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Cobalt Polypyridyl Complexes as Transparent Solution- 
Processable Solid-State Charge Transport Materials

Muhammad K. Kashif, Rebecca A. Milhuisen, Michael Nippe, Jack Hellerstedt, 
David Z. Zee, Noel W. Duffy, Barry Halstead, Filippo De Angelis, Simona Fantacci, 
Michael S. Fuhrer, Christopher J. Chang, Yi-Bing Cheng, Jeffrey R. Long, Leone Spiccia,* 
and Udo Bach*

DOI: 10.1002/aenm.201600874

Charge transport materials (CTMs) are traditionally inorganic semiconductors or metals. However, over the past few dec-
ades, new classes of solution-processable CTMs have evolved alongside new concepts for fabricating electronic devices 
at low cost and with exceptional properties. The vast majority of these novel materials are organic compounds and the 
use of transition metal complexes in electronic applications remains largely unexplored. Here, a solution-processable 
solid-state charge transport material composed of a blend of [Co(bpyPY4)](OTf )2 and Co(bpyPY4)](OTf )3 where bpyPY4 is 
the hexadentate ligand 6,6′-bis(1,1-di(pyridin-2-yl)ethyl)-2,2′-bipyridine and OTf− is the trifluoromethanesulfonate anion is 
reported. Surprisingly, these films exhibit a negative temperature coefficient of conductivity (dσ/dT) and non-Arrhenius 
behavior, with respectable solid-state conductivities of 3.0 S m−1 at room temperature and 7.4 S m−1 at 4.5 K. When 
employed as a CTM in a solid-state dye-sensitized solar cell, these largely amorphous, transparent films afford impres-
sive solar energy conversion efficiencies of up to 5.7%. Organic–inorganic hybrid materials with negative temperature 
coefficients of conductivity generally feature extended flat π-systems with strong π–π interactions or high crystallinity. 
The lack of these features promotes [Co(bpyPY4)](OTf )2+x films as a new class of CTMs with a unique charge transport 
mechanism that remains to be explored.
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1. Introduction

Organic solution-processable charge transport materials 
(CTMs) with metallic or semiconducting properties are now-
adays commonly applied in electronic devices such as solar 
cells,[1,2] light-emitting diodes,[3] and plastic electronics.[4,5] 
Their intrinsic material properties, including charge mobility 
and conductivity, are often inferior to those of inorganic 
materials, such as copper or crystalline silicon. However, 
their low cost and processability enable them to be competi-
tive alternatives when application requirements are less strin-
gent and cost is the determining factor. They are compatible 
with a wide variety of deposition techniques, ranging from 
simple spin-coating to more sophisticated direct patterning 
methods, such as ink-jet printing. Fully printed electronic 
circuits can thus be created.[6] Organic solution-process-
able CTMs also play a vital role in high-performance per-
ovskite solar cells, affording power conversion efficiencies  
beyond 20%.[7]

Few examples are known where transition metal complexes 
have found application as CTMs in electronic devices.[8,9] Tra-
ditionally these materials have been chosen for their superior 
light absorption and emission properties. Seminal exam-
ples include the thin copper phthalocyanine absorber layer 
used in Tang’s archetypal two-layer organic solar cell[10] and 
highly luminescent iridium[9] and cobalt[11] complexes used 
in organic light-emitting diodes (OLEDs). Typically these thin 
layers are produced via vacuum deposition techniques rather 
than via solution processing methods.[12,13] Very recently, 
copper phenanthroline complexes have been successfully 
applied as a hole transport material in dye-sensitized solar 
cells (DSCs), thus pointing to the general prospect of devel-
oping transition metal complexes as an emerging class  
of CTMs.[14]

Here, we present a new class of solution-processable 
solid-state CTMs based on blends of the cobalt complexes 
[Co(bpyPY4)](OTf)2 and [Co(bpyPY4)](OTf)3, where bpyPY4 
(Figure 1) corresponds to the hexadentate ligand 6,6′-bis(1,1-
di(pyridin-2-yl)ethyl)-2,2′-bipyridine) and OTf− is trifluorometh-
anesulfonate. These cobalt(II) and cobalt(III) complexes were 
synthesized as previously described.[15] We provide an analysis 
of the charge transport properties of materials made from 
these complexes and show that they can be used as solid-state 
conductors in DSCs, achieving energy conversion efficiencies 
of 5.7%.

