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Deposition of Extended Ordered Ultrathin Films of
Au;g(SC,H,Ph),, Nanocluster using Langmuir-Blodgett

Technique

Michal Swierczewski, Plinio Maroni, Alexis Chenneviere, Mohammad M. Dadras,

Lay-Theng Lee,* and Thomas Birgi*

Langmuir-Blodgett technique is utilized 1o deposit ultrathin films of
Augy3(SC;H,Ph)y, nanocluster onto solid surfaces such as mica and silicon.

The morphologies of the films transferred at various surface pressures within
the mono/biftrilayer regime are studied by atomic force microscopy (AFM).
The time spent on the water surface before the deposition has a decisive effect
on the final ordering of nanoclusters within the network and is studied by fast
AFM, X-ray reflectivity, and grazing-incidence wide-angle X-ray scattering.

1. Introduction

Manoscale particles attract a lot of attention due to their size-
dependent optical ! electrical ®? and chemical properties.!*”
Of particular interest are wltrasmall metal nanoclusters (or
clusters), which experience strong quantum confinement effect
leading to profound changes in the atomic packing structure 57
The synthesis of these atomically precise metal nanosystems,
typically with metal cores smaller than 2 nm in diameter,
makes use of stabilizing functional molecules, such as thiol
ligands, hence deriving the common name—monolayer
protected clusters (MPCs).5' The next stage toward appli-
cations, and at the same time a challenge in the field, is
manipulation and controlled organization of MPCs into 2D
superlattices, which would exhibit a collective response of the
desired kind.""'* Multiple examples of deposition techniques
have been extensively studied, including droplet evaporation, 34
spin-coating, ™ and chemical vapor deposition™® However,
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a common drawback of all these methods
is the failure to form large-zcale structures
of dlosely packed particles.

There are several requirements neces-
sary for successful formation of ordered
selfassemblies of clusters.|¥] The energy
needed for migration of the molecules
along the interface should be minimized
in order to form dense structures. This is
true when the interactions between the
surface and the dusters (or their ligand
shell) are identical at all point of the interface. At the same time,
that interaction must be strong enough to allow the adsorption
of the cluster from solution and fixation for further manipu-
lation. Additionally, the surface must be completely flat. These
conditions are challenging to fulfil using solid surfaces but are
perfectly satisfied in the case of a Langmuir film, which is an
ultrathin layer of particles adsorbed at a liquid-gas interface.
This is typically achieved by spreading the solution containing
the molecules of interest on the surface of water. The main
advantage of this technique is the possibility to control the sur-
face coverage by laterally compressing the films with movable
barriers while monitoring the evolution of surface pressure—
area (7—A) isotherms. As the total area available to the part-
cles iz reduced, the analysiz of the curves’ profiles may identify
the formation of quasi 2D analogs corresponding to gaseous,
liquid-expanded, liquid-condensed, and solid states, depending
on the surface density"™" Additionally, with the use of so-
called Langmuir-Blodgett (LB} and Langmuir-Schaefer (LS)
techniques, the films formed on the liquid-gas interface can
be transferred to solid supports, largely expanding the range of
analytical methods available for characterization, as well as sat-
isfying the requirement for many potential applications.?-23

Historically, LE has been used for the study and transfer of
long amphiphilic molecules such as carbaxylic acids™* or
phospholipids %] whereby the hydrophilic part of the entity is
anchored to the water surface and the hydrophobic parts face
upward. Additionally, the stability of such monolayers can be
aided by the reduction in surface energy as hydrogen bonds
can be formed between the polar groups of the amphiphile and
water molecules on the interface.®!

When it comes to purely hydrophobic molecules, such as
A1 (SC,H,Ph),, cluster, much fewer reports of the formation
of durable Langmuir films exist.? 2 Typically, the stability of
these monolayers requires the overall entropy of the system to
rise as a result of adsorption of the particles on the airwater



interface, for instance due to hydrophobic interactions between
molecules ['® In the case of long chain alkanes, such an increase
in the disorder can be attributed to a higher degree of fluctua-
tions allowed perpendicularly to the interface in comparison to
the bulk state of the hydrocarbon **l

The relevant factors for Augg(SC,H,Ph),;, molecules include
®---mand C—H- - - T interactions between phenyl rings of adja-
cent molecules,?" which increase in strength with the degree
of interdigitation between ligands of the cluster within the
2D assembly. For dosedshell metal centers that acquire an
orientation that permits a close approach, metallophilic interac-
tions may also be of importance *>** Moreover, in the absence
of stronger forces, van der Waals forces can have a significant
contribution."™® Nevertheless, the interactions between neigh-
boring particles tend to be relatively weak for partides in the
size range of 1-2 nm, which explains why only a few examples
of LB films based on gold nanoclusters have been reported 2+

