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ABSTRACT: Assembly from ultrasmall solution droplets follows a different
dynamic from that of larger scales. Using an independently controlled
microfluidic probe in an atomic force microscope, subfemtoliter aqueous
droplets containing polymers produce well-defined features with dimensions as
small as tens of nanometers. The initial shape of the droplet and the
concentration of solute within the droplet play significant roles in the final
assembly of polymers due to the ultrafast evaporation rate and spatial
confinement by the small droplets. These effects are used to control the final
molecular assembly in terms of feature geometry and distribution and packing of

individual molecules within the features. This work introduces new means of
control over molecular assembly, bringing us closer to programmable synthesis for chemistry and materials science. The
outcomes pave the way for three-dimensional (3D) nanoprinting in additive manufacturing.

Assembly of molecules into mesoscale structures by design
still poses great challenges, despite great advances in
bottom-up and top-down approaches.”” Self-assembly (SA)
provides a good solution, such as self-assembled monolayers
(SAMs),* ™ phase-separated polymers,®” and lipid bilayers.*’
Although powerful, SA is most effective in forming ordered
structures or molecular assemblies driven by thermodynamics.
Controlling mesoscale structures is difficult for structures
formed off of the thermodynamic equilibrium, such as
kinetically trapped structures.'"’ New approaches are needed
to attain “molecular assembly by design” with a high degree of
control, enabling production of a wider range of structures,
materials, and functions. This work reports a new approach to
address this challenge, using evaporation-driven assembly from
ultrasmall droplets to provide a foundation for three-dimen-
sional (3D) printing in additive manufacturing and its
applications.''~

Studies on solid residues upon evaporation of micro- to
macrodroplets that contained simple particles (e.g., polystyrene
or silica) provided important groundwork for our ap-

proach.”®™'® Various patterns formed that fell into the off-
equilibrium molecular assembly category.”””"" Two well-
19,20

known extremes are referred to as the “coffee ring effect
and “Marangoni flow.””'™>* The former is due to a faster
evaporation rate at the edge of the droplet causing “center-to-
edge” capillary flow to compensate for evaporation. Various
ring- or branch-like structures formed due to the directionality
of the outward flow of solutes during drying, followed by their
pinning at the triple interfacial lines.'”~** As a counter-
measure to avoid the coffee-ring effect, surface tension
gradients have been created between the edge and top of the
droplet, leading to an inward flow.”* For example, by using a
temperature gradient from the top of the droplet to the contact
surface and avoiding particle pinning, the vortex movement in

-4 ACS Publications  © 2018 American Chemical Society

6232

fluid dynamics during drying results in a pile up of solutes at
the center. This is known as the Marangoni or Gibbs—
Marangoni effect.”"** Upon miniaturization of a liquid droplet,
the questions arose as to whether the molecular assemblies
would follow or deviate from either of the effects and how to
utilize the outcome for molecular assembly.

Delivery of an ultrasmall droplet was achieved with an
independent microfluidic probe on an atomic force microscopy
(AFM) stage.”*™*® The probe—surface contact is illustrated in
Figure 1 with the geometric parameters clearly indicated. The
opening at the tip apex is 300 nm, behind which the delivery
pressure ranges from —800 to 1000 mbar. By varying both the
contact time and surface functionality, this configuration
delivers aqueous droplets as small as 0.4 attoliter (aL), which
is an order of magnitude smaller than that previously
recorded.”*® To test solute assembly upon delivery of a
small liquid droplet, we selected solute molecules with
insignificant to repulsive intermolecular interactions in the
solution so that assembly was primarily solvent-driven. Star
polymers meet the criteria, with a nanogel core and
amphiphilic arms emanating from the cross-linked hydro-
phobic core.>** The structure of a representative star
polymer, star [(polystyrene);,-(poly(N,N-dimethylaminoethyl
methacrylate) 059, abbreviated as star [PS;,PDMAEA,],,, is
depicted in Figure 1B.** In aqueous solution and at pH 6.5
(ambient), the arms of the star polymer are positively charged
due to protonation of amine residues,®>*® hence assuming an
extended conformation. When forcing two polymer molecules
closer, the net electrostatic interaction is repulsive and the
overall entropy decreases, and it becomes thermodynamically
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Figure 1. (A) Schematic diagram of an AFM with microfluidic delivery probe. An enlarged view of the probe—surface contact, illustrating the
parameters of delivery (p, t), contact angle (), and surface tensions at phase boundaries (y). The main axis of the square-pyramidal tip tilts 11°
from the surface normal. The inset at the lower left is a SEM image of the nanopipette apex with a 300 nm aperture. (B) Schematic and chemical

