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ABSTRACT: In the past decade, the phosphorescence of metal-free confined polymer structures has generated interest in
optoelectronics due to their sustainability, low toxicity, and deployment in sensing applications. Herein, a free-standing array of
laterally organized nanofibers was prepared via templated chemical vapor deposition polymerization into a liquid crystalline (LC)
phase, and their optical properties were compared to compositionally identical films. The fibers converge into laterally aligned
membranes that maintain a high internal order despite the surfaces of the membranes remaining uniform and closed. The
membranes consisted of hourglass-shaped nanofibers with features in the micro- and nanometer regime. Free-standing nanofiber
membranes differ from polymer films of equivalent chemical composition in several key features: (1) Anisotropic growth of polymer
nanofibers with constraint and compliance to an LC template, (2) a high surface-to-volume ratio, and (3) the occurrence of a long-
lived emission in the blue region, which persists for multiple seconds after excitation. This study constitutes the first report of long-
lived emission from solid-state poly(p-xylylenes) nanofibers. Prospective applications of morphologically controlled polymer arrays
with structural luminescence include organic sensors and optoelectronic devices.

KEYWORDS: liquid crystal (LC) templated chemical vapor deposition (CVD),
3D laterally organized free-standing nanofiber membranes, surface enhancement, room-temperature luminescence, phosphorescence

B INTRODUCTION

The photophysical response of solid-state organic compounds
that exhibit luminescence can be utilized in a range of different
optoelectronic or bioimaging applications.”” The structural

The origin of emission due to structural properties in
organic nanostructures can be varied.® Examples include edge
or core luminescence due to unique boundary conditions” and
various types of 7—7 interactions relative to the transition
dipole of the effective molecular orbital of a subunit.'’
However, the emergence of emission from long-lived states
in closely interacting systems typically occurs due to the
presence of a delocalized exciton.'' Delocalized excitons may
be a trapped singlet that has a very long-lived relaxation,'” a
trapped singlet that gives an otherwise dark triplet state a
chance to populate,'® an increase in the overlap of the singlet

emergence of phosphorescence at room temperature typically
coincides with exceptional conformational order, unique
molecular packing, high rigidity, and/or global morphology
of suitable chemical composition.””* Generally, this emergent
response is due to triplet interconversion (S, — S, — T,); the
structural components of this change to a phosphorescent state
include the induction of strong z—n interactions, dipole—

electron interactions (such as +6—m or +&—lone pair), Received: August 24, 2022 EIAE

dipole—dipole interactions, and/or the introduction of Accepted: January 25, 2023 7
delocalized/trapped excited states. This effect is further Published: February 9, 2023 3 *‘y‘Q

enhanced if the chemical or structural composition stabilizes d
;‘ 4{«“ -

an excited triplet state (after intersystem crossing), generating
1,5-7

long-lived emission.
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and triplet,"* or something more exotic," such as the effects
observed in natural light-harvesting systems.'®™"

In the case of nanoscale solid-state polymeric structures,
three mechanisms tend to dominate if phosphorescence
emerges in the nanostructure but is not observed in the
unstructured bulk polymer.”'' In one mechanism, conforma-
tional changes in the backbone may lead to ordering or
symmetry breaking that does not occur in the bulk materials."’
This may result in the production of delocalized excited states
that possess “fuzzy” selection rules (ordering), leading to
enhanced interconversion to otherwise dark triplet states.'”'”
Conversely, symmetry breaking may lead to trapped excitons
that allow for an otherwise slow and unobserved interconver-
sion to occur based simply on superior kinetic conditions."
The second mechanism is one in which the nanostructure
dictates interchain interactions, similar to aggregation-induced
emission, which may induce the same two effects: delocaliza-
tion or trapping.12 In this case, the effect may be regional
(arising at the surface, in the core, or at the ends of
structures).”'” The third mechanism is exclusive to highly
ordered and very small structures, where defects in the
structure function similarly to defects or doping in semi-
conductor quantum dots.”'>***" The defects give rise to the
long-lived states by functioning as quantum wells that trap
excitons outside of the emergent band structure. In most
polymeric systems where crystalline “quantum boxes” are not
present, such as nanofibers and nanorods, the mechanism for
the emergence of phosphorescent character is a blend of both
the first and second mechanism: both intrachain and interchain
electronic interactions are induced by the nanostructure of the
system, giving rise to emergent optical phenomena.

