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Reactive vapor deposition (RVD) allows researchers to coat a diverse set of textiles with robust films of conju-
gated macromolecules and build conformally-integrated nanostructured electronics on textiles. However, the
number of precursors amenable to RVD are limited, which in turn limits the variety of device architectures and
optoelectronic functions that can be integrated with textile substrates. Here, we develop a dehydrogenative
coupling reaction that can be used to create uniform, conformal and patternable polycyclic aromatic hydro-
carbon (PAH) coatings on textiles using RVD protocols. PAHs possess large absorption coefficients, tunable band
edges, high charge carrier mobilities and ambipolarity, meaning that a number of photonic and optoelectronic
devices can be elaborated from the coatings reported here. We discuss, in particular, a fluoranthene/perifluor-
anthene composite PAH coating created using RVD, which exhibits strong light absorption over a large wave-
length range and accompanying intermolecular energy transfer, qualifying it as a competitive photoactive

material for conformally integrated, textile-based solar energy harvesters.

1. Introduction

Reactive vapor deposition (RVD) protocols employ mild vacuum
(1072 Torr) to deposit conformal and patternable films of conjugated
macromolecules onto complex topographies [1,2]. By forcing vaporized
reagents to converge over a surface, a chemical reaction (typically, an
oxidative polymerization) and film growth occur concurrently. Due to
the low temperatures and mild reactants used to effect this process, RVD
is ideal for non-destructively integrating soft electronic materials with
textiles and garments for various wearable applications, including en-
ergy storage [3], body heat harvesting [4] and personal thermal man-
agement [5]. Various sulfur heterocycles, such as thiophenes [1,6], 3,
4-ethylenedioxythiophene [2] and 1,3-dihydroisothianaphthene [7],
and one metalloporphyrin [8] have been subjected to oxidative depo-
sition using a small selection of custom-built reactors. However, we still
need to demonstrate that constitutionally-complex monomers can be
subjected to RVD protocols to form macromolecules with as much
specificity and control as can be expected from traditional,
solution-phase chemical synthesis methods. This endeavour is particu-
larly necessary to develop a library of macromolecules with diverse and
controllable optical and electronic properties, which are needed to

integrate complex optoelectronic devices with flexible, non-planar
substrates, such as woven or knit textiles.

As a starting point, we focus our efforts on a class of organic com-
pounds called polycyclic aromatic hydrocarbons (PAHs), on account of
their large absorption coefficients [9,10], tunable band edges [11], high
charge carrier mobilities and ambipolarity [12,13]. PAHs display low
solubility in a range of common solvents and are generally difficult to
synthesize/purify at scale and process into large-area films [11]. A small
selection of pyrolysis-based [14] and surface-assisted [15-17] tech-
niques are used to synthesize PAHs in low (milligram) quantities for
mechanistic and spectroscopic analysis. However, the specific demands
of these processes (ultra-high vacuum and either pyrolytic conditions or
oriented metal surfaces) disqualify them from being invoked for com-
plex device fabrication, particularly on textile substrates.

Advantageously, PAHs are oxidizable and amenable to sublimation,
meaning that they are perfect candidates for RVD. Here, we develop a
strategy to form uniform, conformal PAH coatings on textiles using RVD
protocols. The key to our strategy is to start with a hydrogenated pre-
cursor molecule—instead of the final, desired PAH repeat unit struc-
ture—to enable the oxidative chemical reaction at a reasonable
temperature (< 250 °C) and pressure (10~ Torr). Working specifically
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with a hydrogenated fluoranthene precursor, we create a composite PAH
coating that displays the added benefits of broadband absorption in the
visible region (up to 660 nm) and efficient resonant energy transfer
(downconversion) between its two main constituents. Broadband ab-
sorption and downconversion find relevance in a variety of nano-
photonics applications, including bioimaging and photodynamic
therapy [18], and are especially useful for simultaneously increasing the
photoactive window of and minimizing thermalization losses in photo-
voltaics [19]. In sum, the work we present sets the stage for seamlessly
adding photonic and photovoltaic functions to a wide range of com-
mercial textiles.

