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LIST OF FIGURES

Figure 1.1 Calculated distributions of local normal evaporative flux over the droplet
surface, L = Imm. circles: 6 =n/2; squares: 0 =27/3; triangles: 6 =2x /9.

Figure 1.2 Summary of theoretically predicted values for the total evaporation rate of a
droplet of acetone, methanol and water of radius R =1.35 mm on substrates of Al, Ti,
Macor and PTFE.

Figure 1.3. Evaporative flux j of a water droplet as a function of the radial coordinate r
predicted by (a) The lens model. (b) The NEOS model. The solid red lines represent j,
and the dotted lines represent the corresponding drop profile.

Figure 1.4. Local evaporation rates versus r, the dimensionless radial distance to the
center of a droplet. The black dotted line shows experimental results while the others are
calculated results from models.

Figure 1.5. Representative streamlines and velocity vectors for a pinned droplet in which
the evaporative mass flux is given by eq. 9. Fluid flows from the center of the droplet
toward the contact line.

Figure 1.6. Three-dimensional Spatiotemporal evolution of the flow field, measured just
above substrate, in an evaporating water droplet. Inset shows that the velocity vectors are
those of a radially outward flow.

Figure 1.7. Flow field in a drying octane droplet: (a) imaged experimentally, and (b)
predicted. To observe a clear Marangoni vortex, the illumination plane was moved
forward about 0.66 mm from the symmetrical axis of the droplet.

Figure 1.8. Flow inside evaporating droplets with different NaCl concentrations: (a) 0.01
wt.% (evaporation time (ET) ~ 39 min); (b) 0.1 wt.% (ET ~ 45.7 min); (c) 1 wt.% (ET ~
50.5 min); and (d) 10 wt.% (ET ~ 63 min). Exposure time was 20 s for (a), (b), and (c)
and 2 s for (d). The substrate was placed on a glass substrate coated with the amorphous
fluoropolymer Teflon.

Figure 1.9. a) Upper left: Schematic cross section of a capillary-held solution containing
a nonvolatile solute placed in a “sphere-on-flat” geometry. X3, X, and X, are the radii of
outermost, intermediate, and innermost rings from the sphere/flat contact center,
respectively. Upper right: close-up of the capillary edge marked in the left panel. b)
Bottom left: Digital image of entire gradient concentric rings formed by the deposition of
MEH-PPV in the geometry shown in (a). Bottom right: A small zone of the fluorescent
image of MEH-PPV rings in red is shown. Scale bar=200 mm. As the solution front
moves inward, the rings become smaller and the height decreases as illustrated in lower
left schematic.

Figure 1.10. a) Formation of spoke patterns upon evaporation from the capillary bridge
in the sphere-on-flat geometry. b) Optical micrograph showing the spokes formed by
drying 4.4-nm CdSe/ZnS toluene solution (c = 0.25 mgmL™). The scale bar is 100 mm.
The arrow on the upper left indicates the direction of the movement of the solution.



Figure 1.11. (a) Schematic illustration of the wedge-on-flat geometry on a silicon
surface. The height of the wedge, H was 1000 pm. (b) Stepwise representation of the
morphological evolution of CBCP stripes as a function of solvent vapor annealing: first
panel, as-prepared; second panel, annealed for 5 h; third panel, annealed for 10 h; last
panel, annealed for 15 h. (c) Schematic illustration of the wedge-on-Si geometry with H
of 500 pm. (d) Stepwise representation of the morphological evolution of CBCP stripes
as a function of solvent vapor annealing time: left panel, as-prepared; central panel,
annealed for 12 h; right panel, annealed for 16 h.

Figure 1.12. Representative AFM height images of conjugated polymer stripes taken in
the three different regions (Xi-X3). (a—c) P3HT; (d-f) P3BT; (g-i) P3BHT. X; is the
outermost region, X; is an intermediate region, and X3 is the innermost region, where X is
the distance away from the cylinder/flat substrate contact. Image size=80x80 pum? Z
range=400 nm for (a, d, g); 300 nm for (b, e, h); and 200 nm for (c, f, i).

Figure 3.1. (a) Chemical structure of amphiphilic diblock copolymer PS-b-P4VP, and
scheme of the formation of PS-b-P4VP micelles in toluene. (b) Schematic illustration of
the formation of periodic threads composed of PS-b-P4VP micelles (represented as red
chains and red bars).

Figure 3.2. (a) Optical micrograph of parallel threads composed of PS-b-P4VP micelles
with the spacing between two adjacent threads of 50 um (i.e., Aso = 50 um). The scale bar
=200 um. (b-g) AFM height images of a thread containing a monolayer and a coexisted
monolayer/bilayer PS-b-P4VP micelles obtained at the stop times of (b) 0.5s, (c) 1.0s, (d)
1.5s, (e) 2s, (f) 2.5s, and (g) 3s, respectively.

Figure 3.3. (a) Programed movement of the Si substrate mounted on the translational
stage, in which the velocity is plotted as function of time. The shaded areas represent
each moving distance of 20 pum after the alternative stop of the Si substrate for 0.3s and
5s. (b) Optical micrographs of periodic threads of PS-b-P4VP micelles formed on the Si
substrate by flow-enabled self-assembly (FESA), in which the Si substrate moved 20 um,
followed by an alternative stop for 0.3s and 5s to yield monolayer- and
monolayer/bilayer-thick threads, respectively. The scale bar = 500 um. (c-e)
Representative AFM images of (c) 4 threads (i.e., 2 monolayers and 2 coexisted
monolayers/bilayers), (d) single thread containing a monolayer of PS-b-P4VP micelles,
and (e) single thread containing a coexisted monolayer/bilayer of PS-b-P4VP micelles
(i.e., monolayers at both edges with and bilayer in the center). (f-g) Corresponding height
profiles of (f) the monolayer-thick thread in (d), and of (g) the monolayer/bilayer-thick
thread in (e). (h) The encoded thread pattern on the substrate represented the first
sentence of the traditional Chinese song Jasmine. The image sizes are 80 um x 80 pum in
(c), 800 nm x 800 nm in (d), and 3 um x 3 um in (e), respectively.

Figure 3.4. Musical score of the traditional Chinese song Jasmine.

Figure 3.5. Optical micrographs of (a) relatively irregular, and (b) highly regular parallel
threads of PS-b-P4VP micelles. The scale bar = 100 um in both (a) and (b). (c)
Relationship between Amin (blue symbols) and the thread width Wineaq (red symbols) and
the stop time of the Si substrate. (d) Relationship between Amin and Winread.



Figure 3.6. (a) Schematic illustration of the flow-enabled self-assembly (side view). (b)
The close-up of the meniscus stretched to a new position due to the movement of the Si
substrate.

Figure 3.7. (a-b) Representative (a) TEM image of a monolayer-thick thread composed
of an array of PS-b-P4VP/HAUCI, micelles (Au®* : P4VP = 110:1) before exposure to
oxygen plasma, and (b) corresponding AFM height image after exposure to oxygen
plasma. (c) Schematic illustration of the formation of PS-b-P4VP micelles surrounded by
a ring of PS-capped CdSe nanoparticles. (d-e) AFM height images of a thread composed
of (d) plain PS-b-P4VP micelles, and (e) hybrid micelles comprising PS-b-P4VP micelles
decorated with an outer ring of CdSe nanoparticles. A close-up of an individual hybrid
micelle is shown as an inset in (¢). The image sizes are 600 nm x 600 nm in (b), 1.2 um x
1.2 umin (d), and 1.2 pm x 1.2 pm in (e).

Figure 3.8. TEM images of PS-b-P4VP micelles incorporated with Au®* ions within the
thread at the Au* /P4VP ratios of (a) 0:1 (i.e., plain PS-b-P4VP micelles), (b) 10:1, (c)
30:1, and (d) 110:1. (e-h) Corresponding TEM images of one single PS-b-P4VP micelle
with the incorporation of Au** ions.

Figure 3.9. (a) and (d) TEM images of PS-b-P4VP micelles before the exposure to
oxygen plasma. (b) and (e) Corresponding AFM height images, and (c) and (f)
corresponding cross sectional analysis of Au nanoparticles obtained from the samples at
the Au®* /P4AVP ratios of 10:1 and 110:1, respectively, after the exposure to oxygen
plasma. The image sizes are 600 nm x 600 nm in (b), and 400 nm x 400 nm in (e).

Figure 3.10. TEM image of PS-b-P4VP micelles with the incorporation of Au** at Au®*
/PAVP ratio of 10:1. The sample was prepared by spin-coating PS-b-P4VP/HAuUCI,
micelles at 3000 rpm/min.

Figure 3.11. TEM image of a thread composed of PS-b-P4VP/HAuUCI, micelles at the
Au** /P4VP ratio of 110:1.

Figure 3.12. (a-b) AFM height images, and (c-d) the corresponding cross sectional
analysis of threads composed of plain PS-b-P4VP micelles (a and c) and hybrid micelles
of PS-b-P4VP/CdSe (b and d). (e) Schematic illustration of the formation of PS-b-P4VP
micelles surrounded by a ring of CdSe nanoparticles with the presence of one vacancy.
The image sizes 1.2 ym x 1.2 um in (a) and (b).

Figure 4.1. (a) Schematic illustration of a home-made apparatus for FESA. (b) One
typical result of uniform PMMA parallel stripes formed on Si substrate prepared by
FESA of the PMMA toluene solution.

Figure 4.2. Schematic illustration of the stripe formation induced by evaporation.

Figure 4.3. Schematic illustration of the stripe formation induced by the movement of
lower substrate.

Figure 4.4. Relationships between a) Ajump and velocity of substrate and b) Ajump and
stopping time of substrate.
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Figure 4.5. Optical microscopic image of the meniscus of solution captured in between a
fixed upper blade and a movable lower substrate.

Figure 4.6. Schematic illustration of the profile of one stripe.

Figure 4.7. Schematic illustration of the first possible way for the stretch of the
meniscus.

Figure 4.8. Schematic illustration of the second possible way for the stretch of the
meniscus.

Figure 4.9. a) Relationships between Ajump / Naeposit (N€ight of the deposit) and stopping
time of substrate, b) linear relationship between Ajymp and heeposit (N€ight of the deposit).

Table 4.1 Surface tension of poly(methyl methacrylate) (PMMA) and toluene and their
dispersion and polar components.

Figure 4.10 Relationships between Ajump and Lsyipe Of the PMMA stripes formed by
PMMA/toluene solution at different stopping time (i.e., T=0.5, 1, 2, 5, 10s).

Figure 4.11 Optical microscope image of uniform PMMA stripe pattern formed by
FESA with continuous movement of the lower substrate at speed of 10um/s.

Figure 4.12 The relationship between the spacing of two adjacent parallel stripes and the
moving speed of the lower substrate.

Figure 4.13 The relationship between the width of parallel stripes and the stop time of
the lower substrate.

Figure 5.1. (a) Schematic illustration of sphere-on-flat geometry (side view), where a
drop of DNA solution is constrained, bridging the gap between the spherical lens and the
PMMA-coated Si substrate (i.e., a thin PMMA film was spin-coated on HMDS-coated
Si). (b) Schematic illustration of formation of DNA spokes (top view). (c) A small zone
of DNA spokes obtained at pH = 6.2, T = 65°C, and the concentration of DNA solution =
8 o/ml (marked as a dashed box in (b)), emitting green fluorescence. Scale bar = 300

pm.

Figure 5.2. (a-c) Representative fluorescence micrographs of DNA spokes formed at
different regions (i.e., (a) outermost region, Xi; (b) intermediate region, Xp; and (c)
innermost region, X3) obtained at pH = 6.2, T = 65°C, and the concentration of DNA
solution = 8 pg/ml. (d-f) AFM height images of selected areas in (a-c); image size = 600
nm> 600 nm. (g-i) The corresponding cross-sectional analysis of AFM images of DNA
spokes in (d-f).

Figure 5.3. Representative AFM image of complete DNA spokes with a total length of
1.6 mm formed at pH = 6.2, T = 65°C, and the concentration of DNA solution = 8 pg/ml.
The arrow marked the direction of drying front during the course of water evaporation.
The cross-sectional analysis of Line 1 and Line 2 is summarized in Figure 5.1.4.
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Figure 5.4. The fluctuations in height along two DNA spokes obtained at pH = 6.2, T =
65°C, and the concentration of DNA solution = 8 pg/ml, that is, Line 1 and Line 2,
marked in AFM image in Figure 5.1.2, over a distance of 1.6 mm (i.e., the total length of
a DNA spoke). We note that the height from the outermost region X; (h = 80 nm), to
intermediate region X, (h =50 nm), and to innermost region X3 (h = 20 nm) in Figure 5.4
was slightly different from those in Figure 5.1.4 (i.e., 60 nm, 40 nm, and 20 nm from Xg,
to X, and to Xs, respectively). This is because that the results in Figure 5.1.4 and Figure
5.1.5 were obtained from two different samples, but under the same experimental
condition (pH = 6.2, T = 65°C, and the concentration of DNA solution = 8 pg/ml). It is
possible that there may be a slight variation in height between two different samples.
However, the trend that there was a decrease in height from the outermost region X; to
the innermost region X; (evidenced in Figure 5.1.4g-i) with the height fluctuation
(demonstrated in Figure 5.1.5) was real for all the samples.

Figure 5.5. Representative fluorescence micrographs of DNA spokes formed in sphere-
on-PMMA-coated-Si geometry at the concentration of DNA solution = 8 pg/ml: (a-c)
increasing temperature from 55 °C, 65 °C, to 71 °C, respectively, at the constant pH =
6.2; (d-f) increasing pH from 5.5, 6.2, to 7.1, respectively, at constant temperature, T = 65
°C. The white arrows marked the movement of drying front. Scale bar = 200 um.

Figure 5.6. Summary of experimental results on the formation of DNA spokes at various
pH and temperature T. The red area represented the optimum experimental conditions,
within which highly aligned DNA spokes can be achieved.

Figure 5.7. (a) Schematic illustration of cylinder-on-flat geometry composed of a
cylindrical lens situated on a PDMS substrate (side view). (b) Schematic illustration of
formation of parallel DNA stripes on two sides of the cylinder/PDMS contact (marked as
“cylinder/PDMS contact center”); similar illustrations are shown in Figure 5.1.8a. (c) A
small zone of parallel DNA stripes (marked as white dashed box in (b)) yielded at pH =
6.2, T = 65°C, and the concentration of DNA solution = 8 pg/ml, emitting green
fluorescence. Scale bar = 200 pm.

Figure 5.8. (a) Schematic representation of preparation of 2D arrays of DNA nanowires
by two consecutive orthogonal transfer-printing using PDMS substrate. The parallel
DNA stripes (i.e., a set of lines on the left and right sides in the 2" and 5™ upper panels)
were formed on two sides of the cylinder/PDMS contact center. (b) Representative
fluorescence micrograph of 2D arrays of DNA nanowires; scale bar = 40 um. (¢) AFM
height image of a selected area in (b); image size = 20 um x 20 um. (d) The close-up of
an overlapped area in (c); image size = 20 pym % 20 um. (e) The corresponding height
profiles of stripe 1, stripe 2, and overlapped area in (d).

Figure 6.1 a) Schematic illustration of crafting an array of high-density continuous DNA
nanowires by flow-enabled self-assembly (FESA). The DNA solution was constrained
between two nearly parallel plates with the lower PDMS substrate placed on a translation
stage programmably moved against the upper fixed glass plate. b) Schematic
representation of swelling-induced transfer printing (SIT-Printing) of DNA nanowires
and the subsequent metallization of DNA nanowires by exposing them preloaded with
metal salts to O, plasma.
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Figure 6.2. Representative fluorescence micrographs of self-assembled YOYO-1-labeled
DNA molecules. a) branched DNA bundles, b) continuous DNA nanowires, ¢) short
DNA lines. d) 3D map of the DNA concentration, moving speed of PDMS substrate, and
temperature for DNA pattern formation. The label a, b and c correspond to the range. of
experimental conditions for yielding DNA nanostructures shown in a), b) and c),
respectively. e) 2D map of the moving speed of lower PDMS substrate as a function of
temperature for DNA pattern formation at the fixed concentration of 8 pg/ml. Scale bar =
500 pm in a) and c), and 100 pm in b).

Figure 6.3. Two-dimensional map of the moving speed of lower PDMS substrate as a
function of temperature for DNA pattern formation at the concentrations of 6 pg/mi, 7
po/ml, 8 pg/ml and 10 pg/mi, respectively.

Figure 6.4. Schematic representation of swelling-induced transfer printing (SIT-Printing)
of DNA nanowires.

Figure 6.5. Representative fluorescence micrograph of disordered DNA nanowires
yielded by casting a drop of toluene on the PDMS substrate.

Figure 6.6. Representative SEM images of Ag nanowire formed by (a) chemical
reduction with Ag nanoparticles deposited all over the surface, and (b) the reduction
induced by oxygen plasma. The morphologies of Ag nanowires with the increased
concentrations of AgNO; (from top to bottom are 0.5mg/ml, 1mg/ml, 10mg/ml, and
50mg/ml, respectively) are shown in (b). (c) Current-voltage (I-V) characteristics of the
resulting Ag nanowires from DNA nanowires preloaded with 50 mg/ml AgNOs;
precursors (blue: continuous nanowire; red: discontinued nanowire). Scale bar = 400 nm
in both (a) and (b).

Figure 6.7. Representative SEM image of Ag nanowires and its corresponding EDS
spectrum.

Figure 6.8. SEM image of Au nanoparticles produced by using the DNA nanowire as
template.

Figure 6.9. Representative SEM image of sea-urchin-like Au nanoparticles using the
DNA nanowire as template. The 0.004 M AgNO3; and 0.08 M ascorbic acid (reducer)
were added in the Au precursor solution.

Figure 6.10. AFM height and phase images of corroded DNA nanowire when applying
sodium borohydride as the reducer, instead of sodium citrate. Image size =2 pm x 2 pm.

Figure 6.11. AFM height and phase images of Au flakes grown along DNA nanowire
when using borane morpholine complex as the reducer, instead of sodium citrate. Image
size =2 pm X 2 pm.

Figure 6.12. (a) Representative TEM image, and (b) 2D AFM height image of direct
assembly of premade Au nanoparticles (~16 nm) by employing the DNA nanowire as
scaffold.
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Figure 6.13. (a) Representative TEM image of Au nanorods aligned along the DNA
nanowire; (b) TEM image of Au nanorods prepared according to literature.

Figure 6.14. a) PMMA stripes formed with direction parallel to the contact line in FESA.
b) PS spokes formed with direction perpendicular to the contact line in FESA.

Figure 7.1. (a) Schematic illustration of synthesis of Au nanorods in pure Au growth
solution (upper right panel), and of ultrathin Au nanowires with the introduction of a
trace amount of hydrophobic solvent (i.e., toluene or chloroform) into the Au growth
solution (lower right panel). (b) Au nanorods synthesized without the addition of toluene,
corresponding to the upper right panel in (a). (c) Ultrathin Au nanowires formed with the
addition of toluene, corresponding to the lower right panel in (a).

Figure 7.2. TEM image of Au nanorods with nearly 100% yield synthesized without the
addition of hydrophobic solvent (i.e., toluene).

Figure 7.3. (a) UV-vis spectra and the corresponding digital images (insert) of the
solutions with the introduction of a varied amount of toluene (i.e., 0 i, 20 i, 40 A, 60
A, 80 i, 100 i and 120 ). The Au growth solution was prepared by mixing 10 ml 0.1
M CTAB aqueous solution with 0.5 ml 10 mM HAuCI, solution, 40 (i 0.1 M AgNO;
solution and 0.5 ml 0.1 M hydroquinone aqueous solution. Subsequently, toluene was
introduced and well mixed with the growth solution. Finally, 80-Jd Au seed solution was
added to the abovementioned mixed solution and allowed for a 24-hr reaction to yield the
final solution. (b) Au nanorods obtained from the solution with the introduction of 40-pi
toluene. Some of Au nanorods with tapered ends are marked as dotted circles.

Figure 7.4. TEM image of one Au nanorod together with a small amount of short
ultrathin Au nanowires. An 80-|d toluene was added to the Au growth solution and well
mixed prior to the addition of the Au seed solution.

Figure 7.5. TEM image of ultrathin Au nanowire obtained from the solution with the
addition of 100-pd toluene to the Au growth solution and well mixed prior to the addition
of the Au seed solution.

Figure 7.6. Critical amount of toluene required for the formation of ultrathin Au
nanowire at different CTAB concentrations.

Figure 7.7. TEM image of Au nanowires of larger diameter formed at CTAB
concentration of 0.07M with the addition of 100-jd toluene to the Au growth solution
prior to the addition of the Au seed solution.

Figure 7.8. TEM image of Au nanowires of larger diameter formed at CTAB
concentration of 0.07M with the addition of 100-pd toluene to the Au growth solution
prior to the addition of the Au seed solution.

Figure 7.9. TEM image of Au nanorods formed without the addition of toluene at CTAB
concentration of 0.05M.
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Figure 7.10. TEM image of Au nanorods formed at CTAB concentration of 0.05M with
the addition of 100-pi toluene to the Au growth solution prior to the addition of the Au
seed solution.

Figure 7.11. TEM image of Au nanostructures with irregular shapes formed at low Ag”
ion concentration (i.e., 0.04 mM by adding 40-pi 0.01M Ag" solution to a 10-ml Au
growth solution) with the addition of 100-pd toluene. The concentration of CTAB was
0.1M.

Figure 7.12. TEM image of Au nanostructures with irregular shapes formed at low Ag”
ion concentration (i.e., 0.04 mM by adding 40-pi 0.01M Ag" solution to a 10-ml Au
growth solution) with the addition of 100-pd toluene. The concentration of CTAB was
0.1M.

Figure 7.13. TEM image of short Au nanorods formed at the low Ag" concentration (i.e.,
0.04 mM) without the addition of toluene.

Figure 7.14. Prepared solution with layered structures by mixing either (a) toluene or (b)
chloroform with the Au growth solution after adding the Au seed solution and gently
shaking the mixed solution. (c) The proposed mechanism for the formation of ultrathin
Au nanowires. Hydrophobic molecules (toluene or chloroform) preferably incorporate
with the inner hydrophobic chains of the CTAB double layer, thereby leading to a
decrease in the inner diameter of self-assembled cylindrical CTAB micelles, which in
turn template the growth of ultrathin Au nanowires.

Figure 7.15. TEM image of Au nanorods formed on the bottom layer of solution with the
addition of 100 | toluene to the Au growth solution after adding the Au seed solution.
The mixed solution was only gently shaken by hands without stirring. The growth
solution was prepared by mixing 10 ml 0.1M CTAB aqueous solution with 0.5 ml 10 mM
HAUCI,, 40 i 0.1 M AgNO3 and 0.5 ml 0.1 M hydroquinone aqueous solution.

Figure 7.16. TEM image of Au nanorods formed on the upper layer of solution with the
addition of 100-pd toluene to the Au growth solution after adding the Au seed solution.
The mixed solution was only gently shaken by hands without stirring. The growth
solution was prepared by mixing 10 ml 0.1M CTAB aqueous solution with 0.5 ml 10 mM
HAUCI,, 40 1l 0.1 M AgNO3 and 0.5 ml 0.1 M hydroquinone aqueous solution.

Figure 7.17. TEM image of ultrathin Au nanowires formed by adding a 80-jd chloroform
to the Au growth solution after adding the Au seed solution. The growth solution was
prepared by mixing 10 ml 0.1M CTAB aqueous solution with 0.5 ml 10 mM HAuCI,, 40
i 0.1 M AgNO3 and 0.5 ml 0.1 M hydroquinone aqueous solution.

Figure 8.1. a) Schematic illustration of the formation of uniform microchannels all over
the colloidal thin films by FESA and b) the optical microscope image and ¢) SEM image
of the microchannels. For figure 1, the temperature, moving velocity of lower substrate
and concentration was 50°C, 13pm/s and 0.5wt% respectively.

Figure 8.2 SEM image of uniform colloidal microchannels formed by FESA at 50°C,
moving velocity of lower substrate of 13pm/s and concentration of 0.5wt%..
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Figure 8.3. Optical microscope images of colloidal microchannels with various spacing,
which are crafted by different moving velocity of lower substrate of a) 10jum/s, b) 8m/s,
¢) 5pm/s and d) 3pm/s. All scale bars are 100 pm.

Figure 8.4. Experimental data and theoretical prediction of the relationship of a) the
spacing between adjacent microchannels A1._. and the moving velocity of the lower
substrate v, b) A._. and the thickness of the colloidal thin film with microchannels all

over the surface H and ¢) H and % d) optical microscope image of colloidal thin film of

thickness lower than a critical value, in which the microchannels discontinued and
microchannel-free region appeared.

Figure 8.5. discontinuous microchannels formed at a) lower temperature (e.g. 45°C),
concentration of 0.5wt% and moving velocity of lower substrate of 13m/s; b) at lower
concentration (e.g., 0.2wt%,), temperature of 50°C and moving velocity of lower
substrate of 13pm/s.

Figure 8.6. a) optical microscope image and b)-c) SEM images at different
magnifications of microchannels formed on chemically patterned substrate by controlled
drying of PS latex particle suspension in the direct perpendicular to the PS stripes. The
microchannels were formed all over the substrate except on top of PS stripes. The
spacing between PS stripes is 100pm. d) SEM image of the crack in a PS stripe induced
by a formed microchannel.

Figure 8.7. a) optical microscope image and b)-c) SEM images at different
magnifications of colloidal ribbons formed on chemically patterned substrate by
controlled drying of PS latex particle suspension in the direct perpendicular to the PS
stripes. The colloidal ribbons were only formed in the middle region between two PS
stripes, due to the stick-slip motion of the contact line. The microchannels were formed
inside the colloidal ribbons and the direction of the microchannels was parallel to the
moving direction of the lower substrate. The spacing between PS stripes is 50pm.

Figure 8.8. optical microscope image of microchannels formed on chemically patterned
substrate by controlled drying of PS latex particle in the direct parallel to the PS stripes at
50°C, moving velocity of lower substrate of 13pum/s and concentration of 0.5wt%. It is
noteworthy that the three-phase contact line at the liquid front was strongly curved due to
the hydrophobicity of PS stripes, thereby yielding the formation of curved microchannel
patterns in between PS stripes.

Figure 8.9. a) optical microscope image and b)-c) SEM images at different
magnifications of microchannels formed on chemically patterned substrate by controlled
drying of PS latex particle in the direct parallel to the PS stripes. Curved microchannels
were formed all over the substrate except on top of PS stripes due to the curved liquid
water during drying of PS latex particle suspension. The spacing between PS stripes is

100pm.

Figure 8.10. a) schematic illustration and optical microscope images of colloidal
microchannels formed by the guidance of an angled upper blade of b) 60<=and b) 30“at
50°C, moving velocity of lower substrate of 13pm/s and concentration of 0.5wt%.
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Figure 8.11. a) schematic illustration and b) optical microscope images of colloidal
microchannels formed by the guidance of a round-shape upper blade at 50°C, moving
velocity of lower substrate of 13m/s and concentration of 0.5wt%.

