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ABSTRACT Dynamic self-assembly is an emerging scientific concept aimed to construct
artificial systems of adaptative behavior. Here, we present a first nanoscopic system that is
able to dynamically self-assemble in two dimensions. This system is composed of charged gold
nanoparticles, dispersed at the air—water interface, which self-assemble into a dense
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monolayer of area of several square centimeters in response to surface tension gradient. The surface tension gradient is imposed by localized addition

or removal of organic solvent from the interface. After the surface tension is equalized over the whole fluid interface, the nanoparticles return to their

initial dispersed state. The arrangement of nanoparticles before and after the self-assembly was characterized using SEM microscopy and SAXS

spectroscopy. The constructed self-assembling system offers a “chemical” alternative for the Langmuir—Blodgett technique. Also, it was applied for

creating self-erasing nanoparticle patterns on a fluid surface.
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he concept of self-assembly (SA) is a
Tmain philosophy of current scientific

research inspired by Nature."? This
research is driven not only by scientific
curiosity but also by a practical necessity.
At the nanoscale, SA is the most feasible
way to build large and complex structures
from simple components such as nanopar-
ticles (NPs).>~> However, the scientists are
rarely able to mimic Nature, where the living
entities function via dynamic self-assembly
processes. In the man-made systems, the
NPs are usually organized into complex,
ordered assemblies whose structure does
not change, in a process known as static
SA.%7 Structures obtained in this way cannot
be further modified or reconfigured be-
cause they correspond to the thermody-
namic equilibrium of the system. In order
to direct SA of NPs, the templates are com-
monly used.® One of the most popular
templates is a fluid interface which facil-
itates SA of the NPs in two dimensions. Like
most artificial self-assembled systems, all
examples of ordering the NPs at the fluid
interface reported in literature'®~'® belong
to the class of static SA. Second class of the SA
phenomena is dynamic SA (DySA) observed
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in steady-state systems brought away from
equilibrium.5”'*=2> Formation of the ordered
structures in such systems requires constant
supply of energy, which is dissipated through
entropy production. In contrast to static SA,
DySA structures exhibit adaptative behavior
and can reconfigure in response to external
stimuli. As yet, the NP systems being able to
self-assemble at fluid interfaces under non-
equilibrium conditions have not been de-
scribed. The development of such dynamic
systems is of a paramount significance as it
would lead to the fabrication of novel two-
dimensional materials with adaptive proper-
ties. Herein, we wish to report the first NP
system that exhibits DySA at a fluid interface.
Our system consists of charged NPs uniformly
dispersed at a gas—fluid interface. Creation of
the gradient of the surface tension makes the
NPs migrate toward the area of higher tension
with formation of a dense monolayer. Spatial
distribution of the surface tension is con-
trolled by the presence of organic solvent
over the fluid interface. The NP structures
are present as long as the surface tension
gradient is maintained. At equilibrium, when
this gradient vanishes, the NPs return to their
initial dispersed state.
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RESULTS AND DISCUSSION

Charged amphiphilic NPs represent an interesting
class of nanocolloids. Amphiphilic NPs bearing a nega-
tive charge were found to exhibit an ability to pene-
trate and deliver a cargo into biological cells?® >3 and
also to self-assembile at liquid interfaces** or incorpo-
rate into the wall of surfactant vesicles.® In the present
study, we employed positively charged amphiphilic gold
NPs recently developed in our group.?*?” The ligand
shell of the NPs was composed of a binary mixture of
hydrophobic 1-undecanethiol (UDT) and hydrophilic 11-
mercapto-N,N,N-trimethylundecane-1-aminium chloride/
bromide (TMA) (Figure 1). The surface modification of
the NPs was performed using 9:1 molar ratio of UDT/
TMA. The mean size of the NP metal core was 8 nm. The
experiments were carried out in the glass beakers filled
with distilled water. Before use, the NPs were dispersed
in the MeOH/DCM (1:4 v/v) mixture. Next, 30 uL of NP
dispersion (4 mM in terms of gold) was dropped on the
water surface of 11.34 cm? that corresponds theoretically
to about 39% coverage of the NPs at the interface. Due
to their amphiphilic structure and lateral electrostatic
stabilization, the NPs were readily spread at the air—
water interface to form uniform film of light-pink color.

