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[Ru(LH),(NCS)(4-tert-butylpyridine)][N(Bu)4] and
[Ru(LH),(NCS)(1-methylbenzimidazole)][N(Bu)4]
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The dye-sensitized solar cell N719 thermal degradation
products [Ru(LH),(NCS)(4-tert-butylpyridine)|[N(Bu),] (1)
and [Ru(LH),(NCS)(1-methylbenzimidazole)][N(Bu)s] (2)
were synthesized from [Ru(LH),(NCS),][N(Bu)y], (N719), (L
= 2,2'-bipyridyl-4,4'-dicarboxylic acid) and characterized by
electrospray mass spectrometry and NMR spectroscopy. Dye-
sensitized solar cells (DSCs or DSSCs) prepared with 1 and
2 have efficiencies that are three and two times lower than
N719 cells, respectively. Analysis of the UV/Vis and incident-
photon-to-current efficiency (IPCE) spectra indicates that the
main reason for the reduced efficiencies is a reduced electron
collection efficiency (7.on). The substituted dyes give rise to
lower potentials and currents. When measured at open cir-
cuit voltage illumination, the impedance is very different for

such cells relative to N719 cells. Furthermore, the lifetime
(ter) Of the electrons in the TiO, is reduced by a factor of
around ten. The low 7.4 values may be related to the positive
charge on dyes 1 and 2, which results in an enhanced local
concentration of I3~ near the photoanode and thereby a
higher dark current. N719 cells at higher temperature result
in slightly lower potentials, and this alone leads to a change
in impedance response when measured at open circuit volt-
age. The same parts of the impedance spectrum are affected
(i.e., the interface between the photoanode and the electro-
lyte is affected in the same way) when we compare data from
N719 heated cells and DSCs prepared with 1 or 2 and not
thermally treated.

Introduction

Dye-sensitized solar cells (DSC) have received wide-
spread interest due to their potential as low-cost photovol-
taics.l'81 DSCs with areas less than 1.3 cm? have been pre-
pared with efficiencies of 7-8% by using the ruthenium dye
N719 as sensitizer and an electrolyte mixture that comprises
Lil (0.1 M), hexylmethylimidazolium iodide (0.6 m), I,
(0.05 M), and high concentrations of the additive 4-fert-bu-
tylpyridine (4-TBP) or 1-methylbenzimidazole (MBI) dis-
solved in acetonitrile!” (see Figure 1).

4-TBP and MBI as electrolyte additives increase the V.
of the DSC by 200-300 mV and the overall efficiency of the
DSC by 1-2%.19121 Whereas these additives have a very
positive effect on the efficiency of the cell, they cause prob-
lems with thiocyanate-containing sensitizers in terms of
thiocyanate substitution reactions at elevated temperatures.
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Figure 1. Structures of ruthenium dye N719, DSC electrolyte addi-
tives 4-TBP and MBI, and additive substitution products 1 and 2;
LH, = 2,2'-bipyridyl-4,4'-dicarboxylic acid.

We have recently shown that ruthenium dyes N719 and
7907 may undergo ligand-substitution reactions with 3-
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methoxypropionitrile (3-MPN) and 4-TBP at elevated tem-
peratures (>80 °C) according to the mechanism shown in
Equations (1), (2), and (3).113-13]

[Ru(LH),(NCS),]?
NCS-

+ 3-MPN = [Ru(LH),(NCS)(3-MPN)]" +

M

[Ru(LH),(NCS)(3-MPN)]" + 4-TBP = [Ru(LH),(NCS)(4-TBP)] +
3-MPN 2)

[Ru(LH)»(NCS),]> + 4-TBP = [Ru(LH),(NCS)4-TBP)]" + NCS"
(3)

The half-life of the N719 dye at 85 °C in DSCs prepared
with an electrolyte that contains 4-TBP is 120 h, which is
far less than that required to fulfill the 1000 h standard
thermal/light-soaking stress test at 85 °C.['1 The MBI addi-
tive reacts with N719 by a similar mechanism with a half-
life of about 300 h.['”!

The thermal degradation products of N719,
[Ru(LH)>(NCS)(4-TBP)]~, and [Ru(LH),(NCS)(MBI)|", are
themselves sensitizers, and it may therefore be argued that
transformation of the N719 dye to [Ru(LH),(NCS)(addi-
tive)]” may only have a minor influence on the DSC per-
formance.