Though the mechanisms for organic phosphorescence in
nanostructures may be convolved, much of the interest in these
synthetic systems is inspired by naturally occurring structures
where both structural and chemical optoelectronic effects are
in play.”” Despite attempts to adapt some of these long-lived
emissive systems to luminescent or energy conversion
applications, the emergence of structurally induced phosphor-
escence has not been fully explored.”” From a synthetic
perspective, solid-state room temperature phosphorescence
can be achieved with a suitable set of structural, regional, and
chemical properties, leading to changes in the emissive
properties.””**™** One strategy that is inspired by nature
arises from the use of ordered support systems, specifically the
use of liquid crystals. Liquid crystals (LCs) can be utilized to
help guide, grow, or position materials to generate nano- and
microscale order. This, in turn, can lead to structurally induced
changes in luminescent properties.4’26

Herein, we report polymer membranes with high lateral
organization via the implementation of free-standing LC films,
in which the LC film serves as a template and is later removed.
The resultant three-dimensional structures possess structurally
emergent phosphorescence that is not observed in bulk films of
identical chemical compositions.””*”*® Preliminary work by
our team has centered around using LCs to template aligned
nano- and micro-structured nanofiber arrays on supportive
%3 These works have used LC templates during
chemical vapor deposition (CVD) polymerization to produce
morphologically controlled, high-molecular-weight poly(p-
xylylene)-based nanofibers.””*"

substrates.
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B MATERIALS AND METHODS

Materials and Sample Preparation. 4-(Amino)[2.2]-
paracyclophane (PCP-NH,) and 4-(aminomethyl)[2.2]-
paracyclophane (PCP-CH,NH,) precursors were synthesized as
described elsewhere.*”** The LC E7 (nematic mixture of
cyanobiphenyl and cyanoterphenol components) was purchased
from Merck. The rectangular transmission electron microscopy
(TEM) copper grids (1.00 cm X 040 cm X 15.00 um, type
AGB7753) with a pore width of 200 ym and a bar width of 40 ym
were bought from Agar Scientific. The 30% hydrogen peroxide
solution, concentrated sulfuric acid, ethanol, and isopropanol were
purchased from Merck.

Before LC loading, the copper grids were exposed to oxygen
plasma (Pie Scientific Teveo) or sonicated for 10 mins in a piranha
solution (30% hydrogen peroxide and concentrated sulfuric acid, 7:1)
and rinsed with deionized water, ethanol, and isopropanol.
Subsequently, the TEM grids were mounted onto 1.40 cm X 0.80
cm X 600 pm rectangular stainless-steel frames (Microphoto, Inc.). 2
uL of E7 was dispensed with a glass capillary (Marienfeld Superior,
prod. No.: 2930203) and suspended in the free-standing TEM-grid
pores. Afterward, the construct was heated to 35 °C and slowly cooled
down to room temperature, allowing the LCs to air-align. The
constructs were placed inside the CVD chamber and utilized
immediately for CVD polymerization. The system was pumped
down in 20% increments and purged with 20 sccm Ar-flow until a
system pressure of 0.2 mbar (+/—0.05 mbar) was reached. After
stabilization of the CVD pressure, 10—20 mg of the respective
precursors (PCP-NH, or PCP-Me-NH,) was sublimed and then
pyrolyzed into the reactive quinodimethane intermediate at 660 °C.
Recombination of the reactive gas then led to the formation of 4-
(amino)- or 4-(aminomethyl)-substituted poly-para-xylylene inside
the TEM-grid pores. The setpoint for the stage temperature was set to
between —10 °C and 0 °C. A thermal probe was used to determine
the relationship between this setpoint of the stage and the
temperature of the substrate in this system, with the actual substrate
temperature calculated to be between 15 and 20 °C. To prevent
preferential deposition on the chamber surface, a heating mantle was
utilized to increase the temperature of the chamber (80 °C mantle
setpoint).

After CVD polymerization, the samples were placed into a glass
petri dish filled with ethanol (first) and isopropanol (second) for 10
min in order to remove the remaining LC film after CVD
polymerization. The samples were then dried under atmospheric
conditions prior to chemical, topographical, and photophysical
analysis. Some samples were retained in which the LC was not
removed, as noted in later analysis.

Imaging. Vertical Scanning Interferometry. Information about
film geometry and surface character was obtained with a Bruker
Contour GT-KO device and analyzed with Vision 64 software
(Bruker). These measurements were carried out on the TEM grids
that possessed the LC, LC with film, and the films after LC removal.
Briefly, the Bruker 3-D optical microscope is a combination of phase-
shift imaging and white light interferometry utilizing the wavelength-
dependent diffraction as height information with high vertical (<0.3
nm) and lateral (<380 nm, Sparrow Criterion) resolution and broadly
categorized as vertical scanning interferometry (VSI). Moreover, the
option of taking measurements with a green light source is given.
Limitations for the height measurement range without generating
phase jumps, when using phase-shift imaging solely, is 4/4 (ca. 100
nm for green light). Magnifications were obtained with either a SX or
a 50X objective in combination with either a 1X or 0.55X field of view
(FOV) lens, giving the following x—y (lateral) FOVs: $X/0.55X, FOV
1.74 X 1.30 mm; 5X/1X, FOV 96 X 72 um; 50X/1.0X, FOV 960 X
720 pm. Depth profiles were obtained with a back scan that was set to
S pm, the depth set to 10 pm, and automated thresholding. As
presented, images were stitched together from 20 smaller images to
produce an image with FOV 300 X 300 gm using 25% overlap.
Stitching, flattening, leveling, and masking operations were made to
unify the stitched FOV in Vision 64 and MountainsMap (v7.4)

