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ABSTRACT: The diimine—dithiolato ambipolar complexes
Pt(dbbpy)(tdt) and Pt(dmecb)(bdt) (dbbpy = 4,4'-di-tert-
butyl-2,2'-bipyridine; tdt*~ = 3,4-toluenedithiolate; dmecb =
4,4'-dimethoxyester-2,2'-bipyridine; bdt*~ = benzene-1,2-
dithiolate) are prepared herein. Pt(dmecb)(bdt) exhibits
photoconductivity that remains constant (photocurrent hEs ook,
density of 1.6 mA/ cm?® from a 20 nm thin film) across the ‘}{‘;"(,
entire visible region of the solar spectrum in a Schottky diode / s

device structure. Pt(dbbpy)(tdt) acts as donor when combined ¥ ho

with the strong nitrofluorenone acceptors 2,7-dinitro-9-

fluorenone (DNF), 2,4,7-trinitro-9-fluorenone (TRNF), or 2,4,5,7-tetranitro-9-fluorenone (TENF). Supramolecular charge
transfer stacks form and exhibit various donor—acceptor stacking patterns. The crystalline solids are “black absorbers” that exhibit
continuous absorptions spanning the entire visible region and significant ultraviolet and near-infrared wavelengths, the latter
including long wavelengths that the donor or acceptor molecules alone do not absorb. Absorption spectra reveal the persistence
of donor—acceptor interactions in solution, as characterized by low-energy donor/acceptor charge transfer (DACT) bands.
Crystal structures show closely packed stacks with distances that underscore intermolecular DACT. 'H NMR provides further
evidence of DACT, as manifested by upfield shifts of aromatic protons in the binary adducts versus their free components,
whereas 2D nuclear Overhauser effect spectroscopy (NOESY) spectra suggest coupling between dithiolate donor protons with
nitrofluorenone acceptor protons, in correlation with the solid-state stacking. The NMR spectra also show significant peak
broadening, indicating some paramagnetism verified by magnetic susceptibility data. Solid-state absorption spectra reveal further
red shifts and increased relative intensities of DACT bands for the solid adducts vs solution, suggesting cooperativity of the
DACT phenomenon in the solid state, as further substantiated by vc_o and vy_o IR bands and solid-state tight-binding
computational analysis.
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B INTRODUCTION

An active area of research for over three decades has been the
study of charge transfer complexes.'~® Thus far, several purely
organic complexes have shown interesting electronic and
charge transfer properties.l The focus of this paper, congruent
with the goals of materials chemists, has been to prepare hybrid
organic—inorganic materials with d— interactions that serve to
enhance those properties.” ® One especially fascinating result
in this vein has been the preparation of a family of charge-
transfer materials based on complexes such as [Ni(dmit),]*”
(dmit = 2-thioxo-1,3-dithiole-4,5-dithiolate), which undergoes
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partial oxidation to form superconducting salts with open- and
closed-shell organic cations.” Intermolecular interactions
govern the conducting nature of these materials, with the
most significant contribution to these interactions being
those between the diffuse 7-orbital on sulfur and the metal
d-orbitals.®> Additionally, depending on the stacking pattern of
the donors and acceptors, varying degrees of conductivity can be
achieved.'~® If the donors and acceptors assemble in segregated
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stacks, metallic or superconducting states can be achieved,
whereas integrated stacks usually produce strong molecular
magnets.

Given the interesting spectroscopic properties that they
exhibit, an important application of metal-containing charge
transfer complexes is their use in solar cells, specifically as
photosensitizing dyes for wide band gap semiconductors.””
This behavior has been demonstrated in recent years by several
groups who have used Ru(II) and Pt(II) pyridyl complexes as
photosensitizers for dye-sensitized solar cells (DSSCs) based
on colloidal Ti0,* '® Another potential application for
modifications of such complexes is thin film-based organic
photovoltaics (OPVs)."" Typical OPV devices employ a donor
sensitizer. The donor, a thermally evaporated thin film of a
small molecule such as copper phthalocyanine (CuPc) or a
solution-cast thin film of an organic polymer such as poly
(3-hexyl)thiophene (P3HT), and an organic acceptor, typically
a fullerene, interact in a separate or admixed layer.'> Despite
its historical lag in record performances versus DSSCs, the
OPV technology is continuing to receive increasing attention
because it has the potential to overcome some disadvantages of
DSSCs. Record efficiency for DSSCs is now being held by a
modular porphyrin-based sensitizer that attained 12.3%
quantum efficiency,'® whereas the ruthenium dyes of cis-
bis(isothiocyano)bis(2,2’-bipyridyl-4,4’-dicarboxylato)-
ruthenium(I) have given maximum efficiencies of 9.57—
11.2% in different reports for dyes with different counter-
1% Also recently tri(thiocyanto)(4,4’,4"-tricarboxy-
2,2":6,2"-terpyridine )ruthenium(II) with organic coadsorbents
has been reported with an efficiency of 11.4%.'% Disregarding
tandem cells, OPV cells trail this efficiency with the state-of-the-
art performance varying within 7—-9% for single-junction
nontandem devices processed via either solution casting or
thermal evaporation."> DSSC disadvantages include loss of
generated charge carriers due to recombination between the
oxide semiconductor and the I"/I>~ redox shuttle, corrosive-
ness and environmental hazard of the electrolyte solution
(typically in acetonitrile), and inferior stability conferred by the
liquid junction compared with the all-solid-state OPV device
architecture. While the OPV technology has made significant
strides within the past decade, one aspect of critically needed
improvement is to develop sensitizers that exhibit significantly
better overlap with the solar radiation than the current state-
of-the-art materials. Figure 1 illustrates this limitation of the
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Figure 1. Overlap of solid-state absorption of different materials with
the AMO solar radiation.

prototypical phthalocyanine and polythiophene (e.g., CuPc and
P3HT, respectively) donors in contrast with two of the
materials described in this work. Red and near-infrared (NIR)
photons at wavelengths >650 nm constitute more than 50% of
the solar radiation. Yet, this spectral region is notoriously
excluded from the absorption range of P3HT and CuPc, which
also exhibit depressions even within the visible region. Figure 1
indicates these limitations may be, in principle, overcome by
materials described in this work, thus warranting further
investigation toward their future utilization in OPVs. Here we
describe the structural, magnetic, spectral, and electrochemical
properties of Pt(Il) square planar ambipolar complexes and
binary adducts with nitrofluorenone acceptors. Following the
report of experimental details and results is discussion of their
suitability as sensitizers for DSSCs and OPVs.

