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ABSTRACT: Inkjet printing offers a low-cost, high-throughput avenue for producing
functional organic materials through rapid translation of desktop discoveries to industrial roll- §os
to-roll processes. Here, we report a simple, but effective strategy to control droplet coalescence £
during inkjet printing, as a major variable, to tailor the nanoscale morphology of organic ¢,,
composite materials produced upon evaporation of all-liquid inks. During deposition, the
spacing between ink droplets was controlled to systematically vary the extent of droplet
coalescence. Our results show that decreasing coalescence increased the solvent evaporation s 15 2 =
rate, supersaturation of the solutes, and nucleation density of the precipitating organic crystals.
This phenomenon was utilized to tailor the average size of pentaerythritol tetranitrate (PETN)
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crystals dispersed in an adhesive binder matrix from ~0.2 to upwards of 100 ym. The results suggest that controlling the extent of
droplet coalescence can be used as an effective means to tailor the composite morphology of printed organic materials at the

nanoscale.
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crystal nucleation and growth

Bl INTRODUCTION

The commercialization of piezoelectric-based drop-on-demand
inkjet printers provides a low-cost, high-throughput avenue for
integrating functional organic materials into flexible electronic
devices through rapid translation of desktop discoveries to
industrial roll-to-roll processes.l_4 To date, numerous materials
have been printed, from metals to ceramics to human cells.>®
This broad range of materials is evidence of: (1) the unique
material processing capabilities of inkjet printing and (2) its
application to an extensive range of industries. The appeal of
printing technology is seen in the rate of published papers,
increasing from less than 10 to about 600 publications per year
from 1990 to 2010. To support this new technology, significant
research efforts are being made to understand how ink
formulation and processing factors influence the structure and
properties of printed materials. Techniques have been
described to exert control over deposition, or pattern,
resolution in addition to methods for controlling the well
studied radial and Marangoni flows which develop in
evaporating ink to produce uniform material depositions.””"*
We recently demonstrated the ability to inkjet-print
nanoscale organic composite materials for energetic and drug-
elution applications.">™'® For example, we prepared inkjet-
printed micropatterns consisting of ~100 nm rifampicin (RFP)
antibiotic crystals dispersed in a bioresorbable poly(p,L-lactic-
co-glycolic) acid (PLGA) matrix. The micropatterns were found
to be effective as infection-resistant surfaces, and through
simple changes in ink formulation, it was possible to alter the
functional nature of printed materials.' In another example, we
reported the preparation of cyclotrimethylenetrinitramine
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(RDX) crystals dispersed in a cellulose acetate butyrate
(CAB) matrix by direct-phase transformation from organic
solvent-based all-liquid inks, with the RDX crystal size ranging
from ~300 nm to 1 mm. We found that the evaporation rate of
the ink, in combination with the microfluidic ink droplet
confinement of the growing phases, were the key variables
which determined morphology development in the inkjet-
printed composites. Smaller organic crystals were produced
with faster evaporation and increased microfluidic confine-
ment.'"® These results provided new insights as to how the
nanocomposite morphology and functionality of inkjet-printed
organic materials can be tailored by controlling ink
formulations and printing parameters.

This “one-step, all-liquid” ink formulation and printing
approach offers several advantages over suspension-based inks.
It removes the need for an additional material processing step
to produce printable nanomaterials, as well as their handling, as
bulk materials are dissolved in the ink. This also helps prevent
clogging of the print head nozzles and the need to use
sonication or surfactants to maintain a stable suspension.
Finally, the only material waste generated in the process is the
solvent lost to evaporation.

The goal of this study was to investigate a novel control
strategy to tailor the morphology of the organic crystal phase
through systemic variations of ink droplet coalescence on the
substrate. In high-speed multi-nozzle inkjet printing, the
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Figure 1. Multi-nozzle inkjet printing with droplet spacing (d;) and time intervals () for: (a) a single row of droplets, (b) droplets in the x- and y-

directions, and (c) droplets in the x-, y-, and z-directions.

evaporation and confinement variables can be correlated to ink
droplet coalescence. Droplet coalescence occurs when
neighboring droplets come into contact with each other, fusing
together to form a continuous feature and larger pool of the ink
droplets. This process is influenced by a number of factors,
including surface chemistry interactions between substrate and
droplet, environmental conditions, and droplet spacing.'”*°

Ink droplet coalescence occurs within the coalescing regime,
schematically illustrated in Figure la. The coalescing regime
consists of the range of droplet spacing values from the
minimum spacing distance, 5 ym for the printing platform used
in this study, to the maximum distance at which two droplets
will come into contact and fuse together to form a continuous
feature. The maximum value is a function of the feature size of a
droplet when deposited on the target substrate.

