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ABSTRACT: We have observed highly efficient intrinsic
phosphorescence of a neat o-conjugated polymer, poly-
(biphenyl-4-ylmethylsilylene) (PBMSi). At low temperatures,
PBMSi solid films featured ~15% phosphorescence quantum
yield, which is unusually high for purely organic conjugated
polymers and is comparable to that of organometallic
polymers. Exciton dynamics in PBMSi was studied by ultrafast
fluorescence and time-gated delayed emission measurements.
It was shown that the phosphorescence of PBMSi originates
from the radiative decay of triplets on the 7-conjugated
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biphenyl group constituting the lowest triplet state, T, which is populated under the excitation of the o-conjugated polymer
backbone, i.e., with energy well below the lowest singlet excited state of the biphenyl group itself. The nature of the excited states
in PBMSi was further investigated by performing quantum-mechanical calculations of the model compound. The calculations
showed that the lowest singlet excited state has charge-transfer (CT) character involving different parts of the same
macromolecule. Energetically this state lies very close to the CT triplet excited state. We argue that the intramolecular CT state is
responsible for the strongly enhanced intersystem crossing (ISC) in PBMSi due to the small positive CT singlet—triplet energy
splitting, which is itself a consequence of a weak exchange interaction of a spatially separated electron and hole in the CT state.
This study suggests a new molecular-level engineering approach for enhancement of the ISC, enabling efficient conversion of
primary excited singlets into triplets in conjugated polymers without involving a heavy atom effect while leaving the rate of

radiative T; — S transition virtually unaffected.

B INTRODUCTION

Phosphorescence (Ph), i.e., radiative decay of the triplet excited
state to the singlet ground state, is usually very weak in most
light-emitting materials and thus difficult to detect unless the
emitter contains heavy atoms that enhance the spin—orbit
coupling." ™ This coupling ensures efficient conversion of
primarily generated singlet states into triplets and, more
importantly, makes the spin-forbidden T, — S, transition
partially allowed, resulting in the enhancement of the Ph
intensity. The spin—orbit coupling is realized in so-called triplet
emitter compounds, such as Pt- or Ir-containing organometallic
complexes® or Pt-containing conjugated polymers.>”’ In
organic semiconductors the combination of low intersystem
crossing (ISC) rate implying low population of the triplet state,
low radiative rate, and high nonradiative decay results in an
extremely low phosphorescence yield for materials devoid of
heavy atoms. The reported Ph yield for conjugated polymers is
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usually as small as 10™* (established for methyl-substituted
ladder-type poly(p-phenylene) (MeLPPP), a benchmark z-
conjugated polymer); therefore, one has to use time-gated
spectroscopy techniques to detect such extremely weak
emission.® For some classes of conjugated polymers, for
example, poly(phenylenevinylene) (PPV)-type polymers, the
Ph emission is not detectable at all due to strong nonradiative
quenching, unless special methods of sensitization of Ph in PPV
derivatives are applied by doping the polymer with suitable
organometallic complexes.”

On the other hand, the interest in the Ph phenomena in
organic semiconductors has greatly increased during the past
decade due to creation of highly efficient phosphorescent
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organic light-emitting diodes (OLEDs) with internal quantum
efficiency approaching 100%.> Organic electrophosphorescent
devices normally employ organometallic guest molecules
(triplet emitters) which can harvest both singlet and triplet
electrogenerated excitons. For efficient electrophosphorescence
from triplet guests in a host matrix, the triplet energy of the
host has to be higher than that of the guest to facilitate
exothermic energy transfer from the host to the guest and to
prohibit reverse energy transfer from the guest back to the host
(ie, to effectively confine triplet excitons on guest molecules).
Among the reported host materials, carbazole derivatives are
the most popular.'® Carbazole-based materials simultaneously
possess large enough energies and reasonable charge carrier
mobility. There is, however, a need for polymers possessing a
high energy triplet state and better charge transport properties.
Such conjugated polymers could potentially be promising for
creation of white-light-emitting polymer OLEDs'' which,
despite currently still exhibiting worse performance compared
to small-molecule OLEDs, should be favorable due to the
possibility of depositing them by eflicient wet-coating
technologies.

High population of the triplet state due to efficient ISC upon
optical excitation of an organic film is critical for novel
applications, such as noncoherent up-conversion by triplet—
triplet annihilation (TTA-UC).">™** The latter can be used for
the enhancement of the light-harvesting efficiency of solar cells
by converting low-energy photons not otherwise absorbed by
the semiconductor into higher energy photons and for
biomedical applications in photodynamic therapy. For pristine
conjugated polymers the ISC efficiency is very low,” typically
less than 1% (the ISC vyield of 0.2% was estimated for
MeLPPP); therefore, the achievement of substantial triplet
population in them inevitably requires sensitization by triplet
emitter compounds.

Besides the strength of the spin—orbit coupling, another
important factor for the intersystem crossing rate is the
vibrational overlap between the wave functions of the singlet
and triplet states involved, and it depends strongly on the
energy difference between these states, AEg (singlet—triplet
splitting energy). In materials of small molecular weight, the
AEgr can be significantly reduced using an appropriate
molecular substitution,"® thus resulting in a strong enhance-
ment of the ISC. In conjugated polymers, however, the singlet—
triplet splitting has been experimentally found to be fairly large,
around 0.7 eV;16 that does not favor the ISC rate. On the other
hand, it was demonstrated that singlet and triplet energy levels
should be more closely spaced in the case of intermolecular
(off-chain) charge-transfer (CT) states™'>'” compared to the
neutral excitons, which would promote the ISC rates between
these levels. It should be mentioned that recent progress in the
design of organic molecules with intramolecular CT within
systems containing spatially separated donor and acceptor
moieties has resulted in the development of a new class of
metal-free organic molecules which feature a remarkably small
AEg; (typically <0.1 eV)."® In addition to the enhanced ISC, an
efficient T, — S, reverse intersystem crossing (RISC) of triplet
excitons could be obtained in such molecules just by thermal
up-conversion to singlets at ambient temperature, thus enabling
efficient thermally activated delayed luminescence
(TADF)."*™** The molecules exhibiting TADF are currently
attracting considerable attention as highly efficient fluorescence
emitters for OLED applications because of the high (reaching
almost 100%) electroluminescence yield."® Such materials can

potentially eliminate the need for expensive phosphorescent
compounds containing rare metals such as Ir or Pt.