In 2003, we reported new supramolecular assemblies con-
taining inorganic complexes of general formula, M(dbbpy)-
(dmid) (M = Pt, Pd; dbbpy = 4,4'-di-tert-butyl-2,2-bipyridine;
dmid*~ = 2-oxo-1,3-dithiole-4,5-dithiolate) and the nitrile
organocyanide strong acceptors TCNQ, TCNQF,, and
TCNE, displaying optoelectronic properties of interest, both
in solution and in the solid state.'* We found, despite the
absence of traditional tethering moieties such as carboxylates,
phosphonates, or sulfonates on the pyridyl ring system, the
peripheral cyanide group on the acceptor molecules can serve
as an anchoring group. The attraction in solution and solid
state is sufficient to tether the Pt moiety at the TiO, surface. De-
spite this interesting discovery, it was found these supramolecular
systems suffered from reduced performance compared with the
Ru(II)-pyridyl systems, an outcome likely due to the inability
of organocyanide acceptors to inject an electron from their
lowest energy states into the semiconductor’s conduction band.
Facile electron injection into the conduction band of the
semiconductor occurs if the first reduction potential of the dye
is more negative than the substrate. The first reduction
potentials of the organocyanide acceptors (E;/, = +0.19, +0.54,
and +0.17 V vs Ag/AgCl for TCNQ, TCNQF,, and TCNE,
respectively) suggest that none is more negative than the first
reduction potential of the conduction band of TiO, (—0.6 V vs
Ag/AgCl).12 When the electron is injected from higher energy
states of the donor, a fast recombination of the charge sepa-
rated state between the donor and acceptor occurs rather than
injection into the substrate, TiO,; therefore, the solid adducts
showed only weak absorptions in the NIR region due to the
partially reduced nitrile acceptor species. In an attempt to
overcome these DSSC and OPV limitations, we describe new
supramolecular solids containing the inorganic complexes
Pt(dbbpy)(tdt) and Pt(dmecb)(bdt) and the organic acceptors
2,7-dinitro-9-flourenone (DNF), 2,4,7-trinitro-9-flourenone
(TRNF), and 2,4,5,7-tetranitro-9-flourenone (TENF); see
Chart 1 for these molecular structures. The new binary
complexes in this work are characterized by X-ray crystallog-
raphy, cyclic voltammetry, infrared spectroscopy, UV—vis—NIR
electronic absorption in solution and diffuse reflectance in the
solid state, NMR spectroscopy, magnetic susceptibility, and
solid-state tight binding simulations. This work is intended to
elucidate some fundamental properties of the binary inorganic—
organic complexes in the solid state and solution and also to
serve as a backdrop for future investigations that pursue their
potential in conducting and solar cell applications; a proof-
of-concept for the potential of the latter application is shown
based upon promising photoconductivity results for a thin film
of Pt(dmecb)(bdt). The strong absorption bands throughout
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Chart 1. Schematic Drawing of Pt(dbbpy)(tdt), Pt(dmecb)(bdt), and the Nitroflourenone Family of Acceptors Used in the

Course of This Study
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the visible and into the NIR region are favorable for solar cell
applications.”~** The donor—acceptor columnar stacking and
absence of discrete molecular states deduced from solid-state
simulations are favorable for conducting applications,'
including charge transport within the layer that contains the
sensitizer in OPV devices."!

B EXPERIMENTAL SECTION

All synthetic operations were performed under a nitrogen or argon
atmosphere using standard Schlenk-line techniques. The reagent 2,7-
dinitro-9-fluorenone (DNF) was purchased from TCI and used as
received without further purification. In the initial phases of this work,
the organic acceptors 2,4,7-trinitro-9-fluorenone (TRNF) and 2,4,5,7-
tetranitrofluorenone (TENF) were provided by Prof. Alan Balch as
previously obtained from Aldrich (no longer available) and were used
without additional purification. Later these two acceptors were
synthesized by published procedures and purified by chromatog-
raphy.'® Benzene was distilled over tetraglyme-stabilized potassium/
benzophenone, and dichloromethane was distilled over P,Og or CaH,.
The starting platinum precursor material, K,PtCl,, was purchased
from Pressure Chemical Co. and reacted with 4,4'-di-tert-butyl-2,2’-
bipyridine (dbbpy) or 4,4'-dimethoxy-2,2"-bipyridine (dmecb) to
prepare (dbbpy)PtCl, or (dmecb)PtCl, based on a published
procedure.'® The 4,4'-dimethoxy-2,2"-bipyridine (dmecb) ligand was
prepared following a published method'’* and recrystallized from hot
methanol, and the purity of the colorless crystals verified by melting
point com%arison to a reported literature value (mp 209.5—
211 °C).'”" Pt(dbbpy)(tdt) and Pt(dmecb)bdt were prepared
according to literature procedures.'® The purity of Pt(dmecb)bdt
was verified by elemental analysis (QTT) [Anal. Calcd (%): C, 39.54;
H, 2.65; N, 4.61. Found: C, 39.23; H, 2.47; N, 4.71] and 'H NMR
(400 MHz, DMSO-d;) [6 9.32 (2 H, d, ] = 5.9), 9.10 (2 H, s), 8.16
(2H,dd, J=5.81.8Hz), 726 (2 H,dd, ] = 5.7,3.2 Hz), 6.75 (2 H, dd,
] =5.7,3.2 Hz), 4.00 (6 H, s)].
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Crystal Growth. The compounds [Pt(dbbpy)(tdt)][DNF] (1),
[Pt(dbbpy)(tdt)][TRNF] (2), and [Pt(dbbpy)(tdt)],[TENF] (3)
were prepared by layering CH,Cl, solutions of Pt(dbbpy)(tdt) with
solutions of the organic acceptor in a CH,Cl,/C4Hy solution. The
flask, covered with aluminum foil, was left to sit undisturbed for
approximately 1 week. The resulting dark blue/black solution slowly
evaporating under nitrogen atmosphere yielded dark blue/black
needles of the three materials. The crystallized supramolecular systems
1-3 were obtained using a 2:1 ratio of D/A molecules (D
Pt(dbbpy)(tdt) donor; A = nitrofluorenone acceptor) to attain the
given empirical compositions so only 3 followed the mixing ratio. A
second polymorph of the complex between Pt(dbbpy)(tdt) and TENF
(4) was obtained using the same preparative conditions as 1—3, with
the exception of using a 1:1 D/A ratio instead of 2:1. The solids
appear air- and moisture-stable. The resulting solid products maintain
their dark blue/black colors under room light and ambient
atmosphere. The crystalline quality for the samples diminishes over
a period of a few days due to loss of benzene from the crystals.

[Pt(dbbpy)(tdt)]IDNF]-0.5CsHs (1:0.5CsHe). Under a nitrogen
atmosphere, a dark purple solution of Pt(dbbpy)(tdt) (0.0154 g, 2.4 X
10™* mol) in 5 mL of CH,Cl, was layered with a pale yellow solution
of DNF (0.0034 g, 1.2 X 107" mol) in 10 mL of a 1:1 solution of
CH,Cl,/benzene. The tube, carefully covered in aluminum foil, was
left undisturbed for 1 week. The resulting black solution slowly
evaporating under nitrogen resulted in the formation of dark blue/
black needles of [Pt(dbbpy)(tdt)][DNF]-0.5C¢Hs (1-0.5C¢Hy) after
1 week.