Droplet coalescence can occur in the x-direction, the x- and
y-directions, and the x-, y-, and z-directions. Figure 1 is a
schematic illustration of the potential directions of print (and
coalescence) in multi-nozzle inkjet printing with the major
droplet spacing and time intervals. During the ink deposition
process, the print head moves in the positive x-direction while
the substrate moves in the negative y-direction. This allows the
possibility to print a single row of droplets in the x-direction
using a single nozzle (Figure 1a) and droplets in the x- and y-
directions (Figure 1b) and droplets in the x-, y-, and z-
directions (Figure 1c) using multiple nozzles. The droplet
spacing interval is the distance measured on-center between
adjacent droplets and can occur in the x- and y-directions,
expressed as d; and d,, respectively, and described in Figure
la,b. When printing large features with multiple nozzles, d; and
d, typically have equivalent values. There is no droplet spacing
interval in the z-direction, as additional layers are deposited on
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top of previously printed material and these droplets will have
d, and d, spacings equivalent to previous layers. The ink
droplet spacing was used to control droplet coalescence.

In this study, ink droplet coalescence was used as the key
variable to control the morphology of organic/polymer
composites containing: (1) pentaerythritol tetranitrate, com-
monly known as PETN, as a model organic crystal and (2)
either polyvinyl acetate (PVAc) or chlorinated paraffin wax as
model binder or adhesive materials. Here, we report that: (1)
decreasing the extent of droplet coalescence results in faster
solvent evaporation, increased supersaturation of the solutes,
and increased nucleation density of the precipitating organic
crystals and (2) the composite morphology of an inkjet-printed
material can be tailored by controlling ink droplet coalescence.
The printing process was separated into x-, y-, and z-directions,
and the mechanisms which affect morphology development of
the organic crystal phase in each direction were identified. The
broad length scale over which composites were printed
demonstrates the unique capabilities of inkjet printing as a
transformational processing technique to produce nanoscale
tailored composite materials while minimizing material use,
handling, and waste generation.

B EXPERIMENTAL METHODS

Ink Formulation. A previousl?r described one-step, all-liquid ink
formulation approach was used.'”'® Briefly, PETN powder (provided
by U.S. Army-ARDEC) and a binder material were dissolved in ethyl
acetate (>99.5%, Sigma-Aldrich, St. Louis, MO; solubility ~106 g
PETN/kg solvent at ~20 C’C;21 PETN/binder ratio ~9:1). Two
different binder materials were used, poly(vinyl acetate) (PVAc, M,, =
113000, Sigma-Aldrich, St. Louis, MO) and a chlorinated wax
(Chlorez 700S, Dover Chemical Corporation, Dover, OH). A
piezoelectric drop-on-demand Dimatix DMP-2800 materials printer
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(Fujifilm Dimatix, Santa Clara, CA) was used to print the inks.
Cartridges which produced 10 pL ink droplets were used for this
study. The inks were passed through a 0.2 ym nylon filter (Fisher
Scientific, Pittsburgh, PA) to remove large, undissolved materials or
contaminants which may have unintentionally entered the ink prior to
printing.

Substrate Preparation. (100) silicon wafers with one side
polished were used as substrates. After rinsing with deionized water
(resistance 18.2 MQ, Millipore, Bedford, MA), the substrates were
placed polished surface up in a glass container and cleaned using a
piranha solution. Caution: dangerous solution, handle with care! Sulfuric
acid (H,SO,, 95—98%, Sigma-Aldrich, St. Louis, MO) and hydrogen
peroxide (H,0,, 35 wt %, Sigma-Aldrich, St. Louis, MO) were added
to the container (3:2 ratio) to sufficiently cover the substrates. After
sitting for 1 h, the substrates were removed and thoroughly rinsed with
and stored in deionized water until use. The substrates were dried in
air prior to sample generation.