2. Results and Discussion

The conductivity of a CTM is directly proportional to the 
product of mobility and number density of its charge carriers. 
In molecular CTMs, the latter can easily be controlled by delib-
erately tuning the ratio of oxidized versus reduced forms of the 
charge carrier. A typical example is the formation of doped films 
of the hole conductor spiro-OMeTAD (2,2′,7,7′-tetrakis(N,N-di- 
p-methoxyphenylamine)-9,9′-spirobifluorene) by spin-coating 
solutions containing spiro-OMeTAD and its oxidized form  
[spiro-OMeTAD](TFSI) (TFSI− = bis(trifluoromethanesulfonyl)- 
imide).[16]

Analogously, the conductivity of [Co(bpyPY4)](OTf)2+x films 
can be controlled by adding the one-electron oxidized complex 
[Co(bpyPY4)](OTf)3 to film-forming solutions of [Co(bpyPY4)]-
(OTf)2. The variable x is defined as 

x
Co bpyPY4

Co bpyPY4 Co bpyPY4

3

2 3

( )
( ) ( )

=










 + 





+

+ +

 

(1)

Here, [Co(bpyPY4)](OTf)2.33 (x = 0.33) corresponds to a film 
with a 2:1 molar ratio of [Co(bpyPY4)](OTf)2 to [Co(bpyPY4)]- 
(OTf)3.

Thin films of [Co(bpyPY4)](OTf)2 and [Co(bpyPY4)](OTf)2.33 
were deposited onto interdigitated gold electrode arrays to 
characterize their conductive behavior (see the Experimental 
Section). Both types of films showed linear current–voltage 
characteristics (see Figure S1, Supporting Information), indi-
cating good ohmic contact between the gold electrodes and 
the CTM. At room temperature, the pure [Co(bpyPY4)](OTf)2 
films showed a very low conductivity of 1.1 × 10−8 S m−1. 
Addition of [Co(bpyPY4)](OTf)3 dramatically increased the 
conductivity by up to eight orders of magnitude. The room-
temperature conductivity of the [Co(bpyPY4)](OTf)2.33 film 
was 3.0 S m−1, whereas the room-temperature conductivity of 
a spiro-OMeTAD film with a typical molecular doping level of 
10% was 4.8 × 10−5 S m−1.

Temperature-dependent conductivity measurements were 
performed in order to further explore the dominant charge 
transport mechanism in [Co(bpyPY4)](OTf)2+x films (Figure 2). 
The resistivity versus temperature ρ(T) plot surprisingly shows 
an almost linear decrease in resistivity for [Co(bpyPY4)](OTf)2.33 
upon cooling from 300 to 30 K, before it begins to level off at 
about 20 K (Figure 2a). The [Co(bpyPY4)](OTf)2.33 films are 
more than twice as conductive at 4.5 K (7.4 S m−1) than they 
are at room temperature (3.0 S m−1). Similar temperature-
dependent conductivity behavior was observed for [Co(bpyPY4)]-
(OTf)2(BF4)0.33 films fabricated from [Co(bpyPY4)](OTf)2  
solutions partially oxidized with NOBF4 (see Figure S2, Sup-
porting Information). This suggests that the combination of 
the [Co(bpyPY4)]2+ and [Co(bpyPY4)]3+ cations is responsible 
for both the improved conductivity and the temperature depen-
dence of conductivity.

The temperature-dependent conductivity of CTMs in which 
thermally activated charge hopping between molecular spe-
cies is the dominant charge transport mechanism can gener-
ally be described by the Arrhenius equation. For such CTMs, 
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Figure 1. a) bpyPY4 ligand and b) spatial model of the [Co(bpyPY4)]2+ 
cation derived from single-crystal X-ray crystallographic data obtained for 
[Co(bpyPY4)](OTf)2(CH3CN)2.
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the classical Arrhenius plot of ln(σ) versus 1/T is linear with 
a negative slope that depends on the activation energy of the 
charge hopping process. The plot shown in Figure 2b clearly 
illustrates that non-Arrhenius-type transport is dominant for the 

