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Principle	  of	  operaFon	  of	  dye	  sensiFzed	  solar	  cells	  



Dye	  sensiFzed	  solar	  cell	  

Typical Dye (N3) 
 
Jsc : 17.73 mA/cm2 

Voc:  0.846 V 
FF:  0.74 
Eff:  11.2% 
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Dynamics of electron transfer reactions  in sensitized  
mesoscopic solar cells   



F. F. De Angelis, S. Fantacci, A. Selloni, M. Grätzel   J. Am. Chem. Soc.  2007!
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Photo-‐induced	  interfacial	  charge	  separaFon	  
occurs	  within	  femtosecpnds	  





The	  DX1	  dye	  harvests	  more	  near	  IR	  light	  in	  the	  750	  -‐900	  nm	  region	  than	  the	  black	  dye	  

Engineering	  of	  Triplet	  Tuning	  

in Supplementary Table S2 and Fig. S4) for the ground-singlet state
to lower-triplet state in DX1E arising from charge-transfer exci-
tation is consistent with the enhanced absorption band.
Accordingly, we conclude that the lowest-energy absorption band
of DX1 and DX1E can be assigned to S–T transitions, allowed by
spin–orbit coupling.

In fact, a spin-forbidden transition gains strength by borrowing
the intensity of the spin-allowed singlet2singlet transition oscillator
strength, fS. In this case, the spin-forbidden transition oscillator
strength fT will depend on the energy gap between the two
excited states and will also depend on the spin–orbit coupling
matrix element connecting the triplet and singlet states20,
fT¼ |kCS|HSO|CTl/(ES2 ET)|

2fS, where CS and CT are the wave-
functions of the singlet and triplet states, ES and ET are the energies
of the singlet and triplet states, respectively, and HSO is the spin–
orbit coupling matrix element connecting the singlet and triplet
states. It is possible to simplify the above equations by using the
molecular orbital f, which is given in linear combination of

atomic orbital (LCAO) format as f¼∑
ubuxu , where xu is an

atomic orbital, and bu is the coefficient of the atomic orbital. If
the atomic weight on one centre is overwhelmingly larger than all
others (for example, the Ru atom), and if the differently populated
atomic orbitals xu and x ′

u are contained in the two configurational
wavefunctions CS and CT, the spin–orbit coupling matrix element
is such that kCS|HSO|CTl≈ 1/2bRub

′
RuzRu, where zRu is the spin–

orbit coupling constant of Ru (zRu¼ 1,042 cm21; ref. 21) and bRu
and b′Ru are the molecular orbital’s coefficients for the Ru centre.
Because coefficients bRu and b′Ru are approximately proportional
to the electron density of the Ru atom, they are very important
factors for spin-forbidden transitions via the internal heavy-atom
effect. According to 31P NMR analysis, the 31P resonance observed
for DX1 is significantly shifted downfield compared with the free
phosphine ligand (d: DX1¼ 170.2 ppm; free ligand¼ 160.1 ppm),
and this result indicates that the phosphine atom of DX1 is posi-
tively polarized on the Ru–P bond. This can be explained in
terms of the relatively small electronegativity of the P atom
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Figure 1 | Chemical structure of sensitizers, absorption and emission of DX1 and BD, and time-resolved emission measurements. a, Molecular structures
of DX1, BD and N719. b, Absorption and emission spectra of DX1 and BD in DMF. Excitation wavelength for the luminescence is 532 nm at room
temperature. c, Absorption spectra of DX1 (top) and BD (bottom) at room temperature (dashed line) and at 77 K (blue solid line), and emission spectra
(red solid line) of DX1 measured in 9:1 vol/vol ethanol/2-methyltetrahydrofuran solution. d, Time-resolved emission measurements of DX1 in 9:1 vol/vol
ethanol/2-methyltetrahydrofuran at 77 K (red line) and at room temperature (green line). RT, room temperature.
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“Black	  dye”	  BD	  