https://doi.org/10.1021/acsapm.2c01477
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Figure 1. Fiber Growth. Solvent-less CVD polymerization to form free-standing nanofiber. (1) Initially, the precursor monomers (either PCP-
CH,NH, or PCP-NH,) are sublimed with heat under vacuum. (2) Argon (carrier gas) transports the monomers into a furnace (660 °C) and
converts them pyrolytically into reactive intermediates. (3a) The reactive intermediate is carried into the reactor chamber where the LC substrate
resides. (3b) The intermediates dissolve into the aligned, nematic LC (E7) suspended film, and fibers are grown. (3c) Removal of the LC results in

a porous aligned nanofiber array.

software. For minimizing the signal to noise-ratio, the device was
positioned on a vibration-damping table in a class 10,000 cleanroom.

Fluorescence Microscopy. Microscopic measurements were
obtained using a Nikon Eclipse 80i microscope, equipped with an
X-Cite Series 120Q (ExFo) excitation source, Photometrics CoolSnap
EZ CCD camera, and NIS Elements software (Nikon, v5.20.02);
quantitation was performed using the FIJI distribution of Image]
(v1.53c) with data presentation in Origin Pro (v9.9.0.225). A filter
cube appropriate for DAPI excitation and emission was used (360/30
excitation filter, 465/30 emission filter, and 450 nm dichroic mirror).
For all samples, a collection of the fluorescence images occurred with
20 ms integration time and a gain of 1 with a 10X lens;
phosphorescence images were obtained through 2 min of exposure
to excitation, delivered through a 4X lens followed immediately by
blocking of the excitation source, and the initiation of imaging with a
10X lens (<1 s between steps); an integration time of 20 s was used
for the collection of the phosphorescence images.

Scanning Electron Microscopy. An environmental scanning
electron microscope, Thermo Fisher Scientific Quattro, was used to
inspect nanoscale system features. Backscattered electron images were
taken with a concentric backscattered detector at an accelerating
voltage of 8 kV and a working distance of ca. 9 mm. Secondary
electron images (Supporting Information) were recorded with an
Everhart—Thornley detector at a working distance of 10 mm and an
accelerating voltage of 3 kV. Prior to these investigations, the samples
were coated with a conductive layer of approx. 2 nm Pt
(Hochvakuum-CoaterLeica EM ACE600). Scanning electron micro-
graphs presented in Figure S3 were sputtered with a 3 nm thick gold
layer and analyzed with a Zeiss LEO 1530 SEM, with an InLense
detector, EHT of 7 kV, and a working distance of 2.76 mm. By
inspection, values higher than 8 kV EHT not recommended since
they can induce a phase transition in the polymer (i.e., melting).

Atomic Force Microscopy. Atomic force microscopy (AFM)
measurements were performed with a Veeco Dimension Icon Atomic
Force Microscope (Bruker, USA) operated in PeakForce Quantitative
Nanoscale Mechanical mode. A Scanasyst-Fluid probe (Bruker, USA)
was used, with nominal values of k = 0.7 N/m, radius = 20 nm, and =
150 kHz. The probe oscillated along the vertical axis in off-resonance
at 2 kHz. The image resolution was 256 X 256 pixels, and the analysis
of the AFM data was performed by Nanoscope Analysis software
(Bruker, USA).

Photophysical Methods and Analysis. Emission and excitation
spectra, as well as emission lifetime spectra, for both the membranes
and bulk materials were obtained with a QuantaMax (Horiba)
spectrometer equipped with double monochromators, halogen and
xenon lamps, a 360 nm picosecond diode laser (Delta Diode), a PMT
detector, and time-correlated single-photon counting detector.
Excitation and emission spectra were taken at 1 nm increments (2
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nm slit width for both monochromators). TCSPC measurements
were obtained using 360 nm excitation operated at a frequency of 10
MHz, with a collection wavelength of 425 nm (14 nm slit width).
Phosphorescence measurements were obtained with xenon lamp
illumination (360 nm excitation, 14 nm slit width, 1000 Hz) and
collection at 425 (14 nm slit width). All nanofiber film measurements
were obtained from duplicate samples that were then each measured
in triplicate from different regions of the films with analysis performed
on the average for each sample for each method. No significant
differences between duplicates were observed. Bulk films were
measured in triplicate. Analysis was performed in Origin (OriginLabs,
v9.8) for steady-state measurements. Emission lifetime measurements
were assessed using DecayFit (fluorotools.com, v1.4) through
deconvolution of the instrument response function (IRF). Decay
results were then confirmed through re-convolution in Origin. All
graphical results were presented with Origin. Fluorescence and
phosphorescence average lifetimes are calculated from 7, = >(at?)/
3(at;) from the component lifetimes (presented in Supporting
Information).

