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ABSTRACT:

We explore the photodegradation mechanisms in functionalized tetracene (TIPS-Tc) films and
how they are influenced by strong exciton-photon coupling in planar microcavities. We
demonstrate that degradation of TIPS-Tc films exposed to air proceeds mainly through an oxygen-
mediated pathway, assigned to an endoperoxide (EPO) formation, whereas degradation in
microcavities proceeds through oxygen-independent photodimerization. The aerobic and
anaerobic decay mechanisms were found to differ in rate by more than two orders of magnitude.
Both the EPO formation and photodimerization proceeded more efficiently in molecules in
configurations favorable for the TT state formation (precursor to the singlet fission) and their
immediate surrounding. For the photodimerization, a novel alkyne dimer is reported as one of the
photoproducts and its optical properties are presented. Strong coupling of TIPS-Tc to resonant
microcavities enhanced the photodimerization quantum yield by a factor of 4.2, with the

enhancement robust with respect to cavity detuning.
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1. Introduction

Organic (opto)electronic materials have attracted attention due to their low cost, ease of
fabrication, and tunable properties;' applications including thin-film transistors, solar cells, light-
emitting diodes, and sensors have been demonstrated and many of them commercialized.> One of
the main challenges in the commercialization of organic semiconductors is their low stability in
the presence of light and oxygen, which results in degradation and device failure. Therefore,
understanding of degradation mechanisms in high-performance organic semiconductors is of
considerable importance.? Polariton chemistry, which utilizes strong light-matter interactions to
control chemical reactions, is an emerging field of recent interest.>”’ Both acceleration and
inhibition of chemical reaction rates due to strong coupling of molecules to cavity photons,
depending on the reaction, have been predicted theoretically,®? and several reactions under strong
coupling conditions, both in the ground!®!! and in the excited'®!? electronic state, have been
studied experimentally. Effects of strong coupling on the photochemical reactions pertaining to
photostability of organic electronic materials have also been reported. For example, strong
coupling between the J-aggregated organic dye and triangular silver nanoprisms resulted in up to
a hundredfold reduction in a photobleaching rate in the dye molecules,'? and a threefold
stabilization factor was obtained due to coupling of a semiconducting polymer P3HT to a
microcavity.'* In both cases the photodegradation process, mediated by the strong coupling, was

related to triplet state-mediated photooxidation.

Functionalized acenes have served as model systems for a variety of studies of exciton and charge
carrier dynamics, and they are among the highest-performing organic semiconductors to date.'
Strong exciton-photon coupling in various acene crystals and films placed in microcavities has

also been observed,'>!® and polariton lasing demonstrated.!® A representative of this class is 5,12-



bis(triisopropylsilyl)ethynyl tetracene (TIPS-Tc, inset of Fig. 1) which has been extensively
studied as a singlet fission material.?> > (Singlet fission is a process of generating two triplet states
from a singlet exciton, providing a route to boost efficiency of organic solar cells.?*) Similar to
other acene derivatives,'> '8 TIPS-Tc films placed in microcavities exhibit polariton formation due
to strong coupling of excitons in the TIPS-Tc to the cavity photon.?* A notable drawback of using
the TIPS-Tc derivative in devices, however, is that it is prone to a rapid photodegradation® under
ambient conditions, which calls for investigation of underlying mechanisms. The ability of TIPS-
Tc to form exciton polaritons in a microcavity presents an opportunity not only to explore
technologically relevant photochemical reactions but also to determine whether they could be

manipulated using polaritons.

In this paper, we examine the routes of photodegradation in TIPS-Tc films and establish how they
are affected by the strong coupling of TIPS-Tc excitons to the cavity photons. We demonstrate the
presence of both oxygen-mediated and oxygen-independent mechanisms of degradation, which
proceed with rates differing by a factor of ~650. For the oxygen-independent pathway, we identify
an alkyne dimer as one of the major photoproducts and report on its optical properties. We observe
an accelerated photodimerization in the presence of cavity polaritons, with the rate enhanced by a

factor of ~4 in resonant cavities and only slightly depending on the cavity detuning.

2. Materials and Methods

2.1 Sample preparation

TIPS-Tc films were spin cast from a 50 mM solution in toluene on a glass substrate which was
partially covered with a 45 nm layer of Ag. The spin casting speed was varied to create films with

thicknesses ranging between 95 nm and 140 nm, as measured using ellipsometry. All films were



amorphous as confirmed by the x-ray diffraction. Three sample configurations were created on the
same substrate: TIPS-Tc/Ag (45 nm)/glass (denoted “B” for the Ag on the “bottom”), Ag (45
nm)/TIPS-Tc/glass (denoted “T” for Ag on the “top”), and Ag (45 nm)/TIPS-Tc/Ag (45 nm)/glass
(denoted “C” for “cavities”); schematics of B and T samples are shown in the insets of Figs. 2(a)
and 2(b). The range of film thicknesses was chosen to create A/2 microcavities with varying
resonance frequencies, so that the cavity detuning A defined as A = Eo — Ex (where Eo is the cavity
photon energy at normal incidence and Ex is the TIPS-Tc 0-0 exciton energy) is in the -328 to
+126 meV range (Table 1). Details on fabrication and properties of samples studied are provided
in the SI. T samples prepared on the same substrates as the corresponding C samples (that is at the
same spin casting speeds) are denoted T0, T1, T2, and T3. Samples that were prepared at the same
spin casting speed but had a slightly different thickness (resulting in different cavity resonance

wavelengths and detunings in C samples) are labelled with “a”, “b”, or “c” (e.g. C3a), Table 1.

Table 1. Properties of cavity samples used in our studies.

