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Methods and Materials

Precursor solutions

Methylcellulose (MC, 15 kDa, 17 kDa, 41 kDa, 63 kDa), polyethylene glycol 400 (PEG 400,
average Mn 400 Da), ethylene glycol (EG), gelatin, Poly(N-isopropylacrylamide) (PNIPAAm),
hydroxypropyl methylcellulose (HPMS) and LUDOX® TM-50 colloidal silica (50 wt%
suspension in H20) were used as received from Sigma Aldrich. 50 nm PVP-capped gold
nanoparticles were obtained from nanoComposix and used as received. The mixed solution of 60
wt% deionized water with 40 wt% Ethanol (Koptec, 200 proof pure ethanol) was used as the
carrier solvent for the precursor solutions of electrospray deposition (ESD). The concentration of
MC precursor solution was fixed at 1 wt% in water:ethanol mixed solution (60 wt%:40 wt%) and
used for all parametric studies. Different ratios of MC with LUDOX®, EG and PEG 400 are
used for adjusting the viscosity of MC, in order to investigate the wire formation behavior of MC
with its blends. 50 nm gold nanoparticles were prepared with MC and MC:PEG 400 by keeping
the concentration of total composition solids as 0.3 wt% in water:ethanol mixed solution (60
wt%:40 wt%). MC samples (flow rates, spray temperatures, molecular weights, spray distances
and additive components series) and HPMS samples were prepared by keeping the concentration
of total composite solids as 1 wt% in water:ethanol mixed solution (60 wt%:40 wt%), and the
different solid loadings study was completed by varying the concentrations as 0.125 wt%, 0.25
wt%, 0.5 wt%, 1 wt%, and 2 wt%. Gelatin and PNIPAAm samples were sprayed from 0.25 wt%
precursor solutions. The different ratios of MC:EG, MC:PEG 400, MC:50 nm gold nanoparticles

and MC:LUDOX® blends were 0:1, 2:1, 5:1, 1:1, 1:2, 1:5, 1:0 by mass.

Electrospray setup



Electrospray was conducted as described previously'. The set up includes the following five
main parts: a syringe pump, a stainless steel needle (Sai Infusion, 20 gauge, 1.5”), and a steel
focusing ring (inner diameter of 2 cm and an outer diameter of 4 cm) were connected with two
high-voltage power supplies (Matsusada Precision Inc. RB30-30P), and a 10 c¢m circular
collection silicon wafer was placed on a hotplate. The focusing ring was positioned 1 cm above
the spray needle in all but the tree spray in Fig. 5c. A disposable syringe (5 mL NORM-JECT®)
was used for delivering spray solution which passes through the conductive needle with high
voltages to produce sprays. The silicon wafer was clipped with a ground wire during spray.

Silicon wafers and chips were cleaned and degreased by acetone and ethanol before spray.

Spray conditions

Taylor-cone jet sprays were achieved for all experiments in this study. The humidity was
controlled between 55%-70% for each spray. All samples except the spray distances series were
conducted using 6.2 kV as the driving voltage and the focus voltage was kept between 2.4 kV to
3.8 kV. The 3D coating of the Thoweil Hinoki Cypress was sprayed at 7.4 kV without the focus
ring. Spray distance was fixed as 4 cm from spray needle to collection substrate. 30 °C, 50 °C,
70 °C, 90 °C, and 110 °C were used for the spray substrate temperature series, all samples were
sprayed for 30 min and used a flow rate of 0.25 mL/hr. For the flow rate and spray time series,
the spray substrate temperature was 90 °C. 0.02 mL/hr, 0.05 mL/hr, 0.15 mL/hr, 0.25 mL/hr, and
0.35 mL/hr were employed for making different flow rates samples, and sprayed total solids
were kept as constant by varying spray time. For the time series study, 15 min, 30 min, 60 min,
90 min and 120 min were selected as spray times and the flow rate was 0.25 mL/hr. The spray

