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H
alogen bonding (XB) is a noncova-
lent interaction that has similarities
to hydrogen bonding in terms of

directionality and strength.1�4 XB plays a
significant role as a supramolecular force for
forming molecular-based assemblies and
has been used in crystal engineering, liquid
crystals, solid-state reactions, and separa-
tion of fluoroalkanes.5�26 In addition, XB
might have biomedical importance.27�29

Although there has been much growing
interest in XB, the formation of large hybrid
assemblies on surfaces has not been ex-
plored. The generation of organic com-
pounds capable of XB with inorganic sys-
tems (e.g., nanoparticles and rods, functional
substrate surfaces, and metal clusters) is an
interesting challenge because it might open
up routes to new functional materials. Metal
coordination, antigen�antibody interactions,
hydrogen-bonding, and other weak interac-
tions have already been utilized for construct-
ing inorganic�organic assemblies based on
nanoparticles, some of which exhibit proper-
ties related to sensing.30�32

We have recently introduced a series of
XB donor�acceptor compounds that form
unimolecular XB networks upon crystalliza-
tion from solution (I�VI, Chart 1).22�25 The
packing and the intermolecular interactions
can be controlled by systemically modifying
the molecular structure, leading even to the
formation of helical structures (I).24 The
good thermal stability and the high volati-
lity of these compounds also permitted the
formation of polycrystalline thin films by
chemical vapor deposition on silicon and
quartz substrates functionalized with an
organic monolayer (I, II).25

We recently reported that functionalized
AuNPs having a capping layer consisting of
compound II (Chart 1) interact with a bifunc-
tional XB acceptor (BPEB) in solution to afford
supramolecular assemblies (Scheme 1A).26

The level and morphology of the final

aggregates can be controlled by varying the
reaction time, whereas the degree of colloi-
dal association is a function of the concen-
tration of BPEB. Apparently XB is an
excellent tool for the controlled formation
of hybrid structures in solution; however,
formation of surface-confined structures is
desirable for further utilization and is of
fundamental interest. Various methodolo-
gies have been used to attach NPs onto
substrate surfaces through specific and
selective noncovalent interactions.33�36

These methods often involve chemically
modifying the substrate surface with organ-
ic monolayers to bind and organize the NPs.
We demonstrate here the ability of XB to

drive the stepwise assembly of functiona-
lized AuNPs on organic monolayers. Our
assembly strategy is shown in Scheme 1B.
Two monolayers covalently attached to
silicon and quartz substrates were used to
study the effectiveness of XB in the pre-
sence (M1) and absence (M2) of other
significant electrostatic interactions. Surface-
confined assemblies were formed by alter-
nately immersing the functionalized quartz
and silicon substrates into a solution of
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ABSTRACT In this study halogen bonding (XB) is used as the driving force for the noncovalent

assembly of gold nanoparticles (AuNPs) on silicon and quartz substrates functionalized with organic

monolayers. The AuNPs are functionalized with XB-donor ligands, whereas the monolayers have

pyridine groups as XB-acceptors. The surface-confined systems are formed by iteratively exposing the

monolayers to solutions of organic cross-linkers having 2�4 pyridine groups and functionalized

AuNPs. UV�vis spectroscopy, atomic force microscopy (AFM), and scanning electron microscopy

(SEM) reveal how the structure of the resulting surface-bound assemblies are controlled by (i) the

properties of the monolayers, (ii) the molecular structure and the number of XB binding sites of the

organic cross-linker, and (iii) the number of functionalized AuNP and cross-linker deposition steps.

Moreover, these structures exhibit surface-enhanced Raman scattering and significant changes are

observed in the morphology of some of the surface-bound assemblies upon aging.

