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ABSTRACT

Cyclometalated platinum(II) chromophores were combined with benzodithiophene (BDT) units to
form a conjugated molecule and polymer in order to ascertain their photophysical and
electrochemical properties, as well as their potential for use in bulk heterojunction organic solar
cells. Weak fluorescence and room temperature phosphorescence were observed for both the small
molecule model complex and polymer, leading to the assumption that the presence of platinum
metal centers serves to enhance intersystem crossing (ISC). Nanosecond and picosecond transient
absorption spectroscopy were employed to study the excited state dynamics which revealed ISC
rates of the polymers (3x10'? s7!) is faster than that of the model (2.5x10!! s!). These fast ISC rates
ensure a high population of triplet excited states, which was confirmed by singlet oxygen
sensitization measurements. A laser power dependence of the triplet yield was observed to be more
pronounced for the polymer, likely due to triplet-triplet annihilation within single polymer chains.
Unfortunately, energy level estimations from electrochemistry and emission spectra placed the
triplet state at or below energy of the charge transfer state to PCB71M acceptor. Organic solar cells
were constructed using the model or polymer as donor in conjunction with PC71BM as acceptor.
The polymer donor, provided the higher photocurrent efficiency at just over 1% in a non-optimized

device.
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INTRODUCTION

With enough energy illuminating the earth’s surface every hour to power the planet for an
entire year,! the potential of solar energy to solve the world’s energy problems is unchallenged.
Even so, the high cost of silicon processing and low efficiencies of organic materials remain as
significant roadblocks to the realization of that potential. Although silicon cells have plateaued at
around 25% efficiency over the last 15 years,? organic photovoltaics have shown some of the most
promising growth in the field, now reaching efficiencies approaching 18%.*7 Four key processes
drive photocurrent generation in organic devices: (1) photon absorption by the active layer
followed by exciton generation, (2) exciton diffusion, (3) charge transfer and exciton dissociation,
and (4) charge collection.* The invention of the bulk heterojunction®* along with properly tuned
frontier orbital alignment have effected high efficiencies in the latter two processes. Photon
absorption is largely improved by reducing the optical bandgap and thereby extending the spectral
coverage of the donor molecule, where an ideal bandgap value of 1.5 eV (~ 825 nm) well balances

the opposite dependence of the open-circuit voltage.!-!!

Exciton diffusion is strongly influenced
by extent of conjugation and active layer morphology as the likelihood of recombination increases
as exciton formation occurs further from the donor-acceptor interface.!?

Because exciton diffusion length is directly proportional to excited state lifetime,!*-!* efforts
to extend lifetimes of excited state chromophores may lead to improved photocurrent generation
in devices. A potential advantage of organometallic m-conjugated small molecules and polymers
is the incorporation of heavy metals which lead to high triplet populations through efficient singlet
to triplet intersystem crossing (ISC).!> Accessing high triplet populations may lead to increased

exciton lifetimes as triplet decay is spin forbidden. In particular, the high spin-orbit coupling

constant of platinum!¢ has been shown to increase the rate of ISC and provide enhanced triplet



yield. Platinum poly-yne m-conjugated systems (e.g. [-PtL,-CC-Ar-CC-],) have been well

studied!>17-22

and in at least one case, a decrease in conjugation was observed with platinum
content due to improper Pt-C orbital overlap.!® The cyclometalated architecture in which the
platinum is attached via a C"N ligand has received increased attention recently.?*2¢ In this motif,
the metal center is coupled to the conjugated backbone via orthometallation within a coordination
environment that is part of the m-conjugated network. These systems display enhanced
conjugation compared to platinum poly-ynes. In the latter the platinum center is in the -
conjugated pathway of the polymer backbone, but the ancillary ligands (usually PR3) distort the
backbone planarity and can also disrupt inter-chain interactions due to unfavorable steric
interactions.?> The enhanced planarity of the cyclometalated motif may also lead to improved
interchain interactions in the active layer of devices, which may serve to enhance charge transport
in a film. The electron-rich platinum(II) center imparts efficient donor properties to these moieties
and the cyclometalated structure has been successfully combined with acceptor units to form
donor-acceptor (D-A) conjugated small molecules and polymers for use in solar cell
applications,?3-24.26-27

Benzo[1,2-b:4,5-b’|dithiophene (BDT) is a versatile organic building block that has found
wide use in organic electronics, including hundreds of research studies on organic solar cells.?®
The majority of solution processed organic solar cells with efficiencies over 10% incorporate BDT
as a donor moiety, either in polymer or small molecule form.?°-2 The planar fused aromatic core
results in efficient n—n stacking between adjacent molecules, leading to enhanced interchain hole
mobility and large domain sizes.*3-3¢ Further, the BDT core is flexible to substitution and

conjugation can be extended from the core in two planes, in-line with the fused thiophene rings or

orthogonally from the 4,8 positions on the central benzene ring.3!-37-40



Drawing from recent successes in the coupling of cyclometalated platinum(II) donor
chromophores with acceptors showing strong spin-orbit coupling and excited state

delocalization,?*%

we pursued the synthesis, photophysical and organic solar cell characterization
of the BDT-coupled cyclometalated Pt(II) materials shown in Chart I. (Note that the repeat unit
of the polymer p-BDT-Pt is regiorandom.) Complete photophysical characterization of the
materials was accomplished through ground-state absorption, steady-state emission, and transient
absorption (TA) spectroscopy. Although analysis of charge transfer energetics suggests that
photoinduced charge transfer to PCB71M (phenyl-C71-butyric acid methyl ester) should be
inefficient, a modest power conversion efficiency of just over 1% was achieved in non-optimized
devices utilizing p-BDT-Pt in the active layer. Excitation power dependent transient absorption
studies further revealed a rapid decay process for triplet excited states in p-BDT-Pt, and the process
is attributed to triplet-triplet annihilation (TTA). Through this unique molecular structure,
interesting photophysical properties are observed including TTA, that may expand the scope of

application for conjugated materials in organic electronics.
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EXPERIMENTAL

Synthesis. Details of synthetic procedures and structural characterization are contained in the
supporting information.