Here, we study the formation and deposition of extended
(mono)layers of Au,g(SC,H,Ph);, nanoclusters onto solid sup-
ports such as mica or 5i by LB method. We utilize atomic force
microscopy (AFM), high magnification transmission elec-
tron microscopy (TEM), X-ray reflectivity (XRR), and grazing-
incidence wide-angle X-ray scattering (GIWAXS) to show thata
degree of order is initially obtained between the particles. Tem-
poral annealing successfully removes the mesoscopic defects
between islands of nanoclusters but it does so at the cost of
reducing the local order within the domains. To our knowledge,
thiz is the first reported example of the deposition of ordered
gold nanoparticles in such a small size regime.

2. Results and Discussion

The deposition of Ausg(SC;H,Ph);, onto mica using LB method
was successful, as a dark gray shade was visible with the naked
eye on the covered parts of the mineral sheet. The identity of
the cluster in the film was confirmed by performing UVovis
transmission experiments of the film on mica and comparing
to  Augg(SC,H,Ph);, duster solution in dichloromethane
(Figure 51, Supporting Information). Moreover, matrix-assisted
laser desorptionfionization {[MALDI) spectra were taken after
using dichloromethane to rinse the cluster off the mica surface
after LB transfer (Figure 52, Supporting Information).

2.1. LB Isotherms and Evolution of the Film Studied by AFM

A typical isotherm resulting from compression of
Augg(SCH,Ph),, cluster on the airjwater interface can be seen
in Figure 1. The initial increase in surface pressure occurs at
an area corresponding to =250 A? per cluster molecule, which
is followed by a smooth transition from gaseous to condensed
state. The absence of any plateaus observed between states is
the consequence of the complexity of the system, whereby mul-
tiple effects influence the compressibility curve.

A standard LB procedure requires the slope of the solid-state
phase region of the isotherm to be extrapolated to the surface
pressure of 0 mN m™ "8 which is routinely performed to deter-
mine the coverage of the film and the packing of the molecules.
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Figura 1. Surface pressure)area isotherm of Auss(SC;HPh)zy film. Dashed
line detarmines the limiting critical area of the molecula at =205 A%

Here, this limiting critical area is estimated to be =205 A?
(Figure 1). However, the calculation of the theoretical area of one
A115(SC,H,Ph);, cduster molecule in a 2D lattice based on the
crystal structure reported by Qian et alP® iz not trivial. This is
due to multiple possible orientations the prolate molecule can
adopt on the surface, the degree of interdigitation of the ligands
changing with surface pressure, as well as nommiformity in 2D
packing on the solid surface as evidenced in the fast AFM section
{see below). The calculated values spread from 167 A%, in the case
of vertical orientation, complete interdigitation of ligands and
hexagonal close packed (hep) structure, to 385 A? if we assume
horizontal orientation, extended ligands in a square close packed
(scp) array (see the Supporting Information for calculations).

There is a large number of factors present in this complex
system which can typically be assodated with an increaze in
slope of the surface pressure izotherm. They incude: changes
in the orientation of the molecule,** shifts in phase of the lat-
tice (degree of interdigitation between ligands), ™ and forma-
tion of multilayers of nonamphiphilic particles.* The overall
transifon from gaseous to condensed state is presumably a
convolution of these effects.

Following the compression, if the films were held at a fixed
area, their surface pressure dropped over time, indicating low
stability of the monolayers. This is consistent with many LB
studies of nonamphiphilic molecules that do not exhibit the
stabilizing effect of hydrophilic and hydrophobic parts of the
molecule directing the orientation on the water surface 4l
Weak van der Waals interactions stemming from the small
size of the cluster can lead to facile buckling upward of the
molecules and, hence, their build up in three dimensions.

Relaxation and subsequent recompression of the film
resulted in steeper isotherms that began to rize at smaller areas,
suggesting an increase in density of the cluster layer (Figure 53,
Supporting Information). This can be primarily attributed to
the aforementioned buckling up of clusters leading to forma-
tion of multilayers and aggregates, which do not separate upon
relaxation of the barriers.
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Figure 2. AFM images and corresponding height profiles of Auss(SC;HPh)y4 films transferred onto mica: a) without compression or directly after

reaching the target surface pressure of b) 9 mN m™ and c,d) 18 mN m™.