distances series was prepared at a distance of 7 cm, 6 cm, 5 cm, and 3 cm by adjusting the spray



voltage to obtain a stable spray at a similar voltage over distance (an effective field strength). For
the blends study of MC with LUDOX®, EG and PEG 400, all samples were collected at 0.25
mL/hr with the spray distance of 4 cm and spray substrate temperature of 90 °C. MC:PEG 400
samples were sprayed for 30 min, and the MC:LUDOX® and MC:EG samples were sprayed for
60 min. 50 nm gold nanoparticles with MC and MC:PEG 400 composites were prepared at 0.15
mL/hr with a spray distance of 4 cm for 30 min and a spray substrate temperature of 90 °C.
PNIPAAm, gelatin and HPMS samples were sprayed at 0.10 mL/hr with a spray distance of 4 cm
for 30min, and spray substrate temperatures of 25 °C, 60 °C, and 90 °C. The hole array was
prepared with MC and MC:PEG 400 (5:1) at the flow rate of 0.25 mL/hr for 5.5 hr with ~ 40%
humidity. The spray voltages were 8.0 kV and 8.3 kV respectively, and the spray temperature
was 90 °C. The hole depth array consisted of a 2.5 cm stainless steel cube with 16 holes of
diameter 0.3175 cm and depths ranging from 0.05-0.81 cm placed on a silicon wafer clipped
with a ground wire on a heating plate. The spray needle was placed 4 cm from the hole array
horizontally and 6 cm vertically. The 3D coating of Thoweil Hinoki Cypress was completed by
using 1 wt% 5:1 (5:1) (MC:PEG 400) : 50 nm gold nanoparticles in 60 wt%:40 wt% weight-
basis water:ethanol at 25 °C, with a spray flow rate of 0.20 mL/hr for 30 hr and humidity of
~40%. The spray voltage was 7.4 kV and the spray needle placed 4 cm above the tip of the tree

vertically and 3 cm behind the tree horizontally.

Sample characterization
The morphologies of sprayed thin films were characterized by a Zeiss Sigma Field Emission
Scanning Electron Microscope using in-lens imaging for single wire images and backscattering

imaging at a 45-degree angle for cross-sectional images. For thickness measurements of the hole



array, samples were smoothed in water vapor by placing in and removing from a refrigerator,
whereby the coatings were smoothed by condensation of ambient humidity. A microscopic
reflectometer (Filmetrics FA0EX) with a custom motorized stage (Zaber E13F33E) and mapping

software were used for measuring thickness of thin films.

Dissipative particle dynamics simulation

We exploit dissipative particle dynamics (DPD) coupled with electrostatic calculations to uncover
the dynamics and morphological evolution of highly charged polymeric droplets in ESD. The focus
of computational modeling is to provide insight into the coupling of solvent evaporation, charge
dynamics, and polymer/solvent transport that determines the final morphology of the deposit. DPD
is an off-lattice particle method that is widely used to model complex fluidic systems on the
mesoscale’ . In DPD, each spherical bead represents a group of small molecules, whose dynamics
is governed by Newton’s second law. The nonbonded interactions between beads i and j include
three components: conservative force, dissipative force, and random force. The total force on bead

i is thus obtained as F; = ),(F lC] +F B- +F 5-). To reduce computational cost, similar to other

particle-based simulations, the summation of nonbonded interactions in DPD runs over only

neighbors within a certain cutoff radius 7, from the reference bead i.