Sample Generation. Using the PETN—PVAc ink, a single row of
droplets was deposited on the silicon substrates to study the effect of
droplet coalescence in the x-direction on morphology development by
varying d; during printing. A simple line feature was printed using one
nozzle to deposit the single row of droplets with the print head moving
in the positive x-direction across the stationary substrate. To look at
several coalescing conditions, the spacing between the ink droplets was
varied at 5, 30, and 65 pum, corresponding to maximum, intermediate,
and minimum coalescing conditions, respectively. The intermediate
value of 30 ym was chosen as a midpoint between the smallest droplet
spacing for the printer used, S ym, and 65 um, which was the largest
spacing at which droplets still overlapped and formed a continuous
feature. The substrate temperature and cartridge height were kept
constant. Following this, using both the PETN—PVAc and PETN—
wax inks, samples were generated to study the effect of droplet
coalescence in the x- and y-directions and the x-, y-, and z-directions
on morphology development by varying d, and d, during printing
while depositing single and multiple layers of droplets. This was
conducted to observe (1) morphology development in multidimen-
sional features and (2) if altering the binder material caused any major
changes in morphology development trends in printed composites.
The extremes of maximum coalescence-like and no coalescence-like
conditions were investigated. For the former condition, d, and d, were
set at S yum and single (x- and y-directions) and multilayer (x-, y-, and
z-directions) samples were generated. For the latter conditions, d, and
d, were set at 100 gm. Under this setting, a single layer (x- and y-
directions) sample contained an array of single droplet features. To
prevent the formation of a pillar-like array on the substrate when
printing the multilayer (x-, y-, and z-directions) sample, the substrate
was shifted so subsequent depositions fell between previously printed
features, thus forming a continuous feature. The substrate was shifted
again for each subsequent deposition. The time between subsequent
layer depositions, t;, was adjusted in multilayer samples to ensure that
the previously deposited ink had evaporated prior to depositing
subsequent layers. Under both conditions, the samples had lateral
dimensions of several millimeters. The substrate temperature and
cartridge height were kept constant.

Characterization. Printed samples were characterized with dual-
beam microscopy (SEM, Auriga FIB-SEM workstation, Carl Zeiss
Microscopy, Peabody, MA). The samples were imaged “as-printed”
with 1.0 kV of primary electron beam energy to prevent significant
beam radiation damage to the PETN phase. The secondary electron
(SE) signal was typically used for imaging the sample surface as it
provided good image contrast and a significantly better portrayal of the
surface morphology. A working distance of ~4 to S mm was used.
Cross-section views of select samples were also imaged in the FIB-
SEM using a 30 kV focused ion beam (FIB) milling technique under
cryogenic conditions to minimize ion beam damage to the sample
during the mill.>* Prior to cooling the sample for FIB-milling, a gold—
palladium coating was sputtered (Structure Probe, Inc.,, West Chester,
PA) onto the sample surface to reduce sample charging. The sample
was cooled to —135 °C and maintained at that temperature during
FIB-milling and microscopic characterization (VCT-100, Leica
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Microsystems, Inc., Buffalo Grove, IL). Prior to milling, an additional
platinum coating (typically ~1 pm) was deposited on the surface
inside the FIB-SEM using a gas injection system to further minimize
damage to the sample.”* FIB-milling was then used to create the cross-
section surface for imaging and was conducted at several locations on
the sample. At each location, a series of images was captured as the
sample was milled.

B RESULTS

Ink Formulation, Jetting, and Single Droplet Deposi-
tions. During initial formulation, various solvents were
investigated before settling on ethyl acetate. The solvent was
jetted through significant adjustment to the waveform, which
converts electric power to kinetic energy in the piezoelectric
print head when ejecting a droplet. The waveform parameters
were determined through iterative testing of the ejection,
dampening, and standby segments in conjunction with firing
voltage adjustments to develop a combination which produced
consistent ink droplets.