KEYWORDS: halogen bonding . nanoparticles . surface-bound assemblies . scanning
electron microscopy . layer-by-layer . self assembly
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AuNP-1 (steps i and iii) and a solution of an organic
cross-linker (BPEB, TPEB, or TPM; step ii). Both BPEB
and TPEB have an essential 2D structure with poten-
tially two and four available sites for XB, whereas TPM
has a tetrahedral (3D) geometry with four active
sites. These cross-linkers are known to control the
physicochemical properties of supramolecular hybrid
structures.32,37�40 The suface-confined XB-based as-
semblies have been characterized by combining op-
tical transmission (UV�vis) and Raman spectroscopy,
semicontact atomic force microscopy (AFM), and scan-
ning electron microscopy (SEM). Large amorphous
spherical aggregates and small crystals became appar-
ent upon increasing the number of deposition steps.
The assemblies undergo significant structural changes
during and after the stepwise deposition of AuNP-1
and one of the cross-linkers (BPEB, TPEB, and TPM).

RESULTS AND DISCUSSION

Formation of Monolayers M1 and M2. Quartz and silicon
substrates functionalized with a p-chlorobenzyl-termi-
natedmonolayer were reacted at elevated temperatures
with dry solutions of (E)-1,2-di(pyridin-4-yl)ethane
or (E)-4-(2-(pyridin-4-yl)vinyl)phenol for several days
under an inert atmosphere to generate monolayers
M1 or M2, respectively (Supporting Information,
Scheme S1). p-Chlorobenzyl and structurally related
interfaces have been reported to react readily with
phenol or pyridine moieties to form ether linkages or
pyridinium salts, respectively.41�46 The new mono-
layers (M1, M2) strongly adhere to the substrate
surfaces, as demonstrated by their insolubility in com-
mon organic solvents during sonication, and their
resistance to removal from the surfaces by transparent
tape and CO2 snow jet cleaning.47 The monolayers
were characterized by AFM, UV�vis spectrometry,
ellipsometry, and X-ray photoelectron spectroscopy
(XPS) measurements (see the Supporting Information
for details). Semicontact AFM measurements revealed
that bothM1 andM2 have a smooth film surfacewith a
root-mean-square surface roughness (Rrms) of
0.15�0.2 nm for scan areas of 1 μm � 1 μm with no
evident grain boundaries (Supporting Information,

Figures S1 and S2). The film thickness derived from
ellipsometric measurements is estimated to be 1.0 nm
(M1) and 1.2 nm (M2). These values are in good
agreement with data reported for structurally related
stilbene-based monolayers.48 XPS measurements of
monolayer M1 grafted on Si(100) revealed a signal at
402.9 eV, indicating the formation of pyridinium
salts.48,49 The XPS measurements of monolayer M2
also showed the presence of pyridinium salts but as a
minor component (<12%). The yield of both surface
functionalization processes was estimated to be
60�70%, as indicated by the presence of unreacted
benzyl-chloride moieties. The yields of these and re-
lated coupling reactions are limited by steric
constraints.49,50 The benzyl halide interfaces consist
of densely packed relatively small molecules and,
therefore, they cannot bind quantitatively larger com-
pounds. The UV�vis spectra of the monolayers exhibit
charge-transfer bands at λ = 323 nm (M1) and λ =
405 nm (M2), which are significantly red-shifted by
about 30 and 75 nm, respectively, in comparison with
the absorption bands of the precursors in solution.
Such large bathochromic shifts are not uncommon and
can be attributed to the coupling reactions and/or a
change in environment.48,49

Formation of AuNP-1 and AuNP-2. The NPs were func-
tionalized with (E)-4 (2,3,5,6-tetrafluoro-4-iodostyryl)-
pyridine-1-oxide (1) and (E)-4-(perfluorostyryl)-pyridine-
1-oxide (2) according to our previously reported
procedure and characterized by UV�vis spectroscopy
and transmission electronmicroscopy (TEM).26AuNP-1
and AuNP-2 are stable under the reaction conditions
used for the formation of the surface-confined assem-
blies (vide infra). UV�vis spectroscopy showed for both
systems a typical surface plasmon band at λmax=
522 nm (THF).26,51 TEM analysis indicated an average
nanoparticle diameter of 5.5 ( 0.6 nm. We have
previously shown that AuNPs functionalized with (E)-
4-(2,4,6-trifluoro-3,5-diiodostyryl)pyridine (Chart 1, II)
slowly aggregate.26 The new AuNP-1 (having only one
ArF�I moiety) is more stable toward aggregation. TEM
images of AuNP-1 aged for 24 h in THF showed
that the particles remain separated (Supporting

Chart 1. Selection of XB Donor�Acceptor Compounds Used for Crystal Engineering, Thin Film Formation, and Assembly of
AuNPs.22�26
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Information, Figure S3). AuNP-2 does not aggregate
for at least several weeks.

