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Abstract: Organic semiconductor materials have recently
gained momentum due to their non-toxicity, low cost,
and sustainability. Xylindein is a remarkably photostable
pigment secreted by fungi that grow on decaying wood,
and its relatively strong electronic performance is enabled
by n—mt stacking and hydrogen-bonding network that pro-
mote charge transport. Herein, femtosecond transient ab-
sorption spectroscopy with a near-IR probe was used to
unveil a rapid excited-state intramolecular proton transfer
reaction. Conformational motions potentially lead to a
conical intersection that quenches fluorescence in the
monomeric state. In concentrated solutions, nascent ag-
gregates exhibit a faster excited state lifetime due to exci-
mer formation, confirmed by the excimer—-charge-trans-
fer excited-state absorption band of the xylindein thin
film, thus limiting its optoelectronic performance. There-
fore, extending the xylindein sidechains with branched
alkyl groups may hinder the excimer formation and im-
prove optoelectronic properties of naturally derived mate-
rials.

- /

Organic semiconductor-based photovoltaics constitute one
promising route to meet the ever-growing need for clean
energy."! Compared to traditional inorganic semiconductors,
naturally sourced organic materials are cheap, abundant, and
easy to process with desirable properties including a broad ab-
sorption profile and robustness to (photo)degradation.”
Among the naturally occurring species that cannot be pro-
duced synthetically, xylindein is a blue-green pigment secreted
by fungi in the Chlorociboria genus and a promising solution-
processed organic electronic material.®! Structurally composed
of a m-conjugated ring system, xylindein displays superior pho-
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tostability compared to benchmark organic molecules and ap-
pealing electronic properties.”) Despite the conjugated struc-
ture, xylindein is weakly fluorescent. To investigate its photo-
response on molecular timescales and enable rational design,
we implemented several spectroscopic techniques including
femtosecond transient absorption (fs-TA) on xylindein from so-
lution phase to thin films.

Combining disciplines in wood science, engineering, physics,
and chemistry, we designed a standard processing route
(Figure 1) that begins by collecting the fungi from decaying
wood, then growing cultures and extracting xylindein with di-
chloromethane (DCM). An additional wash of the pigment with
ethanol boosts conductivity® before device implementation.
The xylindein chemical structure has two hydroxyl groups rep-
resenting a protonated form (Figure 1 inset). Quantum chemis-
try calculations showed that a double-vibronic progression fits
the broad absorption profile with two tautomers, wherein the
—OH groups point toward and away from the tails.”! The de-
protonated form displays a redshift of the absorption spectrum
by approximately 150-250 nm (Figure S1). While deprotonated
and exposed to white light, xylindein in solution is unstable
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Figure 1. Processing route and spectra of xylindein. (Left) Harvest of the
fungi C. aeruginosa from decaying wood, followed by culture growth in a
lab (top). The fungus secretes xylindein that is purified and dissolved in
DCM (right) before implementation into thin films (bottom). (Middle)
Steady-state absorption (blue) and emission (red) spectra of xylindein in
DCM (solid) and thin films (dotted). The chemical structure of xylindein is
displayed in the lower left corner.
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with an approximately 50% reduction in absorbance over 2 h,
indicating that the intramolecular hydrogen (H)-bond network
enhanced by hydroxyl groups play photoprotective roles and
ensure the pigment stability. The thin-film absorption spectrum
displays an additional peak to the red side due to exciton split-
ting.” A similar peak rises as the xylindein concentration in-
creases in solution (Figure S2), indicative of aggregate forma-
tion from mt—m stacking and intermolecular H-bonding interac-
tions as well.

The xylindein solution emission spectrum consists of two
peaks around 709 and 846 nm, assigned to the protonated
form and excited-state intramolecular proton transfer (ESIPT)
product (I*), where the hydroxyl proton jumps to the adjacent
central carbonyl (Figure S3d) that represents a portion of the
excited-state relaxation pathway. An excitation-dependent
change to the emission spectra was observed: 600-nm excita-
tion results in a more even intensity ratio between these
peaks, but 640-nm excitation leads to a dominant emission
peak at 846 nm (Figure S4c). Therefore, a bluer excitation
could excite both tautomers, while redder excitation mostly ex-
cites the H-away-from-tail tautomer that is poised to undergo
ESIPT (additional discussions in the Supporting Information).
From the calculated absorption spectra (Figure S3) of the pro-
tonated, deprotonated, and ESIPT product, the latter two spe-
cies display a similar redshift from the protonated form. More-
over, both the deprotonated and | forms acquire significant
charge on the central oxygen atoms (02 and O5 in Table S1),
so the electron donating capability of these oxygens may play
a pivotal role that induces the redshift.®! These results support
our calculation approach (Supporting Information). In contrast,
the xylindein thin films display one dominant emission peak at
a redder wavelength (909 nm) that originates from an excimer
state.”*? The quantum yield (QY) in both cases is lower than
that in Draconin Red, another pigment produced by wood-
decay spalting fungi (Figure S4a,b)."”