structure of star [PS;,PDMAEMA,].
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Figure 2. (A) AFM topographic image (1.8 yum X 1.8 um) of a disk of star polymers formed on a hydrophilic AAPTMS/glass surface. (B) 3D
display of image (A) where the feature height measures 5.5 + 1.5 nm. (C) Schematic diagram illustrating the assembly of star polymers under
constant contact area evaporation. (D) AFM topographic image (1.8 ym X 1.8 ym) of a mound of star polymers on a hydrophobic OTS/glass
surface. (E) 3D display of image of (D) where the mound measures 90.4 nm tall. (F) Schematic diagram illustrating star polymer assembly under
constant contact angle evaporation. Broken arrows (green) represent the evaporation direction and rate, and dashed lines (black) represent initial

liquid—air boundaries. Scale bars = 500 nm.

unfavorable,**” known as entropic repulsion ( or electrostatic
repulsion), thus preventing polymers from aggregating.”” —>* In
fact, the star [PS;,PDMAEMA )5, remained stable in aqueous
solution for months under concentrations ranging from 2 X
107 to 3 X 107° M.

The shape of the droplet is determined by the surface
hydrophilicity. Figure 2 compares the outcomes of star
polymer assembly on hydrophilic vs hydrophobic surfaces
upon delivery of droplets of subfemtoliter (fL) volume. The
aqueous solution was made by mixing ethanol:glycerol:H,0 =
5:10:85 (v:v:v) and star [PS;,PDMAEMA,];, into 1.305 X
107 M. The hydrophilic surfaces used were glass surfaces
modified by N-(6-aminohexyl)-aminopropyltrimethoxysilane
(AAPTMS) self-assembled monolayers. The solution contact
angles on this SAM measured 53° and were thus hydrophilic or
“solution-philic”. Upon delivery of 170 aL of solution (p = SO
mbar, t = 1.08 s, and a contact force of 75 nN) and allowing
ambient evaporation, the star polymers assembled into a disk
1.58 # 0.15 ym in diameter and 5.5 + 1.5 nm in height (Figure
2A,B). The height is similar to that of a monolayer of closely
packed star polymers (4—6 nm) formed via polyelectrolyte
(PE) coating protocols.>’ The molecules within the disk
exhibit homogeneous distribution, with individual molecules
clearly visible in an AFM topography image. The star—star
nearest-neighbor (NN) separation is measured at around 39 +
S nm (Figure 2A), similar to that observed in the monolayer.
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This outcome of star polymer assembly is consistent with
“constant contact area evaporation”, whereupon delivery, sub-
fL liquid quickly spread and evaporated on the solution-philic
surface, covering a constant contact area (D = 1.58 um), as
shown in Figure 2C.57* At 1.305 X 107° M concentration,
(1.38 £ 0.12) x 10 star polymers assembled into a monolayer
within the circle with NN separation of 39 nm. The result
shown in Figure 2A has been repeated 36 times (6 X 6 arrays),
and both robustness and versatility have been demonstrated by
forming disks with diameters ranging from 0.7 to 7.1 ym by
varying delivery t and p. These observations demonstrate
molecular-level control over the outcome of the star polymer
assembly, e.g., disk diameter and molecular packing within a
disk, by predesigned initial conditions, such as p, t, contact
angle, and solution concentration.

