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ABSTRACT The initiation sensitivity is highly dependent on void structures within an energetic material. It is technically feasible to
modify the initiation sensitivity by lithographically defining the size and distribution of included voids on the micro- and nanoscale.
We proposed a method to pattern organic energetic materials using microcontact printing of self-assembled monolayers. Pentaerythritol
tetranitrate is spin-coated from solution as films onto patterned self-assembled monolayers. Images are presented for arbitrary patterns
created based on the surface chemistry and concentration of the energetic material.
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INTRODUCTION

he sensitivity and reaction propagation rate of explo-

sives depend strongly on the particle size distribution,

surface area, and void volume within the energetic
material. The effect of voids on the impact initiation was
recognized by Apin and Bobolev (1) in the 1940s. In order
to incorporate voids, explosive materials are typically for-
mulated such that the theoretical maximum density is in the
range of 50—95% and is controlled by the packing and
particle size of the explosive (2). Even though it is widely
recognized that included voids modify the sensitivity and/
or output of explosives for ignition and propagation, univer-
sal agreement is lacking about the optimum size of the voids
or the mechanism that leads to ignition (3).

One mechanism of initiation suggests that the voids
contribute to detonation by creating “hot spots” (4) as the
shock wave propagates through the material. The “hot spots”
result when voids undergo a strong shock, resulting in
adiabatic compression, and heating, to several thousands of
degrees (5). Once formed, these hot spots may fail to react
chemically because of thermal diffusion, or they may react
exothermically, thus creating an ignition site in the solid
explosive. These ignition sites then grow in temperature,
size, and pressure, leading to a deflagration or detonation
depending on the physical and chemical properties of the
material. This mechanism has not received universal ac-
ceptance, however. Other studies have concluded that
compression of the voids depends upon the strength of the
initiation stimulus and that shear or plastic work effects may
better explain ignition (6—8).

The sensitivity of explosives is also highly influenced by
the void size. Mechanically damaged explosives, for ex-
ample, can be more sensitive because of an increase in the
number, and size, of voids (9, 10). There is no universal
agreement on the optimum void size, but it is generally
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assumed to be in the range of ~100 nm to a few microme-
ters (11, 12). Outside this range, when the void is too large,
its collapse leads to a deflagration of the explosive either
because of dissipative energy loss mechanisms or by a
reduced volume fraction of the energetic material. On the
other hand, if the void is too small, its collapse will not yield
a high enough temperature to propagate the reaction (3, 13).
By far, the majority of research investigating the effect of
the void size on initiation and propagation is computational
(14, 15). Experimental work, directly incorporating voids,
has typically relied on using microspheres of a specific size
where the spatial distribution of the microspheres is not
controlled (16). To date, there have been limited efforts to
control the size, shape, and period of the void structure
within an organic energetic material.

Continuous films of explosives have been prepared by a
number of methods including spin coating and thermal
evaporation (17). Although large areas (cm) with thicknesses
greater than 1 um could be created using these methods,
voids were not lithographically defined. Other methods of
modifying energetic materials on the micro- and nanoscale
have used probe microscopy. King et al. (18) were able to
show that thin-film energetic materials can be modified by
using a heated microcantilever to sublime or decompose the
energetic material locally, and Nafday et al. (19) performed
dip-pen nanolithography to directly deposit energetic ma-
terials with nanometer precision. However, neither of the
scanning probe methods is suitable for large-scale produc-
tion of voids in energetic materials.

It is technically feasible to design and construct highly
complicated ordered structures of energetic materials to
control the ignition and propagation of the explosive. One
option is to change the substrate surface energy such that
explosives deposited will self-assemble based on the under-
lying chemistry. Dlott (20) initially proposed creating ordered
arrays of metallic energetic materials by using self-as-
sembled monolayers (SAMs) to direct the assembly based
on hydrophilic/hydrophobic interactions. However, there
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FIGURE 1. Schematic diagram of the experimental procedure (not to scale): (A) A template-stripped gold substrate was coated with an MHA
SAM by u-CP. (B) The substrate was covered with a 0.01 M PETN acetone solution. (C) The PETN pattern formed on the substrate areas stamped

with MHA after spin coating.

were no attempts to create patterns of organic energetic
materials in that review.