Selective Immobilization of AuNP-1 and AuNP-2 on layers M1
and M2. The role of the electrostatic interactions in-
duced by the pyridinium salts versus XB interactions
was revealed by reacting monolayersM1 andM2with
AuNP-1 and AuNP-2. Monolayer M1 or M2 was im-
mersed into a THF solution ofAuNP-1 orAuNP-2 for 30
min (Scheme 1B, step i). Then, the functionalized
substrates were washed and sonicated with THF for 3
min. Tapping mode AFM measurements showed that
the AuNPs of AuNP-1/M1 and AuNP-2/M1 are uni-
formly distributed and have a narrow size distribution
(15�20 nm). The TEM-derived values are smaller (5.5(

0.6 nm). This difference is due to convolution effects by
the AFM tip.52,53 Section analyses of AFM data show
particle heights that are nearly identical to the TEM
values. The SEM measurements show a diameter of
∼6 nm and a surface coverage of 90% for both systems
(Figure 1A�D). The surface-bound assemblies cannot be
removedby repeated rinsingwithTHForby sonicationas
judged by UV�vis spectroscopy and AFM measure-
ments. The formation of AuNP-2/M1 cannot involve
XB. Apparently, the pyridinium salt is the dominant factor
in forming the layers of AuNPswith similarmorphologies
for both systems (AuNP-1, AuNP-2) on monolayerM1.

Interestingly, the AFM and SEM analyses of the
depositions of AuNP-1 and AuNP-2 on monolayer

Scheme 1. (A) The formation of assemblies consisting of functionalized AuNPs and organic cross-linkers (BPEB) in solution.26

(B) Schematic presentation of the stepwise generation of assemblies consisting of functionalized gold nanoparticles (AuNP-1)
and organic cross-linkers (BPEB, TPEB, and TPM) on organicmonolayers (M1, M2). For all data the last deposition step is of the
functionalized AuNPs.
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M2 revealed a lower and different AuNP coverage
(i.e., ∼50% for AuNP-1 and <1% for AuNP-2 by SEM;
Figure 1E,F). AuNP aggregation was not observed. The
AFM-derived roughness (Rrms ≈ 0.18 nm) for the voids
between the AuNPs corresponds to the roughness of the
monolayers (M1 or M2). AuNP-2/M2 cannot involve
XB. Therefore, the significantly higher AuNP coverage
for AuNP-1/M2 versus AuNP-2/M2 illustrates the XB-
driven selectivity (Figure 1E,F). A comparison of AFM
and SEM data is shown in the Supporting Information,
Table S1.

According to observations with these four systems,
the presence of electrostatic interactions caused by the
pyridinium salts can dominate andmask the specificity
induced by XB interactions. However, the importance
of XB becomes apparent when other strong intermo-
lecular interactions are absent. We have previously
shown that the structure of crystalline films formed
by physical vapor deposition (PVD) can be controlled
by XB between organic monolayers and the molecular
components.25

Stepwise Formation of Surface-Bound Assemblies with AuNP-
1 and Cross-Linkers (BPEB, TPEB, TPM) on Organic Monolayers
(M1, M2). Iterative immersion of quartz and silicon
substrates functionalized with monolayers M1 and
M2 in freshly prepared solutions of AuNP-1 and solu-
tions of a cross-linker (BPEB, TPEB, or TPM) resulted in
the formation of six assemblies where the structure is

dependent on the cross-linker used (Scheme 1B, steps
i�iii). All deposition times are 30 min and the functio-
nalized substrates were rinsed with THF between each
step. The progress of the assembly formation is ob-
servable by the naked eye because the color of the
functionalized substrates changes from red (for the
first AuNP-1 deposition step) to purple, and even to
deep blue after 10 AuNP-1 deposition steps.