The cluster films were deposited onto mica at selected points
of the monolayer region of the isotherm directly after reaching
the target surface pressure. Figure 2 shows AFM images of
films transferred a) without compressing the barriers, b) at
9 mN m™, and c,d) at 18 mN m. Deposition of the uncom-
pressed film results in a range of different morphologies inho-
mogenously distributed throughout the sample, more examples
of which are shown in Figure S4 in the Supporting Informa-
tion. Isolated groups of islands =100-400 nm in diameter are
frequently formed, as seen in Figure 2a. The circular shape of
the islands is a result of minimizing the Gibbs free energy of
the system. Morphologies of this kind have been observed by
multiple groups working on the deposition of larger nonamphi-
philic particles by LB.1#243

The height output of AFM alone is not sufficient for the
assignment of the number of layers but this issue has been
resolved with the use of XRR (see below). However, a pro-
visional assessment can be performed at this stage, while
keeping in mind the uncertainty in orientation and degree of
interdigitation of Ausg(SC,H Ph),, molecules, as discussed ear-
lier. Additionally, it has to be considered whether the molecules
stack vertically on top of each other or the one on top falls in
the gap between three neighboring molecules on the bottom
(corresponding to AB stacking in hcp). The range of possible
height values for a bilayer ranges from 2.75 nm, when the clus-
ters are oriented horizontally on the surface, fully interdigitated
and AB stacked, to 4.12 nm at the other extreme. The respective
values for a trilayer are 3.63 and 6.18 nm (see the Supporting
Information for calculations). These values can be compared
to the step heights of the film measured in AFM and height
analysis in XRR (see below).

Surprisingly, the film transferred without any compression
exhibited a strong tendency to form films of height of around

=2.8 nm, tentatively assigned as a bilayer. This is contrasted
with the emergence of a thin monolayer stripe with a height
of =1.4 nm at the contact point between two pancake-shaped
bilayers, as seen in the inset of Figure 2a. Similar heights of
3.0-3.2 nm are observed for the film transferred at 9 mN m™
(Figure 2b), in which compression of the barriers leads to the
networks of islands of clusters being mechanically pushed
closer together until they began to merge. As the surface pres-
sure is increased, the diameter of the macroscopic islands does
not vary considerably, as the shape observed before the com-
pression can be discerned within the merged structure.

There is no evidence of a monolayer to bilayer transition in
the m-A isotherm (Figure 1), typically exhibited as a plateau.*!
One possible scenario is that the formation of the bilayer, at
least partially, takes place during the transfer onto mica, being
induced by the drying and dewetting of the deposited film. This
idea is supported by the TEM micrograph shown in Figure 3a,
which shows the transfer of a Ausg(SC;HPh)y film at 5SmN m™
onto a TEM grid using LB technique. The fact that the majority
of the micrograph of the hydrophobic TEM grid is covered
by a monolayer, whereas even at lower surface pressures
bilayers are formed on hydrophilic mica (Figure 2a) strongly
suggests that the transition is substrate dependent. The diam-
eter of the clusters was measured to be 1.3 + 0.2 nm, which is
in very good agreement with the work of Wang et al.,'*¥ who
used more advanced TEM techniques to observe Ausg clus-
ters. At an increased surface pressure of 18 mN m™, bi/multi-
layers are detected in TEM (Figure 3b), which is justified by an
increased apparent diameter of the clusters (1.9 0.3 nm). This
can be explained by some molecules being stacked on top of
each other. Therefore, we conclude that the monolayer to mul-
tilayer transition presumably takes place partially on the water
surface (as a result of compression) but also on the substrate



Figure 3. High magnification TEM micrographs of Auss(SCzHaPh)e film
transferred onto a TEM grid using LB technigue at a) 5 and b) 18 mN m.

(az a result of drying/dewetting). It should be noted that the
contribution of the less electron dense ligand shell toward the
TEM signal is nonnegligible*¥ so the diameters obtained by
TEM zhould not be directly compared to those found by XRR/f
GIWAXS, where we dearly identify the frontier between the
core and the ligand (zee below).