To rationalize the low QY, we used fs-TA spectroscopy to ex-
amine ultrafast energy dissipation of the xylindein monomer
[optical density (OD)=0.3, Figure S5] to higher concentrations
with nascent aggregates in solution (OD=0.6, 1.1, 1.7; Fig-
ure 2a-c), culminating in the thin film (Figure 2d).* A promi-
nent excited-state absorption (ESA) band below 775 nm is ac-
companied by a stimulated emission (SE) band above 850 nm,
and its center wavelength largely matches the emission peak
of the aforementioned I* intermediate. This near-IR (NIR) SE
band tracks the ESIPT photoproduct formation within 200 fs
due to close proximity between the proton donor/acceptor
groups (Figure S3d). Since DCM cannot accept the proton, the
deprotonated xylindein is not expected. Interestingly, the SE
band exhibits an approximately 10 nm redshift (Figure 2a-c)
with a close to 200 fs time constant, which likely probes ultra-
fast relaxation of the hot I* state."” For corroboration, we per-
formed a control experiment on dimethylxylindein (Figure S4)
with no dissociable proton, which cannot undergo ESIPT and
therefore shows no such feature (Figure S6).

As the xylindein concentration increases, the SE intensity
scales with the steady-state absorbance (Table S2) until OD=
1.7, wherein the SE intensity decreases by about 50% relative

Chem. Eur. J. 2021, 27, 5627 - 5631 www.chemeurj.org

5628

Time (ps)

B 1 b!
750 800 850 900 950

N
®

> 4
aa moo) NI

S
I

Time (ps)

750 800 850 900 950
Wavelength (nm)

750 800 850 900 950
Wavelength (nm)

Figure 2. Semilogarithmic contour plots of fs-TA spectra upon 600 nm exci-
tation of xylindein in DCM with increasing concentrations (a—c) and in thin
films (d). The color-coded intensity levels in mOD unit are shown above
each panel, with color scheme chosen to show the positive and negative
bands with a similar contrast.

to the lower concentration (Figure 2c). This observation shows
that the S,/I* population is diminished once xylindein concen-
tration surpasses a threshold, which implies rapid excimer for-
mation that could quench a variety of processes."” The inter-
molecular H-bonding may thus hinder ESIPT pathway to some
extent (see the Sl). For validation, we measured the steady-
state fluorescence spectra with 600 and 640 nm excitation and
observed the emission intensity decrease around 709 and
846 nm as xylindein concentration increased in solution. Mean-
while, the steady-state absorption shoulder peak growth (Fig-
ure S2) indicates aggregate formation and more intermolecular
H-bonding between adjacent xylindein molecules,®'"? which
affects the fs-TA spectra (Figure 2). In particular, the ESA inten-
sity from 710-740 nm shows a gradual increase with increasing
concentrations, albeit a sharp decrease is apparent for the
highest concentration (Figure 2¢) and thin films (Figure 2d),
primarily due to ground-state bleaching (GSB) of the aggregat-
ed species. Most strikingly, we observed a sign reversal of the
xylindein TA signal from about 850-900 nm: the negative SE
band in solution (Figure 2a-c) is replaced by a positive ESA
band in thin films (Figure 2d), generally attributable to an exci-
mer —charge-transfer band transition (see below).”'?

Global analysis of the fs-TA spectra retrieves intrinsic time-
scales of the underlying excited-state processes."'>' In xylin-
dein solution, the spectra can be fit with a one-component
model with an approximately 30 ps lifetime for three low con-
centrations (Figure S7), substantiated by the probe-dependent
least-squares exponential fits (Figure S8). The highest concen-
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tration shows a reduced time constant of 24 ps due to contri-
butions from excimers that decay faster than monomers, con-
firmed by the evolution-associated spectra (EAS) of xylindein
thin films (Figure 3b). Notably, three components are necessary
to fit the thin-film spectra with lifetimes of 620 fs, 6.8 ps, and
635 ps: the broad ESA band initially decays with a sub-ps life-
time (green—blue), followed by an approximately 7-ps moder-
ate decay (blue—red) to a relatively long-lived component.
The 635-ps decay involves relaxation to the ground state, remi-
niscent of a 900-ps decay observed in perylene-3,4:9,10-bis(di-
carboximide) or PDI thin films due to increased vibrational in-
teractions."”