Instrumentation and Methods. NMR spectra were recorded using a Varian-Inova-500 FT-
NMR (500 MHz for 'H, 125 MHz for '3C) or a Mercury-300 FT-NMR (300 MHz for 'H). Mass
spectra were obtained by the University of Florida Mass Spectrometry Facility. Polymer molecular
weights were determined using a Shimadzu gel permeation chromatography setup with LC-6AD
Liquid Chromatograph at a concentration of 1 mg/ml in THF with polystyrene standard.

All photophysical measurements were performed using dry, HPLC-grade THF in 1x1 c¢m?
cuvettes. Steady-state absorption measurements were obtained using a Shimadzu UV-1800 dual
beam spectrophotometer. Steady-state photoluminescence spectra were obtained using a Photon
Technology International (PTI) spectrophotometer and collected by a PTI 814 photomultiplier tube
detector at 90° relative to the excitation beam. Solution samples were taken in THF with an optical
density of ~ 0.1 at the excitation wavelength. Phosphorescence emission measurements were
conducted after degassing the solution with argon for at least 30 minutes. Phosphorescence
quantum yield measurements were made following five freeze-pump-thaw cycles. Singlet oxygen
sensitization measurements were performed with a PTI fluorimeter equipped with near-IR
detector. The emission was passed through an 830 nm long-pass filter to block the second multiple
of the excitation source. Compounds were dissolved in CDCl; after passing the solvent through a
column of basic alumina to remove residual DCI. Solutions were then purged with O> for 10
minutes prior to measurement. Fluorescence lifetime measurements were acquired with a

PicoQuant FluoTime 100 Compact Fluorescence Lifetime Spectrometer using time-correlated



single photon counting (TCSPC). Samples were excited using a PDL-800B picosecond pulsed
diode laser (375 nm).

Electrochemical measurements (CV and DPV) were acquired using a CHI-660E
electrochemical workstation with a 2 mm diameter platinum working electrode, Ag/Ag" reference
electrode and platinum wire counter electrode. Samples dissolved in dry CH>Cl, were tuned to a
concentration of ~ 1 mM, mixed with 0.1 M tetra-n-butylammonium hexafluorophophate
(NBusPFs) and purged with argon for 20 minutes. Measurements on film samples (drop cast
directly onto the working electrode from THF and allowed to air dry) were conducted in HPLC-
grade acetonitrile with 0.1 M NBu4PF¢ supporting electrolyte after 20 minutes of argon purging.
Experiments were conducted under argon with a scan rate of 100 mV/s.

Nanosecond transient absorption samples were prepared in 1 cm? flow cells with continuous
circulation in deoxygenated (45 min argon bubbling) THF at OD ~ 0.7. Measurements were
conducted using an in-house apparatus pumped by a Continuum Surelight Nd:YAG laser (355 nm,
10 ns FWHM, 10 mJ/pulse). Samples were probed by a xenon flash lamp and detected by a gated
intensified CCD array mounted on a 0.18 M spectrograph (Princeton PiMax/Acton Pro 180). The
initial CCD picture was taken 50 ns after excitation and subsequent pictures at an interval
appropriate to the specific lifetime. Triplet lifetimes for uniform decay profiles were calculated
using SpecFit analysis software as the single exponential global fit of the TA decay data. Energy
dependence experiments and polymer triplet lifetime measurements were conducted at a single
wavelength on an in-house spectrometer using a Continuum Surelite I1-10 Nd:YAG laser as pump
source, xenon arc lamp as probe source, Triax 180 monochromator, and Thorlabs Si amplified

photodetector (PDASA).



Femtosecond/picosecond TA measurements were performed on an Ultrafast Systems Helios
Fire transient absorption spectrometer. The output beam (800 nm) of a Coherent Astrella
Ti:saphire pulsed laser (120 fs, 1 kHz) was split into pump and probe beams. The pump was passed
through a Coherent OPerA Solo optical parametric amplifier to tune the excitation wavelength
(290-2600 nm) prior to entering the spectrometer. Inside the spectrometer, the pump was passed
through a mechanical chopper, depolarizer, and neutral density filter to tune the pump power to
0.1 mW (100 nJ/pulse). The probe beam entered the spectrometer and passed through a computer-
controlled 8 ns delay stage and wavelength specific crystals to adjust the spectral region of the
probe beam (sapphire for visible, 420-780 nm; and an Ultrafast Systems proprietary crystal for
NIR, 820-1500 nm). Samples in deoxygenated THF were tuned to an optical density of ~ 0.2 and
continuously stirred in a cuvette with 2 mm pathlength at the location of pump-probe overlap,
where the laser spot size was ~ 435 pum. Signal from the probe beam was detected using a fiber-
coupled alignment free spectrometer at either a visible (1024 pixel CMOS) or NIR (256 pixel
InGaAs) detector with a time resolution of ~ 250 fs. Chirp and time-zero corrected spectra and
multiexponential kinetic fits were acquired and manipulated using SurfaceExplorer software
(Ultrafast Systems). Energy dependent spectra were achieved in like fashion, and by adjusting the
pump neutral density filter to vary the power from 0.05-0.4 mW, measured near the sample
location with a power meter (ThorLabs PM100A).