2. Results and discussion

Cyclodehydrogenation is a versatile synthetic strategy to create
PAHs and has been performed using electrochemical [20] and chemical
[21] techniques. An exemplary precursor for these reactions is the flu-
oranthene molecule 2, whose symmetrically reactive structure yields
extended PAHs upon chemical [22] or electrochemical [23] cyclo-
dehydrogenative coupling. However, volatilizing 2 requires impracti-
cally high temperatures (m.p. 403 °C) or ultra-low pressures (10~ Torr)
that inhibit reliable film formation when using RVD protocols. To
address this problem, we posited that the more volatile, hydrogenated
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fluoranthene precursor, 1 [22,24], could undergo both cyclo-
dehydrogenation and oxidative coupling during RVD (Fig. 1). Specif-
ically, we hypothesized that exposure of 1 to FeCls and heat would
trigger both dehydrogenation at the arylic positions and coupling at the
peri positions, thereby forming fluoranthene and perifluoranthene
structures (2 and 3, respectively), as well as higher order PAHs.
Compound 1 remains an especially heavy monomer (MW = 480.188
g/mol) when compared to others commonly used in RVD (MW < 150 g/
mol) [2]. Accordingly, we utilized a custom-built cylindrical quartz
hot-wall reactor (Fig. 1) [1] with constricted path lengths to vaporize
powders of 1 and FeCls. The reagents were arranged and heated in
separate crucibles as depicted in Fig. 1, with the optimum substrate
position determined through iterative experimentation (optimizing for
large-area film coverage and uniformity). The crucible containing
compound 1 was not heated beyond 250 °C to prevent thermal degra-
dation (Fig. S1). Vapors of 1 and FeCl; were transported outside the
heated regions using a small flow (< 2 sccm) of nitrogen gas, wherein a
dark green film developed on the reactor walls. Substrates placed
outside the heated region, including glass, silicon, ITO and various
textiles, were fully coated by the dark green film. These coated sub-
strates were then subjected to a 1:9 toluene:methanol rinse for 5 min to
remove any remaining metal salts and by-products. Ultraviolet-visible
(UV-vis) absorption spectroscopy showed the depletion of low-energy
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Fig. 1. (a) Hot-wall reactor and process conditions used to perform reactive vapor deposition (RVD) of polycyclic aromatic hydrocarbons (PAHs) using compound 1.
(b) Schematic of the cyclodehydrogenation and oxidative coupling reaction that takes place during this RVD process and the molecular structures of the two PAHs in
the resulting film. (c) Topographical AFM images of RVD films on glass substrates after rinsing in alcohol to remove metal salts. (d) UV-vis absorption spectra of three
separately deposited RVD films (left) and a table comparing their absorption values at 458 nm and 628 nm (right) to show batch-to-batch reproducibility.
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absorption features with rinsing, likely corresponding to the quenching
of radical cationic species (Fig. S2) formed during the oxidative depo-
sition process. Further, analysis of the rinsed films using energy
dispersive X-ray (EDX) spectroscopy confirmed that iron and chlorine
were removed after rinsing (Fig. S2c).

Topographical images of the surface of rinsed RVD films, as acquired
using atomic force microscopy (AFM), are provided in Fig. 1c. The im-
ages exhibit 100 nm sized clusters that are randomly distributed across
the surface. X-ray diffraction spectra of the rinsed films only display
peaks from the underlying substrate (Fig. S3), suggesting the films have
an amorphous morphology, consistent with other phenyl-substituted
perifluoranthenes [12,13]. The UV-Vis absorption spectra of three
films taken from separate deposition batches display similar absorption
profiles, which speaks to the remarkable batch-to-batch reproducibility
of this RVD process (Fig. 1d, Table S1). For each sample, an absorption
feature is observed at 330 nm, followed by a broad band between 400
and 500 nm and one vibronically-resolved band at higher wavelengths.

We found the absorption band between 400 and 500 nm particularly
notable, given that perifluoranthene derivatives, such as 3, do not display
any absorbance features in this region. Based on its UV-vis absorption
spectrum, we suspected that the RVD film was a composite and, indeed,
thin-layer chromatography of partially-dissolved RVD samples revealed
the presence of both a yellow and a blue-colored compound, which can
be ascribed to the absorbance features at 458 nm and 628 nm, respec-
tively (Fig. S4). The table in Fig. 1d compares the ratio of intensities at
458 nm and 628 nm observed for RVD films from three different de-
positions. The ratio of these absorbance intensities is largely invariant
across different depositions, suggesting that this RVD process can reli-
ably create composite films with consistent compound ratios.