Interestingly, images in Figure 2a,b show that the film is
composed of almost exclusively bilayers, suggesting that the
transition is not random, as opposed to coexistence of mono,
bi, and trilayers in the case of over-compressed film transferred
at 18 mN m™! (Figure 2c,d), which we describe in more detail
later. Other groups working on LB experiments with larger gold

or silver nanoparticles have similarly observed a strong prefer-
ence of the film to form bi or trilayers 4541

The majority of the area of the film transferred at 18 mN m™!
similarly exhibits heights within the bilayer range discussed
above. However, inspection of Figure 2cd shows that extra
material is intermittently being deposited on top of the bilayer
and measures up to =4.0-4.5 nm in height, which, by contrast
with the bilayer, we tentatively classify as a trilayer. Further
insight into the mechanism of merging of the islands can be
speculated from Figure 2d. The additional third layer is ran-
domly dispersed on top of the initial bilayer However, the
largest agglomerations of the extra material are predominantly
localized on top of contact points, where islands had merged
together upon compression (red crces in Figure 2d). Fur
thermore, the edges of the islands that are in close proximity
to a contact point but do not quite touch ancther island often
result in a monolayer. As a mechanism leading to the forma-
tion of this type of morphology, we suggest islands crashing
into each other in a “tectonic” fashion, where in the central
region of each pancake-shaped island there is material being
buckled up and forming an additional layer. This iz supported
by an almost complete lack of such monolayers and trilayers of
Anyg(SC,H,Ph),, in films transferred at surface pressures suf
ficiently low to prevent the originally formed bilayer islands to
aash into each other due to significant lateral force, ie., films
seen in Figure 2a,b.

When the film is kept at a constant surface pressure for an
extended period of time before the transfer, most of the defects
that had appeared upen merging of the islands gradually disap-
pear and the film becomes more homogenous on an extended
scale. Films transferred onto mica, after having spent 3, 6, and
12 h on the water surface at a constant pressure of 18 mN m™,
were examined by AFM as shown in Figure 4. Attention is
drawn to the fact that the film continuously expands over
lengths of at least tens of microns in each direction, which
might be crudal for applications.

Maintaining constant surface pressure leads to drastic
changes in morphology, which already manifest themselves
after 3 h (Figure 4a), whereby the islands gradually disintegrate
with time in order to cover the area available to them more
effectively. This trend is sustained after 6 and 12 h (Figure 4b,c)
as the coverage of the film increases and the size of gaps
between islands diminishes with time the layer spends on
water surface.

The gradual disappearance of the drcular shape of the
islands with time presents a feasible answer as to why the orig-
inal bilayers shown in Figure 2 exhibited this morphology in
the first place: the retained solvent likely controlled the curva-
ture of the islands through interfacial tension, giving rise to a
2D bi-continuous phase as best seen in Figure 2b. When the
film spent more time on the water surface, the solvent evapo-
rated completely, which leads to spreading of clusters into the
gaps previously formed between curved izlands.

During long compression times, the area occupied by the
film needs to be reduced considerably in order to keep the sur-
face pressure constant. This is consistent with the aforemen-
tioned disappearance of the solvent retention effect but can also
be reinforced by relaxation of the ligands and instability of the
film. The additional compression leads to buckling up of the
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Figure 4. AFM images of Alse(SC;H4Ph)zy films transferred onto mica after being kept for 2) 3, b) 6, and <) 12 h at a constant surface pressura of

18 mN m™.

molecules, resulting in heights of the films of =4-5 nm after
being kept for 12 h at a constant pressure (relative to =3.5 nm
at t = 0). Using AFM, we can solely speculate that this corre-
sponds to a trilayer of Augg(SC,H,Ph),, but XRR measurements
confirm this conjecture (see below).

2.2. Investigation of the Local Order with Fast AFM

Fast AFM imaging in air was used to probe for local order
between individual clusters as well as to image the molecules
in higher resolution compared to conventional AFM. Thizs was
done for three Auas(SC;H, Ph),s films deposited on silicon with
varying amount of time spent on the water surface under con-
stant compression before the transfer.

We consider two different AFM outputs of the same frame:
height, which gives information about the topography of the
outermost layer, shown in Figure 55 in the Supporting Infor-
mation; and phase, which probes the mechanical properties
of the film and is affected to various degrees by the top layer
as well as the layers underneath, shown in Figure 52—c and
Figure S5 in the Supporting Information. The fact that the local
order is notably easier detected in the phase output than in
the height output of AFM suggests that the bottom layer(s) of
the multilayered system are more ordered than the outermaost
layer(s), thus being manifested to a greater extent in the form
of mechanical properties rather than as topographical features.

The highest degree of order was observed in the film depos-
ited at 18 mN m™' immediately after reaching the target surface
pressure. Performing 2D fast Fourier transform (FFT) filtering
on the phase output of AFM yields the image seen in Figure 5a,
which facilitates the visualization of the hcp order. Presented as a
2D FFT shown in the inset, these data show increased intensity
at the six vertices of a hexagon, from which a correlation distance
of 1.7 nm can be extracted. However, one has to remember that
the area considered here is on the order of tens of nm?, so the
GIWAXS measurements (see below) collected over an area of a
few mm? should carry a much higher significance.