On hydrophobic substrates, such as glass surfaces derivatized
with octadecyltrichlorosilane (OTS) SAMs, the same star
polymer solution exhibited a contact angle of 97°, which is
considered solution-phobic. Upon delivery of 90 aL of the
solution and allowing evaporation under ambient conditions,
the star polymers assembled into a mound 90.4 + 1.5 nm tall
and 0.636 + 0.008 um in diameter at the base (Figure 2D,E).
This height is equivalent to 15 star polymer layers from PE
desposition.”" Though the substructure is clearly seen on the
outer surface of the mound, individual star polymers are not
recognizable in Figure 2E. The assembly into a mound shape is
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Figure 3. (A) 3D display of an AFM topograph (60 ym X 60 ym) showing the S X § arrays of symmetric star polymer assemblies. Scale bar = 10
um. (B) Schematic diagram illustrating the characteristic moment of controlled assembly: during dispensing, immediately after probe withdrawal,
and final assembly after solvent evaporation. Broken arrows indicate the evaporation direction and rate.

Figure 4. (A) AFM topographic image of star polymers assembled after dispensing 0.81 L of 2.61 X 107° M solution on an AAPTMS/glass. (B)
AFM topograph of a monolayer disk of closely packed star [PS;,PDMAEMA,]5, molecules. (C) 3D display of an AFM topography of a mound of
interdigitated star polymers on an OTS/glass under the same p, f, and concentration as (B). (E) AFM topographic image of a monolayer of star
[PS;,PDMAEMA ,]5, on a glass surface following conventional PE deposition. Scale bars = 200 nm.

rationalized by the process of constant contact angle
evaporation,40’43’44 as illustrated in Figure 2F. The initial
droplet beaded up on the OTS surface to a shape reminiscent
of a spherical cap, in contrast to the spreading on AAPTMS
SAMs. The ultrafast and near-constant-angle evaporation
manifested as shrinkage of the droplet, until all solute
molecules assembled into a smaller solid spherical cap. At a
concentration of 1.305 X 10™° M, the outcome is the mound
observed in Figure 2E.

It may seem counterintuitive at first glance that positively
charged star polymer molecules piled into a mound. From an
energetic perspective, solvent evaporation into ambient
increased the overall entropy of the system, thus overcoming
the electrostatic repulsion among solute molecules. The power
of the line tension is precedented in the context of maintaining
the contact angle during evaporation to produce mound-like
features at the micro- and millimeter scales.*>*® In our case, as
the droplet was smaller and evaporation occurred faster than
microscopic deposition, the star polymer separation decreased
rapidly under evaporation. The lack of independent individual
star polymers in Figure 2E is consistent with interdigitation
among polymer arms within the mound. Similar star polymers
were known to collapse’” and form gels under high
concentration, e.g., amphiphilic heteroarm PE star polymers
consisting of pure polystyrene and poly(2-vinylpyridine)
arms.*¥*