The system composed of the amphiphilic NPs dis-
persed at the air—water interface exhibits DySA in
response to external stimuli—gradient of the surface
tension. We found that DySA of the interfacial NPs can
occur in two different manners, referred to as DySA1
and DySA2. The difference between these two systems
concerns the way in which the energy flux needed to
maintain the emerging dynamic structures is dissi-
pated. Both types of DySA are shown in Figure 1
(corresponding demonstrations are included as web-
enhanced images video 1 and video 2 in the HTML).

In the DySA1 system (Figure 1b), one droplet (about 1 uL)
of tetrahydrofuran (THF) was carefully placed on the
water surface by a syringe near the rim of the experimental
vessel. The addition of the solvent caused a spontaneous,
rapid shrinking of the interfacial NPs into a compact, rigid
film. Owing to changes in plasmonic response of the close-
packed NPs, the film turned red-violet. This process was
fully reversible. With time (typically, a couple of days), the
sharp edges of the compressed NP monolayer smoothed
and the dense film disintegrated to form a uniform layer.
Thus, to sustain the DySA1 structure, a slow, but contin-
uous, supply of the solvent on the interface was needed.
This follows that the ordering of the NPs is maintained at
the expense of the entropy production associated with the
diffusion of the solvent into both the gas and liquid
phases. The most remarkable feature of the DySA1 system
is its huge asymmetry in the “on” and “off” response time
to the external stimuli. That is, the system reacts instantly
when the surface tension gradient is created (stimulus on)
and relaxes slowly to the equilibrium state when it
vanishes (stimulus off).
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Figure 1. (a) Cartoon representation of the ligand shell of
gold NP. (b,c) lllustration of dynamic self-assembly of the
NPs at aqueous—air interfaces. Adding (b) or removing (c)
solvent from the fluid interface creates the surface tension
gradient, which makes the NPs compress into dense film.
When the external stimulus is discontinued, the NPs dis-
perse throughout the interface.

In the DySA2 (Figure 1c), the system was initially
saturated by THF. The saturation was achieved in two
different ways. In the first case, THF was gradually
introduced by a syringe on the bottom of the experi-
mental vessel until the content of the solvent in the
aqueous phase reached approximately 50% (v/v). In
order to provide the homogeneity of the liquid phase
during the addition of the solvent, a continuous mag-
netic stirring was applied. In the second case, the
beaker with the interfacial NPs was placed in a desic-
cator filled with THF. The degree of saturation of the
system by THF required for DySA2 to occur was
reached within 1 day. The sufficient content of THF in
the aqueous phase was estimated as 5% (v/v). The
system exhibited DySA2 property at such low solvent
content because, upon saturation of the system by
solvent vapors, THF, which has a density smaller than
that of water, is concentrated in the upper layer of the
aqueous phase and saturates quickly in the gas phase
above the interface. The system starts working when
the air flow is directed toward the interface. The NPs
organize instantly into a dense film at the place from
which the air saturated with vapors of the organic
solvent was blown out. When the air supply ceases,
the compressed NP film disintegrates into a sparse
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monolayer within a few seconds. The cycles of NP
compression—decompression can be repeated, at least,
for a dozen times. In DySA2, the ordered structure is
maintained by the steady flux of kinetic energy of the air
jet reaching the interface. Compared with the DySA1
system, DySA2 is characterized by relatively small asym-
metry in the “on” and “off” response times.