B RESULTS AND DISCUSSION

Herein, we report a LC-templated CVD polymerization
approach to build free-standing poly(p-xylylene)-based mem-
branes with high lateral order that exhibit long-lived solid-state
luminescent properties at room temperature. While it was
previously observed that [2.2]paracyclophane derivatives
possessed some long-lived emission (seconds-scale) when
frozen in ethanol at 77 K by Hopf and co-workers,”* these
small molecules were also found to be effectively nonemissive
at room temperature. Our hypothesis that aligned nanofiber
structures can contribute to long-lived emission will be
explored via wide-field emission microscopy, steady-state
spectroscopy, and through emission lifetime studies.

Prior studies by our team®”’"”> have included the
preparation of unidirectional LC-templated surface-aligned
nanofibers that were synthesized via CVD polymerization.
Additionally, the feasibility of air-supported LC systems has
been reported by Hartono et al.’*™* Lastly, extensive
characterization of this class of polymers has been done to
confirm both polymer structure and the retention of
substituted functional groups.’”~* In this work, the two
strategies (LC templating with free-standing LCs) were
combined for the purpose of generating free-standing nano-
fiber polymer membranes (Figure 1). A detailed procedure for
the formation of those membranes via LC-templated CVD
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polymerization in air-suspended LC films has been given in the
experimental section (flow rate 20 SCCM, 21.6 mg monomer,
660 °C furnace, —10 °C deposition stage). Multiple additional
batches were generated with varying monomer mass (5.4—21.6
mg) and deposition stage temperature (—15 to 0 °C) to
explore the design space. Carbon-free TEM grids (copper, 200
X 200 um pores) were utilized as an array of wells for the
suspension of LC materials into a collection of free-standing
films. Under these conditions, the LC films undergo
homeotropic alignment, which is assisted by two air—=LC
interfaces at the top and bottom of the grid pore. This strategy
is different from previous efforts to generate CVD polymerized
nanofiber arrays, in that there is no solid-state substrate to
direct the LC orientation. Subsequent CVD polymerization of
PCP-NH, and PCP-CH,NH, precursors into the homeo-
tropic-aligned layer (nematic LC, E7) was performed leading
to the formation of unidirectional assembled free-standing
polymer membranes within the wells of the TEM grids. These
free-standing membranes, which comprises laterally organized
hourglass-shaped nanofiber architectures, possessed emergent
photophysical properties notably different, potentially more
useful than the properties of the bulk polymers.

After membrane/fiber growth, topologic and geometric
features of the nanofiber membranes were analyzed by VSI
(Figure 2), scanning electron microscopy (SEM) (Figure 3),
and AFM (Figure 4). AFM measurements were done to
observe the long-range (micro-) and short-range (nano-)
features of membrane surfaces. SEM imaging analysis indicated
the formation of hourglass-shaped fiber arrays assembled to
laterally aligned membranes. Remarkably, the membrane’s total
surface area (internal and external) increased 71-fold
compared to a non-nanostructured uniform film of the same
material, as calculated by image analysis. Detailed information
about the chemical composition of 4-(amino)- and 4-
(aminomethyl)-substituted poly-para-xylylene structures via
X-ray photoelectron spectroscopy (XPS), as well as the
evidence of the homeotropic LC alignment by polarized
optical microscopy, is presented in Figures S1 and S2. Wide
scan XPS results provided atomic C:N ratios of 16:1.1 and
17:0.9 for the PPX-NH, and PPX-CH,NH, systems
(respectively), aligning well with the anticipated 16:1 and
17:1 ratios.

Interferometric measurements confirmed the retention of
air-suspended LC films inside a single TEM-grid cell before
CVD polymerization (Figure 2). These measurements were
repeated after polymerization, both before and after the
removal of the LC. Observation of the topography from
measurements of the top of the films allowed for the
assessment of surface curvature and/or homogeneity. In-
spection of the templated nanofiber bilayer (after LC removal)
indicated the formation of a homogenous micro-assembled
polymer layer. Direct observation resulted in a notable change
in the appearance of the LC films. In Figure 2, a compilation of
3D optical micrographs is presented. The respective surfaces
for individual wells were scanned in three states: (1) LC-only,
(2) polymer in LC, and (3) polymer without LC. Differences
in surface roughness can be observed when comparing LC-only
to the polymer films, which is to be expected. Within the LC-
filled well, a convex shape could be observed indicating normal
capillary-like behavior (Figure 2a), with a parabolic slope
toward the edges.’*" Analysis of the polymer-in-LC
membrane showed both rough and planar characteristics
(Figure 2b), with some residual ascent toward the grid surface
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Figure 2. Interferometry of film surfaces. Cross-sections extracted
from 3D depiction using vertical scanning interferometry (VSI) at the
top and bottom sides over a total distance of 300 um; (A) air-
suspended LC film retained inside a 200 ym well, before the CVD
polymerization; (B) formation of the free-standing nanofiber
membranes without the LC being removed after CVD polymer-
ization; (C) membranes after LC removal and sputtering. The 7.5 ym
depth of the deepest feature aligns well with the midpoint of the grid
thickness (15 ym, nominal).