Photovoltaic devices were constructed using indium tin oxide (ITO)-coated glass slides
(Kinetic Co.) which were cleaned by ultrasonic treatment in sodium dodecyl sulfate, deionized
water, isopropyl alcohol, and acetone (15 minutes each). Cleaned ITO slides were then placed in
an oxygen plasma cleaner (Harrick PDC-32G) for 20 minutes. PEDOT:PSS was spin-coated (5000

rpm, 1 minute) onto the prepared slides and annealed on a hot plate (130 °C, 20 minutes). The



active layer was prepared by dissolving the donor material with the desired ratio of PC7:BM in
chlorobenzene (18 mg/ml in total) and stirred overnight at 60 °C in an argon-filled MBraun
glovebox. The homogeneous solution was spin-coated onto the PEDOT:PSS layer (1000 rpm, 1
minute) in the glovebox and then dried overnight at room temperature under high vacuum. Lithium
fluoride (0.5 nm) and aluminum (100 nm) were deposited in sequence using a high vacuum thermal
evaporator. The cathode was patterned using a copper mask which restricted the pixel size to 0.07
cm?.

Current density-voltage (J-V) plots were achieved using a Keithley 2400 source measurement
unit (SMU) operating under AM 1.5 illumination with incident power density of 100 mW/cm?
supplied by a xenon arc lamp power supply (Oriel Instruments). Incident photon to current
efficiency (IPCE) measurements were conducted using monochromatic light supplied from a
xenon arc lamp passed through a monochromator (Oriel Instruments). Source intensity at 10 nm
increments was measured with a power meter (S350, UDT Instruments) and calibrated silicon
detector (221, UDT Instruments), while a Keithley 2400 source meter, with no bias applied, was
used to measure the current at each wavelength. All photovoltaic characterization measurements
were performed in air. Atomic force microscopy was performed using a Veeco Innova microscope
in tapping mode with a silicon tip (8 nm radius) at 325 kHz and a force constant of ~ 40 N/m
(MikroMasch USA).

All calculations were performed using density function theory (DFT), implemented with
Gaussian 09, Rev. C.01. Geometries were optimized using the B3LYP functional with varying
basis sets (6-31G(d) for C, H, O, N; 6-31+G(d) for S; SDD for Pt). 2-Ethylhexyloxy and 4-
octyloxyphenyl solubilizing groups were replaced with methyl groups to ease computation

expense. Time-dependent DFT calculations were performed on similarly optimized structures,



with the same basis set and level of theory. Structures, orbitals and charge difference density plots

were imaged and presented using Chemcraft v. 1.8.

RESULTS

UV-Visible Absorption Spectroscopy. Ground-state absorption spectra were obtained in
THF solution for both monomer precursors (Pt-Br, and BDT-Sny), model complex (BDT-Pt,) and
polymer (p-BDT-Pt, M, ~ 5000 g/mol, PDI = 1.5-2), and are presented in Figure 1. The absorption
spectrum of Pt-Br; is dominated by a broad band between 250-400 nm with a tail extending as far
as 500 nm. The broadness of this feature is likely the result of the mixing of several transitions
including n—n* and MLCT. The rigid nature of the fused BDT core on the BDT-Sn, monomer
results in structured absorptions around 300 and 350 nm, due to n—n* transitions. As the two
precursors are combined into the model complex BDT-Pt, the absorption red-shifts as the
conjugation increases. In particular, the n—n* transition from the BDT core red-shifts by 140 nm
and assumes the lowest energy transition in the new compound. Transitions imparted from the
cyclometalated platinum chromophore are also evident, but their energy shift with conjugation is
less dramatic (only about 10-20 nm). An impressive increase in extinction coefficient relative to
the two precursors is also observed for the model complex, the result of coupling of the two
chromophores with a concomitant increase in the transition dipole. The absorption spectrum of the
polymer p-BDT-Pt assumes a similar structure to that of the model complex with both high and
low energy maxima red-shifted as conjugation is further extended. The low energy transition,
arising from the n—n* transition of the conjugated electronic system, red-shifts about 90 nm from
the complementary transition in the model complex. The decrease in the polymer extinction

coefficient relative to the model complex is in some respect an artifact as that of the polymer is
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calculated per polymer repeat unit (one Pt unit) while that of the model is calculated per molecule

(two Pt units).
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Figure 1. UV-visible absorption spectra of compounds studied: Pt-Br; (green squares), BDT-Sn»
(blue circles), BDT-Pt; (red triangles), p-BDT-Pt (black diamonds).

Photoluminescence Spectroscopy. Steady state emission measurements were conducted for
all compounds in THF after adjusting the solution absorption to ~ 0.1 optical density. Absorption-
emission comparative spectra for these compounds containing a cyclometalated platinum moiety
are presented in Figure 2 and relevant photophysical data for all compounds studied is listed in
Table 1. As a large motivation for this work focused on the triplet state, it was hoped that evidence
of such would be clear from the existence of phosphorescence emission. To probe
phosphorescence emission, samples were degassed by bubbling argon for at least 30 minutes to
eliminate dissolved oxygen. The large Stokes shift for the emission from monomer Pt-Br; is
evidence of room temperature phosphorescence, as has been previously observed for similar

25,41-42

orthometallated platinum complexes. The emission also increases in intensity when the

solution is degassed, providing further evidence of phosphorescence emission.
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Figure 2. Absorption (solid lines with symbols) and emission (air saturated: dashed lines,
degassed: solid lines) spectra of compounds studied at room temperature under argon atmosphere:
Pt-Br2 (green), BDT-Pt2 (red), p-BDT-Pt (black).