Figure 8.12. a) SEM image of threads of Au NPs aligned by using prepared colloidal
microchannels as template. The scale bar is 10 pm. b) schematic illustration of the
formation mechanism of two threads of Au NPs in one microchannels.
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LIST OF SCHEMES

Scheme 1.1 The three essential components for the formation of “coffee-ring” structures:
volatile solvent, non-volatile solutes and substrate.
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SUMMARY

The use of spontaneous self-assembly as a lithography free means to construct
well-ordered, often intriguing structures has received much attention for its ease of
producing complex, centimeter-scale structures with small feature sizes. These self-
organized structures promise new opportunities for developing miniaturized optical,
electronic, optoelectronic, and magnetic devices. One extremely simple route to
intriguing structures is the evaporative self-assembly of nonvolatile solutes from a sessile
droplet on a solid substrate. However, flow instabilities during the evaporation process
often result in non-equilibrium and irregular dissipative structures (e.g., randomly
organized convection patterns, stochastically distributed multi-rings, etc.). Therefore, in
order to fully control the evaporative self-assembly of solutes, two strategies, namely,
controlled evaporative self-assembly (CESA) and flow-enabled evaporative-induced self-

assembly (FESA) were developed to create ordered structures of various nanomaterials.

First, hierarchical assemblies of amphiphilic diblock copolymer (i.e., polystyrene-
block-poly(4-vinylpyridine) (PS-b-P4VP)) micelles were crafted by FESA. The periodic
threads comprising a monolayer or a bilayer of PS-b-P4VP micelles were precisely
positioned and patterned over large areas. Second, highly aligned parallel DNA
nanowires in the forms of nanostructured spokes over a macroscopic area were created
via evaporative self-assembly (CESA) by subjecting DNA aqueous solution to evaporate
in a curve-on-flat geometry composed of a spherical on a flat substrate. Third, large-scale
aligned metallic nanowires templated by highly oriented DNA were produced by flow-
enabled self-assembly (FESA). A simple yet robust swelling-induced transfer printing
(SIT-Printing) technique was developed to transfer ultralong DNA nanowires onto the
desirable substrate. Subsequently, the resulting DNA nanowires were exploited as

templates to form metallic nanowires by exposing DNA nanowires preloaded with metal

XX



salts under oxygen plasma. Moreover, DNA nanowires were also employed as scaffold
for aligning metal nanoparticles and nanorods. Fourth, colloidal microchannels (i.e.,
cracks) on a large scale were yielded by fully controlling the drying process of colloidal
suspensions via flow-enabled self-assembly (FESA). The influence of chemically
patterned substrate (i.e., hydrophobic stripes on a hydrophilic substrate) on the formation
of colloidal microchannels was explored. In addition, such colloidal microchannels with
tunable center-to-center distance between the adjacent cracks, A._. was exploited as

template for aligning inorganic nanoparticles.

Importantly, theoretical study of the formation mechanism of parallel stripes of
solutes by FESA was conducted. The relationship between the characteristic spacing of
adjacent stripes 1._. and other experimental parameters such as the stripe width, the stop
time and the moving speed of lower substrate were scrutinized. Such theoretical
modeling would provide guidance for the precise design and crafting of ordered

structures composed of nanomaterials by FESA in the future study.

Interestingly, during the preparation of Au nanorods, the formation of ultrathin
gold nanowires were unexpectedly observed. Based on conventional synthetic route to
Au nanorods using CTAB as soft-templates, we discovered that the addition of a small
amount of hydrophobic solvent (e.g., toluene or chloroform) to the Au growth solution
entailed the formation of ultrathin Au nanowire, rather than Au nanorods. The growth
mechanism of such intriguing water-soluble ultrathin Au nanowires, differed from those

formed by using oleylamine (i.e., non-water-soluble Au nanowires), was explored.

In general, the ability to craft ordered structures comprising nanomaterials by
FESA and CESA provides new opportunities for organizing nanomaterials for use in

electronics, optics, optoelectronics, sensors, nanotechnology and biotechnology.
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CHAPTER 1
INTRODUCTION

B. Li, J. Iocozzia and Z. Lin, “Directing Convection to Pattern Thin Polymer Films:
Coftfee Rings” chapter in “Instability-Based Methods for Patterning Polymer Surfaces”, J.

Rodriguez-Hernandez and C. Drummond., Springer Press, in press, 2015 (book chapter)
1.1 Ordered Structure of Nanomaterials

Self-assembly of nanoscale materials to form hierarchically ordered structures has
received considerable attention™® as it enables high-density integration of controlled and
tunable functionalities of nanoscopic building blocks into optical, electronic,
optoelectronic, and magnetic materials and devices.” The ability to position and pattern
nanomaterials at desired positions underpins the realization of these applications and
enables the construction of hierarchical device structures.’® To date, many work has
focused on creating hierarchically assembled nanomaterials using lithographically
prepared templates.'* However, the use of lithographic methods often requires costly,
complex and multistep procedures. Clearly, a low-cost strategy for achieving
hierarchically structured nanomaterials over large scales is highly desirable. The use of
spontaneous self-assembly as a lithography free means to construct well-ordered, often
intriguing structures has received much attention for its ease of producing complex,
centimeter-scale structures with small feature sizes. These self-organized structures
promise new opportunities for developing miniaturized optical, electronic, optoelectronic,
and magnetic devices.”>*® To this end, evaporative self-assembly of nonvolatile solutes
(e.g., polymers, nanoparticles, and biomaterials, among others) from a sessile drop is
widely recognized as an extremely simple and non-lithographic route to creating

intriguing one- or two-dimensional structures.*®?°



1.2 Evaporative Induced Self-Assembly

In daily life, coffee-rings are commonly seen after a droplet of coffee has dried on
a table or dish. The mechanism of this phenomenon was first proposed by Deegan in
1997 It was found that the “coffee-ring” of solute (e.g., colloidal particles) was formed
because the suspended solutes were carried by radial flow towards the edge due to larger
evaporative flux at the contact line with the surface. For application such as surface
coating, it is generally desirable to have a uniform deposition of material across the entire
surface. Consequently, the coffee ring effect is a problematic issue for many applications
such as inkjet printing. Thus, numerous studies on evaporation-induced patterning of a
droplet composed of volatile solvent and non- volatile solutes have been performed in an
attempt to eliminate the coffee ring effect entirely and thus enhance inkjet printing
efficiency and quality. Though it seems such a phenomenon would always be considered
a nuisance, research into the coffee ring effect has since redeemed it as both an

interesting and useful property.

Drying droplets containing  nonvolatile solutes (polymers, nanospheres,
nanoparticles, DNA, etc.) on a solid substrate have been utilized to yield self-assembled
structures (e.g., “coffee rings”,'® fingering instabilities,”* cellular structures, etc.),
possessing dimensions from a few hundred nanometers and larger. One simple route to
such interesting structures, based on the coffee ring effect, is the evaporative self-
assembly of nonvolatile solutes from a sessile droplet on a solid substrate.”® However,
these dissipative structures created by evaporation are often irregular and not in
equilibrium (e.g., randomly organized convection patterns within the drop, and
stochastically distributed multi-rings, etc.). Yet for applications in microelectronics, data

storage devices and biotechnology,'**®

it is prerequisite to achieve surface patterns with a
highly ordered spatial arrangement at large scale (square centimeters or larger).

Therefore, fully controlling evaporative self-assembly as a simple route to creating



regular structures for various applications strongly depends on precise control over
several factors, such as evaporative flux, radial and Marangoni flow and interactions

between substrate and solutes.

To date, several studies have focusing on establishing a means of controlling the
drying process of an evaporating droplet to produce highly regular structures. For
example, controlled evaporative self-assembly (CESA) in a restricted geometry is a
simple, rational preparation route for the creation of microscopic structures having high
fidelity and regularity.®*® In addition, flow-enabled evaporative-induced self-assembly
(FESA) stands out as an extremely simple route to creating intriguing one- or two-
dimensional structures. In this strategy, the evaporation flux and the interfacial
interaction between the solute and substrate are precisely controlled by programmable
motion of the substrate on a motorized linear translation stage, thereby producing well-

ordered structures with high fidelity and regularity.

In the following, recent progress on the theoretical study of a drying droplet both
with and without solutes will be first reviewed. Then, the advances in highly ordered
structures crafted by controlled evaporative self-assembly will be discussed. In particular,
the focus will be on controlled evaporative self-assembly in a “curve-on-flat” geometry

and flow-enabled evaporative-induced self-assembly (FESA).
1.3. Understanding “Coffee Rings”: mechanism and theoretical models

A ring-like deposition can be commonly noticed after the evaporation of a
solution composed of volatile solvent and non-volatile solutes. In general, the formation
of coffee-ring structures of non-volatile solutes at the contact line requires the completion

of four steps:



a. A capillary flow is generated towards the contact line by an evaporation rate gradient
at the air-solvent interface close to the contact line. It is noteworthy that the first step is
often referred to as the “coffee-ring” effect proposed by Deegan in 1997.° However the
entire four step process is more accurately described as such with this merely being the

first part in an essentially iterative process throughout the duration of evaporation.

b. The solute is effectively transported by the radial flows to the contact line'" %

c. Due to the attraction between substrate and solute, the solute deposits and forms a
continuous line along the contact line. Simultaneously, the contact line of the solvent is

pinned at the deposition of the solute. This is known as the “pinning” process.

d. Due to the continuous evaporation of the droplet, the force induced by surface tension
of the extracted liquid surface overcomes the pinning force. As a result, the contact line
depins from the ring of deposited solute and jumps inward. This is known as the
“depinning” process. As this process proceeds, a concentric ring-like deposition pattern is

left behind with each retreating depinned contact line.

The formation of ring-like deposition pattern requires fulfillment of all the four
steps in sequence. Thus the “coffee ring” cannot form if any of the four steps is not
satisfied, thereby resulting in suppression of coffee-ring formation. The following
sections will review the theoretical principles underlying each step as well as the related

experimental studies employing them.

In addition to a requisite series of steps, there are also three essential components
for the successful formation of “coffee-ring” structures. These include the volatile
solvent, non-volatile solutes and the substrate (Scheme 1). The influence of both the non-

volatile solute and substrate on the flow inside a volatile solvent drop is related to steps a



and b, while the influence of volatile solvents and substrates to the deposition of non-

volatile solutes is related to steps ¢ and d.

Non-volatile

Solutes

Coffee-Ring

\

Scheme 1.1. The three essential components for the formation of “coffee-ring”
structures: volatile solvent, non-volatile solutes and substrate.

1.3.1 The evaporation flux of a droplet evaporating on a substrate (i.e. step a, the

evaporation rate difference along the meniscus)

The evaporation of droplets has been studied for a long time,?® particularly, the
evaporation of an aerosol droplet in air.?” Intuitively, one expects that the evaporation
rate of a spherical droplet, which is proportional to the surface area and thus the radius of
the droplet, decreases linearly with time. However, this is only the case for evaporation of
a spherical droplet in a vacuum.?® From experiments, it is found that the squared radius of
a macroscopic droplet decrease linearly with time.?® The reason is that the evaporation is
determined by the diffusion of the solvent molecules into its quiescent gas phase, rather
than the vacuum.?”*® Notably, the evaporation flux of an aerosol droplet in air is uniform

all over its surface, which is given by the Hertz- Knudsen relation®*;
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where kg is the Boltzmann constant, T is the surface temperature, M is the mass of a
liquid molecule, p, is the vapor density at the surface p, is the homogeneous vapor
density, p; is the vapor density of the liquid and o is the accommodation coefficient
describing the possibility of phase change, which normally has a value between 0.1 and
1.323%1f the diffusion process is quasi-stationary and the temperature T is homogeneous,
then the density p, of the vapour obeys Ap, = 0 with a fixed boundary conditions
Py = Pe far from the drop and p, (R) = p; just above the interface.! To this end, the

evaporative flux can be given by the simplified equation®::
j=% @2
where R is the radius of the droplet and j, is the evaporation parameter defined as
Jo = Dm% (1.3)

where D,, is the diffusion coefficient of the vapor molecules in the atmosphere. From eq.
(1.2), it can be seen that the evaporation flux for a spherical droplet is related to the

droplet size.* Furthermore, the evaporative flux of a hemispherical droplet on a substrate
can also be assumed to be j = jE". When the contact angle 6 is smaller than 90°, the

evaporation flux was calculated by an analogous electrostatic problem of a charged lens

at fixed potential by Deegan™®

jr) <« R=17" (14



where = % , R is the radius of the pinned droplet and r is the distance to the center of a

droplet. From eq. (1.4), it can be seen that the evaporative flux increase nonlinearly from
the center of the droplet to the edge (i.e., the contact line). Notably, when the contact
angle is sufficiently small, A will be ~0.5. Hence, the evaporation of a thin droplet (i.e.,
with small contact angle) is analogous to the evaporation of a thin film. This point will be

discussed later. Hu & Larson achieved better fit for eq. (1.4), given by*®

.. Jo(® 2
j =Jo]°,i)(1—(£) ) (15)
where

Jo(6) = (0.276% + 1.30) (0.6381 - 0.2239 (6 - g)z) (1.6)

Importantly, for a droplet with contact angle larger than 90° (i.e., evaporation of a
droplet on a hydrophobic surface), the evaporative flux will be much different (as shown
in Figure 1.1).* When the contact angle is smaller than 90°, the evaporative flux
increase towards the contact line; when the contact angle is equal to 90°, the evaporative
flux is constant all over the surface; when the contact angle is larger than 90°, the
evaporative flux deceases when close to the contact line. A more detailed study with

similar results was also reported elsewhere.®

It is noteworthy that the radius and volume change of a droplet,® ****? and the

dynamics of the moving contact line***°

are of particular physical interests, however they
will not be discussed in this review. Discussion will focus only on the evaporative flux

along the surface of the droplet, which results in the radial flow inside the droplet.
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Figure 1.1 Calculated distributions of local normal evaporative flux over the droplet
surface, L = Imm. circles: 8 =n/2; squares: 6 =27/3; triangles: § =21 /9.%8

It is reported that thermal conductivity of the substrate can strongly influence the

evaporative flux throughout (Figure 1.2).%°
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Figure 1.2 Summary of theoretically predicted values for the total evaporation rate of a
droplet of acetone, methanol and water of radius R =1.35 mm on substrates of Al, Ti,

Macor and PTFE.*



A distinct approach for describing the evaporation of volatile thin films can also
be employed for calculating the evaporation flux of a thin droplet (or a thin disc).*” The
difference between thin film and thin droplet is that the height (i.e., thickness) of a
droplet changes with the distance to the center, however the thickness of thin film is
uniform. In this approach, the influence of the gas phase on the evaporative flux is
neglected. Thus, the liquid phase and vapor phase are decoupled in calculation. Such a
model is referred to as a non-equilibrium one-sided (NEOS) model while the
abovementioned model developed by Deegan is referred to as the lens model. Based on
the Clausis—Clapeyron law,*® which is used to relate the temperature and the pressure, the
boundary condition at the liquid—gas interface is given as®®

1
h+K+W

j(h) =

1.7)

kds
ksdo’

where K is the non-equilibrium parameter®, W is the thermal effect given by W =

where k is the liquid thermal conductivity, k is the thermal conductivity of substrate, d,,
is the liquid thickness and d is the thickness of substrate. By assuming that the shape of
a droplet is still a spherical cap, the thickness h can therefore be determined by r, the
distance to the droplet center. Furthermore, the evaporative flux is also dependent on the
distance to the droplet center. According to the lens model (i.e., eq. (1.4) and eq. (1.5)),
the evaporative flux diverges at the contact line. However, based on the NEOS model, for
h = 0 at the contact line, the evaporative flux is still a finite number. The difference of
evaporative flux predicted by two models is shown in Figure 1.3.*° It can be seen that, in
the lens model the evaporative flux is significantly larger close to the contact line,
compared to NEOS model. In addition, for the evaporation of a water droplet on Si wafer,
it was found that the volume change with time predicted by NEOS model fitted the
experimental results well, while the lens model overestimated the volumes because of the

singularity of evaporation flux at the contact line.*
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Figure 1.3 Evaporative flux j of a water droplet as a function of the radial coordinate r
predicted by (a) The lens model. (b) The NEOS model. The solid red lines represent j,
and the dotted lines represent the corresponding drop profile.*°

Clearly, even though the lens model allows the prediction of evaporative flux with
contact angle ranging from 0° to 90°, the divergence of the evaporative flux at the
contact is not physically true and needs to be corrected.”® One way to solve this problem
IS to assume the formation of a thin film at the contact line region. Therefore the
evaporation flux at the contact line can be calculated using the NEOS model (i.e., eq.
(1.7)). °*2 It is noteworthy that the assumption of the presence of a thin liquid film
formed upon receding of contact line has been indirectly shown to exist by using a

grafted substrate.*

The theoretical models of the evaporation of a droplet on a substrate have been
intensively studied during the past years.*®* However, the evaporative flux along the
droplet surface has been rarely measured experimentally. Typically, the global
evaporation rate over the entire surface of a droplet was provided in experimental data.
To this end, the singularity of evaporative flux at the contact line remains a question.
Thanks to the development of digital holographic interferometry, the local evaporative
flux of an evaporating droplet can now be determined (Figure 1.4).*° It is clear shown

that the evaporative flux did not significantly increase close to the contact line and the
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evaporative flux at the contact line region predicted by a modified lens model failed to

show good agreement with experimental results.®®
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Figure 1.4 Local evaporation rates versus r, the dimensionless radial distance to the
center of a droplet. The black dotted line shows experimental results while the others are
calculated results from models.®

1.3.2 The flow inside of the droplet (i.e. step b)

It is straightforward that the evaporative flux at the contact line will result in
radial flow inside of a droplet to compensate the liquid loss at the contact line. However,
the flow inside of an evaporating droplet turns out to be more complicated. It was found
that radial flow, which facilitates coffee-ring formation, and Marangoni flow, which
reverses coffee-ring formation, could occur during evaporation and ultimately lead to

entirely different deposition patterns.

1.3.2.1 Radial flow

11



During the drying of a sessile droplet, the mass loss of liquid evaporating from the
contact line is replenished by the migration of liquid from the interior, thereby causing a
radial flow which carries solutes towards the contact line in the process. This is the
reason for coffee-ring formation first noticed by Deegan in 1997. In this work, the mass
of solute accumulated at the contact line, M(R,t) was found to follow the expression
M(R,t)~ t137 ' where t is the time of evaporation.Furthermore, the expression of
evaporative flux allows for the prediction of the solute transport to the contact line v(r, t)
(i.e., the velocity of the radial flow at time t), which was given by the following

equation®’
- . on)? ohn
v(r,t) = p71hf0rr <] .1+ (5) + pE> dr (1.8)

where p is the density of the liquid and h is the position of the air-liquid interface.
However, as the velocity of radial flow is obtained by the expression of evaporative flux,
the singularity at the contact line remains problematic. To this end, Fisher employed the
NEOS approximation to determine the radial flow at the contact line.®® Notably, the
evaporative flux was assumed to decrease exponentially near the contact line due to the
effect of solute deposition at the contact line, and the evaporative flux expression was
thus modified to®:

j(h) = —[1 — e~40~17] (1.9)

h+K

By assuming the contact line was always pinned during evaporation, the velocity

of radial flow was given by

v= Gl (7o)l G2~ h2) (1.10)
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where Ca is the capillary number, and z is the vertical distance to the substrate. Thus, the
velocity vectors can be obtained (Figure 1.5).% In general, as the evaporative flux was
higher at the contact line, the capillary force created a radial flow towards the contact
line.® Moreover, Popov also proposed an analytical solution to the evaporation of
volatile solvent with low solute concentrations by assuming that solute occupied finite
volume.®’ In addition, both the height and width of the deposition ring as a function of
time were evaluated. By taking into account the convection, diffusion and adsorption of
the solute, an extended model for predicting the radial flow was developed with improved
accuracy.”® Notably, the deposition pattern left by the evaporation of a droplet with an

unpinned contact line was also provided.

Recently the radial flow was measured experimentally using particle image velocimetry
(P1V) analysis.®® Interestingly, the velocity of a radial flow increased from zero at the
center to its maximum at around 70% of the radius of the droplet, which remained pinned
during evaporation (Figure 1.6).°® Interestingly, the intermediate radial position of
maximum velocity within the droplet is not considered in all the previously mentioned
models. All previous models predicted a maximum velocity at the contact line.
Moreover, the maximum velocity increased by an order of magnitude in the final
moments of the pinned evaporating droplet. According to experimental results, at the
early stage of the evaporation of a droplet the velocity can be well predicted by models
that assumed evaporation occurs only at the contact line.; In contrast, in the final stage of
droplet evaporation (at approximately 70% of the entire evaporation time) models that
assumed evaporation occurred uniformly over the entire droplet agreed well with
experimental data.®® To this end, it can be concluded that the theoretical models proposed
by Deegan,*®*"?* Fischer® and Popov®’ still provide good predictions of the velocity of
the radial flow at the early stage of evaporation. Furthermore, a similar study also

observed that the velocity of radial flow reached its maximum at an inner radial position
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(at around 80% of the radius of the droplet) from the contact line, instead at the contact

line.® The concentration of solute was found to strongly influence the velocity of the

radial flow as it affects the viscosity of solution.®"
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Figure 1.5 Representative streamlines and velocity vectors for a pinned droplet in which
the evaporative mass flux is given by eq. 9. Fluid flows from the center of the droplet
toward the contact line.®

1.3.2.2 Marangoni flow

Marangoni flow was first described in the early 1900s.”* The effect has been
observed for centuries and is the cause of the “tears of wine” phenomenon. The effect is
induced by a surface tension gradient resulting from a concentration or temperature
gradient along the liquid surface.”® Different from the radial flow induced by evaporative
flux at the contact line, Maragoni flow is circular in nature and carries solutes near the
liquid surface inward toward the top of the droplet and then plunges them downward to
the bottom-center of the droplet where they are carried along the substrate to the edge
where they are recirculated back to the top (Figure 1.7).”® This surface tension- induced
circular flow has been intensively studied in interesting ‘“self-organized” flat liquid

structures called Bernard cells.”*"’
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Figure 1.6 Three-dimensional Spatiotemporal evolution of the flow field, measured just
above substrate, in an evaporatln% water droplet. Inset shows that the velocity vectors are
those of a radially outward flow.°

(b)

Figure 1.7 Flow field in a drying octane droplet: (a) imaged experimentally, and (b)
predicted. To observe a clear Marangoni vortex, the illumination plane was moved
forward about 0.66 mm from the symmetrical axis of the droplet.”

In an evaporating droplet, the nonuniform evaporation flux will produce a
temperature gradient, thereby generating a surface tension gradient along the surface and

inducing a Marangoni flow. To date, Marangoni flow has been observed in various liquid
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droplets (e.g., ethanol, methanol, acetone). "®® The theoretical study of Marangoni flow
was proposed by Pearson and Nield.*® The Marangoni number (i.e., Ma) was
introduced to characterize the importance of surface tension forces caused by the
temperature gradient. If the Marangoni number exceeds a critical value, a Marangoni

flow will be induced.®®* The Marangoni number is defined as®**°

_ Avk
Ma="1 (111)

where Ay is the surface tension gradient, L is the size of the system where Ay (i.e.,
surface tension gradient) exists, n is the viscosity of solution and D is the diffusion
coefficient of solvent. It is important to note that Marangoni flow can be strongly

influenced by the contact angle of a droplet and that this is not considered in eq. (1.11).2°

However, it remains questionable as to whether the Pearson-Nield model can be
accurately applied to volatile liquid systems.®’ This is because experimental results show
that energy is transported from the vapor phase to the liquid-vapor interface which is
opposite to the assumption made in the Pearson-Nield model. Moreover, it was predicted
that thermally driven Marangoni flow would exist in an evaporating water droplet, which
was not observed in experiments.”> % The suppression of Marangoni flow in a water
droplet may be attributed to the surfactant contaminants.®® In addition, whether the

temperature at the contact line is cooler than the top of the droplet is also unclear.*” ®

Almost all the circular flow observed in evaporating droplets can be attributed to
Marangoni flow. However, it was found recently that Rayleigh convection can also
induce circular flow inside of a water droplet on a hydrophobic substrate (Figure 1.8).%
Rayleigh convection is generated by the concentration gradient of solutes (e.g., NaCl)

induced by the evaporation of water droplet.”*
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Figure 1.8 Flow inside evaporating droplets with different NaCl concentrations: (a) 0.01
wt.% (evaporation time (ET) ~ 39 min); (b) 0.1 wt.% (ET ~ 45.7 min); (c) 1 wt.% (ET ~
50.5 min); and (d) 10 wt.% (ET ~ 63 min). Exposure time was 20 s for (a), (b), and (c)
and 2 s for (d). The substrate was placed on a glass substrate coated with the amorphous
fluoropolymer Teflon.*

1.3.3 The pinning and depinning of the contact line (i.e. step ¢ and step d)

Due to radial flow carrying solutes towards the contact line, the solutes deposit
and form a coffee ring-like pattern resulting in the pinning of the contact line and
preventing its recession inwards during evaporation. In some circumstance, even though
solutes are successfully transported to the contact line by radial flow and negligible
Marangoni flow, the solutes may still not be able to deposit onto the substrate. This in
turn fails to pin the contact. As discussed in Scheme 1.1, either the interaction between
the solutes or the interaction between the solutes and substrate will affect the deposition
of solutes on the substrate, thereby determining the pinning of the contact line. For
example, if the spherical colloidal particles are replaced by elongated ones, a uniform
deposition will be left after evaporation of the droplet, because of the jamming of a
monolayer of elongated colloids at the surface of the droplet suppressing the “coffee-
ring” formation.*> Moreover, by changing the colloidal particle surface charges or van de

Waals interactions between particles, the coffee-ring formation can also be suppressed.”
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If there is a repulsion between substrate and solutes (i.e., negative Hamaker constant), the
solute transported to the edge will move with the receding contact line and no deposition
is observed. In contrast, rather than coffee-ring pattern, strong attractions between solutes
and substrate (i.e., DLVO interactions) yielded uniform deposition of solutes on

substrate. 4%

Depinning is the process whereby the liquid phase detaches from the deposited
solute ring. However, detailed theoretical studies of the depinning process have not yet
been reported.?” The mechanism of the depinning process is straightforward. The
depinning force is determined by the surface tension of the liquid meniscus at the contact
line. During the evaporation process, the depinning force gradually increases while the
contact angle continues to decrease until a critical contact angle is reached. Upon further
decreasing of the contact angle, the pinning force at the contact line cannot compensate
the depinning force, and as a result, the droplet edge depins from the contact line and
moves back.*® Recently, by programmably crafting solute (i.e., diblock copolymer
micelle) stripes with a series of different widths, it was found that the pinning force is
proportional to the width of the deposited ring.”” The increase of the width of the
deposition ring (i.e., stripe) leads to the decrease of the critical contact angle and an

increase in the depinning force.