at the edges (attributed to LC capillary action). The sputtered
surface of the polymer-only membrane (Figure 2¢c) indicated
uniformity and low roughness. Overall, VSI measurements
support the initial hypothesis of air-suspended LC films being
retained inside the TEM-grid wells. Additionally, the LC-
removed polymer membranes presented a uniform surface that
possessed no apparent warping at the edges. This is consistent
with a minimum energy gradient that favors the center of the
LC substrate. Though these measurements are appropriate for
the inspection of the differences in shape and roughness over
10 and 100 s of microns, it is critical to assess the nanodomain
features of these materials. Therefore, SEM analysis was
conducted as follows, to obtain insight into the micro- to the
nanostructure of the membrane.

Given the structure of the free-standing nanofiber arrays, a
detailed characterization was performed to help understand the
origin of the luminescent properties. SEM micrographs of the
free-standing polymer film reveal both micro- and nanoscale
structure (Figure 3), presenting as hourglass-shaped fibrils that
laterally align as biconical bundles, which in turn assemble into
continuous nanofiber arrays with higher porosity in the center
than toward the surface. In addition to observing the general
film features, care was taken to evaluate the biconical fibers
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Figure 3. Dimensional analysis of free-standing nanofiber membranes. (A,B) SEM images of the lateral organized free-standing nanofiber
membranes; (C) 3D rendering of the model used for surface area and porosity calculations; (D) distribution of fiber lengths; (E) distribution of
fiber tip diameters; and (F) distribution of central fiber diameters. The left image in (A) shows the top view of the free-standing film, where the
upper surface resembles a uniform coated film. In contrast, the right image in (A) represents the bottom view, where the film resembles a regular
semiporous surface. Observations in (A) indicate a sterically favored access of the reactive intermediate from the top, resulting in a lower amount of
polymer on the bottom side of the “semisealed” porous network. This effect was consistent across all samples. (B) shows the cross-section of the
film, displaying the hourglass shape of individual fibers with an outer diameter that differs from the center diameter. The cross-sections also show
the regular alignment of the free-standing fibers to a porous network.
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Figure 4. AFM Analysis of PPX-CH,NH, Fibers with and without LC. With LC: (A1) AFM Topographic; (A2) adhesion; (A3) dissipation; (A4)
3D topography; without LC: (B1) AFM topographic; (B2) adhesion; (B3) dissipation; (B4) 3D topography. Field of view: S X S ym. Adhesion
and dissipation scales are in arbitrary units (a.u.).

that appear to be building blocks for the membrane. In total, Both the top and bottom surfaces were observed along an
images from seven batches produced under identical incision. The top of the film appeared to have merged into a
conditions were analyzed via Image] (8-bit images, pixel continuous film with no visible gaps between the fibers (Figure
aspect ratio = 1). A total of 176 measurements were taken to 3a, left). The bottom surface of the film was slightly less
include measurement of the following: end and middle uniform, with evidence that unity was not obtained (Figure 3a,
diameter of the biconical fiber structure and the total fiber right). Contrast thresholding of the images revealed approx-
length (Figure 3c), approximated later as hexagonal over- imately 11% (+/—1%) of the bottom surface manifested as
lapping cones. gaps between fibers and fiber bundles. This is attributed to
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image presented (bottom right).

direction of monomer arrival, whereby the likelihood of
monomer penetration from the bottom was lower than from
the top, which is reasonable from a diffusion standpoint; this in
turn led to a decrease in growth at the bottom surface.

