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1 | INTRODUCTION

Triplet states play a vital role in the operation of organic
semiconductor devices and can strongly affect their perfor-
mance. For example, light emitting diode (LED) efficiency
is determined by the fraction of injected electrons and
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Abstract

The spectral diffusion of singlet and triplet excitons in 9,9-dioctylfluorene-based
conjugated copolymers is investigated using photoluminescence spectroscopy
at both low (5 K) and room temperature (300 K). Inclusion of a N,N-diphenyl-
4-(pyridin-2-yl)aniline moiety into the polymer backbone allows subsequent
cyclometalation with platinum acetylacetonate to increase the spin-orbit coupling
and yield radiative decay from the triplet state. For suitably low fractions (<5%) of
bulky ligand inclusion, cyclometalated or not, the resulting longer sequences of
fluorene units are able to adopt the chain-extended f-phase conformation. Com-
parison between the phosphorescence spectral diffusion in glassy- and f-phase Pt-
copolymer samples provide insight into the triplet exciton transfer in more- or
less-disordered conjugated polymer films. It is found in the glassy-phase samples
with shorter conjugation lengths that the triplet exciton relaxation becomes frus-
trated at low temperature due to a freezing out of the thermally activated hops
required to move from one conjugated segment to another. In contrast, for films
containing f-phase chain segments, with increased conjugation lengths, this frus-
tration is lifted as more hopping sites remain accessible through intra-segment
motion. This work demonstrates controlled use of changes in molecular confor-
mation to optimize triplet diffusion properties in a member of the widely deployed
fluorene-based conjugated copolymers.

KEYWORDS
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holes that recombine to form an emissive state. Since the
triplet state in regular conjugated polymers is generally
weakly emissive due to its spin-forbidden transition to the
ground singlet state, this places a limit on device efficiency.
LEDs harvesting triplet emission using a combination of
organometallic complexes and organic molecules as the
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emission layer have gained interest in recent years."”
However, triplet diffusion leading to triplet-charge annihi-
lation and triplet-triplet annihilation (TTA) can lead to effi-
ciency roll-off at high current densities in phosphorescent
LEDs.*® Triplet diffusion is also critical for structures
based on TTA-induced delayed fluorescence for nonreso-
nant up-conversion of low energy incident red light into
high energy blue emission.””® Further development of the
material parameters that govern triplet diffusion is conse-
quently desirable for the systematic advancement of these
and other applications.

In the current work, the added effect of chain confor-
mation on triplet state diffusion in conjugated copolymer
thin films is investigated. Recent literature studying the
influence of conformation on triplet states in organic
semiconductors has mainly concentrated on the relation-
ship between molecular conformation and degree of spin-
orbit coupling. It has been demonstrated for a number of
donor-acceptor materials that a twisted conformation
leads to reduced singlet-triplet energy gap and consider-
able increase in intersystem crossing rates.'®'*> However,
the effect of chain conformation on triplet diffusion has
been largely unexplored. The chain conformation controls
the effective conjugation length allowing a transition
between more- and less-disordered film structures, corre-
sponding to shorter and longer conjugation lengths.

The material system considered here is a new platinum
containing fluorene-based copolymer, in which a small
amount of N,N-diphenyl-4-(pyridin-2-yl)aniline platinum
acetylacetonate (PyTPA-Pt(acac)) is inserted into the back-
bone of the widely-studied poly(9,9-dioctylfluorene) (PFO)
blue light emitting polymer (Figure 1A)."*""> The presence
of heavy platinum atoms increases the spin-orbit coupling
strength, leading to radiative decay from the triplet state.
The PyTPA-Pt(acac) moieties are embedded at mol frac-
tions between 0.5% and 5%.

The loading range selected was guided by prior stud-

ies'®!” that showed successful p-phase formation for

FIGURE 1 Chemical structures of
(A) PFO (B) 95F8:5PyTPA-Pt(acac) and
(C) 95F8:5PyTPA.

CgH17 CgHy7

9,9-dioctylfluorene-based copolymers in the presence of
bulky co-monomer units for fractions below about 20%
and with an eye to avoiding a switch from co-mono-
mer-modulated 9,9-dioctylfluorene emission to co-
monomer-dominated emission. The general study of
absorption and photoluminescence (PL) emission for
(100-X)F8:XPyTPA-Pt(acac) polymer films with different
PyTPA-Pt(acac) fractions and 9,9-dioctylfluorene confor-
mations (see Supporting Information Figure S1 to S3 for
full data sets) was followed by a more detailed study of
triplet energy transfer as a function of temperature and
conformation for the 5% loading, 95F8:5PyTPA-Pt(acac)
copolymer (Figure 1B). In addition, for reference, we have
also characterized (see Figure S1 to S3) the absorption and
PL of the corresponding copolymers, (100-X)F8:XPyTPA,
that contain the same fractions of the co-monomer
N,N-diphenyl-4-(pyridin-2-yl)aniline (PyTPA), omitting
the Pt(acac) units of the cyclometalated version; the chemical
structure of the 95F8:5PyTPA polymer is shown in Figure 1C.