[Pt(dbbpy)(tdt)][TRNF]-CsHg (2:CgHg). In a manner similar to
that used for 1, a dark purple solution of Pt(dbbpy)(tdt) (0.0154 g,
2.4 X 107 mol) in 5 mL of CH,Cl, was layered with a pale yellow
solution of TRNF (0.0039 g, 1.2 X 107* mol) in a 1:1 solution of
CH,Cl,/benzene. Dark blue/black needles of [Pt(dbbpy)(tdt)]-
[TRNF]-C¢Hy (2:C¢Hy) formed within 10 days.

[Pt(dbbpy)(tdt)l,[TENF]-2C4H, (3:2C¢He). By using a procedure
similar to that used to prepare 1 and 2, Pt(dbbpy)(tdt) (0.0154 g,
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2.4 x 107" mol) and TENF (0.0045 g, 1.2 X 10~* mol) were combined
and isolated as dark blue/black needles of [Pt(dbbpy)(tdt)],[ TENF]-
2C¢Hg (3-2C¢Hg) after 7 days.

[Pt(dbbpy)(tdt)][TENF]-0.5CsHs (4-0.5C¢Hg). By using an
analogous synthetic procedure as described for 1-3, a 1:1 ratio of
Pt(dbbpy)tdt and TENF was combined and slowly evaporated under
argon for several days to a final volume of 5 mL, ultimately producing
black crystals.

[Pt(dmecb)bdt][xNF] where xNF is DNF, TRNF, or TENF. By
using the same procedures as the analogous 1, 2, and 4, black-blue
powders were collected after slow evaporation of solvent over a period
of several days.

Single Crystal X-ray Structural Studies. X-ray data for
[Pt(dbbpy)(tdt)][DNF]-0.5CsHs (1°0.5C¢Hg), [Pt(dbbpy)(tdt)]-
[TRNF]-C¢Hg (2°C4Hg), and [Pt(dbbpy)(tdt)],[TENF]-2CsHg
(3-2C¢H,) were collected on a Bruker D8 GADDS system at 110 +
2 K with graphite monochromated Cu Ka (4 = 1.54178 A) radiation at
the X-ray diffraction facility at Texas A&M University. The data were
corrected for Lorentz and polarization effects. The Bruker SAINT
software package was used to integrate the frames, and the data
were corrected for absorption using the SADABS program.'”*°
The structures were solved by direct methods by the use of the
SHELXS-97 program in the Bruker SHELXTL vS.1 software
package.m'22 The final refinement was carried out with anisotropic
thermal parameters for all non-hydrogen atoms except for the atoms of
the interstitial solvent molecules. Hydrogen atoms were placed in
calculated positions. The final crystal structural representations were
generated using the XSEED program.”

X-ray data for [Pt(dbbpy)(tdt)][TENF]-0.5C(H, (4+0.5C¢Hy)
were collected on a Bruker SMART APEX II CCD-based
diffractometer and a Mo Ka fine-focus sealed tube (1 = 0.71073 A)
with a graphite monochromator operated at 50 kV, 30 mA at 100 K at
the University of North Texas.

The data frames for each compound were integrated with the
available APEX2 software using a narrow-frame algorithm.** Structures
were solved and refined using the SHELXTL program package.”* The
dbbpy ligand in 4, disordered over two positions, was refined
accordingly with distance constraints. All non-hydrogen atoms were
refined anisotropically. Hydrogen atoms were assigned to calculated
positions and allowed to ride on the attached carbon atoms in final
structure refinements. The molecular structures for all compounds
were checked using PLATON.*® Crystallographic parameters for
(1-0.5C¢Hy), (2°C¢Hg), (3-2C¢Hg), and (4+0.5C¢H) are listed in
Tables 1 and 2. CCDC files 669761—669764 contain the
supplementary crystallographic data for this paper. These data can
be obtained free of charge from the Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif. Bond distances for
all compounds are presented in the Supporting Information.

See CIF files in the Supporting Information for additional
crystallographic details, including responses to alerts in the CheckCIF
files.

Physical Measurements. Infrared spectra for 1, 2, and, 3 in the
4800—400 cm™' range were recorded on a Nicolet 740 FT-IR
spectrophotometer; spectra in the the far IR range (1600—50 cm™)
were recorded on a computer controlled Nicolet 750 FT-IR
spectrophotometer equipped with a TGS/PE detector and silicon
beam splitter at 2.0 or 4.0 cm™ resolution. The IR spectra for 4,
Pt(dbbpy)tdt, and 2,4,5,7-tetranitrofluorenone were collected on a
PerkinElmer Spectrum B (CsI optics) in the range of 4000—400 cm™"
for an average of 16 scans per sample, at a resolution of 1 cm™.
Background pellet consists of 0.2000 g of FT-IR grade KBr (Fluka),
and the sample pellet consists of approximately 1—2% sample, ground
with KBr to equal 0.20 g.

Cyclic voltammetric measurements were carried out on 1-3 at a
scan rate of 100—200 mV/s using a CH Instruments electrochemical
analyzer in 0.1 M solutions of [n-(Bu),N][PF] in CH,Cl, at a Pt disk
working electrode with a Ag/AgCl reference and a Pt counter
electrode.

UV—vis—NIR electronic absorption and diffuse reflectance spectral
measurements were carried out using a PerkinElmer Lambda 900

Table 1. X-ray Crystallographic and Refinement Data for 1
and 2

compound [Pt(dbbpy)(tdt) ][DNF]- [Pt(dbbpy)(tdt) ][TRNF]-
0.5C¢H, (1) CeHs (2)

formula CyHyoN,O4PtS, C,H,NO,PtS,

formula 926.97 1011.03
weight

space group  PT Fdd2

a, A 11.298(2) 52.430(6)

b, A 13.599(3) 48.844(6)

o A 13.964(3) 6.799(8)

a, deg 75.51(3) 90

P, deg 86.77(3) 90

7, deg 69.05(3) 90

Vv, A3 1938.6(7) 17410(4)

VA 2 16

u, mm™! 3.776 7.381

temp 100(2) 100(2)

reflns 8504 5787
collected

reflns I > 20 7303 4708

R1“ 0.0352 0.0556

wR2? 0.0813 0.1371

GOF* 1.099 1.017

“R1 = YIIF) — IFI/YIFL *wR2 = [Y[w(F2 — F2)?)/
S [w(F.2)*]"% “Goodness-of-fit = [Yw(IF,| — IFJ)*/(Ny, —
Nparameter)] 1/2'

Table 2. X-ray Crystallographic and Refinement Data for
3 and 4

compound [Pt(dbbpy)(tdt)],[ TENF]- [Pt(dbbpy)(tdt) ][ TENF]-
2C¢H, (3) CeHs (4)
formula C,sH,¢NgOPt,S, C4H3NO,PtS,
formula 1751.86 1016.98
weight
space group  P2(1)/n P2(1)/n
a A 11257(2) 23.128(2)
b A 26.004(5) 7.164(6)
¢ A 24.165(5) 25.474(2)
a, deg 90 90
B, deg 92.19(3) 109.19(2)
7, deg 90 90
v, A3 7069(2) 7069(2)
z 4 4
4, mm™! 8918 3.690
temp 100(2) 100(2)
reflns 8873 41047
collected
reflns I > 20 2834 7294
R1“ 0.0931 0.0480
wR2? 0.1707 0.1076
GOF* 0.919 1.041
“Rl1 = YIF| — IEI/YIFL wR2 = [Y[w(F} — F2)?*/