The potential energy surface (PES) of the xylindein monomer
in solution involves a swift ESIPT reaction. The excited-state
lifetime of 30 ps implies an S,/S, conical intersection (Cl),
which is corroborated by the ground-state bleaching band re-
covery dynamics (after 400 nm excitation) with a major time
constant of approximately 36 ps. Since the deprotonated xylin-
dein exhibits an identical time constant, the associated decay
pathway is not ESIPT-related or sensitive to the protonation
state. Instead, conformational motions like isomerization and
twisting could govern energy dissipation on similar time-
scales." Since the highly conjugated xylindein has no appar-
ent twisting coordinate (Figure 1 inset), deviations from the
ring-coplanarity could be expected."” Several coordinates
were examined by constraining different dihedral angles

/L
1

201 1-component EAS of a
- | xylindein in solution
8 OD=0.6:29.5 ps
é 104 OD=1.1:29.6 ps
2
)
=
2
£ 0
(7]
<
11}
-104
3-component EAS of
5 8t xylindein thin film
o 620 fs
§, 6.8 ps
2 o | 635 ps
7]
c
2
c
P 04---fof~--------
<
w
—44
+ + —f — + +
720 740 760 860 900 940

Wavelength (nm)

Figure 3. Global analysis of the fs-TA spectra of xylindein after 600 nm exci-
tation. (a) One-component evolution-associated spectra (EAS) of xylindein in
DCM for several concentrations: OD = 0.6 (pink), 1.1 (cyan), and 1.7 (olive)
with their color-coded lifetimes listed. (b) Three-component EAS with a se-
quential kinetic model of the xylindein thin film. The lifetimes and spectral
profiles are shown (green —blue —red).
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within the molecular framework; we found that confining the
tails of xylindein had essentially no effect on the S,—S, energy
gap.

In contrast, tuning a dihedral angle around the central core
of xylindein (Figure S9b) results in a butterfly-like shape (upper
right inset of Figure 4a) and significantly affects the energies
of the optimized S, and S, states along with the S,—S, transi-
tion oscillator strength (Figure S9). The planar xylindein struc-
ture has an S,-S, energy gap of approximately 1.80 eV and an
oscillator strength close to 0.62, while the nonplanar structure
at 60° leads to a significant drop in the oscillator strength to
0.05 and about 75% reduction of the S,-S, energy gap to ap-
proximately 0.45 eV. The drop in oscillator strength is consis-
tent with the increasing nit* character that accumulates as the
molecule deviates from planarity."® Notably, although a multi-
dimensional PES intrinsically involves many nuclear coordi-
nates, our representative calculations along one coordinate
substantiates the out-of-plane ring deformation that could
lead to a Cl-based internal conversion process, explaining the
30 ps S, lifetime and lack of fluorescence. While the tails do
not directly influence the energy ordering of excited states,
they may enhance non-radiative pathways due to the in-
creased conformational flexibility."*' A recent report on fluo-
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Figure 4. Potential energy surfaces (PESs) of xylindein in solution and thin
films. (a) For xylindein monomer in solution, the insets depict the decreasing
ring-coplanarity via conformational motions, leading to a conical intersection
(CI). (b) Energy ordering of the monomer in solution versus the aggregate
solution and thin-film excimers. The excimer to charge-transfer ('CT) absorp-
tion band is termed NIR ESA. (c) PESs of the thin-film xylindein. The excimers
following initial structural relaxation show the NIR ESA band to a CT state
(Xyl™-Xyl"). In (a) and (c), time constants are listed with their respective dy-
namic processes.
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rescein derivatives found that increasing the alkyl sidechain
length reduced QY of the monomeric state,”” whereas confor-
mational locking typically increases the QY for conjugated
chromophores.["'a2"