The film presented in Figure 5b was subjected to cyclic com-
pression before the deposition at 18 mN m™\. After reaching
the target pressure for the first time, the barriers of the trough

were fully relaved and subsequently the film was compressed to
the target pressure again. This cycle was performed four times
in total before the transfer. After cyclic compression, the order
changed from hep to primarily scp with varying directionality.
Although the correlation distance does not vary considerably
from the one seen in Figure 5a, 2D FFT does not lead to a for-
mation of any distinct pattern due to varying directionality of
the scp in different parts of the image.

Fast AFM imaging of the film that spent 12 h on the water
surface at constant pressure before transfer resulted in a mark-
edly reduced degree of order being detected in comparison
to the two films discussed above. Only very small ordered
domains containing several Ausg(SC;H4Ph);, cdusters were
found as shown within red (hcp domains) and green (scp
domains) drces in the 2D FFI-filtered image in Figure 5c.
Additional imaging of a similar film aged for 12 h transferred
onto mica at 16 mN m™! was done with the use of fast AFM in
liquid, which offers enhanced resclution but is less efficient at
probing the order (Figure 5d). The measurement revealed that
the clusters assemble themselves in small groups of molecules
ranging in size from 10 to 20 nm, which equates to the size of
domains of particles ordered in hep or scp fashion detected by
fast AFM in air (Figure 5¢). This ocutcome iz consistent with
the investigation of Schultz et al. who concluded that larger
gold nanoparticles similarly tend to form domains with the size
equal to 5-6 lengths of the particles” diameter. !

Ultimately, one can conclude that, although annealing with
time enhances the homogeneity of the Langmuir layer on a
large scale and eliminates nearly all defects arising from the
shape of the cluster islands merging together, this process hap-
pens at the expense of the local ordering between particles.

2.3. XRR and GIWAXS Measurements

Despite a degree of ordering being observed by fast AFM, our
technique of choice for investigating order is XRR with the
essential advantage being an immense increase in the studied
area, whereby mm® rather than nm? are being considered.
Specular reflectivity, which probes the vertical organization
and GIWAXS, which gives information about the in-plane



Figure 5. a—c) 2D FFT-filtered phase output of fast AFM images of Auy(SC;H,Ph),, films transferred onto Si at 18 mN m™' and measured in air:
a) transfer att =0, 2D FFT shown in the inset, b) transfer after 6 h of cyclic compression following four cycles, c) transfer at £ =12 h; unfiltered images
are shown in Figure S5 in the Supporting Information. d) Height output of unfiltered fast AFM image transferred onto micaat 16 MmN m~att=12h

and measured in liquid.

correlation distance were employed. In conjunction with higher
penetration depth than fast AFM (yet still very surface specific),
XRR offers the possibility to observe ordering in semicrystal-
line samples that are investigated in this study.

In this set of experiments, we compare two films transferred
onto mica after 12 h spent on water surface, where the method
of compression of the barriers is modified. In the first scenario,
the aim was to maintain a constant pressure of 18 mN m™! for
the duration of the annealing time. The second film was formed
by initially compressing the barriers at a rate of 1 mm? min™ to
the same area as the final area of the first film. Subsequently,
the barriers were kept constant at this area for 12 h before the
transfer. XRR was used to elucidate the differences between
these two compression methods. The reflectivity curves of both
films are shown in Figure 6. The corresponding AFM images
are included in Figure S6 in the Supporting Information.

The reflectivity curve for the film kept at constant pressure
shows interference fringes that indicate a very well-defined
transferred layer. The spacing between the local minima,
AQ=2m/h=0.112 A7}, gives a model-independent overall thick-
ness, h = 5.59 nm. The small peak at Q. = 0.31 A~! comes from

the mica, also observed on the pure mica curve (Figure S7,
Supporting Information). Curve-fitting of the reflectivity curve
reveals a very well-organized internal multilayer structure.
The fitted scattering length density profile (SLD, shown in the
inset) shows three distinct maxima, which can be interpreted
as layers rich in gold core of Ausg(SC;H,Ph),, (high in electron
density), separated by low electron density organic ligands of
the cluster. Here, z = = is the bulk substrate and z = 0 is the
air/film interface. The thicknesses of the three gold-rich layers
are 1.14, 1.17, and 1.18 + 0.02 nm intercalated by ligand layers of
0.5-0.6 £ 0.02 nm. The low-density layer next to the mica sub-
strate, which can vary from 1.1 to 1.5 nm between substrates,
is identified as a hydration layer, which is also present in the
curve for pure mica (Figure S7, Supporting Information).