The spectra of the model complex (BDT-Ptz) and polymer (p-BDT-Pt) under air saturated
conditions (Figure 2 dashed lines) show weak emission (® < 1%) with small Stokes shifts and
short lifetimes (t < 100 ps), indicating that this emission is likely fluorescence. As shown by the
monomer sample, intersystem crossing (ISC) to the triplet state is expected to be a dominant decay
mechanism, and thus weak fluorescence is unsurprising. Upon degassing (Figure 2 solid lines), the
presence of a new low energy emission was observed at 780 nm for BDT-Pt; and 843 nm for p-
BDT-Pt and the emission is ascribed to phosphorescence. The phosphorescence band maxima are
used to assign the triplet energies of the materials (1.59 eV for BDT-Pt; and 1.47 eV for p-BDT-

PY).
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Table 1. Absorption and emission properties.

Compound  Apax® e Amx™  Eg D " Dpi Dy

(nm) (M'em™)  (nm) (eV) (%) (ns) (%) (%)
Pt-Br 335 31,200 591 2.60 ¢ -- -- 22 37
BDT-Sn, 361 17,400 401 3.09 56 2.9 -- 11
BDT-Pt; 502 61,300 527 2.35 <1 <0.1 <1 85
p-BDT-Pt 593 39,000 623 1.99 <1 <0.1 <1 33

¢ Bandgap for Pt-Br2 estimated from absorption onset. ® Fluorescence quantum yield determined in THF with
tetraphenylporphyrin in toluene as standard.* ¢ Single-point phosphorescence quantum yield determined in THF with
tris(2,2’-bipyridyl)ruthenium(1l) in DI water as standard.** Pt-Br, was degassed via 5 freeze-pump-thaw cycles prior
to the measurement. ¢ Singlet oxygen quantum yield determined in CDCl3 with terthiophene in CDCls as standard.*

Singlet oxygen sensitization experiments were also performed as a qualitative measure of
triplet yield. After bubbling oxygen through the solution, the emission was probed from 1200-
1350 nm. As triplet states are generated, they are quenched via Dexter energy transfer to ground
state O2, producing excited singlet oxygen, which then decays via phosphorescence. The relative
intensity of the singlet oxygen emission compared to an actinometer (terthiophene) provides the
singlet oxygen quantum yield (®a, Table 1). As expected, all the materials containing platinum
were efficient at sensitizing single oxygen, providing further evidence of efficient ISC in these
compounds. It is worthwhile to note that the model complex (BDT-Pt2) had higher ®4 than the
polymer (p-BDT-Pt). Because singlet O: sensitization is a diffusion-controlled process, this
suggests that there may be an additional rapid triplet decay mechanism in the polymer that is not
present in the model complex. This will be discussed later.

Electrochemistry. Electrochemical measurements were performed to ascertain the energy
levels of highest occupied and lowest unoccupied molecular orbitals (HOMO and LUMO) of these
compounds, to predict the energetics of photoinduced charge transfer to acceptors. As cyclic

voltammetry measurements were not sufficiently sensitive, differential pulse voltammetry (DPV)
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was used to acquire electrochemical properties of the compounds studied and the voltammograms
are contained in Figure S14. For those materials used in solar cells, BDT-Pt> and p-BDT-Pt, only
irreversible oxidation waves were observed. These oxidation potentials were referenced to a Fc/Fc*
couple (-4.80 eV relative to vacuum)*® and used as an estimate of HOMO energies. As no reduction
waves could be observed, the LUMO energy was estimated by adding the optical bandgap
(fluorescence emission maximum) to the HOMO energy. These values are presented in Table 2.
Although these LUMO energies seem to align nicely with that of PCB71M (-3.7 V), it is important
to recall that efficient ISC in these compounds will rapidly populate the triplet state. Given that
the triplet state is a weaker reductant than the singlet state by 0.5 - 0.8 eV, it is possible that
photoinduced electron transfer from the triplet to PCB71M may not be exothermic. This will be
discussed later.

Table 2. Energetics of model complex and polymer studied, derived from electrochemistry and
fluorescence spectra.

Compound Eox? HOMO Eg? LUMO
V) (eV) (eV) (eV)

BDT-Pt, 0.51 -5.3 2.35 -3.0

p-BDT-Pt 0.63 5.4 1.99 34

?Oxidation half potentials determined using differential pulse voltammetry with films of compounds dropcast onto a 1 mm?
platinum working electrode in AcCN using 0.1 M NBwPFs supporting electrolyte, Ag/Ag" reference electrode and platinum wire
counter electrode. Scans were conducted at 100 mV/s. Reported potentials are referenced to a Fc/Fc™ internal standard. ® Bandgaps
determined from fluorescence maxima.

Nanosecond Transient Absorption Spectroscopy. To investigate the triplet states and their
dynamics in the platinum-containing materials, nanosecond transient absorption (TA)
spectroscopy was employed. All samples were studied in argon deoxygenated THF, and were
exited with 355 nm, 5 ns pulses (10 mJ/pulse). Comparison of ground state (top) and transient
(bottom) absorption of these molecules and their triplet lifetimes are presented in Figure 3 (Pt-Br2