In the present paper we report a surprisingly efficient
intrinsic Ph due to strongly enhanced ISC found in a neat
poly(biphenyl-4-ylmethylsilylene) (PBMSi) o-conjugated poly-
mer, featuring a quantum yield as large as ~15% in solid films,
which is comparable to that of organometallic polymers.
Poly(silylene)s (also found in various literature under the
names of polysilanes, poly(organosilane)s, poly-
(organylsilylene)s, organopolysilanes, poly(organylsilanediyl)s,
or catena silicon polymers) belong to the class of 6-conjugated
polymers with a silicon polymer backbone, whose electronic
properties are attributed to the o-conjugation originating from
the overlap of Si sp* orbitals.”>~>* The optical and electrical
properties of these polymers differ significantly from those of
structurally analogous carbon-based o-bound systems such as
polystyrene and polyethylene, resembling rather fully 7-
conjugated systems, for example, polyacetylenes. The lowest
energy optically allowed excited state of poly(silylene)s was
found to be of the excitonic nature,” principally similar to
Frenkel-type excitons in molecular crystals.” Poly(silylene)s are
typically wide-gap semiconducting polymers, which makes
them promising for UV- and white-light OLED applica-
tions.”**” To clarify the photophysics in this polymer, detailed
spectroscopic investigations of PBMSi together with the
relevant quantum-mechanical calculations are carried out. The
obtained results demonstrate that Ph originates from the
radiative decay of triplets on the z-conjugated biphenyl side
groups under the excitation of the o-conjugated polymer
backbone, i.e., with energy well below the lowest singlet state of
the biphenyl group, while the delayed fluorescence (DF) comes
from the polymer backbone as a result of triplet—triplet
annihilation. We argue that the exceptionally strong Ph in this
polymer results from a greatly increased efficiency of the
intersystem crossing between singlet and triplet intramolecular
charge-transfer states involving the o-conjugated polymer
backbone and #-conjugated biphenyl group of the same
PBMSi macromolecule. The biphenyl group constitutes the

lowest triplet state (T," ™) of PBMSi.

B EXPERIMENTAL AND THEORETICAL METHODS

Materials. The molecular structure of PBMS;i is illustrated
in the inset in Figure 1. PBMSi was synthesized by sodium-
mediated Wurtz coupling of biphenyl-4-ylmethyldichlorosilane
in boiling toluene. Butyllithium was added to the system 1 h
after the components were mixed. Then the remaining sodium
was reacted with ethanol, and the solution formed in this way
was washed out with water and dried. PBMSi was then
precipitated by adding 2-propanol and purified by several
reprecipitations from tetrahydrofuran solution with 2-propanol.
The final product was bimodal, consisting of high and middle
molecular parts. The high molecular weight fraction remaining
after extraction with diethyl ether corresponds to a monomer
conversion of about 40%. Its average molar mass, M,, = 1.6 X
10° g mol™’, was determined by the light scattering method and
by gel permeation chromatography (M,/M, = 2). To check the
purity of the polymer, the '"H NMR spectrum was measured.
The ratio of areas of the signals corresponding to aromatic
protons and methyl protons was in accordance with the ratio of
the number of protons arising from the chemical structure of
the polymer. According to X-ray analysis, the final product
contained 16% crystalline phase. It was eliminated by heating
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the material above the glass temperature, 462 K (the value was
determined by differential scanning calorimetry).***’

Small molecular weight compounds of carbazole and
naphthalene were employed as dopants in PBMSi for the
studies of the triplet energy transfer. They were purified by the
zone-refining technique (more than 100 zones) before use.
Films of neat polymers were prepared from toluene solution by
drop casting. In the case of doped films, the polymer and
dopants were dissolved separately in tetrahydrofuran (THF),
then the solutions were mixed and stirred for several hours, and
the resulting solutions were cast on a fused silica substrate. The
concentration of the solution used for coating was 5—10 wt %,
which resulted in a film thickness of several micrometers. After
deposition, the films were dried at 107> Pa at room temperature
for at least 4 h.

Spectroscopy Techniques. Techniques used during the
experiments are described in the Supporting Information
(section 1).

Quantum-Mechanical Calculations. Structure optimiza-
tion and electronic spectrum calculations of the MSil5-BP
oligomer and its moieties—pentadecakis(dimethylsilane)
(MSilS) and biphenyl (BP)—were performed using the
Gaussian09 package.*® For the optimization of the geometric
parameters in the ground electronic state S, the density
functional theory (DFT) approach® with the hybrid B3LYP
functional®® and 6-31G(d,p) basis set’ was used. The time-
dependent density functional theory (TD-DFT) method®* was
used at the same computational level to investigate the
electronic structure of the 12 lowest singlet (S;) and 12 triplet
(T,) excited states.

For the validation of the wave function character of the
excited states, additional calculations were carried out using the
GAMESS-US computer program® at the level of ab initio
general multiconfigurational quasi-degenerate perturbation
theory (GMC-QDPT>®) with the 6-31G(d,p) basis set. The
comparison between TD-DFT and GMC-QDPT results can be
found in the Supporting Information (section 2). The active
space of the highest six occupied and the lowest six virtual
molecular orbitals was taken into consideration, and multi-
reference configurations of up to the fourth excitation order
were included during the GMC-QDPT calculations. Eight
lowest singlet and eight triplet excited states were considered.
Transition dipole moments between these electronic states
were also obtained from the GMC-QDPT results, and the
radiative transition lifetimes () were estimated by using the
following expression:

1 4a,’
=™ (ppy > impP
T 3t i (1)

where t, = (47e,)*h3/m.e*, a is the fine structure constant, AE
is the transition energy between the initial and final states, and
M, is the projection of the transition dipole moment between
the two states. Finally, GAMESS-US was used for the TD-
DFT-based optimization of the structures in the S}, S,, and T,
excited states at the LC-BOP/6-31G(d,p) computational
level.*” Potential energy values of the ground (S,), lowest
triplet (T,), charge-transfer (S°T), and most optically active

(S7°") states of the MSilS-BP oligomer for the different

structural conformations—S* (intersection of S°° and S¢T
states) and ST, and T,™" (optimized structures of the
respective electronic states)—were considered. The geometric

parameters and total energies of the four investigated
conformations are presented in the Supporting Information
(Tables S1—S4).