Notably, xylindein thin films exhibit relatively high electron
mobility as shown by the |-V curves taken in the dark (Fig-
ure $10a), corroborating the m-m stacking and H-bonding
network between adjacent xylindein molecules (see above).
Upon excimer formation in high-concentration solution or thin
films of xylindein, electron delocalization leads to energy split-
ting and lowers the S, state relative to the monomer (Fig-
ure 4b).?? The splitting magnitude is modulated by the
degree of electronic coupling within the excimer, which is
strongly dependent on the intermolecular distance (thus af-
fecting the intermolecular H-bonding) and st stacking inter-
actions.” In the thin-film PES (Figure 4c), we depict the char-
acteristic ESA band that peaks around 300 fs (Figure 2d) as the
excimers form while a higher-lying CT state involves the elec-
tron migration within adjacent molecules, resulting in an ion-
pair displayed in the upper-right inset of Figure 4c. Since a
two-step excimer formation model from the unrelaxed, hot ex-
cimer to the relaxed excimer is common,*?¥ the observed
ESA band below 1000 nm can be assigned to the unrelaxed ex-
cimer due to the lack of spectral profile change and an appar-
ent rise component. Interestingly, we observed a noticeable
redshift of the NIR ESA peak on the approximately 7 ps
timescale (blue—red traces in Figure 3b) while the relaxed ex-
cimer could be probed above 1000 nm." This finding moti-
vates investigations in redder probe regions to further map
the excimer dynamics, including elucidation of weak SE fea-
tures from the excimer state (e.g., one band around 910 nm,
Figure 4¢).

Our current analysis of the thin-film ESA band decay dynam-
ics yields three time constants: 620 fs, 6.8 ps, and 635 ps, as-
signed to the exciton self-trapping and relaxation, conforma-
tional optimization, and a downward transition to S, respec-
tively. Self-trapping is commonly recognized as a quenching
process (fs to ps) for excitons that could be detrimental to op-
toelectronic device performance.”>?! On the ps timescale, the
excimers undergo structural rearrangement to optimize the
coupling and decrease the intermolecular distance,” achieving
a more relaxed structure. The sidechains of xylindein thus play
a pivotal role throughout these processes by limiting the
degree of coupling and distance between molecules."” In the
aggregate state of the aforementioned fluorescein and PDI de-
rivatives with branched alkyls, the stability and QY increased as
the tail chain lengths were extended, and the typical excimer
lifetime is on the ns timescale.'**? For comparison, the thin-
film xylindein shows a relatively short 635 ps decay time con-
stant (Figures 3b and 4b), indicating that nascent excimers
after photoexcitation may experience enhanced nonradiative
decay through vibrational motions of the compact xylindein
molecules with flexible short tails (Figure 1 inset and Fig-
ure S9), thus detrimental to its photosensitivity (Figure S10b).
In addition, these localized excimers at room temperature indi-
cate that large-scale m-m overlap and exciton delocalization
are lacking in the largely amorphous xylindein thin films,
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whose morphology and charge-generation efficiency could be
improved by a polymer host matrix.??

In conclusion, we investigated the photoresponse of xylin-
dein from solution to thin films via fs-TA spectroscopy with a
NIR probe. As a monomer, xylindein undergoes a swift ESIPT
reaction preceding characteristic out-of-plane motions, which
may lead to an S,/S, conical intersection (an efficient internal
conversion) and quench the fluorescence. This efficient energy
dissipation likely underlies the superior molecular photostabili-
ty, and since xylindein is secreted by fungus while under stress,
we surmise the pigment plays a photoprotective role. The xy-
lindein thin films undergo a photoinduced two-step excimer
formation, and we observed the unrelaxed excimer—CT ab-
sorption band decay dynamics on the fs-to-ns timescales.
From a light harvesting perspective, while the excited-state de-
localization from exciton interactions is beneficial for exciton
diffusion and charge photogeneration, the rapid excimer for-
mation quenches these processes and enhances nonradiative
decay. We envision that extending and branching the tail side-
chains may hinder the excimer formation while still maintain-
ing certain m-m stacking interactions in thin films, thus effec-
tively improving the photoconductivity and device per-
formance from these solution-processed pigments for opto-
electronic applications.

Experimental Section

Experimental methods including xylindein solution and thin-film
preparation, fs-TA spectroscopic and quantum calculation methods,
steady-state absorption and fluorescence spectroscopy of other
pigments including dimethylxylindein and Draconin Red, the
probe-dependent TA data and fits, the |-V curve and photosensitiv-
ity of xylindein thin films, dihedral-angle-dependent calculation re-
sults, and the calculated Mulliken charges on key oxygens of xylin-
dein can be found in the Supporting Information.
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