Next, we attempted to dissolve the RVD films with an organic solvent
to perform various spectroscopic characterizations for ascertaining
chemical composition, and to compare their optical properties with
those of well-defined control compounds synthesized following litera-
ture procedures (Fig. 2). Despite PAHs being weakly soluble in many
common solvents, their absorption profiles can nonetheless be measured
at very dilute concentrations due to their high oscillator strengths [12].
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Therefore, even though we could not completely dissolve the RVD films,
we isolated dilute solutions that were sufficient to record UV-vis ab-
sorption spectra, 'H nuclear magnetic resonance (NMR) spectra and
mass spectra. The solution UV-vis absorption spectra of dissolved RVD
films resembled their solid-state equivalents, albeit with narrower band
widths, slight hypsochromic shifts and more finely resolved spectral
features. Using the solution and solid-state absorption spectra of
chemically-synthesized compounds [22-24] as references, the two
constituents (one yellow, one blue) of the composite RVD films could be
tentatively assigned as compound 2 and compound 3, respectively. Two
signals at m/z values of 478 and 952 in the laser desorption ionization
mass spectrum (LDI-MS, Fig. S5a) of the RVD films unambiguously
confirmed these structure assignments. Lastly, the 'H NMR spectrum of
a dissolved RVD film (Fig. S5b) lacked any peaks in the vinylic region
(between 5.0 and 5.5 ppm), indicating that compound 1 is absent. These
characterization efforts collectively confirm that compound 1 undergoes
both cyclodehydrogenation and oxidative coupling during RVD to create
a composite film (an organic alloy) of compounds 2 and 3 that, together,
create a broadband absorption profile in the visible region.
Interestingly, optical features arising from higher order, or extended,
PAHs were not observed in RVD films, meaning that higher molecular
weight species were not produced in notable quantities during the
oxidative coupling process. To explain this observation, we turned to
electronic structure calculations of 2 and 3 (Fig. S6). Previous semi-
empirical calculations revealed that the highest occupied molecular
orbital (HOMO) of 2 displays the largest orbital coefficients at the peri
positions, meaning that coupling should primarily occur at these posi-
tions [25]. Our ab initio HF/6-31G calculations (Fig. S6) agree with these
reports, which clarifies the reason we are able to exclusively isolate the
dimeric perifluoranthene structure 3 without forming a mixture of
constitutional isomers. Interestingly, the calculated HOMO of 3 reveals
that the peri carbons have very small orbital coefficients—0.1034 in 3 vs
0.2779 in 2—denoting that these accessible end sites do not contain
sufficient electron density to produce PAH coupling products at
reasonable rates. Only the carbon atoms in the bay and cove positions of
3 possess large enough orbital coefficients and sufficient electron
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Fig. 2. (a) Solution-phase absorption spectra of compounds 1 (green), 2 (red), 3 (blue), and a partially-dissolved RVD film (purple). (b) Thin film absorption spectra
of compounds 1 (green), 2 (red), 3 (blue), and an RVD film (purple). A valley was observed between 400 and 500 nm in the absorption spectrum of dropcast 3. (c)
Absorption (grey) and emission spectra (purple) of an RVD sample excited at 458 nm. The black curve is an emission spectrum of neat 2 (dropcast). (d) Illustration of
energy transfer between 2 and 3 in an RVD film. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)
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density to participate in oxidative coupling; however, these sites are too
congested to form extended PAHs.