Following successful jetting of pure ethyl acetate, the PETN
and binder materials were dissolved in the solvent. The
dissolved compounds did not significantly alter the ink’s
properties, and typically, only small adjustments to the firing
voltage were needed to successfully jet the inks, with an
example shown in Figure 2a. This (inverted) image was
captured from a camera built into the printer. The camera was
used to visualize the effects of the jetting parameter adjustments
(waveform, firing voltage, etc.) on the velocity and shape of
ejected droplets. Prior to each deposition, a short “purge”
(using pressure to push ink out of the print head) procedure
was used to clean the print head. For the size of the patterns
printed, no cleaning was required mid-deposition as nozzle
clogging was not encountered. Further work is necessary to
develop a best practice cleaning procedure which minimizes
material waste while keeping the print head functional for a
given ink and pattern.

The typical composite morphology of single droplet
depositions of PETN—PVAc and PETN—wax composites on
silicon are shown in Figure 2b,c, respectively. The PETN—
PVAc composite, Figure 2b, had a coffee ring structure typical
of inkjet-printed materials. The PETN crystals ranged from
about 200 to 500 nm in size and had a round island
morphology. The PETN islands were more densely populated
around the perimeter of the feature. The phase distinction was
based on the sensitivity of the PETN phase to electron beam
damage during scanning electron microscopy (SEM) character-
ization. The PETN-—wax composite, Figure 2¢, had a
substantially different morphology, with the majority of
material located in the center of the deposition. It was not
possible to identify individual crystals in Figure 2c. It is
important to note that the features shown in Figure 2b,c are
representative of the composite morphology of the initial,
single layer of droplets deposited when producing no
coalescence-like samples while printing in the x-, y-, and z-
directions, discussed below.

Morphology Development in a Line Feature. Figures 3
and 4 illustrate the effect of droplet coalescence in the x-
direction, due to changes in d, in a line feature, on morphology
development of printed PETN—PVAc materials on a silicon
substrate. Figure 3a,b,c shows the effect of droplet coalescence
on morphology development for maximum, intermediate, and
minimum coalescing conditions produced using a d; of 5, 30,
and 65 um, respectively. Schematic insets (not to scale) in
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Figure 2. (a) All-liquid ethyl acetate-based 10 pL ink droplets jetting
from cartridge nozzles. (b and c) Morphology of single droplet
depositions of PETN—PVAc and PETN—wax composites, respec-
tively, on silicon.

Figure 3 illustrate relative changes in droplet spacing for each of
the samples as well as the x-direction of print for each image. In
all images, the PVAc binder phase was the dark, amorphous
shaped features while the PETN phase varied in morphology.
The phase differentiation was based on: (1) the previously
documented morphologies of PETN**72° and (2) the
sensitivity of the PETN phase to electron beam damage during
SEM characterization.

In Figure 3a,b, the edges of the line feature remain relatively
parallel throughout the printed pattern and display the
macroscale structure typical of coffee ring phenomena, though
it was slightly less prominent in Figure 3b. The lines were ~190
and ~110 um in width for Figure 3a,b, respectively, indicating
that the droplets formed a large pool on the substrate after
coalescing. In Figure 3¢, the edges of the feature began to
undulate or form a scalloped pattern. There was also evidence
of satellite droplets (highlighted with arrows) being deposited;
however, they had no impact on the morphology of materials
within the deposition. At the widest point, the printed feature is
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~55 pm in width (excluding the satellite droplet) and about
10—20 pm at the narrowest point where successive droplets
came into contact.

In Figure 4a, under maximum coalescing conditions (d; = S
um), the PETN phase had three distinct morphological
structures. In the interior of the printed feature, the crystals
formed both dendrite and long island structures. These
structures were approximately 700 nm to 1 gm in width and
ranged from about 2 to 10 um in length. The PETN also
formed a composite structure with the PVAc binder. Here, it
appeared that the PETN crystals protruding from the PVAc
were again approximately 700 nm to 1 ym in width and
dispersed throughout the binder matrix. This morphology was
prevalent along the edges of the feature, as well as in the large
PVAc islands scattered within the interior.