1.4. Controlling “Coffee Rings”: highly ordered structures by controlled

evaporation

Pinned drying droplets containing nonvolatile solutes (e.g., polymers, viruses,
DNAs, microspheres, nanoparticles, carbon nanotubes, etc.) yield intriguing one or two-

dimensional patterns after complete evaporation of solvent. To date, there have been
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several impressive studies investigating the use of evaporation to form well-ordered
structures rapidly and cheaply over large areas by deliberately controlling the evaporation
process.?* % 9110 Notably, several approaches have been successfully used to generate

patterns by confining the evaporating solution in different geometries, such as cylindrical

111-112 113 «

tubes, crossed cylindrical mica, curve-on-flat” geometry and nearly parallel-
plate geometry. Here we will only focus on the last two approaches and review the recent

progress.
1.4.1 Controlled evaporative self-assembly in a “curve-on-flat” geometry

Controlled evaporative self-assembly in a “curve-on-flat” geometry has been
shown as a simple, rational preparation route for the creation of microscopic structures
having high fidelity and regularity.?*® %> |f 3 droplet of solution is allowed to
evaporate in a “curve-on-flat” geometry composed of a curved upper surface situated on
a flat substrate (i.e., forming a capillary-held solution), self-assembled structures of high
regularity can be generated.'® Similar to the free evaporation of a droplet on substrate,
the evaporation flux also reaches its extremity at the region close to the contact line,

leading to highly ordered deposition due to the geometrical restriction.?+2> 9 108110 |

96, 117

addition to concentric rings of polymers, nanoparticles, carbon nanotubes,*®

graphenes,™® and other ordered yet complicated structures can also be produced in the

107-108 119

“sphere-on-flat” geometry, including spokes,96 fingers, “snake-skin”, and
serpentines'® by carefully tuning the experimental parameters such as the concentration

and the interaction between solutes and substrates.

Due to the various potential applications of poly[2-methoxy-5-(2-ethylhexyloxy)-
1,4-phenylenevinylene] (MEH-PPV) in light emitting diodes (LED), photovoltaic cells
(PVCs) and thin-film transistors (TFTs),"?° the synthesis of highly regular concentric

rings of MEH-PPV has been investigated by controlled evaporation in a sphere-on-flat
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geometry (Figure 1.9)**. Since the slowly drying front is arrested (pinned) in the
geometrical restriction, the evaporation flux reached the extremity at the region close to
contact line. During the evaporation of the solution, the contact line was pinned by MEH-
PPV deposition (i.e., “stick”), thereby yielding the formation of a MEH-PPV “coffee
ring”. The contact angle gradually decreased to a critical contact angle, at which point the
depinning force overcomes the pinning force leading to the contact line jumping inward
to a new position where the initial contact angle is restored (i.e., “slip”’). As shown in
Figure 1.9Db, the “slip” distance (i.c., A._.) slowly decreased with increasing proximity to
the sphere/Si contact center. Notably, theoretical predication of the height of the
concentric rings based on the Navier-Stokes equation with lubrication approximation
provided a good agreement with the experimental data.?* In addition, the solution
concentration and solvent vapor pressure were also found to have strong influence on
Ae_ and the heights of concentric rings.* It is also noteworthy that, due to the

121-123

applications of organometallic polymer in magnetic data storage, photonic

124125 and redox-active materials,****?" highly ordered concentric rings of

devices
organometallic polymers (e.g., poly(ferrocenyldimethylsilane) (PFDMS)) was also
obtained by confining PFDMS/toluene solutions in sphere-on-flat geometry.’** *° The
subsequent pyrolysis of concentric PFDMS rings yielded ferromagnetic ceramics
containing a-Fe nanoparticles.® Interestingly, once the low concentration PFDMS
toluene solution was used for pattern, the PFDMS rings would break into dots due to the

surface tension-driven Rayleigh instability at the contact line.'** *1°
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(a)

(b)

Figure 1.9 a) Upper left: Schematic cross section of a capillary-held solution containing a
nonvolatile solute placed in a “sphere-on-flat” geometry. X;, X, and X, are the radii of
outermost, intermediate, and innermost rings from the sphere/flat contact center,
respectively. Upper right: close-up of the capillary edge marked in the left panel. b)
Bottom left: Digital image of entire gradient concentric rings formed by the deposition of
MEH-PPV in the geometry shown in (a). Bottom right: A small zone of the fluorescent
image of MEH-PPV rings in red is shown. Scale bar=200 mm. As the solution front
moves inward, the rings become smaller and the height decreases as illustrated in lower
left schematic.?*

Quantum dots (QDs) are highly emissive nanoparticles’®™*! due to their
quantum-confinement property, offering promising opportunities in light emitting diodes
(LED),****% photovoltaic cells (PVCs),*****® biosensors™***! and bio-imaging.****** By
passivation of the vacancies and trap sites on CdSe surface with ZnS, the prepared

CdSe/znS core/shell QDs have bio-applications****%

due to their strong
photoluminescence.’*** To this end, QDs with two sizes (i.e, 4.4 and 5.5nm in
diameter) were prepared by passivation with a monolayer of tri-n-octylphosphine oxide
(TOPO) to enhance solubility in toluene while retaining the spectroscopic properties and
preventing aggregation.”® Notably, the evaporation-induced self-assembly of larger

CdSe/ZnS core shells QDs (i.e., 5.5nm in diameter) yielded concentric rings through the

use of sphere-on-flat geometry confinement.® It was also found that the presence of
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excess surface capping ligand TOPO lead to no concentric ring pattern formation.
Whereas concentric rings formed using larger QDs under optimized conditions, spokes
were generated exclusively during the drying of the solution when smaller QDs were
used (i.e., 4.4nm in diameter) (Figure 1.10). The formation of spokes was caused by
fingering instabilities at the liquid front. * 9! The reason for the distinct deposition
patterns formed by large and small QDs was attributed to the moving speed of the liquid
front during evaporation.®® The slow moving speed induced fingering instability at the
liquid front."® However, theoretical model for the stripe-spoke transformation has not

been proposed.

a)

g TR

/

Figure 1.10. a) Formation of spoke patterns upon evaporation from the capillary bridge
in the sphere-on-flat geometry. b) Optical micrograph showing the spokes formed by
drying 4.4-nm CdSe/ZnS toluene solution (c = 0.25 mgmL™). The scale bar is 100 mm.
The arrow on the upper left indicates the direction of the movement of the solution.*

Moreover, gradient concentric rings (i.e., stripes) of asymmetric comb block
copolymer (CBCP) were yielded by constraining CBCP toluene solution in a wedge-on-
flat geometry during evaporation (Figure 1.11).% The height of the wedge strongly

affected the deposition pattern of CBCP. In general, large wedge height lead to straight
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stripes of CBCP while small wedge heights lead to jagged stripes.®® Intriguingly,
hierarchically ordered patterns of CBCP were produced by subsequent solvent vapor
annealing, because that solvent vapor induced unfavorable interfacial interaction between
CBCP rings and the Si substrate lead to the destabilization of CBCP substrate at the
microscopic scale.™> Moreover, within the microscopic stripes, CBCP phase separation
was observed at the nanoscale (i.e., CBCP nanocylinders). The nanocylinders oriented

either vertically or horizontally to the substrate, depending on the vapor annealing time.

On the other hand, chemically patterned surfaces consisting of gradient stripes of
poly(methyl methacrylate) (PMMA) segments created by a wedge-on-flat geometry can
be used for directing hierarchical ordered block copolymer structures.’®® First, PMMA
stripes were generated by controlled evaporation in the wedge-on-flat geometry; then
PMMA segments (i.e., ultrathin PMMA stripes) chemically adsorbed on the Si substrate
were obtained after extensive washing with solvent. Finally, asymmetric diblock
copolymer, polystyrene-block-poly(ethylene oxide) (PS-b-PEQO) thin film was spin-
coated on the prepared chemically patterned surfaces. After mixed-solvent vapor
annealing, PS-b-PEO stripes would segregate on the ultrathin PMMA stripes.>® Such
chemically patterned surfaces may serve as templates for incorporating other functional

nanomaterials or studying cell adhesion.**®

Due to promising applications in photonics, biosensors, electronics and solar
cells, conjugated polymers (e.g., poly(3-hexylthiophene) (P3HT) and poly(3-
butylthiophene) (P3BT)) have attracted great attention. To this end, stripes of two
conjugated homopolymers (P3HT and P3BT) and one all-conjugated diblock copolymer
(P3BHT) were crafted by controlled evaporation in a cylinder-on-flat geometry (Figure
1.12). Due to the different interfacial interactions between conjugated polymers and
substrate, microscopic stripes (straight or wavy) consisting of nanoscale fiber-like or

nodule-like domains were formed. Furthermore, the improved crystallinity of all-
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conjugated diblock copolymer stripes by vapor annealing could lead to a fourfold
increase in electrical conductivity.™ In addition, hierarchically-assembled structures can
be realized such as amphiphilic diblock copolymer (poly(styrene)-blockpoly(4-
vinylpyridine) (PS-b-P4VP)) stripes produced via controlled evaporation in a cylinder-

on-flat geometry. Such stripe structures processed mophology on the microscopic scale as

155

well as self-assembly of PS-b-P4VP micelles arrays on the nanometer scale.
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Figure 1.11. (a) Schematic illustration of the wedge-on-flat geometry on a silicon
surface. The height of the wedge, H was 1000 pm. (b) Stepwise representation of the
morphological evolution of CBCP stripes as a function of solvent vapor annealing: first
panel, as-prepared; second panel, annealed for 5 h; third panel, annealed for 10 h; last
panel, annealed for 15 h. (c) Schematic illustration of the wedge-on-Si geometry with H
of 500 pm. (d) Stepwise representation of the morphological evolution of CBCP stripes
as a function of solvent vapor annealing time: left panel, as-prepared; central panel,
annealed for 12 h; right panel, annealed for 16 h.**®
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Figure 1.12. Representative AFM height images of conjugated polymer stripes taken in
the three different regions (Xi-X3). (a—c) P3HT; (d-f) P3BT; (g-i) P3BHT. X; is the
outermost region, X, is an intermediate region, and X3 is the innermost region, where X is

the distance away from the cylinder/flat substrate contact. Image size=80x80 umz. Y4
range=400 nm for (a, d, g); 300 nm for (b, e, h); and 200 nm for (c, f, i).***

In addition to synthetic polymer structures, highly aligned DNA nanowires (i.e.,
spokes) were successfully created by confining aqueous DNA solutions to a curve-on-flat
geometry (i.e., sphere-on-flat or cylinder-on-flat) during evaporation.**® Unlike coffee-
ring structures(or stripes), DNA nanowires formed perpendicular to the contact line. The
extremities of DNA were able to anchor to the hydrophobic substrate under certain range
of pH. Thus, analogous to aligning seaweeds on the beach during the ebbing tide, DNA
molecules were preferentially accumulated at the fingers of the liquid front and stretched

straight by the capillary force exerted on DNA molecules during the recession of contact
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line.™®® In addition, it was also found that the pH and temperature of aqueous DNA
solutions strongly influenced the formation of DNA nanowires. For example, increasing
the pH of the solution lead to a transition from spoke-like patterns to coffee-ring-like

patterns.’®

In general, controlled evaporative self-assembly in a “curve-on-flat” geometry is a
simple, rational preparation route for the creation of ordered self-assembled structures
having high fidelity and regularity. The confinement of evaporating solutions turns out to
be an effective means of achieving regular patterns. However, a restricted geometry
always results in regular pattern with gradient parameters (e.g., progressive decrease in
center-to-center distance between the deposits (i) as the solution front moves to the
center of the restricted geometry). Furthermore, the variables that dictate the formation of
regular patterns are limited by the choice of concentration, temperature and solvent at the

outset of an experiment.
1.4.2 Flow-enabled self-assembly in two-plate geometry

The concept of flow coating came from “slot coating”, which has been widely
used in the coating industry since 1960s.°°*® The thickness of the coated liquid layer is
set by the prescribed flow rate fed into the coating die and is independent of other process
variables. This makes this method ideal for high-precision coating. Starting in the late
1990s, the National Institute of Standards and Technology (NIST) developed the flow
coating technique for producing gradients. Termed “flow coating,” it is a modified blade-
casting technique.*®*** In a typical flow coating process a highly concentrated polymer
solution (1-5% mass fraction) is injected into the gap between a doctor blade positioned
over a flat substrate (e.g., silicon wafer) mounted on a computer-controlled translation

stage.*®?
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If the concentration is low, rather than thin films dissipative structures (e.g.,
convection patterns, fingering instabilities, etc.) are produced.’® Such work was
subsequently used to topographically control neurite extension on stripe-patterned
polymer films,*® fabrication of periodic micro-structured honeycomb films having
multiple periodicities, and polymer nanoparticles.*® Large-scale ordering was observed.
This was defined by the periodic thickness modulation of a block-copolymer film due to

the self-organization of the receding contact line.*®’

For example, hierarchically assembled amphiphilic diblock copolymer (e.g., PS-
b-P4VP) micelles were successfully produced by subjecting PS-b-P4VP micelles
solutions to evaporate in between two nearly parallel plates.’” Unlike the curve-on-flat
geometry, the lower substrate was mounted on a programmable motorized linear
translational stage. Highly regular and parallel threads of PS-b-P4VP micelles were
crafted by a “stop-and-move” procedure.”” First, the lower substrate remains still for a
period of time (i.e., “stop”) to allow a thread of micelles to form at the contact line. Then
the lower substrate is moved (i.e., “move”) at high speed to the next position set by
computer, allowing for the generation of the next thread. Thus, periodic parallel threads
can be created by these repeated “stop-and-move” cycles. In general, longer stopping
times lead to larger widths of threads. Larger move distance leads to larger spacing
between threads. Importantly, both the stopping time and the move distance can be
controlled, thereby yielding programmable deposition patterns on the substrate. Notably,
by varying the stop time, monolayer and monolayer/bilayer thickness threads can be
crafted.®” Interestingly, by controlling the formation of threads using the substrate, the
jumping distance of a depinned contact line can be measured.®” In addition, the precisely
positioned PS-b-P4VP micelles can be converted into Au nanoparticle arrays by exposing

PS-b-P4VP micelles to Au precursors under oxygen plasma.
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An important distinction to be made is that instead of being induced by
spontaneous evaporation of solvent, the movement of the contact line will be controlled
by the motion of the lower substrate, resulting in a programmable “stick-slip” motion in
FESA. Therefore, ordered patterns (e.g., thin films, stripes and spokes) can be readily
produced in a controllable manner. Notably, the transition between the different patterns
may be observed by gradually tuning each variable individually (e.g., velocity of lower
substrate). The influence of each variable on the evaporative self-assembly process can

also be scrutinized separately.

In this chapter, an overview of the mechanism of “coffee-ring” formation;
including theoretical studies on evaporative flux of a volatile droplet, radial and
Marangoni flow inside a droplet, and the pinning and depinning process during
evaporation, were provided. In addition, highly ordered structures created by confining
evaporation in restricted geometry were reviewed. The ability to craft well-defined,
dissipative structures from a variety of materials at low cost opens up avenues to novel

advanced functional systems and devices in the near future.
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CHAPTER 2

RESEARCH GOAL, OBJECTIVES AND OVERVIEW

2.1. Goals

The goal of the proposed work is to (1) develop simple yet robust, one-step techniques,
that is, flow-enabled self-assembly (FESA) and controlled evaporative self-assembly
(CESA), to craft ordered structures of nanomaterials that process high regularity in a
precisely controllable manner, dispensing with the need for lithographic techniques and
external fields, and (2) understand the formation mechanism that underpins the well-

ordered self-assembled structures.

2.2. Technical Objectives

To realize this goal, the following technical objectives will be pursued.

a. Craft ordered self-assembled structures of various nanomaterials based on the
properties of nanomaterials, such as threads of polystyrene-block-poly(4-vinylpyridine)
PS-b-P4VP micelles, highly aligned continuous DNA nanowires and PS latex particle

film with uniform microchannels.

b. Optimize and explore the experimental condition such as the concentration solution,
temperature, and moving speed and stop time of lower plate for ordered self-assembled

structure formation.

c. Theoretically investigate the formation mechanism of the deposition pattern by FESA
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d. Control the feature sizes (e.g, width and spacing of threads of PS-b-P4VP micelles,
spacing between two adjacent micrchannels in PS latex particle film) of formed ordered

self-assembled structures of various nanomaterials

e. Develop transfer printing technique for transferring patterned nanomaterials to desired

substrate.

f. Convert ordered self-assembled structures of organic nanomaterials into inorganic

nanomaterial patterns.

g. Align inorganic nanomaterials (e.g., nanoparticles and nanorods) by using prepared

ordered structures as template

h. Synthesis inorganic nanomaterials of novel structures

i. Explore the influence of chemically patterned substrate (i.e., hydrophobic stripes on a

hydrophilic substrate) on the formation of ordered structures

2.3. Organization and composition of dissertation

Chapter 1 is a critical review of evaporative induced self-assembly. First, the
fundamental theoretical study of a freely evaporating droplet on a substrate was
reviewed, including evaporative flux of a volatile droplet, radial and Marangoni flow
inside a droplet, and the pinning and depinning processes during evaporation. Second,
highly ordered structures created by confining evaporation in restricted geometry were

reviewed.
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Chapter 2 includes a concise description of the goal, the tasks and the associated
technical objectives in this dissertation. Furthermore, it presents a brief overview of the

organization of the dissertation, with short descriptions of the contents of each chapter.

Chapter 3 presents the study of hierarchical assemblies of amphiphilic diblock
copolymer (i.e., polystyrene-block-poly(4-vinylpyridine) (PS-b-P4VP)) micelles crafted
by flow-enabled self-assembly (FESA) by exploiting two concurrent self-assembly
processes occurring at different length scales. The periodic threads comprising a
monolayer or a bilayer of PS-b-P4VP micelles were precisely positioned and patterned on
the microscopic scale. At the same time the PS-b-P4VP micelles were self-assembled
into ordered arrays within an individual thread on the nanometer scale. Notably, the
width of the threads can be easily tailored by simply varying the stop time of the
translational stage. A minimum spacing between two adjacent threads Anin Was observed.
A model was proposed to rationalize the relationship between the thread width of and
Amin- In addition, such diblock copolymer micelle threads were utilized as nanoreactors

for creating inorganic nanoparticle arrays.

Chapter 4 provides the theoretical study of the formation of stripe pattern of solutes by
FESA. In particular, the relationship between the characteristic spacing between adjacent
stripes, A._. and other experimental parameters such as the stripe width, the stop time
and the moving speed of lower substrate were investigated. Moreover, the decrease in
Ac—c due to the increase of the moving speed of the lower substrates was rationalized by

proposed model.

Chapter 5 reports on the highly aligned parallel DNA nanowires in the forms of
nanostructured spokes over a macroscopic area crafted by evaporative self-assembly
(CESA) by subjecting DNA aqueous solution to evaporate in a curve-on-flat geometry

composed of a spherical on a flat substrate. The effects of pH of DNA aqueous solution
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and temperature on the formation of DNA nanowires were systematically explored. A
transition from spoke-like patterns to coffee-ring-like deposits was, for the first time,

observed as the pH was increased.

Chapter 6 describes the formation of large-scale aligned metallic nanowires templated
by highly oriented DNA. By subjecting DNA aqueous solution to dry between two nearly
parallel plates composed of a stationary upper plate and a movable lower plate mounted
on a programmable translational stage, an array of ultralong, high density, and parallel
DNA nanowires on a large scale was successfully created by FESA. The formation of
DNA nanowires was strongly influenced by the concentration of DNA solution,
temperature, and moving speed of lower plate. A simple yet robust swelling-induced
transfer printing (SIT-Printing) technique was developed to transfer ultralong DNA
nanowires onto the desirable substrate. Subsequently, the resulting DNA nanowires were
exploited as templates to form metallic nanowires by exposing DNA nanowires
preloaded with metal salts under oxygen plasma. Moreover, DNA nanowires were also

employed as scaffold for aligning metal nanoparticles and nanorods.

Chapter 7 discusses a simple yet effective strategy for CTAB capped water-soluble
ultrathin gold nanowires. Surprisingly, rather than commonly obtained Au nanorods, by
introducing a small amount of hydrophobic solvent (i.e., toluene or chloroform) into the
Au growth solution based on conventional preparative approach for Au nanorods with
cylindrical CTAB micelles as template, CTAB-capped ultrathin Au nanowires (i.e.,
water-soluble ultrathin Au nanowires) were yielded. Notably, a certain range of CTAB
concentration was observed, beyond which no ultrathin Au nanowires can be produced.
The growth mechanism of such intriguing water-soluble ultrathin Au nanowires, differed
from those formed by using oleylamine (i.e., non-water-soluble Au nanowires), was

explored.
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Chapter 8 reports on engineering colloidal microchannels (i.e., cracks) on a large scale
by controlling the drying process of colloidal suspensions via flow-enabled self-assembly
(FESA). The thickness of the formed colloidal thin film can be tailored, thereby enabling
the control over A._. of colloidal microchannels. The influence of chemically patterned
substrate (i.e., hydrophobic stripes on a hydrophilic substrate) on the formation of
colloidal microchannels was explored. In addition, such colloidal microchannels with

tunable A._. was exploited as template for aligning inorganic nanoparticles.

Chapter 9 provides general conclusions for the overall work in the dissertation with a

specific focus on impact and future directions.
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CHAPTER 3
CRAFTING THREADS OF DIBLOCK COPOLYMER MICELLES

VIA FLOW-ENABLED SELF-ASSEMBLY

B. Li, W. Han, B. Jiang and Z. Lin, "Crafting threads of diblock copolymer micelles via
flow-enabled self-assembly”, ACS Nano, 8, 2936 (2014)

3.1 Introduction

Self-assembly of nanoscale materials to form hierarchically ordered structures has
received considerable attention™® as it enables high-density integration of controlled and
tunable functionalities of nanoscopic building blocks into optical, electronic,
optoelectronic, and magnetic materials and devices.”® In this regard, block copolymers
permit versatile access to a variety of nanostructures (spheres, cylinders, double-gyroids,
and lamellae) depending on the volume fraction of the components.’* 1%81%° The size of
nanostructures is governed by the molecular weight of the polymer, typically in a range
of 10 to 100 nm. This imparts a density of 10*° nanostructures per square inch,
representing an attractive alternative to fabricating nanometer-scale structures.'®
Intriguingly, among various types of block copolymers, amphiphilic block copolymers
composed of a hydrophobic domain and a hydrophilic domain are thermodynamically
driven to self-assemble into a broad range of aggregate structures such as spherical
micelles, wormlike micelles, and polymersomes when placed in selective solvents,
depending on the ratio of the hydrophilic to hydrophobic blocks. Owing to their size
uniformity and good kinetic stability, amphiphilic block copolymers can be exploited as

170-172

nanoreactors to produce functional nanoparticles and as compartments for

® with applications in light harvesting,'”* laser printing,'” etc.

nanoparticle loading®’
through simple assembly into closely packed structures.”® The ability to position and

pattern amphiphilic block copolymers micelles at desired positions underpins the
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realization of these applications and enables the construction of hierarchical device
structures.® To date, little work has focused on creating hierarchically assembled
micelles using lithographically prepared templates.* However, the use of lithographic
methods often requires costly, complex and multistep procedures. Clearly, a low-cost
strategy for achieving hierarchically structured micelles over large scales is highly

desirable.

Evaporative self-assembly of nonvolatile solutes (e.g., polymers, nanoparticles,
and biomaterials, among others) from a sessile drop is widely recognized as an extremely
simple and non-lithographic route to creating intriguing one- or two-dimensional

structures.'®2°

However, the instabilities such as fingering instability and Marangoni
flow arising from the evaporation process often lead to the formation of irregular and
dissipative structures. To this end, recently, controlled evaporative self-assembly in
restricted geometries (e.g., curve-on-flat geometry composed of a curved upper surface
situated on a lower flat substrate) was developed to impart control over the drying
dynamics and associated flows, thus allowing for the creation of ordered yet complex
patterns.’% 171® gybjecting drying droplets to the curve-on-flat geometry renders the
minimization or elimination of temperature gradient and the control of the evaporation
rate of solution. Gradient rings composed of micelles are successfully formed using the

189 \We note that the self-assembled structures created in such

curve-on-flat geometry.
geometry are not dimensionally periodic. Instead, they possess gradient features.'” On
many occasions, it is highly desirable to produce self-assembled structures in a

controllable manner for various applications.

Here, we report on a simple route to crafting hierarchical assemblies of
amphiphilic diblock copolymer (i.e., polystyrene-block-poly(4-vinylpyridine) (PS-b-
P4VP)) micelles by exploiting two concurrent self-assembly processes occurring at

different length scales. The periodic threads comprising a monolayer or a bilayer of PS-b-
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P4VP micelles were precisely positioned and patterned by flow-enabled self-assembly
(FESA) on the microscopic scale over large areas. At the same time the PS-b-P4VP
micelles were self-assembled into ordered arrays within an individual thread on the
nanometer scale. In the FESA process, a drop of PS-b-P4VP micelle toluene solution was
allowed to evaporate in a confined geometry consisting of two nearly parallel plates. The
upper plate was fixed, and the lower plate was mounted on a computer-controlled
translational stage that moved against the upper plate at a fixed distance. The width of the
threads can be easily tailored by simply varying the stop time of the translational stage.
Intriguingly, a minimum spacing between two adjacent threads Amin was observed. A
model was proposed to rationalize the relationship between the thread width of and Anyin.
Such FESA strategy is simple, remarkably controllable, and easy to implement. It can
rapidly and inexpensively produce microscopic threads containing diblock copolymer
micelles self-assembled on the nanoscale (i.e., forming hierarchical assemblies) at high
yield. By extension, it should be possible to position and pattern nanomaterials other than
diblock copolymer micelles to yield advanced hierarchical systems for use in
nanoelectronics, optoelectronics, magnetic devices, bionanotechnology, among other

areas.