N719	  

	  DOI:	  10.1038/NPHOTON.2013.136	  

DX1	  	  

Jsc	  	  26.8	  mA/cm2	  
Jsc	  19.7	  mA/cm2	   Jsc	  	  23.6	  	  mA/cm2	  

compared with that of the Ru atom. On the other hand, the 15N res-
onance observed for BD shifted by a comparatively large amount
upfield of the free thiocyanate ion (d: BD¼2231.5 ppm (equator-
ial), 2254.8 ppm (axial); free ligand¼2166.0 ppm). This behav-
iour also applies to the isothiocyanato Ru complex22. The upfield
shift indicates that the Ru centre is positively polarized on the
Ru–N bond. From DFT calculations, the assignment of the type
of each molecular orbital is made on the basis of its composition
(shown in Supplementary Table S1, where only the larger contri-
butions of the Ru t2g orbital coefficients are listed). In DX1,
HOMO–HOMO-2 each have one of the three Ru t2g orbital (dxy,
dxz , dyz) characters of 54–66%. In contrast, the molecular orbital
of BD consists of only 19–27% Ru t2g character, with a sizable con-
tribution coming from the isothiocyanate (NCS) ligand orbitals,
which is consistent with a previous study based on DFT calcu-
lations23 (Supplementary Fig. S1). The squared ratio between the
t2g character composition of DX1 and BD is !4–12, and is
roughly consistent with the ratio of spin-forbidden intensity (4×
103:0.6× 103). This suggests that the internal heavy-atom effect of
DX1 is greater than that of BD. This is consistent with the result
from the absorption spectra of the various methylene dihalide sol-
utions, where the Df/fCl is approximately the ratio of the degree
of internal and external heavy-atom effects19 and for BDE is
larger than for DX1E, indicating that DX1E experiences an efficient
internal heavy-atom effect.

DX1 showed phosphorescence lifetimes in solution ranging from
200 ns at a temperature of 77 K to 8 ns at 298 K (room temperature,
Fig. 1d). The very short-lived excited state in room-temperature sol-
ution may be caused by efficient non-radiative decay via strong

spin–orbit coupling. Even this substantially decreased excited-state
lifetime (8 ns) of DX1 is still sufficient for electron injection into
the conduction band (CB) of the TiO2 electrode, because the injec-
tion from the 3MLCT state to the TiO2 conduction band occurs on a
timescale of!10–100 ps (ref. 24). In addition, differential pulse vol-
tammetry (DPV) of DX1 and BD in DMF showed similar HOMO–
LUMO energy levels that are in good agreement with the small
difference between the phosphorescence maxima of the two com-
pounds of !0.03 eV (summarized in Supplementary Fig. S5).
Therefore, when used in a DSSC, DX1 is expected to have driving
forces that are comparable with those of BD for both electron injec-
tion to TiO2 and regeneration of the dye through electron transfer to
the electrolyte (Fig. 2a).

The performances of DSSCs with sensitizers DX1, N719 and BD
were studied for cells using an electrolyte composed of 0.6 M
dimethyl propyl imidazolium iodide (DMPII), 25 mM I2 and
0.1 M LiI in acetonitrile. As shown in Fig. 2b, at wavelengths
longer than 700 nm, the DSSC with DX1 produced higher incident
photon-to-current efficiency (IPCE) values than the cell with BD.
The plateau sensitivity of DX1 fully covers the visible spectrum
between 400 and 800 nm, reaching more than 80% at 800 nm and
extending to 1,020 nm, giving the DX1 photoanode its almost
black colour (Fig. 2d). From the spectrum integration between the
IPCE and the air mass 1.5 global (AM 1.5G) spectral solar photon
flux, the calculated values of Jsc were estimated to be 27.1 (for
DX1), 22.7 (for BD) and 19.4 mA cm22 (for N719). These results
are in excellent agreement with the experimental results for the
three cells operating under standard AM 1.5G solar conditions
(100 mW cm22) (Fig. 2c). A DSSC with DX1 and using a light

Optical density (a.u.)

1MLCT

Near-IR

3MLCT

Dye/ground state

Singlet–
singlet

transition

UV-Vis

DX1

28

24

20

16

12

8

4

0

0.60.50.40.30.20.10.0
Voltage (V)

S1

T1

Singlet–triplet
transition

Singlet–singlet
transition Spin exchange

energyS0 S0

T1

Intersystem
crossing

a 100

90

80

70

60

50

40

30

20

10

0

IP
CE

  (
%

)

1,000900800700600500400300
Wavelength (nm)

 DX1
 BD
 N719

 DX1
 BD
 N719

c
d

b

2.5

2.0

1.5

1.0

0.5

0.0

TiO2 /CB

I3−/ I−

En
er

gy
 (e

V
)