The assemblies were analyzed by UV�vis spectros-
copy, AFM, and SEM. Ex-situ UV�vis spectroscopy
shows an increased intensity of the plasmon bands
with the number of AuNP deposition steps and shift-
ing of the band maxima and variations in the broad-
ening of these bands (Figure 2). The optical data
indicate that most material was assembled on the
surfaces of monolayer M1 regardless of the cross-
linker used (BPEB, TPEB, TPM; Figure 3). This confirms
the dominant role of the pyridinium salt. The absor-
bance intensity increases versus the number of AuNP-1
depositions steps for the assemblies grown on mono-
layers M1 and M2. The nonlinear increase for some
of the assemblies might indicate incomplete coverage
of AuNPs during the deposition steps and/or reflect
the formation of aggregates. The optical absorp-
tion of the cross-linker (BPEB, TPEB, TPM) is small

Figure 1. Representative (A) AFM (1 μm � 1 μm, Rrms =
0.8 nm) and (B) SEM images of AuNP-1 assembled on silicon
substrates functionalized with monolayer M1. (C) AFM
(1 μm� 1 μm, Rrms = 1.5 nm) and (D) SEM images of AuNP-2
assembled on silicon substrates functionalized with mono-
layer M1. Representative AFM images (1 μm � 1 μm) of (E)
AuNP-1 and (F) AuNP-2 assembled on silicon substrates
functionalized with monolayer M2.

Figure 2. Representative UV�vis absorption spectra of
AuNP-1/TPM assembled on quartz substrates functiona-
lized with monolayer M1 (A) and M2 (B) for 6 AuNP-1
deposition steps.

Figure 3. UV�vis absorption maxima versus the number of
AuNP deposition steps of AuNP-1/BPEB (black), AuNP-1/
TPEB (red), and AuNP-1/TPM (blue) on quartz substrates
functionalized with monolayers M1 (A) and M2 (B).
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in comparison to the optical absorption of the
AuNPs.

Additional structural information was obtained by
measuring the surface-enhanced Raman scattering
(SERS) activity of AuNP-1/BPEB assembled on mono-
layer M1 after 3, 6, and 8 AuNP-1 deposition steps
(Figure 4). Both BPEB and the AuNP capping layer (1)
are Raman active, resulting in overlapping of some
bands. Nevertheless, various groups can be identified.
For instance, the band around 1180 cm�1 can be
attributed to the N�O stretching vibration of the
capping layer (1).54,55 The pyridine N-oxide band of
compound 1 appears at ∼1220 cm�1. Coordination of
thismoiety to the AuNP results in a shift of 12�60 cm�1

toward lower frequencies.56

Representative AFM images of the 12 assemblies
generated with AuNP-1 and BPEB, TPEB, and TPM on
monolayersM1 and M2 after 3 and 6 AuNP-1 deposi-
tion steps are shown in Figure 5. The three assemblies
formed on monolayer M1 consist of small segregated
areas of agglomerated colloids after three AuNP-1
deposition steps (Figure 5, row 1). AuNP-1/TPM forms
a relatively dense, uniform film on monolayerM1 with
an Rrms of ∼2.5 nm. AuNP-1/BPEB and AuNP-1/TPEB
have a similar surfacemorphology, density, and rough-
ness (Rrms = 3�4 nm). Apparently, the molecular
geometry (2D versus 3D) of the cross-linker is more
important than the number of binding sites (BPEB, 2;
or TPEB and TPM, 4) in controlling the assembly
structure. The morphology of AuNP-1/BPEB, AuNP-
1/TPEB, and AuNP-1/TPM after six AuNP-1 deposi-
tions is characterized by large, continuous regions of
aggregated nanoparticles forming interconnected net-
works (Figure 5, row 2). Interestingly, the assemblies
generated on monolayer M2 have different surface
morphologies (Figure 5, rows 3 and 4). After 3 AuNP-1
depositions the surface of monolayer M2 is covered
with grainy films showing relatively large domains and
a roughness of 6�7 nm. However, the coverage is
somewhat higher for AuNP-1/TPM. Apparently, the
different monolayer properties of M1 and M2 are
expressed in the formation and structure of the entire
assemblies.