3.2 Results and Discussion

The PS-b-P4VP diblock copolymer was first dissolved in toluene, forming
polymeric micelles (see Experimental ) as toluene is a good solvent for PS block yet poor
solvent for P4VP block (Figure 3.1a). Subsequently, by subjecting a drop of PS-b-P4VP
micelle toluene solution to dry in a two-nearly-parallel-plate geometry in which the lower
Si substrate placed on a motorized linear translational stage programmably moved against
the upper stationary plate, the parallel threads composed of PS-b-P4VP micelles with

high regularity and fidelity can be crafted (Figure 3.1b) in a “stop-and-move” mode.
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First, the lower movable Si substrate was stationary for a period of time t (i.e., “stop”).
During this process, the evaporative loss of toluene triggered the PS-b-P4VP micelles to
migrate to the contact line,’® forming a thread comprising PS-b-P4VP micelles.
Subsequently, the lower Si substrate translated laterally by a distance A in the direction
marked in Figure 3.1b (i.e., “move”). Due to the movement of Si substrate, the meniscus
was stretched and the initial contact angle at the edge of the meniscus decreased to a
critical value, at which the depinning force became larger than the pinning force.’®® As a
result, the contact line jumped inward to the new position and recovered the initial
contact angle, leaving behind a new PS-b-P4VP thread. The repetitive computer-

controlled “stop-and-move” cycles yielded periodic parallel threads.

a) P4VP core PS corona
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Figure 3.1. (a) Chemical structure of amphiphilic diblock copolymer PS-b-P4VP, and
scheme of the formation of PS-b-P4VP micelles in toluene. (b) Schematic illustration of
the formation of periodic threads composed of PS-b-P4VP micelles (represented as red
chains and red bars).
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It is noteworthy that the control of the moving distance 1 and the stop time of the
lower Si substrate t allowed the crafting of uniformly distributed, centimeter-scale (and
larger) microscopic PS-b-P4VP threads over the entire surface of the Si substrate (Figure
3.2a). Close examination by AFM revealed that each individual thread comprised
spontaneously self-assembled nanoscopic PS-b-P4VP micelles. Clearly, hierarchically
assembled PS-b-P4VP micelles were obtained, that is, periodic threads formed by FESA
on the microscopic scale with the PS-b-P4VP micelles self-assembled on the nanoscopic
scale within a micro-sized thread. We note that the thread width can be controlled from
800 nm to 1.8 um by simply changing the stop time t (i.e., pinning time) from 0.5s to 3s,
respectively, as evidenced by the AFM measurements (Figures 3.2b-2g). The transition
from a monolayer to a coexisted monolayer/bilayer of PS-b-P4VP micelles occurred at
the stop time t = 1.5s - 2s (Figures 3.2d and 3.2e). Remarkably, the formation of PS-b-

P4VP threads was highly reproducible.
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Figure 3.2. (a) Optical micrograph of parallel threads composed of PS-b-P4VP micelles
with the spacing between two adjacent threads of 50 um (i.e., Aso = 50 um). The scale bar
= 200 pum. (b-g) AFM height images of a thread containing a monolayer and a coexisted
monolayer/bilayer PS-b-P4VP micelles obtained at the stop times of (b) 0.5s, (c) 1.0s, (d)
1.5s, (e) 2s, (f) 2.5s, and (g) 3s, respectively.
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Figure 3.3. (a) Programed movement of the Si substrate mounted on the translational
stage, in which the velocity is plotted as function of time. The shaded areas represent
each moving distance of 20 um after the alternative stop of the Si substrate for 0.3s and
5s. (b) Optical micrographs of periodic threads of PS-b-P4VP micelles formed on the Si
substrate by flow-enabled self-assembly (FESA), in which the Si substrate moved 20 um,
followed by an alternative stop for 0.3s and 5s to yield monolayer- and
monolayer/bilayer-thick threads, respectively. The scale bar = 500 um. (c-e)
Representative AFM images of (c) 4 threads (i.e., 2 monolayers and 2 coexisted
monolayers/bilayers), (d) single thread containing a monolayer of PS-b-P4VP micelles,
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and (e) single thread containing a coexisted monolayer/bilayer of PS-b-P4VP micelles
(i.e., monolayers at both edges with and bilayer in the center). (f-g) Corresponding height
profiles of (f) the monolayer-thick thread in (d), and of (g) the monolayer/bilayer-thick
thread in (e). (h) Optical micrograph images of the encoded thread pattern on the
substrate represented the first sentence of the traditional Chinese song Jasmine. The
image sizes are 80 pm x 80 pum in (¢), 800 nm x 800 nm in (d), and 3 pm x 3 um in (e),
respectively.

To further demonstrate the high level of control over the fabrication of well-
ordered PS-b-P4VP threads by FESA, alternating threads of a monolayer and a coexisted
monolayer/bilayer of self-assembled PS-b-P4VP micelles were constructed. First, the Si
substrate was moved unidirectionally by a constant distance (i.e., 20 um in Figure 3.3a),
and stopped for 0.3s. The substrate was then shifted by another 20 um and stopped for 5s.
As discussed in the above (Figure 3.2), a monolayer of PS-b-P4VP micelles was found to
form with the stop time less than 1.5s (i.e., t = 0.3s in Figure 3.3a), while a coexisted
monolayer/bilayer of PS-b-P4VP micelles was yielded with the stop time longer than 1.5s
(e, t = 5s in Figure 3.3a). Consequently, alternating monolayer-thick and
monolayer/bilayer-thick threads with a fixed spacing can be produced by programming
the motion of the lower Si substrate (Figures 3.3b and 3.3c). It is worth noting that any
combination of monolayer and monolayer/bilayers of micelles with varied spacing
between the adjacent threads can be readily fabricated by programmable FESA. Figure
3.3b shows the optical micrographs of alternating thread that constituted monolayer and
monolayer/bilayer of PS-b-P4VP micelles over a centimeter scale (only a small zone of
the entire centimeter-scale assembly is displayed in Figure 3.3a). Further scrutiny of the
surface morphologies of two representative adjacent threads by AFM showed that these
individual threads, either monolayer- or monolayer/bilayer-thick, were made of arrays of

nanometer-sized PS-b-P4VP micelles (Figures 3.3d and 3.3e).

Quite intriguingly, the threads crafted by FESA can be exploited to encode music.
In what follows, we demonstrate the use of threads to encode a famous traditional

Chinese song Jasmine on the Si substrate (Figure 3.3h and Figure 3.4) with the design
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rules set as follows: (1) the musical scale was defined by the separation distance between
two adjacent threads based on the thread on the left (e.g., Do (A10) = 10 um, Re (Ay) = 20
um, Mi (Az0) = 30 um, Fa (Ag0) = 40 um, S0 (Asp) = 50 pum, La (Agp) = 60 um, Ti (Az7o) = 70
um, high Do (Ago) = 80 um); and (2) As tempo of Jasmine was four fourths, a crotchet
and a quaver were determined by a monolayer and a monolayer/bilayer of PS-b-P4VP
micelles, respectively. As illustrated in Figure 3.3h, the first sentence of numerical
notation of musical scale of Jasmine is 3 35 61 16 5 56 5. Thus, the corresponding thread
pattern is AzpM, AzoMB, AsoMB, AgoMB, AgoMB, AsoMB, AsoMB, AsoM, AsoMB, AgoMB,
AsoM, where M and MB represent the monolayer and the coexisted monolayer/bilayer of
micelles, respectively. In comparison to the previous work, in which only gradient rings
of micelles were formed,'® a programmed array of PS-b-P4VP threads composed of a

monolayer or a monolayer/bilayer of micelles can be readily encoded by FESA.
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Figure 3.4. Musical score of the traditional Chinese song Jasmine.

Interestingly, a minimum spacing between adjacent parallel threads, Ami,, Was
noted in the FESA of PS-b-P4VP micelles. It was found that when the moving distance of
the Si substrate A was smaller than Amin (i.e., A < Amin), a relatively irregular pattern
(Figure 3.5a) was formed, while a highly ordered pattern was resulted in at A > Amin
(Figure 3.5b). This observation can be rationalized as follows. A critical moving distance
was required in order to stretch the meniscus and decrease the contact angle of the
meniscus to a critical value, at which the slip of the meniscus pinned at the contact line
can be triggered, thereby leading to the formation of a thread of PS-b-P4VP micelles. It is
not surprising that longer stop times of the Si substrate yielded a larger thread width and

180

thus a larger Zmin due to the larger pinning force exerted at the contact line™ (Figure

3.5¢) as discussed below.
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Figure 3.5. Optical micrographs of (a) relatively irregular, and (b) highly regular parallel
threads of PS-b-P4VP micelles. The scale bar = 100 um in both (a) and (b). (c)
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Relationship between Amin (blue symbols) and the thread width Winreaq (red symbols) and
the stop time of the Si substrate. (d) Relationship between Amin and Wipread-

A model was proposed to elucidate the relationship between the thread width and
Amin. It is known that the meniscus of a drying droplet depins and jumps to the next
position if the pinning force is smaller than the capillary force (i.e., depinning force).'®
The balance between the pinning force and the capillary force can be considered as the
equality of the adhesion energy E.q between the deposit and solvent and the increase in

surface energy 4Ecqp (i.€., the increase in surface energy due to the stretched meniscus).

Eqa ~ Athreadpad (3-1)
AEcap ~ (l X ALliq)y (3-2)
AEcqp = Eqa (3.3)

where Agqipe i the surface area of the thread, P,, is adhesion energy per unit area

between the deposit and solvent, | is the length of the contact line, 4 L;;, is the length
increase in the stretched meniscus, and y is the surface tension of solvent. The area
increase for the stretched meniscus is [ x AL;,. By combining equations (3.1)-(3.3), we

have

A Lliq — Athrle;dpad (14)

The surface area can be calculated based on equation (3.5)

Athread = k(l X Lthread) (3-5)

where Linread 1S the thread profile and k is the roughness factor (k = 1.6046, see Supporting

Information). Since the height of thread (monolayer- or bilayer-micelle thick) is much
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smaller than the width of thread Winreaq (greater than or equal to 1 pum), it follows that
Linread = Winread- AS the surface roughness originated from the shape of micelles increases
the wettability between the deposit and solvent, the threads composed of PS-b-P4VP
micelles possess a higher adhesion energy as compared to the smooth threads of the same
width. Since the meniscus was stretched due to the movement of the Si substrate during

the pinning process (Figure 3.6), we have
ALliq = AminCOSHi (36)

where 6; is the initial contact angle of the meniscus. Thus, Anin can be determined by
combing equations (3.4) ,(3.5) and (3.6),

kW threadPad (37)

1o~
min cosb;y

Clearly, Amin of the threads exhibits a linear relationship with the width of threads (i.e.,
Amin ~ Winread), Which is in good agreement with the experimental results (Figure 3.5d).
We note that in the present study the effect of the height of threads can be neglected due

to much smaller thread height than the thread width.

b) New position
7 of the meniscus
AL\'\Q _» Previous position
of the meniscus
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Figure 3.6. (a) Schematic illustration of the flow-enabled self-assembly (side view). (b)
The close-up of the meniscus stretched to a new position due to the movement of the Si
substrate.

Amphiphilic PS-b-P4VP diblock copolymer can self-assemble into nanoscopic
spherical micelles with a hydrophilic P4VP core and hydrophobic PS corona when
dissolved in toluene. Such diblock copolymers can be utilized as nanoreactors for the
synthesis of various nanoparticles.!’? In this context, we have successfully converted the
periodic threads composed of the array of PS-b-P4VP micelles encapsulated with Au
precursors (i.e., forming hierarchically assembled PS-b-P4VP/HAuUCI, micelles; Figure
3.7a) into the threads of inorganic nanoparticles (i.e., Au nanoparticles) (Figure 3.7b).
Specifically, Au precursors (i.e., tetrachloroauric acid (HAuCl, 3H,0)) was mixed with
PS-b-P4VP toluene solution at different molar ratios, yielding PS-b-P4VP micelles with
Au precursors encapsulated within the P4VP cores (Figure 3.8). Similar to the threads of
plain PS-b-P4VP micelles discussed above, highly ordered, parallel threads constituting
the PS-b-P4VP/HAUCI, micelles were crafted by FESA. Subsequently, the sample was
exposed to the oxygen plasma to remove the PS-b-P4VP templates, leaving behind arrays

of Au nanoparticles within the threads (Figure 3.7 and Figure 3.9).
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Figure 3.7. (a-b) Representative (a) TEM image of a monolayer-thick thread composed
of an array of PS-b-P4VP/HAUCI, micelles (Au** : PAVP = 110:1) before exposure to
oxygen plasma, and (b) corresponding AFM height image after exposure to oxygen
plasma. (c) Schematic illustration of the formation of PS-b-P4VP micelles surrounded by
a ring of PS-capped CdSe nanoparticles. (d-e) AFM height images of a thread composed
of (d) plain PS-b-P4VP micelles, and (e) hybrid micelles comprising PS-b-P4VP micelles
decorated with an outer ring of CdSe nanoparticles. A close-up of an individual hybrid
micelle is shown as an inset in (e). The image sizes are 600 nm x 600 nm in (b), 1.2 um x
1.2 ymin (d), and 1.2 pm x 1.2 um in (e).
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Figure 3.8. TEM images of PS-b-P4VP micelles incorporated with Au®*" ions within the
thread at the Au* /P4VP ratios of (a) 0:1 (i.e., plain PS-b-P4VP micelles), (b) 10:1, (c)
30:1, and (d) 110:1. (e-h) Corresponding TEM images of one single PS-b-P4VP micelle

with the incorporation of Au** ions.
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Figure 3.9. (a) and (d) TEM images of PS-b-P4VP micelles before the exposure to
oxygen plasma. (b) and (e) Corresponding AFM height images, and (c) and (f)
corresponding cross sectional analysis of Au nanoparticles obtained from the samples at
the Au®* /P4VP ratios of 10:1 and 110:1, respectively, after the exposure to oxygen
plasma. The image sizes are 600 nm x 600 nm in (b), and 400 nm x 400 nm in (e).

It is interesting to note that the diameter of Au nanoparticles after the oxygen
plasma exposure was dictated by the ratio of Au®* to P4VP chain length during the

preparation of PS-b-P4VP/HAUCI; micelles. At the relatively low molar ratio of
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AUu¥*IPAVP (i.e., Au**/P4VP = 10:1), the Au®* ions preferentially bind to the outer part of
the P4VP core via the attachment to the pyridine groups of P4VP by protonating the
pyridine units through ionic—polar interaction*®* (Figures 3.8b and 3.10). In contrast,
when the Au**/P4VP ratio is high enough, the Au®* ions can interact with the entire P4VP
core (Figures 3.8d and 311). In the present study, the maximum ratio of Au**/P4VP was
found to be 110:1 as higher ratios (> 110:1) would cause Au precursors to precipitate
from the micelle toluene solution. We note that the number of 4VP units in one P4VP
chain is 220 as the molecular weight of P4VP is 24 kg/mol. This indicates that only half
of the 4VP units in a P4VP chain interacted with Au®* ions at the ratio of Au**: PAVP =
110:1. Intriguingly, the exposure of PS-b-P4VP/HAUCI, micelles with a low Au®**/P4VP
ratio (10:1) to the oxygen plasma led to the formation of irregular Au nanodots with
approximately 3 nm in height (Figures 3.9a and 3.9c). The Au®" ions were reduced to

elemental Au,'®

which then merged with one another to form Au nanodots owing to a
very small amount of Au®* ions present within one micelle; while the large Au®* /P4VP
ratio (110:1) of PS-b-P4VP/HAUCI, micelles yielded spherical Au nanoparticles with a
diameter of 16 nm (Figures 3.9e and 3.9f) after the oxygen plasma treatment. Compared
to the 30-nm plain PS-b-P4VP micelle, the diameter of Au nanoparticles produced from

the micelle template was smaller (i.e., 16 nm). This is mostly likely due to the

condensation of the P4VP core during the oxygen plasma exposure.
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Figure 3.10. TEM image of PS-b-P4VP micelles with the incorporation of Au®" at Au®*
[PAVP ratio of 10:1. The sample was prepared by spin-coating PS-b-P4VP/HAuCI,
micelles at 3000 rpm/min.

Figure 3.11. TEM image of a thread composed of PS-b-P4VP/HAuUCI, micelles at the
Au** [P4VP ratio of 110:1.

50



Vacancy

d)40

E 3
=20
r—

o
‘@ 10
=

Vacancy

0 0 =
0 200 400 600 800 1000 0 200 400 600 800 1000
width / nm width / nm

Figure 3.12. (a-b) AFM height images, and (c-d) the corresponding cross sectional
analysis of threads composed of plain PS-b-P4VP micelles (a and c) and hybrid micelles
of PS-b-P4VP/CdSe (b and d). (e) Schematic illustration of the formation of PS-b-P4VP
micelles surrounded by a ring of CdSe nanoparticles with the presence of one vacancy.
The image sizes 1.2 um x 1.2 um in (a) and (b).

In addition to threads composed of Au nanoparticles, threads of PS-b-P4VP
micelles surrounded by CdSe nanoparticles were also constructed. Monodisperse CdSe
nanoparticles with a diameter of 6 nm intimately and permanently capped with PS were
first synthesized by utilizing a new class of amphiphilic star-like diblock copolymer,
poly(acrylic acid)-block-polystyrene (PAA-b-PS) as a nanoreactor, prepared by
sequential atom transfer radical polymerization (ATRP) of tert-butyl acrylate (tBA) and
styrene (St) based on B-cyclodextrin (B-CD) (i.e., forming poly(tert-butyl acrylate)-block-
polystyrene (PtBA-b-PS)), followed by the hydrolysis of PtBA into PAA.}"? Upon
mixing PS-capped CdSe nanoparticles with the amphiphilic PS-b-P4VP toluene solution,
CdSe nanoparticles were selectively incorporated to the PS corona (Figure 3.7c).
Hierarchically structured assemblies were obtained by FESA of the PS-b-P4VP/CdSe
nanoparticle toluene solution, namely, highly ordered submicron-wide threads containing
monolayer-thick, self-assembled nanoscopic PS-b-P4VP micelles surrounded by a ring of

self-organizing CdSe nanoparticles (2 x 6-nm CdSe nanoparticles + 30-nm PS-b-P4VP
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micelles = 42 nm as shown in the inset; Figure 3.7e). Interestingly, the height of the
hybrid micelles of PS-b-P4VP/CdSe was almost the same as that of plain PS-b-P4VP
micelles (Figures 3.12c and 3.12d), suggesting that the PS-b-P4VP micelles were

decorated by a ring of CdSe nanoparticles (Figure 3.12e). 18>8

3.3 Conclusion

In summary, strictly periodic threads of amphiphilic diblock copolymers and
inorganic nanoparticles were exquisitely crafted over large areas by flow-enabled self-
assembly in a two-nearly-parallel-plate geometry where the lower substrate was moved
against the upper stationary plate in a controlled manner. They can be precisely
positioned and patterned at desired locations on the substrate, dispensing with the need
for lithography techniques and external fields. These microscopic threads exhibited one-
step hierarchical self-organization, that is, parallel threads comprising amphiphilic
diblock copolymer micelles and nanoparticles with controllable width on the micrometer
scale in conjunction with self-assemblies of PS-b-P4VP micelles and inorganic
nanoparticles on the nanometer scale. A model was proposed to understand the
relationship between the thread width and the minimum spacing between two adjacent
threads Amin. The ability to craft hierarchical assemblies rapidly at low cost opens up
ways to fabricate novel advanced functional systems and devices for use in

nanoelectronics, optoelectronics, and bionanotechnology.

3.4 Experimental

Preparation of PS-b-P4VP micelles: Poly(styrene)-block-poly(4-vinylpyridine) (PS-b-
P4VP; number average molecular weight of PS = 41.0 kg/mol and P4VP = 24.0 kg/mol;
polydispersity index, PDI=1.09; Polymer Source Inc.) was dissolved in toluene at a

concentration of 2 mg/ml. The PS-b-P4VP toluene solution was heated to 70°C and
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stirred for 12 hr. The solution was then cooled down slowly. Finally, the PS-b-P4VP
micelle solution was diluted to 0.2 mg/ml and purified with a 200-nm

poly(tetrafluoroethylene) (PTFE) filter.

Flow-enabled self-assemblcy (FESA) of PS-b-P4VP micelles: Parallel threads of PS-b-
P4VP micelles were formed by subjecting a drop of PS-b-P4VP toluene solution to
evaporate in a two-nearly-parallel-plate geometry constructed by placing a fixed upper
plate slightly angled with respective to the lower movable Si substrate that can be
precisely controlled by a motorized linear translational stage (Parker Hannifin Corp,
mode: MX80LVixBL2b). The resolution of the translational stage is 100 nm. The
translational stage moved at a constant speed of 1mm/s but with different stop times

varying from 0.1s to 5s.

Preparation of gold nanoparticles using PS-b-P4VP micelles as nanoreactors:
Tetrachloroauric acid (HAuCl,4*3H,0) was purchased from Sigma-Aldrich and mixed
with PS-b-P4V/P toluene solution at different molar ratios of Au®*/P4VP. The resulting
solution was stirred for 3 days. The periodic threads of PS-b-P4VP/HAUCI,; micelles
were created by FESA. To vyield arrays of Au nanoparticles within the threads, oxygen

plasma (Harrick Plasma; PDC-001) operated at 30W and 300 mTorr was applied for 1 hr.
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CHAPTER 4
THEORETICAL INVESTIGATION OF THE FORMATION OF THE

DEPOSITION PATTERN BY FESA

B. Liand Z. Lin, "Prediction of the smallest dimensions of deposits formed in flow

enabled self-assembly ", (manuscript in preparation)

In our study two plates for trapping the drying droplets are composed of an upper
fixed plate made from different materials (e.g., glass, polyethylene terephthalate (PET),
polydimethylsiloxane (PDMS), etc.) and a lower movable substrate (e.g., Silicon
substrate, polymer (hexamethyldisiloxane (HMDS), poly(methyl methacrylate) (PMMA),
polystyrene (PS))-coated substrate) (Figure 4.1a). The upper fixed plate is slightly
angled with respect to the lower moving plate. The motion of the lower substrate can be
precisely controlled by a motorized linear translational stage. The use of the
programmable translation stage enables the controllable movement of substrate (i.e., stop
for a preset stopping time, and then move in either forward or backward direction at a
preset velocity). One example of FESA of PMMA parallel lines produced by this method

is shown in Figure 4.1b.
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Figure 4.1. (a) Schematic illustration of a home-made apparatus for FESA. (b) One

typical result of uniform PMMA parallel stripes formed on Si substrate prepared by
FESA of the PMMA toluene solution.
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In this chapter, we focus on the theoretical study of the formation of parallel stripes by

FESA in terms of the prediction of the smallest dimension of deposits.

4.1 Stripes formed by solvent evaporation with fixed parallel surfaces (i.e., fixed
substrate during stripe formation)

In general, the meniscus front is arrested between the upper and lower surfaces for
a certain period of time during which a stripe is formed. Then, the meniscus jumps a short
distance (4jump) to the next position where it will be arrested again, and a new stripe is
thus deposited.

The meniscus is first pinned at position 7 where the stripe is formed (Figure 4.2a).
During the solvent evaporation, the contact angle will gradually decrease from the initial

contact angle (&) to critical contact angle (6.), and the shape of meniscus will change to
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position Il. When it reaches position I, with the further evaporation of solvent the
meniscus will jump from position Il to a new position 11, because the capillary force

becomes larger than the pinning force.

A

jump

I I I III I 111

Figure 4.2. Schematic illustration of the stripe formation induced by evaporation.

The total volume before and after the jJump of meniscus is the same.
A-A=MM=A,, 4.2)
where A;, A. is the area of the meniscus at position | and position Il (shown in Figure
4.2b and 4.2c) at contact angle 6; and 6, respectively, Ajump is the green area shown in
Figure 4.2d. The area of the meniscus at position | and Il can be given from the

geometry of the meniscus. **°

H (ZH arctanzlji—Hj+2aiH

A= 4
H (ZH arctan 28, _ H j+2acH
A = H
4 (4.2)
AA= %{H (arctan ZIjC —arctan %}r(ac -3 )} (4.3)
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where H is the surface separation at the liquid-vapor interface of the solution, and a; and
a are the height of meniscus at contact angles ¢; and 6., respectively. The volume change

between position | and position 111 can also be given by

AA=2, H (4.4)

Jump

Combining Eq. (4.3) and (4.4), Ajump Can be given by
1 2a, 23,
A ==| H| arctan——arctan—- |+(a. —a 4.5
Jump 2|: ( H H j ( C a'I ):| ( )

The height of meniscus at contact angle ¢; can be given from the meniscus
geometry, &
a=H(l1-tang)/2 (4.6)
where the initial contact angle 6; could be measure experimentally. At position I, the

linear pinning force is balanced by the nonlinear capillary force,

Fp =Kry7g

2a, 23,
F =4ry, (arctan o arctan Wj (4.7)
F,=F

where yq is the surface tension between deposits and solvent and y; is the surface tension
of the solvent and ry is the total length of contact line. The height of meniscus at critical

contact angle &, at position Il can be obtained by

2 2a. kK
arctan & _ arctan 4 _ X (4.8)
H H 4y

Combining Eq. (4.5) and (4.8), 4jump Can be given by

1|, ky
Aume =—=| H—"%L +(a, — &, 4.9
Jump 2{ 47/|v ( C al)} ( )
As the height of meniscus at contact angle ¢; and 6. can be calculated by Eqg. (4.6) and

(4.8), the distance between two adjacent stripe formed by evaporation of the solvent (i.e.,

Ajump) €an thus be obtained.
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4.2 Stripes formation induced by the movement of lower substrate in the “stop-and-
move” mode

Different from Section 4.1 discussed above, in which the stripes and the substrate
do not move during the stripe formation, in this section, a model will be given based on
that the meniscus is stretched by the movement of lower substrate, which is controlled by
a translational stage in the experiment.

The meniscus is first pinned (Figure 4.3a). Then the contact angle will gradually
decrease from the initial contact angle () to the critical contact angle (6.) due to the
substrate moving at a distance Ajymp (Note: this Zjump is different from the Ajymp in Section
4.1). Moreover, if there is any further movement of the substrate, the capillary force will
become larger than the pinning force. Therefore, the meniscus will jump back to the

initial position and resumes the initial contact angle 6.

a) b)
o o
H 7 = Solution H/1, . Solution
1) =4
J — P 6
D — )\
Initial position Aump  Initial position

Figure 4.3. Schematic illustration of the stripe formation induced by the movement of
lower substrate.

It is assumed that the pinning force is proportional to the viscosity of solvent 7,
inversely proportional to the velocity of the substrate v. When pinning force is balanced
by the depinning force, we have

“Tk = 7,(cos 6, —cos6) (4.10)
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6, =arccos ['u—k +cosd, j (4.11)
\/4

where u is viscosity and v is the velocity of subtract, y is the surface tension of the
solvent and k is a related constant. From the geometry shown in Figure 4.3b, the critical

contact angle 6. can be given by

6, =arctan [ (4.12)

_H
Z(ljump +ai)

By substituting Eq. (4.6) into Eq. (4.12), the critical contact angle 4. is given by

6, = arctan H (4.13)
ump +H (1-tang,)

Combining Eq. (4.10) and (4.13), 4jump Can be given by

H =tan| arccos HK +C0s 6, (4.14)
+H(1-tang,) vy,

24

jump

H 1

jump o
tan (arccos (ﬂk +Cosd, D
i A

According to the experiments results (Figure 4.4), it is noticed that the Ajymp IS

A

—1+tané, (4.15)

independent of the velocity of the moving substrate, which is supposed to determine Ajymp
in Eqg. (4.15). However it is dependent on the stopping time of the substrate. Therefore,

the model need to be further modified.
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Figure 4.4. Relationships between a) Ajump and velocity of substrate and b) Ajump and
stopping time of substrate

It should be noted that on the basis of the experimental observation on the side
view of the meniscus of solution confined in between a fixed upper blade and a movable
lower substrate (Figure 4.5), we found that the schematic illustration depicted in Figure

4.3 is inaccurate.

324.404 pm

Figure 4.5. Optical microscopic image of the meniscus of solution confined in between a
fixed upper blade and a movable lower substrate.

Therefore, we develop an alternative model to account for experimental

observations. The balance between the pinning and capillary forces can be considered as
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the equality of the pinning energy, Epin, (i.€., the adhesion energy between the deposit and
solvent) and the capillary energy, Ecap (i.€., the increase in surface tension due to the

stretched meniscus interface).

Epin = UX Lstripe Ya + V1 — Yar) (4.16)
Ecap = L X ALyiq v, (4.17)
Ecap = Epin (4.18)
ALy = Lstripe(n;:lr Yi~Yai) (4.19)

where | is the length of the contact line, y4 and y, are the surface tensions of deposit and

solvent, respectively, and yq is the interfacial tension between the deposit and solvent.

