ascorbic acid (Cat.
No. A5960, Sigma-Aldrich Co., St Louis, MO, USA). The gold NCs
with {100} face facets were synthesized using the protocol developed
by Sun et al.® First, a gold seed solution was prepared by reducing
6.25 mL of 1 x 103 m HAuCl,-3H,0 with 150 uL of 100 x 1073 m
ice-cold aqueous solution of NaBH, in the presence of 18.75 mL of
100 x 10 m aqueous solution of CTAB, and the reaction mixture
was left undisturbed for 4 h. Next, the growth solution was prepared
by adding 5 mL of 2 x 103 m HAuCl,;-3H,0 aqueous solution
into a 20 mL of 20 x 10 m aqueous CTAB solution. Then, into
this solution, 50 uL of 10 x 107> m CuSO, aqueous solution, 3 mL
of 100 x 1073 m L-ascorbic acid, and 5 pL of gold seed solution were
added sequentially. The solution was gently mixed by inversion of the
test tube after the addition of each component. These synthesized
NCs had a mean edge length of 24 £ 2 nm as measured from the TEM
images. To test the effect of NP shape on the hydrophobic force, an
ageous suspension of CTA*-stabilized gold NRs (Cat. No. NR-10-750-50,
Nanoseedz Ltd., Shatin, N.T., Hong Kong), CTA*-stabilized gold NBPs
(Cat. No. NBP-20-700-20, Nanoseedz Ltd., Shatin, N.T., Hong Kong),
and CTA*-stabilized gold NSs (Cat. No. NS-20-50, Nanoseedz Ltd.,
Shatin, N.T., Hong Kong) were also used.
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Experimental Procedures: A 300 pL solution of the gold NPs was loaded
into a 1.5 mL centrifuge tube and centrifuged twice at 10 000 rpm for 5 min
and redispersed in deionized water to minimize the background CTAB
concentration (<1 x 107 m). The final working concentrations of each
NP solution were as follows: =3 x 10" NCs mL™", =4 x 10'2 NRs mL™,
=4 x 10'2 NSs mL™', and =1 x 10'® NBPs mL™". For liquid cell
experiments, =500 nL of the resulting solution was loaded into a custom
microfabricated liquid cell,*? which is comprised of two ultrathin (=20 nm)
electron translucent SiN, membranes separated by =200 nm thick
spacer. Before loading the solution, these liquid cells were treated with
oxygen plasma to make their SiN, membrane surfaces hydrophilic. A
Liquid Flow holder (Hummingbird Scientific, Lacy, WA, USA) and a JEOL
2010FEG TEM (JEOL Ltd, Akishima, Tokyo, Japan) operated at 200 kV
for in situ TEM imaging with low electron flux ranging from 10 to
20 e (A% s)™! were used. TEM image series were acquired at a rate of
25 and 10 frames per second with an OneView CCD camera (Gatan,
Inc., Pleasanton, CA, USA). The assembly of NPs was followed in real-
time by observing NPs found in a 30 um x 200 um window of the TEM
liquid cell. The movies were recorded when the visible movements of the
gold NPs (t =0 s) were first observed.

Molecular Dynamics Simulations: CTA*-capped gold NCs and NSs were
modeled using atomistic molecular dynamics simulations. Each gold
NC had a 5.3 nm side length and was covered by 276 and 552 charged
CTA* molecules in the case of a monolayer and bilayer, respectively. To
study the intermediate case between the monolayer and bilayer CTA*-
capped gold NCs, another system was modeled in which 276 charged
CTA* molecules form the first layer, while additional 70 charged
CTA* molecules contribute to the partial formation of a second layer
(Section S9, Supporting Information).’® Each gold NS had a 5.3 nm
diameter and was covered by 142 and 284 charged CTA™ molecules in
the case of a monolayer and a bilayer, respectively. Two CTA*-capped gold
NCs and NSs were simulated in water within a 34 x 22 x 22 nm? box,
with an appropriate number of Br~ counterions to neutralize the system.
The MD simulations were performed with the Nanoscale Molecular
Dynamics (NAMD) software packagel® for an isothermal-isobaric (NPT)
ensemble at T = 300 K, using the Langevin dynamics with a damping
constant of Y,y = 0.1 ps™' and a time step of 2 fs.

The CHARMM general force field[®"62 was implemented for the bond,
angle, and dihedral parameters of the ligands and solvent molecules.
The vdW attraction and a steric repulsion, which are part of nonbonding
interactions between the molecules, were described by the Lennard-
Jones (L)) potential with parameters provided by the CHARMM force
field

Uy ()= e[(’mrm)u - z(’n;ﬂ 0

Here the r'2 term describes an atomic repulsion because of
overlapping electron orbitals, the r® term represents the vdW attractive
contribution, rn;, is a distance where U,(r,) has a local minimum,
and € is the (negative) energy at this minimum. The L] potential
implemented in NAMD has a typical cutoff distance of T nm (within
solvent). The electrostatic interaction between charged CTA* molecules,
their Br~ counterions, and other partially charged atoms, which is also
part of nonbonding interactions, has also a cutoff of about 1 nm. The
long-range electrostatic interaction beyond the cutoff distance was
calculated by the particle-mesh Ewald method!®¥] in the presence of
periodic boundary conditions.

The vdW interaction energy between two gold NCs was separately
described by the formulal®

Aa? 1 2 1

Ud=-22_-_—£ 4 L @)
(4)=""2z| 2 (d+a)* (d+2a)

and added to the CHARMM force field. Here, A is the Hamaker constant

for a gold—gold interaction in water (A =3 x 107"° J), a = 5.3 nm is the

side length of the gold NC, and d is the distance between the faces of
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the gold NCs. For simplicity, the above formula was used both for the
parallel and corner alignments of the cubes.

Similarly, in the case of two spherical NPs, the bulk vdW coupling
between the gold cores of the NSs was separately described by the
Hamaker formulal®’]

d
d(1+—)
u(d):—ﬁ R+ ! -+ 2In 4R 3)
2 yed) el 4 Rl1+4 4
4R R™4r? TR aR2

and added to the CHARMM force field. Here, R = 2.65 nm is the radius
of the gold core, and d is the distance between the surfaces of the gold
NSs.

To assess the hydrophobic coupling between NPs, the density of
hydrogen bonds between the water molecules as a function of distance
from the surfaces of NPs was examined. The definition of H-bond used
in the calculations was based on the interaction of the O—H group of a
donor water molecule with the O atom of an acceptor water molecule.
Two water molecules are considered to be H-bonded when the distance
between their oxygen atoms is less than 3.5 A, and the angle between
the vector joining the two oxygen atoms and the O—H bond of the
donor water molecule is less than 30°.[66:67]

The H-bonds between the water molecules around the spherical
gold NPs capped with a monolayer and bilayer of CTA* ligands were
analyzed. The water density and H-bond density were evaluated every
0.2 A as a function of distance from the CTA* ligands. The number of
water molecules and their H-bonds in these shells defined above was
calculated and averaged over 2 ns simulations.

Supporting Information

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