The aggregation of the AuNPs becomes more
pronounced after six AuNP-1 deposition steps. The
morphology is not only controlled by the monolayer
(M1orM2). The grain size is also a function of the cross-
linker: AuNP-1/TPM (d = 60�80 nm, h = 20�30 nm) >
AuNP-1/BPEB (d= 35�55 nm, h= 16�20 nm)>AuNP-
1/TPEB (d = 25�30 nm, h = 12�18 nm). These ob-
servations are in agreement with SEM analyses. Repre-
sentative SEM images of the 12 assemblies generated
with AuNP-1 and BPEB, TPEB, and TPM on mono-
layers M1 and M2 after three and six AuNP-1 deposi-
tion steps are shown in Figure 6.

The SEM analyses of AuNP-1/BPEB, AuNP-1/TPEB,
and AuNP-1/TPM grown on monolayer M1 show

networks of densely packed and aggregated NPs.
Progressively significant particle aggregation with in-
creasing assembly steps have been previously demon-
strated with other systems.57,58 For instance, the
stepwise formation of self-assembled organic/inorgan-
ic films based on multivalent host�guest interactions
between dendrimers and AuNPs was demonstrated by
Reinhoudt, Huskens and co-workers.57 The SEM images
of the above-mentioned three assemblies on mono-
layer M2 after three and six AuNP-1 deposition steps
reveal the presence of strikingly different structures.
The formation of relatively large clusters was observed
on monolayer M2 after six AuNP-1 deposition steps.
These results are in good agreement with the AFM
measurements (Figure 5; row 4) and indicate that the
morphology of the assemblies is highly dependent on
the structure formed after the first AuNP-1 deposition,
which in turn, strongly depends on the structure of the
monolayer (M1 or M2). The deposition of AuNP-1 on
monolayer M1 results in a dense layer (vide infra)
promoting film growth mainly in the z direction. The
less densely packed layer generated from the deposi-
tion of AuNP-1 on monolayer M2 might also induce
film growth parallel to the surface (Figure 1). A com-
parison of AFM and SEM data of the AuNP-1 and
AuNP-2 based assemblies is shown in the Supporting
Information, Table S2.

Interestingly, the NPs do not form a network on
monolayerM2 upon increasing the number of deposi-
tion steps but rather are interaggregated and form
separate clusters and grains (Figure 7). These effects
are clearly observable after six AuNP deposition steps.
SEM images of AuNP-1/BPEB and AuNP-1/TPM
formed on monolayer M2 reveal, after eight AuNP-1
deposition steps, the formation of faceted crystals
with well-defined shapes (triangles, hexagons) and
small amounts of amorphous spherical aggregates
(Figure 7A,C). AuNP-1/TPEB consists of mainly

Figure 4. Representative Raman scattering spectra of
AuNP-1/BPEB formed on silicon substrates functionalized
with monolayer M1. The black line represents the spectrum
of monolayer M1, whereas the blue, green, and red spectra
were recorded after 3, 6, and 8 AuNP-1 deposition steps,
respectively.
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spherical amorphous aggregates (∼200 nm in
diameter) consisting of smaller clusters (Figure 7B).
These large aggregates consist of individual assem-
blies of grains and NPs similar to the ones present on
the substrate surface (Figure 7B, inset). Smaller spheres
were observed starting from the third AuNP deposition
step. The mechanism underlying the formation and
composition of these aggregates and crystals is not
clear. One possible explanation for the formation of
the crystals is the loss of the capping layer followed by
the fusion of AuNPs.59�61 The AuNPs are stable in
solution during the assembly procedure as judged by
TEM (Supporting Information, Figure S1) and were
refreshed every two deposition steps. However, we
cannot rigorously exclude the possibility of a solution
and/or an assembly process occurring at the so-
lid�liquid interface. Additional SEM images of various
assemblies are presented in the Supporting Informa-
tion (Figures S4�S8).