[Co(bpyPY4)](OTf)2.33 films throughout the 4.5–300 K tempera-
ture range. This behavior is typically observed for metallic con-
ductors and highly doped degenerate semiconductors showing 
band-like transport,[17,18] where the resistivity is dominated by 
acoustic phonon scattering. In contrast, the pure [Co(bpyPY4)]-
(OTf)2 films, which have only the cobalt(II) complex present,  
follow the classical temperature dependence expected for ther-
mally activated charge transport systems, as is also found for 
doped films of the archetypal hopping-transport material spiro-
OMeTAD (Figure 2c). A similar behavior has been reported for 
thin films of poly(3,4-ethylenedioxythiophene) (PEDOT), in 
which undoped films display thermally activated charge trans-
port, while partially oxidized films whose charge is balanced by 
tosylate anions (PEDOT:Tos) exhibit negative temperature coef-
ficients.[18] Interestingly, partially oxidized PEDOT films con-
taining the polyelectrolyte polystyrene sulfonate (PEDOT:PSS) 
displayed thermally activated hopping transport even in the 
doped state. The differing temperature-dependent conduc-
tivities of the two partially oxidized PEDOT materials were 
attributed to the higher degree of crystallinity in PEDOT:Tos 
compared to the amorphous PEDOT:PSS films. The CTM 
studied here is fundamentally different from PEDOT:Tos, 
because the underlying charge transport phenomena in con-
ducting polymers, such as polaron and bipolaron displace-
ment, cannot occur in [Co(bpyPY4)](OTf)2.33 films. The optical 
appearance of [Co(bpyPY4)](OTf)2.33 films also indicates that 
this CTM is a glass-forming, rather than a crystalline, material 
(inset, Figure 4b).

Grazing-angle incident X-ray diffraction (GAXRD) analysis 
was used to further investigate the nanoscale morphology of 
[Co(bpyPY4)](OTf)2.33 films on silicon wafers (Figure 3). Three 
very broad diffraction peaks can be identified at 10.5°, 15.5° and 
25.0°. These peaks are absent on the GAXRD diffractogram of 
the silicon substrate. The observed GAXRD peak width suggests 
that the [Co(bpyPY4)](OTf)2.33 film is mostly amorphous, 
with some indication of short-range order in the nanometer 
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Figure 2. a) Resistivity of [Co(bpyPY4)](OTf)2.33 (blue diamonds) and 
spiro-OMeTAD (red triangles) as a function of temperature, b) Arrhenius 
plot for the conductivity of [Co(bpyPY4)](OTf)2.33, and c) Arrhenius plot 
for the conductivity of spiro-OMeTAD (red triangles) and [Co(bpyPY4)]-
(OTf)2 (green squares).

Figure 3. Grazing angle X-ray diffraction (GAXRD) of a 1.3 μm thick 
[Co(bpyPY4)](OTf)2.33 film deposited onto a single crystalline Si substrate 
(blue). The diffractogram of the uncoated single crystalline Si substrate 
(black) is shown for comparison.
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range. Attempts to simulate the [Co(bpyPY4)](OTf)2.33 thin  
film GAXRD diffractogram based on the available [Co(bpyPY4)]-
(OTf)2 single-crystal diffraction data coupled with peak broad-
ening according to the Scherrer equation did not yield solutions 
with adequate fits.

Cobalt(II) polypyridyl complexes have been reported to 
undergo a high-spin to low-spin transition upon cooling.[19] In 
the presence of a trigonal prismatic ligand field, the Co2+ ion 
with a d7 electron configuration can either adopt the low-spin 
state (S = 1/2) or high-spin state (S = 3/2). Magnetic measure-
ments were performed to elucidate whether spin-crossover 
contributes to the unusual temperature-dependent conductivity 
behavior in [Co(bpyPY4)](OTf)2.33 films. Room-temperature 
magnetic susceptibility measurements of the Co3+ complex, 
[Co(bpyPY4)](OTf)3, confirmed its expected diamagnetic low-
spin state. Temperature-dependent magnetic susceptibility 
(χMT) data for [Co(bpyPY4)](OTf)2.33 films indeed revealed that 
χMT continuously decreases from 350 to 100 K and levels off 
below 100 K (Figure 4a). This decrease in magnetic moment is 
consistent with a high-spin to low-spin transition of the Co2+ 
ions in [Co(bpyPY4)](OTf)2.33. Importantly, the leveling of χMT 
at T ≤ 100 K and the solid-state structure of [Co(bpyPY4)](OTf)2 