For thin film samples, PFO chain segments can adopt
glassy- and p-phase structures with chain conformations
characterized by different torsion angles between the
constituent molecular units. The glassy-phase is a disor-
dered conformation with a broad distribution of inter-
monomer torsion angles that averages close to 135°.'® In
contrast, the f-phase conformation is an ordered chain-
extended geometry with a torsion angle of ~180°
between adjacent fluorene units.'® The latter conforma-
tion leads to a coplanar backbone with the octyl side
chains of neighboring monomers positioned on alternat-
ing sides of the chain.'®'® g-phase samples combine a
fraction of these chain-extended segments embedded
within an otherwise glassy matrix. The formation of planar
p-phase segments in PFO is readily evidenced by the
appearance of red-shifted, characteristically well-resolved,
vibronically-structured absorption and PL emission bands,
with a small Stokes' shift between them.'>?°** Induction of
the p-phase conformation can be achieved either by
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FIGURE 2 Room temperature absorption (right, black line)

and photoluminescence (left, red line) spectra for (A) glassy- and
(B) p-phase films of PFO, 95F8:5PyTPA and 95F8:5PyTPA-Pt(acac).

(1) slowing down the kinetics of film formation using poor/
high boiling point solvents or solution additives** or
(2) via postdeposition exposure to solvent liquid (“solvent
flooding”)**** or vapor (“solvent annealing”).***’

The same processes can be used to generate f-phase
segments in (100-X)F8:XPyTPA-Pt(acac) and (100-X)F8:
XPyTPA and the resulting absorption and PL spectral
changes were characterized, with reference to PFO.
Temperature-dependent PL spectroscopy has then also
been used to study the spectral diffusion for both singlet
and triplet excitons in 95F8:5PyTPA-Pt(acac), a single
material system for which we can vary the energetic dis-
order/conjugation length simply via tuning molecular
conformation. This allows demonstration of the ability to
optimize triplet diffusion properties through tuning phys-
ical structure at the molecular level, without a need for
chemical modification.

2 | RESULTS AND DISCUSSION

Figure 2 shows room temperature (RT) absorption and PL
spectra for both glassy- (Figure 2A) and g-phase (Figure 2B)
films of PFO, 95F8:5PyTPA and 95F8:5PyTPA-Pt(acac).
These data confirm the ability to controllably form (and also
avoid forming) the p-phase conformation in the longer
9,9-dioctylfluorene segments, with the clear appearance
of a characteristic red-edge absorption peak at 2.86 eV
(434 nm)*" in the solvent vapor annealed samples. This
peak is absent from the hot-spun glassy films, mirroring
the situation for PFO. The PL spectra also show the
expected red-shift and enhanced vibronic structure for
the p-phase samples, again mirroring the situation for

PFO. The PFO and 95F8:5PyTPA spectra are very similar,
bar a small red-shift (AA~8 nm) in the glassy
95F8:5PyTPA PL spectrum peaks and a slightly stronger
long wavelength PL tail. The 95F8:5PyTPA-Pt(acac)
copolymer, however, shows weak absorption close to
2.8 eV (443 nm) for both glassy- and f-phase films and
the glassy-phase PL spectrum is no longer dominated by
9,9-dioctylfluorene structured vibrational emission, with
a competing longer wavelength, largely unstructured contri-
bution of similar magnitude also present. This effect is less
evident for the f-phase PL spectra as was also the case for
95F8:5PyTPA.

The 2.8 eV (443nm) absorption in the
95F8:5PyTPA-Pt(acac) copolymer is characteristic of a
metal-ligand charge transfer transition®® and is evident
in the solution and solid-state spectra for the monomeric
PyTPA-Pt(acac) unit (Figure S4). It is correspondingly
absent from the spectra for the PyTPA monomer, which
has its lowest n—x* solid-state absorption peak at
~3.5 eV (Figure S4). The PL emission from PyTPA
monomer films lies in the spectral range of the long
wavelength PL tail as also does that for films of the
monomeric PyTPA-Pt(acac) unit (Figure S4). The
changes in spectra also grow with increasing loading of
the PyTPA and PyTPA-Pt(acac) units (Figure S1 and S2).
The copolymer spectra are therefore consistent with a
loading-weighted combination of 9,9-dioctylfluorene- and
co-monomer-centered contributions, where, with the
exception of the highest PyTPA-Pt(acac) loadings, the spec-
tra are very much dominated by the former.