The conservative force is given by a soft-core repulsion as F 8 = a;;(1 — 7;j)e;j, where a;; is the
maximum repulsion between beads i and j; 1 = |rl- — rj| /7. is the inter-bead distance
normalized by the cutoff radius; e;; = (ri — rj) / |ri — rj| represents the force direction. The

interaction strength between beads of the same species is set to 25 to reproduce the compressibility

of water. The miscibility of different fluid components is controlled by an excess repulsion defined



as the difference between the cross-species repulsion and the same-species repulsion. The
magnitude of excess repulsion can be quantitatively related to the interfacial tension between

incompatible fluids through mapping to the mean-field Flory-Huggins theory>*~’. A large value of

excess repulsion leads to the phase separation of two fluids. The dissipative force F B-, determined
by the relative velocity of two beads v;; = v; — v;, is given by Fli)j = —ywp(rij)(eij - vij)e;.

The random force is given by F?j = owg(1;j)¢ij€;j. ij is a random variable with Gaussian
statistics (&;;(t)) =0 and (&;(t)&;r ;7 () = (6447657 + 6;70;;)0(t —t) . wp and wyg are
arbitrary weight functions depending on the interparticle distance. y determines the strength of

viscous dissipation and ¢ is the noise amplitude. The temperature of a DPD system T is controlled
. . o . 2
inherently through the fluctuation-dissipation theorem given that [WR (n- ])] = wp (ri j) =

(1 -1 j)z and 02 = 2kgTy, with kg being the Boltzmann constant. The dissipative and random
forces are adopted from Brownian dynamics but modified into symmetric pairwise forms so that
the total momentum of the system is conserved. In this manner, the hydrodynamic interactions can
be properly reproduced in the DPD simulations®'°. The DPD simulations commonly use the cutoff
radius 7. and the energy of thermal fluctuation kgT to define the characteristic length and energy

scales, respectively, while considering all beads having the same mass m. Based on the

dimensional analysis, the characteristic time for DPD is thus given as T = /mr2/kgT. We present

the simulation results in reduced units with 7., m, and kgT all set to 1, which also yields T = 1.

Electrostatic interactions in DPD
Sprayed droplets acquire significant net charge in ESD. Therefore, long-range electrostatic

interactions must be explicitly incorporated to accurately predict the dynamics and deformation of



droplets. We applied a particle-mesh method to model the evolution of electric field and compute
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the electrostatic interactions between charged components °. Briefly, the electrostatic

interactions are considered among off-lattice DPD beads that carry charges, but the calculation of
electric field and force is performed on a square mesh overlaying with the simulation domain'.
The point charge of a DPD bead is carefully distributed to their nearby mesh nodes so that the
center of partial charges on the nodes coincides with the bead position. The smeared charge
distribution prevents catastrophic binding of oppositely charged ions subject to DPD repulsion that
is only soft-core. The electric force applied on the charged bead is then obtained by solving the
nondimensional Poisson equation on the mesh by the finite difference discretization and the real-
space successive over relaxation (SOR) method. The red-black SOR method is applied to
parallelize the Poisson solver for simulating large-scale systems'2. Notably, our electrostatic solver
can readily define the dielectric constant of each fluid phase and thus capture the effect of dielectric

contrast across a fluid-fluid interface, which is important for simulating a charged droplet

suspended in air. The details of the electrostatic calculation are described in our previous work'!"12,

Charged polymer droplets

We modeled the net charge carried by a polymeric droplet as explicit ion beads. The discrete
treatment of charge is not only fully compatible with the particle-nature of DPD, but also couples
the movement of ions driven by fluid flow with its dynamics in the electric field. The initial
configuration of the droplet was constructed as a spherical domain of radius 20, which was filled
with a mixture of aqueous solvent, polymer, and ion beads. The initial number concentrations of
solvent, polymer, and ion are 90.0%, 9.75% and 0.25%, respectively. An individual monodisperse

polymer chain was modeled as a sequence of N, = 200 DPD beads connected by harmonic bonds.



Thus the polymer beads experience additional bond force given by Fy, = —k(r;; — b)e;; with k =

64 being the spring constant and b = 0.5 being the equilibrium bond length. The droplet was
placed at the center of a 60 X 60 X 60 simulation box and surrounded by air beads. The average
number density was 3 for both the droplet and air phases and the total bead number of the droplet

was 100,480.