The film kept at constant area was initially compressed
to the final area resulting in maximum surface pressure of
35 mN m™ and then allowed to relax at constant area for 12 h.
During this relaxation, the surface pressure gradually dropped
to 10 mN m™". Pre-analysis with AFM showed that both films
exhibit similar coverage, height, and topography (Figure S6,
Supporting Information). However, the reflectivity curve in
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Figure 6. XRR curves of Aua(SCiHsPh)g, films transferred onto mica after
12 h with varying barrier control mechanism: a) kept at constant surface
pressure of 18 mN m™; b) kept at constant area identical to final area of
sample (a). Insets show the corres ponding data fitted to a multi-layered
model. SLD is scattering length density (in 107% A~%). High and low elac-
tron density profiles correspond to gold cores of the clusters and ligands,
respectively. z =« is the bulk substrate and z = 0 is the air/film interface.

Figure 6b proves that the internal structure of the film, for
which the area was maintained constant, was considerably less
well-defined. The internal structure shows two gold-rich layers
of uneven thicknesses, 1.23 and 1.89 + 0.02 nm separated by a
low electron density region of 1.01 £ 0.02 nm, and a large gold-
poor region spanning 1.49 + 0.02 nm at the air interface. These
results suggest that the overcompression in the initial part
of the experiment leads to wrinkling and creation of disorder
between the layers.

Although the vertical composition of the two films is very
different, their horizontal organization obtained from GIWAXS
experiments is almost identical, as seen in Figure 7a and Figure S8
in the Supporting Information. Both films show amorphous
peaks at 0.38 and 0.39 A, which correspond to a correlation
distance of 1.65 and 1.63 + 0.02 nm for compression controlled
by area and surface pressure, respectively. The almost perfect
alignment of the in-plane structure peak identified in GIWAXS
is represented in the line intensity cut near the Yoneda peak

at the near-total reflection edge of the specular reflection,
(. = 0.025 A~ shown in Figure 7b. The fact that both samples
exhibit almost the same amorphous peak supports the claim
that the order and the correlation distance are introduced early
in the process of LB compression, as reported in the past for
larger gold nanoparticles.**] Fast AFM evidenced that temporal
annealing leads to a decrease in order within the domains, as
well as reducton in directonality between them. However,
from XRR measurements it appears that, even though the
vertical organization drastically depends on the mode of com-
pression, the correlation distance within the domains remains
unchanged.

Combination of the specular reflectivity XRR and GIWAXS
data yields valuable information about the interdigitation of
ligands between cluster molecules. Based on Figure 6a and 7a,
it was shown that the average gold core size is 1.16 nm and the
average interparticle core to core distance is 164 nm. It follows
that the average experimental length of two ligands between
neighboring clusters is 0.48 nm. The calculated value with no
interdigitation is (.84 nm in the vertical direction and 0.96 nm
in the horizontal direction. It should be noted that there is a
possible electron density contribution from cluster polydisper-
sity and gold cores detected at different z values toward the local
minima corresponding to ligand layers, which might decrease
their apparent thickness. Therefore, it can be concluded that
the degree of interdigitation accounts for a reduction of the
ligand bilayer length up to 43% if the clusters are oriented verti-
cally and up to 50% for horizontal orientation of the dusters in
the case of AA stacking.

AB stacking adds more electron density to the z region of
gold cores, as they are brought doser together in height, which
would decrease the thickness of the ligand layers in the SLD
plot. Therefore, in AB stacking the reduction of ligand thick-
ness originating from interdigitation is smaller than in the case
of AA stacking, but the predze values are complex to caloulate
az the extent to which gold cores are brought doser together
in height strictly depends on the degree of interdigitation, cre-
ating a system with two unknown interdependent values (see
the Supporting Information).