The arrangement of the NPs, before and after the
compression, was first studied by the scanning electron
microscopy (SEM). The characterization of interfacial NP
structures was possible only for the DySA1 system
where the time-span between assembly and disassem-
bly events is large. The interfacial NPs were cast onto a
solid substrate by immersing a silicon wafer into the
subphase and, next, pulling it away under an angle of
about 20° relative to the plane of the interface. The
corresponding SEM images are presented in Figure 2.
The SEM analysis revealed that, upon treatment with
THF, the NPs were compressed into a compact, densely
packed monolayer. Interestingly, the NPs collected from
the sparse film were also arranged into close-packed
domains, but these domains were small and evenly
distributed throughout the surface. To ensure that the
NP ordering, observed in the SEM images, corresponds
to that at the fluid interface, we performed in situ SAXS
measurements. The SAXS technique allowed us to study
the NP arrangement directly at the air—water interface,
thereby eliminating any effects that might occur during
the deposition and drying of the NP film on the solid
substrate. The obtained X-ray scattering patterns along
with the corresponding integrated spectra are pre-
sented in Figure 2. In both cases, the peaks were located
at 11.02 nm. This value corresponds closely to the
calculated diameter of the single NP. The thickness of
the NP ligand shell is approximated by the length of the
UDT ligand (1.57 nm). The diameter of the NP is calcu-
lated as 8 + (2 x 1.57) nm = 11.14 nm. This result
indicated that the NPs, both before and after the com-
pression, are arranged close to each other at the interface.
However, based on the SAXS data, it is hard to deter-
mine the characteristic size of the NP domain. While the
formation of the large-area NP monolayer after compres-
sion is implicitly evidenced by visual observation and
further corroborated by SEM analysis, the exact arrange-
ment of the NPs at the interface before the compression
remained unknown. Probably, there is a certain equilib-
rium between separated and grouped NPs at the inter-
face that results from a delicate balance between hydro-
phobic and electrostatic interactions of the NP ligand
shells. This equilibrium depends also on the surface con-
centration of the interfacial NPs. Importantly, due
to the aforementioned force balance, the ligand chains
of the neighboring NPs do not interdigitate much, as it
follows from the comparison of the calculated and mea-
sured interparticle distance values. We believe that the lack
of strong irreversible interactions between the interfacial
NPs enables the system to dynamically self-assemble.

After compression

EYll  Before compression
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Figure 2. Representations of NPs before and after the
compression in the DySA1 system: (a) digital photos of
the experiment; (b,c) SEM images at high and low magnifi-
cation, respectively; (d) SAXS patterns and integrated
spectra.

The mechanism of DySA of the NPs at the fluid
interface is inherently capillary. By adding or removing
the volatile organic solvent from the interface, the
surface tension gradient is created. Due to the imbal-
ance of the capillary forces, the interfacial NPs move in
the direction of higher surface tension (see Figure 3).
When the surface tension is equilibrated, the NPs again
scatter at the interface. Importantly, the surface tension
gradient is not created when the solvent is uniformly
introduced into the system, as in the case of saturation
of the DySA2 system with THF. In the case of DySA1, the
reverse process is slow due to attractive hydrophobic
interactions between the aliphatic chains of the com-
pressed NPs. This is the reason for the huge differences
in the “on” and “off” reaction time to the stimuli observed
in DySA1. Note that when hydrocarbon solvent (e.g.,
pentane, hexane, or toluene) was put on the compressed
layer of the NPs, the hydrophobic interactions signifi-
cantly weakened and the NPs quickly spread at the
interface. Likewise, the gaseous THF disperses the inter-
facial NPs during the reverse process in the DySA2
system. When the air blowing was stopped, the THF
vapors filled instantly the entire interface, causing the NPs
to disassemble.

From the above discussion, it follows that, in both
DySA1 and DySA2 systems, the same “capillary trap”
mechanism is responsible for the NP assembling.
However, this mechanism is operating in an “opposite”
way in these two cases: In DySA1, the surface tension
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gradient is imposed by adding organic solvent at the
air—aqueous interface. The surface tension between
the air and the THF-rich aqueous phase is lower than
that between the air and pure water. In DySA2, the
gradient is formed by removing THF from above the
interface. The surface tension between the THF-rich air
and the THF-rich aqueous phase is lower than that
between the air containing no THF and the THF-rich
aqueous phase.