B EXPERIMENTAL RESULTS

Steady-State Spectroscopy of PBMSi. Figure 1 features
absorption and emission spectra of PBMSi measured in diluted
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Figure 1. Absorption spectrum of PBMSi in dichloromethane solution
(c =0.002 g/L) (curve 1) and the steady-state PL spectrum (curve 2)
under 313 nm excitation at room temperature. The inset shows the
molecular structure of PBMSi.

dichloromethane solution at room temperature. The absorption
spectrum consists of two main peaks at about 340 nm (3.65
eV) and 258 nm (4.81 eV). The longest wavelength absorption
band of substituted poly(silylene)s arises from the delocalized
6—0c* transition within the polymer Si backbone.”*** The
absorption peak at 258 nm is associated with the m—z*
transition in the biphenyl side group.” The continuous wave
photoluminescence (cw-PL) spectra (Figure 1, curve 2) of
PBMSi feature a broad structureless band peaking at around
422 nm (2.94 €V) at room temperature. It should be noted that
the cw-PL spectrum of PBMSi is strongly bathochromically
shifted with respect to the lowest energy absorption band at
340 nm.

It is intriguing that the PL spectra of the PBMSi polymer (in
both the solution and film) manifest a striking change upon
lowering the temperature. Figure 2a depicts cw-PL spectra of a
PBMS:i film measured at different temperatures ranging from $
to 295 K, obtained using a 313 nm light source corresponding
to the 0—c* absorption band. The low-temperature PL spectra
clearly show two different spectral components: (1) a broad
structureless band peaking at 416 nm (2.98 eV) (hereafter
called the “broad band”), which dominates the PL emission at
room temperature (cf. Figure 1), and (2) a red-shifted well-
structured narrow spectrum (hereafter called the “structured
narrow spectrum”) with the shortest wavelength peak at 460
nm (2.7 eV, fwhm = 800 cm™') superimposed with the low-
energy tail on the broad PL band. The structured narrow
spectrum emerges in the cw-PL spectra of PBMSi films at
sufficiently low temperatures (T < 80 K), and its intensity
increases strongly with the lowering of the temperature. No
such structured features can be observed in cw-PL spectra of
PBMSi films at T > 100 K, while the broad structureless PL
band shows just a moderate decrease (approximately by a factor
of 1.5) with increasing temperature (Figure 2a). The absolute
PL quantum vyield (QY) of the PBMSi films at room
temperature was found to be around 15% (+5%) depending
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Figure 2. (a) Steady-state PL spectra of a 10 #m PBMSi film measured
at various temperatures with the excitation at 4., = 313 nm. The inset
shows the steady-state phosphorescence spectra of biphenyl molecules
in solution. (b) Steady-state PL spectra of PBMSi in frozen diluted
solution in THF measured at various temperatures. The inset shows

normalized cw-PL spectra from a 1 ygm PBMS:i film (curve 1) and from
a frozen diluted solution of PBMSi (c = 0.01 wt %) in THF (curve 2).

on the sample, and it increased almost 2-fold upon lowering the
temperature to S K. An estimated QY for the structured narrow
component of the spectrum in PBMS;i films was @ = 15%.

The structured spectrum of PBMSi has a fine structure
practically identical with that of the phosphorescence spectrum
of biphenyl molecules shown in the inset in Figure 2a, albeit it
is red-shifted by about ~1100 cm™ with respect to that of
biphenyl molecules. Such a bathochromic shift is quite expected
owing to the biphenyl groups in PBMSi attached covalently to
the polymer main chain. A similar effect is well-known for
organic systems, e.g., for poly(vinylcarbazole): due to carbazole
pendant groups, its phosphorescence spectrum manifests a
bathochromic shift with reigect to that of carbazole molecules
by Av =970 cm™" at S K.

cw-PL spectra of PBMSi measured in diluted frozen solution
under similar excitation conditions are shown in Figure 2b. The
inset compares the normalized cw-PL spectra of a PBMSi film
(curve 1) and a frozen diluted solution of PBMSi in THF
measured at S K (curve 2). The PL spectra of the matrix-
isolated PBMS;i in the frozen solution are basically similar to

that of the PBMS:i film, although the structured narrow spectral
component is relatively stronger in solution and is readily
detectable at temperatures as high as 150 K, before THF starts
to melt. These spectra can be observed under excitation at 313
and 365 nm, but no emission from the PBMSi film or frozen
solution can be found under the excitation at 4., = 405 or 436
nm, which confirms complete lack of absorbance in this spectral
region.

Time-Resolved Prompt Fluorescence. The dynamics of
the prompt fluorescence in PBMSi studied by the ultrafast
spectroscopy technique is presented in Figure 3. These
measurements have revealed two different bands in the
fluorescence spectra. A new narrow emission band at 364 nm
(3.41 eV) is observed within just several picoseconds after the
laser pulse excitation. It decays extremely fast with a lifetime of
~2.4 ps (Figure 3b), and therefore, its contribution to the cw-
PL spectra is negligible, which probably explains why it has
never been reported before. On the other hand, the 415 nm
broad band decays much slower, featuring double-exponential
kinetics with lifetimes of 1.2 and 2.4 ns at 15 K (not shown).
The observed decay time proves the fluorescent character of
the 415 nm emission band. Similar results were observed also
for PBMSi in the solid films. The spectral position of the 364
nm emission band in PBMSi (Figure 3c) coincides well with
the exciton-type PL band typically observed in other poly-
(silylene)s, such as poly(methylphenylsilylene) (PMPSi).***°
Therefore, we conjecture that the PL peak at 364 nm is also of
excitonic nature related to the Si*—Si transition in the PBMSi
backbone, although its extremely short lifetime is caused by a
very fast relaxation to a lower lying state. One can note a slight
bathochromic shift of the 415 nm band to ~423 nm (Figure
3a,c) observed in the PBMSi solution within tens of
picoseconds at room temperature, which could be rationalized
in terms of solvation that is quite typical for organic materials in
solutions on such time scales.*’ Tt should be noted that no
structured narrow component at 460 nm (cf. Figure 2) was
observed at low temperatures in our time-resolved fluorescent
measurements up to 10 ns after the excitation, which implies
that its radiative decay rate is much slower.