One method of changing the surface chemistry of a
substrate is to use alkanethiol SAMs on gold, where the
terminal chemistry of the SAM defines the surface energy
(21, 22). In addition, SAM patterns can easily be lithographi-
cally defined through microcontact printing (u-CP) (21).
During the printing process, a SAM pattern, with defined
features, is transferred from a stamp to a wide range of
substrates. By using u-CP, specific areas of the substrate can
have different surface energies and can thus be selectively
wetted. After the patterns are generated, another material,
which has an affinity to one of the patterned areas, is
subsequently deposited. This generic approach has been
used to achieve thin-film transistors composed of conductive
and semiconductive polymers (23, 24).

In the case of subsequent deposition of a material on a
surface, the fabrication of patterns is governed by growth
phenomena that are typically nonequilibrium processes
(25—27). Growth is ultimately governed by the competition
between the kinetics of deposition and the thermodynamics
of the interaction between the substrate and the deposited
molecule (28). For example, if the surface diffusion rate of
the deposited molecules is slower compared to the pattern
formation rate, the pattern growth is essentially determined
by the kinetics and leads to stable structures (27). Therefore,
kinetic control provides an elegant way to manipulate the
structure and morphology of surfaces. Here, we present a
method of creating patterns of pentaerythritol tetranitrate
(PETN) deposited on alkanethiol SAMs.

EXPERIMENTAL SECTION

Materials. Absolute ethanol (99.99 %, Sigma-Aldrich Inc., St.
Louis, MO) was used as the solvent and cleaning agent in the
experiment. Three alkanethiols (all purchased from Sigma-
Aldrich Inc.), 11-mercapto-1-undecanol [HS(CH,),;OH, 99%;
MUQ], 16-mercaptohexadecanoic acid [HS(CH»)5CO,H, 97 % ;
MHA], and 1-undcanethiol [CH5(CH>)oSH, 98 %], were used in
our experiment. These three alkanethiols were chosen to
provide a variety of substrate surface energies ranging from
hydrophilic to hydrophobic. PETN [obtained from Lawrence
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Livermore National Laboratory (LLNL), Livermore, CA, with
purity of 99 %] solutions were prepared using acetone as the
solvent with concentrations ranging from 0.1 to 0.001 M.

Preparation of Gold Substrates. Gold films were prepared
with template stripping gold reported by Wagner et al. (29). A
thermal evaporator operating at 10°°=10~" Torr was used to
deposit 100—200 nm of gold (99.99%) onto cleaved mica
(Allied Electronics Inc., Fort Worth, TX). The mica was cleaned,
prior to coating, in a solution containing 9 parts H,O, (30%
solution) and 1 part NH4OH (20 %) (30) and rinsed with deion-
ized water. Polished silicon wafers (Nova Electronic Materials
Ltd., Flower Mound, TX) were diced into 1 cm x 1 cm pieces
and treated with a Piranha etch solution (98 % H,SO4 and 30 %
H,O; in volume ratios of 3:1; Caution! this solution is strongly
acidic and corrosive) under agitation for 30 min and then rinsed
with deionized water. The cleaned silicon pieces were glued
onto the gold side of the coated mica using Epo-Tek 377 (Epoxy
Technology Inc., Billerica, NM) and annealed at 100—150 °C
for 2 h. The substrates were stored in a vacuum desiccator
before use. Prior to use, the silicon was peeled from the mica,
leaving a fresh gold surface for u-CP.

u-CP. Poly(dimethylsiloxane) (PDMS) stamps were provided
by LLNL. Each alkanethiol was dissolved in ethanol to make a
10 mM solution. The solution was added dropwise to the PDMS
stamp until completely covered in the solution. The stamp was
allowed to dry in air prior to use. Details of the printing process
and fabrication methods used to prepare stamps are described
elsewhere (22, 31).

PETN Pattern Formation. PETN films were formed by drop-
wise application of the solution to the stamped substrate and
spin coating at 1000 rpm for 45 s. A schematic of the overall
process used is shown in Figure 1.

Contact Angles. Water contact angle measurements (using
a Rameé-Hart model-100 goniometer equipped with a CCD
camera) were obtained for each type of monolayer with the
sessile drop technique at room temperature and constant
humidity. The drop snake method (32) was used to determine
the contact angle of each type of monolayer by analyzing the
images collected by the CCD camera. Water contact angles on
MHA, MUO, 1-undecanthiol SAMs, and PETN crystal are 32.0
+ 3°,45.1 £3°,108.0 + 3°, and 64.0 & 3°, respectively.