Inclusion of the PyTPA and PyTPA-Pt(acac) units
causes a strong decrease in RT PL quantum efficiency (PLQE)
relative to PFO, especially for the 95F8:5PyTPA-Pt(acac)
films, with a more modest decrease for the 95F8:5PyTPA
films. Table S1 in Supporting Information provides the
PLQE values for both glassy- and f-phase films of all of
the different PyTPA and PyTPA-Pt(acac) copolymer
fractions and for PFO. The PFO values are fully consis-
tent with literature reports.'>'>?! Several factors may
play a role in this behavior. First, the PyTPA moiety is
expected to have notable charge transfer character due
to its electron donating triarylamine and electron
accepting pyridyl moieties. Second, cyclometallation
with Pt(acac) will cause an increase in intersystem cross-
ing from singlet to triplet states and at RT and in air these
triplet states will not have a significant emission efficiency.
The observed variation with PyTPA and PyTPA-Pt(acac)
loading indicates competition between the strong singlet
emission centered on 9,9-dioctylfluorene segments and
transfer to and limited emission from co-monomer units.
The PLQE difference between glassy- and f-phase films
then suggests a less favorable transfer regime in the
p-phase case.
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FIGURE 3 (A) Peak normalized PL spectra at 5 K for (from

bottom to top) #-phase PFO (black line), -phase 95F8:5PyTPA (red
line), #-phase 95F8:5PyTPA-Pt(acac) (blue line) and glassy-phase
95F8:5PyTPA-Pt(acac) (green line). Also shown are expanded scale
triplet PL emission spectra for (B) f-phase 95F8:5PyTPA-Pt(acac)
(blue line) and (C) glassy-phase 95F8:5PyTPA-Pt(acac) (green line)
films. Comparison of these spectra suggests that the f-phase
95F8:5PyTPA-Pt(acac) spectrum contains a fraction of glassy-phase
triplet PL. the difference spectrum (D) (sage line) following
subtraction of a weighted glassy-phase spectrum (C) from the
S-phase 95F8:5PyTPA-Pt(acac) spectrum (B) reveals the “pure”
p-phase triplet PL.

This situation evolves on cooling to low temperature as
shown in Figure 3 and Supporting Information. Figure 3A
shows (from bottom to top) the 5 K PL spectra for -phase
films of PFO, 95F8:5PyTPA and 95F8:5PyTPA-Pt(acac) and
for a glassy film of 95F8:5PyTPA-Pt(acac). A full set of spec-
tra for each sample taken from 300 K to 25 K, at 25 K inter-
vals, is shown together with these 5 K spectra in Figure S5
to S8. The spectral changes for f-phase PFO are as previ-
ously reported, with (1) a greatly enhanced resolution of the
vibronic peaks that reveals three distinct vibrational modes
coupled to the S; — Sy electronic transition and (2) a major
strengthening of the 0-0 peak at 2.8 eV (443 nm) to become
the dominant component in the emission, consistent with a
reduction in the associated Huang-Rhys parameter.'* This
peak also has a very small Stokes' shift from the associated
2.86 eV S, — S; 0-0 absorption peak, consistent with the
rigid, chain-extended f-phase conformation. Very similar
behavior is seen for the f-phase 95F8:5PyTPA film, also
with a reduction in the long wavelength PL tail, showing
that the copolymer emission is even more dominated by the

9,9-dioctylfluorene segments at low temperature, with no
evidence for significant emission from the PyTPA moieties.
As expected, prompt triplet PL emission is not observed for
either of these polymers.

In comparison, the 95F8:5PyTPA-Pt(acac) films show
a broader range of spectral changes. At 5 K the glassy-
phase films show an even more suppressed singlet PL
emission component than at RT (Figure 3A). The g-phase
95F8:5PyTPA-Pt(acac) films show a more balanced PL
emission across the full spectral range from 1.8 to 2.9 eV. This
primarily comprises distinct (1) f-phase 9,9-dioctylfluorene
segment fluorescent singlet emission between 2.2 and 2.9 eV
and (2) p-phase 9,9-dioctylfluorene phosphorescent trip-
let emission below 2.2 eV. However, the singlet emission,
(1), has less clearly resolved vibronic structure than for
p-phase PFO and 95F8:5PyTPA. The cyclometallated co-
monomer units may be sufficiently bulky to hinder the
formation of fully extended g-phase 9,9-dioctylfluorene
segments leading to a broader distribution of segment
extensions and environments and thereby to greater
inhomogeneous broadening. The vertical displacement of
the minima between groups of vibronic modes away from
the zero PL line is consistent with this but could also be
indicative of an overlapping, rather unstructured, emis-
sion in this range. So-called “green band” excimer emis-
sion resulting from oxidative degradation that yields
keto-defects at the C-9 positions of the fluorene units
does not spectrally match® and is, therefore, ruled out.
An alternative would be emission from the PyTPA-Pt(acac)
co-monomer units acting as chromophores in their own
right. The spectra suggest that the displacement effect is rel-
atively stronger at RT and also increases with PyTPA-Pt
(acac) loading (see Figure S3), both of which could occur
for either a state-of-order effect or PyTPA-Pt(acac) co-
monomer emission. The measured emission from
PyTPA-Pt(acac) co-monomer films is not, however, a
good spectral match (see Figure S4b), leaving reduced
film order as the most likely contributor.