Spin casting | Sample Eo (eV) (Mo |A (meV)° Ap at 8 = 0
speed (nm))? (nm)*

2200 RPM Co 2.45 (5006) 126 557

1700 RPM Cla 2.34 (530) 12 573

1700 RPM C1b 2.33(532) 6 574

1500 RPM C2a 2.26 (550) -71 587

1500 RPM C2b 2.25(551) =77 588

1500 RPM C2c 2.22 (559) -107 594




1200 RPM C3a 2.09 (593) -236 627

1200 RPM C3b 2.06 (602) -267 639

1200 RPM C3c 2.00 (620) -328 680

Eo is the cavity photon energy at normal incidence (0 = 0), Ao is the corresponding fundamental
mode resonance wavelength in cavities. *Detuning, defined as Eo-Ex where Ex is the energy of the
0-0 exciton in TIPS-Tc. Red detuning = negative values of A. “Wavelength of the lower polariton
branch at 6 = 0. In C3 samples deposited using a lower spin casting speed of 1200 RPM, larger
sample to sample variation was observed in film thicknesses resulting in a larger spread of LP

properties and detuning as compared to thinner films in C1 and C2 samples.
2.2 Optical measurements

In all samples, reflectance and transmittance were measured using a vertical, custom--built optical
assembly mounted to an inverted microscope Olympus IX-71. White light from a fiber--coupled
tungsten filament source (Ocean Optics LS-1) was used to illuminate samples at normal incidence
from the exposed film side (through air in B samples or through glass substrate in T samples).
Reflected or transmitted light was then detected via fiber-optic cable using an Ocean Optics
USB2000-FLG spectrometer. Photoluminescence (PL) spectra were measured under 532 nm
continuous wave (cw) excitation from a Verdi-5 laser (Coherent, Inc.) focused by a 10x
microscope objective. Optical constants and film thicknesses were obtained using a V-VASE J.A.
Woolam spectroscopic ellipsometer as described in detail in the SI and pertinent parameters listed

in Table S1.

The microcavities were characterized using angle resolved reflectance on a custom--built optical
assembly. White light from a fiber-coupled tungsten filament source (Ocean Optics LS-1) was
passed through a linear polarizer to select either s- or p-polarizations before being focused onto
the sample with a 10 cm focal length lens at angles of incidence ranging from 20° to 80° in steps
of 5°. Reflected light was then collected and analyzed with an Ocean Optics USB2000-FLG

spectrometer.



Photoluminescence lifetimes measurements were performed with 532 nm excitation from a
frequency-doubled 1064 nm picosecond pulsed laser (HE-1060, Fianium, Inc.). Time-resolved PL
was detected via fiber-optic cable with a time-correlated single photon counting card (TimeHarp
200, Picoquant, Inc.). PL lifetimes in thin films of each sample geometry were measured both
before and after 30 minutes of continuous irradiation with a 532 nm cw laser to determine the

effects of molecular photodegradation on PL decay rates.

Details of spectral analysis for the “bare” films in B and T samples and coupled films in C samples,
as well as the polaritonic model used in extracting the exciton-photon coupling strengths from

angle-resolved reflectance data from the C samples, are described in the SI.
2.3 Photodegradation experiments

To induce photodegradation, samples were irradiated at normal incidence using either unpolarized
white light from a tungsten halogen lamp (Dolan-Jenner Fiber Lite DC950) focused by a 50x
microscope objective, or circularly polarized 532 nm continuous wave excitation from a Verdi-5
laser (Coherent, Inc.) focused by a 10x microscope objective. Laser excitation for all samples was
performed through the Ag layer, while white light excitation came from the exposed side of the
film (opposite side to laser excitation in C samples). The reflectance of the white light was detected
at normal incidence through a vertical, custom built optical assembly connected via fiber-optic
cable to an Ocean Optics spectrometer (USB2000-FLG). The photodegradation-inducing light
beam was blocked from detection with an automated beam block to periodically block excitation
during reflectance measurements to prevent spectrometer saturation. Irradiation periods of 5 s were
significantly longer than detection (rest) periods of 150-350 ms. The beam block was also used
during recovery measurements to allow the films to recover in the dark for a set period of 10-20
minutes. Given the irradiation intensity-dependence of photodegradation rates in all samples, all
measurements on cavities were accompanied by side-by-side measurements on control T samples,
to account for day to day variation in irradiation conditions. We refer to samples before the
exposure to the photodegradation-inducing light (i.e. exposure time t = 0) as “fresh” and to those

after the exposure as “irradiated”.

To determine the availability of oxygen to the T and C samples -- due to either permeation through

the Ag film or the sides of the samples, or due to having been trapped in the films during Ag



deposition -- B samples were photobleached both in air and in vacuum in a Janis STC-500 cryostat.
We refer to the samples bleached in air as B and the samples bleached in vacuum as B(V). The

procedure used for collecting data in the cryostat was the same as for films exposed to air.
2.4 The density functional theory

The molecular configuration of TIPS-Tc was explored using density functional theory (DFT). The
ground state geometry of TIPS-Tc was optimized using the B3LYP functional with the 6-
311G+(2d,p) basis set, yielding also the frontier molecular orbital energies. Next, the first two
allowed singlet excited state (vertical) transition energies Eso-s» along with the corresponding
oscillator strengths fso-s» (for n = 1; 2) were calculated using Time-Dependent (TD) DFT methods
at the same level of theory. The same calculations were repeated for the Tc molecule with the TIPS
side groups interchanged for SiHs groups.?® A visualization of the HOMO and LUMO for SiH3-
Tc is given in Fig. S2. In order to explore the photodegradation pathways for TIPS-Tc, several
candidate molecules were studied. When oxygen is present (B samples), acenes are known to form
endoperoxides (EPOs), and so the two possible EPOs were geometrically optimized and then TD
DFT was used to predict the first three excited states using the same methodology as described
above. Additionally, the Natural Transition Orbitals were calculated, as described in our previous
publication.?® Tc-EPOa is where the oxygen molecule bonds on the center ring without the side
groups (see Fig. S6), and Tc-EPOg is where it bonds across the same ring as the side groups. In T
and C samples, a dimer-based alternative photodegradation pathway was explored, denoted (Tc +
Tc) in Table 3. As discussed in Section 3.2, in this dimer the triple bonded carbons of the side
group of one TIPS-Tc molecule bond across the ring structure of the other TIPS-Tc molecule just
as an oxygen molecule would for EPO formation. The same geometry optimization and excited

state calculations were performed, with values given in Table 3.