The total surface area of the entire film was calculated from
measured feature sizes of the fibers: end diameter (184 nm +
74 nm, n = 43), central minimum diameter (68 nm + 23 nm, n
=49), and total fiber length (4.1 um =+ 0.4 pum, n = 84) (Figure
3d—f). The average aspect ratio was then calculated to be 22.3.
From this, the total surface area of the membrane (external and
internal area) was calculated from the superposition of two
conjoined frustums of regular hexagonal pyramids (Figure 3c).
A hexagonal architecture was chosen over a conical structure
for the calculation due to the nature of the fibers and fibrillar
substituents (i.e., hexagonal approximation of close packing of
strands/fibrils and hexagonal approximation of close packing of
hexagons to obtain unity on a 2D plane). A correction to the
size of the frustum (bottom half of the fiber) was made based
on the measurement of the gaps in the bottom face, reducing
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the area of the largest hexagonal face by a proportionate
amount. These calculations provide a total surface area of 1.6
um’® per fiber or 71 cm? per 1 cm?® of film (as viewed from
above). The porosity (1 — Viyer/ Vinie ceanl) Was calculated to be
52%, with the average fiber volume being 0.043 ym?>. In terms
of pore volume per unit area of film, 1 cm’ of the film
generates 214 nL of pore volume, as shown in Figure 3. In
general, across all films, we observed a film-like structure across
the top and bottom surfaces of the membrane. However,
defects were also routinely observed. For completeness, some
defects (e.g., insufficient LC-filling, rupture occurring during
CVD polymerization/sputtering, workup, and handling) are
presented in Figure S3a—d.

In addition, AFM was performed to assess the top surfaces
of the films; this was done for the PPX-CH,NH, system with
and without liquid crystal template material present (Figure 4).
Height profile micrographs are presented in Figure 4, including
relative adhesion, relative dissipation, and a 3D rending of the
topography (obtained fast-force mapping off-resonance tap-
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Table 1. Quantitative Analysis of the Steady-State and Fluorescence and Phosphorescence Lifetime Study”

steady state

time-resolved emission

excitation,,,  emission,,,, bandgapgy_g,
material sample nm nm eV
PPX-CH,NH, nanofiber film 380 428 3.26
bulk film 376 428 3.30
PPX-NH, nanofiber film 380 422 3.26
bulk film 376 422 3.30

ba“dgaPsr—»so’b Stokes shift  Ipp, qm TELavg Tptum TPH,ang
eV eV ns Hus
2.90 0.37 089 25+05 01l 45+ 10
2.90 0.40 1.00 3.8+ 0.1
2.94 0.32 091 2.6 + 0.5 0.09 43+ 1.0
2.94 0.36 1.00 3.7+ 1.0

“Excitation observed for 425 nm emission; emission observed from 370 nm excitation. Time-resolved measurements with 360 nm excitation and
425 nm emission. *Includes T, = S, for both nanofiber samples. “Both nanofiber samples possessed observable, long (>1 ms) emission consisting

of <0.1% of the total emission.
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Figure 6. Steady-state (left) and lifetime studies (right). The decay profiles for the lifetime studies were monitored at 425 nm emission for the
nanofiber membranes and bulk films of PPX-CH,NH, (black, green) and PPX-NH, (red, blue), respectively. The excitation wavelength is 360 nm.
The fiber membranes display the emergence of a multicomponent decay, a tell-tail sign of competing pathways (such as intersystem crossing).

ping mode). 3D renderings with overlays are provided in
Figure S6. Qualitative inspection of the two surfaces displayed
subtly differing structures with and without the LC. The fibers
with LC presented as tapered, spine-like sharp structures with
an overall feature height that is lower than the fibers without
LC. The features without LC appeared to be cylindrical with
tips laying oriented to the substrate. The average diameters
observed were 63 nm +14 nm and had lengths of 213 nm +/—
42 nm; these dimensions are consistent with fibrils forming
features on a surface that is largely uniform on the microscale.
The tapered structures observed in the sample with LC present
longest-axis lengths of 151 +/—26 nm. In the absence of the
LC matrix, the structures appeared to represent fibral ends.
The overall depth of view difference indicates that removal of
the LC did not cause the fibers to collapse (i.e.,, decrease in
depth of view), and LC removal allowed the AFM probe image
further into the fiber array. Mapping of the surface for variation
in relative adhesion force (arbitrary units) and relative
dispersion energy (arbitrary units) provides additional
information regarding the features observed. Specifically,
both samples present higher dispersion and adhesion between
features with a subtle difference between the two; the LC-free
fibrils display low values for dispersion and adhesion over their
entire structures, while the LC fibrils only present low values at
the tip of the topographic features. This indicates an AFM tip
interaction with the top layer of the LC-fiber structure only;
this further supports a capillary-type LC interaction with the
fibers, as well as a fibral occupying the center of each feature.
In total, these results are consistent with the SEM results and
provide insight into the nature of the post-polymerization
interactions between the LC and the resultant fibers/fibrils.
Fluorescence microscopy reveals autofluorescence of the
free-standing nanofiber system (Figure $). Initially, qualitative
investigations were undertaken by utilizing an upright
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fluorescence microscope. Using 360 nm (360/30) excitation
and 465 nm (465/30) collection filters, images were obtained
under identical working conditions for the nanofiber and bulk
films as reference materials (see methods). Both fluorescence
(during excitation) and phosphorescence (after excitation)
images were obtained (Figure S). Inspection of emission
histograms for the entire FOV provided the following insights:
(1) the fluorescence images of the bulk films were brighter
than either of the nanofiber films; (2) the fluorescence from
PPX-NH, nanofiber films was brighter and more uniformly
bright than the PPX-CH,NH, nanofibers, which exhibited a
more irregular emission pattern on the microscale; (3) the
phosphorescence images from both bulk films indicated no
phosphorescence; and (4) phosphorescence (20 s collection
after excitation) of the PPX-CH,NH, nanofiber film was
brighter and spanned the entire film, while the PPX-NH,
nanofiber film was brightest near the edges of the cavity and
overall less bright (especially in the center of the cavity). These
results provide evidence of the initial observation of
phosphorescence from the nanofiber films and align well
with fluorescence lifetime and phosphorescence lifetime
studies, presented later. Specifically, fluorescence brightness
follows the fluorescence lifetime trends (bulk films > PPX-NH,
nanofibers > PPX-CH,NH, nanofibers) and phosphorescence
brightness follows the phosphorescence trends (PPX-CH,NH,
nanofibers > PPX-NH, nanofibers >> bulk films). This
provides evidence of the of structure-induced intersystem
crossing initially posited, justifying subsequent steady-state and
lifetime studies (Table 1).