Time-Gated Delayed Emission Studies. To gain insight
into the origins of the structured spectral component observed
in the cw-PL spectra at low temperature (cf. Figure 2), delayed
emission in the PBMSi polymer was measured using the time-
gated detection technique with nanosecond time resolution,
which enabled detection at much longer time delays. Figure 4
presents the delayed emission spectra detected from a frozen
diluted solution of PBMSi (T = 80 K) at various delay times
ranging from 70 ns to 10 ms (the delayed emission was reliably
detectable up to the largest delay time of the registration
system, equal to 25 ms).

The data presented in Figure 4 prove unambiguously the
existence of two different spectral components in delayed
emission spectra of PBMSi, namely, a broad structureless
band and a red-shifted well-structured narrow spectral
component with the main peak at 460 nm. These spectral
components feature very different decay times.

The delayed emission at the shortest delay time of 70 ns is
completely dominated by the broad structureless band (upper
curve in Figure 4). This band decays during several hundred
microseconds and is virtually identical to the broad
structureless band observed in the prompt fluorescence (Figure
3b) and cw-PL spectra (Figure 2). Therefore, it can be assigned
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Figure 3. (a) Time evolution of prompt fluorescence of PBMSi in
toluene solution, measured at room temperature with a streak camera
and using sub-100 fs pulses at 343 nm. Signals at 343 nm (arrow) are
due to laser light scattering from the cuvette walls. (b) Kinetics of the
364 nm fluorescent band (symbols), instrument response function
(IRF) (dashed line), and convolution of a two-exponential decay with
the IRF (solid line) fitted to the experimental data. The longer lived
decay component is due to spectral overlap with a slower decaying
broad spectral band at 415 nm. The obtained decay time of the 364
nm band emission (the shorter lived component) is 2.36 ps. (c)
Normalized fluorescence spectra obtained immediately after excitation
(blue) and at later times (red).
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Figure 4. Delayed PL spectra of frozen diluted PBMSi solution (c =
0.01 wt %, T = 80 K) at different delay times (shown in the figure)
under excitation with A, = 337 nm. The time gate width was 2 ps.
The upper (70 ns) curve was reduced by a factor of S. The inset shows
time decay kinetics of the spectrally integrated Ph emission
component measured in frozen PBMSi solution (¢ = 0.01 wt %) at
80 K under excitation with 1., = 337 nm.

to the delayed fluorescence (DF) of PBMSi (its origin will be
discussed below).

The second, much slower decaying structured component in
the delayed PL spectra in the range of 450—550 nm can only be
seen at delay times as large as tens of microseconds, and its
contribution to the total delayed emission relatively increases
with increasing delay time (Figure 4). This slow decaying
spectral component shows all the generic signatures of Ph,
principally similar to that previously found in other conjugated

842

polymers, such as MeLPPP, ladder-type 4Poly(p-phenyl-
enecarbazole) (LPPPC),* and polyfluorenes.***> Therefore, it
is here assigned to the intrinsic phosphorescence from the T,
state in pristine PBMSi with a 0—0 transition at 460 nm (2.7
eV) followed by vibronic replicas. Ph completely dominates the
delayed emission spectra of the frozen diluted solution of
PBMS;i at delay times larger than 1 ms (Figure 4). This Ph
emission decays monoexponentially, featuring a lifetime 7 =~ 70
ms (see the inset in Figure 4). Such a value of the lifetime is
rather typical for Ph of organic semiconductors devoid of heavy
atoms, and the monoexponential nature of the decay implies a
negligible triplet quenching. In contrast to a solid film, triplet
quenching is quite expected to be hindered in a frozen diluted
solution due to significantly reduced interchain energy transfer.
In the latter case the triplet transport is restricted by migration
along separate polymer chains only; therefore, the rarely
incorporated quenching centers can hardly be accessible, and
monomolecular decay dominates. This has been well
documented for 7-conjugated polymers.>** In contrast to the
other conjugated polymers, the observed Ph in PBMSi is so
strong that it can be readily observable even in cw-PL spectra of
the PBMSi solid films (Figure 2) for which Ph quenching is
expected to be severe because of triplet migration.

The relative intensities of DF and Ph spectral components in
the delayed emission spectra of PBMSi depend substantially on
the excitation intensity. Figure S shows normalized delayed
emission spectra measured in the PBMSi solution at 80 K
under identical experimental conditions but at high (I, = 68
uJ/(cm? pulse)) (curve 1) and low (I, = 2.15 pJ/(cm? pulse))
(curve 2) excitation intensities. The DF component dominates
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Figure 5. Normalized delayed emission spectra of PBMSi in frozen
solution (T = 80 K) measured at different laser power intensities: 68
and 2.15 uJ/(cm? pulse) (curves 1 and 2, respectively). Spectra were
measured with a delay time of 70 ns and a gate width of 30 us. The
inset shows the dependence of the Ph (triangles) and DF (full circles)
intensities of frozen PBMSi solution on the laser excitation intensity
ranging from 2.15 to 68 uJ/(cm? pulse).

the emission spectrum when the polymer is excited at high
pumping intensity, while its relative intensity decreases
drastically at low intensities of the excitation laser pulses.
This unambiguously suggests different excitation mechanisms
for the above spectral components. The inset in Figure §
presents the log—log excitation intensity dependences of the
spectrally integrated DF and Ph emission intensities of PBMSi
in the frozen solution at 80 K. The Ph intensity varies
approximately linearly with the pump intensity within the range
of the excitation intensity under consideration (triangles),
which agrees with the notion of intersystem crossing being the
most probable mechanism for population of the triplet state.
The DF (full circles) exhibits a quadratic intensity dependence
(Ipg & I, where m = 2); hence, one could conclude that DF
is caused by triplet—triplet annihilation (T, + T; — S* +
So).>* A similar mechanism of DF was established before for
polyfluorene conjugated polymers.**