3. Results

3.1. Optical properties and photodegradation of TIPS-Tc films in air

Optical properties of TIPS-Tc¢ films used in our studies were similar to those previously reported

for disordered TIPS-Tc films (Figs. 1 and S2).22 Briefly, the optical absorption spectra exhibited a



pronounced vibronic progression (Figs. 1 and 2) with the 0-0 exciton energy Ex of 2.32 eV,
linewidth oo of 65 meV, and the vibrational energy Ev of 0.17 eV (Table 2 and SI). The molecular
orbitals involved in the So-Si transition obtained using DFT methods are shown in Figs. S2 and
S3. The photoluminescence (PL) spectra revealed a presence of two emissive species — the Si
excitons with the 0-0 energy of 2.30 eV and a lifetime of ~2 ns and the correlated pair of triplet
states (TT), formed in the process of singlet fission (So+S1 — TT — Ti + T1),2? with the energy
peaked at ~1.92 eV and a lifetime of ~13 ns (Figs. S4 and S5). The properties of TT states of
varying multiplicity (e.g. '(TT) and 3(TT)) in TIPS-Tc films, depending on film morphology, have
been previously reported.?’ [Musser] Here we will focus on the TT state with a singlet character,
I(TT), which will be for simplicity referred to as TT, unless stated otherwise. Briefly, the TT state
in TIPS-Tc films forms on multiple time scales (from <100 fs to tens of ps), after which it can emit
PL at time scales of tens of ns, convert to free triplet states (T1) over tens to hundreds of ns, or
geminately recombine back to Si contributing to the delayed fluorescence from the Si state. In
disordered TIPS-Tc films, such as ours, the Si regeneration from TT was deemed weak, whereas
the thermally activated dissociation of TT into T1+T efficient, occurring with the 180% yield. The
relevance of these properties to the photochemical processes described in our present study will

be discussed in Sec. 4.
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Figure 1. Absorption and photoluminescence (PL) spectra, normalized at their peak values, of

pristine TIPS-Tc films used in our studies. Inset shows molecular structure of TIPS-Tc.

Table 2. Optical properties of TIPS-Tc monomers and alkyne dimers.

Molecule | Ex Ev S? o (eV)* | Ac“ Eso-s1

(eV)* | (eV)!
(eV)°

monomer | 2.32 0.17 0.96 0.048 | 0.54 2.09

dimer 2.37 0.17 0.90 0.065 |0.30 2.19

%Ex, Ev, S, o, and Ac are the 0-0 exciton energy, vibrational energy, Huang-Rhys factor,
Lorentzian width, and width expansion, respectively, obtained from fits to data of Fig. 3(a) for the
TIPS-Tc monomer and the alkyne dimer to Eq. (S2).2”-? ®Eso.s1 is the energy of the So-S transition

calculated using DFT as described in Section 2.4.

Next, we explored how the optical properties of the TIPS-Tc films described above changed upon

continuous white-light exposure, depending on the sample configuration. Figure 2(a) shows the
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time evolution of the absorption spectra in a B sample, in which the TIPS-Tc film was exposed to
air, under continuous 190 mW/cm? white-light irradiation. Fast degradation was observed, with
the So-S1 absorption of TIPS-Tc molecules decreasing by an order of magnitude after only ~3
minutes of exposure, with no new spectral features detected in the visible wavelength range. No
degradation was observed under the same irradiation conditions in a T sample (inset of Fig. 2(a)),
where the TIPS-Tc film is encapsulated by the top Ag layer, which suggests that the fast
photodegradation in the TIPS-Tc film exposed to air predominantly follows an oxygen-dependent
pathway. The integrated So-S1 absorption (inset of Fig. 2(a)), normalized by its value for a fresh
sample (i.e. at the exposure time t = 0), was well described by a bi-exponential function of the
form aia exp(-kia t) + a2a exp(-koa t) + aca, where kia and koa are the degradation rates in air, aia and
aza are corresponding weights, aoa is a residual absorption by TIPS-Tc molecules unaffected by
these degradation processes, and aoa + a1a +a2a = 1. The rates yielded values of kia = 0.0295+0.0005
s! and kza = 0.0116+0.0002 s for these exposure conditions, contributing similarly (aia/aza =
0.84+0.05) to the decay dynamics, with only a small (~7%) residual population (aca = 0.070+0.005)
of TIPS-Tc molecules not subjected to the degradation under these conditions. Examination of
multiple B samples measured under various irradiation conditions revealed irradiation intensity-
dependent rates but intensity-independent residual population ranging between 4% and 7%
depending on the sample morphology. We attribute the observed processes occurring in air to the
photo-oxidation with a formation of endoperoxides (EPOs), which is a known photodegradation
mechanism in acenes exposed to air.2* The two possible Tc-EPO configurations (where the oxygen
molecule bonds across the center ring without TIPS groups, Tc-EPOa, and across the same ring as
the TIPS side groups, Tc-EPOg), which have been previously identified at a 2:1 ratio in photo-

5

oxygenated TIPS-Tc solutions,?® were examined using DFT (Table 3 and Fig. S6). Because of the

11



reduced conjugation as compared to TIPS-Tc, both EPO derivatives have optical absorption in the
UV region, with the DFT-predicted So-S1 transitions at 3.38 eV and 3.80 eV for Tc-EPOa and Tc-
EPOg, respectively, which is consistent with lack of new spectral features in the visible region in

our experiments of Fig. 2(a).
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Figure 2. a) Absorbance of a B sample in air under continuous exposure to white-light at 0.19
W/cm?. Left inset: schematics of a B sample and illumination geometry. Right inset: time evolution
of the total integrated So-S: absorbance, normalized at its value at t = 0, of a B sample in air and
in a T sample under the same white-light exposure via the film side in both samples. A bi-
exponential fit to the B data in the inset is shown as a dashed line. b) Absorbance of a T sample
over time under continuous exposure to 532 nm cw light at 27 W/cm?. Left inset: Schematics of a
T sample and illumination geometry. Right inset: time evolution of the total integrated So-Si
absorbance, normalized at its value at t = 0, of T and B(V) samples under the same 532 nm cw
exposure. For direct comparison between T and B(V) samples, both samples were irradiated

through the Ag layer.