Our results indicate that the solvents with lower
surface tension values (y) should be most efficient for
DySA. However, we found that the ability of the solvent
to create the surface tension gradient depends on its
relative miscibility with water. This ability can be
correlated with the Hildebrand solubility parameter.3®
The efficiency of each solvent, assessed based on a
visual observation of the amount of solvent needed to
compress the NPs, and its correlation with solubility
parameter are presented in Table 1. As can be seen, the
most efficient solvent, THF, has the lowest solubility
parameter among all water-miscible solvents. The
relationship between the solubility parameter of the
solvent and its ability to create the surface tension
gradient was proved also experimentally. We found
that the addition of 10 uL of THF (y = 26.70 mN/m)*” at
the air—water interface of 30 cm? produces an abrupt
change of the surface tension of 4.93 mN/m. On the
other hand, in a similar experiment with acetone
(y = 22.72 mN/m)*” and methanol (y = 22.07 mN/m),*’

a) b) THF
hydrophobic
oPh TN & _
H,0
F, c) THF
hydrophilic / = = —) \m .
part H:0 | H. O+ THF

Figure 3. “Capillary trap” mechanism underlying dynamic
self-assembly of the NPs. Upper and lower images (left b
and c) represent the NPs located at the air—liquid interfaces
of pure water and the aqueous phase saturated with THF,
respectively. The capillary forces (red arrows, F,) acting on
the NP depend on the surface tension (a) and are balanced
(left b and c) when the fluid phases are homogeneous. When
the NP experiences a gradient of the surface tension (caused
by adding or removing THF), the resultant force pulls the NP
toward the area of higher surface tension.

the surface tension decreases by 1.84 and 1.22 mN/m,
respectively. The assumption that the compression of
the NPs at the interface results from the surface tension
gradient was confirmed in the experiments with con-
ventional surfactants. It is well-known that micro- and
even macroparticles are capable of moving on liquid
interfaces in response to surface tension gradient
created by addition of surfactant.*®3° This phenomenon
is often used in popular science demonstrations with
ground pepper and dish soap. A grain of any surfactant
(cationic CTAB, anionic SDS, or neutral C;,E;) put at the
air—water interface also caused instant compression of
the interfacial NPs into a dense film. However, in contrast
to DySAT1, this process was irreversible (not dynamic)
because the surfactant remained on the interface. As in
the case of solvents, among the three surfactants studied,
the least soluble one (ie. Ci5E1p) exhibited the best
compression efficiency.

One could conjecture that the compression of the
NPs might be induced by the electrostatic screening. We
noticed that the solvents' efficiency, presented in Table 1,
correlates nicely with dielectric constants, where THF—
the most efficient solvent—displays the lowest dielectric
constant. To check whether the electrostatic mechanism
is operable, we decided to lower the dielectric constant of
the aqueous phase by alternative approach, namely, by
increasing the ionic strength of the medium through the
addition of inorganic salt (NaCl). However, we found that
the decrease of the permittivity of the aqueous phase
does not result in the compression of the NPs as it was
in the case of solvents. In the high salt concentrations
(higher than 2 M), the interfacial NPs aggregated and
then sintered into larger particulates (see Supporting
Information).

Finally, we checked whether the solvent-induced
compression mechanism is operable in the case of
uncharged NPs. In our study, we employed the NPs
coated with the UDT ligand shell. We found that the
addition of THF leads also to the compression of the
NPs. This finding ultimately confirms that the compres-
sion is driven by the capillary forces and rules out the
effect of the electrostatic screening. In contrary to the
charged NPs, the uncharged NPs were found to bunch
instantly into rafts once placed at the air—water inter-
face due to strong hydrophobic interactions. After the
solvent was added, these rafts aggregated into a large
single domain. Such obtained NP film contained many
multilayers and voids due to the inability of the system