In this work we compare the photovoltaic performance
and characteristics of DSCs prepared with the substitution
products 1 and 2 to those of N719. These cells are referred
to as DSCN719, DSC1 and DSC2 in the following dis-
cussion. The substitution products were synthesized, char-
acterized, and applied as dyes in DSCs, and their perform-
ance characteristics were tested by using current-voltage
(J-V) curves and incident-photon-to-current efficiency
(IPCE) measurements. Furthermore, electrochemical im-
pedance spectroscopy (EIS) was applied to DSC1 and 2,
and the results were compared with similar data obtained
in a similar manner for freshly prepared and thermally aged
DSCN719.

Results and Discussion

Synthesis of 1 and 2

Products 1 and 2 (Figure 1) were synthesized by heating
N719 with either 4-TBP or MBI in dimethylformamide
(DMF) at 120 °C for 48 h. DMF was chosen as solvent,
because it does not react with N719 by thiocyanate ligand
substitution like 3-methoxypropionitrile. Products 1 and 2
were purified by using a strong cation-exchange column
and by taking advantage of the fact that the charges of the
complexes are +1 at low pH. Minor amounts of unreacted
N719, DMF, and other neutral impurities were removed by
the ion-exchange purification. As shown in Figure 2, the
chromatogram from LC-UV/Vis—MS analysis of the puri-
fied product of the reaction between N719 and MBI only
contains one peak at a retention time (¢g) of 24 min. The
peak may be identified as fully protonated product
[RuL,(NCS)(MBI)]* (2) (DSC2) on the basis of an absorp-
tion maximum at A = 518 nm and a molecular ion [M]*
2534
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value of m/z = 780. The identification is furthermore sup-
ported by a fragmentation of the MBI ligand by MS?: m/z
= 780 — m/z = 648, which is similar to the fragmentation
previously reported for complex 1.1

1.5x107 780
210107
2
5 [}
4.0x10 E 5.0x10°
> 648
3 0
5 600 700 800
E 2.0x105 4 m/z
o l\"—J T T
24 28
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Figure 2. LC-UV/Vis chromatogram obtained at A, in the inter-
val 400-800 nm of a sample of the purified fully protonated substi-
tution product 2. The inset shows an electrospray mass spectrum
of the fully protonated compound [RuL,(NCS)(MBD]* (2).

NMR Spectroscopic Characterization of 2

The 'H and '*C NMR spectra of 2 show no sign of sym-
metry. Furthermore, both in D,O and in a D,O/[D6]DMF
(1:1) mixture, a number of resonances are broad. Both solu-
tions were made basic with NaOH to increase the solubility.
Cooling of the solutions to 5 °C led to new resonances both
in D,O and in a D,O/[D6]DMF (1:1), but the new reso-
nances were less intense than the original ones.

The '"H NMR spectra in D,O are very complex, and
most of the resonances are broad. The discussion will there-
fore concentrate on the spectra in D,O/[D6]DMF (1:1)
(Figure 3). In the '"H NMR spectra at 25 °C shown in Fig-
ure 3a, the H-5 resonances are sharp, and so are those from
the 1-methylimidazole moiety, with the exception of H-2.
The H-3 protons are divided into two groups. Two are
sharp and two are broad, whereas all H-6 protons are broad
at 600 MHz but sharper and show splittings due to cou-
plings at 300 MHz. H-2F and H-4E are also broad. The
H-6 protons have rather different 'H chemical shifts (see
Figure 3a). Upon cooling to 5 °C, three of the four H-6
resonances and the H-2 resonance split into two at
600 MHz. A similar effect can be seen at 300 MHz at
-20 °C (Figure 3b).