both indicate that spin-crossover transition is complete at 
100 K, which precludes spin-crossover as an explanation of the 
low-temperature conductivity behavior from 100 to 10 K. The 
decrease in magnetic susceptibility observed for [Co(bpyPY4)]-
(OTf)2.33 upon cooling from 360 to 4 K closely matches the  
magnetic susceptibility changes that were observed for pure 
[Co(bpyPY4)](OTf)2 (see Figure S3, Supporting Information), 
yet the observed temperature dependence of conductivity is 
fundamentally different for these materials.

The successful application of CTMs in optoelectronic devices 
often requires that the material itself does not absorb signifi-
cant fractions of either generated or incident photons. In this 
regard, [Co(bpyPY4)](OTf)2+x films show exceptional optical 
properties. The molar extinction coefficients, ε, for [Co(bpyPY4)]-
(OTf)2 and [Co(bpyPY4)](OTf)3 solutions in acetonitrile are  
below 200 m−1 cm−1 throughout the entire visible spectrum 
(400–800 nm; see Figure S4, Supporting Information). For a 1.0 
μm thick film, this translates to a transmission fraction of 83% or 
higher throughout the visible range, independent of the doping 
level (Figure 4b). Furthermore, the absence of broadening or 
shifts in the solution UV–vis and diffuse reflectance spectra of 
[Co(bpyPY4)](OTf)2.33 either in solution or the solid-state, rela-
tive to an idealized combination of the individual cobalt(II) and 
cobalt(III) complexes suggests a lack of electronic coupling 
between these ions (see Figure S5, Supporting Information).

Hybrid density functional theory (DFT) calculations 
(B3LYP/6-311G*/CPCM) were performed to investi-
gate whether differences in the electronic structure of 
[Co(bpyPY4)]2+/3+ and [Co(bpy)3]2+/3+ can account for their dis-
tinctively different charge transport properties (see Figures S6 
and S7, Supporting Information). Geometry optimization was 
carried out considering a low spin 2[Co(bpyPY4)]2+ doublet 
and high spin 4[Co(bpyPY4)]2+ quartet spin state and a closed 
shell singlet state, 1[Co(bpyPY4)]3+, respectively. We calculate 
the quartet spin state 4[Co(bpyPY4)]2+ to be favored by 0.16 eV 
over the 2[Co(bpyPY4)]2+ doublet state at room temperature. 
This is in agreement with the magnetic susceptibility measure-
ments shown in Figure 4a. Likewise, a quartet spin state was 
observed for the archetypical cobalt complex [Co(bpy)3]2+/3+ at 
room temperature[20] but with a larger quartet/doublet splitting 
of 0.21 eV. The highest occupied molecular orbital (HOMO) 
of the singlet 1[Co(bpyPY4)]3+ complex is ligand-based, mainly 
localized on the bipyridyl unit of the bpyPY4 ligand, with 
little admixture of metal character. The lowest unoccupied 
molecular orbital (LUMO) and LUMO+1 are combinations of 
metal eg (dx2−y2 and dz2) states with ligand states. The frontier 
orbitals of the 2/4[Co(bpyPY4)]2+ complexes are directly related 
to the HOMOs and LUMOs of 1[Co(bpyPY4)]3+, as shown in 
Figure S6 (Supporting Information). The one-electron reduc-
tion of 1[Co(bpyPY4)]3+ leads to 2[Co(bpyPY4)]2+ with its singly 
occupied orbital corresponding to what was the LUMO of 
1[Co(bpyPY4)]3+. In 4[Co(bpyPY4)]2+, formally obtained by 
splitting two electrons from a doubly occupied orbital of the 
2Co(II) complex, two unpaired electrons are localized in molec-
ular orbitals, corresponding to the LUMO and LUMO+1 of 
1[Co(bpyPY4)]3+, while the lower-energy unpaired electron is 
partially delocalized across the ligand shell and the metal. This 
partial ligand character of the unpaired electrons is reflected 
in a total spin density on the metal of ≈2.7 e. While similar 
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Figure 4. a) Variable-temperature magnetic susceptibility of [Co(bpyPY4)]-
(OTf)2.33, calculated on the basis of the [Co(bpyPY4)](OTf)2 content and  
b) absorption coefficient of a [Co(bpyPY4)](OTf)2.33 solid film. Inset: 
Image of institutional logos taken through a 0.83 μm thick [Co(bpyPY4)]-
(OTf)2.33 film applied on a TiO2 coated conducting glass substrate.
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admixtures of metal and ligand characters and charge delocali-
zation were found for the frontier orbitals of [Co(bpy)3]2+/3+, the 
stabilization of the doublet state in [Co(bpyPY4)]2+ may facili-
tate electron transfer by partly avoiding a spin-crossing barrier 
between the low-spin Co(III) and high-spin Co(II) species.