The triplet phosphorescence from f-phase
95F8:5PyTPA-Pt(acac) films (shown on an expanded scale
in Figure 3B) reveals a clear, relatively sharp, peak at
2.09 eV (592 nm) together with a higher energy shoulder
at 2.17 eV (571 nm) and a lower energy band comprising
three poorly resolved peaks centered at ~1.95eV
(638 nm). The sharp peak matches literature results for
p-phase PFO triplet emission, recorded following resonant
pumping of the p-phase absorption peak at 2.86 eV
(434 nm) and using time gated acquisition to match the
characteristically long decay time in the absence of heavy
metal atoms.*® These literature data also show two vibronic
peaks in a similar spectral location to the lower two for
95F8:5PyTPA-Pt(acac) films but they do not show the
higher energy shoulder or the third, higher energy vibronic
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peak. It is clear, therefore, that there is an overlap between
the emission from two distinct states in this spectral region.
Comparison with the triplet emission from disordered poly
(9,9-diethylhexylfluorene) (PF2/6)* suggests that the sec-
ond triplet state may arise from a fraction of glassy-
phase 9,9-dioctylfluorene segments in these films. This
will arise when the normal rapid singlet transfer'>?' to
p-phase 9,9-dioctylfluorene segments has become hin-
dered and/or when intersystem crossing (with conse-
quent spatial localization on glassy chain segments) is
sufficiently enhanced that it competes effectively with
the singlet transfer process.

The phosphorescence from glassy-phase 95F8:5PyTPA-Pt
(acac) films (shown on an expanded scale in Figure 3C)
supports this surmise with the 0-0 peak at 2.17 eV (571 nm)
matching the high energy shoulder in the p-phase
95F8:5PyTPA-Pt(acac) spectrum and the vibronic at 2.0
eV (622 nm) matching the highest energy component of
the pB-phase 95F8:5PyTPA-Pt(acac) film vibronic band.
Also, as is the case for the singlet emission spectra, the
triplet spectra of glassy-phase 95F8:5PyTPA-Pt(acac) are
more inhomogeneously broadened to the point that the
coupled vibronics are not separately identifiable. The dif-
ference spectrum in Figure 3D shows the result of sub-
traction of a weighted glassy-phase spectrum (Figure 3C)
from the p-phase 95F8:5PyTPA-Pt(acac) film spectrum
(Figure 3B) and reveals the “pure” f-phase triplet emis-
sion comprising a sharp T; — Sy electronic transition
and a partially resolved vibronic doublet.

The emission from films, and indeed solutions, of the
PyTPA-Pt(acac) co-monomer is distinct from the observed
95F8:5PyTPA-Pt(acac) film spectra (see Figure S4) further
confirming that the co-monomer does not strongly influ-
ence the measured photophysics as a chromophore in its
own right, as was also the case for the PyTPA co-monomer.
Rather, its major influence, through the presence of the Pt
heavy metal atom, is as a sensitizer for intersystem crossing
within 9,9-dioctylfluorene segments. In accordance with
this, both the glassy- and f-phase 95F8:5PyTPA-Pt(acac)
films have a triplet emission that lies some 0.7 €V lower in
energy than the singlet and that shows vibronic energies
very similar to those present in the singlet, in close agree-
ment with earlier studies of conjugated polymer triplet exci-
tons and their S;-T; gap.*"**

The prompt heavy metal atom sensitized phosphores-
cence becomes clearly visible below ~200 K and grows
on further cooling, especially strongly for the glassy films
(see Figure 4A and Figure S7 and S8). It is visible at 5 K
for all of the p-phase PyTPA-Pt(acac) copolymer film
fractions (X = 0.5, 1.0, 2.5, 5), with an intensity that
depends strongly on loading (see Figure S3); some
18 times higher for 5% than 0.5%. At low loadings the
p-phase 9,9-dioctylfluorene triplet phosphorescence is

dominant, with the glassy-phase triplet component only
growing for higher PyTPA-Pt(acac) fractions, consistent
with the proposed influence of loading on film order.
As the temperature rises above 200 K the prompt triplet
emission falls rapidly, as expected for more-efficient trip-
let migration to quenching sites combined with triplet-
triplet annihilation linked to this enhanced diffusion.*>*

As noted above, the PL spectra of glassy-phase
95F8:5PyTPA-Pt(acac) samples at low temperature show
a relatively weak and largely featureless fluorescence with a
more intense and structured phosphorescence. This is
in contrast to the well-resolved fluorescence for the
95F8:5PyTPA-Pt(acac) f-phase films with relatively
weaker phosphorescence emission. Theoretical calcula-
tions'>**>” suggest that this difference is due to a higher
intersystem crossing rate of singlet excitons to the triplet
manifold for glassy-phase compared to f-phase samples.