12



3.2 Photodegradation of TIPS-Tc films in the absence of oxygen

Here we examined the photodegradation of TIPS-Tc films when the film was not exposed to
oxygen, in particular in B samples in vacuum (denoted B(V)) and T samples. For this, we used a
considerably higher-intensity irradiation (7-70 W/cm? with a 532 nm cw laser) as compared to that
used in experiments in B samples in air discussed above, in order to induce photodegradation on
time scales closer to those of Fig. 2(a). Evolution of the optical absorption spectra under a
continuous exposure of a T sample to the 532 nm cw laser light is shown in Fig. 2(b). Similar
results were obtained for the B(V) samples, as illustrated in the inset of Fig. 2(b) which shows time
dependence of the integrated So-S1 absorption of the T and B(V) samples, normalized by its values
in the corresponding fresh samples (i.e. at the exposure time t = 0). The similarity of the B(V) and
T traces indicate that the degradation in these samples proceeds via similar, oxygen-independent
mechanisms. Interestingly, in contrast to a monotonic reduction in the absorption across the visible
wavelengths for TIPS-Tc films exposed to air (B sample in Fig. 2(a)), the absorption in T and B(V)
samples developed a new spectral feature, with the main peak blue-shifted by only ~0.05 eV from
the 0-0 absorption line of TIPS-Tc, which grew in time under a continuing 532 nm light exposure
(Figs. 2(b), 3(a), and S8). This new feature is apparent from fits of the absorption spectra (as
described in detail in the SI),?”?® which evolve from one vibronic progression for the TIPS-Tc
monomer in the fresh sample (at time t = 0) to two vibronic progressions (TIPS-Tc monomer and

a new species) at later times (Figs. 3(a) and S8), with the fit parameters listed in Table 2.

A prominent oxygen-independent photodegradation pathway in acenes is a photodimerization,
which has been extensively studied,®* and dimer formation pathways investigated.’*3¢
However, most of the studies focused on the “butterfly” dimers, where the conjugation is broken

for both monomers forming a dimer. Such dimers absorb in the UV and do not contribute to the
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absorption in the visible wavelength region.?” While it is likely that “butterfly” dimers form in
TIPS-Tc, as discussed below, these are not the photoproducts with absorption spectra revealed by
experiments of Fig. 3(a). Instead, we hypothesize that the new species formed in the B(V) and T
samples under light exposure are alkyne dimers with the molecular structure shown in the inset of
Fig. 3(a) (bottom), qualitatively similar to those observed in other functionalized acene derivatives
upon degradation.?”-*8 This assignment is in agreement with DFT calculations of optical properties

a) of such dimers (Tables 2 and 3 and b)
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TIPS-Tc molecules (alkyne dimers), shown in the left (right) inset. The spectral fits and
deconvolution into two vibronic progressions were performed using a model of Eq.(S1) as
described in the SI; the fit parameters are listed in Table 1. b) Dynamics of the TIPS-Tc monomer
concentration decay and alkyne dimer formation obtained by integration of the corresponding
absorption spectra (green and red areas in a), respectively) at various irradiation light intensities in
the 9-18 W/cm? range (lines). Both monomer and dimer integrated absorption spectra were
normalized by the total integrated absorption at t = 0. Bi-exponential fits to each trace, both for the
monomer decay and for the alkyne dimer rise, are shown as lines with symbols. Break in the y-
axis is introduced for clarity. c¢) Rate constants ki and k2 obtained from bi-exponential fits to the
monomer decay as functions of irradiation intensity (/). Linear fits (ki,2 ~ /) are shown with lines.
The inset shows comparison of the ki and k2 rates for the monomer decay (closed symbols) and
kid and koq rates obtained from the bi-exponential rise of the alkyne dimer population (open

symbols).

Table 3. Results from ab initio calculations for each molecular system. Included are results for
TIPS-Tc, SiH3-Tc, Tc-EPOa, Tc-EPOs and (Tc + Tc). The frontier orbital energies (Enomo and
ELumo) were calculated using DFT (B3LYP/6-311+G(2d,p)), while the first and second allowed
singlet transition energy (vertical) and oscillator strength (Eso-s» and fso-s» respectively where n =

1, 2) were calculated using TD DFT methods at the same level of theory.

Molecule Enomo Erumo Eg,-s, (fSO_Sl) Es,—s, (fso—sz)

TIPS-Tc -5.149 eV -2.788 eV 2.095 eV (0.2314) | 3.126 ¢V (0.0526)
SiH3-Tc -5.374 eV -3.027 eV 2.087 eV (0.1663) | 3.117 eV (0.0486)
Tc-EPOa -6.265 eV -2.516 eV 3.381 eV (0.1739) | 3.526 eV (0.2532)
Tc-EPOs -6.347 eV -1.675 eV 3.798 eV (0.0049) | 4.085 el (0.0228)
(Tc+Te) -5.253 eV -2.756 eV 2.188 eV (0.1590) | 2.484 eV (0.0021)

15
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Figure 4. The structure (a) and Natural Transition Orbitals (b)-(c) for the So-S: transition for the
alkyne dimer (Tc + Tc in Table 3). (b) The initial state for the transition (analogous to the “hole”
wavefunction) and (c) the final state for the transition (analogous to the *“electron" wavefunction).
Note that “hole” and “electron” wavefunctions are primarily concentrated on the undistorted Tc
backbone, and that they are qualitatively similar to the “hole” and “electron” states of SiHs-Tc (see
Fig. S3), suggesting that this dimer’s excited state has similar character to the So-Si state for a

monomer. The calculations were done using TD DFT methods (B3LYP/6-311+G(2d,p)).

The dynamics of the monomer decay and alkyne dimer formation obtained by integrating the
absorption spectra of the monomer (green area in Fig. 3(a)) and alkyne dimer (red area in Fig. 3(a))
upon irradiation are shown in Fig. 3(b), at various 532 nm irradiation light intensities. At all
intensities studied, these dynamics were well described by a bi-exponential function (ao + a1 exp(-

kit) + a2 exp(-kzt) and aod - a14 exp(-kiat) — a2a exp(-kadt) for the monomer decay and alkyne dimer
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formation, respectively), with ai and aia (i=0,1,2) coefficients independent of the irradiation

intensity (/), whereas the rates scaling linearly with 7 (Fig. 3(c)).

The presence of fast and slow components in the photodimerization dynamics has been previously
observed®>?? and attributed to a fast dimerization of the molecules with a favorable orientation
(fast initial decay) which then slows down as the exciton search time for a pair of molecules with
favorable orientation increases (slower decay, which then levels off at a nonzero value of ao). It is
possible that similar considerations are applicable to our case as well, as we observed shortening
of the PL lifetimes after the prolonged irradiation (Fig. S10(a)), which indicates that the presence
of photodimers induces PL quenching which could lead to kinetics heterogeneity.’> However,
other scenarios, such as formation of multiple photoproducts®’ (contributing to the heterogeneity
in the monomer decay), as discussed below, and existence of two independent pathways of alkyne
dimer formation that proceed via different intermediates (contributing to the bi-exponential

dynamics of the alkyne dimer formation) cannot be ruled out.