Under intermediate coalescing conditions (d; = 30 um),
Figure 4b, the PETN phase tended to not form dendrites.
Rather, the morphology consisted principally of both round
island and needle-like structures, as well as the composite
structure with the PVAc phase. The PETN island structures
were slightly smaller than those in Figure 4a. Here, the round
islands were approximately S00 nm to 1 pm in size while the
needle-like structures were 500 nm to 1 um wide and ranged
from about 2 to 8 ym in length. The composite structure was
again prevalent along the edges of the printed feature and in the
PVAc islands scattered throughout the interior. The morphol-
ogy of the PETN in the composite structure was similar to that
in Figure 4a, with protruding crystals approximately 700 nm to
1 pum in width and dispersed throughout the matrix.

Under minimum coalescing conditions (d; = 65 ym), Figure
4c, there was no evidence of large PETN structures. Here, the
crystals had a small, round island morphology ~200—300 nm in
diameter. They also appeared to be slightly more densely
populated near the edges of the deposition. It was not possible
to determine whether the PVAc islands formed a composite
structure as above, due to the difficulty in resolving any
individual PETN crystals within the structure.

Multidimensional Features and Different Binders.
Figures 5 and 6 show the effect of droplet coalescence in the
x- and y-directions (single layer) and «x-, y-, and z-directions
(multilayer) due to changes in d; and d, in a larger, rectangle
feature on morphology development of printed composites.
Figure S5 shows the surface morphology of PETN—PVAc
samples printed on silicon. Figure Sa illustrates the surface
morphology of samples printed under a maximum coalescence-
like condition with d, , set at S um and a single layer of droplets
deposited. The PETN crystals ranged from about 15 to 100 ym
in length and between 5 and 10 pm in width and were typically
square, rectangular, or leaf-like in shape and grew from
perpendicular to parallel orientations to the substrate.

Figure 5b illustrates the surface morphology of multilayer
samples printed under a minimum coalescence-like condition
with d,, set at 100 um and a t; of about 10 seconds. From a
macroscale perspective, the surface in Figure Sb was
characterized by circular and granular features. The circular
features on the surface were typically up to about 50 ym in
diameter, and there was also evidence of coffee ring
development occurring in this “top layer.” This phenomenon
appeared to occur when a droplet was deposited on previously
printed material. The granular features did not appear to be
distinct from the rest of the surface in the manner that
particulate matter would settle onto a surface. It is speculated
that these are the result of droplets (or satellite droplets) which
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Figure 3. Morphology variation of PETN—PVAc composite on silicon in a line feature within the coalescing regime with d; set at: (a) S, (b) 30, and
(c) 65 pum. Schematic insets (not to scale) describe print x-direction in the images and relative changes in droplet spacing between samples.

partially aerosolized between the print head and the substrate
and are typically ~10 ym in diameter.

Figure Sc,d illustrates the two morphological structures
highlighted in Figure Sb. Figure Sc shows the morphology
typical of areas not characterized by a coffee ring structure
(such as those labeled “c” in Figure Sb). Here, the printed
material consisted of a somewhat porous structure which
resembled an agglomeration of powder-like granules less than 1
pum in size. In contrast, Figure 5d shows larger PETN crystals
typically 2—S5 pm in length and about 500 nm to 1 ym in width,
which was characteristic of the morphology in the coffee ring
regions (those labeled “d” in Figure Sb).

Figure 6 depicts the surface and cross-section morphology of
PETN—wax samples on silicon. Figure 6a illustrates the surface
morphology of samples printed under a maximum coalescence-
like condition with d, , set at 5 ym and a single layer of droplets
deposited. Here, the PETN crystals ranged from about 25 to
125 pm in length and were typically between 10 and 20 ym in
width. The crystals were again square, rectangular, or leaf-like in
shape in random orientations to the substrate. Figure 6b
illustrates the cross-section morphology of samples printed with
dy, set at 5 um and multiple layers of droplets deposited with t,
about 10 seconds. The cross-section was produced by fracturing
the sample after printing. The cross-section suggested the
sample consisted of large, randomly oriented PETN crystals
throughout the deposition. This interpretation was based on
(1) the absence of distinct layers through the depth of the
structure and (2) the inability to identify numerous crystals.
The surface morphology of this sample, visible on the right
hand side as viewing Figure 6b, consisted of large rectangular
crystals.