Emission spectra of the RVD films were recorded upon excitation at
either 458 nm (the absorption maximum of compound 2) or 628 nm (the
absorption maximum of compound 3). Two emission peaks arise when
the RVD films are excited at 458 nm (Fig. 2 and S7): the first at lep, 524
nm, identical to the emission spectrum of neat 2 (dropcast), and the
second at de, 693 nm, identical in shape to the emission spectra of neat 3
[22]. No emission was observed when exciting thin films of neat 3 at
458 nm. Importantly, the emission peak at 693 nm is the only feature
observed when the RVD films are excited at 628 nm. These observations
indicate the presence of resonant energy transfer between compounds 2
and 3 in the composite RVD film. The calculated efficiency of resonant
energy transfer from 2 to 3 in this composite film is 25% + 10%, which is
a reasonable efficiency considering that the RVD films are amorphous.
Given the distance dependence of resonant energy transfer, which de-
cays as R®, we infer that compounds 2 and 3 must be separated by less
than 100 nm from each other in the RVD films. This distance is com-
parable to the size of aggregates seen in our films using AFM imaging.
The aggregates must, therefore, be composed of an intimate mixture of 2
and 3 to enable the observed resonance energy transfer, suggesting that
2 and 3 do not phase separate from one another during the RVD process
or upon post-deposition rinsing. The uniformly well-mixed nature of this
composite film is remarkable, as physical, electronic and excitonic
coupling between components in a mixed molecular solid are hard to
achieve [26].

To further confirm electronic coupling between 2 and 3 in the RVD
films, the valence band spectrum and related secondary electron cutoff
photoemission spectrum of the films were recorded on ITO using ul-
traviolet photoelectron spectroscopy (UPS, Fig. 3). The valence band
spectrum provides a distribution of the condensed-phase binding en-
ergies (vs. vacuum level) of the occupied electronic states in a material.
As a reference, a thin film (ca. 50 nm) of compound 2 was prepared via
spincoating and its corresponding UPS spectrum was compared to that
of the RVD films. The measured valence band edges of 2 (—5.86 eV) and
the RVD films (—5.70 eV) are illustrated in Fig. 3b. The higher-lying
valence band edge of our RVD samples supports the presence of elec-
tronic coupling between 2 and 3, as interaction with the larger n-system
of 3 should raise the valence band edge of the RVD films in relation to
pristine films of 2. For comparison, the valence band edges of peri-
fluoranthenes with shorter conjugation compared to 3, such as tetra-
phenyldibenzoperiflanthene (DBP), lie at ca. —5.5 eV [27]. The
conduction band edges of 2 (—3.36 eV) and the RVD films (—3.88 eV)
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were calculated from their lowest energy absorption band edges.
Because the RVD films are composed of both compounds 2 and 3, with
the lowest-energy absorption feature arising exclusively from the latter,
the true conduction band of the composite films lies between —3.36 eV
and —3.88 eV.

Patterned films were formed on both planar and non-planar surfaces
using straightforward shadow-masking during RVD. Fig. 4a shows flu-
oranthene/perifluoranthene composite films patterned in the shape of a
triangle and a rectangle following rinsing with 1:9 toluene:methanol to
remove metal salts. Patterned films maintained well-defined edges after
mask removal and solvent rinsing. Images of the same films are provided
in Fig. 4b after a second solvent soak (25 min) in 1:9 toluene:hexane.
The film color changes from a forest green to a grey-blue, indicating that
the optical properties of the RVD films can be fine-tuned by deploying a
second solvent soaking step. The table provided in Fig. 4c compares the
raw absorbances of an RVD film at 458 nm and 628 nm as a function of

L——— —_—
(c)
Washing time (min) A, Ags AyselAc2s
2 2.58 2.05 1.26
4 2.16 1.92 1.13
10 1.67 1.76 0.95
20 1.30 1.62 0.80