3. Conclusion

LB technique has been utilized to transfer wltrathin films of
An4.(SC,H,Ph);, nanoduster onto a number of solid supports,
which is required for the analysis and fiture applications. AFM
imaging of films transferred onto mica at gradually increasing
surface pressures and following various lengths of time spent
on the water surface under constant compression before the
deposition laid ground for the proposal of formation of the
observed morphology. The Gibbs free energy of the mesoscopic
nanocluster islands is initially minimized by adopting a disk-
like shape due to the presence of the retained solvent, an effect
which diminishes with time. Fast AFM imaging showed that
an extended hcp order can be observed in films transferred
onto silicon following a short compression time, whereas
longer compression results in disorganization and emergence
of mixed hcpfscp ordering confined to small domains. The
vertical and in-plane organization of Ausg(SC;H,Ph),, clusters
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Figure 7. a) GIWAXS of Auss(SCzH4Ph)z4 film transferred onto mica after 12 h of being kept at constant surface pressure of 18 mN m™; b) line inten-
sity cut near the Yoneda peak at , = 0.025 A~ for {a) (blue, bottom) and for film kept at constant area for 12 h before the transfar (red, top, GIWAXS
shown in Figure 58, Supporting Information). Peaks at 0.38 and 0.39 A~ correspond to a correlation distance of 1.65 and 1.63 nm; the solid lines are

Lorentzian fits to the correlation peaks.

within the film as well as the degree of interdigitation between
the ligands of neighboring molecules has been studied with the
use of XRR and GIWAXS. This combination of analytical tools
shows that LB can be a suitable method for the deposition of
extended ordered films of atypical LB molecules, such as non-
amphiphilic gold nanoclusters in the very small size regime of
1-2 nm.

4. Experimental Section

Chemicais:  Tetrachloroauric(lll)  acid  tribydrate  (HAuCl,3H;0,
99.99%, Aldrich), 2-phenylethanethiol (PhyCH,5H, 99%, Aldrich),
L-glutathione (GSH, 28%, Acros Organics), sodium borohydride (NaBH,,
99.99%, Aldrich), acetone (99.9%, Fisher), tetrabutylammonium
hexafluorophos phate (TBAPF) (98%, Fluka), toluene (99.8%, Fisher),
ethanol (99.8% Fisher), methanol (99.9%, Fisher), dichloromethane
(HPLC grade, 99%, Carl Roth), n-hexane (HPLC grade, 97%, VWR), and
chloroform (99.8%, Fisher) were used as received.

Syntheds and Isolation of Monodisperse rac-Auzg(SCaH,Ph) 2¢ Racemic
Auzg(SC;HaPh) 24 nanocluster was prepared according to the previcusly
reported procedure®! Briefly tetrachloroauric acid trihydrate 1 g
2.54 mmeol) and L-glutathione powder (31 g 1008 mmol) were
co-dissolved in acetone (100 mL) under vigorous stirring for =20 min
at room temperature. After cooling the yellow suspension in an ice
bath to =0 °C for =20 min, a solution of sodium borohydride (0.96 g
25 mmol) in pre-cooled Milli-Q water (30 mL, resistivity 18.2 MO cm)
was quickly added under vigorous stirring. Formation of Au nanoclusters
was indicated by rapid change of the solution to black. After =20 min,
the clear acetone was decanted and Milli-Q water (30 mL) was added to
dissolve the glutathione-protected Au, nanoclusters (Au, (SG),,). Ethanol
(1.6 mL), teluene (10 mL), and 2-phenylethanethiol (10 mL) were added
to the Au, (SG),, and the mixture was heated at 80 °C for =24 h under air
atmosphere. During the long time etching process, the polydisperse Au,
nanoclusters were converted to Au.,(SC;H,Ph),, clusters. Excess thiol
was removed by washing thoroughly with methanol. Ausg(SC:HsPh)zy
nanocluster was extracted from the mixture with Au{l)-SC by
dichloromethane or toluene. Polydisperse Auas(SC;HsPh)z, clusters were
passed through a size-exclusion chromatography column packed with
Bio-Rad BioBeads SX-1 with toluene as a mobile phase. The collected
fractions were characterized by UVwis spectroscopy, until no further
change was observed. The resulting monodisperse Aug,(SC;H,Ph);,
nanoclusters were characterized with UVvis spectroscopy and MALDI
mass spectrometry. UV.vis spectra of the clusters in solution were
measured in toluene on a Varian Cary 50 spectrophotometer using
a quartz cuvette of 1 cm path length. UVwis spectra of films on mica
weare measured using JASCO V-670 spectrophotometer with ARSN-733

absolute reflectance manual stage; angle of incidence = 07 (trans mission
mode). MALDI spectra were collected using a Bruker Autoflex mass
spectrometer equipped with a mitrogen laser at near threshold laser
fluence in positive linear mode. [3-(4+en-Butylphenyl)-2-mathyl-2-
properylidens] malononitrile (DCTE) was used as the matrix with a 1:10,
1100, and 11000 analyte:matrix ratio. A volume of 2 pL of the analytef
matrix mixture was applied to the target and air-dried.