Simulation parameters
The interaction strength among all components within the droplet were all set to a;; = 25 to model
a homogeneous polymer solution that is sprayed. The air beads interact with the solvent and

polymer beads unfavorably, with the parameters being a,,, = a,, = 100 to capture the surface

tension of the droplet. Each ion bead carries a charge of 0.5, which makes the charge density of
the droplet to be 0.125%. Although a charge per bead of unity is typically used in previous DPD

studies'*!?

, we set the charge per ion bead to 0.5 to prevent unphysical behavior of ion beads across
the droplet-air interface. The dielectric contrast across the interface of aqueous droplet and air
influences the electrostatic interaction. For simplicity, the relative permittivity ratio between the
droplet and air phase was set to 100 in the Poisson solver to properly capture the effect of dielectric
contrast.!! The interaction strength between the air and ion beads was set to a very high value of
a,. = 1000 to ensure the ion beads are confined inside the droplet at the early stage of evaporation.

All simulations ran 10,000 time steps for equilibrium before turning on electric field, the time step

of the simulations was set to 0.04.

Evaporation model



To model evaporation, we gradually deleted solvent beads located at the droplet surface to model
the escape of the solvent molecules from the liquid phase. Solvent beads having air beads within
the cutoff radius 7. were identified as candidates for removal. We defined the number of removed
surface beads per time step as the evaporation rate. This study probes an evaporate rates range
from 1 to 100 beads per time step. The simulation was terminated when all solvent beads were
deleted and the polymer was considered to be solidified, resulting in the final morphology of the
sprayed droplet. Notably, the DPD method simulates incompressible fluids and thus the total
number density of the system must remain approximately constant. As a result, the simulation box
is replenished with air beads as solvent beads are deleted. To avoid unphysical effect on the system
dynamics, the new air beads were introduced only near the edge of the simulation box, away from

the droplet.

Polymer skin formation

Fig. S2a confirms the development of a densified polymer skin at the surface of droplet, which
was driven by the evaporation-induced advection.!® This skin with much higher polymer
concentration will naturally generate a pronounced viscosity gradient in the droplet. This result is
consistent with the shell formation in a majority of sprays and also provides evidence that the
bead-on-string morphology is associated with the presence of evaporation-driven viscosity
gradient. Fig. S3a-c compares the final morphologies of dried polymer in simulations performed
at different evaporation rates, in which the skin formation was also confirmed (Fig. S4).

Consistent bead-on-string geometries were obtained.

Nanowire formation under suppressed evaporation



In experiments, the physical evaporation rate is typically much higher than the rates of mutual
diffusion of polymer and solvent in the droplet. However, the evaporation rate is readily
adjustable in the DPD simulation. This allows us to uniquely predict what will happen if the
characteristic time scales of evaporation and diffusive processes are comparable. Fig. S2b shows
that the polymer maintained its homogeneous distribution inside the droplet when evaporation
was simulated at a much lower rate (e.g., 1 bead per time step). No skin formation was observed
under slow evaporation. In this regime, the formation of the Taylor cone pseudopods was
inhibited, and the droplet only developed one filamentous protrusion during deformation, as
shown in Supplementary Movie 3. The final geometry was nanowire (Fig. S2c¢). The entire
morphology development resembles the one observed in Supplementary Movie 2 where the
solvent was uniformly removed. These simulations provide strong evidence that the nanowire
formation requires uniform droplet viscosity, while the presence of a significant viscosity

gradient promotes the development of bead-on-string morphology.
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Fig. S1 Kinetics of simulated droplet evaporation. The square of the diameter of a pure solvent

droplet under evaporation as a function of DPD simulation time. The rates of removing the
solvent beads at the droplet surface are 10 and 100 beads per time step. The solid lines are linear

fittings of the data, showing that the evaporation rate is proportional to the bead-removal rate.