Triplet Energy Transfer in PBMSi Films. It is well-known
that phosphorescence intensity can be strongly affected by
doping of a host polymer film with triplet-sensitizing or triplet-
quenching molecules.'® Such experiments can provide clear
proof of the triplet nature of the observed emission and
evidence of the triplet energy transfer occurring in the films.
Naphthalene (C,,Hy) is expected to be a good triplet quencher
for PBMSi because (1) the lowest singlet state of naphthalene
in a frozen solution, S; = 3.93 eV (315 nm), is considerably
higher than that of PBMSi, while (2) the triplet state of
naphthalene, T, = 2.63 eV (471 nm), is below the triplet state
of the host polymer (2.7 €V). Figure 6a shows the normalized
cw-PL spectra measured at T = 5 K in both the neat PBMSi
film (curve 1) and the PBMSi film doped with naphthalene (c =
10 wt %) (curve 2). As expected, the intrinsic structured Ph
spectrum of the PBMSi polymer was almost completely
quenched by naphthalene dopant molecules (Figure 6, curve

2), and at the same time, the characteristic Ph spectrum (T,"™"
- S,) of naphthalene46 with the 0—0 transition at about 474
nm followed by vibronic replicas appeared.
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Figure 6. Comparison of normalized cw-PL spectra of the neat PBMSi
film (curve 1) with that of the PBMS:i film doped (c = 10 wt %) with
naphthalene (a, curve 2) and the PBMSi film doped (c = 2 wt %) with
benzophenone (b, curve 2). All spectra were measured under
excitation with A, = 313 nm at T = 5§ K

Benzophenone, which exhibits an ISC process with an
efficiency of nearly 100%,*” could act as a sort of sensitizer of
the host polymer phosphorescence because the S, state of
benzophenone is at 3.29 eV (~377 nm), ie., below that of
PBMS;, and the benzophenone triplet is at 3.01 ¢V (412 nm),*
ie, 0.31 eV above the T, state of the PBMSi host. Figure 6b
compares the normalized cw-PL spectrum of the neat PBMSi
film (curve 1) and the spectrum of the PBMSi film doped with
benzophenone (c = 2 wt %) (curve 2) measured at S K. A
considerable relative enhancement of the PBMSi Ph spectral
component is obvious without any traces of the benzophenone
phosphorescence. This implies an efficient triplet energy
transfer from guest benzophenone molecules to the polymer
host, which is ensured by the so-called “ping-pong” effect*®
when the singlet energy is first transferred from the host
polymer to guest molecules and then, after intersystem crossing
from the S, state to the T state of the benzophenone molecule,
the guest triplets are transferred back to the host, thus
increasing the concentration of triplets in the PBMSi polymer.

The observations of the triplet energy transfer processes
shown in Figure 6 prove straightforwardly the triplet origin of
the structured narrow spectral component of the PBMSi
polymers and imply efficient triplet exciton migration in these
polymers even at 5 K. We have also observed efficient triplet
energy transfer from the PBMSi polymer host to guest
organometallic complexes and white light emission from
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PBMSi doped with suitable materials (see section 4 of the
Supporting Information).

B COMPUTATION RESULTS

To clarify the nature of the excited states in PBMS], electronic
excitations in a model system containing the principal moieties
of the polymer were studied by means of quantum-mechanical
computations. The model system was formed by placing the
biphenyl-4-ylmethylsilane monomer in the middle of a
dimethylsilane oligomer chain (MSil5-BP). The length of the
oligosilane chain was initially varied to achieve the absorption
energies comparable with the experimental data. The chain of
1S repeat units was chosen for the best trade-off between
accuracy and computational complexity. The structure of the
resulting model system, the MSil5-BP oligomer, is shown in
Figure 7.

pon[dlmethyIsnane] (n=15)

Ngn o’ " HQN 4 ‘:‘”" 4‘“
y/ﬂf "/3\5 B j./“ ﬂ;' ¢’

" “59 Biphenyl

Figure 7. Molecular structure of the 4-[pentadecakis-
(dimethylsilylene) ]biphenyl (MSilS-BP) oligomer in the ground
electronic state calculated using the DFT approach.

The properties of the singlet and triplet electronic excitations
of the MSil5-BP oligomer calculated by TD-DFT for the
oligomer structure optimized in the ground electronic state
(the S, conformer in Figure 8) are summarized in Table 1, and
the corresponding molecular orbitals participating in the lowest
lying excitations are presented in the Supporting Information
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Figure 8. Potential energy values (Ep) of the ground and low-lying
excited states of the MSilS-BP oligomer for the different structural
conformations of the compound, based on the TD-DFT calculations.

The S~ state does not have an explicit minimum in the vicinity of
the vertical absorption, but rather it has an intersection point with the
SCT state, enabling fast internal conversion between the two states.

Table 1. Properties” of the Excited Electronic States of the
MSil5-BP Oligomer in the Ground-State Geometry Based
on the TD-DFT Calculations and Obtained by the GMC-
QDPT Calculations (in Parentheses)

state E.. eV T transition® weight
LT, "™ 3.17 (3.23) 3-1 0.522
2: T, " 3.73 (4.46) 1-2/ 0.684
3: T, T 3.81 (5.69) 1-1 0.363
4: 8T 3.93 (4.84) 0.113 (0.405) 1-1/ 0.693
5T, T 4.02 (5.92) -1 0.500
7: 8 07 4.06 (5.53) 2.510 (1.568) 1-2’ 0.679
18: § = 4.68 (6.42) 0.281 (0.434) 3-1 0.557

“The table contains the following properties: excitation energies (E.,.),
oscillator strengths (f,,.), principal one-electron transition correspond-
ing to the current excited state and its relative contribution. YIn the
“transition” column, occupied molecular orbitals are denoted as 1, 2, 3,
., starting from the HOMO, and virtual molecular orbitals are
denoted as 1’, 2/, 3/, .., starting from the LUMO.