Fig. 4. Patterned PAH composite films grown on glass using RVD (a) before
and (b) after soaking in 1:9 toluenechexane to fine-tune color. (c)
Table comparing the absorbance of an RVD film at 458 nm and 628 nm at
different soaking times with 1:9 toluene:hexane. The black lines are 0.5 cm
scale bars. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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soaking time (corresponding spectra are provided in Fig. S8a). The
absorbance at 458 nm decreases at a faster rate compared to that at 628
nm, suggesting that compound 2 is selectively removed from the RVD
films with a toluene/hexane soak. Indeed, the absorption spectrum of
the toluene/hexane bath in which the RVD films were soaked exactly
matches the solution-phase absorption spectrum of pure 2 (Fig. S8b).
Linen swatches were also pattern coated with the same fluo-
ranthene/perifluoranthene composite using RVD (Fig. 5a). Again, the
RVD coating maintained well-defined edges on the prewoven linen
substrates, even after the first solvent rinse to remove metal salts. The
aforementioned toluene:hexane soaking step was also found to be
effective for fine-tuning the final color of the RVD coating on linen: films
change their apparent color from blue-green to blue after the toluene:
hexane soak (Fig. 5b). Composite films were also deposited on
conductive carbon cloth for imaging by scanning electron microscopy
(SEM). Optical images of pristine carbon cloth depict a dark grey
interwoven fabric (Fig. S9a), while SEM images of the uncoated samples
reveal the striations of individual fibers (Fig. S9b). The carbon cloth
substrates take on a visible green tint after being coated (Fig. S9¢) and
striations are no longer observed via SEM (Fig. 5¢ and S9d). These im-
ages reveal that the deposited PAH composite film wraps uniformly
around the circumference of each individual fiber within the carbon
cloth, which is an expected result due to the relatively high pressures
(10723 Torr) used during RVD. As a comparison, physical vapor deposi-
tion (PVD) of tetraphenyldibenzoperiflanthene (DBP) was performed
under ultrahigh vacuum (1077 Torr) on carbon cloth. SEM images of this
film (Fig. 5d) reveal that large areas of the carbon cloth remain uncoated
and that non-uniform aggregates of DBP are present over small regions
of random fibers. These observations speak to the unique effectiveness of

30 um

(d) | 20 ym

PVD (107 Torr)

Fig. 5. Patterned PAH composite coatings on textiles. (a) PAH coating on linen
and (b) the same linen swatch after soaking in 1:9 toluene:hexane to show color
tunability. (c) SEM image of carbon cloth coated with a PAH composite using
RVD. (d) SEM image of carbon cloth coated with the molecular semiconductor
DBP using physical vapor deposition, showing irregular, nonuniform coverage.
(For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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RVD as a processing technique for depositing uniform films of conju-
gated macromolecules on topographically complex substrates, such as
textiles.

3. Conclusions and future directions

We use a custom-built hot-wall reactor to enact a dehydrogenative
coupling reaction that simultaneously synthesizes and deposits a com-
posite PAH film onto topologically complex surfaces. The dehydrogen-
ative coupling reaction is performed using reactive vapor deposition
protocols and proceeds in a similar fashion, inside our reactor, as
compared to solution-based precedents. Spectroscopic characterizations
indicate that the films are a well-defined mixture of fluoranthene and
perifluoranthene structures (compounds 2 and 3), and electronic
structure calculations suggest that molecular orbital densities limit the
formation of higher order PAHs. Conformal and uniform coatings of this
PAH composite can be created on textured and non-planar substrates,
which is challenging to achieve with large or extended PAHs. Moreover,
since the dehydrogenative coupling reaction is not substrate directed,
thick and patternable films of these fluoranthene/perifluoranthene
composites can be easily and reliably fabricated on any commercial
textile. The composite films exhibit broadband and tuneable absorption
of visible light (up to 660 nm), with compounds 2 and 3 also partici-
pating in resonant energy transfer to facilitate optical downconversion.

The unique attributes of the PAH composite film reported herein are
thus: (1) They expand the repertoire of molecules amenable to RVD
protocols. (2) They are patternable and conformal over inert, non-planar
substrates, such as textiles. (3) Their optoelectronic properties, encom-
passing broadband absorption and resonance energy transfer (down-
conversion), make them attractive candidates for conformally
integrated textile-based solar energy harvesters. Considering these ad-
vantageous features, work is currently being conducted in our labora-
tory to incorporate this composite PAH film into textile-based solar
energy harvesters.

4. Experimental procedures
4.1. Materials

All solvents and reagents were purchased from Sigma Aldrich and
used as received without further purification. 7,14-diphenylacenaphtho
[1,2-k]-fluoranthene (1), 6a,14a-dihydro-7,14-diphenylacenaphtho
[1,2-k]fluoranthene (2), and 4,4’,7,7’-tetraphenyldiacenaphtho[1,2-
k:1°,2’ k’]diindeno[1,2,3-cd:1’,2’,3’-lm]-perylene (3) were synthesized
following protocols reported by Miillen et al. [22].

4.2. Deposition protocols

Glass, ITO, and silicon substrates were cleaned using the following
sequence prior to any depositions: (1) sonication in a detergent solution
for 5 min, (2) Rinsing with DI water followed by additional sonication in
acetone for 5 min, (3) immersion into boiling isopropanol for 5 min (2x),
and (4) treatment with UV-ozone for 30 min.