These observations have been reproduced 121 times (11 X
11 array of mounds). The robustness and versatility have been
demonstrated by forming mounds ranging in height from 20 to
200 nm by varying delivery t and p. These suggest that one
could attain a high degree of control over star polymer
assembly by predesigned initial conditions such as p, t, contact
angle, and concentration. From our time-dependent AFM
imaging, all assembled structures exhibited high integrity and
stability throughout the duration of our experiment, S months.
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To further demonstrate the concept of “controlled
assembly”, geometries more complex than simple disks and
mounds have been produced, again by well-designed initial
conditions. Figure 3A shows S X § arrays of “cut-bamboo” or
“bean bag” shaped features. Each feature was produced by
dispensing 9.0 fL of star polymer solution onto a freshly
cleaned glass surface. The delivery conditions were t = 0.5 s
and p = 700 mbar with a contact force of 90 nN. The solution
contained 2.61 X 107> M star [PS;,PDMAEMA,];, in a mixed
solvent of ethanol:H,0 = 1:9 (v:v). Clean glass surfaces were
highly solution-philic (contact angle < 10°). Dynamic light
scattering measured a star polymer diameter of 33.5 nm, i.e,,
stable without aggregation. This solvent exhibited a higher
evaporation rate than that with previous experiments whose
solvents contained a minute amount of glycerol. Each of the
asymmetric features in Figure 3A had a base diameter of 3.61
+ 0.19 ym with an interior diameter of 1.10 + 0.15 ym. The
tall and short wedges were 88.9 + 1.8 and 39.7 + 2.1 nm in
height, respectively, with 1.92 + 0.11 pm separation. The
saddle point measured 12.3 + 1.7 nm above the surface. The
formation of the asymmetric geometry is rationalized in Figure
3B. The probe is tilted 11° from the surface normal. As such,
the liquid spread and accumulated around the silica exterior
walls of the probe during delivery, forming an asymmetric
droplet. Due to the high evaporation rate of the solvent,
evaporation occurred immediately during delivery and upon
withdrawal of the delivery probe. In contrast to the previous
cases, where the liquid droplet relaxed to a spherical cap after
dispensing (e.g., short and flat cap on hydrophilic surfaces and
tall and narrow cap on hydrophobic surfaces), the fast
evaporation worked against the surface tension and hindered
the relaxation of this droplet. As a result, the star polymer
assembled following approximately the initial geometry of the
droplet wrapped around the tip, resulting in the asymmetric
features. At high star polymer concentrations and ultrasmall
droplets, the initial geometry dominated, thus the 1.92 um
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separation as illustrated in Figure 3B. The results are
reproducible as 37 bamboo features were produced consis-
tently in two separate experiments. The robustness was also
verified as the size and degree of asymmetry could be tuned by
varying the volume of solutions, e.g., volcano shaped features
were produced under shorter time and lower pressure. These
observations demonstrate the impact of initial droplet
geometry on the final feature geometry, which enables
production of custom-designed geometry via programming
initial droplet geometry, e.g, by custom-designed probes, or
movement.

Control over the molecular packing within each feature was
also achieved, as exemplified in Figure 4. Under the conditions
of low concentration (e.g,, 2.61 X 107° M star polymer in an
EtOH:glycerol:H,O = 1:10:89 solution) and a high degree of
spreading (on AAPTMS/glass surfaces), 0.81 fL of droplet (p
= S0 mbar, t = 1.33 s) yielded randomly distributed star
polymers at submonolayer coverage (22.6%). The NN
separation measured 90 + 25 nm, twice as large as their
hydrated diameter (47 nm), as shown in Figure 4A. To create
closely packed structures with monolayer coverage, dense star
polymers are required that cover the liquid—solid interface.
Deposition of 1.78 fL of star polymer solution (1.305 X 107°
M) under 200 mbar and 1.08 s onto AAPTMS/glass surfaces
met the criteria, where the NN separation measured 37 + 4
nm (Figure 4B). Bilayer and trilayer disks with closely packed
star polymers could also be produced with increasing
concentration. To force interdigitation among star polymers,
solution-phobic surfaces were paired with a high concentration
of solute (Figure 4C). In contrast, conventional PE deposition
only resulted in a single-layer deposition, with a NN separation
of 31 + S nm (Figure 4D), similar to that of Figure 4B. In sum,
our results demonstrate the feasibility of controlling molecular-
level assembly within the feature.

Assembly of solute from ultrasmall droplets follows a
different dynamic from that under larger scales. Using an
independently controlled microfluidic probe in an atomic force
microscope, this work reports our investigation into much
reduced volumes, e.g, fL. or smaller, using aqueous droplets
containing positively charged star [PS;,PDMAEMA,(]5o. The
results indicate that factors governing the assembly signifi-
cantly differ from that of larger droplets as ultrasmall droplets
exhibit ultrafast evaporation, and as such, the initial droplet
geometry and concentration of the solute play dominant roles
in dictating the final assembly of solute molecules. The feature
geometry could be controlled by varying the initial droplet
shapes to produce simple features such as disks and mounds
and even asymmetric geometries. Control over the molecular
packing within the features is also demonstrated ranging from a
randomly distributed star polymer in a submonolayer to
densely packed mono- and bilayer disks and interdigitated
packing in mounds. Because controlling the initial droplet and
solute distribution is much more achievable and program-
mable, this work represents a new paradigm to control the
assembly of molecules. Work is in progress to analyze and
model our systematic investigations to unveil the impacts of
individual experimental parameters (t, p, T, surface function-
ality, and humidity) on the molecular assembly. Future work
also includes monitoring and accurately measuring the
evaporation process of ultrasmall droplets. The concepts and
outcomes reported in this work pave the way for promising
applications including 3D nanoprinting, programmable chem-
istry, and materials science.
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B EXPERIMENTAL METHODS