Y [w(F,2)*]"% “Goodness-of-fit = [Yw(IFl — IFJ)?*/(Ny —
Nparameter)] 1/2'

spectrophotometer in Suprasil quartz cuvettes with 1, 10, and 100 mm
path lengths. The solid reflectance data were collected using the
LabSphere integrating sphere accessory to the Lambda 900
spectrophotometer. The UV—vis—NIR absorption spectra for
complexes 1—3 were performed at room temperature using a given
amount of Pt(dbbpy)tdt and adding, in stoichiometric amounts, the
corresponding nitrofluorenone from a stock solution, then diluting the
mixture to 25 mL. The resulting solutions were used immediately to
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(b)

Figure 2. (a) X-ray crystal structure for [Pt(dbbpy)(tdt)][DNF]-
0.5C¢Hg (1-0.5C¢Hy) and (b) the contents of the unit cell illustrating
the one-dimensional stacking motif and interactions involving the
donor and acceptor molecules at the platinum atom and calculated
centroid (red dot), respectively. Hydrogen atoms and interstitial
benzene molecules have been omitted for the sake of clarity.

collect the spectral data. For the solid-state spectral data (diffuse
reflectance), the solutions used for UV—vis—NIR studies were mixed,
and the volume was reduced under vacuum. The solution was then
reconstituted to 25 mL by the addition of dichloromethane and
benzene. The solutions were then slowly evaporated under argon. The
resultant solid crystalline product was collected and placed on a
Whatman filter paper. The filter paper was used as the substrate for
reflectance measurements for the solids.

NMR spectra were collected on a Varian VNMRS 500 MHz
spectrometer. The samples were prepared by dissolving them in
CDCl; and placing them in a S mm NMR tube (Wilmad). One-
dimensional 'H spectra were acquired with 265 scans and 1.0 s
relaxation delay. Two-dimensional 'H NOESY (nuclear Overhauser
effect spectroscopy) spectra were acquired with 0.7 s mixing time, 1.0 s
relaxation delay, and 128 s dimension increments with 128 scans in
each increment. The spectra were referenced to the solvent peaks for
CDCl, (7.26 ppm).

Photoconductivity Measurements. A Schottky diode with the
structure glass/ITO/Pt(dmecb)(bdt) (20 nm)/Mg:Ag, 1:10 (200 nm)
was fabricated by sequential thermal evaporation using a multisource
programmable Trovato thermal deposition system. The active layer
was evaporated slowly at a rate of 0.25 A/s. Quartz crystal oscillators
were used to monitor the film thicknesses, which were calibrated
ex situ using a profilometer (VEECO DEKTAK VIII), whereas the
Mg/Ag ratio in the cathode was evaluated via EDAX measurements.
Prior to device fabrication, the glass/ITO substrates were cleaned by
sonication in acetone then methanol for 15 min, and afterward

(b)

Figure 3. (a) X-ray crystal structure of [Pt(dbbpy)(tdt)][TRNF]-
CeHg (2°C¢Hg) and (b) illustrates the one-dimensional stacking motif
and interactions between the donor and acceptor molecules involving
the platinum atom and calculated centroid (red dot) respectively.
Hydrogen atoms and interstitial benzene molecules have been omitted
for the sake of clarity.

subjected to an oxygen plasma treatment for ITO surface conditioning.
A Keithley 2420 source-measure unit was used for quantitative
electrical characterization for both the dark current and photocurrent
using a xenon lamp as a solar simulator; this apparatus is factory-
calibrated. All measurements were performed at room temperature.

Solid-State Simulations. The computational modeling utilized
the extended Hiickel tight binding (EHTB) method for which
standard parameters were used within the YAeHMOP software
package.*®”” The off-diagonal elements of the Hamiltonian were
evaluated with the Wolfsberg—Helmholtz formula.”® Numerical
integrations over the symmetry-unique section of the Brillouin
zone of the three-dimensional structure of [Pt(dbbpy)(tdt)][TENF]
(the 1:1 Eolymorph, complex 4) were performed using a set of 40
k-points.”* >

B RESULTS AND DISCUSSION

X-ray Crystallographic Studies. Figures 2—5 show the
crystal structures of the crystalline adducts 1—4, respectively.
The crystallographic data suggest that all four compounds exhibit
significant donor—acceptor (charge-transfer) interactions in the
solid state, as judged by interplanar distances between D and A
molecules that are shorter than 3.75 A, which are well within
the range reported for w—n, d—zx, and electrostatic donor—
acceptor interactions. ¢ These distances are similar to those
intermolecular distances observed for partially oxidized
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Figure 4. (a) X-ray crystal structure of [Pt(dbbpy)(tdt)],[TENF]-
2C¢Hy (3:2C4Hy) and (b) the contents of the unit cell illustrating the
one-dimensional stacking motif and interactions between the donor
and acceptor molecules at the platinum atom and calculated centroid
(red dot), respectively. Hydrogen atoms and interstitial benzene
molecules have been omitted for the sake of clarity.

derivatives of tetrathiafulvalene (TTF) in various highly con-
ducting systems in which intermolecular distances between
neighboring donor molecules within 3.75 A are indicative of
partial charge transfer.”® The same situation holds for the
[Pt(dbbpy)dmid][TCNQ] stacks previously reported by us,
which exhibit close interplanar distances with strong evidence
for partial charge transfer inferred from v_y IR data, as well as
magnetic meaurements.'*

The molecular units in 1 crystallize in the triclinic space
group P1. The donor and acceptor molecules form supra-
molecular stacks in a 2:2 D/A pattern in each column. The
DNF acceptor molecule is situated directly above the donor,
which allows for improved orbital overlap between the acceptor
and the M-—tdt donor unit whose combined orbital
contribution comprises the HOMO for the M(diimine)-
(dithiolate) donor molecules."® The unique stacking consists
of dimeric interactions between two acceptors and two donors.
This structure is rare in that 2:1 or 1:1 D/A patterns are
common but a 2/2 D:A pattern has not been observed

(b)

Figure S. (a) X-ray crystal structure of [Pt(dbbpy)(tdt)][TENF]-
C¢Hg (40.5C4Hy) and (b) the contents of the unit cell illustrating the
one-dimensional stacking motif and interactions between the donor
and acceptor molecules at the platinum atom and calculated centroid
(red dot), respectively. Hydrogen atoms and interstitial benzene
molecules have been omitted for the sake of clarity.

previously. The X-ray crystal structure for 1 and its unit cell
projection illustrating the one-dimensional packing in the solid
state are shown in Figure 2.

Compounds 2 and 3 crystallize in the space groups Fdd2 and
P2,/n, respectively. Both systems exhibit overlap between the
donor and acceptor molecules but with a different molar ratio.
The X-ray structure of 2 reveals a 1:1 D/A stacking pattern,
whereas 3 exhibits a 2:1 D/A pattern in which the TENF
molecule is sandwiched between dimeric donor complexes. In
the absence of the TENF acceptor, the donor molecules are
stacked head-to-tail in an eclipsed manner. The structure of 4 is
similar to the stacking pattern of 2 as the ratio of D/A
molecules is 1:1. The crystal structures show one-dimensional
stacking projections for 1—4, as depicted in Figures 2—3.