Comparison of the reaction quantum yields ¢ (defined using k = Iphabsh, Where Iphabs is the
absorbed irradiation photon flux and k is the rate extracted from the fits of the monomer decay
dynamics) for the faster degradation processes in B and T samples described by kia and ki rates,
respectively, indicates that the oxygen-independent degradation process in T samples is a factor
of ~650 less efficient than the oxygen-mediated degradation in air in B. This explains why the
alkyne dimer formation was not readily observed in TIPS-Tc films exposed to air and the alkyne
dimer spectral features were not detected in the B data of Fig. 2(a). Interestingly, in the T samples,
the residual monomer absorption ao was in the 0.16-0.3 range (Figs. 3(b) and S8), depending on
the sample morphology, indicating that 16-30% of the TIPS-Tc molecules in these films are in

configurations that are not conducive to oxygen-independent degradation mechanisms. These
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percentages are considerably higher than only 4-7% of TIPS-Tc molecules that remained
unaffected by the EPO formation when the film was exposed to air. Furthermore, the contribution
of the absorbance from the alkyne dimers after a prolonged irradiation (given by aod) constitutes
only about 10-17% of the initial total absorbance (Figs. 3(b) and S8). Since the oscillator strength
of the alkyne dimer is comparable to that of the monomer (Table 3), but only one of the two
moieties in the alkyne dimer absorbs in the visible wavelength range, this translates into about 20-
34% of the initially present TIPS-Tc molecules that convert into the alkyne dimer of Fig. 3(a) after
a prolonged light exposure. Given that about 70-84% of the monomers convert to photoproducts
(Fig. 3(b) and S8), this suggests that up to 50% of monomers convert into other products, such as
“butterfly” dimers widely discussed in the literature.?~3 This conversion must be occurring slower
than the alkyne dimer formation which explains an about a factor of ~2-3 slower overall dynamics

of the monomer decay as compared to that of alkyne dimer formation (inset of Fig. 3(c) and S8(b)).

3.3 Photodegradation of TIPS-Tc strongly coupled to microcavities

When placed in microcavities, the TIPS-Tc films exhibited signatures of strong exciton-photon
coupling (Figs. 5 and S11-13). Figure 5(a) shows angle-resolved reflectance spectra obtained from
a cavity resonant with the 0-0 transition in TIPS-Tc¢ (C1b, Table 1). All three exciton transitions
(0-0, 0-1, and 0-2) within the So-S1 absorption band of the TIPS-Tc film coupled to the cavity
photon creating the lower polariton (LP), two middle polariton (MP1 and MP2), and the upper
polariton (UP) branches (Figs. 5(b) and S12), with the coupling strengths (2Voi, i=0,1,2), extracted
from fits to the coupled oscillators model (see SI), scaling as expected with the oscillator strength*°
(Fig. S13) and exhibiting values of up to ~290 meV (Table S3).!® Because of the similarity between
the T and C samples in terms of oxygen availability, we expect that in the cavities (C samples) the

photodegradation processes are similar to those discussed above for the T samples and therefore,
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we examined the photodimerization of TIPS-Tc molecules in cavities side by side with those in

the T samples under the same irradiation conditions.
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Figure 5. a) Angle-dependent reflectance spectra for TIPS-Tc in a resonant cavity C1b. Vertical

dashed lines label exciton resonances in TIPS-Tc corresponding to 0-0, 0-1, and 0-2 transitions. b)

Dispersion characteristics obtained from reflectance dip positions in the data in a) (dots) fit with

the coupled oscillators model (lines) yielding coupling strengths 2Voo = 258 meV, 2Vo1 = 220
meV, and 2Vo2 = 138 meV. Lower polariton (LP) (blue dots), middle polariton 1 (MP1) (orange

dots), middle polariton 2 (MP2) (green dots), and upper polariton (UP) (red dots) branches are

shown. Dash-dotted line corresponds to the dispersion of the cavity photon, and horizontal dashed

lines show the energies of the excitons in “bare” (uncoupled to the cavity) TIPS-Tc¢ films for which

the absorption spectrum is included on the right.
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Figure 6(a) shows a photodimerization-induced change in the reflectance spectra obtained from a
resonant cavity C1b under a continuous 532 nm irradiation, with the time evolution of energies
(positions of the reflectance minima) for LP, MP1 and MP2 polariton branches summarized in the
inset of Fig. 6(a)). The observed energy shifts are due to a time-dependent reduction in the exciton-
coupling strengths (2Voi, Table S3) caused by a decreasing concentration (N) of the surviving
TIPS-Tc molecules coupled to the cavity, as expected from the 2Voi ~N'? relationship.'?!44° The
decay in the TIPS-Tc concentration (N) obtained from the time-dependent coupling strength 2Voo
as N ~ (2Voo)? for the C1b, normalized at its value at t = 0 is shown in Fig. 6(b). For comparison,
the integrated So-S1 absorption data obtained in the T1b control sample under the same irradiation

conditions (i.e. through the Ag/TIPS-Tc film interface in both cases), is also included in the figure.

The N(t) dynamics in C1b of Fig. 6(b) were fit by a bi-exponential function (aoc + aic exp(-kict) +
a2 exp(-kact)); fit parameters for C1b and the T1b control sample are summarized in Table S2(b).
In C1b, the rate kic = 0.034420.0008 s was a factor of 1.97+0.07 higher than the corresponding
rate ki1 = 0.0175+0.0002 s! in the T1b control sample. The residual concentration fraction of TIPS-
Tc molecules unaffected by photodimerization described by aoc was 0.1954+0.001 in C1b, which is
lower than ao = 0.3034+0.001 in T1b. This suggests that (i) the population of TIPS-Tc molecules
that efficiently couples to the cavity has a preferential intermolecular orientation and relevant
excited state dynamics that is more prone to photodimerization as compared to the overall
population probed in the T samples and/or (i1) polariton states facilitate the chemical reaction in
molecules which otherwise would not be susceptible to these photochemical processes, as

discussed in Sec. 4.2.
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corresponds to the 0-0 exciton energy; red line highlights a non-monotonic MP1 branch evolution

due to the alkyne dimer coupling to the cavity.