left, BDT-Pt; center, p-BDT-Pt right). All kinetic data including triplet lifetimes (tr) are shown in
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Table 3. In the TA spectra, appropriate time delays are employed to clearly show triplet decay. For
Pt-Br: a clear, intense transient absorption appears at ~ 470 nm and decays with a lifetime of 8.19
us. In the case of BDT-Pt,, strong transient absorption appears at ~ 775 nm that decays with a 608
ns lifetime. The transient absorption is notably more intense for BDT-Pt; and this is likely
attributed mostly to the increased triplet-triplet absorptivity of that compound due to its greater
conjugation length, although it may also be evidence of a higher triplet yield. In the case of p-
BDT-Pt, only a very weak transient absorption was observed. Although the emission experiments
(phosphorescence and singlet oxygen sensitization) confirm that the triplet state is populated in p-
BDT-Pt, it is likely that the decay of the triplet is rapid. In addition, as shown below, there is
evidence that the triplet population in p-BDT-Pt is limited by triplet-triplet annihilation,*” and this
process could be active given the relatively high pulse energies used in the nanosecond TA
experiments. Using another TA instrument modified for single-wavelength detection, a transient
absorption decay profile was acquired, and the lifetime measured at 328 ns, shorter than for the

other platinum-containing compounds.
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Figure 3. Ground state absorption (top) and nanosecond transient absorption (bottom) of
compounds studied: Pt-Br, (left), BDT-Pt, (center), p-BDT-Pt (right). Transient decays selected

15



to show optimum decay of triplet state. Ground state and transient absorption spectra collected in
THF solution. All samples were excited at 355 nm after deoxygenation with argon.

Picosecond Transient Absorption Spectroscopy. To further probe the excited state
dynamics towards to the objective of determining rates of ISC in these compounds, ultrafast TA
spectroscopy was employed. Similar to nanosecond experiments, measurements were made in
deoxygenated THF and the solution was continuously circulated throughout the measurement. A
pump beam of 370 nm and 0.1 pJ pulse energy was used to excite the samples. Comparative ground
state (top) and transient (bottom) absorption spectra, along with decay profiles of major transient
features are displayed for all platinum-containing compounds in Figure 4, and the relevant kinetic
data are collated in Table 3. Curve fitting for all ultrafast TA decay profiles was best achieved
using a triexponential decay function with an additional infinite lifetime component
(corresponding to the long-lived triplet state). This complex fitting provides important insight into
the different processes occurring in these excited states as well as their relative contribution to the
overall decay.

Table 3. Kinetic data obtained from transient absorption spectroscopic measurements
Compound A e T Al T As T As Ame  kisc

(m) (ms) (ps) () (ps) (W) (ps) (B (%) (s
Pt-Br> N/A 8190

476 0.56 -30 583 4 762 9 56 2.5x10"?
650 022 73 6.85 18 157 2 7

BDT-Pt, N/A 608
542 3.13 -15 19.6  -35 1420 8 42 2.5x10!!
901 5.03 19 305 22 1680 9 51

p-BDT-Pt 650 328
640 142 53 19.1 19 633 11 17 >

3x10"?

909 1.05 39 546 25 1610 13 24

“ Triplet lifetime obtained via monoexponential decay of data from nanosecond TA instrument (global decay over
entire spectral window for Pt-Br: and BDT-Ptz and single wavelength decay of peak intensity at 650 nm for p-BDT-
Pt). Remainder of lifetime and amplitude data obtained via multiexponential decay of data from ultrafast TA
instrument. kisc calculated as 1/11 for Pt-Br2 and BDT-Pt..
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Figure 4. Ground state absorption (top), picosecond transient absorption (bottom), and kinetic
profiles (inset) of Pt-Brz (a), BDT-Pt> (b), and p-BDT-Pt (c). Singlet decay and triplet growth are
indicated in TA spectra and kinetic profiles. Ground state and transient absorption spectra collected
in THF solution. All samples were excited at 370 nm after deoxygenation.

Figure 4a shows the visible region of the TA profile of Pt-Brz. From this plot, we identify a
short-lived absorption around 650 nm that is fully formed in < 1 ps and decays with a lifetime of
~0.22 ps. Due to its short-lived nature, we assign this peak to the excited singlet state (Si).

Concomitant with this decay (from 1 - 30 ps) is the rise of an absorption ~475 nm. By comparison

17



with the nanosecond TA (Figure 3), we can confidently assign the 475 nm absorption to the triplet
state (T1). Clearly it can be seen that as S; decays T is produced, as is expected when ISC is
occurring (see also Figure 4a inset). By analyzing the kinetics at the two wavelengths of interest
(Table 3: 476 nm, T growth; 650 nm, S; decay), it can be observed that the short lifetime (11) has
a dominant influence in the kinetics (compare A; vs Az and Aj). Note that the most significant
lifetime of the decay at 476 nm is the infinite lifetime, as would be expected for T in an experiment
at this timescale.

The similarity of the lifetimes at both wavelengths (0.56 ps and 0.22 ps) and the opposite signs
of their amplitudes show that these processes occur at nearly the same rate. From previous emission
measurements, we suspect that the dominant decay mechanism of S; is ISC to Ti. This evidence
leads us to assign intersystem crossing as the dominant decay mechanism, with a lifetime of ~ 0.4
ps. This corresponds to a rate constant of ~ 2.5 x 10'? s”!, which is very fast for ISC and easily
competes with that of fluorescence (typical 10°- 107 s7')* for the dominant decay route.