Figure 6c¢ illustrates the surface morphology of multilayer
samples printed under a minimum coalescence-like condition
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with d;, set at 100 um and t; about 10 seconds. The surface
was again characterized by circular and granular features. While
the granular features were similar to those described in Figure
Sb and ~10 pm in size, the circular features were somewhat
smaller, typically 35—40 ym in diameter. They again appeared
to sit “on top” of previously printed material. It was difficult to
identify any individual PETN crystals from the surface
morphology, highlighted with higher magnification in Figure
6d. Note that Figure 6d was captured with the SEM stage at
54°.

Figure 6ef shows a cross-section image of the multilayer
PETN—wax composite printed under a no coalescence-like
condition. Figure 6f was captured using the microscope’s ESB
detector (backscattered electrons). Figure 6e suggests the
morphology was a nanocomposite structure consisting of about
200—300 nm PETN crystals dispersed in a discrete and
continuous binder matrix. Within the printed composite, the
wax phase has the light contrast while the PETN phase has the
darker contrast. This phase differentiation was determined by:
(1) an enhanced contrast difference seen using the ESB
detector as well as the (2) sensitivity to beam damage of the
darker phase which was expected even when cooled after
prolonged beam exposure. This contrast and damage is clearly
visible when comparing Figure 6e,f, where the dark phase has
an increased amount of beam damage in Figure 6f (example
highlighted with arrow) relative to Figure 6e. During
characterization, there was also evidence of voids throughout
the structure, in some cases several micrometers in size.

B DISCUSSION

The development of radial flow in evaporating droplets has
been well studied. This phenomenon produces a coffee ring
structure which has been well documented in inkjet-printed
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Figure 4. PETN morphology variation in a line feature within the
coalescing regime with d; set at: (a) S, (b) 30, and (c) 65 um.

materials, due to a flux of fluid toward the pinned edge of the
deposition and a buildup of solute or sus;)ended particulates
around the edge as the ink evaporates.'”” The large crystals
seen in the coffee ring structures in Figure Sb,d were likely the
result of an increase in contact line pinning due to droplets
being deposited on a rough or topographic material surface (as
opposed to the polished silicon wafer). Previous work has
shown that surface topograghies influence contact line pinning
in an evaporating droplet.”® We speculate that an increase in
contact line pinning (and thus radial flow) occurred, causing
solute to be transported to the edges of the evaporating droplet
where crystal nucleation and growth occurred, resulting in the
formation of larger crystals in the “top layer.” We were unable
to definitively determine whether the lack of a similar structure
in Filgure 6c,d was the result of a competing Marangoni
flow'"* and/or material—ink interactions causing a de-pinning
of the contact line.

The results show that by varying the extent of ink droplet
coalescence it was possible to produce composite materials with
diverse crystal morphologies. When printing in the x-direction
and x- and y-directions, the changes in morphological structure
development in printed materials appear to be the result of (1)
variations in the evaporation of the solvent-based ink and (2)
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corresponding changes in volume and solute concentration.
When printing in the z-direction, morphology development
during multilayer printing appears to be due to either (1)
continuous- or (2) re-nucleation of printed material.

We postulate that the effect of droplet coalescence in the x-
direction and x- and y-directions on PETN crystal size can be
explained using classical nucleation theory. Crystal nucleation
begins to occur once a critical supersaturation is obtained in the
sol;lltion.w The rate (J) at which this occurs can be described
as:

—B
J=48 exP(ln2 s) (1)

where A is the diffusion-limited rate of nucleation, B is the
thermodynamic parameter, and S is the supersaturation which
is a ratio of the solute concentration to its solubility in the
solution.