Dye/ground state

UV-Vis

1MLCT

Optical density (a.u.)

e−

e−

Singlet–
singlet

transition

Singlet–
triplet

transition

BD

VOC JSC FF η

 DX1 0.53 26.8 0.54 7.7
 BD 0.56 23.6 0.53 7.0
 N719 0.61 19.7 0.63 7.5Cu

rr
en

t d
en

si
ty

 (m
A

 c
m

−2
)

2.5

2.0

1.5

1.0

0.5

0.0

TiO2/CB

En
er

gy
 (e

V
)

e−

I3−/ I−

e−

Singlet–
triplet

transition

Figure 2 | Energy diagram of the components and device performance of the sensitizers. a, Absorption (solid line) and emission (dashed line) spectra
versus the energy diagrams of BD (left) and DX1 (right). In the singlet-to-singlet transition, the electron transition from S0 to T1 excited states causes energy
loss via spin exchange energy (top). DX1 shows the S–T absorption peak in the near-infrared region. BD has no obvious absorption peak in the same region.
Electron (e2) is injected to conduction band (CB) of TiO2. b, IPCE values for the DSSC: N719 (red), BD (green) and DX1 (blue). The electrolyte solution
contained 0.60 M DMPII, 25 mM I2 and 0.1 M LiI in acetonitrile. c, Current density versus voltage curve characteristics of these devices under solar
illumination (AM 1.5G, 100 mWcm22). Inset: values of VOC (V), JSC (mA cm22), FF and h (%). d, Top: photograph of DX1 adsorbed on TiO2 electrodes
(4 mm× 4 mm) printed on FTO substrates. Bottom: comparison with other dyes: N719 (left), BD (centre) and DX1 (right).
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compared with that of the Ru atom. On the other hand, the 15N res-
onance observed for BD shifted by a comparatively large amount
upfield of the free thiocyanate ion (d: BD¼2231.5 ppm (equator-
ial), 2254.8 ppm (axial); free ligand¼2166.0 ppm). This behav-
iour also applies to the isothiocyanato Ru complex22. The upfield
shift indicates that the Ru centre is positively polarized on the
Ru–N bond. From DFT calculations, the assignment of the type
of each molecular orbital is made on the basis of its composition
(shown in Supplementary Table S1, where only the larger contri-
butions of the Ru t2g orbital coefficients are listed). In DX1,
HOMO–HOMO-2 each have one of the three Ru t2g orbital (dxy,
dxz , dyz) characters of 54–66%. In contrast, the molecular orbital
of BD consists of only 19–27% Ru t2g character, with a sizable con-
tribution coming from the isothiocyanate (NCS) ligand orbitals,
which is consistent with a previous study based on DFT calcu-
lations23 (Supplementary Fig. S1). The squared ratio between the
t2g character composition of DX1 and BD is !4–12, and is
roughly consistent with the ratio of spin-forbidden intensity (4×
103:0.6× 103). This suggests that the internal heavy-atom effect of
DX1 is greater than that of BD. This is consistent with the result
from the absorption spectra of the various methylene dihalide sol-
utions, where the Df/fCl is approximately the ratio of the degree
of internal and external heavy-atom effects19 and for BDE is
larger than for DX1E, indicating that DX1E experiences an efficient
internal heavy-atom effect.

DX1 showed phosphorescence lifetimes in solution ranging from
200 ns at a temperature of 77 K to 8 ns at 298 K (room temperature,
Fig. 1d). The very short-lived excited state in room-temperature sol-
ution may be caused by efficient non-radiative decay via strong

spin–orbit coupling. Even this substantially decreased excited-state
lifetime (8 ns) of DX1 is still sufficient for electron injection into
the conduction band (CB) of the TiO2 electrode, because the injec-
tion from the 3MLCT state to the TiO2 conduction band occurs on a
timescale of!10–100 ps (ref. 24). In addition, differential pulse vol-
tammetry (DPV) of DX1 and BD in DMF showed similar HOMO–
LUMO energy levels that are in good agreement with the small
difference between the phosphorescence maxima of the two com-
pounds of !0.03 eV (summarized in Supplementary Fig. S5).
Therefore, when used in a DSSC, DX1 is expected to have driving
forces that are comparable with those of BD for both electron injec-
tion to TiO2 and regeneration of the dye through electron transfer to
the electrolyte (Fig. 2a).