(Figure S1). The essential findings of the above TD-DFT
calculations for the S, conformer are the following:

(1) The lowest singlet excited state (ST = 3.93 eV) was found
to contain a dominant charge-transfer character corresponding
to the Si — BP transition. The oscillator strength for the Sy—
SCT transition is small, but nonvanishing.

(2) The second calculated singlet excited state has a clear
intrachain character and corresponds to a 6—c™*-type transition

in the Si chain (S7™" = 4.06 V). It is optically active and,
therefore, can be attributed to the first (main) band in the
absorption spectrum measured in the PBMSi polymer. The
optically allowed singlet 7—7z* transitions in the BP moiety are
of considerably higher energy (>4.68 eV).

(3) Several low-lying triplet states were defined from
calculations, and three of them were found below the lowest
singlet state. The lowest triplet state of the MSi15-BP oligomer

(T,"™ =3.17 €V) is of 7—n* nature due to the BP moiety, in
agreement with the experimental observations.

(4) Interestingly, a triplet state of the CT character (T, =
3.81 eV) was found slightly below the lowest singlet CT state
(ST = 3.93 eV), implying a singlet—triplet splitting of 0.12 €V,
which is much smaller than that for intrachain excitations. In
addition, one more triplet state of CT character (T,“" = 4.02
eV) was found slightly above the lowest singlet (S°T) state. (5)

A triplet on-chain excitation of the Si chain itself (T,”™" = 3.73

eV) was found to be of 6—c* character, and its energy is

located between those of the above-mentioned T," and T;"
states.

Generally, the calculated electronic transitions are shifted to
higher energies compared to the experimentally obtained
values, mainly because of the limitations of the employed basis
set and the limited oligomer length. However, the mutual
arrangement of the calculated energy levels agrees with the
experimental data reasonably well. The calculations have

proved a large singlet—triplet splitting between the S and

T,"™" states of the MSil5-BP oligomer that is expected for
conjugated polymers and is comparable with the experimental
observations.
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An important result of the TD-DFT calculations (Table 1) is
the fact that the singlet CT state (S°T) is predicted to be below

the optically allowed state S”™". This qualitatively agrees with
the experimentally measured fluorescence spectra of PBMSi
(see Figure 3c). The calculated bathochromic shift of 0.13 eV

with respect to the S7™" state at the initial geometry is expected
to be significantly underestimated because an additional
molecular relaxation in the charge-separated system (which
should result in lowering of the ST energy) is not accounted
for in this case. Indeed, after the optimization of the geometric
parameters of the ST state, its transition energy was found to
be equal to 2.79 eV (Figure 8). This corresponds to the
bathochromic shift of up to 1.22 eV (4.01 — 2.79 = 1.22),
which already overestimates the experimental value of 0.67 eV
(3.65 — 2.98 = 0.67). In reality, the structure of the polymer
during ST emission would not be fully relaxed, corresponding
to the less shifted values. The presence of the low-lying CT
state in this material is also supported by consideration of the
shapes of the molecular orbitals in MSi15-BP (especially of the
HOMO in Figures S1 and S2 of the Supporting Information),
which indicate a partial overlap between the z-system of the
biphenyl group and the o-conjugated chain of polysilylene that
would facilitate an intramolecular charge transfer between
them.

The structure rearrangements taking place in different
excited states lead to changes of the state energies. The energy
of the relaxed ST state drops significantly below that of the

§°7°" state. The molecular relaxation in the S~ state leads to

the nearby intersection point (S¥) between the $°™" and ST

states that is only 0.17 eV lower than the initial S state
energy (Figure 8). This result shows the possibility of

nonradiative internal conversion from the S~ state to the
ST state. Moreover, the change of the geometric parameters of
the MSil5-BP compound during this process is negligible: Si—
Si bond lengths are lengthened by 0.002 A and Si—Si—Si
valence angles are enlarged by 0.2° only. This additionally

supports the possibility of a fast S — ST conversion
process. The subsequent structural relaxation of the ST or

T,"™" state involves more pronounced structural changes that
result in an increase of the ground-state energy by about 0.5 eV.
Corresponding transition energy values for the structurally

optimized ST and T,"™™" states are 2.79 eV (445 nm) and 2.12
eV (585 nm), respectively. The difference between the
measured and calculated Ph energy values can be rationalized
as arising from two main causes. First, taking into account the
environment of the experimentally studied PBMSi polymer, it is
very likely that the observed photoemission takes place before
the structure of the polymer in the excited state is fully relaxed.
Second, the reorganization energy of the polymer segment
related to its structural relaxation is known to decrease with
increasing size of the conjugated system; therefore, the
relaxation may have been overestimated during the calculations
by using a model compound of a limited length.

B DISCUSSION

A remarkable finding of this study is that the o-conjugated
polymer PBMSi shows unusually strong phosphorescence (in
comparison with other conjugated polymers), which is easily
detectable even in steady-state PL spectra and dominates these

spectra at low temperatures. The observed phosphorescence is
an intrinsic emission of the polymer since it significantly
increases in frozen diluted solutions as compared to solid
films (see the inset in Figure 2b), which excludes the role of
extrinsic phosphorescent impurities. This conclusion is also
supported by the triplet energy transfer experiments in PBMSi
films doped with triplet-sensitizing or triplet-quenching
molecules (Figure 6). Temperature quenching of the Ph
intensity observed in the PBMSi films can readily be explained
by a diffusion-controlled quenching of triplet excitons by some
sort of accidental quenching centers such as molecular oxygen,
which is enhanced with increasing temperature due to the
thermally activated character of exciton diffusivity in disordered
solids. It has to be noted that polymer films used in this study
were prepared without any special protection to avoid oxygen
during film deposition and were exposed to air prior to the
measurements, so the presence of molecular oxygen is very
probable in the studied films.