The importance of XB for the stepwise formation of
the assemblies was demonstrated in the following
control experiments. Monolayers M1 and M2 were
exposed to solutions of AuNP-2 and BPEB in an

alternating fashion and the resulting assemblies were
analyzed by UV�vis spectroscopy, AFM, and SEM
(Figure 8 and Supporting Information Figures S9 and
S10). The UV�vismeasurements showed that therewas
no additional AuNP-2/BPEB bound to monolayer M1
after the second AuNP-2 deposition step (Figure 8A).
Moreover, the growth of AuNP-2/BPEB on monolayer
M2 is arrested after the first AuNP-2 deposition step
(Figure 8B). In addition, the amount of material depos-
ited on monolayer M2 is an order of magnitude lower
thanonmonolayerM1, which reflects the importanceof
the electrostatic interactions induced by the pyridinium
salts. These results are fully in agreement with our
studies on the supramolecular assembly of AuNPs
mediated by XB in solution.26 No aggregation was
observed upon addition of BPEB to the solution of
AuNP-2, whereas the reaction of BPEB with AuNP-1
resulted in rapid formation of large assemblies
(Scheme 1A). The significance of XB for the formation
of the surface-confined assemblies is further evident
from AuNP deposition experiments without the cross-
linkers (BPEB, TPEB, orTPM). For instance, deposition of
AuNP-1 onM2 results first in the binding ofAuNP-1 on

Figure 5. Representative AFM images showing scan areas of 1 μm � 1 μm of AuNP-1/BPEB, AuNP-1/TPEB, and AuNP-1/TPM
after three and six AuNP-1 deposition steps, respectively. These assemblies were formed on silicon substrates functionalized
with monolayers M1 and M2. The white scale bar = 200 nm.
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the monolayer surface. However, no further absorption
increase is observed by UV�vis spectroscopy after a
second deposition of AuNP-1.

We found that our XB assemblies are kinetic struc-
tures that undergo structural changes on the surface in
time. This aging is apparent by comparing the AFMand

SEM data from a freshly prepared AuNP-1/BPEB as-
sembly on monolayerM1 after six AuNP-1 deposition
steps with data obtained after one month (Figure 9).
The assemblies were stored during this period under
ambient conditions with the exclusion of light. The
freshly prepared AuNP-1/BPEB consists of a homoge-
neously distributed network of aggregated nanoparti-
cles with Rrms = 8 nm, whereas the aged assembly

Figure 6. Representative SEM micrographs of AuNP-1/BPEB, AuNP-1/TPEB, and AuNP-1/TPM after three and six AuNP-1
deposition steps, respectively. These assemblies were formed on silicon substrates functionalized with monolayer M1 and
M2. The white scale bar = 200 nm.

Figure 7. Representative SEM micrographs of (A) AuNP-1/
BPEB, (B) AuNP-1/TPEB, and (C) AuNP-1/TPM after eight
AuNP-1 deposition steps. These assemblies were formed on
silicon substrates functionalized with monolayer M2. The
white scale bar of the inset (B) is 200 nm.