The intermolecular distances for 1—4 are listed in Table 3.
Structure 4 exhibits two distinct D/A contacts, a short D/A
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Table 3. Intermolecular Distances Representing D—A
Interactions for 1—4

b

dD;Aa dA:A dD;DC
(4) (4) (A)
[Pt(dbbpy)(tdt)][DNF]-0.5C¢Hg 3.75 5.1 7.09
(1-0.5C¢Hy)
[Pt(dbbpy)(tdt)][TRNF]-C¢Hg (2-C¢Hy) 3.33
3.62
[Pt(dbbpy)(tdt)],[ TENF]-2C¢H, 3.50 4.72
(3-2C4Hy) 3.52
[Pt(dbbpy)(tdt)][TENF]-0.5CsHs 3.47
(4-0.5C¢H,) 448

“Distances between platinum atom and calculated centroids.
YDistances between calculated centroids. “Distances between platinum
atoms.

interaction of 3.47 A from the Ptl atom to the centroid of the
13-atom nitrofluorenone fused-ring and a long D/A interaction
of 4.48 A along the crystallographic b-direction. The elongation
of the D/A distance may be due to the insertion of a benzene
molecule between every other pair of D/A moieties. The
inclusion of a benzene molecule in 4 also causes disorder in the
dbbpy ligand. In contrast, each of the three other structures
exhibits a single significant D/A contact within 3.33—3.75 A.
These distances are similar to those reported by the Balch
group for Au(I) trimeric species with DNF, TRNF, and TENF
(3.45-3.48 A).* Our previous studies for Pt(diimine)-
(dithiolate) complexes with the electron acceptors TCNE,
TCNQ, and TCNQF, reveal D/A distances ranging from 3.21
A for TCNE to 3.49 A for TCNQ."* Another study by the Fackler
group revealed that adducts between Au(I) cyclic trinuclear donor
complexes with TCNQ_ acceptor exhibited D/A intercentroid
distance of 3.96 A" These D/A complexes all display similar
distances indicative of significant molecular interactions in the
solid state. In addition to intimate distances, the stacks are kinked,
causing the D and A associating molecules to be misaligned to
various degrees. The 1:1 structure in 2, however, is the most
symmetrical extended structure with the greatest spatial overlap
of D and A molecules in extended one-dimensional chains. The
Supporting Information files contain the qualifying details.
Electrochemistry. Cyclic voltammetric studies of 1-3
reveal two irreversible oxidations at +0.49 and +0.90 V (vs Ag/
AgCl as is the case for all electrochemical data in this work).
These oxidations are attributed to the M—tdt unit."® Solutions
of 1 show two reversible reductions at —0.70 and —0.90 V,
attributed to the two reductions of the DNF acceptor. A third
irreversible reduction at —1.30 V is assigned to a reduction of
the dbbpy ligand. Compound 2 exhibits irreversible oxidations
similar to those in 1. Reversible reductions, presumably
acceptor-based, occur at —0.42 and —0.68 V. The experimental
cutoff for the electrochemical analysis of 2 was limited to —1.0 V,
thus preventing the observation of other reduction processes.
Compound 3 exhibits similar anodic behavior to that for the
previous systems and begins to show cathodic behavior similar
to that for the pure TENF acceptor with the first and second
reversible reductions occurring at +0.18 and —0.25 V,
respectively. In a fashion similar to 2, the electrochemical
range of the experiment for 3 was halted at —1.0 V, again
preventing the observation of other reduction processes. It is
important to note that, for all of the adduct systems, when the
electrochemical experiments are carried out in dichloromethane
solution, the systems display electrochemical behavior similar
to the individual starting materials, Pt(dbbpy)tdt and the
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corresponding acceptor. Literature values for the Pt(dbbpy)tdt
donor are E,(ox) = 0.589 V and E)(red) = —1.198 v,
whereas for the acceptors, the following values are found: DNF,
E, »(red) = —0.68, —0.84 V; TRNF, E, ,(red) = —0.42, —0.67 V;
TENF, +0.14 and —0.42 V (all converted to values vs Ag/AgCl
for comparison with our values).”* Since the electrochemical
measurements for 1—3 are carried out in solution, the packing
arrangement observed in the solid state structures is not
preserved. The electronic spectra, discussed below, in 10 cm
cuvettes to increase the detectability of weaker absorptions,
show weak NIR absorption bands indicating that the adduct
equilibrium constant is relatively small. Thus, the concentration
of the binary D/A adduct in solution is very low relative to the
separate components, and it cannot be observed by solution
electrochemistry. A summary of the electrochemical poten-
tials observed from 1—3 is presented in Table 4. Since the

Table 4. Summary of Electrochemical Potentials (V) for
1-0.5C4H,, 2:C(H,, and 3-2C,H,"

E,(ox), E, p(red),

compound onor acceptor
[Pt(dbbpy)(tdt)][DNF]-0.5C¢H, (1-0.5C4H) +0.49 —-0.70
+0.90 —0.90
[Pt(dbbpy)(tdt)][TRNF]-C¢Hg (2-CeHg) +0.50 —0.42
+0.88 —0.68
[Pt(dbbpy)(tdt)],[ TENF]-2C¢H, (3-2C¢Hy) +0.48 +0.18
+0.86 -0.25

“Values are volts vs Ag/AgCl, Pt disk electrode in 0.1 M TBAPF,/
CH,Cl, at a scan rate of 100 mV/s. Experimental runs were stopped at
a lower limit of —1.0 V. This prevented the observation of the dbbpy
ligand-based reduction and the observation of an additional cathodic
response from the TRNF and TENF acceptors.

voltammograms show features indicative of the oxidation and
reduction of the pure donor and acceptor components,
respectively, 4 was not subjected to electrochemical analysis
because the results should be similar to those observed for 3.

Infrared Spectral Studies. The infrared spectra for the
stacks versus the free molecules are shown in Figure 6. The

Arb. % T

J M L v T v L M )
2500 2000 1500 1000 500

Wavenumber cm”

—
3000

Figure 6. Infrared spectrum for Pt(dbbpy)(tdt) (top), stack 4 (middle),
and TENF (bottom).

most notable change is a shift in the vc_g, and vy_o modes
(Supporting Information, Figures S1—S3). The solid state
stacking implies that charge transfer is possible as previously
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demonstrated by our work involving nitrile acceptors.'*

Significant shifts occur in the C=O stretching frequency in
the TENF stack 4. As one would expect, there are no
absorptions in this region for the Pt moiety. However, free
TENF exhibits two very strong absorption bands at 1749 and
1741 cm™". The stacked compound no longer shows two bands
for the free TENF because only one band is seen at 1737 cm™,
which represents a lower frequency mode than either band in
free TENF. The C=C bands for the free TENF appear at
1614, 1623, and 1603 cm™". The 1614 and 1623 cm™" features
interfere with the Pt complex band at 1617 cm™" in the stack,
but the 1603 cm™' band shows a red shift to 1598 cm™.