In Figure 4B,C the temperature dependence of repre-
sentative spectral components, in particular the S; — S,
0-0 fluorescence vibronic peak of f-phase PFO and the
T; — Sy 0-0 phosphorescence vibronic peak of glassy-
phase 95F8:5PyTPA-Pt(acac), is depicted on an expanded
energy scale. The copolymer and PFO fluorescence spec-
tra show, irrespective of chain conformation, a batho-
chromic (red) shift with decreasing temperature that
approaches an asymptotic value at a characteristic tem-
perature for which spectral diffusion saturates. In con-
trast, the phosphorescence spectra of 95F8:5PyTPA-Pt(acac)
show two very different behaviors depending on the film
microstructure. The glassy-phase film triplet emission
exhibits a hypsochromic (blue) shift while the p-phase
spectra remain stationary. In addition, as a result of trip-
let quenching, the phosphorescence spectra could not be
measured at temperatures above 125 K.

In disordered organic semiconductors, the transport
of excitations can be described by a hopping process
among localized sites energetically distributed within an
inhomogeneously broadened density of states (DOS).***°
The electronic coupling can be provided by either long
range coulomb interactions (Férster coupling™), typical
for singlet excitations, or short range exchange interac-
tions (Dexter coupling®®), for triplet excitons. Hopping
theory predicts that an exciton generated within a Gauss-
ian density of energy states distribution will relax towards
the tail of the distribution by hopping among neighboring
sites; this leads to a spectral diffusion with time as the
mean energy of the emitting excitons evolves. The exci-
ton path will be dominated initially by energetically
downhill hops until lower lying energy sites become
scarce and are thus on average a long distance away.
A quasi-equilibrium, is then reached, determined by the
balance between downhill jumps and thermally activated
uphill jumps that allow the exciton to find an alternative
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path to the lower lying sites. The quasi-equilibrium
energy, £eqm, is the long-time limit of the statistically
weighted average energy. For a Gaussian DOS distribu-
tion, as typically found in conjugated polymer films:

ge)= (1/V2mo)exp (~(e—e0)’/20") (1)

where ¢ is the energy of an individual molecule, ¢, is the
energy at the center of the distribution and ¢ is the stan-
dard deviation (also known as the disorder parameter
that describes the width of the distribution),
€eqm = €0-0~/kT, independent of the mode of coupling.**
Upon lowering the temperature, the emission is thus
expected to redshift before eventually becoming spec-
trally fixed when the time needed to reach quasi-
equilibrium starts to exceed the exciton decay time.***’
It is also possible to see hypsochromic (blue) spectral
shifts at low temperature when the quasi-equilibrium
energy can no longer be reached during the exciton decay
time due to hopping activation energy considerations.
This is especially the case for the short range coupling
that allows triplet diffusion.***® The short range Dexter
process limits the number of available hopping sites rela-
tive to long range Forster transfer and if the associated
energies happen to be sufficiently adverse then frustra-
tion arises, leading to exciton decay at an energy above
the quasi-equilibrium energy. Illustrative spectral diffu-
sion scenarios are depicted schematically in Figure 5.*
The spectral diffusion behavior observed in Figure 4
is now discussed in terms of the random walk within a
Gaussian DOS model just described. First, we consider
the spectral diffusion of singlet excitons. The center

30 35 40 204

210 216 222
Energy (eV)

energy, &, of the DOS is determined from the peak of the
RT p-phase Sy — S; 0-0 absorption and its width, o(7T), is
deduced from the linewidth of the 0-0 vibrational transi-
tion of the fluorescence at different temperatures,
deduced by performing a Gaussian fit to the emission
spectra. The spectral shift, Ag(T), is then determined
from the energy difference between the center of the
DOS and the center of the S; — S, 0-0 fluorescence
emission. In Figure 6 the energy difference, Ae(T), nor-
malized to o(T) is plotted against kT divided by o(T); the
dashed curve is the theoretically predicted Ae(T)/
o(T) = —o(T)/kT relation.