Figure 4.6. Schematic illustration of the profile of one stripe.

The profile of the stripe can be assumed as a circular segment (the blue part
shown in Figure 4.6), and thus Lgipe (i.€., the red line in Figure 4.6) is the arc length of

the stripe and given by

Lstripe =aXr (420)
o= 2arctan(W§L_hhz) (4.21)
2 2
_Ww+h (4.22)
2h
w2 +h? 2wh
Latripe = ™ arctan(w2 —h2) (4.23)
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where h is the height of the deposit, 2w is the width of the deposit, and o and r are the
angle and radius of the circular segment, respectively. We also propose two possible

ways for the stretch of the meniscus. The first is as follows (Figure 4.7):

Figure 4.7. Schematic illustration of the first possible way for the stretch of the
meniscus.

The substrate moves at a distance Zjump, and the meniscus is stretched from length
L, to length L;, while the contact angle decreases from initial contact angle to critical

contact angle. Then the increase of the length of the meniscus (4Ljig) is given by

ALliq = L1 - LZ (424)

sing, _sing, _sin(6,-4,) (4.25)
L, L, Ajump

DLy = Ay 10150 (4.26)

JUMP sin (6;,-6.)
The second possible way is that the meniscus is stretched due to the substrate

moving at a distance Zjump, but the contact angle keeps constant.

Figure 4.8. Schematic illustration of the second possible way for the stretching of the
meniscus.

ALy, = 2ume. (4.27)

cosO;
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According to Eq. (4.16) and (4.23), Epin~Lstripe~h. It is expected that if Ecap~Ajump,
then there will be a linear relationship between Ajymp and h (i.e., Zjump ~h will be satisfied,

which was found experimentally (Figure 4.9)).
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Figure 4.9. a) Relationships between Ajump as Well as the height of the deposit, hgeposit a8s
a function of stopping time of substrate. b) linear relationship between Ajump and height of
the deposit, hgeposit-

Therefore, the second possible way seems more valid, as it explains the linear

relationship between ALjiqand Ajymp (i.€., Ecap~ALiig~4jump)- Ajump 1S thus given by

_ Ya T —7a
ﬂ’jump - I—stripe CoSHi (4-28)
ey
The interfacial tension can be given as'®’
d, d P, P
Yo=n+y,—4 h 7 -4 h 7 (4.29)

AR A A
where v12 is the interfacial tension between 1 and 2, y; (i=1,2) is the surface tension, yid
and y;® are the dispersion and polar components of 7;, respectively. The dispersion and
polar components of solute (i.e., poly(methyl methacrylate) (PMMA); used in my
experiment) and solvent (i.e., toluene; used as solvent to dissolve PMMA) and their

surface tensions are shown in Table 4.1,28818°
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Surface tension (mJ/m°) ' Dispersion (mJ/m©) Polar (mJ/m®)

PMMA  40.2 35.9 4.3

Toluene 29.1 27.8 1.3

Table 4.1 Surface tension of poly(methyl methacrylate) (PMMA) and toluene and their
dispersion and polar components.

Combining Eq. (4.28) and (4.29), the relationship between Ajump and Lsyipe Can be
calculated: Ajymp = 2.354Lgtyipe. We note that  Ajymy = 2.37Lgripe + 14.4 from the
experimental results (Figure 4.10). The slopes of both calculated and experimental
results fit well. However, a constant value of 14.4 um was found in experiments, which
cannot be explained by the proposed model. The physical meaning of this constant is not

clear and needs to be further explored.

Another possible fact is that there is no such a constant (i.e., 14.4 in Figure 4.10).
All the experimental results fall in the range with the slope between 5.28 and 3.73 (i.e.,
gray area in Figure 4.10). The proposed model is correct. However, the slope (i.e., 2.354)
calculated from Eqg. (4.28) can be erroneous, due to imprecise measurement of the initial

contact angle 6; .
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Figure 4.10 Relationships between Ajump and Lgyipe Of the PMMA stripes formed by FESA
of PMMAV/toluene solution at different stopping time (i.e., t =0.5, 1, 2, 5, 10s)

4.3 Stripes formation induced by continuous movement of lower substrate

Notably, uniform polymer stripes (Figure 4.11) can also be crafted by FESA with
the continuous movement of the lower substrate, rather than the “stop-and-move” mode
mentioned in Chapter 3 and Section 4.2.The speed of the moving lower substrate which is
required to obtain uniform stripes is usually slow (below 100 pm). Interestingly, we
found that as the moving speed of the lower substrate increases, the spacing between two

adjacent parallel stripes A._. will decrease (Figure 4.12).
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Figure 4.11 Optical microscope image of uniform PMMA stripe pattern formed by
FESA with continuous movement of the lower substrate at the speed of 10 um/s.
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Figure 4.12 The relationship between the spacing of two adjacent parallel stripes and the
moving speed of the lower substrate.

The observation can be rationalized as follows. First, for the evaporation rate at
the meniscus front, we have *
v(t) = k,nLD(1 — H)C, (4.30)

where D is the diffusivity of the toluene in air, L is the length of the meniscus, H is the
relative humidity, Cv is the saturated vapor concentration of the toluene, and ke is the
evaporation constant. Assuming that the polymer (PMMA) concentration of the solution
will not change, then the volume of the stripe, Vg, formed during time period t is

Vstripe = Astripel = ()t = kenLD(1 — Hu)C,t (4.31)
where Agipe IS the cross section area of the stripe, Hu is the humidity. In particular,

Agtripe = kenD(1 — Hu)Ct (4.32)

Moreover, we define that

Wseri e)z
Astripe = k tsp (4.33)
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where Kk is the geometrical constant and R = = if we consider the cross section as the half-
circle.
Thus we have

(Wstripe)z
8

,8ke D(1—Hu)Cyt
Wstripe = % (4.35)

On the right of the equation, only the time t is variable, that is, W¢y.ipe ~ Vt. After

R = k,nD(1 — Hu)C,t (4.34)

that is,

checking with the experimental data, it is clear that the fitted line from eq. (4.35) agreed

well with the experimental data (Figure 4.13).
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Figure 4.13 The relationship between the width of parallel stripes and the stop time of
the lower substrate.

If we consider the stripe formation during the continuous moving of the substrate
at speed v, we always have
d=vt (4.36)
From the moment the contact line pins (set t = 0), until the moment the contact

line depins and jumps to the position of the next stripe, we have
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Aeee=d =vt (4.37)

that is t= Aec

(4.38)

Experimentally, for a stick-slip event, there is a relationship between the slip

distance A._. and the width of the stripe W,y , as discussed in Section 4.2,
Ae—c = A+ BWstripe (4.39)

By combining eq.(4.38) and (4.39), we get

t = A+BWstripe (440)

v

By subjecting eq. (4.40) into (4.35), we have

Woeripe = JBkenD(l—H)C}‘;fA+BW5tripe) (4.41)
and
2 (2==2) = kD (1 — HW)CyAe— (4.42)
Clearly, the fitted line from eq. (4.42) agreed well with the experimental data
(Figure 4.12).
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CHAPTER 5
MACROSCOPIC HIGHLY ALIGNED DNA NANOWIRES

CREATED BY CONTROLLED EVAPORATIVE SELF-ASSEMBLY

B. Li, W. Han, M. Byun, L. Zhu, Q. Zou, and Z. Lin, "Macroscopic highly aligned DNA

nanowires created by controlled evaporative self-assembly"”, ACS Nano, 7, 4326 (2013)
5.1 Introduction

DNA is a promising construction material for producing well-defined
nanostructures for electronic, magnetic, optoelectronic, and sensory applications. In
particular, DNA nanowires produced by stretching DNA permit the physical mapping
and diagnosis of diseases,*®® and can also serve as unique template due to their aligned
structure and rich chemical functionality'® for potential use in superconducting

193

nanowires,'%? waveguides,'* photodetection, % field-effect transistor,*® nanophotonic

switch, ¥’

etc. Notably, the prerequisite for most of these applications involving DNA
nanowires is to immobilize a large number of DNA molecules on the substrate at the

desired position. To date, several methods stemming from simple molecular combing

8 9

approach,1 including air blowing,'*® electrophoretic stretching,*® spin-stretching,’®

201 and dynamic molecular combing,?®* have been utilized to

combing in miscrochannels,
align and immobilize coiled DNA molecules onto the substrate. Under certain pH and
ionic strength, the partial melting of the ends (i.e., extremities) of DNA molecules
exposes their hydrophobic core, which adsorbs onto a hydrophobic surface (i.e., specific
binding).?" 2% However, the stretched DNA chains were often randomly distributed.
They are not well positioned and ordered over a large area. The length of DNA molecules
was also not controlled. Recently, the parallel alignment of DNA arrays has been

achieved using a modified molecular combing method combined with soft lithography

(i.e., placing a PDMS stamp in contact with the DNA solution)?**?%: however, the
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process was rather complex in terms of the mask preparation and requiring delicate
control over the peeling-off speed of PDMS stamp. By utilizing solvent evaporation on a
tilted PDMS surface, DNA nanofibers can be fabricated; however, the effects of
temperature and pH on the nanofiber formation were still not well understood.?® Clearly,
a low-cost large-scale strategy for highly aligned DNA nanowires is highly desirable and

requires a thorough and systematic study.

The use of spontaneous self-assembly as a lithography- and external field-free
means to construct highly ordered, often intriguing structures has garnered much
attention due to the ease of producing complex, large-scale structures with small feature
sizes. In this regard, one extremely simple route to intriguing structures is the drying-
mediated self-assembly of nonvolatile solutes (e.g., polymers, nanoparticles and colloids)
through the solvent evaporation of a sessile droplet on solid substrate.?” However, the
flow instabilities within drying droplet often result in non-equilibrium and irregular
dissipative structures (e.g., randomly organized convection patterns, stochastically
distributed multi-rings, and so on). To this end, controlled evaporative self-assembly in a
confined geometry has recently emerged as a rational preparation strategy for simple and

’ comprising polymers® and

rapid creation of well-ordered microscopic structures,®
particles.’® The confined geometry imparts a radically distinctive environment for
exquisite control over the evaporation process (e.g., evaporative flux, solution
concentration, interfacial interaction between the solute and substrate, etc.) to yield

complex structures and assemblies with high regularity and fidelity.

Herein, we demonstrate a simple yet robust strategy to yield highly aligned
parallel DNA nanowires in the forms of nanostructured spokes and parallel stripes over a
macroscopic area (i.e., millimeter scale) by subjecting DNA aqueous solution to

evaporate in a curve-on-flat geometry composed of either a spherical lens or a cylindrical
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lens situated on a flat substrate. Such confined geometry allowed for the control over the
flow within the evaporating solution by eliminating temperature gradient and possible
convective instability, thereby leading to the stretching of DNA molecules by the
receding meniscus, and in turn forming highly ordered DNA nanowires. The effects of
pH of DNA aqueous solution and temperature on the formation of DNA nanowires were
systematically explored. A transition from spoke-like patterns to coffee-ring-like deposits
was, for the first time, observed as the pH was increased. The optimization of pH and
temperature rendered the production of large-scale DNA nanowires aligned parallel to

one another.

Figure 5.1. (a) Schematic illustration of sphere-on-flat geometry (side view), where a
drop of DNA solution is constrained, bridging the gap between the spherical lens and the
PMMA-coated Si substrate (i.e., a thin PMMA film was spin-coated on HMDS-coated
Si). (b) Schematic illustration of formation of DNA spokes (top view). (c) A small zone
of DNA spokes obtained at pH = 6.2, T = 65°C, and the concentration of DNA solution =
8 o/ml (marked as a dashed box in (b)), emitting green fluorescence. Scale bar = 300

m.

5.2 Results and Discussion

The DNA spoke-like patterns were formed by allowing a drop of A-DNA

(hereafter referred to as “DNA”) aqueous solution to evaporate in sphere-on-flat
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geometry constructed by placing a spherical lens on a flat PMMA-coated Si substrate
(Figure 5.1.1a; see Experimental Section). The PMMA-coated Si substrate was
hydrophobic and facilitated the anchoring of DNA on its extremity. The formation of
DNA spokes, analogous to aligning seaweeds on the beach during ebb-tide, can be
understood as follows. At the early stage of the drying process, the corrugation of drying
front of DNA solution formed, due to fingering instability caused by the long range van
deer Waals forces between the liquid and the substrate,24 and DNA molecules preferably
accumulated at the “fingers”. Over a certain range of pH, the extremity of DNA
anchored at the three-phase contact line on the PMMA-coated substrate as a result of the
interaction of its extremity with the carboxyl group of PMMA; ** such anchoring was
strong enough to withstand the capillary force (i.e., combing force 2* 2®). The DNA
molecules were stretched straight due to the capillary force acting on the rest of DNA
molecules by the receding solution front (i.e., air/water interface) during the water
evaporation.?®® The anchored DNAs served as nucleation sites and grew into stripes
locally that oriented normal to the evaporating front by transporting DNAs from the
surrounding solution as the solution front (i.e., meniscus) propagated inward. This

resulted in spoke patterns (Figure 5.1b).

To scrutinize the surface morphology of the DNA spokes, optical microscopy and
AFM measurements were performed. The spacing between two adjacent DNA spokes did
not change much from the outermost region (X; in Figure 5.1a-b) to the innermost
region (X3 in Figure 5.1a-b) as the solution front moved toward the sphere/PMMA-
coated Si contact center (Figure 5.1). This is because as the perimeter of the three-phase
contact line dictated by the spherical lens decreased from X; to X3 regions, the spacing
between two adjacent DNA spokes is expected to decrease; however, the two adjacent
spokes may merge together as one spoke if the distance between them at the drying front

was close enough. Locally, the height, h and width, w of DNA spokes were constant.
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However, they progressively (but not continuously as will be discussed later) decreased
from the outermost region X; to the innermost region Xs; as evidenced in three
representative AFM height images and the corresponding cross-sectional analysis,
namely, from h = 80 nm and w = 400 nm at X; = 4200 pm (Figures 5.1.2d and 5.1.29g), to
h =50 nm and w = 200 nm at X, = 3400 pm (Figures 5.1.2e and 5.1.2h), and to h = 20
nm and w = 100 nm at X3 = 2600 pum (Figures 5.1.2f and 5.1.2i); this is not surprising as
less DNA molecules were available to be transported to the meniscus as the evaporation
proceeded from X; to X; (Figure 5.1a-5.1b).29 Obviously, the use of sphere-on-flat
geometry rendered the production of DNA spokes over a large area (Figures 5.1.1c and
5.1.2a-5.1.2c) with a very long distance (i.e., approximately from X; = 2600 pm X3 =
4200 m, so a total of 1.6 mm long) (Figure 5.1.1c). On the basis of these observations, it
is clear that the dimension of DNA nanowires (i.e., spokes formed in sphere-on-flat
geometry) was dictated by not only the concentration of DNA solution, but also the

geometry of the upper spherical lens used.
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Figure 5.2. (a-c) Representative fluorescence micrographs of DNA spokes formed at
different regions (i.e., (a) outermost region, Xi; (b) intermediate region, Xp; and (c)
innermost region, X3) obtained at pH = 6.2, T = 65°C, and the concentration of DNA
solution = 8 pg/ml. (d-f) AFM height images of selected areas in (a-c); image size = 600
nmx> 600 nm. (g-i) The corresponding cross-sectional analysis of AFM images of DNA
spokes in (d-f).

Lme 1

1.6 mm

Figure 5.3. Representative AFM image of complete DNA spokes with a total length of
1.6 mm formed at pH = 6.2, T = 65°C, and the concentration of DNA solution = 8 pg/ml.
The arrow marked the direction of drying front during the course of water evaporation.
The cross-sectional analysis of Line 1 and Line 2 is summarized in Figure 5.4.
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As noted above, the length of a complete DNA spoke was approximately 1.6 mm,
which was also measured by AFM (Figure 5.3). It is noteworthy that the maximum
achievable length of DNA spokes is simply limited by the diameter of upper spherical
lens used (D = 1 cm in Figure 5.1a) and the volume of DNA solution loaded. It can be
expected that by increasing D and placing a larger amount of DNA solution, much longer

DNA spokes with even larger areas can be readily yielded.

Interestingly, although the overall trend of height h of DNA spokes decreased
from X1 to X3 as described above, such decrease was not continuous. Instead, a
fluctuation in h along a DNA spoke was seen, indicating that during the drying of DNA
solution, the three-phase contact line moved toward the sphere/PMMA-coated Si contact
center in a “slow-and-fast” manner (Figure 5.4). The underlying mechanism for such
“slow-and-fast” motion of the meniscus may be rationalized as follows. During the spoke
formation process, it was highly possible that the concentration of DNA solution may
increase with time due to water evaporation (i.e., the “slow” motion period). As such, the
DNA spokes may grow thicker as more DNA were dragged and bundled to the existing
DNA nucleation sites, which in turn slowed down the deposition process. The slow move
of meniscus further increased the thickness of DNA spokes (i.e., the positive slope in the
Height ~ Distance plot in Figure 5.4; upward). Subsequently, the “fast” motion was
followed. This is because after a certain period of the “slow” motion, the concentration of
DNA solution decreased as most of DNA was deposited during this period, leading to the
formation of thinner DNA spokes and the increased moving speed of meniscus. The fast
moving of drying front resulted in further decrease in the thickness of DNA spokes (i.e.,
the negative slope in the Height ~ Distance plot in Figure 5.4; downward), which led to
an increase in the concentration of DNA solution. As the concentration increased, the
condition for the “slow” motion was satisfied; the DNA spokes would grow thicker

again. Clearly, the repeated “slow-and-fast” motion of drying front resulted in the height
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fluctuations along DNA spokes, as also represented in the alternation in fluorescence

intensity of green emitting dye-labeled DNA (Figure 5.1c).
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Figure 5.4. The fluctuations in height along two DNA spokes obtained at pH = 6.2, T =
65°C, and the concentration of DNA solution = 8 pg/ml, that is, Line 1 and Line 2,
marked in AFM image in Figure 5.1.2, over a distance of 1.6 mm (i.e., the total length of
a DNA spoke). We note that the height from the outermost region X; (h = 80 nm), to
intermediate region X, (h =50 nm), and to innermost region X3 (h =20 nm) in Figure 5.4
was slightly different from those in Figure 5.1.4 (i.e., 60 nm, 40 nm, and 20 nm from Xy,
to X, and to Xs, respectively). This is because that the results in Figure 5.1.4 and Figure
5.1.5 were obtained from two different samples, but under the same experimental
condition (pH = 6.2, T = 65°C, and the concentration of DNA solution = 8 pg/ml). It is
possible that there may be a slight variation in height between two different samples.
However, the trend that there was a decrease in height from the outermost region X; to
the innermost region X; (evidenced in Figure 5.1.4g-i) with the height fluctuation
(demonstrated in Figure 5.1.5) was real for all the samples.

The pH value was found to exert a profound influence on the alignment of DNA
molecules. The anchoring of DNA on substrate was sensitive to pH, and different pH of
DNA solution was responsible for a specific binding mechanism of DNA.?*For a given
temperate T = 65C, at low pH (i.e., pH = 5.5 in Figure 5.5a), the DNA molecules were

either randomly deposited or aggregated during water evaporation. This was because
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DNA molecules underwent intensive protonation, which induced strong nonspecific
absorption of DNA on the PMMA surface (i.e., PMMA-coated Si substrate). As the
capillary force (i.e., combing force) of drying front was small as compared to the large
anchoring force between DNA and the PMMA surface, the meniscus was not able to
straightly stretch DNA molecules as it receded. Thus, instead of highly aligned DNA
spokes, branches and junctions of DNA spokes were formed. When pH increased to 5.8-
6.4 (e.g., optimal pH = 6.2 in Figure 5.5b) as in the present study, the denaturation of
DNA disappeared and was only restricted to its extremities. Thus, instead of the mid-
segment of DNA, DNA molecules were anchored by the end. Subsequently, DNA
molecules were aligned (i.e., forming DNA spokes) by the capillary force acting on the
rest of DNA molecules as the meniscus receded, as discussed earlier in the above. When
pH increased to a higher value (e.g., pH = 7.1 in Figure 5.5c), little DNA denaturation
was occurred; in other word, the anisotropic property of DNA molecules vanished, and
the weak binding between DNA and the PMMA-coated Si substrate cannot fix DNA to
the surface. Consequently, DNA can be regarded as a conventional polymer with a large
length to diameter aspect ratio. Thus, it is not surprising that concentric ring-like
structures were yielded due to “stick-slip” motion of three phase contact line, resembling
our previous work on dynamic self-assembly of polymers.?’Notably, a transition from
spoke-like patterns (pH = 6.2) to coffee-ring-like deposits (pH = 7.1) was thus for the

first time observed as pH was increased.
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T increases at pH =6.2

Figure 5.5. Representative fluorescence micrographs of DNA spokes formed in sphere-
on-PMMA-coated-Si geometry at the concentration of DNA solution = 8 g/ml: (a-c)
increasing temperature from 55 °C, 65 °C, to 71 °C, respectively, at the constant pH =
6.2; (d-f) increasing pH from 5.5, 6.2, to 7.1, respectively, at constant temperature, T = 65
°C. The white arrows marked the movement of drying front. Scale bar = 200 um.

In addition to pH, the effect of temperature, which was much less studied in
previous molecular combing-based approaches, on the stretching and alignment of DNA
was also explored. We note that (a) an increase in temperature would lead to a higher
evaporation rate of solvent, and thus faster receding of the three-phase contact line, which
in turn promotes the alignment of DNA molecules at the drying front; and (b) on the
other hand, the increase in temperature would facilitate the convective flow that carries
DNA molecules from the solution inside to the drying front, that is, more DNA would
deposit at the three-phase contact line 2?1, Clearly, based on our observation at the
fixed pH = 6.2 as displayed in Figure 5.1.5d-f, the formation of DNA spokes were more

likely governed by the former (i.e., (a)). At relatively low temperature (i.e., T < 55°C in
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Figure 5.5d), the meniscus moved so slow that DNA molecules not only accumulated at
the anchored DNA spoke sites to serve as nucleation sites, but also along the drying front
connecting two adjacent spokes. As a result, two spokes were merged together by
forming a junction after the meniscus receding. At T = 71T (Figure 5.5e), stretched
DNA spokes were obtained, however the regularity of surface pattern in terms of the
spacing between two adjacent spokes was reduced due to the increase of fingering
instabilities.”®An optimal temperature, T = 65 <C was identified, at which the meniscus
receded neither too slow causing two neighboring DNA spokes to merge together, nor too
fast so that the regularity of parallel spokes decreased. The ranges of both temperature
and pH that rendered the production of highly aligned DNA spokes were summarized in
Figure 5.6, providing an important piece of information on the proper selection of these
two variables to yield well-ordered and positioned DNA that can be used for further

research.
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Figure 5.6. Summary of experimental results on the formation of DNA spokes at various
pH and temperature T. The red area represented the optimum experimental conditions,
within which highly aligned DNA spokes can be achieved.
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Quite interestingly, rather than spokes yielded from dynamic self-assembly of
DNA in sphere-on-flat geometry, a set of parallel stripes were formed by allowing the
DNA solution to evaporate in cylinder-on-flat geometry composed of a cylindrical lens
situated on a PDMS substrate (Figure 5.1.7). It is worth noting that in comparison to
spokes, highly ordered parallel DNA stripes with much fewer junctions over a large area

were obtained in cylinder-on-flat geometry (Figure 5.7c).

nu'-rr-r}nnu

Cylinder/PDMS Contact Center
BN RN

Figure 5.7. (a) Schematic illustration of cylinder-on-flat geometry composed of a
cylindrical lens situated on a PDMS substrate (side view). (b) Schematic illustration of
formation of parallel DNA stripes on two sides of the cylinder/PDMS contact (marked as
“cylinder/PDMS contact center”); similar illustrations are shown in Figure 5.1.8a. (c) A
small zone of parallel DNA stripes (marked as white dashed box in (b)) yielded at pH =
6.2, T = 65°C, and the concentration of DNA solution = 8 pg/ml, emitting green
fluorescence. Scale bar = 200 pm.

The ability to integrate a large number of one-dimensional DNA stripes into 2D
arrays is key to functional DNA-based devices. By performing two orthogonal transfer
printing as illustrated in Figure 5.8a, 2D arrays of DNA nanowires can be achieved.
First, parallel DNA stripes were formed on flat PDMS stamp by evaporative self-
assembly of DNA. The use of PDMS substrate rather than PMMA allowed subsequent

transfer of stretched DNA to a variety of surfaces through transfer printing (TP) to form
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complex patterns. After first TP onto the Si substrate, the second TP was followed by
placing DNA stripes in the direction orthogonal to the first TP patterns, thereby yielding
2D arrays of DNA nanowires (Figure 5.8b). The AFM measurement showed that the
height of two crossed DNA stripes in the overlapped area after two consecutive TPs was
approximately 60 um, and was not the simple sum of the height of stripe 1 (40 um) and
stripe 2 (30 um), indicating that DNA molecules in each stripe were not tightly bundled
(i.e., packed) but with possible spacing among them. Upon the addition of orthogonal
DNA stripes on the existing ones, the height decreased. These 2D arrays of DNA
nanowires may be used for the construction of functional circuits of DNA-based
nanostructures by functionalizing DNA with electronically, magnetically, or chemically

204

active materials;”"" moreover, more complex DNA patterns may be created by multiple

TPs. This work is currently underway.
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Figure 5.8. (a) Schematic representation of preparation of 2D arrays of DNA nanowires
by two consecutive orthogonal transfer-printing using PDMS substrate. The parallel
DNA stripes (i.e., a set of lines on the left and right sides in the 2" and 5" upper panels)
were formed on two sides of the cylinder/PDMS contact center. (b) Representative
fluorescence micrograph of 2D arrays of DNA nanowires; scale bar = 40 um. (¢) AFM
height image of a selected area in (b); image size = 20 pm x 20 pum. (d) The close-up of
an overlapped area in (c); image size = 20 um % 20 um. (e) The corresponding height
profiles of stripe 1, stripe 2, and overlapped area in (d).

5.3.Conclusions

In summary, we demonstrated a simple and low-cost strategy based on controlled

evaporative self-assembly in axially symmetric curve-on-flat geometry to yield a high
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number density of aligned long DNA nanowires (spokes and parallel stripes) over a
macroscopic area (i.e., millimeter scale). The pH of the DNA solution and temperature
were found to be important variables that markedly influenced surface patterns of DNA
deposits. Such highly oriented DNA nanowires and 2D arrays constructed upon them
may open an avenue to realize the full potential of DNA-based nanotechnology for a
large scale production of high-density functional nanodevices by capitalizing on these

aligned insulating DNA patterns as template.

5.4. Experimental Section

Preparation of PMMA-Coated Si Substrate

A p-type Si wafer (100) was cut into small 1.5-2 cm2 pieces. These pieces were then
cleaned with a mixed solution of 18 M sulfuric acid and NoChromix for 12 h. After the
acid treatment, Si wafer was then vigorously rinsed with DI water and blow-dried with
N2. A layer of hexamtheyldisilazane (HMDS) was spun on Si substrate at 3000 rpm for
60 s, followed by the spin-coating of poly(methylmethacrylate) (PMMA; Polymer
Source, Inc.; molecular weight, MWPMMA = 533 kg/mol, PDI = 1.57) toluene solution
at a concentration of 4 mg/mL at 2000 rpm for 60 s. The resulting PMMA-coated Si
substrates (i.e., thin PMMA film deposited on HMDS-coated Si) were annealed at 120 <C

for 1 h and allowed to cool to room temperature before use.