Novel CTMs have also been critically important for the 
advancement of emerging photovoltaic technologies. In DSCs, 
organic CTMs such as spiro-OMeTAD are often used to replace 
the commonly used corrosive, liquid electrolytes to form 
solid-state devices.[16,21,22] Application of spiro-OMeTAD in 
lead halide-based perovskite solar cells has recently increased 
their efficiency from 6.5% for an electrolyte-based device[23] to 
20.1% for the spiro-OMeTAD-based solid-state analogue,[7] thus 
resulting in the fast evolving research field of perovskite solar 
cells (PSCs).

Our previous work demonstrated [Co(bpyPY4)](OTf)2/
[Co(bpyPY4)](OTf)3 to be a viable redox mediator for the fab-
rication of liquid-electrolyte DSCs with exceptional stability 
under full sun illumination.[15] Energy conversion efficiencies 
for analogous devices reach 9.6% when used in conjunction 
with the classical organic sensitizer Y123 (see Table S1 and 
Figure S8, Supporting Information). Here, solid [Co(bpyPY4)]-
(OTf)2.33 films were employed in DSCs to demonstrate the 
applicability of this novel solid-state CTM in electronic devices. 
The solar cell fabrication method is described in the Experi-
mental Section. Scanning electron microscopic imaging of 
DSC cross-sections showed good pore-filling and interpenetra-
tion into the dye-sensitized TiO2 film by the solid [Co(bpyPY4)]-
(OTf)2.33 matrix (see Figure S9, Supporting Information).

Solid-state matrices of [Co(bpyPY4)](OTf)2.33 were prepared 
neat and with both Li(TFSI) and 4-(trifluoromethyl)pyridine 
(TFMP) as additives. These additives were chosen because they 
have been shown to significantly improve efficiencies in solid-
electrolyte DSCs using spiro-OMeTAD.[24] Here, we observed  
similar trends for solid-state DSCs employing [Co(bpyPY4)]-
(OTf)2.33 without and with additives, yielding efficiencies of  
3.2% and 5.7%, respectively (Table 1). Respectable short-circuit 
current densities of 12.1 mA cm−2 and open-circuit voltages 

of 768 mV were obtained. Incident photon to electron conver-
sion efficiencies (IPCEs) of up to 70% were recorded for solid-
state [Co(bpyPY4)](OTf)2.33 DSCs (see Figure S10, Supporting 
Information). Dissolution and subsequent NMR spectroscopic 
analysis of the [Co(bpyPY4)](OTf)2.33 (with additives) solid-
state matrix showed the residual acetonitrile to be ≈8 mass% 
(see Figure S11, Supporting Information). This is similar to 
the amount of solvent found in single crystals of [Co(bpyPY4)]-
(OTf)3 (11 mass%).

In comparison, solid-state DSCs employing a blend of 
the [Co(bpy)3](OTf)2/[Co(bpy)3](OTf)3 (bpy = 2,2′-bipyridine) 
redox mediators yielded efficiencies of 0.02% in the absence 
and 0.22% in the presence of Li(TFSI) and TFMP (Table 1, 
Figure 5a). This poor performance is consistent with the 
low conductivity (<10−12 S m−1) that was observed for solid 
[Co(bpy)3](OTf)2.33 films and also demonstrates that the excep-
tional performance of [Co(bpyPY4)](OTf)2.33 films is not 
common to all cobalt polypyridyl complexes. Indeed, the 5.68% 
efficiency initially reported here for a solid-state cobalt com-
plex hole transport material compares very favorably with the 
highest performance ever reported for a spiro-OMeTAD-based 
DSC of 7.7%, which is the result of continuous optimization 
of the initial reported efficiency of just 0.74% reported in 1998.