In this study, the inks were not formulated with the solute at
the critical supersaturation and ink evaporation occurred
rapidly. Therefore, ink evaporation is the mechanism which
increases supersaturation within the printed ink leading to
crystal nucleation. The evaporation rate of the ink after being
deposited on the substrate is influenced by factors such as
droplet (or deposition) size, substrate and atmosphere
temperature, atmosphere vapor content, and gas convection
across the deposition, among others, that control the diffusion
of vapor away from the liquid—vapor interface.’>** As all
samples were printed under similar conditions, changes in the
evaporation rate of deposited ink were likely due to variations
in deposition size or the amount of ink pooling on the
substrate, corresponding to the extent of ink droplet
coalescence.

The influence of size on evaporation rate has been illustrated
in a single droplet sgrstem, where the evaporation rate changes
with droplet radius.”>**> The evaporation rate of a droplet will
decrease with an increase in radius. Previous work studying
printed feature shapes has shown that changing the ink droplet
spacing in a line will influence the uniformity, shape, and size of
a deposition.'”*° Our results showed similar behavior and that
changing the droplet spacing significantly altered the size of a
deposition and degree of ink pooling on the substrate, as
illustrated in Figure 3.

Under our postulation, a large d; spacing will minimize
deposition size and ink pooling, producing a faster ink
evaporation rate and leading to a more rapid increase in the
concentration of dissolved materials, a higher supersaturation
(S) within the printed ink, and a higher nucleation rate (J).
Figure 7 summarizes the relationship between d}, the extent of
droplet coalescence, and the nucleation density of the PETN
phase. The extent of droplet coalescence is expressed as a
dimensionless number, which is a slight modification of the
volume of ink deposited per unit length described by Soltman
and Subramanian.'”” The extent of droplet coalescence is
defined as the ratio of the number of droplets deposited to
produce a printed feature, a function of the droplet spacing,
relative to the maximum number of droplets it would be
possible to deposit using a droplet spacing of S ym:

extent of coalescence
number of droplets deposited

maximum number with S gm spacing

@)
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Figure 5. PETN—PVAc composite samples on silicon. (a) Surface morphology of a single layer deposition printed under maximum coalescence-like
conditions using a d, , of S ym. (b) Surface morphology of a multilayer deposition printed under minimum coalescence-like conditions using a d, , of

100 pm. (c and d) Higher magnification images of characteristic morphology in areas labeled

« »

¢” and “d,” respectively, in (b).

This relationship is only valid within the coalescing regime. An
inverse relationship, a value of 1 corresponds to maximum
coalescence which is produced using a minimum droplet
spacing.

Evident in Figure 7, as the extent of droplet coalescence
decreased, there was an exponential increase in the
experimentally measured nucleation density of the PETN
phase, as evident by the logarithmic secondary axis to the right
of the graph. The plotted values are the normalized averages of
the number of PETN crystals counted within three SEM
images representative of the printed feature, similar to those
shown in Figure 4. The standard deviations for maximum,
intermediate, and minimum coalescing conditions are 0.02,
0.02, and 0.61, respectively. This increase in nucleation density
corresponds with a reduction in PETN crystal size, as the phase
is rapidly depleted by the large number of nuclei within the
deposition resulting from a high supersaturation. Clearly visible
in Figure 4, the crystal size decreased from up to 10 ym to
~200—300 nm in length as d; was increased from S to 65 um.

The correlation between the extent of coalescence, super-
saturation, and crystal size also appears to be operative during
multidimensional printing. By preventing droplet coalescence
in the x- and y-directions with a large d,, spacing, the ink
evaporated rapidly, causing a high supersaturation within the
printed ink. As a result, the growth of the PETN phase was
arrested in the nanoscale, illustrated in Figure 2b where PETN
crystals were 200—500 nm in size and in Figure 2c where
individual crystals were not identified, suggesting a nano-
composite structure. Conversely, when droplet coalescence was
maximized with a small d,, spacing, the ink evaporated
relatively slowly. This resulted in a lower supersaturation within
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the ink and the growth of PETN crystals an order of magnitude
larger in size, as illustrated in Figures Sa and 6a.