The performances of DSSCs with sensitizers DX1, N719 and BD
were studied for cells using an electrolyte composed of 0.6 M
dimethyl propyl imidazolium iodide (DMPII), 25 mM I2 and
0.1 M LiI in acetonitrile. As shown in Fig. 2b, at wavelengths
longer than 700 nm, the DSSC with DX1 produced higher incident
photon-to-current efficiency (IPCE) values than the cell with BD.
The plateau sensitivity of DX1 fully covers the visible spectrum
between 400 and 800 nm, reaching more than 80% at 800 nm and
extending to 1,020 nm, giving the DX1 photoanode its almost
black colour (Fig. 2d). From the spectrum integration between the
IPCE and the air mass 1.5 global (AM 1.5G) spectral solar photon
flux, the calculated values of Jsc were estimated to be 27.1 (for
DX1), 22.7 (for BD) and 19.4 mA cm22 (for N719). These results
are in excellent agreement with the experimental results for the
three cells operating under standard AM 1.5G solar conditions
(100 mW cm22) (Fig. 2c). A DSSC with DX1 and using a light
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Figure 2 | Energy diagram of the components and device performance of the sensitizers. a, Absorption (solid line) and emission (dashed line) spectra
versus the energy diagrams of BD (left) and DX1 (right). In the singlet-to-singlet transition, the electron transition from S0 to T1 excited states causes energy
loss via spin exchange energy (top). DX1 shows the S–T absorption peak in the near-infrared region. BD has no obvious absorption peak in the same region.
Electron (e2) is injected to conduction band (CB) of TiO2. b, IPCE values for the DSSC: N719 (red), BD (green) and DX1 (blue). The electrolyte solution
contained 0.60 M DMPII, 25 mM I2 and 0.1 M LiI in acetonitrile. c, Current density versus voltage curve characteristics of these devices under solar
illumination (AM 1.5G, 100 mWcm22). Inset: values of VOC (V), JSC (mA cm22), FF and h (%). d, Top: photograph of DX1 adsorbed on TiO2 electrodes
(4 mm× 4 mm) printed on FTO substrates. Bottom: comparison with other dyes: N719 (left), BD (centre) and DX1 (right).
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Energy	  level	  diagram	  for	  a	  typical	  embodiment	  of	  dye	  sensiFzed	  solar	  cells	  

Co(bpy)3	   0.56 V 

0.35 V 



AbsorpFon	  spectra	  of	  Co2+/Co3+	  and	  iodide/iodine	  based	  electrolytes	  	  
(diluted	  200	  Fmes	  in	  acetonitrile)	  	  



 
 

With ruthenium dyes these cobalt complexes are only effective 
at low light intensities due to ion pair formation leading to 
charge recombination and diffusion limitation of the 
photocurrent !  

JACS, 134, 19438, 2012.  DOI: 10.1021/ja3079016. 



SchemaFc	  representaFon	  of	  the	  higher	  recombinaFon	  probability	  of	  
N719	  with	  respect	  to	  the	  Z907	  dye	  with	  cobalt	  electrolyte.	  	  

!
JOURNAL OF THE AMERICAN CHEMICAL SOCIETY, 134, 19438, 2012.  DOI: 10.1021/ja3079016. 



!

Synthetic scheme leading to complexes 3a and 3b 

!!
(1) ANGEWANDTE CHEMIE-INTERNATIONAL EDITION, 2013, 52, 8731-8735. DOI: 
10.1002/anie.201304608.  (2) ChemSusChem	  (2014),	  7(10),	  2930-‐2938	  .	  	  
 



!

ANGEWANDTE	  CHEMIE-‐INTERNATIONAL	  
EDITION	  	  Volume:	  52	  	  	  Issue:	  33	  	  	  Pages:	  
8731-‐8735	  	  	  DOI:	  10.1002/anie.201304608	  

ELUMO = –1.35, and EHOMO = 0.86 V vs. NHE 
 
418 (23400 M cm–1) and 580 nm (19600 M cm–1)     

!



!

!