A similar ground state and transient absorption comparison for the model complex BDT-Pt;
is shown in Figure 4b. For this analysis it was necessary to expand the detection range to also
include the near-IR (800-1400 nm). In the visible region, a clear ground state bleach appears near
500 nm as expected given the strong ground state absorption at the same energy. The rest of the
TA spectrum is defined by a broad band that extends into the near-IR and closely correlates with
that observed in the nanosecond TA spectrum. In the near-IR portion of the spectrum, a notable
absorption appears at around 900 nm, being fully grown after 1 ps. This feature decays with a
lifetime of 5 ps and is therefore assigned as Si. The persistent peak edge that remains after 2 ns is
likely part of the broad triplet (T1) absorption and accounts for the increased Ar as compared to

Pt-Brz. In the visible region of the spectrum an absorption is observed that grows in with a lifetime
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of 3 ps and is in good agreement with the position of T observed in the nanosecond TA. By
monitoring the kinetics at 542 nm (T; growth) and 901 nm (S decay), we see good agreement in
the short lifetime component, t1 = 3.13 ps (542 n,) and 11 = 5.03 ps (901 nm), see Figure 4b inset
and Table 3. Clearly, the decay at 901 nm matches well with the growth at 542 nm, and so we
again ascribe this lifetime (1 ~ 4 ps) to intersystem crossing, resulting in a rate constant of ~ 2.5 x
10'!' s°!. This ISC is also very fast and accounts well for the low fluorescence quantum yield and
high singlet oxygen sensitization yield. Interestingly, ISC in BDT-Pt; is nearly 100-fold faster
than observed for previously studied ortho-metalated conjugated oligomers reported from our
lab.24-25

The ground state and transient absorption spectra for polymer p-BDT-Pt are shown in Figure
4c. Some similarities exist in this TA spectrum to that of BDT-Pt2, namely an expected bleach
aligning with the energy of ground state absorption (around 600 nm) and a broad absorption
stretching from the end of the bleach to past the detection limit of 1400 nm. Unfortunately, in the
ultrafast TA spectrum of p-BDT-Pt, no specific features can be identified exclusively as S; as
represented by fast decay, or T (as fast growth). By contrast, the entire TA bleach and absorption
decays with heterogeneous kinetics, with kinetics ranging from a few to several-hundred ps (Table
3) to an end state intensity which is non-zero, indicating the presence of a species with a lifetime >
5 ns. Given this information along with previous evidence of triplet formation (phosphorescence
emission, singlet O2 sensitization), it is possible that for p-BDT-Pt S; and T; have similar band
shapes and are thus indistinguishable. More likely is the possibility that ISC occurs on an ultrafast
timescale and the triplet is formed in less than 300 fs (kisc > 3x10'? s7!), and singlet decay is not
observed. Through kinetic analysis (Figure 4c inset and Table 3), the peaks at the two wavelengths

of analysis (640 and 909 nm) have similar decay profiles and likely represent the same excited
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state (T1). Because ISC is too fast to be observed in p-BDT-Pt, the dominant decay of T; (11 ~ 1
ps) is via a mechanism not present in Pt-Br, or BDT-Pto. As mentioned earlier, triplet-triplet
annihilation (TTA) is a common decay mechanism in materials with high triplet concentrations
such as organometallic polymers, and thus the fast lifetime observed here may be attributed to this
process.

To summarize the results from our ultrafast TA study, Si decay was observed in Pt-Br, and
BDT-Pt: at a wavelength unique from the broad triplet absorption, also observed in nanosecond
TA measurements. Further, growth of T absorption was also observed on a similar timescale to
the decay of Si, leading to the estimation of kisc. In the case of p-BDT-Pt, discrete S; and T:
features were not observed and the broad absorption quickly decays to a non-zero value within 7
ns. The lack of observed S; decay indicates that ISC is ultrafast in p-BDT-Pt, and the accelerated
decay of T; observed may be due to TTA. This is further substantiated by the nanosecond TA
spectrum of p-BDT-Pt (Figure 3) where the intensity of the first time slice (50 ns) is weak,
indicating faster decay of triplets in p-BDT-Pt than in Pt-Br> and BDT-Pto. The reason that ISC is
faster in p-BDT-Pt compared to the model complex BDT-Pt, may be that spin-orbit coupling is
larger in the polymer due to the higher platinum content in the polymer chains. A similar effect
of increased intersystem crossing rate in a platinum-containing polymer compared to model
oligomers was previously observed.*’

Triplet-Triplet Annihilation. As noted above, the triplet absorption of p-BDT-Pt was
markedly lower compared to BDT-Pt>, despite the similarity of the structures. We suspected that
the reduced triplet absorption amplitude for the polymer could be due to triplet-triplet annihilation
(TTA). Thus, to probe the possibility of TTA in the p-BDT-Pt, transient absorption was used to

determine relative triplet population under conditions of variable excitation pulse energy. Figure
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5a shows a plot of triplet absorption measured at 650 nm vs. the energy fluence of the pump laser
(355 nm) in nanosecond TA. Solutions of BDT-Pt, and p-BDT-Pt in THF were degassed and
excited with the pump laser at incrementally increasing fluence. For the molecular complex, the
trig st absorption increases rapidly with increasing flp nce, and then begins to saturate for
fluence > 1 mJ/cm?. By contrast, the triplet absorption of the polymer reaches saturation at less
than one third of the intensity of that of the model complex. We postulate that the lower saturation

triplet absorption for p-BDT-Pt arises because of exciton annihilation via TTA.
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Figure 5. a) Relative triplet absorption as a function of laser fluence for model complex and
polymer samples showing an enhanced dependence on excitation energy for polymer samples.
Transient signal measured in THF solution using a 5 nanosecond pulsed excitation, Aexc = 355 nm.
Samples had matched ground state absorption at the excitation wavelength. b) Transient
absorption dynamics comparison with increasing excitation energy (A.. =370 nm, 0.05 — 0.4 mW,
1 kHz 120 fs pulses) showing excitation power dependence. Model complex (BDT-Pt.) monitored
at 901 nm and polymer (p-BDT-Pt) monitored at 910 nm in THF solution.