Photophysical Analysis as a Quantification of the
Appearing Fluorescence and Phosphorescence of the
Tapered Free-Standing Nanofiber Bilayer System. In
addition to the discovery of luminescence during microscopic
inspection of the films, photophysical analysis was conducted
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to understand the impact of the nanostructure on the emission
properties (Figure 6). All samples, nanofibers, and bulk films
had similar excitation and emission profiles with a few subtle
differences. Both nanofiber films had similar excitation maxima
(380 nm) with the bulk films both slightly blue-shifted (376
nm) from the nanofibers. Despite excitation similarities
between the nanofiber films and between the bulk films, the
emission profile similarities corresponded with the chemical
composition. Both, the nanofiber and bulk films comprised of
PPX-CH,NH, expressed identical emission maxima (428 nm).
The PPX-NH, films also express identical emission maxima
(422 nm) blue-shifted relative to the PPX-CH,NH, systems.
The Stokes shift of both nanofiber systems was found to be
smaller than that of the bulk films made from identical
precursors. These results imply that the polymer systems
themselves inherently possess excitation and emission proper-
ties that are sensitive to neighboring polymer regions."”'®**
The decreased Stokes shift of the nanofiber systems indicates a
slight constraining effect that either disrupts these interactions
(smaller shift) or provides an alternate pathway for relaxation
(apparent decrease in shift due to loss of lower-lying states to
alternate processes).

Time-correlated single photon counting was performed on
all samples (nanofibers and bulk films, 360 nm excitation, 425
nm emission) to assess the impact of nanostructure on
emission properties. Both bulk films expressed comparable
single exponential decay (3.7—3.8 ns) with no evidence of
ultrafast emission (<1 ns) or long-lived residual emission
(>100 ns). Both nanofiber membranes expressed significantly
shorter average lifetimes (7, 2.4—2.5 ns) than those observed
in the bulk films; they also clearly possessed multiexponential
decay with component fractions that differed from each other
(Supporting Information, “Photophysical Methods and Anal-
ysis for the Determination of Phosphorescence Lifetime”).
While the nanofiber emission lacked evidence of ultrafast
relaxation processes, similar to the bulk films, the nanofiber
membranes possessed long-lived residual emission tails (<0.1%
of the peak intensities) that indicated a longer-lived emissive
state. A long-lived tail was not observed for either bulk film.
Direct inspection of the decay traces (Figure 6, right) suggests
that both nanofiber membranes experience competing
relaxation pathways that are not present in the bulk film,
with the PPX-CH,NH, nanofiber film displaying this effect to
a greater degree than the PPX-NH, nanofiber film. In total,
these results indicate that the bulk films lack a phosphorescent
relaxation pathway. In contrast, this relaxation pathway must
exist for the nanofiber arrays, as indicated by the nano-
structural effect on emissivity and the excited state relaxation
pathways allowed for each system.

Emission lifetimes in the ys regime further confirmed the
existence of measurable luminescence from the nanofiber films
at longer timescales (360 nm excitation, 425 nm emission). In
contrast, measurements of the bulk films returned only the IRF
of the xenon lamp source, indicating that no long-lived
emission was occurring in these systems. Both of the nanofiber
films provided a measurable phosphorescent signal that
differed from the IRF. These could be deconvolved from the
IRF, returning phosphorescent lifetimes that were comparable
for both systems (4.3—4.5 ps). Additionally, normalization of
the IRF and the emission traces allowed for the determination
of the contributions to emission occurring from within the IRF
(fast, ns regime) and the emission associated with the
phosphorescence. Notably, both nanofiber films possessed a
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discernable very long-lived (>1000 ps, <0.1%) emission that
confirmed the direct observation of emission continuing for
seconds after excitation, which were the basis for photophysical
investigations. These observations are in accordance with
systems found in literature describing solid-state phosphor-
escent properties at room temperature derived from distinct
packing modes; examples include single-crystalline or polymer
structures with a suitable chemical composition for 77—z,
intermolecular, and dipole—dipole interactions, as well as
n—m* transitions.">*’