In order to understand the underlying mechanisms behind the differences in oxygen-independent
photodegradation dynamics in the C1 and T1 samples in Fig. 6(b), and recalling the linear light
intensity dependence of reaction rates on light intensity in Fig. 3(c), it is necessary to account for
the differences in the absorbed photon flux in the organic layer in these two sample configurations.
A unified approach to the latter calculation, which would be important for the emerging field of
polariton-modified photochemistry, has not yet been developed, and the current approaches vary
across the literature.[P3HT,ACS, ChemSci, Photoiso] Similar to approach in Ref. [P3HT], we used
the transfer matrix method to obtain the distribution of electromagnetic field across the film in the
C and T samples (Fig. S14) at 532 nm illumination, which accounts for phase changes occurring
in semi-transparent Ag mirrors and interference effects resulting from internal reflections (which
are important in our 95-140 nm thick films). Since this wavelength is close to the C1b resonance
(Table 1), the light intensity in the active TIPS-Tc layer in C1b is enhanced by a factor of ~10.3
(obtained from integrating the |E[* profiles in Fig. S14 across the film, Table S4) as compared to
that in the T1b. (Such enhancement is a feature of cavity structures that has been utilized in cavity-
enhanced absorption spectroscopy, as well as in improving light trapping in solar cells and
enhancing LED emission.*'**The enhancement due constructive interference contributing to |E[?
is also expected to significantly depend on the offset between the wavelength of cavity resonance,
controlled by the film thickness, and the illumination wavelength, decreasing with the increasing
offset, as seen from Fig. S14 and Table S4). The other factor we explicitly took into account is the

presence of the strong exciton-photon coupling, which redistributes the oscillator strength, causing
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the total absorbed fraction of the incident 532 nm light in the C samples ( exciting in the vicinity
of the MP1 branch, Fig. 6(a)) is considerably lower than that in the T samples (in which the 532
nm light is almost resonant with a strong 0-0 line of TIPS-Tc molecules, Figs. 1 and S1). Strong
|E|* enhancement, scaled by low overall absorbed fraction of light, in C samples as compared to
corresponding T samples, results in absorbed photon flux ratio of 0.47 in C1b as compared to T1b
(Table S4). As aresult, at the same incident intensity of the 532 nm irradiation, the kic rate in C1b
cavities would be expected to be 0.47 of the ki rate in the T1b (Table S4) - thus, slower. This is in
contrast to a factor of 1.97 faster rate observed in C1b as compared to T1b samples (Fig. 6(b)),
which translates into a factor of ~1.97/0.47 = 4.2 higher quantum yield of the dimerization in the
C1b cavity. Several considerations could be behind this observation, which are discussed in Sec.

4.2.

Next, we explored time evolution of polariton energies due to photodegradation depending on the
energy offset between the cavity photon and the 0-0 exciton (cavity detuning A), which enables
varying the relative contributions of the photonic and excitonic components in the polariton states
(e.g. the LP states in red-detuned cavities C2 and C3 have a higher photonic component as
compared to those in resonant cavities C1). Inset of Fig. 6(b) illustrates changes in the LP and
MP1 energies upon continuous 532 nm irradiation in the C2a cavity; data for other cavities are
shown in Fig. 7(a). Similar to the dynamics in the C1b resonant cavity (inset of Fig. 6(a)), in all
cavities the LP branch experienced the most pronounced shift, of all branches. In several cavities,
including C2a, a non-monotonic behavior in the peak shift dynamics was observed at longer
irradiation times (>300 s) (inset of Fig. 6(b)). We attribute this behavior, with an onset
corresponding to the times when a sizable population of photoproducts had been generated, to the

coupling of the alkyne dimer of Fig. 3(a) to the cavity which shifts the overall polariton energies.

23



For simplicity, we focus only on the dynamics at shorter time scales (t < 300 s, Fig. 7(b))) and on

the LP branch.
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exponential fits (aoLp — aiLp exp(-kiLp t) — azLp exp(-karp t)) to the data are also included (red dashed
lines). The fit parameters are summarized in Table S2(c). No systematic dependence of the LP
dynamics on the cavity detuning is observed. c¢) The ratio of the rates kiLp and ki obtained from
bi-exponential fits to the LP branch energy shift in C samples and monomer decay dynamics in
the corresponding control T samples, depending on cavity detuning. The data are normalized by
the value obtained for the resonant cavity C1b. The line is the guide for the eye. Inset shows the
enhancement factor (EF) defined as the ratio of quantum yields in a cavity C and a corresponding
control sample T, normalized by that for the resonant cavity C1b, for C0-C3 samples. In the case
of C1-C3, the data were averaged over Cla-b, C2a-¢, and C3a-c samples (Tables 1 and S4). Y-
error bars reflect cavity-to-cavity variation and X-error bars represent the range of cavity detuning

for that group of cavities.

To aid the comparison with the control T samples, the LP dynamics were fit by a bi-exponential
function (Fig. 7(b) and Table S2(c)). The ratios of the faster rate kiLp in cavities with various
detunings and the faster rate ki in corresponding control T samples (which accounts for a slight
effect of film thickness, independent of the strong coupling effects, on the rates, Fig. S15 and Table
S2(a)), relative to that obtained in the resonant cavity Cl1b, are shown in Fig. 7(c). Only a slight
change in the LP dynamics was observed upon detuning in our detuning range, with the kirpr/ki
ratio tending towards lower values at larger red-detunings |A|. Accounting for the differences in
the absorbed photon flux of the photodimerization-inducing 532 nm light (Iph,abs) (Table S4)
among various cavities, the photodimerization quantum yield enhancement factor EF (defined as
EF = ¢c/dt, where ¢c (¢T) are quantum yields for the C (T) samples obtained from kirp (ki) rates
assuming k = Iph,abs ¢) normalized by that for the C1b cavity (inset of Fig. 7(c)) and averaged over
2 or 3 cavities in each detuning range (C1-C3), tends towards slightly higher values upon red
detuning, thus potentially exhibiting an even stronger speed-up of the TIPS-Tc photodimerization

than the factor of 4.2 observed in the resonant cavity C1b. However, further studies are needed to
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understand a quantitative relationship between the dynamics of the population of the strongly

coupled molecules N and of the LP branch energy shifts..

4. Discussion

Here we discuss possible mechanisms behind our observations described in Sec. 3. Depending on
whether the TIPS-Tc film is exposed to oxygen or not, the dominant photodegradation mechanism
changes from the EPO formation in B samples to photodimerization in T or C samples.
Furthermore, there is evidence that at least two types of photodimers form, one of which is the
alkyne dimer of Fig. 4 and the other one is most likely a “butterfly” dimer*’). Although
establishment of the exact pathway and the excited states responsible for EPO formation and
photodimerization in our disordered TIPS-Tc films requires further studies, we comment on how
our results fit into what is known about relevant photochemical reaction pathways from the

literature.