Deposition on Soiid Substrates using LB Technique: Before starting
the experiments, the LB trough (Kibron MicrotroughX) was thoroughly
cleaned with a number of solvents (acetone, dichloromethane, ethanaol)
and filled with Milli-Q water. Typically, 40 pL of rac-Aug(SCH,Ph)y,
nanoclustar dissolved in 1 mg mL™" solution of dichloremethanamn-
hexane (F0:30) was carefully spread om the water surface. After
evaporation of the solvent, the barriers were slowly compressed
{1 mm? s7) until the desired surface pressure. Vertically immarsed
substrate was retracted with a speed of 1 mm min™, while the barriers
were being compressed to keep the surface pressure constant, unless
stated otherwise. The pre-treatment of substrates invelved cleaving of
mica with a surgical knife and etching of silicon by reactive ion etching
in CFy using March Stripper model CS-1701. Before the immersion in
water, the substrates were thoroughly washed with chloroform, ethanal,
and acetone. For high magnification TEM analysis, two 5160 grids with
a copper film and mesh 200 (Plano GmbH, Germany) were immersed
vertically in water and separated after the retraction to ensure only one
side of the TEM grid was covered with a film. The micrographs were
obtained using CM200 Philips microscope operated at 200 kV. In LB
experiments with long duration, it was ensured that the water surface
was unchanged throughout the course of the experiment by carefully
sealing the box surrounding the device.

AFM: Standard AC-mode AFM images in air were acquired with an
MFP-3D bio Infinity microscope (Asylum Research, Oxford instruments,
Santa Barbara, CA). AC240 TS (Asylum Research, Oxford instruments,
Taiwan) cantilevers with nominal 7 nm tip radius and 17 N m
spring constant were used. Cantilevers were excited to free oscillation
amplitudes (FOAs) of around 100 nm and the set points were =80%
of the FOAs. Scan rate was typically 0.5 Hz. A Cypher AFM (Asylum
Research, Oxford instruments, Santa Barbara, CA) was used to perform
high-resolution AC-mode fast imaging in air. Images were acquired
with Arrow-UHF cantilevers (Mano World, Switzerland) with nominal
tip radius smaller than 10 nm, spring constant of around 6 N m™, and
resonance frequency in air up to 2 MHz. Prior to each experiment,
cantilever spring constant, resonance frequency, and optical sensitivity
were determined using the GetRealTM automatic probe calibration
routine included in the AFM software. Cantilevers were photo-thermally
excited close to their resonance frequency with FOAs of arcund 10 nm
and set points corresponding to 80% of the FOAs. High scan rates of
around 10 Hz were used to minimize the effect of thermal drift. Typically,
images of 100x100 nm® or 50x50 nm?® with 256 points and lines were



acquired. To discriminate the ebtained order from the typical AFM
noise, only images that exhibited order of particles of the same size
after immediate change of the size of the scan frame were considered.
Gwyddion 2.56 was used for data visualization and analysis.[*

XRR: Specular XRR and CIWAXS experimaents were perfermed on a
Xeuss 2.0 instrument (Xenocs, France) with a microfocused Cu k-alpha
source fwavelength = 1.54 A) and a Pilatus3 2.D detector [Dactris,
Switzerland). The samples were firmly attached to the sample holder
and the measurements were carried out in a horizontal configuration
with two beam collimation slits (height x width), 0.5 % 1.2 mm and
0.3 » 1.2 mm, and a sample-detector distance = 1214 mm for XRR.
For GIWAXS, the measurements were carried out at near-total
reflection configuration, with beam collimation slits, 0.6 = 0.6 mm and
0.5 * 0.5 mm, and a sample-detector distance = 221 mm. In both cases,
the sample area probed was of the order of several tens of mm®. The
total acquisition time per sample was about 3 h for XRR and about 15 h
for GIWAXS.

The reflectivity curves were fitted with an n-layer model with the
scattering length density normal to the interface SLD(z) given in
Equation (1)

SLD{Z]:E::[SLD,-_ESLD,-H][]_En,fz-z,-]] )

LU

where SLD; and fz; — z,,) are the scattering length density and the
thickness of layer i, respectively, and & is the interfacial roughness
between layer i and i+1 described by an errer function. n = 0 (SLDy = Q)
and n = N+1 (SLDy.; = 24 x 107 A~%) represent the two semi-infinite
miedia, air and mica substrate, respactively. The best-fit set of paramaters
was determined by minimization of the 32 parameter between the
experimental and theoretical curve calculated using the classical optical
matrix formalism_ ]
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