As follows from Figure 2a and the inset to this figure, the
observed Ph of PBMS;i is due to the radiative decay of triplets
on the biphenyl side group, which has also been corroborated
by both TD-DFT and ab initio GMC-QDPT calculations (cf.
Table 1). This unambiguously suggests a strongly enhanced 1ISC
in this polymer, which eventually enables an eficient
conversion of primary excited singlets of the o-conjugated
silicon main chain of the polymer into triplets of the 7-
conjugated biphenyl side group. Biphenyl is well-known as a
good phosphorescent material itself;** however, in our
experiment photoexcitation energies have been far lower than
the absorption band of the biphenyl side group. The biphenyl
group absorbs at around 258 nm (cf. Figure 1), while the Ph
emission of PBMSi is observable under excitation with 313,
337, and even 366 nm, i.e., at the excitation within the tail of
the absorption spectrum of the polymer. This implies that in

our experiment the T,” state of the biphenyl moiety of
PBMS:i is populated indirectly primarily via the generated singlet

§7~" state of the o-conjugated polymer backbone and not via
the singlet state on the biphenyl group itself. Remarkably, the
observed intrinsic Ph in the PBMSi polymer (which does not
contain any heavy atoms) features a quantum yield of about
15% in solid films that is quite comparable to that of Pt-
containing conjugated polymers®’ or some organometallic
complexes.* Normally, the phosphorescent quantum yields in
both 7#- and o-conjugated polymers are 4—5 orders of
magnitude smaller.”®

To rationalize the findings, one should consider the excited-
state energy structure of this polymer, which clearly plays a key
role in the observed phenomena:

(1) The lowest optically allowed singlet excited state of
PBMS;, responsible for the longest wavelength absorption band
in the near-UV region at 340 nm, is due to the delocalized

o—0c* transition in the Si polymer backbone (S7™ = 3.65 eV),
which is typical for poly(silylene) polymers, such as PMPSi or
poly(dihexylsilylene).**** The latter polymers normally show
an intensive cw-PL spectrum with the relatively narrow main
band at ~360 nm that is the mirror image of the absorption
band*® and is conventionally ascribed to an exciton-type
emission of the main polymer Si chain. In contrast, the steady-
state PL spectrum of PBMSi features a broad PL band at 416
nm which is strongly bathochromically shifted (by 0.67 eV)
with respect to the lowest energy absorption band, suggesting
that its nature is different from that of the conventional singlet
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exciton in poly(silylene)s. It is remarkable that it was possible
to detect the narrow emission band at 364 nm (3.41 eV) in
PBMS;i with an ultrafast PL spectroscopy technique (Figure 3).
The position of this band is almost identical to that of the
exciton PL band observed in PMPSi; therefore, we ascribe the
364 nm PL band to the exciton emission. Thus, conventional
excitonic state levels related to the main Si chain are basically
similar for both PBMSi and PMPSi polymers.

(2) The extremely fast (within a few picoseconds) decay of
the above-mentioned exciton fluorescence band at 364 nm
(Figure 3) implies a very fast nonradiative energy relaxation to
a lower energy state. The quantum-mechanical calculations
confirm the existence of a singlet state of charge-transfer

character (S°T) below the excitonic singlet S°™" state. The

intersection point between the S”™°" and ST states determined
by the TD-DFT calculations (Figure 8) can facilitate fast
internal conversion between these states. The ST state
originates from intramolecular electron transfer from the
excited o-conjugated Si chain to the biphenyl side group as
proven by the calculated shapes of the molecular orbitals
(Figures S1 and S2 in the Supporting Information). The Si
chain in this case exhibits electron donation properties, while
the biphenyl moiety acts as an electron acceptor. In terms of
molecular spectroscopy, this ST state can be considered as a
kind of intramolecular “excimer-type” state, and it is responsible
for the broad band at 416 nm in the cw-PL spectra of this
polymer. The GMC-QDPT calculations yield a radiative
lifetime of 0.89 ns that agrees reasonably well with the
observed 1.2 ns lifetime measured in PBMSi for the 416 nm PL
band. The bathochromic shift (0.67 eV) of this band with
respect to the absorption as well as the exciton band is quite
typical for the excimer-type emission in organic materials. The
TD-DFT calculations also predict that the oscillator strength of

the exciton transition (S; = S°™), f,. = 2.51, is much larger
than f,. = 0.113 of the CT state (S, — S°T) (Table 1); this
agrees with the experimental observation that the absorption of
PBMSi is dominated by the 6—o* transition within the main
polymer chain. Thus, the above arguments prove the existence
of the intramolecular CT state in PBMSi below the
conventional exciton state.

(3) Both TD-DFT and ab initio GMC-QDPT calculations

confirm that the lowest triplet state in PBMSi is T," ™ of the
biphenyl group. The calculations yield other triplet states of
different character, e.g., the triplet state of the o-conjugated

main Si chain of the PBMSi (T,°™") located above T,*™
(Table 1). This agrees perfectly with the experimental
observation of a strong Ph due to the biphenyl moiety (Figure
2), implying that there are no other intrinsic triplet states below
that would otherwise be able to quench this Ph emission.

(4) Importantly, the TD-DFT calculations yield the triplet
state of CT character (T;“T = 3.81 eV) to be located slightly
below ST = 3.93 eV (Table 1), implying a very small singlet—
triplet splitting (0.12 eV) for the intramolecular charge-transfer
excitations in this material. We should underline that observed
positive S—T splitting (AEgy > 0) is a nontrivial result because
recent quantum chemical calculations have demonstrated®® that
the situation can be the opposite for intermolecular CT states
where singlet CT states often lie energetically below the triplet
CT states; i.e., the S—T splitting is negative (AEgy < 0). On the
other hand, it has been reported by Difley et al.> that AEgy of
organic dyes and oligomers depends sensitively on both the

22931

material and the relative orientation of the donor—acceptor
pair. The observed splitting is much smaller than any other S—
T gap in this system and considerably smaller than the
conventional value of ~0.7 eV of neutral on-chain excitations in
7-conjugated polymers.'® It should be mentioned that a
considerably reduced S—T splitting is quite expected for
interchain electron—hole (e—h) pairs in organic materials."”
The triplet polaron-pair state was found to be 6 meV below that
of the corresponding singlet for the MeLPPP polymer using
thermally stimulated luminescence.'” This is because of the
reduced exchange interaction in e—h pairs,'>'”*" which results
in a closer energy separation of the singlet and triplet state
energy levels in the e—h pair manifold compared to the exciton
manifold. The proximity of CT states is very favorable for an
enhanced intersystem crossing rate.'> It should be noted that
although the CT state in PBMSi is of intramolecular nature, the
underlying physical mechanisms should basically be the same as
for intermolecular CT states.