Electrolyte:	

Co2+  =  0.22M,  Co3+  =  0.055M,	

LiClO4  =  0.1M,  tbp  =  0.2M  in  ACN	

Dye  Solution:	

0.1mM  Y123  in  Tert-‐‑Butanol  /  Acetonitrile  1:1  v/
v	

[Co(II/III)(bpy)3](B(CN)4)2/3	

TC
O

 
Transparent  layer:  5µμm  of  20nm  particle,  32nm  pore  size  

TiO2	

ScaEering  layer:  5µμm  400nm  TiO2	
 

ChemSusChem	  	  (2011),	  	  4(5),	  	  591-‐594.	  	  



Co(III(bipy)3)/Co(II)(bipy)3	  with	  Y123	  dye	  	  

ChemSusChem	  	  (2011),	  	  4(5),	  	  591-‐594.	  	  

V(oc)  	
mV	

J(sc)	
mA/cm^2	

FF	 PCE	
%	

889	 16.4	 0.69	 10.02	



0.86 V 
0.96 V 

0.56 V 

0.35 V 



Electrochemical characterization of Co-complexes FK107 
 

N

N

N N

N

N

NN

Co

2+

Redox potential: 0.86 V vs. 
NHE* 

* Fc/Fc+ was used as internal 
standard and +0.64 V  

Nature	  CommunicaFons	  (2012),	  3(Jan.),	  1655	  	  	  



5.6 µm thin transparent nanoporous TiO2 (anatase) film 
Y123 sensitizer   

Nature	  CommunicaFons	  (2012),	  3(Jan.),	  1655	  	  	  



DSCs	  consisFng	  of	  a	  5.6	  µm	  thin	  transparent	  nanoporous	  TiO2	  
(anatase)	  film,	  the	  Y123	  sensiFzer.	  
The	  I-‐/I3-‐	  system	  resulted	  in	  13.01	  mA	  cm-‐2	  Jsc,	  754	  mV	  Voc,	  and	  0.67	  
FF,	  yielding	  conversion	  efficiency	  of	  6.57%.	  
The	  [Co(bpy-‐pz)2]2+/3+	  redox	  system	  	  gave	  Jsc	  12.54	  mA	  cm-‐2,	  	  
Voc	  1018	  mV,	  	  FF	  of	  0.69,	  yielding	  PCE	  (η)	  8.87%.	  
	  	  

Nature	  CommunicaFons	  (2012),	  3(Jan.),	  1655	  	  	  



Pt	  free	  Counter	  Electrode:	  PEDOT,	  PProDOT	  

 

Nature	  CommunicaFons	  (2012),	  3,	  1655	  	  	  



Photovoltaic characteristics of DSC based on [Co(bpy-pz)2]2+/3+ system  
employing the double layered TiO2 (5.6 + 5 µm) and Pt counter electrode (A), 
Employing the double layered TiO2 (4.0 + 4.5 µm) and the PProDOT (B) 
 

   Pt counter electrode   PProDOT counter electrode 
Jsc (mA cm-1) = 13.45      13.06 
Voc (mV) = 1015       998 
FF (%)  = 69.7        77 
η (%)  = 9.52        10.08 
 
 

A B 

Nature	  CommunicaFons	  (2012),	  3,	  1655	  	  	  
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that the electron lifetime increases as soon as sufficient dark current
is channelled over the mesoporous TiO2. To elucidate the origin of
this result, more in-depth studies will be necessary which extend
beyond the scope of this rapid communication.

Discussion
We increased the red light response of asymmetric DPP dyes by
judicious engineering of the sensitizer molecular structure.
Replacing the phenylcyanoacrylic acid of DPP07 with the furanyl-
cyanoacrylic acid anchor of DPP13 is confirmed to enhance absorp-
tion properties and the incident photon-to-electron conversion

efficiency. By employing strongly electron donating indoline groups
in DPP14, DPP15, and DPP17 a further ,10 nm red-shift in the
low-energy absorption band compared to DPP13 was achieved and
in particular the slightly extended conjugation of the indoline donor
on DPP17 drove the high-energy absorption into the visible region.
These sensitizers provided the highest performance for DPP-based
sensitizers, to date. Maximum power conversion efficiencies of 8–
10% were achieved with the cobalt redox system, in particular over
9% for DPP15 and greater than 10% for DPP17. Incorporating 2,4-
bishexyloxybiphenyl steric bulk on the donors of DPP15 and DPP17
provided enhanced Voc and PCE for these sensitizers compared to
DPP14. In fact, DPP15 and DPP17 firmly establish DPP-based dyes
as one of the highest classes of organic dyes known in DSCs.
Moreover, all dyes show an aesthetically pleasing blue colour both
in solution and on the TiO2 film. Future rational design for the DPP
dye should be towards increasing output voltage, leading to further
increased power conversion efficiency.