Preparation of 2-DNA Buffer Solution

For the preparation of A-DNA buffer solution, 1 M HCI solution was first prepared by
diluting 16.53 mL of 12.1 M HCI stock solution to 200 mL with ultrapure H20O. A total
of 0.588 g (0.002 mol) of trisodium citrate dihydrate (TCD) (Fisher Scientific) and
0.5840 g of ethylenediaminetetraacetic acid (EDTA) (FisherBiotech electrophoresis
grade, MW = 292.24) were added to 190 mL of ultrapure H20. By adding HCI solution
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to the TCD/EDTA buffer solution, various pH’s (i.e., pH =4.7, 5.1, 5.5,5.8, 6.2, 6.4, 6.7,
and 7.1) were measured and adjusted using a calibrated pH probe. The solution was
stirred for 1 h. A-DNA (New England Biolabs; 48 502 bp; 500 pg/mL in 10 mM
Tris-HCI/1 mM EDTA; pH = 8.0) was directly added into the buffer solution described
above in a 1.7 mL hinged-cap plastic microvial to yield 8 pg/mL DNA solution. To
fluorescently label A -DNAs at a dye/base-pair ratio of 1:15, YOYO-1 iodide (Life
Technologies Corporation, 3 pL) was directly taken from the original solution and added
to 8 pg/mL A -DNA solution (2.4 mL). All procedures were conducted in the dark to

prevent the dyes from bleaching. Finally, a green-emitting A -DNA solution was yielded.

Controlled Evaporative Self-Assembly of DNA Buffer Solution in Curve-on-Flat

Geometry

To construct a confined geometry (i.e., curve-on-flat geometry) that was composed of
either a spherical lens (i.e., sphere-on-flat) or a cylindrical lens (i.e., cylinder-on-flat) on a
flat substrate, a spherical lens made from fused silica and a PMMA-coated Si substrate
(for sphere-on-flat), and a cylindrical lens made from fused silica and a PDMS substrate
(for cylinder-on-flat) were used. The diameter of spherical lens D was 1 cm (Figure 1a).
The diameter and the length of cylindrical lens were 1 and 1 cm, respectively (Figure 4a).
The contact of the spherical lens or cylindrical lens with PMMA-coated Si substrate was
made using a computer programmable inchworm motor with a step motion on the
micrometer scale. Prior to the loading of DNA solution in curve-on-flat geometry, the 1.7
mL microvials containing a specified DNA concentration were submerged ina 37 C
water bath for 10—15 min to ensure homogeneity of A-DNA in solution. The PMMA-
coated Si substrate was heated on a Linkam Scientific Precision Temperature Controlled
Microscope Stage (Linkam TMS 94 LTS 350) at different temperatures (e.g., 55, 65, and
71 <C). The humidity was controlled to be the same throughout all experiments. The

evaporation took approximately 30 min to complete. Only the patterns formed on the
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PMMA-coated Si substrate were evaluated by optical microscope (OM; Olympus BX51)
and AFM (Dimension 3100 (Digital Instruments) scanning force microscope in tapping

mode).
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CHAPTER 6
FLOW-ENABLED SELF-ASSEMBLY OF LARGE-SCALE ALIGNED

NANOWIRES

B. Li, C. Zhang, B. Jiang, W. Han and Z. Lin" Flow-Enabled Self-Assembly of Large-
Scale Aligned Nanowires ", submitted to Angewandte Chemie International Edition, in
press, 2015 (selected as Very Important Paper (VIP) paper by Angew. Chem. Int. Ed.)
(DOI: 10.1002/ange.201412388)

6.1 Introduction

One dimensional inorganic nanowire enables the realization of fabricating
electronic nanodevices as well as for applications in energy conversion and storage.
Herein, large-scale aligned DNA nanowires were crafted by flow-enabled self-assembly
(FESA). The highly oriented and continuous DNA nanowires were exploited either as
templates to form metallic nanowires by exposing DNA nanowires preloaded with metal
salts under oxygen plasma or as scaffold to direct the positioning and alignment of metal
nanoparticles and nanorods. Such FESA strategy is simple and easy to implement,
promising new opportunities in crafting of large-scale one-dimensional nanostructures for

nanodevices at low lost.

The past decade has witnessed remarkable progress in chemically synthesized as
well as lithographic fabricated nanowires due to their unique size-dependent optical and
electronic properties.** They have emerged as an important class of nanomaterials as
building blocks and interconnects for nanodevices as well as for applications in energy
conversion and storage.?® For example, silicon nanowires are employed as new light
harvesting semiconductors for solar energy conversion.?* In comparison with TiO,

nanoparticles, the use of an array of densely packed TiO, nanowires as photoanode
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provides the direct pathway for charge transport from the point of injection to the
collection electrode while retaining large surface area for dye loading in DSSCs.?* It is
worth noting that chemically grown nanowires often involve high synthesis costs for
industry and exhibit relatively weak adhesion to the substrate. On the other hand,
nanowires with controlled size and well-defined growth locations on the substrate can be
prepared by lithographic techniques. However, lithographic methods often require an
iterative multistep procedure that is time consuming and costly. Clearly, it is of great
interest and technological importance to explore nonlithographic strategies to yield long

nanowires over large scale at low cost.

In this context, the use of biotemplates (e.g., virus,?'® peptide,?*’ and DNA® 28)
offers a promising route to one-dimensional nanomaterials.”*® In particular, DNA has
been widely recognized as an ideal biotemplate for creating a broad range of metallic
nanowires??%??! due to its remarkably high aspect ratio (i.e., 2 nm in diameter and tens of
micrometers in length). However, the dramatic increase in stiffness and significant
aggregations of metallized DNA molecules make it difficult to immobilize and precisely
position the metallized DNA molecules on solid substrate.??* Furthermore, the length of
metallic nanowires is only on a few tens of micrometer scale. However, long metallic
nanowires are highly desirable for practical applications.??> Obviously, the key to
achieving well-ordered and continuous metallic nanowires is to first produce regularly
aligned DNA nanowires on the substrate, followed by their subsequent metallization.
However, it remains challenging to achieve highly ordered and continuous DNA
nanowires on substrate. We note that single flexible DNA molecule can be stretched and
aligned using a receding meniscus (a “molecular combing” method).*® Similar

approaches to stretched DNA have also been developed, including microchannel

3 4 5

combing,?? air-blow combing,?* spin stretching,?®> and electric field assisted

combing.??® Nonetheless, the immobilized individual DNA molecules are often randomly
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positioned. The ability of creating long DNA nanowires is very limited in scope.??’
Clearly, the formation of well-positioned, continuous DNA nanowires depends critically
on the intricate control over the solvent evaporation during the combing or stretching of
DNA molecules. It is worth noting that irregular dissipative patterns composed of
nonvolatile solutes (e.g., polymers, colloids, nanoparticles, carbon nanotubes, etc.) are
commonly observed from the sessile droplet evaporation due to flow instabilities within
the drying droplet.* 1 #® By delicately controlling the evaporation process (e.g., the
evaporative flux, the solution concentration, and the interfacial interaction between solute

and substrate!®® 22

), for example, by constructing curve-on-flat geometries to constrain
and regulate the solvent evaporation and eliminate the temperature gradient, one-
dimensional and two-dimensional as well as hierarchical structures and assemblies of

154, 230

polymers and nanoparticles® with unprecedented regularity and fidelity can be

reproducibly produced.******

Herein, we report a simple and viable strategy to achieve large-scale aligned
nanowires templated by highly oriented DNA crafted by flow-enabled self-assembly
(FESA). By subjecting DNA aqueous solution to dry between two nearly parallel plates
composed of a stationary upper plate and a movable lower plate mounted on a
programmable translational stage (i.e., a FESA process), an array of ultralong, high
density, and parallel DNA nanowires on a large scale was successfully created. The
positions of DNA nanowire-like deposits were fixed on substrate through the anchoring
of its extremity onto the hydrophobic substrate. The formation of DNA nanowires was
strongly influenced by the concentration of DNA solution, temperature, and moving
speed of lower plate. The length of highly oriented DNA nanowires was simply dictated
by the amount of DNA solution used in FESA. A simple yet robust swelling-induced
transfer printing (SIT-Printing) technique was developed to transfer ultralong DNA

nanowires onto the desirable substrate. Subsequently, the resulting DNA nanowires were
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exploited as templates to form metallic nanowires by exposing DNA nanowires
preloaded with metal salts under oxygen plasma. Moreover, DNA nanowires were also
employed as scaffold for aligning metal nanoparticles and nanorods. The ability of
placing DNA into one-dimensional parallel and continuous nanowire arrays over large
area, followed by their use as template to yield functional inorganic nanostructures, may

render the mass production of integrated nanodevices.

6.2. Results and discussion

(a) Fixed Upper Plate
DNA Nanowires
1 T ShxaSoution

= Plate
ble Lower
<& Mova

(b)

DNA Nanowires
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Load with
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é Exposure to ‘
\/’ Oxygen Plasma \ E—
Figure 6.1. a) Schematic illustration of crafting an array of high-density continuous DNA
nanowires by flow-enabled self-assembly (FESA). The DNA solution was constrained
between two nearly parallel plates with the lower PDMS substrate placed on a translation

stage programmably moved against the upper fixed glass plate. b) Schematic
representation of swelling-induced transfer printing (SIT-Printing) of DNA nanowires
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and the subsequent metallization of DNA nanowires by exposing them preloaded with
metal salts to O, plasma

A drop of YOYO-1-labeled DNA aqueous solution was loaded in a confined
geometry comprising a lower movable PDMS substrate and an upper stationary glass
plate with a separation distance of 300 um between them (Figure 6.1a). The lower
substrate was mounted on a translational stage programmably controlled by computer
(see Experimental Section). The DNA molecules were first transported to three-phase
contact line (i.e., the air/water/substrate interface; receding meniscus) due to the
evaporative loss of water.'®®?? As the lower PDMS substrate was subsequently moved,
fingering instabilities were emerged at the drying front due to the unfavorable interaction
between DNA and PDMS (i.e., van der Waals force).™* It has been reported that, over a
certain range of pH, the partial melting of the ends (i.e., extremities) of DNA molecules
exposes their hydrophobic core, which adsorbs onto a hydrophobic surface (i.e., specific
binding).?* 2 Such anchoring was strong enough to withstand the dragging force
exerted due to the motion of PDMS substrate. Thus, DNA molecules were stretched and
aligned along the moving direction of PMDS substrate. The anchored DNA molecules
acted as the nucleation sites, at which more DNA molecules were transported and grown
along with them, thereby creating continuous DNA nanowires with a length of a
centimeter (Figure 6.1a). It is noteworthy that much longer DNA nanowires are easily
attainable by loading a larger amount of DNA solution (> 60 uL) and increasing the
moving distance of the PDMS substrate (> 1 cm) (see Experimental Section). It is not
surprising that as DNA molecules were stretched perpendicularly with respect to the
evaporating front, an array of parallel and continuous DNA nanowires on a centimeter

scale were thus readily obtained.
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Figure 6.2. Representative fluorescence micrographs of self-assembled YOYO-1-labeled
DNA molecules. a) branched DNA bundles, b) continuous DNA nanowires, ¢) short
DNA lines. d) 3D map of the DNA concentration, moving speed of PDMS substrate, and
temperature for DNA pattern formation. The label a, b and ¢ correspond to the range. of
experimental conditions for yielding DNA nanostructures shown in a), b) and c),
respectively. e) 2D map of the moving speed of lower PDMS substrate as a function of
temperature for DNA pattern formation at the fixed concentration of 8 pg/ml. Scale bar =
500 pm in a) and ¢), and 100 pm in b)

Intriguingly, the formation of highly aligned DNA nanowires depended
sensitively on the DNA concentration, temperature, and moving speed of PDMS
substrate (Figure 6.2). Strikingly, there existed an optimal range of the deposition density
of DNA molecules for the crafting of long and continuous DNA nanowires (Figure 6.2b).
However, the higher deposition density led to the formation of branched DNA bundles
(Figure 6.2a), while the lower deposition density resulted in the production of
discontinued DNA lines (i.e., short stripes; Figure 6.2c¢). To tailor the deposition density
of DNA, the concentration of DNA solution, temperature, pH of DNA solution, surface

chemistry of substrate, and moving speed of substrate can be tuned. To this end, we
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systematically varied the concentration, temperature, and moving speed of substrate,
while maintaining a constant pH (i.e., pH = 6.2) and PDMS as the substrate. Obviously, a
higher DNA solution concentration and a lower moving speed of PDMS substrate would
impart a larger deposition. Moreover, an increase in temperature would induce a higher
evaporation rate at the receding meniscus, thereby transporting more DNA to deposit at
three-phase contact line. The judicious combination of these three variables that led to the
formation of long and continuous DNA nanowires was represented by area b in Figure
6.2d, enveloped by the upper red boundary (above which short DNA lines were formed
as marked with ¢ in Figure 6.2d, corresponding to the optical micrograph in Figure 6.2c)
and the lower green boundary (below which branched DNA bundles were found as
marked with a, corresponding to the optical micrograph in Figure 6.2a). Figure 6.2e
shows a representative temperature-moving speed range at the DNA concentration of 8
ug/ml. The temperature-moving speed plots of other concentrations in this work are
presented in Figure 6.3. Notably, there existed a critical range of DNA concentration (i.e.,
from 5 pg/ml to 14 pg/ml; not shown in Figure 6.2d and Figure 6.3). For a higher
concentration (i.e., larger than 14 pg/ml), the deposits were either branched DNA bundles
or short DNA lines or a mixture of both, depending on the certain combination of the
temperature and moving speed of PDMS substrate. With a lower concentration (i.e.,
smaller than 5 pg/ml), there were few DNA molecules deposited on the substrate, and
thus only short DNA lines were seen. It is noteworthy that the FESA of DNA conferred a
much wider temperature range to attain continuous DNA nanowires over large scale (55-

75 °C; Figure 6.2¢), compared to the previous work.?*
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Figure 6.3. Two-dimensional map of the moving speed of lower PDMS substrate as a
function of temperature for DNA pattern formation at the concentrations of 6 pg/ml, 7
po/ml, 8 pg/ml and 10 pg/ml, respectively.

It has been reported that radically aligned DNA nanowires formed by controlled
evaporative self-assembly in a curve-on-flat geometry were highly sensitive to the
experimental temperature.”® This was because of the dual roles that the temperature
played in the DNA nanowire formation. As the DNA solution was allowed to evaporate
in a fixed curve-on-flat geometry, that is, both the upper curved surface and lower flat
substrate were kept stationary during the entire evaporation process. Consequently, as the
temperature increased, more DNA molecules were transported to three-phase contact line,
thus increasing the deposition density of DNA. On the other hand, the temperature
increase also simultaneously increased the moving speed of the receding meniscus in the
curve-on-flat geometry due to the higher evaporation rate of solvent, which caused the
decrease of the deposition density of DNA. Ultimately, the balance of these two

competing effects on the deposition density gave rise to a rather narrow range for the
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DNA nanowire formation. In stark contrast, for the FESA of DNA in this work, the
temperature only determined the transportation of DNA to three-phase contact line.
Rather than the temperature, the moving speed of receding meniscus was simply
controlled by the programmably moved substrate mounted on a translational stage.
Clearly, the FESA of DNA conferred a much wider temperature range to attain

continuous DNA nanowires over large scale (55-75 °C; Figure 6.2e).

The prerequisite of using DNA as template for creating inorganic nanostructures
is to transfer-print DNA nanowires onto the desirable substrates (e.g., from PDMS
substrate to Si wafer). In this work, we found that the conventional “contact-and-peel-off”
method®*! was not applicable for transfer-printing the as-prepared DNA nanowires from
PDMS to Si substrate as only several DNA nanowires were transferred. Moreover, the
originally continuous DNA nanowires were segmented after transfer printing. One
possible reason may be because the adhesion between DNA nanowires and the PDMS
substrate was stronger than that of a single DNA molecule anchored on the PDMS
substrate,”®* due to the larger contact area between DNA nanowires and PDMS in the
present study. To this end, we developed a facile swelling-induced transfer printing (SIT-
Printing) approach to transfer DNA nanowires, as schematically illustrated in Figure 6.4.
First, the DNA nanowire-deposited PDMS substrate was immediately brought into
contact with Si wafer after crafted by FESA. The DNA nanowire-PDMS/Si substrate was
then immersed in toluene. As PDMS was swollen in toluene, the PDMS substrate was
gradually detached from the Si substrate and floated on the top of toluene. The DNA
nanowires were, however, remained and transferred on the Si substrate on the bottom of
toluene. The entire SIT-Printing process was completed in 20 mins. It is interesting to
note that DNA nanowires transferred on the Si substrate can be preserved in toluene for
days as toluene is a non-solvent for DNA. Furthermore, by performing two orthogonal

SIT-Printing, 2D meshes of DNA nanowires can be achieved.
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Figure 6.4. Schematic representation of swelling-induced transfer printing (SIT-Printing)
of DNA nanowires.

To scrutinize and better understand this intriguing and effective SIT-Printing
process, we simply dropped a 20-ul toluene onto the DNA nanowire-coated PDMS
substrate noted above. The DNA nanowires were observed to be easily lifted off from the
PDMS substrate without destroying the continuity of DNA nanowires (Figure 6.5). It is
plausible that toluene diffused into the DNA/PDMS interface and PDMS swelled by
adsorbing toluene. As DNA is hydrophilic while PDMS is hydrophobic, DNA nanowires
were thus delaminate from the swollen PDMS substrate. Similarly, in the SIT-Printing,
toluene entered the tightly contacted DNA nanowire-deposited PDMS/Si interface, and
facilitated the detachment of DNA nanowires from PDMS and transferred to the Si

substrate as both Si and DNA nanowires were hydrophilic. In addition, the swollen
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PDMS in toluene may also exert a uniform pressure on the Si substrate to promote the

transfer printing.

\

/2100 um
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Figure 6.5. Representative fluorescence micrograph of disordered DNA nanowires
yielded by casting a drop of toluene on the PDMS substrate.

Subsequently, conductive metal nanowires were produced by exploiting DNA
nanowires transferred on the Si substrate by SIT-Printing as template. Despite several

studies on metallization of single DNA molecule in solution,?® %% 232

the reported
methods cannot be extended to metalize continuous DNA nanowires in solid state. This is
due likely to the difficulty in metallizing DNA nanowires while retaining self-assembled
DNA nanostructures on the substrate. It is easy to understand that as water is used as
solvent to prepare the metal precursor solution, and once the precursor water solution is
placed on DNA nanowire patterns, the nanowires would be dissolved by water. Thus, in
order to load metal salts onto DNA nanowires, a nonsolvent for DNA is needed when
preparing the metal precursor solution. In this work, silver precursor solution (i.e., silver
nitrate; AgNO3) was prepared using the mixed solvents of dimethylformamide (DMF)
and toluene at 1:1 ratio by volume. The DNA nanowire-deposited Si substrate was then

immersed into the AQNO3; DMF/toluene solution for 24 hrs. Because of the electrostatic

attraction between positively charged Ag” and negatively charged DNA backbone, Ag*
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was bonded to DNA. The DNA nanowires preloaded with metal salts were thus produced.
Conventionally, silver precursors can be reduced to form Ag nanowires by chemical
reduction. However, we found that the reducer needed to be carefully selected. For
example, the addition of a strong reducer, such as tetra-n-butylammonium bromide
(TBAB), to the soaking solution caused not only the instant formation of Ag nanowires

but also the deposition of unwanted Ag nanoparticles all over the substrate (Figure 6.6a).
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Figure 6.6. Representative SEM images of Ag nanowire formed by (a) chemical
reduction with Ag nanoparticles deposited all over the surface, and (b) the reduction
induced by oxygen plasma. The morphologies of Ag nanowires with the increased
concentrations of AgNO; (from top to bottom are 0.5mg/ml, 1mg/ml, 10mg/ml, and
50mg/ml, respectively) are shown in (b). (c) Current-voltage (I-V) characteristics of the
resulting Ag nanowires from DNA nanowires preloaded with 50 mg/ml AgNO3
precursors (blue: continuous nanowire; red: discontinued nanowire). Scale bar = 400 nm
in both (a) and (b).

Thus, we capitalized on an effective approach to create Ag nanowires by exposing
the Ag-precursor-loaded DNA nanowires to oxygen plasma (Figure 6.6b and Figure 6.7),
with which the reduction reaction facilitated by the electrons from oxygen plasma.’” **°
Moreover, there were no excess Ag nanoparticles deposited on the space between
adjacent Ag nanowires on the Si substrate as the substrate was washed by toluene and
blow-dried prior to the oxygen plasma treatment. Interestingly, the morphology of the
grown Ag nanowire was related to the AgNO; concentration. A lower AgNO;
concentration (i.e., 0.5 mg/ml) only gave rise to partially metallized DNA nanowires.
With a concentration above 10 mg/ml, continuous Ag nanowires were formed. The
conductivity of obtained Ag nanowires was then measured (Figure 6.6c). The
conductivity of continuous Ag nanowires (blue line in Figure 6.6¢) was much higher

than those grown from a single DNA molecule,?*®

owing to the larger diameter of DNA
nanowires in comparison to single DNA molecule. When the Ag nanowire was cut apart

by a razor blade, no current was observed (red line in Figure 6.6c).
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Figure 6.7. Representative SEM image of Ag nanowires and its corresponding EDS
spectrum.

In addition to templating for forming metal nanowires, DNA nanowires can also
serve as a scaffold for directing the metal nanoparticle assembly. In this regard, two
approaches for producing the nanoparticle assembly were developed. The first approach
is to grow and align Au nanoparticle along the DNA nanowire by chemical reduction
(Figures 6.8 and 6.9). Different from the growth of Ag nanowires, the Au precursor (i.e.,
chloroauric acid; HAuCl,) bears the negative charge (i.e., AuCly), which is the same as
the backbone of DNA nanowire. Thus, after soaking DNA nanowire in the HAuCl,
solution, the electrostatic repulsion prevented AuCl,from binding to the DNA backbone.

However, by deliberately adding cetrimonium bromide (CTAB; a ligand capped on the
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Au nanoparticle surface), CTAB-functionalized Au nanoparticles were first formed from
the precursor solution, and then bonded to DNA nanowires through the electrostatic
attraction between positive surface charge on CTAB-functionalized Au nanoparticles and
negatively charged DNA backbone. Notably, the Au precursor solution at the
concentration of 1 mg/ml was prepared by adding 10 mg HAuCl, and 0.7289g CTAB
(i.e., 0.2M CTAB) into 10ml DMF/methanol mixed solvents (DMF : methanol = 1:1 ratio
by volume). Upon the addition of the reducing agent (i.e., sodium citrate), Au
nanoparticles were nucleated and grown in solution, and capped with CTAB to prevent
Au nanoparticles from aggregation. Interestingly, the size and shape of Au nanoparticles
grown and decorated along the DNA nanowire were highly sensitive to the reducing
agent (for example, corroded DNA nanowires were seen when sodium borohydride was
used as the reducer; Figure 6.10), the concentration, and the addition of Ag*. The size of
Au nanoparticles was found to alter from tens of to hundreds of nanometers. The shape of
Au nanoparticles was also varied, including spherical (Figure 6.8), sea-urchin-like
(Figure 6.9) and flake-like (Figure 6.11) nanoparticles, which may have potential
applications in localized surface plasmonic resonance (LSPR) due to their nanometer size
and close proximity.”®® All these merit a detailed study, and are currently under

investigation.
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Figure 6.8. SEM image of Au nanoparticles produced by using the DNA nanowire as
template.
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Figure 6.9. Representative SEM image of sea-urchin-like Au nanoparticles using the
DNA nanowire as template. The 0.004 M AgNO3 and 0.08 M ascorbic acid (reducer)
were added in the Au precursor solution.
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Height

Figure 6.10. AFM height and phase images of corroded DNA nanowire when applying
sodium borohydride as the reducer, instead of sodium citrate. Image size =2 um x 2 um.

Figure 6.11. AFM height and phase images of Au flakes grown along DNA nanowire
when using borane morpholine complex as the reducer, instead of sodium citrate. Image
size =2 um X 2 um.

Instead of using the Au precursors as described above, the second approach using
DNA nanowire to guide the Au nanocrystal assembly is to employ the premade Au
nanoparticle and nanorods. There are two means of patterning pre-synthesized
nanocrystals along the DNA nanowire: either mixing DNA and Au nanocrystals first, and
then orienting them on the substrate, or patterning DNA nanowire first, followed by
aligning Au nanocrystals along the fixed DNA nanowire on the substrate. We found that
the first approach did not work as DNA aggregated with Au nanoparticles and
precipitated prior to being deposited on the substrate. In contrast, the second approach

was successful in achieving Au nanocrystals aligned on DNA nanowires. First, Au
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nanoparticles with a diameter of approximately 20 nm were synthesized using sodium
citrate as the reducing agent. Subsequently, DNA nanowires were crafted by FESA
slowly (e.g., at the moving speed of 6 um/s on the PDMS substrate). Finally, Au
nanoparticles were aligned by the second FESA at a much higher speed (e.g., 100 pm/s)
along the direction of preformed DNA nanowires (Figure 6.12). A representative TEM
image of aligned Au nanoparticles was shown in Figure 6.12a. The average height of Au
nanoparticle-decorated DNA nanowire was approximately 60 nm (Figure 6.12b). In
addition to Au nanoparticles, Au nanorods can also be aligned along the DNA nanowire

(Figure 6.13).

0 0490812

Width§um)
2 um

Figure 6.12. (a) Representative TEM image, and (b) 2D AFM height image of direct
assembly of premade Au nanoparticles (~16 nm) by employing the DNA nanowire as
scaffold.

(@)

Figure 6.13. (a) Representative TEM image of Au nanorods aligned along the DNA
nanowire; (b) TEM image of Au nanorods prepared according to literature.?**
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6.3. Conclusions

In summary, we demonstrated a strikingly simple and robust flow-enabled self-
assembly strategy for aligning DNA into an array of high-density long nanowires over
large scale. DNA nanowires were then successfully transferred onto desirable substrate
via a facile swelling-induced transfer printing (SIT-Printing) technique. Subsequently,
these parallel and continuous DNA nanowires were exploited either as template to
produce conductive metal nanowires by the oxygen plasma treatment or as scaffold to
direct the positioning and alignment of metal nanoparticles and nanorods. Clearly, flow-
enabled self-assembly strategy is easy to implement and renders the crafting of large-
scale one-dimensional polymer- and biomaterial-based nanostructures at low cost, and
their direct exploitation or transformation into useful inorganic nanostructures for
effective integration into nanodevices and even the construction of higher hierarchical

devices.