Figure 6 shows that for kT/c > 0.3-0.4 the red-shift in
the singlet fluorescence (black squares data) is in gener-
ally good agreement with the predicted dependence,
albeit with a somewhat smaller than expected red-shift
at the highest temperatures. At lower temperatures,
however, Ae(T)/o(T) shows clear saturation. This is a
sign of the termination of spectral diffusion due to exci-
ton decay time limitations and occurs when the trans-
fer time needed to reach quasi-equilibrium exceeds this
time. The PFO spectrum saturates at a lower value of
Ae(T)/o(T) than the 95F8:5PyTPA-Pt(acac). This is sug-
gested to be due to the potentially shorter decay time of
the 95F8:5PyTPA-Pt(acac) singlets as a result of efficient
intersystem crossing to the triplet manifold, resulting
from strong spin-orbit coupling of the heavy metal atom.
Overall, the observed spectral diffusion of the singlet
excitons is consistent with previous studies on related
compounds.***7*?

Repeating the analysis for the triplet phosphorescence
spectra recorded for the two phases of 95F8:5PyTPA-Pt(acac)
leads to the red circles data in Figure 6. For the f-phase
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FIGURE 5
processes for singlets and triplets. Gaussian DOS drawn with ¢y, = 0.

Schematic illustration of spectral diffusion

Over time the excitons explore the distribution of states in space and
energy. (A) Directly photoexcited singlet excitons hop from site to
site (solid black arrows), sometimes requiring thermal activation
(upward pointing arrows). At sufficiently high temperatures, the
quasi-equilibrium energy is readily reached and emission takes
place from there. At low temperatures, activated jumps away from
some intermediate sites are frozen out but the long range Forster
transfer helps keep lower energy sites accessible (dotted red arrow)
so that the quasi-equilibrium energy can still be reached. Eventually
the exciton decay time limits the transfer process and the quasi-
equilibrium energy is no longer reached, leading to a saturation of
the red-shift. (B) for triplets, generated following intersystem
crossing from photoexcited singlets, the absence of long range
Forster transfer means that whilst at sufficiently high temperatures
triplet excitons do reach the quasi-equilibrium energy, at lower
temperatures when activated jumps away from some intermediate
sites are no longer possible the exciton becomes trapped and decays
at that site. This can lead to a blue-shift with decreasing
temperature. Redrawn from reference.*’

samples the glassy-phase component in their spectra, that
remains relatively constant with temperature, is first sub-
tracted before the fitting is undertaken. The center of the
DOS of the triplet states is selected by considering the
mirror symmetry between absorption and emission and
the disorder parameter, o, is deduced from the linewidth
of the T; — Sy 0-0 emission. Due to triplet quenching,
suitable data could not be collected above 125 K and,
therefore, the triplet exciton behavior was studied only
for lower temperature spectra. The two phases of the
copolymer show very different behavior. The pg-phase
triplets behave in a similar way to the corresponding sin-
glets, with saturation for kT/c < 0.4. Conversely, for the
glassy-phase a strong hypsochromic (blue) shift is
observed for kT/c < 0.3. This difference in behavior is
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FIGURE 6 Energy difference Ae between the center of the
DOS and the centers of the S; — S, 0-0 fluorescence (black
squares) and T; — S, 0-0 phosphorescence (red circles) peaks,
normalized to DOS width ¢ and plotted versus kT/o. data are
shown for f-phase PFO and 95F8:5PyTPA-Pt(acac) and for glassy-
phase 95F8:5PyTPA-Pt(acac). The dashed curve is the theoretically
predicted Ae(T)/o(T) = —o(T)/kT dependence.

significant and offers an important insight into the role
that microstructure plays in the triplet exciton transfer
occurring within a single material.

The motion of triplet excitons proceeds by short range
exchange interactions which decrease exponentially with
coupling distance.** Exchange interactions require orbital
spatial overlap, further restricting the number of target
sites for transfer. Frustration can then occur when all
nearest neighbors have a higher energy which cannot be
overcome with the available thermal energy and the trip-
let becomes trapped in a local energy minimum from
which emission occurs. As illustrated schematically in
Figure 5B the local minima tend to lie at increasingly
higher energies for lower temperatures, resulting in the
hypsochromic shift observed in Figure 4C and 6 (bottom
panel). This contrasts with the Forster transfer of singlets
that has an algebraic dependence on coupling distance
and does not require spatial overlap of wavefunctions.**
As a consequence, transfer between sites that are located
further apart is supported, generating a larger number of
targets for transfer to and thereby allowing diffusion over
large distances without the need for thermal activation;
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the probability of reaching a site at an accessible energy
increases when longer range hops are possible.