Intensity-modulated photovoltage spectroscopy, comple-
mented by charge extraction experiments (see Figure S12a, 
Supporting Information) was used to determine the lifetime 
(Figure 5b) of photoinjected electrons in DSCs employing 
Co-bpyPY4 as liquid and solid-state electrolytes. Figure 5b 
reveals that the electron lifetime in the solid-state DSC is about 
2.3 times shorter than for the liquid electrolyte Co-bpyPY4 
DSCs, when the comparison is done at identical electron den-
sities in the TiO2 film. This can be explained in terms of the  
overall difference in the molar concentration of [Co(bpyPY4)]-
(OTf)2 in the liquid electrolyte (0.100 m) and solid-state CTM  
(0.55 m). The latter was estimated based on the densities of 
[Co(bpyPY4)](OTf)2 and [Co(bpyPY4)](OTf)3 derived from 
single-crystal X-ray diffraction data. Additional intensity-modu-
lated photocurrent spectroscopy experiments revealed no major 
difference in electron transit times between liquid electrolyte 
and solid-state [Co(bpyPY4)](OTf)2.33 DSCs (see Figure S12b, 
Supporting Information).

In conclusion, we have provided the first report of a trans-
parent charge transport material based upon molecular cobalt 
complexes. Addition of [Co(bpyPY4)](OTf)3 to [Co(bpyPY4)]-
(OTf)2 to form solid films of [Co(bpyPY4)](OTf)2.33 resulted in  
a 108-fold increase in room temperature conductivity compared 
to pure [Co(bpyPY4)](OTf)2 films. Temperature-dependent 
conductivity measurements revealed a negative temperature 
coefficient of conductivity for [Co(bpyPY4)](OTf)2.33 films with 
respectable solid-state conductivities of 3.0 S m−1 at room 
temperature and 7.4 S m−1 at 4.5 K. While negative tempera-
ture coefficients are typically only observed for highly crystal-
line materials with extended planar π-systems or evidence of 
strong intermolecular coupling,[25] a morphology analysis of 
the [Co(bpyPY4)](OTf)2.33 films by GAXRD revealed some low 
short-range ordering and no evidence of long-range crystal-
linity. This indicates that [Co(bpyPY4)](OTf)2.33 is a unique 
transparent, non-crystalline CTM in which thermally activated 
charge hopping does not appear to be the prevailing charge 
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Table 1. Photovoltaic performance data for DSCs employing cobalt com-
plexes as solid-state CTM and Y123 dye, under simulated sunlight (AM 
1.5 G, 1000 W m−2).

Complex [Co(bpyPY4)](OTf)2.33 [Co(bpy)3](OTf)2.33

Additives Noa) Yesb) Noa) Yesb)

VOC [mV] 654 ± 2 768 ± 1 694 ± 1 877 ± 5

JSC [mA cm−2]     7.07 ± 0.34   12.12 ± 0.26     0.02 ± 0.01     0.66 ± 0.20

FF     0.70 ± 0.01    0.62 ± 0.03     0.77 ± 0.02     0.73 ± 0.02

Efficiency, η [%]     3.23 ± 0.09    5.68 ± 0.06     0.02 ± 0.01     0.21 ± 0.05

Double-layer TiO2 films (6.0 μm mesoporous TiO2 (30 nm average particle size) 
and 4.0 μm scattering TiO2 (400 nm average particle size)) were used for the fab-
rication of all DSCs. Platinum-coated conducting glass was used as counter elec-
trode. The average performance with a standard deviation over four devices is 
provided; a)The solid-state charge transport matrix was formed from the following 
acetonitrile precursor solutions: 0.20 m Co(II) complex and 0.10 m Co(III) complex; 
b)The solid-state charge transport matrix was formed from the following acetoni-
trile precursor solutions: 0.20 m Co(II) complex, 0.10 m Co(III) complex, 0.05 m 
LiTFSI, and 0.50 m trifluoromethylpyridine.
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transport mechanism. Further studies will be required to elu-
cidate the unusual charge transport properties revealed in this 
work. Solid-state DSCs were fabricated to showcase the applica-
bility of this novel class of solution-processable charge transport 
materials in optoelectronic devices. Respectable solar energy 
conversion efficiencies of 5.7% were achieved in this very first 
application of cobalt complex CTMs in DSCs.