6.4. Experimental Section

Preparation of DNA solution. To prepare the DNA solution, 1M HCI solution was firstly
prepared by diluting 16.53 mL 12.1M HCI stock solution to 200 mL with ultrapure H20.
0.588 g (0.002 moles) trisodium citrate dihydrate (TCD) (Fisher Scientific) and 0.5840 g
EDTA (FisherBiotech electrophoresis grade, MW = 292.24) was added to 190 ml
ultrapure H20. By adding HCI solution to the TCD/EDTA buffer solution, pH was
measured and adjusted using a calibrated pH probe. The as-prepared solution was then
mixed with ethanol at volume ratio of 7:3. Subsequently, A-DNA (New England Biolabs;
48502 bp; 500 pg/mL in 10mM TrissHCl/Im M ethylenediaminetetraacetic acid (EDTA);
pH = 8.0) of different amount was added into the solution noted above, yielding the
concentration of 6 ug/ml, 7 pg/ml, 8 pg/ml, and 10 pg/ml. To fluorescently label DNA,
green-emitting YOYO-1 iodide (Life Technologies Corporation) was directly added to
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the DNA solution at a dye/base-pair ratio of 1:15. The resulting fluorescent DNA solution
was stored in dark to prevent the dyes from bleaching. It should be noted that for the

metallization of DNA nanowires, no dye was added to DNA solution.

Flow-enabled self-assembly of DNA solution. DNA nanowires were formed by
subjecting a drop of DNA solution (60 ul) to evaporate in a two-nearly-parallel-plate
geometry comprising a fixed upper glass plate and a lower movable PDMS substrate. The
separation distance between the upper glass plate and lower PDMS substrate was
approximately 300 um. The PDMS substrate was mounted on a translational stage
((Parker Hannifin Corp, mode: MX80LVixBL2b) controlled by computer. The resolution
of the translational stage is 100 nm. The PDMS substrate was heated on a Linkam
Scientific Precision Temperature Controlled Microscope Stage (Linkam TMS 94 LTS
350) at different temperatures and moved over a total distance of 1 cm. The humidity was
controlled to be the same throughout all experiments. The evaporation took
approximately 30 min to complete. DNA nanowires were evaluated by optical
microscope (OM; Olympus BX51) and atomic force microscope in tapping mode (AFM;

Dimension 3100, Digital Instruments).

Characterizations. SEM images of Ag nanowires, and Au nanoparticles and nanorods
aligned along DNA nanowires were taken Dby field-emission scanning electron
microscope (FE-SEM; FEI Quanta 250) operating at 10kV and 15kV in high vacuum.
Electric conductivity of Ag nanowire was measured using a Keithley 2400 multisource
meter. To facilitate the conductivity measurement of Ag nanowires, they were first
created on the Si substrate by the metallization of as-prepared DNA nanowires. Two Ag
electrodes with a 50- um gap were deposited on the Ag nanowires. The applied voltage
increased from -0.1V to 0.1V continuously to measure the current-voltage (I-V) curve.
Au nanoparticle (and nanorod)-decorated DNA nanowires were characterized by

transmission electron microscopy (TEM) (JEOL 100CX; operated at 100kV). To prepare
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TEM sample, Au nanoparticle (and nanorod)-decorated DNA nanowires were first
prepared on the PDMS substrate, followed by dropping 10 pl toluene on the top. Au
nanoparticle (and nanorod)-decorated DNA nanowires were then detached from the
PDMS substrate and floated within the toluene droplet. The TEM grid was placed
underneath the droplet for transferring Au nanoparticle (and nanorod)-decorated DNA
nanowires. Upon drying, nanoparticle (nanorod)-decorated DNA nanowires were

deposited on the TEM grid.
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6.5. Theoretical Study of the Formation of Figure-like pattern

Notably, the self-assembly of DNA from its aqueous solution is a complicated
system to model, as DNA under a certain range of pH becomes anisotropic molecules
(i.e., “sticky” end exposed in solution which allowed the attachment of DNA molecules
onto the substrate). Thus, instead of studying the formation mechanism of finger-like
DNA nanowires, we begin the theoretical study with the finger-like pattern of PS
deposition on Si wafer. It is noteworthy that a PMMA film is stable on a Si substrate as
the Hamaker constant (which signifies the interfacial interaction between the solute and
substrate) is negative®®2* for a PMMA film deposited on the Si substrate, yielding stripe
patterns (i.e., lines of PMMA deposits parallel to the contact line in FESA); while the

Hamaker constant for PS on the Si substrate is positive,”’?®

yielding spoke-like
deposition patterns (i.e., lines of PS deposits perpendicular to the contact line in FESA),

as shown in Figure 5.3.1.

a)

Figure 6.14. a) PMMA stripes formed with the direction parallel to the contact line in
FESA. b) PS spokes formed with the direction perpendicular to the contact line in FESA.
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The characteristic distance between two adjacent figures in the figuring pattern /s can be
predicted as follows. A linear stability analysis of a liquid-like thin film (i.e., the capillary

edge in) yields the dispersion relation *°

1 R . A zj
= | gt + 51
T 377( 74 27h? 1 61)
where q is the growth mode, //z is the growth rate, r is the surface tension of solute, h is
the thickness of the capillary edge, # is the viscosity, and A is Hamaker constant,

signifying the interfacial interaction between the solute and substrate.

The condition for equilibrium between a wetting film and a meniscus in a capillary held

solution is the equality of the equality of the capillary pressure P. and the disjoining

239

pressure 71(h) (i.e., van der Waals interaction), “* yielding
2y A
P :H h solvent — 52
¢ ( ):> H 677h° (2)

Where ysowent 1S the surface tension of solvent and H is the surface separation at the
liquid-vapor interface. The fastest growth mode, corresponding to the maximum in Eq.

(5.1)

1
1 =
y

Substituting eq. (5.2) into Eqg. (5.3), the characteristic distance between adjacent figures,

s 1S thus found from

1

2
A, =2—”=27z[ yhH j (5.4)
qmax 67/solvent
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In experiments, we found that the molecular weight played a dominate role in the
formation of PS finger-like depositions, which is not considered in the model. Thus, the
model for calculated A+ from Eq. (5.4) required further modification, based on the
difference between the experimental observations and the theoretical prediction. This

work is still undergoing .
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CHAPTER 7
UNCONVENTIONAL MECHANISM FOR WATER-SOLUBLE

ULTRATHIN GOLD NANOWIRE GROWTH

B. Li, B. Jiang, H. Tang and Z. Lin, "Unconventional mechanism for water-soluble
ultrathin gold nanowire growth ", submitted to Journal of the American Chemical

Society
7.1. Introduction

Controlling the size, shape, composition, and structure of metal nanocrystals is of
fundamental and technological importance as the optical, electrical, and catalytic
properties of metal nanocrystals depend heavily on these parameters. In this context, due

to one-dimensional (1D) confinement of electron transport and high surface area, metallic

nanowires possess many intriguing functionalities for use in optical waveguide,2***

243-245

lasers,?*? sensors, and nanoelectronics.?****® Among various metal nanocrystals,

significant advancement has been made in Au nanocrystals research with good control
over their size and shape. Interestingly, ultrathin Au nanowires have been synthesized via
an aurophilic reaction by employing oleylamine (OA) as the solvent and reducing

agent.** They offer a wide range of potential applications®**** because of their unique

252-253 254 255 256

optical properties, conductivity,”" chemical activity,” and discrete plasticity.

257260 and thus

These OA-capped ultrathin Au nanowires, however, are non-water soluble,
limit their use in biomedical applications.?® The strong absorption of OA on Au
nanowire surface makes it difficult for further ligand-exchanging to yield water-soluble

Au nanowires.?%?
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Much effort has been concentrated on the creation of 1D Au nanorods based on
the commonly used cetyltrimethylammonium bromide (CTAB) template strategy.”® 2%
Surprisingly, there has been no report to date on the synthesis of ultrathin Au nanowires
by employing the CTAB-templating strategy. The preferential physisorption of CTAB to
the {110} and {100} facets facilitates the 1D Au growth along the [110] direction from
the prepared Au seeds (i.e., Au nanoparticles).”* ?*® However, such longitudinal growth
usually discontinues when the aspect ratio of length to diameter of nanorods reaches
10.2% 27 The multistep growth allows for the formation Au nanorods with the aspect

268-269

ratio of 20 or higher. However, the diameter of Au nanorods grown from Au seeds is

usually larger than 10 nm or even beyond 50 nm,*”® despite the fact that the diameter of
Au seeds used for the nanorod growth is of much smaller size (i.e., usually < 3 nm).*®
This may be due to the formation of cylindrical template with a large inner diameter from
the self-assembled CTAB molecules in aqueous solution, which makes it difficult to
constrain the Au nanorod from growing larger, leading to the production of Au nanorods
with a much larger diameter than that of Au nanoparticle seeds. Notably, it is highly
desirable to yield ultrathin Au nanowires with a diameter of 2-3 nm for promising

applications noted above.*”

To this end, the ability to tune the inner diameter of
cylindrical CTAB template offers new opportunities for creating ultrathin Au nanowires.

This, however, has yet to be explored.

Herein, we report on a simple yet effective strategy for water-soluble ultrathin Au
nanowires. Surprisingly, rather than commonly obtained Au nanorods, by introducing a
small amount of hydrophobic solvent (i.e., toluene or chloroform) into the Au growth
solution based on conventional preparative approach for Au nanorods with cylindrical
CTAB micelles as template, CTAB-capped ultrathin Au nanowires (i.e., water-soluble
ultrathin Au nanowires) were yielded. It is interesting to note that there existed a certain

range of CTAB concentration, beyond which no ultrathin Au nanowires can be produced.
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Moreover, silver ions and Au seeds required for the Au nanorod growth were found to be
crucial as well in the formation of CTAB-capped ultrathin Au nanowires. The growth
mechanism of such intriguing water-soluble ultrathin Au nanowires, differed from those

249

formed by using oleylamine (i.e., non-water-soluble Au nanowires),”™ was explored.

7.2. Results and Discussion

Figure 7.11a compares the effect of introducing a trace amount of hydrophobic
solvent (i.e., toluene) into the Au growth solution. The Au seeds were prepared according

234 On the other hand, the Au growth solution was prepared as follows:**" 10

to literature.
ml 0.1 M CTAB aqueous solution was mixed with 0.5 ml 10 mM HAuCI, solution and
40 (i 0.1M AgNO; solution. Subsequently, 0.5 mL 0.1M hydroquinone (as the reducing
agent) aqueous solution was added and stirred until the mixed solution became

transparent. Without the addition of toluene to the Au growth solution, Au nanorods with

267 234

high yield were resulted in“>" after adding the Au seed solution“>" (upper panels in Figure
7.1a, Figure 7.1b, and Figure 7.2). However, upon the addition of a trace amount of
toluene (100 i) to the Au growth solution and being mixed well, followed by adding the
Au seed solution (see Supporting Information), the final solution remained colorless after
a one-day reaction. Surprisingly, from this transparent solution, ultrathin Au nanowires
were observed as revealed by the TEM measurement (Figure 7.1c). It is noteworthy that
in stark contrast to non-water soluble ultrathin Au nanowires synthesized by using
oleylamine as in copious past work,?”> which are often self-assembled side-by-side, in
this work the resulting CTAB-capped ultrathin Au nanowires laid freely on the TEM grid
because of the repulsion between adjacent nanowires due to the presence of positively

charged CTAB on the surface of nanowires.
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hydrophobic solvent (i.e.,
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Figure 7.1. (a) Schematic illustration of synthesis of Au nanorods in pure Au growth
solution (upper right panel), and of ultrathin Au nanowires with the introduction of a
trace amount of hydrophobic solvent (i.e., toluene or chloroform) into the Au growth
solution (lower right panel). (b) Au nanorods synthesized without the addition of toluene,
corresponding to the upper right panel in (a). (c) Ultrathin Au nanowires formed with the
addition of toluene, corresponding to the lower right panel in (a).
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Figure 7.2. TEM image of Au nanorods with nearly 100% yield synthesized without the
addition of hydrophobic solvent (i.e., toluene).

To further scrutinize the influence of toluene on the formation of ultrathin Au
nanowires, we first prepared the growth solution and mixed it with a varied amount of
toluene (i.e., 0 d, 20 i, 40 |, 60 i, 80 A, 100 i, and 120 ). After that, an 80-pl Au
seed solution was introduced to the abovementioned mixed solution and stirred for 2
mins. The solution was then allowed to age for 24 hrs. The digital images of the solutions
containing the final products are shown as insets in Figure 7.3a. As the amount of
toluene added to the growth solution increased, the brownish-red color (i.e., with 0~40 i
toluene added) gradually turned into light pink (i.e., with 60~80 i toluene added), and
eventually became a transparent solution with further addition of toluene (i.e., 100 | and
120 (). The color of solutions upon the addition of toluene from 0 i (i.e., forming Au

nanorods) to 40 A did not have noticeable change. The UV-vis measurements showed
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the emergence of two characteristic surface plasmonic resonance peaks, that is, a
transverse surface plasmon peak at ~ 520 nm and a longitudinal surface plasmon peak at
~1100_nm, with the O-pi toluene addition, signifying the formation of Au nanorods.”®’
Clearly, the longitudinal absorption peak of Au nanorods slightly blue-shifted with the
increase of toluene from O | to 40 A (Figure 7.3a), which is in good agreement with the
color change of the solution (inset in Figure 7.3a). Nonetheless, this observation
suggested the presence of Au nanorods when the amount of added toluene was at 20 |
and 40 . Intriguingly, some Au nanorods created by adding a 40 i toluene showed a
tapered ends (marked as dotted circles in Figure 7.3b), indicating that the addition of
toluene may lead to the shrinking of the cylindrical CTAB micellar template at its ends.
In addition, the intensity of longitudinal absorption peak decreased dramatically as the
amount of toluene increased from 60 | to 80 I and the brownish-red color of the
solution gradually disappeared. Further scrutiny by TEM measurement showed the
solution containing 80-pd toluene comprised only few Au nanorods together with a small
amount of short ultrathin Au nanowires (Figure 7.4), indicating that the growth of Au
nanorods was strongly suppressed upon the addition of toluene. Notably, further increase
in the amount of toluene (e.g., 100 i) led to the disappearance of longitudinal absorption
peak over the entire wavelength range (i.e., 400 nm — 1200 nm), suggesting that almost
no Au nanorods were formed in the solution. Instead, ultrathin Au nanowires were
obtained (Figure 7.5). Recently, it has been reported that the longitudinal absorption
peak of oleylamine-capped ultrathin Au nanowires can exceed more than 1200 nm and
even up to 10000 nm as a result of its ultrahigh aspect ratio of length to diameter, beyond
the measurable wavelength range by UV-vis spectrometer.”®?> Thus, in our study the
longitudinal absorption peak for ultrathin Au nanowires cannot be detected with the UV-

vis spectrometer (Figure 7.3a).
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Figure 7.3. (a) UV-vis spectra and the corresponding digital images (insert) of the
solutions with the introduction of a varied amount of toluene (i.e., 0 i, 20 i, 40 W, 60
M, 80 i, 100 il and 120 ). The Au growth solution was prepared by mixing 10 ml 0.1
M CTAB aqueous solution with 0.5 ml 10 mM HAuCI, solution, 40 i 0.1 M AgNO;
solution and 0.5 ml 0.1 M hydroquinone aqueous solution. Subsequently, toluene was
introduced and well mixed with the growth solution. Finally, 80-Jd Au seed solution was
added to the abovementioned mixed solution and allowed for a 24-hr reaction to yield the
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final solution. (b) Au nanorods obtained from the solution with the introduction of 40-pi
toluene. Some of Au nanorods with tapered ends are marked as dotted circles.

Figure 7.4. TEM image of one Au nanorod together with a small amount of short
ultrathin Au nanowires. An 80-pl toluene was added to the Au growth solution and well
mixed prior to the addition of the Au seed solution.
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Figure 7.5. TEM image of ultrathin Au nanowire obtained from the solution with the
addition of 100-pd toluene to the Au growth solution and well mixed prior to the addition
of the Au seed solution.

It is noteworthy that the introduction of a trace amount of toluene into the Au
growth solution containing CTAB is the key to the formation of ultrathin Au nanowires
in our study. To further explore the synergistic effect of the cylindrical CTAB micellar
template and the trace amount of toluene on the creation of ultrathin Au nanowires, the
samples with the CTAB concentration ranging from 0.08 M to 0.12 M (i.e., 0.08 M, 0.09
M, 0.10 M, 0.11 M, and 0.12M) were prepared. Interestingly, the critical amount of
toluene required for obtaining colorless solution slightly decreased from 120 | to 90 A
as the concentration of CTAB decreased from 0.12 M to 0.08 M (Figure 7.6),
respectively. In addition, for the CTAB concentration below 0.08 M, no ultrathin Au
nanowires were yielded. For example, Au nanowires with much larger diameter were
formed at the CTAB concentration of 0.07M (Figures 7.7 and 7.8), and no Au nanowires
was observed with a further decrease in the CTAB concentration. Moreover, for low
CTAB concentration (i.e., 0.05 M), Au nanorods can still be obtained without the
addition of toluene (Figure 7.9). When the amount of toluene was introduced to be more
than 50 |, the solution became transparent with no Au nanowires formed in the solution.
However, the solution exhibited dark-red color again with the addition of more than 100-
i toluene. The corresponding TEM image clearly showed the formation of Au nanorods;
however, both the length and diameter of Au nanorods had a rather wide distribution
again (Figure 7.10). The formation of such non-uniform Au nanorods merits a detailed

study and will be the subject of future study.
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Figure 7.6. Critical amount of toluene required for the formation of ultrathin Au
nanowire at different CTAB concentrations.

Figure 7.7. TEM image of Au nanowires of larger diameter formed at CTAB
concentration of 0.07M with the addition of 100-jd toluene to the Au growth solution
prior to the addition of the Au seed solution.
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Figure 7.8. TEM image of Au nanowires of larger diameter formed at CTAB
concentration of 0.07M with the addition of 100-jd toluene to the Au growth solution
prior to the addition of the Au seed solution.

Figure 7.9. TEM image of Au nanorods formed without the addition of toluene at CTAB
concentration of 0.05M.
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Figure 7.10. TEM image of Au nanorods formed at CTAB concentration of 0.05M with
the addition of 100-d toluene to the Au growth solution prior to the addition of the Au
seed solution.

In addition to the CTAB concentration, the effects of the variation in Au seeds
and silver ions (Ag") while keeping other experimental parameters were also
investigated. It is not surprising that without adding Au seeds, no ultrathin Au nanowires
were found in the prepared solution, even it was allowed to react for two weeks.
Obviously, Au seeds were served as the nucleation sites for the growth of ultrathin Au
nanowires in this work. Moreover, Ag* has been proved to be critical for the Au nanorod
growth?®® 2”3 by preventing the Au growth at {110} and {100} facets and thus promoting
the longitudinal growth.”” Similarly, we found Ag* was also important for the growth of
ultrathin Au nanowires. Without the presence of Ag®, only Au nanoparticles were
formed. Furthermore, when the Au growth solution was prepared with Ag™ at a relatively
low concentration (i.e., 0.04 mM by adding 40 i 0.01M Ag" solution to a 10-ml Au
growth solution), Au nanostructures with irregular shapes were yielded when a 100-d
toluene was added (Figures 7.11 and 7.12). Finally, without the addition of toluene, short

Au nanorods were still observed at such low Ag+ concentration (0.04 mM; Figure 7.13).
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Figure 7.11. TEM image of Au nanostructures with irregular shapes formed at low Ag”
ion concentration (i.e., 0.04 mM by adding 40-pi 0.01M Ag" solution to a 10-ml Au
growth solution) with the addition of 100-pl toluene. The concentration of CTAB was
0.1M.

Figure 7.12. TEM image of Au nanostructures with irregular shapes formed at low Ag”
ion concentration (i.e., 0.04 mM by adding 40-pd 0.01M Ag"* solution to a 10-ml Au
growth solution) with the addition of 100-pd toluene. The concentration of CTAB was
0.1M.
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100 nm

Figure 7.13. TEM image of short Au nanorods formed at the low Ag" concentration (i.e.,
0.04 mM) without the addition of toluene.

In contrast to the procedure noted above where toluene was well mixed with the
Au growth solution prior to the addition of the Au seed solution, remarkably, when
toluene was added to the Au growth solution after adding the Au seed solution and the
mixed solution was simply gently shaken by hands, the solution formed a layered
structure (Figure 7.14a) (i.e., dark-red layer on the bottom and a relatively transparent
layer on the top). It is worth noting that without the introduction of toluene after adding
the Au seed solution, the preparative procedure only led to the formation of Au nanorods.
However, with the addition of 100-jd toluene to the Au growth solution, the as-prepared
solution displayed two layers after a 24-hr reaction. Interestingly, Au nanorods were
formed on the lower layer (Figure 7.15), correlated well with the dark-red color observed
in the digital image of the solution (inset in Figure 7.14a); while the upper layer was
primarily composed of ultrathin Au nanowires (Figure 7.16), as clearly evidenced by the
TEM measurement. The formation of layered solution is a direct consequence of the

immiscibility between hydrophobic toluene and water.
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Figure 7.14. Prepared solution with layered structures by mixing either (a) toluene or (b)
chloroform with the Au growth solution after adding the Au seed solution and gently
shaking the mixed solution. (c) The proposed mechanism for the formation of ultrathin
Au nanowires. Hydrophobic molecules (toluene or chloroform) preferably incorporate
with the inner hydrophobic chains of the CTAB double layer, thereby leading to a
decrease in the inner diameter of self-assembled cylindrical CTAB micelles, which in
turn template the growth of ultrathin Au nanowires.

124



Figure 7.15. TEM image of Au nanorods formed on the bottom layer of solution with the
addition of 100 | toluene to the Au growth solution after adding the Au seed solution.
The mixed solution was only gently shaken by hands without stirring. The growth
solution was prepared by mixing 10 ml 0.1M CTAB aqueous solution with 0.5 ml 10 mM
HAUCI,, 40 1 0.1 M AgNO3 and 0.5 ml 0.1 M hydroquinone aqueous solution.
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Figure 7.16. TEM image of Au nanorods formed on the upper layer of solution with the
addition of 100-p toluene to the Au growth solution after adding the Au seed solution.
The mixed solution was only gently shaken by hands without stirring. The growth
solution was prepared by mixing 10 ml 0.1M CTAB aqueous solution with 0.5 ml 10 mM
HAUCI,, 40 1 0.1 M AgNO3 and 0.5 ml 0.1 M hydroquinone aqueous solution.

On the basis of the observed layered solution, the formation mechanism of water-
soluble ultrathin Au nanowires may be rationalized as follows (Figure 7.14). First,
CTAB molecules, which are cationic surfactants, self-assemble into cylindrical micelles
in aqueous solution as widely discussed in literature.?’* Such cylindrical micelles
comprise the CTAB double layers by exposing the cationic ends with the hydrophobic
chains inside.?”> When toluene molecules are mixed with the cylindrical CTAB micelle
solution, toluene as a small hydrophobic molecule is preferentially incorporated with the
inner hydrophobic chains of the CTAB double layer due to the favorable hydrophobic-
hydrophobic interaction.?”® Such an accommodation of toluene molecules within the

CTAB double layer increases the total thickness of the double layer, transforming it into
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a sandwich-like structure (i.e., toluene molecules situated within the hydrophobic chains
of CTAB as depicted in the right panel of Figure 7.14c) on each side of double layer.
Such sandwich-like CATB/toluene/CTAB structures may lead to the decrease of the
inner diameter of self-assembled cylindrical CTAB micelles while retaining the overall
original size, thereby rendering the formation of ultrathin Au nanowires template by the
shrunk cylindrical micelle (middle panel in Figure 7.14c). It is important to note that
there were 110 mole CTAB molecules in the as-prepared solution. At the molar ratio
of CTAB/toluene = 1:1 for the incorporation of toluene inside the CTAB double layer,

the corresponding volume of toluene can be estimated to be 106.3 | (i.e.,

1x1073 mole x 92.14g/mol
866.90x10~6g/ul

= 106.3 ul). This correlated well with the critical amount of

toluene required for the formation of an ultrathin Au nanowire as described above (i.e.,
100 Q). The density of toluene is 0.8669 g/ml, lower than that of water. Taken together,
sandwich-like CATB/toluene/CTAB-capped ultrathin Au nanowires were resulted in and
dispersed on the upper layer of the two-layer solution (inset in Figure 7.14a). Moreover,
it is also noteworthy that the thickness of top transparent layer (i.e., the toluene layer) was
much larger than the bottom layer (i.e., dark-red layer for the Au nanorod growth),
signifying that the majority of CTAB micelles were entered into the upper toluene phase

to accommodate toluene molecules inside even with a gentle shaking.

To substantiate the proposed mechanism discussed above, in addition to toluene,
chloroform was also employed as the hydrophobic solvent and added to the Au growth
solution. Similar to the case of adding toluene, a transparent solution was also observed
when the amount of added chloroform was above a certain value (i.e., 80 ). The TEM
measurement showed the formation of ultrathin Au nanowires (Figure 7.17). Likewise,
as the density and molar moss of chloroform are 1.49 g/ml and 119.38 g/mol,

respectively, the corresponding volume of chloroform for incorporating chloroform
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1x1073 mole x 119.38g/mol

within 110 mole CTAB was found to be 80.1 M (i.e., — =
1490%x10~6g/ul

80.1ul), which also agreed well with the critical volume of chloroform required for the
formation of an ultrathin Au nanowire (80il). Similarly, a layered solution was also seen
by mixing chloroform with the Au growth solution after adding the Au seed solution.
Intriguingly, the bottom layer of solution was transparent while the upper layer was dark-
red (inset in Figure 7.14b), which is completely opposite to the layered solution formed
by adding toluene (inset in Figure 7.14a). The Au nanorods obtained from the upper
layer was not uniform (Figure 7.14b). In comparison to the case of toluene (i.e., dark-red
layer on the top and transparent layer on the bottom), the high density of chloroform
(1.48g/ml; larger than that of water) was responsible for the formation of switched
layered solution (i.e., colorless layer on the top and dark-red layer on the bottom).
Consequently, sandwich-like CATB/chloroform/CTAB-capped ultrathin Au nanowires
were produced and dispersed on the lower layer of the two-layer solution (inset in Figure

7.14D).
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Figure 7.17. TEM image of ultrathin Au nanowires formed by adding a 80-jd chloroform
to the Au growth solution after adding the Au seed solution. The growth solution was
prepared by mixing 10 ml 0.1M CTAB aqueous solution with 0.5 ml 20 mM HAuCI,, 40
i 0.1 M AgNOs and 0.5 ml 0.1 M hydroquinone aqueous solution.
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7.3. Conclusions

In summary, we have developed a surprisingly simple yet effective strategy for
crafting water-soluble ultrathin Au nanowires by introducing a trace amount of
hydrophobic solvent (i.e., toluene or chloroform) to the Au growth solution based on
conventional preparative approach for Au nanorods using cylindrical CTAB micelles as
template. The influence of introducing these hydrophobic solvents on the self-assembled
CTAB micellar template, which led to the formation of ultrathin Au nanowires, was also
explored. In principle, such a simple and robust strategy can be extended for the synthesis
of a large variety of nanowires that capitalize on CTAB as the surface capping ligands.
Furthermore, the ability to create ultrathin Au nanowires may open up exciting
opportunities for fundamental studies on their unique physical properties as well as the
promising applications in nanoscale photonic, electronic, and optoelectronic devices,

sensors, bioimaging, diagnosis, and therapy

7.4. Experimental Section

Preparation of Au seed solution. CTAB solution (10 mL, 0.10 M) was mixed with 0.25
mL of 10 mM HAuCI,. 0.6mL freshly prepared 0.01M NaBH, aqueous solution was then
added, resulting in a brownish yellow solution. Notably, the Au seed solution needs to be

prepared freshly each time.