Further evidence for TTA in p-BDT-Pt was obtained by ultrafast TA as shown in Figure 5b
and Figure S13. For both BDT-Pt; and p-BDT-Pt, the excited state decays were multi-exponential;
however, for p-BDT-Pt, there was a distinct ultrafast decay, the amplitude and lifetime of which

varied with excitation energy. Figure 5b contains the results of this energy-dependent experiment.
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In the case of the polymer (Figure 5b bottom), as the excitation power increases (from 0.05 mW
to 0.4 mW), there is a distinct fast decay phase that increases in amplitude significantly, with
concomitant loss in amplitude of the long-lifetime component associated with the triplet state.
This behavior suggests that there is TTA occurring on an ultrafast timescale, at the expense of the
yield of the long-lived triplet state. A similar study on the model complex BDT-Pt; reveals some
power dependence in the decay; however, the appearance of a distinct fast component that
increases in amplitude with energy is not seen.

Photovoltaic Characterization. Bulk heterojunction (BHJ) solar cells composed of varying
ratios of donor (BDT-Pt; or p-BDT-Pt) and acceptor materials (PC71BM) were constructed
according to the following architecture: ITO/PEDOT:PSS/active layer/LiF(0.5 nm)/Al(100 nm).
The active layer was deposited by spin-casting from a solution of chlorobenzene. Characterization
of the photovoltaic performance of the devices was carried out in air within 1 hour of removal
from an oxygen-free environment. The solar cells were initially fabricated using BDT-Pt; or p-
BDT-Pt with PC71BM in a 1:6 ratio (see Figure S15 and Table S2). Interestingly, cells containing
the polymer sample p-BDT-Pt, resulted in a higher power conversion efficiency (PCE) (0.70%)
than that of model complex BDT-Pt; (0.15%). One reason for the lower performance of the BDT-
Pt; cell may be due to the fact that the active layer based on this material did not form a uniform
homogeneous film due to its poor solubility in chlorobenzene.

Having achieved a modest PCE by incorporating p-BDT-Pt in the active layer, BHJ solar cells
were fabricated with varying ratios of polymer to PC71BM. Representative current density-voltage
curves for these devices are displayed in Figure 6a and the relevant measured parameters listed in
Table 4. A p-BDT-Pt:PC71BM ratio of 1:9 produced the optimum device with Ve = 0.65 V, Jsc =

4.37 mA/cm?, FF = 36% and PCE = 1.02%. Figure 6b shows the incident photon-to-electron
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conversion efficiency (IPCE) for the optimized ratio (1:9) of p-BDT-Pt:PC7:BM. When compared
to the UV-visible absorption spectrum of p-BDT-Pt (Figure 1), it seems likely that the band in the
IPCE spectrum corresponds to the polymer absorption. It is worthwhile to note that the modest
device efficiency observed is significantly higher than a previous report>* of donor-acceptor
polymers with similar cyclometalated platinum structures, both of which have frontier energy

levels with poor alignment to PC71BM.
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Figure 6. a) Current density-voltage (J-}) curves of polymer solar cell devices fabricated with p-
BDT-Pt as donor and PC7:BM as acceptor in varying ratios. b) Normalized IPCE plot of
optimized device with donor-acceptor ratio (1:9).

Table 4. Photovoltaic properties of organic blend photovoltaic cells of model complex and
polymer combined with PC71BM at different blend ratios.

Compound D:A Blend Vo Jse FF n
Ratio V) (mA/cm?) (%) (%)

BDT-Pt, 1:6 0.48 0.90 35 0.15

p-BDT-Pt 1:3 0.67 0.90 35 0.21
1:6 0.66 3.80 37 0.94
1:9 0.65 4.37 36 1.02

Device architecture: ITO/PEDOT:PSS/active layer/LiF(0.5 nm)/Al(100 nm). Error
ranges: Voc (£ 0.02 V), Jsc (£0.02 V), FF (£ 2%), n (£ 0.03%). Errors are the standard
deviation from measurement of 8 pixels for each active material composition.
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To further understand the effect of varying donor-acceptor ratio on the device performance,
height and phase atomic force microscopy (AFM) images were acquired for the three different p-
BDT-Pt:PC71BM ratios of the active layer, and are presented in Figure 7. The height images show
a distinct phase separation at the 1:3 ratio, where the PC71BM is in domains that are 200 — 500 nm
in size. In the 1:9 ratio, the blend is clearly more homogeneous and the PC7:BM appears to be
more uniformly distributed within the polymer domains. It was observed that the root-mean-square
surface roughness (Rg) decreases as the weight percent of PC71BM increases. Most notably when
the ratio decreases from 1:6 to 1:9, the Rq values drop from 2.75 nm to 0.35 nm, indicating a more
uniform, homogeneous blend. Phase images demonstrate the same trend as height images. This
reduced domain size in the 1:9 ratio active layer no doubt contributes to the enhanced PCE
observed in devices constructed with active layers employing that ratio. The trends in the surface
morphology of the blends as the amount of PC71BM increases are similar to those observed in a
previous studies of platinum containing polymers blended with PC7iBM.2*° The results here
strongly suggest that the p-BDT-Pt and PC71BM phases are strongly demixed at lower PC71BM
ratios.’! Only at relatively high PC7:BM content does the polymer mix yielding a relatively smooth

film morphology.
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Figure 7. AFM height (top row) and phase (bottom row) images of the active layer of devices
with varying donor-acceptor ratios. Root-mean square surface roughness (Rq) values are shown
in the lower right of height images.