[TENF]
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5.26x10"
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Figure 7. (a) Absorption spectra showing the DACT band growth
during the titration experiment for [Pt(dbbpy)(tdt)][TENF] in
CH,Cl, using a 10 cm cuvette at room temperature. (b) Benesi—
Hildebrand plot of the spectral changes measured at 950 nm. (c) Job
plot for the spectral changes measured at 950 nm.

The most significant changes are observed in the NO, bands at
1549—1534 and 1349 cm™". The broad peak at ca. 1544 cm™
in the free acceptor is sharper for the stacked product with a
maximum at 1539 and a shoulder at 1530 cm™". The acceptor
peak at 1349 cm™ is shifted and more resolved in the stack
with the maximum shifting to 1337 cm™". These IR data clearly
suggest the influence of charge transfer in this system. This
situation is similar to what is observed for monoreduced
TCNQ and TCNQ?, where a red shift of the CN stretch was
reported.'*>> We are unable to estimate the partial charge
delocalization in these systems, due to a lack of literature
correlations of IR frequencies for nitrofluorenone systems
similar to those known for TCNQ®~ systems.*”**

UV-Vis—NIR Electronic Absorption Spectral Studies.
Figures 7—9 and Supporting Information, Figures S4—S7, show
electronic spectral data that provide insights into how D/A
interactions affect the electronic structure of the binary adducts
in both the solid state and solution. At one extreme, the UV—
vis—NIR data for 1 show very little variation in the low energy
region beyond the CT band of the Pt(dbbpy)tdt (Supporting
Information, Figures S4 and S5). The 1 cm cuvette measure-
ments reveal little variation in the extinction coefficients of the
Pt(dbbpy)tdt complex, which would be expected if significant
interactions were occurring in solution. In the solid state, there
is also no evidence of a D/A interaction between DNF and
Pt(dbbpy)tdt. The solid state reflectance data for the powder
sample reveal no evidence for a new band in the low energy
region below the CT band of Pt(dbbpy)tdt.

Antithetically, the spectral data clearly indicate that there is a
much stronger interaction between the TRNF or TENF
acceptor molecules and the Pt(dbbpy)tdt donor complex. The
TENF adduct exhibits an emerging band at 950 nm growing
progressively more intense with incremental addition of TENF
(Figure 7a). The titration data were fit using the same method
as that used for complex 2 (Figure 7b). The magnitude of the
equilibrium constant calculated as 5380 M~ is much higher

e==TRNF dilute solution
—TENF dilute solution

— Pt(dbbpy)tdt dilute solution
Pt(dbbpy)tdt solid

---%--- Pt(dbbpy)tdt/TRNF adduct
e Pt(dbbpy)tdt/TENF adduct

o o
o o

L

o
-3
L

o
N
.

o
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Figure 8. Solid state diffuse reflectance data (top trio) for 4 (top), 2
(middle), and Pt(dbbpy)(tdt) (bottom) showing the strong DACT
absorptions in the NIR region. For comparison, normalized spectra for
the dilute solutions (~10™° M) of Pt(dbbpy)tdt, TRNF, and TENF
are presented as the lower trio. For dilute solutions, the curves have
been normalized for TRNF, TENF, and Pt(dbbpy)tdt at 340, 347, and
566 nm, respectively. For the solids, the curves have been normalized
for Pt(dbbpy)tdt, TRNF adduct, TENF adduct at 599, 547, and
550 nm, respectively.
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Figure 9. (a) Absorption spectra showing DACT band growth during the titration experiment for [Pt(dbbpy)(tdt)] and [TRNF] in CH,Cl, using a
10 cm cuvette at room temperature. [Pt(dbbpy)tdt] = 5 X 10™* M. (b) Benesi—Hildebrand plot of the spectral changes at 800 nm. (c) Job plot for
the spectral changes at 800 nm. [Pt(dbbpy)tdt + TRNF] = 5 X 10™* M. (d) Benesi—Hildebrand plot of the spectral changes at 825 nm. (e) Job plot
for the spectral changes at 825 nm. [Pt(dbbpy)tdt + TRNF] = 5§ X 107* M.

than that found for 2, indicative of the strong attraction of
TENF to the electron-rich Pt(dbbpy)(tdt). The Job plot in
Figure 7c clearly indicates, even in solution, that the 1:1 ratio
remains dominant. The adduct exhibits an extinction coeflicient
of 31 M™' ecm™. In the solid spectra, this absorption becomes
nearly as intense as the donor absorptions according to the
corresponding diffuse reflectance spectra (Figure 8). Analogous
data were found for the [Pt(dbbpy)(tdt)][TRNF] binary
system. The absorption spectra for the titration of Pt(dbbpy)-
(tdt) with TRNF are presented as Figure 9. The data feature
the growth of a new absorption feature in the 825 nm region.
This band becomes more intense with increasing concentra-
tion of TRNF and is very strong in the reflectance spectrum
of the solids. The solution absorption features at 800 and
825 nm were fit using the method of Benesi and Hildebrand
(Figure 9b,d).>* Job plots are also shown to illustrate the
preeminence of the 1:1 association ratio (Figure 9¢,e). The
equilibrium constant is ~90 M~ for D + A = DA, and the
extinction coefficient is 521 and 564 M™' cm™ at 800 and
825 nm, respectively. TRNF is a slightly stronger acceptor
compared with DNF but weaker than TENF. The new band at
825 nm is attributed to the donor-to-acceptor charge transfer
(DACT) of the complex [Pt(dbbpy)(tdt)][TRNF] in solution.
As expected on the basis of its electrochemical potential, TRNF
should have less affinity for the electron-rich Pt(dbbpy)(tdt)
molecule and be a weaker electron acceptor than TENF.
Despite the reduced affinity, a higher extinction coefficient for
the TRNF adduct is observed. The near 10-fold increase in
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magnitude of its extinction coeflicient is the primary reason the
TRNF adduct asserts a more intense DACT than its TENF
counterpart in solution.

The diffuse reflectance data reveal the DACT bands are very
strong in the solid state and are readily seen as the dominant
absorption bands in the spectra. These bands extend the
spectroscopic response far into the NIR region compared with
native samples of Pt(dbbpy)(tdt) and the free nitrofluorenones
(for which there are no absorptions beyond 450 nm). Such
phenomena in the absence of any supramolecular interactions
or single electron reduction have been observed with other
strong electron acceptors such as TCNQ™.**

The absorption data illustrate that DACT bands become
more red-shifted with increased acceptor strength. The DACT
complex exists in equilibrium with the free components in
solution; the concentration of the binary adduct in solution is
dependent upon the concentration of the acceptor. Due to
solubility limitations for both components and relatively low
€ values for the DACT band, it is difficult to observe the band
in a 1 cm cuvette. The data for the solid state are dependent upon
the stacking mode; data reported here are for samples whose
structures were determined prior to collecting their spectra.