Materials. Glass slides (75 mm X 25 mm X 1 mm) were
purchased from Fisher Scientific (Pittsburgh, PA). Glycerol
(>99%), sulfuric acid (H,SO,; 95.0—-98.0%), hydrogen
peroxide (H,0,, 30% aqueous solution), ammonium hydrox-
ide (NH,OH, 30% aqueous solution), tetrahydrofuran (THF,
>99.9%), and toluene (99.8%) were purchased from Sigma-
Aldrich (St. Louis, MO). N-(6-aminohexyl)-aminopropyl-
trimethoxysilane (AAPTMS) and octadecyltrichlorosilane
(OTS) were purchased from Gelest (Morrisville, PA).
Deuterated chloroform (CDCly) was purchased from Cam-
bridge Isotopes (Tewksbury, MA). Ethanol (99.5%) was
purchased from KPTEC (King of Prussia, PA). Milli-Q water
(MQ water, 18.2 MQ-cm at 25 °C) was produced by a Milli-Q
water purification system (EMD Millipore, Billerica, MA).
Nitrogen gas (99.999%) was purchased from Praxair, Inc.
(Danbury, CT, King of Prussia, PA).

Synthesis and Characterization of Star Polymers. Star polymers
used in this study were synthesized using a combined approach
of anionic living polymerization and atom transfer radical
polymerization (ATRP).>* For [PS;,PDMAEMA,];,, indices
34 and 40 indicate the degree of polymerization of the arm,
and 39 indicates the number of arms attached to the cross-
linked polystyrene core. This star polymer is composed of a
cross-linked polystyrene core and 39 independent arms of
PS;,-b-PDMAEMA,, diblock copolymer covalently linked to
the core. The 'H nuclear magnetic resonance (NMR)
spectrum was captured using an Ascend 400 MHz (Bruker
Instruments, Billerica, MA). Star [PS;,PDMAEMA,l5o: 'H
NMR (400 MHz, CDCl,, &) = 7.13—6.49 (br s, 170H), 4.11
(br s, 80H), 2.63 (br s, 80H), 2.34 (br s, 240H), 1.84 (br s,
81H), 1.45 (br s, 34H), 1.08—0.92 (br m, 119H). The
following abbreviations for multiplicity are used: s, singlet; m,
multiplet; br, broad. It has a M,,: 383 kDa, polydispersity index
(PDI) = 1.18, hydrodynamic radius (R;, in THF) = 13.8 nm,
and glass transition temperature (T,) = 45 °C, which were
measured following the reported procedure.”

Zeta Potential and Hydrodynamic Size Measurement. A
Zetasizer Nano ZS (Malvern Instruments, Malvern, U.K.)
was used to measure the star polymer’s zeta potential and
hydrodynamic size.”' Three solutions were first prepared: (1)
stock solution was made by predissolving 100 mg of star
[PS;,PDMAEMA,];, powder in 1 mL of ethanol and then
mixing it with 9 mL of MQ water to reach a final concentration
of 2.61 X 107> M; (2) 100 uL of stock solution was mixed with
20 puL of glycerol and 80 uL of MQ water to reach a final
concentration of 1.305 X 107> M; (3) 100 uL of stock solution
was mixed with 100 yL glycerol and 800 uL of MQ water to
reach a final concentration of 2.61 X 107° M. All solutions
were then filtered through a 0.45 pm glass fiber filter prior to
measurement. The refractive index, viscosity, and dielectric
constant of the solvents were assumed to be the same as those
of MQ water. Three measurements (10 runs each) were
performed at 25 °C, and the average values were reported. The
Smoluchowski approximation® was used to obtain the zeta
potential of the particles. The zeta potential was measured to
be 12.4, 15.3, and 19.6 mV for the above three solutions,
respectively. The positive value of the zeta potential indicates
the net positive charge of solute particles in solutions.