TABLE 1. Correlation of Solvent Efficiency with Solubility Parameters and Dielectric Constants

solvents THF acetone isopropyl alcohol DMF ethanol methanol DMSO water
observed efficiency very high (<1 ul) high (>1 ul) medium (>10 L) no effect
solubility parameter” (MPa"?) 19.0 196 36 2338 26.1 293 2.7 478
dielectric constant 75 210 20.2 383 253 330 47.2 80.1

“ Calculated according to ref 8 using the values of enthalpy of evaporation and molar volume at T = 298.2 K from ref 9. Approximate amounts of solvents required for
compression of the NPs (30 zL of NP dispersion dropped on the water surface of 11.34 an?) into a rigid film are given in parentheses.
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Figure 4. Making self-erasing NP patterns using the DySA2
system. Left image shows the NP monolayer (not visible by
the naked eye) on the aqueous surface without air blowing.
Right image shows the NP pattern (red spots) formed upon
air blowing from five plastic nozzles.

to fit the NP rafts during the assembly process. The
strong interactions of the hydrophobic NPs at the
interface hamper their separation, making the assem-
bly process irreversible and, hence, nondynamic.

The designed self-assembling systems have a great
application potential. As we show, the DySA1 system
offers a facile tool to fabricate NP monolayers. Our
preliminary studies demonstrated also the possibility to
harness the dynamic nature of the DySA2 system to
control the spatial distribution of NP assemblies on fluid
interfaces. After slight modification of the DySA2 experi-
mental setup, we were able to create simple geometrical
self-erasing patterns (Figure 4): For preparation of the NP
monolayer, 8 uL of NP dispersion (4 mM in terms of gold)
was dropped on the water surface of 11.34 cm? that
corresponds theoretically to about 10% coverage of the
NPs at the interface. Next, the system was saturated with
THF vapors for 1 day. The air flow blown simultaneously
from five nozzles produced a pattern resembling a five-
pips die face, which disappeared once the air supply
stopped. The cycle of writing—erasing of the pattern
could be repeated at least a dozen times. As a part of

EXPERIMENTAL SECTION

Materials and Instrumentation. Chemicals and materials were
purchased as reagent grade from commercial suppliers and
used without further purification: dodecylamine (DDA), 1-un-
decanethiol (UDT), gold(lll) chloride trihydrate, 11-bromo-1-
undecene, and thioacetic acid from Sigma-Aldrich, 33% w/w
solution of trimethylamine in EtOH (Alfa-Aesar), 1.25 M solution
of HCl in MeOH and AIBN from Fluka, analytically pure solvents
(ChemPur, POCh), silicon wafers (Cemat Silicon SA). 11-Mercapto-
N,N,N-trimethylundecane-1-aminium chloride/bromide (TMA)
was prepared in three steps by adopting literature proce-
dures:*** (a) quaternization of 11-bromo-1-undecene with tri-
methylamine in ethanol; (b) radical addition of thioacetic acid to
double bond; (c) deprotection of thiol (removing acetyl group)
using HCI/MeOH. The EDS analysis of resulting TMA powder
showed that the product contains, besides the chloride anion, also
a bromide anion in quantities of about 20—30%. DDA-capped gold
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future work, we expect that by changing the arrange-
ment, shapes, and sizes of the nozzle apertures' distance
between the nozzles and the interface, as well as by
tuning the NP concentration and the air flow intensity it
would be possible to create more complex patterns of
prescribed geometry.