The strong D/A interactions and continuous absorptions
across the entire visible region and significant portions of the
UV and NIR regions for the charge transfer binary systems
reported in this work render them remarkable black absorbers
with a great potential for photovoltaic applications. Supra-
molecular stack 4, compared with the sensitizers P3HT or
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CuPc, shows enhanced charge transfer. Its spectral response is
red-shifted from those of P3HT and CuPc (Figure 1) without
discontinuities. When judged against P3HT, complex 4 accesses
the CT state more efficiently through radiative processes
(direct absorption); in contrast, P3HT relies on thermal
accessibility, which could result in some thermal loss of
generated energy.'”* The spectral behavior of a double-layer
CuPc/TCNQ film structure reported by Bortchagovsky et al.
showed low energy peaks at 2.85 eV from dissociated TCNQ_
radicals, which also appeared in the photocurrent spectrum so
as to suggest DACT assignment.12b However, this DACT band
was rather weak, indeed barely discernible within wide-range
spectral “gap” area of ca. 2.3—3.2 eV (ca. 375—525 nm); the
CuPc/TCNQ binary material exhibits the lowest absorption
between the two main donor-dominated major bands at ca. 2.1
and 3.6 eV. Likewise, our previous work on both formally
neutral stacks, Pt(dbbpy)(dmid)/TCNQ,"* and ion-paired
stacks, [Pt(tbtrpy)X]*"TCNQ~ (tbtrpy = 4,4',4"-'Bu,-
2,2';6',2"-terpyridine; X = halide or rnonothiolate),14b exhibited
relatively minor changes due to DACT vs the spectra of the
dissociated donor and acceptor materials. Unlike these CuPc or
Pt(I)—diimine—thiolate complexes with TCNQ_ acceptor
species, the binary complexes with nitrofluorenone acceptors
herein exhibit remarkably strong DACT absorptions that
drastically red-shift the absorption edge with the new
absorptions exhibiting similarly strong absorptivity as that of
the donor species alone. The effect is most starkly manifest in
the new complex 4, which displays continuous and uniformly
strong absorption across the entire UV and visible regions of
AMO and extends into the NIR so as to approach an absorption
cutoff of ca. 1300 nm. The band gap is estimated at 0.95, 1.13,
and 1.65 eV for 4, 2, and Pt(dbbpy)(tdt) solids, respectively.
The continuous absorption profile and extended range are similar
to those of silicon and germanium solar cells, which is rather
unprecedented in molecular solids. Although the band gap is more
red-shifted for 4, it is actually beyond the optimal band gap of
ca. 1.1 eV needed to attain the Schockley—Queisser theoretical
limit of ca. 30% solar cell efficiency for single p—n junction
devices.*® The band gap for 2, on the other hand, almost
matches the optimal Schockley—Queisser band gap.

The spectral behavior outlined for these binary D/A
materials are promising for the molecular Pt(diimine)dithiolate

donors with the nitrofluorenone acceptors TRNF, TENF, and
TCNX that may be pursued as alternatives to divalent metal—
phthalocyanine or polythiophene donors with nanocarbon
acceptors, most commonly fullerene derivatives, used in the
current state-of-the-art OPV  devices.'”> The HOMO and
LUMO energy levels are also suited for thermodynamically
desirable carrier injection and charge separation in Schottky
diode and p—n junction OPV device architectures utilizing the
donor and acceptor molecules described along with commonly
used anode and cathode materials. However, multiple steps
and material and device requirements need to be considered
(e.g., fabrication of thin films, determining their optical band
gaps and absorption coeflicients, verification of photocurrent
production by photoconductivity measurements, and finally
OPV device fabrication and characterization using simulated
AML.S, as opposed to AMO, solar illumination). These will be
assessed as we pursue OPV applications of the class of binary
systems described here upon suitable chemical structure
modifications that would warrant facile fabrication of
contiguous thin films via thermal evaporation or solution casting
methods. However, this study demonstrates the fundamental
characteristics as a backdrop for future OPV studies of this
promising class of donor/acceptor materials with a major
distinction from previously studied classes of molecular materials
in terms of appearance of strong DACT absorption bands that
are comparable in absorptivity to those of donor species so as to
attain a uniformly strong absorption profile across the entire UV
and visible AMO range with considerable penetration into the
NIR range. Preliminary studies for the photoconductivity of a
thin film of a related Pt complex without an organic acceptor
complexed to it are provided at a later section below along with
further perspectives on future OPV design possibilities.

NMR Studies. Solutions (5 X 10™* M) of Pt(dbbpy)(tdt)
were prepared in 1 mL of CDCl;, and an equimolar amount of
TENF was dissolved in 1 mL of CDCl; to make a saturated
solution. A mixed solution was prepared by weighing the same
amounts as the original two NMR samples, then mixing the
solids in 1 mL of CDCIl; and placing them in a sonicator bath
for S min to aid in dissolution. A 0.01 M Pt(dbbpy)tdt solution
and an equimolar solution of TRNF were also prepared in
CDCI, then sonicated in the same manner. The equal portions
of each solution where then mixed and sonicated. The 'H
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Figure 10. '"H NMR spectra for TENF (acceptor, bottom), Pt(dbbpy)(tdt) (donor, middle), and the mixture of the two in CDCI; (top).
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Figure 11. '"H NMR spectra for TRNF (acceptor, bottom), Pt(dbbpy)(tdt) (donor, middle), and the mixture of the two in CDCl; (top).

NMR spectra for the aromatic region of each sample are
depicted in Figures 10 and 11. The aromatic protons should be
the most sensitive to small changes in the electronic
environment due to intermolecular charge transfer in solution.
The data reveal a significant alteration of the electronic
environment as all the aromatic peaks are shifted upfield
relative to the free components. As well, there seems to be
significant peak broadening indicating paramagnetism, which
also supports the contention that the DACT process occurs in
solution. These data represent rare structural evidence of D/A
intermolecular interactions involving closed-shell metal com-
plexes in solution, a situation first reported by Burini et al. for
trinuclear d'® complexes.®”

Two-dimensional homonuclear proton NOESY NMR
spectra were collected for the Pt(dbbpy)tdt/TRNF solution,
presented in Figure 12. These spectra reveal coupling bet-
ween the aromatic protons of the dithiol moiety of the
platinum donor molecule at 7.48 ppm and the aromatic proton
at the 3-positon on the nitrofluorenone acceptor at 8.92 ppm
(Figure 12). This coupling correlates with the stacking
orientation found in the solid crystal state (Figure 3).

Magnetic Susceptibility. Although neither the donor
molecule nor any of the nitrofluorenone acceptors contain
unpaired electrons that would lead to paramagnetic behavior,
2 exhibits a magnetic moment associated with similar charge
transfer complexes.'** Magnetic susceptibility measurements
(%) where obtained by using the Evans method. Diamagnetic
corrections where made for the bipyridine and the magnetic
moment by the published method.*®

The donor—acceptor adduct 2 was determined to have a
magnetic moment of 1.07uz, a notable increase over the donor
molecule alone (0.561y3). This result is indicative of charge
transfer in this binary complex rather than paramagnetism due
to formally unpaired electrons.