Preparation of Glass Supports. Glass slide substrates were first
cleaned following established protocols.”’ Briefly, slides were
soaked in piranha solution for 1 h, rinsed with a copious
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amount of MQ water. Piranha solution contains H,SO, and
H,0, (v/v = 3:1), which should be handled with care for its
high corrosiveness. The slides were then treated with a basic
bath (mixture of NH,OH, H,0,, and H,O at a ratio of S:1:1
(v/v)) for 1 h at 70 °C and then rinsed with a copious amount
of MQ water followed by drying in nitrogen gas. Cleaned slides
were modified usin§ silane chemistry according to an
established protocol.”> Amine-terminated silane AAPTMS
was prepared as follows: slides were heated at 70—80 °C in
a sealed Teflon container (100 mL) containing 200 uL of
AAPTMS for 2 h, then rinsed with ethanol and MQ water, and
dried again in nitrogen gas. The OTS-modified glass slides
were prepared by immersing slides in S mM OTS solution in
toluene for 3 min, rinsing in toluene and ethanol, and drying in
nitrogen gas. Contact angle data were then collected for the
modified substrates with a VCA Optima Contact Angle
Measurement system (AST Products, Billerica, MA) according
to standard protocols.”® A 3 L drop of MQ water was placed
on the substrate using a HPLC needle. At least three different
positions per each sample were studied to confirm the surface
wettability.

Integrated Microfluidicc, AFM and Optical Microscope. A
microfluidic system FluidFM Bot (Cytosurge, Glattbrugg,
Switzerland)**** was integrated with an AFM head, a precise
x—y stage, onto an inverted optical microscope (Olympus
IX73, Olympus America, Center Valley, PA). The fluid-
delivery cantilever probe (FluidFM Nanopipette, CYPR/
001511, Cytosurge, Glattbrugg, Switzerland, 300 nm tip
aperture at the apex of the square-pyramidal tip that tilts 11°
from the surface normal; spring constant = 2 N/ m) was made
with a microchannel connected to a reservoir and controlled by
a precise pressure controller. A digital camera (UI-3060CP-C-
HQ, iDS Imaging Development Systems GmbH, Obersulm,
Germany) was used for imaging. The pressure control was
enabled by a mechanical pump and control system with a
capacity range from —800 to +1000 mbar at a 1 mbar
precision. Initially, 1 uL of the star polymer solution was filled
into the probe’s 2 pL reservoir using a Hamilton 7000 series
syringe (Hamilton, Reno, NV).

AFM Imaging and Data Analysis. The star polymers and their
constructs were characterized by AFM (MFP-3D, Oxford
Instrument, Santa Barbara, CA). Silicon probes (AC 240-TS,
Olympus America, Central Valley, PA) with a force constant of
1.7 N/m and resonant frequency of 70 kHz were used.
Topography, amplitude, and phase images were acquired
simultaneously using tapping mode. The driving frequency and
damping were set at 70 kHz and 40%, respectively. Images
were analyzed using Asylum MFP-3D software on an Igor Pro
6.12 platform. Particularly, the initial volume of droplets
deposited on the hydrophilic surface was estimated from the
total number of star polymers (N) (identified from a high-
resolution AFM image using Image] (NIH)) and the solution
concentration. For the droplet deposited on the hydrophobic
surface, the volume was calculated based on the total star
polymer number in the mound (total solid volume calculated
based on the AFM measured height and diameter/individual
star polymer volume) and the initial concentration in the
solution.
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