CONCLUSIONS

In summary, we constructed a system composed of
charged NPs which are able to dynamically self-assem-
ble at the gas—liquid interface. In response to the
external stimulus—creation of the gradient of the sur-
face tension—the NPs migrate to the regions of higher
surface tension. That is, the NPs get into the capillary
trap. The surface tension gradient is created by apply-
ing THF. When the surface tension gradient vanishes,
the NP assemblies spontaneously disassemble. The
designed DySA system can work in two different
modes: either by introducing THF (DySA1) or by re-
moving it from the interface (DySA2). These two systems
differ in the way the energy flux needed to sustain the
dynamic structures is supplied and dissipated. The en-
gineering of both the DySA systems was possible thanks
to the rational design of the NP ligand shell that stabilizes
the NPs at the gas—liquid interface. DySA1, caused by the
addition of the THF, can be considered as a chemical
analogue of the Langmuir—Blodgett (LB) technique and,
therefore, can be employed for the fabrication of the
large-area NP monolayer films which have aroused
recently great practical interest as a potential component
for novel devices and materials.**~*® In contrast to the LB
technique, our method of the NP film fabrication is very
simple, fast, and can be performed in any lab with no
need to apply specialized and cumbersome equipment.
The fast-responding version of the NP self-assembly, that
is, DySA2, was successfully applied for creation of self-
erasing NP patterns at the gas—liquid interface. It also can
be considered as a prototype of an adaptive plasmonic
system, which responds to the environmental changes of
the surface tension.

NPs were prepared according to the literature procedure.® In all
experiments, Milli-Q water (18 MQ2-cm) was used.

SEM imaging and EDS analysis were performed using Neon
40-Auriga Zeiss scanning electron microscopy. The small-angle
X-ray scattering (SAXS) spectra were obtained with the Bruker
Nanostar system, and the patterns were registered with the
Vantec 2000 area detector; Cu Ko (a0 =1.54 A) radiation was
used. The size of the NP metal core was estimated based on
SAXS measurements. The surface tension measurements were
conducted using the equipment from Nima Technology: a 50 x
750 x 10 mm Teflon trough was equipped with two barriers for
symmetric compression and a film balance 0.01 mN/m resolution.

Preparation of Charged NPs. The DDA-capped Au NPs (0.04
mmol in terms of gold atoms) were first precipitated by adding
methanol (20 mL) in order to remove an excess of surfactantand
amine. The supernatant liquid over precipitated NPs was then
carefully decanted. Next, the NP precipitate was dispersed in
5 mL of chloroform and injected into a stirred solution of TMA
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and UDT mixture in a 1:9 ratio (total amount of ligands was
0.04 mmol) in chloroform (5 mL). The reaction mixture was left
stirring overnight. Thiol-coated NPs collected by centrifugation
(4000—6000 rpm, 5 min) were next purified by utilizing a
dissolution—precipitation protocol. The NPs were dissolved in
methanol (1.5 mL) followed with addition of 1.5 mL of isopropyl
alcohol and precipitated with n-hexane (40—50 mL). The pre-
cipitated NPs were centrifuged at 4000—6000 rpm for 5 min.
The dissolution—precipitation cycle was repeated 5—7 times.
Finally, the purified, thiol-coated gold NPs were dried and
dissolved in 2 mL of methanol to give 20 mM NP dispersion.
Before use in the SA experiments, the NP dispersion was diluted
with dichloromethane to give 4 mM dispersion.

Preparation of Uncharged NPs. The DDA-capped Au NPs (0.04
mmol in terms of gold atoms) were first precipitated by adding
methanol (20 mL) in order to remove an excess of surfactant and
amine. The supernatant liquid over precipitated NPs was then
carefully decanted. Next, the NP precipitate was dispersed in
5 mL of chloroform, and UDT ligand (0.04 mmol) was injected
into the stirred NP dispersion. The reaction mixture was left
stirring overnight. Thiol-coated NPs were precipitated using
methanol and collected by centrifugation (4000—6000 rpm,
5 min). Next, the NP precipitate was purified by utilizing the
dissolution—precipitation protocol. The NPs were dissolved in
n-hexane (1 mL) and precipitated with methanol (40—50 mL).
The precipitated NPs were centrifuged at 4000—6000 rpm for 5
min. The dissolution—precipitation cycle was repeated 5—7
times. Finally, the purified, thiol-coated gold NPs were dried
and dissolved in 2 mL of chloroform to give a 20 mM NP
dispersion. Before use in the SA experiments, the NP dispersion
was diluted with chloroform to give a 4 mM dispersion.
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