12



+10%
+50%
+90%

Fig. S2 Evolution of polymer density distribution during evaporation. (a, b) Radial polymer
density profiles in the uncharged polymeric droplets in the DPD simulations at the instance when
10%, 50%, and 90% of solvent has been evaporated. The evaporation rates are (a) 100 and (b) 1
bead(s) per time step. The shaded error band represents the standard deviation of 5 independent
runs. The insets are the corresponding cross-sectional snapshots of the droplet after evaporation
of 90% of solvent. (¢) Final morphology of the charged polymeric droplet obtained at the

evaporation rate of 1 bead per time step.
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Fig. S3 Final droplet morphologies under different evaporation conditions. (a-c) Bead-on-string
morphologies obtained under physical evaporation with rates of 10, 20, 50 beads per time step,

respectively. (d-f) Consistent nanowires developed during homogeneous removal of the solvent
beads at the rates of 3, 5, and 8 beads per time step, respectively. The green spheres are polymer

beads. Vapor beads and ions are not shown for clarity.
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Fig. S4 SEM images of different gels spray. (a) 0.25 wt% PNIPAAm sprayed at substrate
temperature of 25 °C from a 2:8 weight-basis water:ethanol blend; (b) 0.25 wt% gelatin sprayed
at substrate temperature of 60 °C from 3:2 weight-basis water:ethanol blend; (¢) 1 wt% HPMC
sprayed at substrate temperature of 90 °C from 3:2 weight-basis water:ethanol blend. All sprays

were conducted at the spray distance of 4 cm for 30 min at a flow rate of 0.1 mL/hr.
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Fig. S5 SEM images of short time sprays of isolated single wires from 1 wt% MC sprayed in
different flow rates: (a) 0.02 mL/hr, (b) 0.05 mL/hr, (¢) 0.10 mL/hr, (d) 0.20 mL/hr, (e) 0.25
mL/hr. All sprays were conducted at a spray distance of 4 cm for 0.167 min and a substrate

temperature of 90 °C from 3:2 weight-basis water-ethanol blend.
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Fig. S6 SEM images of short time sprays of isolated single wires from MC of different loadings:
(a) 0.125 wt% MC, (b) 0.25 wt% MC, (c) 0.5 wt% MC, (d) 1 wt% (5:1, MC:PEG 400), (e) 1
wt% (1:1, MC:PEG 400), (f) 2 wt% MC. All sprays were conducted at the spray distance of 4 cm
for 0.167 min, with a spray flow rate of 0.25 mL/hr and a substrate temperature of 90 °C from

3:2 weight-basis water-ethanol blend.
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Fig. S7 SEM images of short time sprays of isolated single wires from 1 wt% MC of different
molecular weights: (a) 17 kDa, (b) 41 kDa, (c) 63 kDa. All sprayed were conducted at the spray
distance of 4 cm and a substrate temperature of 90 °C from 3:2 weight-basis water-ethanol blend.
All sprays were conducted at a spray distance of 4 cm for 0.167 min and the substrate

temperature of 90 °C from 3:2 weight-basis water-ethanol blend at the flow rate of 0.25 mL/hr.
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Fig. S8 SEM images of short time sprays of isolated single wires from 1 wt% MC of different
spray distances: (a) 7 cm, (b) 6 cm, (c) 5 cm, (d) 3 cm. All sprays were conducted at a flow rate
of 0.25 mL/hr for 0.167 min and a substrate temperature of 90 °C from 3:2 weight-basis water-

ethanol blend.
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Fig. S9 SEM images of 1 wt% MC:silica particles sprayed in different ratios: (a) 5:1; (b) 1:1; (c)
1:2; (d) 1:5; (e) 0:1. All sprays were conducted from 3:2 weight-basis water-ethanol blend, the
spray distance of 4 cm in the flow rate of 0.25 mL/hr with a substrate temperature of 90 °C. (a-d)