4.1 EPO formation

Because of the considerable importance of acene derivatives in organic electronics, acene-oxygen
interactions have been extensively studied.> The two pathways for these photochemical
interactions have been identified to occur via electron transfer (Type 1) or energy transfer (Type
IT) to ground-state oxygen. The Type I process proceeds from the S state of acene and results in
the formation of an acene cation and superoxide (O%). The Type II process typically proceeds via
the intersystem crossing (ISC) to form a T state on the acene molecule followed by the energy
transfer to the ground-state oxygen molecule (*02), which yields singlet oxygen (‘O2). Both O*
and 'Oz are reactive species that could attack the acene molecule leading to the EPO formation,

which is the main product towards decomposition.?’
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It has been documented that in Tc derivatives, the EPO formation predominantly proceeds via the
Type II process which is made efficient by the triplet energy of Tc (1.2-1.3 €V in TIPS-Tc)*? being
higher than the singlet-triplet gap for oxygen (0.98 eV).?> How the presence of entangled triplet
pairs (TT states), which are prominent in TIPS-Tc films, affect these general considerations above
has not been discussed in the literature. However, it would be reasonable to assume that even if
the TT state itself does not generate the reactive oxygen species, the singlet fission and the
associated increased yield of Ti states formed via dissociation of TT as compared to those
generated from Si via ISC would promote EPO formation via the Type II mechanism. It has been
previously reported?? that the TT state dissociation into free triplet states T1 in disordered TIPS-
Tc films is fast and efficient, and so we would expect efficient singlet oxygen generation in the
vicinity of the molecular pair that had formed the TT state. “Vicinity” is defined as being well
within the diffusion length for the singlet oxygen of L = V(6Dto2) = 2.5 nm (where D is the
diffusion coefficient taken to be 10" cm?/s* and to2 s the singlet oxygen lifetime 102, assumed to
be 10 ps.*) This makes the molecules in configurations conducive to forming TT states in these
disordered films statistically more vulnerable to the oxygen attack as compared to the overall

population.

Figure 8(a) illustrates this point by showing how the PL spectrum in B samples evolves under
continuous exposure to the 532 nm cw irradiation. In fresh samples, the emission from TT states
heavily dominates the overall spectrum. After only a few seconds of irradiation, the TT emission
is considerably reduced whereas the S1 emission is increased, which could be realized if one of the
TT state-forming molecules converts to the Tc-EPO (Sec. 3.1), whereas the other one remains
intact and emits from the Si state. This conversion is followed by the degradation of the remaining

molecules (and the S1 emission decay) until only a few percent of the original TIPS-Tc monomers
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survive on the >100 s time scales. In agreement with previous photo-oxidation studies in
functionalized acenes,?® the Tc-EPO formation was partially reversible, as manifested in a partial
recovery of PL after the sample was kept in the dark (Fig. S7(a)). However, the only recovered PL
signal was that from the Si state (Fig. S7(a)), which indicates that both molecules in the original
TT configuration have degraded and that the recovery of both molecules, which is necessary to re-

form the TT state in B samples, is statistically improbable.
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Figure 8. Time evolution of PL spectra under continuous 532 nm cw irradiation in a) B sample
and b) T sample. In a), the signal at t = 196 s was multiplied by a factor of 5 for better visibility.

In both samples, the decaying contribution of the TT states with time is indicated with the down-
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pointing arrow. In B sample, the S1 emission first increases, undergoes a maximum at between 1
and 2 s after irradiation followed by decay at longer than 2 s time scales. In T sample, the rise of

S1 emission is observed, with no decay at time scales of our experiments.

4.2 Photodimerization

Similar to photooxygenation, the photodimerizaton in acenes has been extensively studied.*® In Tc
derivatives, the “butterfly” dimerization is known to proceed from a singlet (S1) state, formed both
directly and via triplet-triplet annihilation.’** The alkyne dimerization in Tc derivatives has not
yet been studied; however, as informed by alkyne dimerization of other functionalized acene
derivatives (such as functionalized hexacene®’), this reaction most likely proceeds via a stepwise
mechanism, with a considerably lower driving force as compared to “butterfly” dimerization, and
relying on long lifetimes of triplet states T1. For both dimerization reactions to proceed, particular
intermolecular orientations in the film are required. Alkyne dimerization imposes stricter
geometrical constraints on the suitable molecular alignment as compared to “butterfly”

dimerization which can tolerate slight offsets and torsions in the molecules forming the dimer.

How the TT state itself participates in these two dimerization reactions in TIPS-Tc has not yet
been reported. However, even without its direct involvement in these reactions, there are two
indirect implications of its presence: its efficient dissociation into free triplet states T1 (as discussed
in Sec. 4.1) and possible geminate recombination with regeneration of the Si state (a process
responsible for delayed PL emission from S state). These two processes would promote alkyne
dimerization and “butterfly” dimerization, respectively, of the molecules participating in the TT
formation and their immediate surrounding, provided the suitable intermolecular orientation
requirements are met. The requirements should be easier to satisfy in disordered films such as ours

as compared to crystalline.
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The PL spectral evolution under continuous 532 nm irradiation of T samples provide an insight on
the photodimerization dynamics. Similar to B samples, the emission from TT states in T samples
decreases, whereas that from S; states increases, which would be consistent with one of the
molecules originally forming the TT state participating in the photodimerization (thus TT emission
decreases) whereas the other one emitting from the S state (thus S1 emission increases). In contrast
to B samples, this process occurs in T samples on considerably longer time scales, and even after
30 min of continuous irradiation there is a nonzero contribution of TT states to the overall PL
emission (Fig. S5(b)). Additionally, the Si1 emission does not appreciably decay on the time scales
of our experiments (Fig. 8(b)), which could be an indication that the surviving molecules are in
orientations that are not conducive to photodimerization. It is also possible that alkyne dimers, in
which one of the molecules largely preserves its molecular core (Fig. 4), would emit upon 532 nm
excitation. While no new PL features were observed in the PL spectra upon continuous irradiation,
based on the shift in the absorption spectra of the monomer and the alkyne dimer (Fig. 3(b)) and
assuming that the Stokes shift for the alkyne dimer would be similar to that of the monomer, the
two species could form a Forster Resonance Energy Transfer (FRET) pair, where the donor (dimer)
absorbs light and the acceptor (monomer) emits light, thus contributing to Si emission in Fig. 8(b)

at longer irradiation times.