Reactive vapor deposited samples were prepared by loading com-
pound 1 and FeCl; into tungsten and ceramic crucibles, respectively.
The distance between the crucibles and vacuum outlet/gas inlets of our
reactor were kept consistent across all deposition batches. Substrates,
including glass, ITO coated glass, silicon, linen fabric, and carbon cloth
were taped onto PET and wrapped into a cylinder around the inner walls
of the reactor and adjacent to the crucible containing 1. The reactor was
then pumped down with an Edwards direct-drive vacuum pump and
maintained at pressures between 40 and 100 mTorr with a nitrogen gas
inlet. Two resistive heating tapes were placed adjacent to each other and
wrapped around regions of the reactor that contained 1 and FeCls. The
substrates, while adjacent to 1, were not within the heated region. The
tape surrounding FeCls was heated to 190 °C, while that surrounding 1
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was heated to 250 °C. The oxidant region began heating 2 min before the
region containing 1 in order to maximize the intersectional area of both
vapors. The length of the depositions, from when the oxidant region
began heating to when the heating tapes were removed, lasted 20 min.
In the case of samples prepared for ultraviolet photoelectron spectros-
copy (UPS), the depositions were stopped after 15 min to yield thinner
films. This type of RVD protocol, in which both reagent vapors intersect
continuously and simultaneously throughout the deposition, is often
referred to as oxidative chemical vapor deposition. The films were then
washed for 20 min in 1:9 toluene:methanol followed by 10 min in 1:9
toluene:hexane, unless otherwise stated. RVD films fabricated over 20
min long depositions had film thicknesses of ca. 200 nm following
washing.

Physical vapor transport of 1 was conducted using the aforemen-
tioned hot-wall reactor. However, oxidant was purposefully removed
from the deposition, resulting in a yellow thin film of 1 as a control
sample.

Physical vapor deposition (PVD) of tetraphenyldibenzoperiflanthene
(DBP) was conducted in a commercial PVD chamber (Angstrom Nexdep,
USA). DBP was placed in an aluminum crucible and loaded into the
thermal evaporator. The sample was evaporated at a base pressure of 5 x
1077 Torr. The films were deposited on carbon cloth at a rate of 0.3 A/s
up to a thickness of 250 nm, as monitored using an in situ quartz crystal
microbalance.

4.3. Characterization

All thin films were prepared using RVD, unless otherwise noted. The
thermal stability of 1 was determined using a TA Instruments thermal
gravimetric analyzer (TGA) Q-500 at a ramp rate of 10 °C/min under
nitrogen. Ultraviolet-Visible (UV-Vis) absorption spectra were collected
using an Agilent 8453 spectrophotometer. Solution-based samples for
absorption measurements were prepared by dissolving each compound
in toluene at an appropriate concentration to yield a maximum ab-
sorption value below 1. Emission spectra of thin film samples were
collected on a Horiba Jobin Yvon Fluorolog22 fluorimeter with an
excitation wavelength specific to their absorption spectra. Mass spectra
were acquired using an ultrafleXtreme MALDI-TOF mass spectrometer
(Bruker Instruments, Billerica MA) equipped with a smartbeamTM laser
at 355 nm. All samples were run without a matrix in reflectron mode. 'H
NMR spectra were obtained using a Bruker Avance 400 MHz nuclear
magnetic resonance spectrometer. All measurements were taken in
deuterated chloroform. UPS measurements were conducted using an
Omicron SPHERA hemispherical analyzer with a He I light source (21.2
eV) and samples were prepared on ITO-coated glass.

Field-emission scanning electron microscopy (SEM) and energy-
dispersive X-ray (EDX) spectroscopy were carried out using a Magel-
lan 400 microscope. Thin film surfaces were also characterized using
atomic force microscopy (AFM) (Veeco Dimension 3100, NY, USA). AFM
images acquired under tapping mode were conducted with a PPP-NCHR
cantilever (Force constant = 42 N/m, Nanosensors, Switzerland).

4.4. Calculations

Electronic structure calculations were performed using the Gaussian
09’ software suite (HF/6-31G). Molecular structures were geometry
optimized to a global minimum before molecular orbitals were
calculated.
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