were sprayed for 60 min, (e) was sprayed for 100 min.
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Fig. S10 SEM images of 1 wt% MC:EG sprayed in different ratios: (a) 5:1; (b) 3:1; (c) 1:1. All
sprays were conducted from 3:2 weight-basis water-ethanol blend, the spray distance of 4 cm and

the flow rate of 0.25 mL/hr with a substrate temperature of 90 °C for 60 min.
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Fig. S11 SEM images of 1 wt% MC:PEG 400 sprayed in different ratios: (a) 1:0; (b) 5:1; (c) 2:1;
(d) 1:1; (e) 1:2; (f) 1:5; (g) 0:1. All sprays were conducted from 3:2 weight-basis water-ethanol
blend, the spray distance of 4 cm in the flow rate of 0.25 mL/hr with a substrate temperature of 90

°C for 30 min.

22



2

e
NV © wehne
s
-

=

Lo
L
L]

=
X
:

(=]
-
L5

Effective Particle Diameter (um)

0.b1 011
Flow Rate (mL/h)
Fig. S12 Linear fit on a log-log scale of particle diameter as a function of flow rate for particles

having the same volume as a cylinder with the diameter and length of the mean NWs in the flow

rate series. The fit has a slope of 0.48, an x-intercept of -0.04, and an R? value of 0.94.

23



3.0

€ 2% } = 1%MC

200l o ;o 1% 5:1 MC:PEG

3 l

ch 1.5 j % i

S 1.0 ; ; % |

< ’ % "5

= 0.5 i .t i i % i J
0.0- -]

0 1 2 3 4 5 6 7 8
Depth (mm)

Fig. S13 Average of four thickness measurements from holes of different depth of smoothed MC
(black) and MC:PEG 400 (5:1) sprays. Sprays were conducted without a focusing ring at 8 kV of
potential, a flow rate of 0.25 mL/hr, a spray distance of 4 cm, 6 cm vertical, and a spray substrate

temperature of 90 °C for 5.5 hours. Penetration into the deeper holes is indicative of a self-

limiting electrospray deposition.
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Pt/C + Nafion

Chaparro, A.; Folgado, M.; Ferreira-
Aparicio, P.; Martin, A.; Alonso-Alvarez, 1.;
Daza, L. Journal of The Electrochemical
Society 2010, 157, (7), B993-B999.

Flakes'

CsH2POg, Pt on carbon,
Poly(vinyl pyrrolidone)

Varga, A.; Brunelli, N. A.; Louie, M. W.;
Giapis, K. P.; Haile, S. M. Journal of
Materials Chemistry 2010, 20, (30), 6309-
6315.

Table S1. A limited collection of observed morphologies from electrospray deposition.

T The formation of flakes appears to arise from crystallization of the deposited material and is somewhat distinct