DISCUSSION

This paper reports an investigation of the photophysical and photovoltaic properties of a
conjugated polymer that features BDT units alternating with an ortho-metalated Pt(II) center. The
properties of the polymer are compared to those of a structurally defined molecular complex
featuring the BDT moiety flanked by two orthometalated Pt(Il) units. Both materials exhibit
strong visible absorption, due to the extended n-conjugation between the BDT and orthometalated
units. Noteworthy is the fact that the p-BDT-Pt exhibits a significantly red-shifted absorption (~90
nm), signaling a further increase in delocalization in the polymer compared to the molecular
complex. The model complex BDT-Pt; features two well-defined emission bands, one attributed
to fluorescence (527 nm, 2.35 eV) and weak, longer wavelength emission (780 nm, 1.58 eV) that

can be assigned to phosphorescence. The difference in energy of the emissions signals that the
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singlet-triplet (S-T) splitting is ~0.77 €V, which is in accord with other n-conjugated systems.>?
The emission of the polymer p-BDT-Pt is weaker, but it is still possible to discern fluorescence
(623 nm, 1.99 eV) and phosphorescence (843 nm, 1.47 eV) bands. The S-T splitting can be
estimated as ~0.55 eV, which is less than the model. The lower S-T splitting can also be due to
the increased conjugation in the polymer compared to BDT-Pt,.

The low fluorescence quantum yields and observation of phosphorescence from BDT-Pt; and
p-BDT-Pt are consistent with efficient singlet to triplet intersystem crossing (ISC). This
hypothesis is supported by the fact that both materials exhibit relatively high singlet oxygen
quantum yields (Table 1); these values reflect a lower limit on the intersystem crossing efficiency.
In the case of p-BDT-Pt the singlet oxygen yield is lower, but this may be due to the fact that the
singlet oxygen yield depends on diffusional quenching of the triplet state by ground state oxygen,
and due to the comparatively short triplet lifetime of the polymer (~328 ns) the triplet quenching
may be inefficient.”® The transient absorption studies clearly show that ISC is very rapid in BDT-
Pt», occurring with a rate of ~2.5 x 10! s7I. As noted above, this rate is considerably faster than
reported for other conjugated oligomers featuring orthometalated Pt(IT) centers.”> One possible
reason for the difference in ISC rate could be the degree of donor-acceptor interaction that is
involved in the conjugated system. In a previous study, we reported a correlation between donor-
acceptor interaction and the ISC rate in a series of Pt(II) substituted conjugated oligomers.’* This
study showed that when there is a strong donor-acceptor interaction, the ISC rate is slowed. By
contrast, in the BDT-Pt; oligomer, there is little donor-acceptor interaction and the previous study
would point to a fast ISC rate being promoted by the heavy metal centers.’* Even more surprising
is the fact that the ultrafast transient absorption of p-BDT-Pt does not reveal any distinguishable

features or dynamics that can be assigned to ISC. The difference spectrum that is observed for p-
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BDT-Pt at 200 fs after excitation remains essentially the same out to 7 ns, except for a decay in
amplitude. From this we conclude that ISC is extraordinarily fast in the polymer (k > 3 x 10!2 s
and that the transient absorption is due to the triplet state, which decays via non-radiative channels
including triplet-triplet annihilation due to multiple triplet excitons that are produced on a single
chain.*7

There has been continuing interest in the relationship of singlet-triplet intersystem crossing,

triplet excitons, and the overall performance of organic solar cells.!*!7-36-57

One goal of this study
was to explore the BTD substituted, Pt(II) containing polymer in solar cells and to assess what role
(if any) the triplet state would play in the cell performance. This study includes some results from
prototype solar cells constructed using p-BDT-Pt blended with PCB70M as an electron acceptor.
Although the photovoltaic response is low, it is observed that the efficiency increases with
increasing acceptor content in the blends. The dependence on acceptor concentration appears to
be at least partially due to the length scale of the phase separation in the blends, with nanoscale
mixing occurring at higher PCB7oM loading.

It is useful to consider the energetics of charge transfer from p-BDT-Pt to PCB70M via the
singlet and triplet states of the polymer. Based on the difference in the oxidation potential of p-
BDT-Pt and the reduction potential of PCB79M,>® the charge transfer state energy is estimated as
~1.7 eV. This means that charge transfer from the p-BDT-Pt singlet state (1.99 eV) is exothermic,
but transfer from the triplet state (1.47 eV) is not thermodynamically favored. Given that
photocurrent is observed, we can only conclude that charge transfer must occur in a very fast

timescale from the singlet state, prior to intersystem crossing.

SUMMARY AND CONCLUSIONS
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In order to further investigate the effect of long lived triplet excitons on the photovoltaic
properties of organic blend solar cells, a novel conjugated small molecule (BDT-Pt;) and polymer
(p-BDT-Pt) were synthesized incorporating electron-rich cyclometalated platinum(Il) and
benzodithiophene chromophores. The presence of the platinum heavy metal allowed ready access
to triplet excited states in these compounds as evidenced by their weak fluorescence and room
temperature phosphorescence under deoxygenated conditions. Ultrafast transient absorption
experiments revealed a very fast intersystem crossing rate on the order of 10'!-10'? ¢! (1 ~ 0.5-5
ps), indicating that most excited states in these systems will be triplet in nature. Estimation placed
triplet energies of both small molecule and polymer at or below the energy of the charge transfer
state, likely leading to inefficient photoinduced electron transfer in the blends. However, a clear
distinction was observed between organic solar cells constructed with BDT-Pt; and p-BDT-Pt, the
latter achieving a PCE of > 1%, at least 6 times higher than the small molecule, even though the
triplet energy of the polymer is lower.
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