When printing multiple layers in the x-, y-, and z-directions,
the morphology development in the z-direction appeared to be
the result of either continuous- or re-nucleation of the organic
crystal phase, schematically illustrated in Figure 8. When a small
d,, spacing was used, ink droplets coalesced to form a pool of
ink on previously deposited material, described in Figure 8a.
This high extent of coalescence correlated to a relatively slow
evaporation and low supersaturation within the printed ink. In
such a situation, morphology development was likely
dominated by solute from subsequent layer depositions
continuously nucleating and growing on existing PETN
crystals. As suggested in Figure 6b, continuous-nucleation
resulted in large crystals throughout the depth of the structure.
Conversely, when a large d,, spacing was used, ink droplets
were prevented from coalescing, described in Figure 8b. The
low extent of coalescence in subsequent depositions correlated
to rapid ink evaporation and a high supersaturation of the
solutes within the printed ink, resulting in re-nucleation of the
organic crystal phase with each deposition. As suggested in
Figure 6ef, re-nucleation resulted in a nanocomposite structure
through the depth of printed material.

A number of industries would potentially benefit from the
ability to easily tailor the morphology of printed materials.
Organic materials are used in applications ranging from
biomedical and pharmaceutical to solar cells and elec-
tronics.>*™%7 Controlling the size, shape, and structure of
materials is essential for producing desired properties. For
example, it has been documented how the morphology and
composition of pharmaceutical particles will affect their
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Figure 6. PETN—wax composite samples printed on silicon. (a)
Surface morphology of a single layer deposition printed under
maximum coalescence-like conditions using a d,, of S ym. (b) Cross-
section of multilayer maximum coalescence-like sample. (c) Surface
morphology of a multilayer deposition printed under minimum
coalescence-like conditions using a d;, of 100 ym with (d) higher
magnification. (e and f) Select cross-section of FIB-milled multilayer
sample printed under minimum coalescence-like conditions. (f) Image
captured using ESB detector.
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Figure 7. Correlation between d;, the extent of droplet coalescence,
and nucleation density of the PETN phase in a line feature within the
coalescing regime.
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Figure 8. Schematic illustrations of (a) continuous-nucleation and (b)
re-nucleation of the organic crystal phase under maximum and
minimum coalescence-like conditions, respectively, when printing
multiple layers in the z-direction.

bioavailability through changes in the initial burst and steady-
state release rate.** In a similar respect, the performance of
organic-based bulk heterojunction solar cells is influenced by,
among other aspects, the nanoscale morphology of the
materials contained in the photoactive layer.*® Further, a
composite material’s mechanical properties are influenced by
factors such as morphology and composition.*®~

The ability to deposit organic composites over a variety of
length scales demonstrates the potential of the one-step, all-
liquid ink formulation approach as a low-cost, high-throughput
method for material synthesis. It has been shown that, by
controlling the extent of droplet coalescence, it was possible to
produce composite materials with the organic crystal phase
ranging from 100’s of nanometers to 10’s of micrometers in
size. In addition, this material synthesis route also offers several
advantages from a process perspective, as the direct-phase
transformation of liquid inks to micro- and nanocomposite
structures minimizes material use, handling, and waste
generation.

B CONCLUSIONS

Organic composite materials were produced over a broad
length scale by the direct-phase transformation of all-liquid ink
to composite material. Composite characterization indicated
that variations in the extent of ink droplet coalescence during
printing generated diverse material morphologies. When
printing in the x-direction and x- and y-directions, variations
in organic crystal morphology correlated to changes in the
supersaturation within the ink as it evaporated, which was
strongly influenced by the extent of ink droplet coalescence due
to changes in the d; and d, spacing. Decreasing the extent of
droplet coalescence reduced the PETN crystal size from about
10 ym to ~200—300 nm in a line feature and from upwards of
100 um to ~200—500 nm in a rectangular feature. In the z-
direction, the three dimensional structure development was the
result of either continuous- or re-nucleation of the organic
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crystal phase, which was also influenced by the supersaturation
of ink in subsequent depositions. Depending on the relative
supersaturation, crystals either continuously nucleated and grew
on previously deposited material or re-nucleated with each
deposition, resulting in a structure composed of micro- or
nanoscale PETN crystals, respectively. The results suggest that
by controlling the extent of ink droplet coalescence during
printing it is possible to vary the evaporation rate and
supersaturation of the solute as the ink evaporates, as a novel
strategy to tailor the nanoscale morphological structure of
printed materials.
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