from the phenomena discussed here.
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. Flow Molecular . Spray Focus Spray -
Con(c;l::/r z)mon Ratio Rate Weight Tem:)oecrilture Dl(sct:::;ce S(%lv‘;%l;t Voltage Voltage Time Hu(l(l,l/“)hty
° (mL/hr) (kDa) (kV) (kV) (min) °
30 6.2 2.5 65-70
50 6.2 2.8 55-60
MC
Temperature 1 / 0.25 14 70 4 32 6.2 2.8 30 55-60
Series
90 6.2 1.8 29
110 6.2 2.8 55-60
6.2 2.8 15 55-60
6.2 2.8 30 55-60
. Mc . 1 / 0.25 14 90 4 372 6.2 2.8 60 55-60
Time Series
6.2 2.8 90 55-60
6.2 2.8 120 55-60
0.02 6.2 5.2 225 43
0.05 6.2 3.0 90 43
MC
Flow Rate 1 / 0.15 14 90 4 32 62 23 30 43
Series
0.25 6.2 2.8 18 43
0.35 6.2 1.8 12.86 43
7 10.8 8.4 23
MC
Spray Dl‘stances 1 025 14 90 6 3 9.3 7.8 30 23
Series
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7.8 4.0 23
4.7 0.3 20
5:1 6.2 2.2 63
3:1 6.2 2.2 53
MC:EG 1 0.25 14 90 3/2 60
2:1 6.2 22 58
1:1 6.2 22 48
5:1 6.2 2.5 50-55
2:1 6.0 2.0 51-53
1:1 6.2 24 60 51-53
MC:Silica 1 025 14 90 32
Nanoparticles
1:2 6.2 22 51-53
1:5 6.2 2.8 51-53
0:1 6.2 3.0 100 50-55
5:1 6.2 33 25
2:1 6.2 33 24
1:1 6.2 33 25
MC:PEG 400 1 0.25 14 90 32 30
1:2 6.2 3.5 25
1:5 6.2 3.5 24
0:1 6.2 5.1 24
0:1 6.2 33 15-20
MC:50 nm
Gold 0.3 0.15 14 90 32 30
Nanoparticles
1:5 6.2 2.5 15-20
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1:2 6.2 3.0 15-20
1:1 6.2 2.7 15-20
2:1 6.2 2.5 15-20
5:1 6.2 2.8 15-20
1:0 6.2 2.5 15-20
0:1 6.2 3.3 18
1:5 6.2 2.7 18
1:2 6.2 2.8 18
(5:1) 1:1 6.2 2.9 18
(MC:PEG 0.3 0.15 14 90 32 30
400) : 50 nm
Gold
Nanoparticles 21 6.2 2.5 18
5:1 6.2 2.5 18
1:0 6.2 2.5 18
0.02 6.2 5.2 45
0.05 6.2 3.0 45
MC
Flow Rate 1 / 0.10 14 90 32 62 23 0.167 45
Series
Single Wire
0.20 6.2 2.8 45
0.25 6.2 1.8 45
0.125 6.2 29 45
MC 0.25 6.2 2.4 45
Concentration /
Series 0.25 14 90 3/2 0.167
Single Wire 0.5 6.2 22 45
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2 6.2 2.2 45
5:1 6.2 2.6 45
1
(MC:PEG 400)
1:1 6.2 33 25
14 6.2 2.3 45
MC 17 6.2 2.6 45
Molecular
Weight Serics 1 / 0.25 90 4 312 0.167
Single Wire 41 6.2 3.0 45
63 6.2 25 45
7 10.8 8.4 23
MC 6 9.3 7.8 23
Spm‘gg'iset:"ces 1 / 0.25 14 90 32 0.167
Single Wire 5 7.8 4.0 23
3 4.7 0.3 20
PNIPAAm 0.25 25 6.5 / 23
Gelatin 0.25 60 6.4 / 23
/ 0.10 / 4 312 30
HPMC 1 90 6.2 25 23
MC 4
4X4 hole 1 / 0.25 14 90 (horizontal) 312 8.0 / 330 40
array of depth
MC:PEG 400 6
4X4 hole 1 5:1 0.25 14 90 (vertical) 312 8.3 / 330 40
array of depth
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3D Tree
(5:1)
(MC:PEG
400) : 50 nm
Gold
Nanoparticles

5:1

0.20

25

3
(horizontal)

4
(vertical)

32

7.4

1800

40

Table S2. Experimental parameters for electrospray samples.

33




Movie S1.

Bead-on-string morphology of a sprayed polymer droplet developed in the simulation under
physical evaporation at a rate of 100 beads per time step.

Movie S2.

Polymer nanowire formation in the simulation with random removals of solvent beads at a rate
of 2 beads per time step.

Movie S3.

Polymer nanowire formation in the simulation under physical evaporation at a rate of 1 bead per
time step.

Movie S4.

2000X time lapse video of gold nanoparticles being sprayed on a Thoweil Hinoki Cypress
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