Preparation of Au growth solution. CTAB solution (10 mL, 0.10 M) was mixed with 0.5
mL of 10 mM HAUCI,. 40 i AgNOs solution (0.1 M) was then added and well mixed.
Hydroquinone aqueous solution (0.5mL, 0.1M) was then added to the solution noted
above, and stirred until the solution became colorless and clear. Notably, the time for the
solution turning to be colorless depends on the concentration of CTAB. For 0.1 M

CTAB, it took around 1 min; and for 0.08M CTAB, it took only several seconds.
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However, for the solution with lower CTAB concentration (e.g., 0.01 M), the solution

remained turbid after the addition of hydroquinone solution.

Synthesis of ultrathin Au nanowires.

(a) Homogeneous solution: A varied amount of toluene (e.g., 0 i, 10 i, 20 M, 40 W,
60 M, 80 i, 90 Wi, 100 i, 110 i, 120 i, 130 Wi, 140 A, 150 i, 200 pi, 400 A, and
1000 i) was added to the Au growth solution and stirred for 10 mins. It is worth noting
that for the CTAB solution at concentration of 0.1 M, when the amount of toluene was
added at or below 100 @, the solution became clear after well-mixed. However, the
addition of more toluene (e.g., 200 A, 400 i, and 1000 |A) led to the turbid solutions
even after more than 20 mins. After mixing with toluene, a 80-d Au seed solution was

added. The final solution was allowed to age for 24hrs.

(b) Layered solution: A 80-j Au seed solution was added to the Au growth solution. A
varied amount of toluene (e.g., 0 i, 10 i, 20 A, 40 d, 60 A, 80 i, 90 |, 100 i, 110
A, 120 A, 130 i, 140 i, 150 i, 200 i, 400 A, and 1000 |A) was added to the Au
growth solution, and gently shaken by hand. The final solution was allowed to age for

24hrs.

It should be noted that the Au seed solution should be freshly prepared every time as the
Au seed solution from a long-time storage may result in large percentage of Au

nanoparticles formed in solution.
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CHAPTER 8
ENGINEERING COLLOIDAL MICROCHANELS VIA FLOW-

ENABLED SELF-ASSEMBLY (FESA)

B. Li, C. Zhang, B. Jiang, W. Han, and Z. Lin, "Engineering Colloidal Microchanels via
Flow-Enabled Self-Assembly (FESA)", submitted to ACS Nano

8.1. Introduction

Self-assembly as a bottom-up approach entails the crafting of surface patterns for

277-278 279

applications in electronics and nanodevices“'” at remarkably low cost, compared to

conventional top-down approach (e.g., photolithography, e-beam lithography, soft

lithography,?®® dip-pen nanolithography?*

). Among them, controlled evaporative self-
assembly of nonvolatile solutes rendered by evaporation of volatile solutes presents a
lithography-free and extremely simple yet robust strategy for creating a large variety of

surface patterns.

On the other hand, cracks formed upon the drying of thin film are usually
undesirable and remain a problematic issue in the inkjet printing industry, whereas a thin
film with uniform thickness is desired.”®*? However, the cracks formed by drying
colloidal latex particle thin film may also be beneficial for fabricating surface patterns, by
utilizing the cracks as self-assembled template to generate metallic stripes.*** Notably,
even though theoretical models for the mechanism of crack formation has been

extensively studied,?42¢

the control over crack formation in a highly ordered manner on
a large scale remains a challenge, because of the lack of restriction of the drying of

colloidal suspensions.
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Herein, we report on a facile strategy for crafting colloidal microchannels (i.e.,
cracks) with tunable spacing between two adjacent micrchannels A._. on a large scale by
controlling the drying process of colloidal suspensions via flow-enabled self-assembly
(FESA). In a FESA process, a colloidal suspension was allowed to evaporate in a
confined geometry composed of a fixed upper blade and a movable lower substrate
mounted on a computer-controlled translational stage. By tuning the moving speed of the
lower substrate at certain temperature, the thickness of the formed colloidal thin film can
be readily tailored, thereby enabling the control over A._. of colloidal microchannels.
Moreover, the influence of chemically patterned substrate (i.e., hydrophobic stripes on a
hydrophilic substrate) on the formation of colloidal microchannels was explored. In
addition, colloidal microchannels with tunable A._. was exploited as template for
aligning inorganic nanoparticles. Such FESA strategy for crafting colloidal
microchannels with tunable A._, offers new opportunities to craft surfaces patterns and
align inorganic nanomaterials over a large scale, and thus holds promising applications in

electronics and nanodevices.

8.2. Results and Discussion

By subjecting PS latex particle suspension to a confined geometry consisting of
two nearly parallel surfaces (i.e., a fix upper blade and a movable lower substrate), the PS
suspension was allowed to dry and solidify along the moving direction of the substrate,
which is programmably controlled by a computer (Figure 8.1 and Figure 8.2). The PS
latex particle at concentration of 0.5wt% was prepared by diluting 50nm PS latex
suspension (purchased from Thermo Schientific) with DI-water at 1:1 volume ratio. First,
due to the coffee-ring effect, the loss of water that was maximized at the three-phase
contact line resulted in a lateral flow inside the droplet, thereby transporting PS colloidals

to the drying front. Subsequently, by continuously moving the lower substrate (Si wafer),
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PS latex thin film with highly ordered microchannels (i.e., cracks) all over the surface
was formed. The direction of the formed microchannels was parallel to the moving
direction of the lower substrate. The moving velocity of the lower substrate was 13 pm/s
and the substrate was heated to 50°C (Figure 8.1). Notably, a droplet of 60 | PS latex
particle suspension yielded thin film with uniform microchannels over a surface area of
1x1.5 cm? (width x length). The width and length were determined by the width of the
upper blade and the volume of the PS latex particle suspension, respectively. Thus,
colloidal thin film with uniform microchannels at much larger surface area can be
achieved by utilizing a fixed upper blade with a larger width and continuously feeding
with PS latex particle suspensions. Moreover, the spacing between two adjacent
microchannels (A._.) (ranging from 7.8jum to 38.7pm) was much smaller than the values
reported in literature by freely drying of a droplet of PS latex particle suspensions on a
substrate, which are usually above 200 pm.?2* Thus, the uniform microchannels
produced in this work imparted the creation of surface patterns with much smaller feature

sizes.
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Figure 8.1. a) Schematic illustration of the formation of uniform microchannels over the
entire colloidal thin film by FESA, b) optical micrograph of microchannels, and ¢) SEM
image of microchannels. The temperature, the moving velocity of lower substrate, and
the solution concentration were 50 °C, 13 pm/s, and 0.5 wt%, respectively.
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Figure 8.2 SEM image of uniform colloidal microchannels formed by FESA at 50°C,
moving velocity of lower substrate of 13pm/s and concentration of 0.5wt%.

Interestingly, A._. can be tuned by simply varying the moving velocity of the
lower substrate (Figure 8.3). In general, the smaller velocity of moving substrate resulted

in a larger A._. of regular colloidal microchannels (Figure 8.4a).
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Figure 8.3. Optical micrographs of colloidal microchannels with various spacings, which
were crafted by FESA at the different moving velocity of lower substrate of a) 10m/s, b)
8pm/s, ) 5pm/s, and d) 3pm/s. All scale bars = 100 pm.
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Figure 8.4. Experimental results and theoretical prediction of the relationship of a) the
spacing between adjacent microchannels, A._. and the moving velocity of the lower
substrate v, b) A._. and the thickness of the colloidal thin film with microchannels all

over the surface H, and c¢) H and % d) optical micrograph of the colloidal thin film of

thickness lower than a critical value, in which the microchannels discontinued and
microchannel-free region appeared.

The reason for the microchannel formation is the capillary stress generated during
the drying of the colloidal thin film.?** The spacing between two adjacent microchannels

Ae_ can be given by

1 -0.8 1
20 (3yno)z R(1-¢)? 20R(1-¢)?\ (3y3no)\*
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where y is surface tension of the water, n, is the dispersion viscosity of water into
colloidal thin films, E is the evaporation rate, R is the radius of colloidal particle, ¢ is the
volume fraction of colloidal particle, u is the viscosity of water, and H is the thickness of
the dried film. As we used the same PS latex particle (50nm) and kept the other
experimental parameters unchanged (e.g., temperature, concentration and solvent), thus

the spacing of microchannels A._. was determined by
Aee~kHO8 9.2)

where k is the constant, depending on all the other parameters mentioned in eq.(9.1).
Notably, the fitting curve using eq.(9.2) agreed well with our experimental results
(Figure 8.4b), which also agreed with the prediction that A._. almost increased linearly
with the thickness of dried colloidal thin film H with a slight deviation.”®” The total

volume of PS latex particles V deposited by the drying liquid front can be given by

V = IHd~ tnR%ne = T 9.3)

3v

where [, H and d is the width, thickness and length of the colloidal thin film, n is the
number of PS latex particles deposited at the contact line per unit time, t is the time
period of FESA process, and v is the moving velocity of the lower substrate. Clearly, the
length of the colloidal thin film equals to the moving distance of substrate at a period

time t. Thus, the thickness of the colloidal thin film can be directly correlated with the

3
moving velocity of the lower substrate, H ~%, by cancelling d on both sides of eq.

(9.3), and assuming that the deposition rate of PS latex particles n was independent of the
moving velocity of the lower substrate. Therefore, the thickness H is inversely
proportional to the moving velocity, which was also observed in our experiments (Figure

8.4¢). To this end, according to eq. (9.2), we have
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—) Notably, the fitting curve based on eq. (9.4) and the

where k' = k (2=
experimental results agreed well with each other (Figure 8.4a). Therefore, the
experimental results of the relationship between the spacing of adjacent microchannels
and the moving velocity of the lower substrate shown in Figure 8.4a can be explained. In
addition, it is also reported that there was a critical thickness of microchannel-free thin
film, above which colloidal microchannels would form.?*® Importantly, such critical
thickness also existed in our work. Notably, by increasing the moving velocity of the
lower substrate up to 13 pm/s, the colloidal film with discontinued microchannles (i.e.,
microchannel-free region) was observed at the thickness below 3.1 pm (Figure 8.4d).
We note that the thickness of the colloidal thin film that strongly determined the
deposition rate of PS latex particles n can be tuned linearly by adjusting the moving
velocity v, but also by varying the concentration of the PS latex particle suspensions and
the temperature. Thus, colloidal film with microchannel-free region shown in Figure
8.4d can also be observed at lower temperature (e.g. 45 °C, Figure 8.5a) or at the lower

concentration (e.g., 0.2 wt%, Figure 8.5b) while the other parameters remained the same

as in Figure 8.1.
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Figure 8.5. Discontinuous microchannels formed at a) lower temperature (e.g. 45 °C), the
concentration of 0.5 wt% and the moving velocity of lower substrate of 13 pm/s; b) at
lower concentration (e.g., 0.2 wt%,), the temperature of 50 °C, and the moving velocity of
lower substrate of 13 pm/s.

We also investigated the influence of the microchannel formation on a chemically
patterned substrate, that is, a hydrophilic Si wafer patterned with hydrophobic polymer

stripes (e.g., PS stripes). The regular PS stripe pattern was crafted by FESA similar to our
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previous work.”” Notably, both the height and the spacing of PS stripes can be precisely
tuned by FESA in a “stop-and-move” fashion.®’ First, we set the moving direction of the
substrate perpendicular to the PS stripes. Unless otherwise specified, the temperature, the
moving velocity of lower substrate and the concentration for the FESA of colloidal
suspension on chemically patterned substrate were 50°C, 13 pm/s and 0.5 wt%,
respectively. As the PS stripes were of smaller height (~3 pm) and larger spacing
(100pm), colloidal thin film with microchannels can still form (Figure 8.6), similar to
that formed on the bare Si substrate (Figure 8.1). However, the microchannels were
blocked at a PS stripe (Figure 8.6b and 8.6¢) and continued after the PS stripe.
Intriguingly, we observed that the PS stripes were cracked by the formation of the
adjacent microchannels, but with much smaller width (~100 nm, Figure 8.6d). Moreover,
subsequent microchannels were formed by the guidance of the formed cracks in PS

stripes. Considering the Young’s modulus of PS was around 3 GPa,’*

the pressure
induced by the microchannel formation was at least one order of magnitude higher than
the theoretical prediction in literature.”®’ Importantly, such strategy may also be exploited
to experimentally evaluate the capillary pressure which caused the microchannel (or

crack) formation in colloidal thin films in the future.
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Figure 8.6. a) optical micrograph, and b) and ¢) SEM images of different magnifications
on microchannels formed on chemically patterned substrate by controlled drying of PS
latex particle suspension in the direct perpendicular to the PS stripes. The microchannels
were formed over the entire substrate except on the top of PS stripes. The spacing
between PS stripes is 100m. d) SEM image of the crack in a PS stripe induced by a
formed microchannel.

In contrast, we found that the colloidal thin film was not formed continuously on
chemically patterned substrate consisting of PS stripe of larger height (~5 pm) and
smaller spacing (~50 pm) (Figure 8.7). The reason is that the contact line moved in a
stick-slip motion due to the strong hydrophobicity of the PS stripes, though the lower
substrate was moving continuously at a constant velocity. First, once the three-phase
contact line was pinned in the middle area between two PS stripes, a ribbon of PS latex
particles formed (i.e., stick). As the lower substrate was kept moving, the liquid surface
pinned at the contact line was gradually stretched and the contact line decreased to a
critical value, at which the depinning force overcame the pinning force exerted at the

contact line. As a result, the contact line depinned from the formed ribbon of PS latex
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particles and jumped to the middle of the next two PS stripes (i.e., slip), thereby yielding
the formation of the second ribbon. Interestingly, microchannels were formed in the

ribbons with direction parallel to the moving direction of the lower substrate.
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Figure 8.8. a) optical micrograph, and b) and c) SEM images of different magnifications
on colloidal ribbons formed on chemically patterned substrate by controlled drying of PS
latex particle suspension in the direct perpendicular to the PS stripes. The colloidal
ribbons were only formed in the middle region between two PS stripes, due to the stick-
slip motion of the contact line. The microchannels were formed inside the colloidal
ribbons and the direction of microchannels was parallel to the moving direction of the
lower substrate. The spacing between PS stripes is 50 pm.

When the PS stripe pattern was placed parallel to the moving direction of the
lower substrate, the liquid front was strongly curved due to the strong hydrophobicity of
PS stripes (Figure 8.8). Subsequently, intriguing patterns of microchannels were formed
between parallel PS stripes (Figure 8.9). To rationalize the formation mechanism of such

patterns, we first showed that the growth direction of colloidal microchannels was always
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perpendicular to the contact line, rather than the moving direction of the substrate. To this
end, an upper fixed blade of angled shaped (e.g., 60° and 30° to the moving direction of
the lower substrate) was utilized to restrict the contact line of liquid front, thereby
yielding the colloidal microchannels exhibiting an angle to the moving direction of lower
substrate (Figure 8.10). In addition, colloidal microchannels with radially spoke-like
structures were formed by utilizing a round-shape upper blade (Figure 8.11). Thus, when
the PS latex particle solution was dragged along the PS stripes, the liquid front was
curved due to the hydrophobicity of the PS stripes. As the colloidal microchannels
preferably formed perpendicularly to the liquid front, the intriguing pattern of colloidal

microchannels can thus be formed (Figure 6).
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Figure 8.8. Optical micrograph of microchannels formed on chemically patterned
substrate by controlled drying of PS latex particle in the direct parallel to the PS stripes at
50 °C, the moving velocity of lower substrate of 13 pm/s and the concentration of 0.5
wt%. It is noteworthy that the three-phase contact line at the liquid front was strongly
curved due to the hydrophobicity of PS stripes, thereby yielding the formation of curved
microchannel patterns in between PS stripes.
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Figure 8.9. a) optical micrograph, and b) and c) SEM images of different magnifications
on microchannels formed on chemically patterned substrate by controlled drying of PS
latex particle in the direct parallel to the PS stripes. Curved microchannels were formed
over the entire substrate except on the top of PS stripes due to the curved liquid water
during drying of PS latex particle suspension. The spacing between PS stripes is 100 pm.
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Figure 8.10. a) schematic illustration and optical micrograph of colloidal microchannels
formed by the guidance of an angled upper blade of b) 60<C and b) 30<C at 50°C. The
moving velocity of lower substrate was 13pm/s, and the concentration was 0.5 wt%.
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Colloidal Microchannel
a)
Lower Substrate

Figure 8.11. a) schematic illustration, and b) optical micrographs of colloidal
microchannels formed by the guidance of a round-shape upper blade at 50°C. The
moving velocity of lower substrate was 13pm/s, and the concentration was 0.5 wt%.

By utilizing the prepared colloidal microchannels as template, nanomaterials (e.g.,
Au nanoparticles) can be guided and patterned accordingly. It is noteworthy that
conventional strategy for synthesizing Au nanoparticles (NPs) usually contained extra
amount of ligand in solution and the prepared Au NPs were dispersed in aqueous
solution. As the PS colloidal microchannels are hydrophobic, Au NPs cannot be
transported into the microchannels by water using Au NPs aqueous solution. Thus, we
synthesized Au nanoparticles using star-like P4VP-PS copolymer unimicelles as

k,295

inorganic template, based on our previous wor thereby yielding extra-ligand free Au

nanoparticles permanently capped with PS as ligand for dispersion in toluene. Then, by

147



FESA of Au nanoparticles solution on the prepared colloidal microchannel template, Au
NPs were transported by toluene to the bottom of the microchannels (Figure 8.12a).
Surprisingly, instead of fully covering the bottom of microchannels, Au NPs were
deposited in two separated threads within one microchannel. We proposed that during the
evaporation of the Au NP toluene solution, toluene gradually dewetted from the Si
surface and segregated to the corners at the bottom of microchannels (Figure 8.12b).
Therefore, Au NPs were deposited at the corners upon drying of the solution, and
consequently, two threads of Au NPs were formed in one microchannel. The substrate
with Au NP threads was then exposed to oxygen plasma for 1.5h to remove all residual

polymers, thereby rendering pure highly-ordered Au NP threads aligned on the substrate.
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Figure 8.12. a) SEM image of threads of Au NPs aligned by using prepared colloidal
microchannels as template. The scale bar is 10 pm. b) schematic illustration of the
formation mechanism of two threads of Au NPs in one microchannel.

8.3. Conclusions

In summary, colloidal thin film with strictly ordered microchannels was crafted
on a large scale via flow-enabled self-assembly (FESA). The spacing between two
adjacent microchannels (i.e., 1._.) can be readily tuned by varying the moving velocity
of the lower substrate. The relationship between A._. and v was investigated
experimentally and theoretically. In addition, a critical thickness for the formation of
microchannels over the entire surface was observed, below which microchannel-free
region would appear periodically in the colloidal thin film. Moreover, the influence of the
chemically patterned substrate on the formation of colloidal microchannels was explored.
The microchannels were found to preferentially grow orthogonally to the three-phase
contact line. The prepared colloidal thin film with highly regular microchannels afford a
versatile platform for aligning nanomaterials for potential applications in electronics and

nanodevices.
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CHAPTER 9

GENERAL CONCLUSIONS AND BROADER IMPACT

9.1 General Conclusion and Discussions

The use of spontaneous self-assembly as a lithography free means to construct
well-ordered, often intriguing structures has received much attention for its ease of
producing complex, centimeter-scale structures with small feature sizes. One extremely
simple route to intriguing structures is the evaporative self-assembly of nonvolatile
solutes from a sessile droplet on a solid substrate. However, flow instabilities during the
evaporation process often result in non-equilibrium and irregular dissipative structures
(e.g., randomly organized convection patterns, stochastically distributed multi-rings,
etc.). Therefore, for fully controlling the evaporative self-assembly of solutes, two
strategies, namely, controlled evaporative self-assembly (CESA) and flow-enabled
evaporative-induced self-assembly (FESA) were exploited to create ordered structures of

various nanomaterials.

First, hierarchical assemblies of amphiphilic diblock copolymer (i.e., polystyrene-
block-poly(4-vinylpyridine) (PS-b-P4VP)) micelles were crafted by FESA. The periodic
threads comprising a monolayer or a bilayer of PS-b-P4VP micelles were precisely
positioned and patterned over large areas. Notably, the width of the threads can be easily
tailored by simply varying the stop time of the translational stage. In addition, such
diblock copolymer micelle threads were utilized as nanoreactors for creating inorganic

nanoparticle arrays.

Second, highly aligned parallel DNA nanowires in the forms of nanostructured

spokes over a macroscopic area were crafted via controlled evaporative self-assembly
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(CESA) by subjecting DNA aqueous solution to evaporate in a curve-on-flat geometry
composed of a spherical on a flat substrate. The effects of pH of DNA aqueous solution
and temperature on the formation of DNA nanowires were systematically explored. A
transition from spoke-like patterns to coffee-ring-like deposits was, for the first time,

observed as the pH was increased.

Third, large-scale aligned metallic nanowires templated by highly oriented DNA
were crafted by flow-enabled self-assembly (FESA). The formation of DNA nanowires
was strongly influenced by the concentration of DNA solution, temperature, and moving
speed of lower plate. A simple yet robust swelling-induced transfer printing (SIT-
Printing) technique was developed to transfer ultralong DNA nanowires onto the
desirable substrate. Subsequently, the resulting DNA nanowires were exploited as
templates to form metallic nanowires by exposing DNA nanowires preloaded with metal
salts under oxygen plasma. Moreover, DNA nanowires were also employed as scaffold

for aligning metal nanoparticles and nanorods.

Fourth, colloidal microchannels (i.e., cracks) on a large scale were produced by
controlling the drying process of colloidal suspensions via flow-enabled self-assembly
(FESA). The thickness of the formed colloidal thin film can be easily tailored, thereby
enabling the control over A._. of colloidal microchannels. The influence of chemically
patterned substrate (i.e., hydrophobic stripes on a hydrophilic substrate) on the formation
of colloidal microchannels was explored. In addition, such colloidal microchannels with

tunable 4._. was exploited as template for aligning inorganic nanoparticles.

Importantly, theoretical study of the formation mechanism of parallel stripes of
solutes by FESA was evaluated. The relationship between the spacing of adjacent stripes
Ac—c and other experimental parameters such as the width of stripe, the stop time and the

moving speed of the lower substrate was investigated. Such theoretical modeling would
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provide guidance for the precise design and crafting of ordered structures composed of

nanomaterials by FESA in the future study.

Interestingly, during the preparation of Au nanorods, the formation of ultrathin
gold nanowires were unexpectedly observed. Based on conventional synthetic route to
Au nanorods using CTAB as soft-templates, we found that rather than Au nanorods,
adding small amount of hydrophobic solvent molecules (e.g., toluene or chloroform) to
the Au growth solution triggered the ultrathin Au nanowire formation. The growth
mechanism of such intriguing water-soluble ultrathin Au nanowires, differed from those

formed by using oleylamine (i.e., non-water-soluble Au nanowires), was explored.

The ability to create highly ordered structures comprising nanomaterials by FESA
and CESA open an avenue to organize nanomaterials for potential applications in

electronics, optics, optoelectronics, sensors, nanotechnology and biotechnology.

9.2 Significance and Broader Impact
Inorganic nanomaterial synthesized via organic template

Nanocrystals possess a large variety of size- and shape-dependent properties with
potential applications in areas such as electronics, catalysis, optics, and .2%%2%%
Nanoparticle synthesis has gained much attention in the past few years.?*®?* However,
due to the nature of the kinetic nanocrystal growth, the procedures often require strict
experimental conditions and the shape and size of the nanocrystals are difficult to control.
Moreover, in many cases, additives such as ligands and metallic ions are required.*® For

example, the role silver ions play in the longitude growth of gold nanorods is still not

clear,®* even though gold nanorods have been repeatedly and widely produced using
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silver ions for more than ten years. Moreover, the role of the additives in many cases is
not clear and nanocrystal structure are often highly sensitive to the amount of the
additives.®®” To this end, organic templates, which are artificially modified or
synthesized, can direct the nucleation and growth of inorganic nanocrystal to achieve the

desired shape, size and ultimate properties.

In this work, both OD inorganic nanoparticle (e.g., Au nanoparticle) and 1D
inorganic nanowire (e.g., Ag nanowire) were synthesized via organic template (e.g.,
block copolymer micelles and DNA nanowires). In addition, the influence of molar ratio
of inorganic precursor over organic templates was systematically studied. Moreover, the
strategy of removing organic template by using oxygen plasma treatment provides a
general route to inorganic nanomaterials from organic templates without the use of
reducing agent. Our study can be extended to create patterns of inorganic nanomaterials

directly from the prepared patterned organic templates on the substrate.
Ordered structures of nanomaterials crafted by FESA and CESA

Drying droplets containing nonvolatile solutes (polymers, nanospheres,
nanoparticles, DNA, etc.) on a solid substrate have been utilized to yield self-assembled
structures, possessing dimensions of a few hundred sub-micrometers and beyond.
However, these dissipative structures created by evaporation are often irregular and not in
equilibrium. Yet for applications in microelectronics, data storage devices and
biotechnology, it is highly desirable to achieve surface patterns that have a highly ordered
and well controlled spatial arrangement. To date, only a few elegant studies have
centered on establishing a means of harnessing the drying process of an evaporating
droplet to produce highly regular structures. Among them, flow-enabled evaporative-
induced self-assembly (FESA) and controlled evaporative self-assembly (CESA) stand

out as extremely simple routes to creating intriguing one- or two- dimensional structures.
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For example, in FESA, the nanomaterial solution was allowed to evaporate in a
confined geometry consisting of two nearly parallel plates. The upper plate was fixed,
and the lower plate was mounted on a computer-controlled translational stage that moved
against the upper plate at a fixed distance. By tailoring the interaction between solutes
and substrate, highly ordered and self-assembled structure of nanomaterials (e.g., block
copolymer micelles and DNA nanowires) were crafted over large areas. The spacing
between parallel stripes and the width of stripes can be easily tuned. Furthermore,
colloidal microchannels (i.e., cracks) with tunable spacing on a large scale were also
yielded by controlling the drying process of colloidal suspensions via FESA. Such
colloidal microchannels have been proven to be an ideal template for aligning inorganic

nanoparticles, and may render the fabrication of microfluids devices in the future.

Theoretical study of the formation of ordered structure of nanomaterials

Even though the fundamental aspects of a drying droplet with or without solutes
have been studied during the past several decades, the theoretical study on the formation
of ordered structure of nanomaterials is still lacking. Thus, in this work, theoretical
modeling that underpins the FESA process was developed, including the smallest feature
size of stripe patterns, the decrease in A._. as the moving speed of the lower substrate
increases. In addition, the formation of colloidal microchannels was also rationalized
with the proposed models. These theoretical studies may offer useful guidance for

crafting ordered structures of nanomaterials by FESA in the future.
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