3. Conclusion

To date, the use of transition metal complexes as electronic 
materials has been largely limited to specialized applications 
such as light-emitting diodes where such materials were 
selected based on their superior light emissive properties. Here, 

we have exposed the exceptional potential of transition metal 
complexes as solution-processable electronic charge transport 
materials, an area that has remained largely unexplored to date. 
Similar to their organic counterparts, CTMs based on transi-
tion metal complexes have almost unlimited variability of their 
chemical structure, providing ample opportunity for their solu-
bility, morphology, conductivity, and energy levels to be fine-
tuned, thus extending their applicability far beyond the DSC 
application demonstrated here.

4. Experimental Section
Preparation of Solutions for Conductivity Measurements: All solutions were 

prepared under inert conditions. [Co(bpyPY4)](OTf)2 and [Co(bpyPY4)]-
(OTf)3 were synthesized according to literature procedures.[10] The 
[Co(bpyPY4)](OTf)2.33 solution was prepared by dissolving [Co(bpyPY4)]-
(OTf)2 (175.4 mg, 0.20 m) and [Co(bpyPY4)](OTf)3 (102.6 mg, 0.10 m)  
in acetonitrile (1 mL). Pure [Co(bpyPY4)](OTf)2 solution was made by 
dissolving [Co(bpyPY4)](OTf)2 (87.7 mg, 0.10 m) in acetonitrile (1 mL). 
The [Co(bpy)3](OTf)2.33 solution was prepared by dissolving [Co(bpy)3]
(OTf)2 (165.1 mg, 0.20 m) and [Co(bpy)3](OTf)3 (97.4 mg, 0.10 m) in 
acetonitrile (1 mL). The 10%-doped spiro-OMeTAD solution (0.10 m) was 
made following procedure as previously described by our group.[16]

Preparation of Samples for Conductivity Measurements: Interdigitated 
array (IDA) electrodes used to measure conductivity of the solid-state 
films were purchased from BAS-ALS. The electrodes comprised of 
65 gold electrode pairs spaced 10 μm apart edge-to-edge on a quartz 
substrate. Each electrode was 5 μm wide, 2 mm long, and 90 nm thick. 
The electrodes also contained a non-conducting passivation layer which 
masked most of the substrate, exposing a very defined area of the 
interdigitated gold electrode pairs to the solid-state films. Prior to film 
deposition, the IDA electrodes were thoroughly rinsed with acetonitrile 
and dried under a stream of nitrogen. Under inert conditions, the 
[Co(bpyPY4)](OTf)2.33, [Co(bpyPY4)](OTf)2, [Co(bpy)3](OTf)2.33, and 
10%-doped spiro-OMeTAD compound solutions were drop-cast onto 
the entire area including the passivation layer. As a result, smooth and 
homogeneous thin films formed on the 2 × 2 mm array of electrodes. An 
optical profilometer was used to accurately measure the thicknesses of 
the films on the IDA electrodes.

Room-Temperature Conductivity Measurements: The IDA devices were 
cut and mounted onto chip carriers. Electrical connections from the IDA 
electrodes to the gold attachment pads on the chip carriers were made 
via gold wire bonds. Devices were kept in a nitrogen-filled glovebox and 
the conductivity was measured on a potentiostat. The potentiostat was 
used to cycle the applied voltage between −0.8 and 0.8 V at a scan rate of 
50 mV s−1 while monitoring the output current. The bulk conductivities, 
σ, of the thin films were calculated from the slope of the acquired 
current–voltage curves and by applying the relationship σ = (I/V)(d/
((2n−1)lh)) [S m−1] (where I is the current measured, V is the applied 
bias voltage, d is the electrode spacing, n is the number of electrode 
pairs, l is the electrode length, and h is the film thickness).