Methods
Synthetic Methods andMaterials.All detailed synthetic procedures are described in
SI.

DSC fabrication. DSCs were prepared using a previously reported procedure30,31. In
brief, the TiO2 transparent electrodes composed of ,20 nm anatase resulting in
,30 nm pore on fluorine doped thin oxide (FTO, 4 mm thickness, 10 ohms/sq,
Nippon Sheet Glass, Japan) conducting glass were controlled to get a desired
thickness, e.g.,3.5 mm.A 4, 5 mmscattering layer (400 nm, CCIC, HPW-400) was
printed on the top of the transparent layer to increase light path length by scattering.
The TiO2 electrodes were immersed into a 0.025 mM solution of a dye with 1.25 mM
(DPP07, DPP13) or 2.5 mM (DPP14, 15, 17) of 3a,7a-dihydroxy-5b-cholic acid
(chenodeoxycholic acid) in 4-tert-butanol/acetonitrile mixture (151 v/v) and kept for
15 h at room temperature. Two electrolyte were applied: EL_I (iodine based
electrolyte contains 0.6 M 1,3-dimethylimidazolium iodide, 0.03 M I2, 0.05 M LiI,
0.05 M guanidinium thiocyanate, and 0.25 M 4-tert-butylpyridine in 15/85 (v/v)
mixture of valeronitrile and acetonitrile) and EL_Co (cobalt tris-bpy based electrolyte
contains 0.22 M Co(II), 0.05 M Co(III), 0.1 M LiClO4, and 0.2 M 4-tert-
butylpyridine in acetonitrile). As for the counter electrode, a platinized counter
electrode and carbonaceous catalyst FTO (TEC 15 ohms/sq, Pilkington) were used
for EL_I and EL_Co electrolyte system, respectively. The carbonaceous typed catalyst
has been in general known to perform better than Pt owing to the low charge transfer
resistance particularly for the cobalt redox system40–42. The dye-adsorbed TiO2
electrode and the counter electrode were assembled into a sealed sandwich type cell
with a gap of a hot-melt ionomer film, Surlyn (25 mm, Du-Pont).

DSC characterization. A 450 W xenon light source (Oriel, USA) was used to
characterize the solar cells. The spectral output of the lamp wasmatched in the region
of 350–750 nm with the aid of a Schott K113 Tempax sunlight filter (Präzisions Glas
& Optik GmbH, Germany) so as to reduce the mismatch between the simulated and
true solar spectra to less than 4%. The current–voltage characteristics of the cell under

Figure 4 | Colour of DPP07, 13, 14, 15, and 17 (from left to right).
(a) DPP dyes are dissolved in THF solution (0.025 mM) and (b) DPP dyes
are adsorbed on 3 mm thick TiO2 film.

Figure 5 | EIS result of DPP17 device. (a) The contact and substrate resistance (RS, closed circles), the charge transfer resistance at counter electrode
(RCE, open squares), theWarburg diffusion resistance (RElectrolyte, dotted line with open circles), the total series resistance (RAll,series, dash dotted line with
closed triangles) of EL_I (black lines) and EL_Co (red lines) systems. (b) Charge transport resistance, (Rtrans, open circles), recombination resistance,
(Rrec, closed circles), and chemical capacitance of the TiO2, (CChem, closed squares with dashed line) of EL_I (black lines) and EL_Co (red lines)
based device under illumination of ,1 sun by LED plotted against the IR drop corrected potential. (c) Electron lifetime (te, solid) and transport time
(ttrans, dotted line) plotted against the DOS.
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promising chromophore into a suitable DSC sensitizer, utilizing the
donor-chromophore-anchor (D-C-A) motif. Towards elucidating
the potential of DPP in DSC devices, we recently completed two
structure-property relationship studies: the first examined the sym-
metric thienyl-DPP (ThDPP) core30 and the second exposed the
benefits of an asymmetric phenyl-DPP-thienyl (PhDPPTh) core31.
We discovered that the asymmetric DPP core (DPP07) enhanced
device performance, despite a loss in absorption breadth compared
the symmetrical analogue. Indeed, the maximum absorbance of
DPP07 was ,80 nm blue-shifted compared to the symmetric
DPP03 sensitizer. Nevertheless, DPP07 yielded 7.8% PCE compared
to the 4.9% PCE achieved by DPP03. In order to improve upon
the DPP07 design, here we attempt to recover the red light response
by further engineering the bridge conjugation and modulating
the donor group; this structure-property relationship was investi-
gated in the context of both I32/I2 and Co[(bpy)3]31/21-based
electrolyte devices. By rational design, DPP17 yields the first example
of a high-performance blue DSC, over 10% PCE, with the
[Co(bpy)3]31/21electrolyte at full AM 1.5 G simulated sun light – a
challenge unmet since the inception of this photovoltaic technology.
Spectroscopic, electrochemical, and quantum chemical investi-
gations of these sensitizers were undertaken to understand how
structural modifications to the DPP chromophore affect the colour
and performance properties of finished DSC devices.