Figure 8. Representative UV�vis absorption spectra for the
stepwise deposition of AuNP-2/BPEB on quartz substrates
functionalized with monolayers M1 (A) and M2 (B). The (i)
black, (ii) red, and (iii) blue spectra correspond to the
number (1, 2, and 3) of AuNP-2 deposition steps,
respectively.
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consists of grains with a diameter of ∼46 nm and a
height of ∼25 nm. These significant morphological
changes demonstrate that the assembledAuNPs under-
go a self-reorganization process at room temperature,
yielding a thermodynamically more favorable structure.
Rearrangement of surface-confined NPs under electric
and magnetic fields, or by other stimuli has been
demonstrated.30,62�65

SUMMARY AND CONCLUSIONS

We have demonstrated for the first time the as-
sembly of hybrid organic�AuNP structures onto
planar functionalized surfaces mediated by halogen
bonding. The systems' properties are a function of (i)
the monolayer properties, (ii) the molecular structure
of the organic cross-linker, (iii) the number of deposi-
tion steps, and (iv) time (aging). The here reported
assemblies have been prepared under identical re-
action conditions. Other experimental parameters,
including temperature, solvent polarity, and concen-
trations are likely to affect the structure of the

assemblies as well. Selectivity is observed for the
surface attachment of AuNPs by XB in the absence of
other strong electrostatic interactions, whereas domi-
nant electrostatic interactions resulting from salt-type
monolayer structures suppress this selectivity. The
morphology of the assemblies can be controlled by
varying the structure of the organic cross-linker. It
appears that a 2D versus a 3Dmolecular geometry has
a more pronounced effect on the assembly structure
than the number of coordination sites. The surface
morphology undergoes drastic changes upon in-
creasing the number of AuNP deposition steps. These
changes include the formation of larger aggregates,
but also the formation of faceted crystals with well-
defined shapes. The aging experiments reveal that
the assemblies are kinetic products that undergo
significant postdeposition structural changes with
time. Our findings indicate that the formation of
structurally well-defined and task-specific nanoparti-
cle-based assemblies based on XB is a realistic
possibility.

EXPERIMENTAL SECTION

Materials and Methods. m-Chloroperbenzoic acid (mCPBA),
tetraoctylammonium bromide (TOAB), sodium borohydride,
(p-chloromethyl)phenyltrichlorosilane, and (E)-1,2-di(pyridin-4-yl)-
ethane were obtained from Aldrich and used as received. Sodium
tetrachloroaurate(III) dihydratewaspurchased fromABCRGmbH&
Co. Solvents (AR grade) were purchased from Bio-Lab (Jerusalem),

Frutarom (Haifa), or Mallinckrodt Baker (Phillipsburg, NJ). THF was
dried by distillation from sodium. Pentane and toluene were dried
and purified using an M. Braun solvent purification system.
Compounds (E)-4-(2,3,5,6-tetrafluoro-4-iodostyryl)pyridine1-oxide
(1),22,25,66�70 (E)-4-(perfluorostyryl)-pyridine 1-oxide (2),22,71 1,4-
bis((E)-2-(pyridin-4-yl)vinyl)benzene (BPEB),72,73 1,2,4,5-tetrakis-[4-
vinylpyridine]-benzene (TPEB),39,73 tetrakis(4-((E)-2-(pyridin-4-yl)

Figure 9. Representative SEM micrographs of (A) freshly prepared AuNP-1/BPEB on a silicon substrate functionalized with
monolayerM1 after 6 AuNP-1 deposition steps. (B) The same AuNP-1/BPEB system after 30 days. Corresponding AFM images
(C and D) and representative cross sections (E and F). The locations of the cross sections are denoted by the white lines in the
AFM images.
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vinyl)-phenyl) methane (TPM),74 and (E)-4-(2-(pyridin-4-yl)vinyl)
phenol73 were prepared according to published procedures. All
glassware for AuNP formation was cleaned by immersion in a
piranha solution (7:3 v/v, H2SO4/30% H2O2) for 10 min, followed by
washing with deionized (DI) water. Tetraoctylammonium bromide
(TOAB)-capped gold nanoparticles (AuNP-TOAB) were prepared in
toluene using the biphasic reduction method, and the subsequent
TOAB capping layer exchange with ligands 1 and 2was carried out
according to a reported procedure.26