The hypsochromic shift seen for triplets in glassy-
phase 95F8:5PyTPA-Pt(acac) is thus in good agreement
with theory and consistent with published experiments
for exciton transfer via short range exchange interactions
in other conjugated polymers.*>*’ The triplet spectra of
the p-phase samples, however, show behavior which is
similar to that expected for singlets, with a low tempera-
ture saturation in the spectral dispersion. Whilst it is
clear that the DOS variances, o2, for the glassy- and
p-phase chain segments differ (emission linewidth larger
for more disordered glassy-phase),”"*° this is accounted
for in Figure 6 by normalizing the data to units of o. The
lack of frustration in the more ordered f-phase cannot
then be due to a smaller disorder parameter. Instead, the
difference stems from a key change in microstructure,
namely the increased conjugation length of the f-phase
chain segments. These rigid, planar segments embedded
within a glassy matrix, comprise minima in the triplet and
singlet energy spaces and will tend to capture both exciton
types from neighboring glassy-phase chain segments. Then,
in agreement with Monte Carlo simulations,** their chain-
extended structure allows the triplets to readily migrate
along their length, increasing the number of accessible
neighbors and removing the cause of the hypsochromic
shift seen for glassy-phase samples. Similar behavior has
been reported for another highly-planar conjugated poly-
mer, namely methyl-substituted ladder-type poly(p-pheny-
lene) (MeLPPP).* These results demonstrate that triplet
diffusion in the platinum containing polyfluorene copoly-
mer 95F8:5PyTPA-Pt(acac) can be greatly affected by the
film microstructure and while frustration is observed for
the glassy-phase, it can be avoided by generating chain-
extended f-phase conformation segments. To our knowl-
edge, this represents the first demonstration of the use of a
controlled change in molecular conformation to control the
triplet diffusion properties in a material.

3 | CONCLUSIONS

Novel fluorene-based copolymers (Figure 1) have been
synthesized and their photophysical properties investi-
gated in depth at both RT and as a function of temperature
down to 5 K. Incorporation of PyTPA and PyTPA-Pt(acac)
co-monomer units at fractions between 0.5% and 5% into an
otherwise (9,9-dioctylfluorene) backbone yields two families
of copolymers with and without the presence of heavy Pt
atoms. For this range of co-monomer fractions the f-phase
conformation can still be readily generated in the
(9,9-dioctylfluorene) segments (Figure 2), allowing the
influence of conformation to be carefully studied, with

homopolymer poly(9,9-dioctylfluorene) providing a
suitable reference. At RT (Figure 2) the PyTPA co-
monomers have little influence, with some monomer-
centered emission observed for 95F8:5PyTPA glassy con-
formation films but very little for the p-phase. The
PyTPA-Pt(acac) co-monomer has a bigger impact, mainly
via its sensitization of intersystem crossing which reduces
singlet PL emission. At low temperature (5 K), the PyTPA-
Pt(acac) co-monomer films show direct T; — S, radiative
decay from 9,9-dioctylfluorene-segment-based triplet states
whilst the PyTPA co-monomers again have little effect on
the photophysics, especially for -phase samples (Figure 3)
which closely mirror the PL behavior of PFO. The glassy-
phase 95F8:5PyTPA-Pt(acac) spectra are most perturbed
with the PL dominated by T; — S, emission, albeit with an
overall lower emission yield than for the f-phase samples.

The spectral diffusion for both singlet and triplet exci-
tons has been investigated in detail for g-phase PFO and
glassy- and p-phase 95F8:5PyTPA-Pt(acac) copolymer
films, using experimental PL spectra recorded as a func-
tion of temperature between 5 and 300 K (Figure 4)
and a Gaussian disorder model analysis (Figures 5 and
6). The theoretically predicted bathochromic (red) shift
behavior is seen for singlet exciton diffusion in PFO
and 95F8:5PyTPA-Pt(acac) f-phase samples down to
temperatures at which the diffusion finally freezes
out. For the triplets, however, the glassy- and f-phase
95F8:5PyTPA-Pt(acac) films show different behaviors.
In the former case, the triplet exciton emission spectra
show a hypsochromic (blue) shift on cooling whilst in the
latter case the behavior is similar to that of the singlets
with spectral saturation observed at low temperature
rather than a blue-shift.

These observations provide insight into the triplet exci-
ton transfer in more- or less-disordered conjugated polymer
films. The glassy films possess a shorter ensemble average
conjugation length whereas the f-phase films combine a
fraction of chain-extended segments embedded within a
glassy matrix. It is found in the glassy-phase samples with
shorter conjugation lengths (representative of more-disordered
polymers) that the triplet exciton relaxation becomes
frustrated at low temperature due to a freezing out of the
thermally activated hops required to move from one con-
jugated segment to another. In contrast, for films con-
taining p-phase chain segments, with increased
conjugation lengths (representative of less-disordered
polymers), this frustration is lifted as more hopping sites
remain accessible through intra-segment motion. The
triplet can consequently explore a larger number of
potential acceptor sites yielding a non-thermally-acti-
vated triplet transfer.