Variable Temperature Conductivity Measurements: Conductivity 
measurements over the temperature range 4.5–300 K were performed 
using a Quantum Design Physical Property Measurement System 
(PPMS). IDA samples were loaded into the sample chamber of the PPMS 
and secure electrical connections were made via the gold connector 
pins of the chip carrier. IDAs were sealed in the sample chamber at a 
pressure of 10−2 Torr. At each equilibrated temperature (starting from 
300 K and cooling down to 4.5 K), IDAs were cycled between −0.01 and 
0.01 V at a scan rate of 20 mV s−1 and the conductivity calculated as 
previously described.

Magnetic Measurements: Magnetic susceptibility measurements were 
performed using a Quantum Design MPMS2 SQUID magnetometer. 
Magnetic samples were prepared by adding powdered crystalline 
compounds to a 7 mm diameter quartz tube with a raised quartz 
platform. The sample was restrained with icosane and sealed in 
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Figure 5. a) Current–density voltage curves measured under simulated 
AM1.5G (1000 W m−2) sunlight (solid) and in the dark (dashed) for 
Y123-sensitized solid-state DSCs employing [Co(bpyPY4)](OTf)2.33 (blue) 
and [Co(bpy)3](OTf)2.33 (red) as CTM. The solid-state charge transport 
matrices were formed from the following acetonitrile-based precursor 
solutions: [Co(bpyPY4)](OTf)2.33; 0.20 m [Co(bpyPY4)](OTf)2, 0.10 m 
[Co(bpyPY4)](OTf)3, 0.05 m LiTFSI, and 0.50 m trifluoromethylpyridine. 
[Co(bpy)3](OTf)2.33; 0.20 m [Co(bpy)3](OTf)2, 0.10 m [Co(bpy)3](OTf)3, 
0.05 m LiTFSI, and 0.50 m trifluoromethylpyridine. b) Electron lifetime 
as a function of electron density in the TiO2 electrode for the solid-state 
[Co(bpyPY4)](OTf)2.33 DSC (blue diamonds) shown in (a) and a liquid-
electrolyte DSC with an identical electrolyte composition to the acetoni-
trile-based precursor solution described above (green circles).
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the quartz tube. Direct current (dc) magnetic susceptibility data 
measurements were performed at temperatures ranging from 2 to 300 K 
using applied fields of 1000 Oe. All data were corrected for diamagnetic 
contributions from the icosane and core diamagnetism, estimated using 
Pascal’s constants.[26]

Solar Cell Fabrication: For I–V characterization, working electrodes 
(4 × 4 mm in dimension) comprised a 6.0 μm thick transparent 
mesoporous layer consisting of 30 nm sized TiO2 particles and a 4.0 μm 
thick scattering layer of 400 nm sized TiO2 particles that were screen-
printed onto fluorine doped SnO2 (FTO) conducting glass. For IMVS/
IMPS measurements, working electrodes comprised only a 4.0 μm thick 
transparent layer of 30 nm sized TiO2. These working electrodes were 
sintered at 500 ± 25 °C for 15 min after which they were immersed into 
a 20 × 10−3 m TiCl4 solution at 70 °C for 30 min. The TiCl4-treated TiO2 
working electrodes were reheated with a heat gun at 500 ± 25 °C for 
30 min and immersed into a 1 × 10−6 m solution of 3-{6-{4-[bis(2′,4′-
dihexyloxybiphenyl-4-yl)amino-]phenyl}-4,4-dihexyl-cyclopenta-[2,1-
b:3,4-b′]dithiphene-2-yl}-2-cyanoacrylic acid (Y123) in acetonitrile:toluene 
(1:1) for 24 h. Counter electrode FTO substrates were platinized via 
thermal decomposition of a 10 × 10−3 m chloroplatinic acid solution in 
isopropanol at 400 °C for 14 min. The working and counter electrodes 
were fused together with a 25 μm hot-melt surlyn gasket, forming 
a compartment into which the acetonitrile solutions containing the 
complexes (composition given earlier) was filled through an injecting 
hole via a back-filling technique and the aid of vacuum. For solid-state 
cells, the acetonitrile solution was repeatedly back-filled and the solvent 
removed under vacuum. This was followed by a 4 h drying period on 
a 70 °C hotplate, ensuring complete removal of acetonitrile solvent. A 
glass cover slip backed with hot-melt surlyn was then used to seal the 
injecting hole. Cells were tested immediately after device fabrication.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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