Single-crystal silicon (100) substrates were purchased from
Wafernet (San Jose, CA) and were cleaned by sonication in
hexane followed by acetone, then ethanol, and finally dried
under anN2 stream. Subsequently, theywere cleaned for 20min
with UV and ozone in a UVOCS cleaning system (Montgomery,
PA). Quartz substrates (Chemglass, Inc.) were cleaned by im-
mersion in a “piranha” solution (7:3 (v/v) H2SO4/30% H2O2) for
1 h. (Caution: piranha solution is an extremely dangerous oxidizing
agent and should be handled with care using appropriate per-
sonal protection.) Subsequently, the substrates were rinsed
with deionized (DI) water followed by the RCA cleaning proto-
col: 1:5:1 (v/v) NH4OH/H2O/30% H2O2 at room temperature for
45 min. The substrates were washed with ample amounts of DI
water and thereafter were dried under an N2 stream. Finally, all
substrates were then dried in an oven for 2 h at 130 �C.

UV�vis spectra were recorded on a Cary 100 spectrophot-
ometer in double beam transmission mode. Transmission elec-
tron microscopy (TEM) samples were prepared by depositing a
drop of the solution on freshly glow-discharged 400-mesh
carbon-coated grids. The samples were observed using a Philips
(FEI-Company, Holland) CM120 TEM operating at 120 KV. The
images were obtained using a Gatan (Gatan USA) UltraScan
1000 2k � 2k CCD camera. AFM images were recorded using a
Solver P47 (NT-MDT, Russia) operating in semicontact mode.
Angle-resolved X-ray photoelectron spectra (AR-XPS) were
recorded at different takeoff angles with a PHI 5600 Multi
Technique System (base pressure of the main chamber 2 �
10�10 Torr). Spectroscopic ellipsometry was recorded on an M
2000 V (J. A. Wollam Co., Inc.) instrument with VASE32 software.
High-resolution scanning electron microscope (HRSEM) ima-
ging was carried out with a LEO-Supra 55 VP HRSEM. Raman
scattering experiments were conducted by employing a Micro-
Raman Renishaw InVia system with laser excitation at 632.8 (25
mW). The laser was directed through an imaging microscope
having a Leica microscope magnification ranging from �5 to
�100. The control was performed using PC base Wire II by
Renishaw, Gloucestershire (UK) software.

Formation of Monolayers M1 and M2. A siloxane-based coupling
layer (CL)42,44�46,51,71 was prepared on freshly cleaned float
quartz and Si(100). Substrates were treated with a dry toluene
solution of (p-chloromethyl)phenyltrichlorosilane (1:100, v/v) at
room temperature for 30 min under N2. The substrates were
then thoroughly washed with copious amounts of dry toluene
and dried at 130 �C for about 15 min. Monolayer M1 was
prepared by immersing the functionalized substrates into a
2.0 mM THF solution of (E)-1,2-di(pyridin-4-yl)ethane, and heat-
ing for 48 h at 85 �Cunder N2 in a glass pressure tube.Monolayer
M2was prepared by heating the functionalized substrates for 3
days at 80 �C under N2 in a 2.0 mM toluene/CH3CN (1:1, v/v)
solution of (E)-4-(2-(pyridin-4-yl)vinyl)phenol. The monolayers
M1 and M2 were washed and sonicated (3 min) with copious
amounts of CH2Cl2, acetone, and isopropyl alcohol, and dried
under N2 (Supporting Information, Scheme S1).

Formation of AuNP-Based Assemblies on Monolayers M1 and M2. The
functionalized quartz and silicon substrates (M1 or M2) were
fully immersed in freshly prepared solutions of AuNP-1 or
AuNP-2 (THF,∼30 nM) followed by reacting with a THF solution
of BPEP, TPEB, or TPM (1 mM). The reaction time of each step
was 30min andwas followed by thorough rinses of the samples
with THF. TheAuNPdeposition stepswere repeated eight times.
MonolayersM1 andM2were added to the different solutions of
AuNP and cross-linkers (BPEP, TPEB, or TPM). In addition, in
every two deposition steps freshly prepared solutions of AuNP
were used in order to avoid cross-contamination and the
possible formation of aggregates.
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