This work demonstrates the controlled use of changes
in molecular conformation to successfully optimize the
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triplet diffusion properties of a fluorene-based conjugated
copolymer. Future work will study how broadly such
conformation control can be applied to other material
systems for device applications. For example, triplet
transporting materials have been used in solar cells and
for triplet up-conversion, whilst triplet diffusion is known
to be detrimental to phosphorescent LEDs in the pres-
ence of quenching sites.

4 | EXPERIMENTAL SECTION

41 | Materials

The PFO homopolymer was purchased from 1-Material Inc.
(weight-average molecular weight (M,,) = 55 x 10° g mol !
and polydispersity index (PDI) = 2.5) and used as received.
The novel copolymers were synthesized in Nanjing Tech
via Suzuki coupling and subjected to standard analytical
characterization, comprising 'H NMR, elemental analysis,
energy-dispersive X-ray spectroscopy (EDS), gel permeation
chromatography, thermogravimetric analysis, differential
scanning calorimetry and cyclic voltammetry (see Support-
ing Information for details). These results confirm success-
ful synthesis of the target materials and give useful insight
into the ensuing physical properties. From EDS, the plati-
num element weight ratios of the Pt-containing copolymers
(100-X)F8:XPyTPA-Pt(acac) (X = 0.5, 1, 2.5 and 5) were
measured to be 0.22, 0.46, 1.20, and 2.21 wt%, which are
very close to the theoretical values of 0.25, 0.50, 1.24, and
2.49 wt%, respectively. The results indicate the cyclome-
talated Pt-containing fragments were successfully incor-
porated into the 9,9-dioctylfluorene backbones according
to the different molar feed ratios. The 95F8:5PyTPA-Pt(acac)
copolymer had M,, = 74 x 10°> g mol ' with PDI = 2.31
and the 95F8:5PyTPA copolymer had M,, = 66 x 10° g mol *
with PDI = 1.94.

4.2 | Film preparation

For optical measurements, thin films were spin coated at
2000 rpm from 10 mg ml~" toluene solutions onto quartz
(Spectrosil B) substrates in a nitrogen-filled glove box.
A Dektak Systems surface profilometer was used to mea-
sure the resulting film thickness, typically ~70 nm. For
the preparation of glassy-phase films both solution vials
and substrates were placed on a hot plate at 100°C for
5 min immediately prior to spin coating. For f-phase
samples solvent vapor annealing of glassy films was
employed. This was done via exposure to toluene vapor
at RT for 12 h with film swelling generating the mechani-
cal stress that drives planarization of a fraction of the

polymer chains.”****” We follow the convention in the
literature that samples containing such a fraction of
p-phase chains in an otherwise glassy film are called
p-phase samples, irrespective of the specific fraction. Low
temperature spectral data are not reported for glassy-
phase films of PFO and the PyTPA copolymer as it was
found that they were not stable during thermal cycling
against partial formation of f-phase segments; a phenom-
enon already known in the literature for PFO.*!

4.3 | UV-Vis spectroscopy

Optical absorption spectra were measured with a Perkin-
Elmer Lambda 1050 UV/Vis/NIR spectrophotometer
equipped with a Perkin-Elmer 100 mm integrating
sphere accessory.

44 | Photoluminescence spectroscopy
Temperature dependent PL spectra were measured with
samples mounted on xyz piezo positioners in a closed cycle
AttoDRY800 cryostat pumped to a residual pressure of
~10"° mbar and cycled between RT and 5 K. PL excitation
was provided by a 76 MHz Coherent Mira 900 Titanium-
Sapphire laser producing ~100 fs pulses, with the repetition
rate down-selected using a Coherent pulse picker to lie in
the range 0.76-3.8 MHz. The excitation energy of ~3.15 eV
(394 nm), suitably matched to the polymer optical gaps,
was obtained by frequency doubling the laser using an
INRAD 5-050 Ultrafast Harmonic Generation System.
A single mode optical fiber routed the excitation light to the
PL setup and the excitation power was adjusted using a
neutral density filter. The laser light was focused onto a
roughly 1 pm diameter spot on the sample by a Mitutoyo
Apo objective (NA = 0.7, 100x magnification) which was
also used to collect the PL. A Semrock Di02-R405-25x36
dichroic mirror and a Semrock BLP01-405R-25 filter were
placed in the emission path to reject residual excitation light
and transmit only the desired PL signal. A 0.5 m Andor
spectrometer (spectral resolution ~0.07 nm) coupled to a
thermoelectrically cooled iDus 420 charge coupled device
detector was used to scan and record the PL emission spec-
tra. The combination of the used repetition rate and detec-
tion mode selects prompt PL. The PL spectra in Figure 2A
and S2 were recorded in reflection geometry using a Jobin
Yvon Horiba Fluoromax-3 spectrofluorometer (3.2 eV exci-
tation) in ambient air.
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