Solid-State Computational Modeling. Extended Hiickel
tight binding (EHTB) computational studies were undertaken
to probe the structural and spectral properties as they pertain to

potential for electrical conductivity applications. The total den-
sity of states (DOS) of the D/A stack 4 is shown in Figure 13
along with different projections shown by the shaded areas.
From the donor, the more compact platinum d block is located
in regions spanning —16.0 and —6.5 eV, while a large sulfur p
block containing 80% of the p levels spans between —14.8 and
—6.7 eV. For the acceptor N atoms, the major atomic
contribution ranges between —16.8 and —8.2 eV, while the O
atom contribution is widely dispersed. The computational
projections for the solid state packing in 4 reveal a completely
occupied band centered at approximately —10 eV with
significant contributions from both donor and acceptor atoms
(Figure 13). The Fermi level (&) is found to lie in the region of
the high DOS at —10 eV and is represented by a horizontal
dashed line in Figure 13. These observations suggest that this
material should have a metallic behavior in the solid state
according to the EHTB level of theory. The strong Pt and
S projections below ¢ are consistent with the contention that
the Pt—thiolate moiety is the donor part of Pt(dbbpy)(tdt), as
well-established for this class of materials (see ref 18, our
previous work in ref 14, and references cited therein). On the
other hand, contributions from the N and O atoms located on
the acceptor moiety in the band structure description of the
binary complex lie just above &; (see shaded area in Figure 13,
right side). This indicates that these atoms of the TENF
acceptor have a large contribution to the conduction band of
the binary material. The EHTB computation agrees with the
electrochemical data, which indicate that the first reduction of
the binary adduct is localized on the nitrofluorenone acceptor.
These results, taken together with the IR data presented above,
support the validity of this model and that charge sharing is
occurring in this system. Charge transfer between the donor
and acceptor stacks will affect the nitro and carbonyl groups to
the greatest degree in the acceptor molecule, as indicated by the
computational data and supported by the IR spectra.

The computations suggest also that the close D/A distances
are sufficient to allow a stacking overlap with charge
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Figure 12. Two-dimensional 'H NOESY NMR spectra for a 0.01 M Pt(dbbpy)tdt/TRNF solution in CDCly. The 1D spectra parallel to the axis are

from the same solution.

delocalization along the linear chains of donor—acceptor species.
This type of cooperative solid-state effect is highly desirable for
molecular electronics. Systems with significant donor—acceptor
intermolecular interactions have been well documented and
exploited for many years in materials, such as TTF—TCNQ
charge transfer solids.>* The computational results also suggest
the ability to tune the conductivity of binary materials herein by
altering the R groups on the ligands in the donor Pt(diimine)-
(dithiolate) complex or the number of electron-withdrawing
nitro groups on the fluorenone ring of the acceptor molecule.
Preliminary Photoconductivity Studies and Interplay
of Structural, Spectral, and Material Properties on
Future OPV Designs. In attempts to provide proof-of-
concept demonstration of the suitability of the proposed
sensitizers for use in OPVs, the Pt(dmecb)(bdt) complex was
incorporated into a single layer Schottky diode, and its
photoconductivity was evaluated, as shown in Figure 14. The
esterified analog of Pt(dbbpy)(tdt) was used in the device
analysis for its relative ease of thermal evaporation compared
with the alkyl-bearing complex; the dmecb ester group and
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unsubstituted bdt are moieties that are expected to increase the
vapor pressure of the Pt(dmecb)(bdt) complex, hence allowing
thin-film fabrication. In contrast, the +Bu and Me substituents
in Pt(dbbpy)(tdt) are the likely culprits that precluded the
formation of a thermally evaporated thin film even upon rather
slow deposition attempts. The solid state spectra in Figure 15
compare the diffuse-reflectance data from which the band gap
can be estimated for the two solids. The two Pt complexes
Pt(dbbpy)(tdt) and Pt(dmecb)(bdt), therefore, have compa-
rable energy gaps of 1.65 and 1.35 eV, respectively. The
photoconductivity data in Figure 14 show a significant photo-
current of ~0.26 mA at 0.016 V from a 20 nm thin film of
Pt(dmecb)(bdt) deposited on a small pixel area (16.2 mm?),
giving rise to a photocurrent density of 1.6 mA/cm’.
Remarkably, this photocurrent value remains essentially
constant in the 220—710 nm range that we tested across the
UV/vis/NIR region, consistent with the solid diffuse reflectance
spectra. This demonstrates that this class of Pt(diimine)-
(dithiolate) materials can sensitize a wide range of photon
energies within the UV/vis/NIR range of the solar spectrum.
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illumination. (b) Current produced by the same diode with ultraviolet
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Unlike the situation for Pt(dbbpy)(tdt), the Pt(dmecb)(bdt)
complex does not exhibit red-shifted DACT absorptions with
the nitrofluorenone acceptors. Figure 16 shows that, indeed,

such adducts exhibit blue-shifted absorptions compared with the
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Figure 15. Solid state diffuse reflectance of Pt(dbbpy)tdt and
Pt(dmecb)bdt.
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Figure 16. UV/vis spectra of Pt(dmecb)bdt as a dilute CH,CL,
solution, the diffuse reflectance of the pure solid and as adducts
with DNF, TRNF, and TENF.
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Pt(dmecb)(bdt) solid! The data, therefore, suggest a
competitive circumstance between self-association of the Pt
square planar complex on the one hand and DACT adduct
formation with the nitrofluorenone acceptor molecule on the
other hand. The reduced steric encumbrance in Pt(dmech)-
(bdt) vs Pt(dbbpy)(tdt) favors greater self-association in the
former. Additionally, the presence of electron-withdrawing
ester groups as bipyridine substituents and the omission of the
electron-releasing methyl groups from the dithiolate are factors
that render decreased donor potential for Pt(dmecb)(bdt) vs
Pt(dbbpy)(tdt), hence inhibiting strong donor—acceptor
behavior. Therefore, the overall data in this section
demonstrate the interplay of structural (self-association vs
donor ability), spectroscopic (red- vs blue-shifted DACT
absorptions), and material properties (thermal stability and
thin-film formation) for the design of effective OPV devices in
the future. Since thermal evaporation was not possible as means
to fabricate thin films of Pt(dbbpy)(tdt) and its red-shifted
DACT adducts with nitrofluorenones, solution processing will
be investigated for such binary adducts and related materials.

Bl CONCLUSIONS

Binary donor/acceptor adducts based on Pt(diimine)-
(dithiolate) complexes have been prepared, and their potential
for solid-state molecular electronic devices has been demon-
strated."®** These materials exhibit properties such as close
packing that maximizes the intermolecular overlap of the
complex units, which act as donors, with molecular units of
nitrofluorenone acceptors. Evidence from these studies
indicates that the donor/acceptor pairs have a high affinity
for one another and engage in cooperative sharing of electron
density, contributing to their tendency to form extended linear
chains. The class of materials represented by the compounds
reported in this paper is an excellent starting point for exploring
a new breed of molecule-based solar cells and semiconductors.
This potential is demonstrated via the preliminary photo-
conductivity results for a thin film of the Pt(dmecb)(bdt)
complex.
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