The considerations presented above demonstrate that the
experimental data and the results of quantum-mechanical
calculations are consistent in terms of the excited state level
arrangement and the order of relaxation processes. This allows
us to suggest the following scenario for the enhanced ISC in
PBMS:i polymers. Figure 9 shows the energy diagram calculated
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Figure 9. Electronic excitations and relaxation pathways of MSil5-BP
based on the TD-DFT calculations.

by TD-DFT and possible relaxation pathways. The ISC can
only occur from the ST state since the primary singlet

photoexcitation $°™" undergoes very fast nonradiative internal
conversion to the lower lying S¢T state with a rate as high as
~0.5 ps™. The experimental lifetime of the ST state itself is 7
~ 1 ns (a longer lived component with 7 &~ 2.4 ns was also
observed). This value is somewhat larger than the typical
lifetime on the order of hundreds of picoseconds reported for
neutral singlet on-chain excitation in poly(silylene)s such as
PMPSi,>* and therefore, this should facilitate the ISC. However,
the observed longer lifetime of the ST state does not
necessarily lead to increased phosphorescence in similar
systems; for example, no phosphorescence has been observed
from poly(di-n-hexylsilylene), a compound featuring a fluo-
rescence lifetime comparable to that of PBMSi. The ISC from
the singlet ST state occurs mostly to the triplet T;C" state
(Figure 9) because the S—T splitting is positive, and the rate of
this ISC is enhanced due to weak exchange interaction of a
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spatially separated electron and hole in the CT state, resulting
in a considerably smaller singlet—triplet energy splitting (0.12
eV) compared to that for neutral excitons. Since the quantum
efficiency of the intrinsic phosphorescence in PBMSi was found
to be around ® =~ 15%, this number sets the low limit of the
ISE in this polymer, which is at least 1—2 orders higher than in

conventional conjugated polymers. Direct ST — T 7
transition may also be possible; however, its rate is expected
to be considerably smaller both due to much larger energy
spacing between these levels and due to the fact that the o-
orbital of S is partially mixed with the 7z-system of biphenyl,
which would diminish the vibrational overlap.53 Thus, the ST
— T5T channel dominates the ISC process and determines its
high efficiency in PBMSi. Finally, the T " excited state decays
nonradiatively to the lower lying triplet states of PBMSi (Figure
9) as this is a spin-allowed process and back electron transfer
(recombination) can produce triplet states of both the Si chain

(T,’°") and the BP moiety (T,"™). The T,"™ state will
eventually be populated due to its lower energy (Table 1).

A somewhat similar scenario for strong enhancement of the
ISC has recently been suggested for donor—acceptor
CuPC:PCBM blends'? where the ISC rate was found to be
very high due to reduced S—T energy splitting in the
photogenerated intermolecular charge-carrier pairs. This issue
is currently of considerable interest for organic photovoltaics
where ISC is expected to be substantially faster than the
standard intersystem crossing in conjugated polymers. PBMSi
has a very small intramolecular S“"—T" gap and possesses the

lowest triplet state T,”™ below the CT state, which perfectly
matches the conditions for e—h pair recombination,” even
though it involves an intramolecular CT state rather than a
donor—acceptor pair, as was the case in the paper by Snedden
et al.'> Thus, we demonstrate the ISC enhancement
mechanism realized within a neat conjugated polymer
comprising suitable donor (c-conjugated backbone) and
acceptor (7-conjugated side group) moieties. Such findings
provide additional insight into the effects of CT states on
intersystem crossing and triplet formation.

A small S—T splitting of 0.12 eV might in principle be
sufficient for also facilitating an RISC of triplets'®*™>° from the
T,°T state to singlets at the ST state at high enough
temperature and might hence enable a TADF emission in
PBMSi. However, because of a quick (spin-allowed) decay of
the T;CT state to the lower lying triplet states (Figure 9), the

RISC is only likely to occur between T;" and ST states that
are separated more widely (by 0.28 eV). The TADF has been
demonstrated for some materials featuring AEgy as large as 0.24
eV,** but only at temperatures in the region from 300 to 400 K.
It might well be possible that similar phenomena occur in
PBMS;i at high temperatures. However, to establish this, a more
detailed investigation using an inert environment (to provide
adequate protection against oxygen during sample preparation)
would be required.

One should note that the increased ISC rate for conversion
of singlets of the polymer chain to triplets of the biphenyl side
group seemingly does not lead to a considerable increase of the

radiative T;"™ — S, transition rate within the biphenyl
moiety. This is because the latter process occurs between
orbitals of the same 7—n* nature, which results in a “normal”
Ph lifetime of ~70 ms; ie., this transition remains virtually
unaffected. This circumstance manifests an important difference

between the observed increase of the ISC rate in this study and
that known from the heavy atom effect. In the latter case, a
heavy atom enhances both the population of the triplet state via
the S* — T,* transition and ifs deactivation via the T;* — S,
transition due to inevitable shortening of the triplet lifetime,
which reduces accumulation of triplet excitations in such
materials as well as the triplet diffusion length. On the other
hand, accumulation of a large concentration of triplets might, in
principle, be desirable for some applications, e.g., in systems for
noncoherent TTA-UC''* and for creation of a suitable
organic phosphorescent material as a laser emitter.”> The
present study can contribute to a new molecular-level
engineering approach for strong enhancement of ISC for
efficient conversion of primary excited singlets into triplets in
conjugated polymers not requiring the heavy atom effect.
Finally, it should be mentioned that PBMSi could be a
promising active polymer host layer for creation of white-light-
emitting OLED devices due to a relatively high intrinsic triplet
level and efficient triplet energy transfer, as well as charge-
carrier mobility in excess of 107 cm®/(V s), which is fairly large
for polymers.>®
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experiment (section 1), comparison of the results of TD-DFT
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