Imaging. Surface morphology was characterized with a
NanoScope Illa multimode atomic force microscope (Veeco
Instruments, Santa Barbara, CA) operating in tapping mode. All
imaging was performed at scan rates of 0.60 Hz using a
cantilever drive frequency of ~325 kHz. A standard optical

IENAPPLIED MATERIALS 1087

XINTERFACES




120

100 + °

80 1

60

40 A
T

Surface coverage (%)

g
20 1 =
k3

0.00 0.02 0.04 0.06 0.08 0.10 0.12
Concentration of PETN (M)

FIGURE 2. Surface coverage changes with the concentration of PETN.
Insets: AFM tapping mode topographic images of the corresponding
concentrations.
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FIGURE 3. AFM image of PETN lines patterned on an MHA SAM
surface (20 x 20 um?). Inset: High-magnification image of the native
gold (2.2 x 2.2 um?).

microscope (AmScope Inc., Chino, CA) was used to collect the
optical image of the patterns.

RESULTS AND DISCUSSION
The PETN films formed on the alkanethiol SAMs appear

to follow the Yong—Dupre principle (33) and are proposed

-

to be most dependent on the surface energy. However, it
cannot be ruled out that there is a chemical interaction
between the acid group on the SAM and the nitroether group
on the PETN. Our results suggest that interaction between
the PETN molecules and substrates can be adjusted by the
surface energy with different thiol SAMs. A number of thiols
were investigated to form thin films including MUO, MHA,
and 1-undecanthiol. These three alkanethiols were chosen
based on their different surface energies (water contact
angles given in the experimental section). Although it was
possible to create films on both MUO and 1-undecanthiol, it
was difficult to achieve reproducible, continuous films, even
at high concentrations. Using the most hydrophilic surface,
MHA, continuous PETN films could easily be generated.

Initial experiments were conducted to determine the
optimal concentration of PETN required in making repro-
ducible surfaces with complete coverage on MHA. These
surfaces were not stamped but rather the SAM was formed
by soaking the gold in the thiol solution for 30 min. Figure 2
shows the results on surface coverage based on the PETN
concentration and corresponding atomic force microscopy
(AFM) images. At lower concentrations, disconnected layers
form on the substrate. Above ~0.05 M PETN, a continuous
layer is formed on the substrate.

Lithography experiments were initially performed by
stamping arbitrary patterns of MHA onto a gold surface.
Then PETN was coated by spin-casting as described above.
AFM images of the lines are shown in Figure 3. During the
spin-casting, the PETN solution is deposited over the entire
surface (both stamped and unstamped regions). It is pro-
posed that during drying PETN migrates to the MHA pat-
terned surface. This has been shown to be the case with
other materials deposited in a similar fashion (34, 35). High-
resolution AFM images were also collected in the unstamped
region for comparison to the coated regions. Calculations

FIGURE 4. Optical images of PETN formation on the complex patterns. Scale bars are as shown in the pictures. Tapping-mode AFM image of
complex patterns on the MHA SAM surface. Scan area: (A) 30 x 30 um?; (B) 50 x 50 um?.
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comparing the volume of PETN in the MHA-coated and
-uncoated regions indicate that the uncoated region had less
than 3% of total coverage (~0.01 % by total mass).

In order to use this method in creating structures for
initiation studies in energetic materials, we demonstrated
its general applicability by using it to create arbitrary pat-
terns. We prepared a complex square and a “triple L” pattern
prepared with the same procedure. Optical images and AFM
images are shown in Figure 4. Although the optical images
appear to show that the films are not continuous, the AFM
images demonstrate that continuous coating is achieved. It
is believed that optical effects based on the localized thick-
ness, density, and/or crystallinity in the nanometer thin film
give rise to differences in the optical images.

Although other methods can be used to deposit PETN on
surfaces, patterning of PETN on gold surfaces has been
shown to be difficult using thermal evaporation to make
continuous films on gold because the rapid nucleation of
PETN often results in dendrites or faceted crystals (36). In
addition, thermal evaporation may decompose the explosive
during deposition. Hence, the pattering method proposed
in this study is a unique approach, where with control of the
concentration and substrate surface energy, continuous
films and arbitrary patterns of explosives can be generated.

CONCLUSION

u-CP of SAMs in combination with subsequent deposition
can potentially be used as a universal patterning approach
for energetic materials. By careful control of the pattern size,
shape, and period, this technique can provide a new method
for studying the mechanisms of initiation and propagation
in energetic materials where inhomogeneity has been shown
to be an important parameter (4). Thus far, there have been
no techniques to produce well-ordered arrays of high explo-
sives where both the voids and the energetic component can
be controlled. The procedure outlined can be used to pro-
duce patterns with vertical and lateral dimensions ranging
from 100 nm up to many micrometers and may lead to a
better understanding of the initiation mechanisms based on
“hot spot” formation.
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