Collectively, the steady-state and emission decay studies
suggest that both the molecular makeup and the nanofiber
structural constraint of the systems play a role in emission
properties. The most important findings are that interconver-
sion to a long-lived emission state is only possible for the
nanofibers and that this state is more accessible to the PPX-
CH,NH, nanofibers than to the PPX-NH, (as confirmed
through fluorescence lifetime traces and the amount of long-
lived emission relative to total emission).***’ Some reports
indicate that the surfaces of organic nanostructures are capable
of exhibiting emissive properties that are markedly different
than that of bulk or internalized materials.”** Given the high
surface-to-volume ratio of these nanofiber films, this may also
serve to explain the emergence of the phosphorescence
observed in these systems, especially if the LC template during
growth provides local environments not found in the bulk.
These findings open the path for potential PPX usage in the
areas of optoelectronics or bioimaging.’® While the re-
emergence of emission with polymerization is interesting, the
evolution of a long-lived emission from nanostructuring of the
polymer is doubly so. It was also observed that short-lived (ns
regime) emission could be observed in the bulk polymer,
though no evidence a long-lived emission was found in the
unstructured film. The structure-induced long-lived emission,
in combination with increased surface area, indicates a
potential use in polymer-based soft matter sensors or through
expansion into chiral and/or electro-actuating systems.’">>

B CONCLUSIONS

This work presents poly(p-xylylene)-based, laterally organized
nanofiber membranes that exhibit long-lived emission at room
temperature. Important properties of these free-standing
nanofiber membranes include high surface area and porosity,
nanoscale and microscale order, intrinsic luminescence, and
long-lived emission that is not observed in bulk polymers.
Regarding the morphological studies, depth profiles of VSI
optical micrographs scanned from the top and bottom surface
corroborated the assumption of the air-suspended LC film
being retained before CVD polymerization. Moreover,
inspection and image analysis of SEM micrographs revealed
the formation of hourglass-shaped single fibers, laterally
aligning to a free-standing network. The fiber tip diameters
were found to be ca. 200 nm, with fiber lengths closer to 4 ym,
and an average aspect ratio of ca. 22. To that effect, both total
fiber surface area (71 cm?/1 cm® of the film) and porosity
(52%, 214 nL/cm? of film) were calculated from the results of
the SEM study. The surface of the LC-filled and LC-removed
films was investigated with AFM, supporting the SEM results.
The tips of fibrils were observed with an overall indication that
removal of the LC did not cause the fibers to collapse.
Optical microscopy inspection of the nanofiber membranes
exhibited both short-lived (direct excitation, fluorescence) and
long-lived, luminescence after excitation. Further, comparative
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microscopy studies of both free-standing nanofiber systems
with conformal films of analog chemical components were
undertaken; this showed inverse trends for fluorescence and
phosphorescence intensities for the nanofiber membranes
versus homogeneous films and no observation of phosphor-
escence in the conformal films. In addition, photophysical
steady-state studies revealed similar excitation and emission
maxima for the nanofiber membranes and homogeneous films,
with the films’ excitation maxima slightly blue-shifted (376
nm) from that of the membranes (380 nm). The emission
maxima (428 nm) were found to be identical to nanofiber
membranes and homogeneous films. Fluorescence and
phosphorescence lifetime studies were significant in revealing
the impact of the nanofiber confinement on the emission
properties. While the nanofiber membranes possessed a
multiexponential decay in ps-ns TCSPC studies, only a single
exponential decay was observed for the films. This further
strengthened the claim that structural confinement is
responsible for phosphorescent relaxation and emissivity.
Direct observation, microscopic studies, and the TCSPC result
all indicated a singlet to triplet interconversion and structure-
induced intersystem crossing, warranting formal phosphor-
escence lifetime studies. Both of the nanofiber films provided a
measurable phosphorescent signal in the 4.3—4.5 us regime
and emission lifetimes. For both film systems, a long-lived
(>1000 us, <0.1%) emission could be found, likely the source
of the initial microscopic observation. The occurrence of
phosphorescence for both the PPX-NH, and the PPX-
CH,NH, nanofiber systems indicates a high potential for use
as biomimetic material and soft matter sensors.

Lastly, this work extends the dimensionality of prior
substrate-bound LC-templated nanofibers into porous, high-
surface-area, emissive membranes of hourglass-shaped nano-
fiber. Taken together, morphologically controlled polymer
membranes with long-lived emission establish a substrate-
independent platform that offers a variety of opportunities for
future applications where emissive (possibly self-reporting)
nanosensors or nanomembranes are required.
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