We also note that the fast component of the decay dynamics of TT states upon continuous
irradiation (probed via time evolution of PL spectra) were faster than the ki rates obtained from

the absorption-based monomer decay dynamics under the same irradiation conditions (Fig. S5).
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Thus, the molecules in the configurations favorable for the TT state formation and their immediate
surrounding in the T samples degrade faster than the overall monomer population, a similar
observation to that in the B samples in air discussed above. Additionally, the rates of the TT decay
dynamics are close to those in the alkyne dimer rise dynamics, which may indicate that this state,
(although most likely indirectly, by promoting free triplet T1 generation), plays an important role
in alkyne dimerization. This is consistent with the alkyne dimerization proceeding via a stepwise
mechanism relying on the formation of triplet states,*® with an added intermolecular orientation
constraint necessary for dimerization. Given that the degraded emission from the TT state in T or
B(V) samples was partially reversible after the sample was kept in the dark (Figs. S7(b) and S7(c)),
which is the only reversible behavior observed in these samples, we hypothesize that one or both
molecules forming the TT state are susceptible to the “butterfly” dimerization as well, which we

expect to be more reversible than the alkyne dimerization.

Next, we discuss possible mechanisms for the polariton involvement in photodimerization in C
samples, which manifested through rate enhancement (kic) and the higher fraction of
photoconverted molecules (1-aoc), as compared to control T samples (Sec. 3.3). There are two main
considerations: 1) whether the same molecular populations are accessed in measurements on
cavities (C samples) as compared to a general molecular population in T samples and 2) how the
presence of polaritons might alter excited states dynamics relevant for photodimerization. In

particular:

1) Since photodimerization efficiency in the solid state strongly relies on the availability of

intermolecular orientations satisfying the geometrical constraint for the photodimerization
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process, it is conceivable that cavity selectively couples to particular domains (maximizing
the alignment between the molecular transition dipole moments and the cavity electric
field) which satisfy similar requirements. In this case, in C samples, only a subset of a
general population of degrading molecules seen in T samples, which is more conducive to
photodimerization, would be observed by measuring polariton properties of Figs. 6 and 7.
In our previous work on functionalized anthradithiophene- and pentacene-based

polycrystalline films in cavities,!®*

we have observed preferential cavity coupling to
particular molecular populations (namely, to amorphous phases in the mixed-phase films
with coexisting amorphous and crystalline domains). The TIPS-Tc films in our present
study, however, are amorphous, and so a preferential cavity coupling to domains with

particular local nanoenvironment conducive for photodimerization would be harder to

envision, although it cannot be excluded.

2) The most relevant considerations pertaining to excited states dynamics are (i)
whether the ultrashort-lived (<100 fs in our low-Q cavities) polariton states themselves
could cause an ultrafast dimerization and (i) how the mixing of polariton states with

various dark states discussed in the literature®*+84°

could promote dimerization. (Here
“dark” states refer to molecular states that are not coupled to the cavity photon which co-
exist with polariton states.) Although ultrafast dimerization has been documented,™ it
requires special conditions (for example, the presence of conical intersection between the
ground and first excited state along the cycloaddition pathway in the case of sub-ps thymine
dimerization®!), existence of which is highly unlikely for TIPS-Tc. Thus, we discard the

consideration (i). The mixing between coherent polariton states and incoherent dark states

(consideration (ii)) and establishment of a quasi-equilibrium between polariton states such
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as LP and dark states was recently discussed in a context of photochemistry. ** For
example, Ref. *® argued that low entropy of polariton states may lead to a higher free
energy, as compared to that of dark states, even with the lower electronic energy of a
polariton state (e.g. the LP energy in all C samples is lower than that of the Si exciton).
The high free energy then may enable dark states population even from a LP state and
initiate dark states-mediated photochemical reactions upon LP excitation. Applying this
logic to our case, the enhanced reactivity would be expected if polariton states-dark states
mixing could promote routing of the excited states population into the states responsible
for dimerization. Polariton states have been shown to effectively harvest populations from
excited states of various multiplicity.?**° For example, population of the LP state from a
5(TT) state has been observed in TIPS-Tc cavities,”* resulting in an enhanced delayed PL
emission. Notably, this effect was only weakly dependent upon cavity detuning, similar to
our observations of weak cavity detuning dependent dimerization rates in Sec. 3.3. If
mixing with polariton states promotes transfer of some of the >(TT) population to the !(TT)
state (whose role in dimerization was discussed above), this could promote reactivity. For
example, in contrast to the >(TT) state, the '(TT) state could regenerate the Si state which
is responsible for “butterfly” dimerization in “bare” films.>* In addition to thermodynamics,
the kinetics could also play a role. It has been shown theoretically®? that the TT state
formation kinetics in strongly cavity-coupled organic aggregates is affected by the
interplay between the intermolecular interactions and the cavity coupling, and it could be
made considerably faster in a cavity-coupled aggregate as compared to “bare” aggregate.
This may promote, for example, the alkyne dimerization if the faster TT formation also

translates into a faster TT dissociation into free triplets Ti. However, further studies are
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necessary to establish which, of all factors discussed above, is dominant in the cavity-

enhanced photodimerization.

5. Conclusions

In summary, we observed distinct photodegradation mechanisms in TIPS-Tc films in the presence
and absence of oxygen, with the quantum yields for the associated reactions differing by more than
two orders of magnitude, but in both cases enhanced for molecular configurations favoring the TT
state formation and their immediate surrounding. Alkyne dimer formation was identified as an
oxygen-independent reaction pathway responsible for up to 34% of TIPS-Tc photoconversion
upon continuous 532 nm irradiation. Under strong coupling conditions, the reaction rate was
enhanced by a factor of ~4.2 in resonant cavities as compared to the “bare” TIPS-Tc films, with
the enhancement robust with respect to cavity detuning. We expect that findings discussed here
would be relevant for a large class of high-performance functionalized acene derivatives,
particularly those that undergo singlet fission. The ability to manipulate photochemical reactivity
in these materials by cavity coupling represents an opportunity to learn how to control these
technologically relevant reactions and to understand fundamental properties of polariton states and

their participation in chemical reactions.
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