Results
Compared to the phenylcyanoacrylic acid anchor of DPP0731, here
the furanylcyanoacrylic acid anchor is employed for all the sensitizers,
aiming to increase the influence of the cyanoacrylic acid acceptor
group. To further maximize the donor-acceptor effect on the DPP
chromophore, the electron donating amine was installed on the thio-
phene unit of the asymmetric PhDPPTh structure, ensuring planarity
and facile electronic communication to the relatively electron defi-
cient bicyclic double lactam core. The standard p-hexyloxytriphenyl

amine donor was employed as well as indoline-based donors with
varying steric bulk. When implementing the cobalt redox shuttle,
suppressing counter-productive charge carrier recombination
between the electrolyte and the TiO2 surface is critical to realizing
maximum device performance; bulky alkoxy moieties have recently
been shown to alleviate this loss mechanism4,5. Here, we employ
indoline donors with increasing alkoxy bulk, from DPP14 to
DPP15 to DPP17 (see molecular structures in Figure 1a).
The optical and electrochemical properties of all dyes are sum-

marized in Table 1. Replacing the anchoring phenyl ring of DPP07
with the furan ring of DPP13 provides a ,20 nm red-shift in the
charge-transfer (CT) light absorption band in combination with
increased intensity of the CT band compared to the higher energy
band. Additionally, a bathochromic shift of the higher energy band is
observed as shown in Figure 1b, as discussed with the computational
results below. By employing strongly electron donating indoline
groups in DPP14, DPP15, and DPP17 a further ,10 nm red-shift
in the low-energy excitation compared to DPP13 was observed. It is
worth noting that the slightly extended conjugation of the indoline
donor on DPP17 drives the high-energy absorption into the visible
region, ,15 nm red-shifted compared to DPP14 and DPP15, and
dramatically increases the molar extinction coefficient in this region
up to ,65,000 M21 cm21. This red-shifted high-energy absorption
peak increases the light harvesting efficiency overall, leading to
enhanced photocurrent. Importantly, all these DPP sensitizers
absorb 400 nm light, while exhibiting relatively less absorption in
the 450–500 nm range, manifesting the observed blue colour.
Given that density functional theory (DFT) has become a powerful

tool for the materials chemist32, we set out to further understand the
molecular properties of this series with DFT-based quantum chem-
ical calculations. Structurally similar compounds, Pechmann dyes,
were recently investigated computationally33, and some of the func-
tionals and basis sets that were determined to be the best for that
study were adopted here. Particularly, an extensive study concerning

Figure 1 | Molecular structures and optical properties. (a) Molecular structures of the investigated sensitizers. (b) All UV-Vis spectra DPP07 (orange),
DPP13 (black), DPP14 (blue), DPP15 (green), and DPP17 (red) measured in THF (,2 3 1025 M).
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Jsc	  (mA/cm2)	   Voc	  (mV)	   ff	   PCE	  (%)	  

DPP20	   17.3	   776	   0.75	   10.05	  

DPP20	  +	  NT35	   17.9	   794	   0.73	   10.38	  

On 4+4 um double layer TiO2 film and the use of the cobalt electrolyte 
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Subtle	  changes	  in	  porphyrine	  structure	  produce	  large	  effect	  on	  PV	  performance	  