The '3C NMR spectrum shows separate signals for all
carbon atoms, but some signals are broad. As the solubility
of the compound is limited, it was not possible to obtain a
13C NMR spectrum at low temperature. The broad reso-
nances are ascribed to resonances that come from C-6-type
carbon atoms. The 3C NMR chemical shift of the NCS
group is at 0 = 137.0 ppm, which shows that this is coordi-
nated to the nitrogen.l'® Complex 2, which has only one
NCS ligand, provides a possibility for testing the hypothesis
by Shklover et al. that the proton chemical shifts of the

Eur. J. Inorg. Chem. 2011, 2533-2539
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Figure 3. (a) 600 MHz 'H NMR spectrum of the aromatic region of 2 at 25 °C in D,O/DMF (1:1). (b) 300 MHz '"H NMR spectrum of

the same region but at —20 °C.

pyridine ring trans to the NCS ligand are the ones at low
field.['® From the '*C NMR spectrum, it can be determined
that all four C-4 carbon atoms are rather close in chemical
shift, and so are those of C-3, C-5, and possibly also C-2
and C-6. In other words, trans coordination does not lead
to any dramatic influence on '3C NMR chemical shifts.

In the '"H NMR spectrum, the rather low-field shift of
the H-3 protons can be explained by mutual polarization
as, for example, observed for the H-4 and H-5 protons of
phenanthrene.'”) For H-6, the two high-field positions in
N719 may be caused by ring currents. In 2, the third H-6
proton is also shifted to high field, as this is now positioned
above the face of the MBI rings. NCS may play a general
role but, according to our results, not a stereospecific one.

Structural Implications

The '"H NMR chemical shifts of 2 are to a large extent
similar to those of N719.1'8 The main difference is the shift
of one of the H-6 protons, which is shifted to high field by
approximately 1 ppm in 2. This can best be explained by
the new position of this proton above the surface of the
MBI rings, subjecting it to a high-field shift. The broadness
of the H-6 protons, two of the H-3 protons, and the H-
2(F) and H-4(F) protons at 600 MHz suggests a structural
averaging. The finding of two sets of resonances at lower
temperature suggests two different forms as shown in Fig-
ure 4. The A form seems to be the most stable as judged

Eur. J. Inorg. Chem. 2011, 2533-2539
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from the H-2(F) and H-4(F) chemical shifts. The slight dif-
ferences in the H-6 chemical shifts of the two forms, despite
the fact that the H-6C proton is not close to the MBI rings,
can be explained by the slight variation in positions of the
bipyridyl rings in the two forms, which leads to different
ring current effects.

Figure 4. Two different forms of 2 calculated with the Gaussian 09
package.

Calculations

Structures are calculated with the Gaussian 09 pack-
age.l”?! Hartree-Fock (HF) type calculations were carried
out with a STO-3G(d,p) basis set. The obtained structures
are rather similar to the X-ray structure for the tetraester
of N719.11¢1 The two structures in Figure 4 are very similar
2535
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with respect to the [Ru(LH),(NCS)] part. Only the MBI
molecule has two different orientations. This leads to some
minor distance changes in the [Ru(LH),(NCS)] part.

The Performance of 1 and 2 as Sensitizers

Figure 5 shows the UV/Vis spectra of the two additive
substitution products 1 and 2 obtained in ethanol together
with the spectrum of N719.

3- — N719

— 1

-2

Absorbance
b

-
1

(-]

600 800

Wavelength / nm

400

Figure 5. UV/Vis spectra of N719, 1, and 2 obtained in ethanol.
The absorption maxima of the three compounds are 535, 503, and
510 nm, respectively.

As shown in Figure 5, the spectra of 1 and 2 are blue-
shifted by 32 and 25 nm relative to N719. The blue-shifts
of 1 and 2 would reduce the efficiencies of the two cells
relative to a N719 cell by around 25% and around 15%, in
that order, assuming that all other parameters of the three
cells were identical and an AM1.5 light intensity distribu-
tion.

Figure 6 shows incident-photon-to-current efficiency [IP-
CE(A)] curves of DSCs prepared with N719, 1, or 2 with
MBI as electrolyte additive.

1.0
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0.5
N 2

- ———

T TN

war T Ry ~
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e S~

0.0 T 1
400
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Figure 6. DSCs prepared with N719, 1, and 2 as sensitizers with
MBI as additive. The IPCE measurements are not corrected for
light reflections.

Figure 6 shows that the IPCE of DSC1 and DSC2 are
reduced relative to that of DSCN719. The maximum quan-
tum yields of the three dyes 1, 2, and N719 at their respec-
tive absorption maxima are 0.27, 0.32, and 0.80. The re-
duction in IPCE(4) = LHE(4) ¢inj#con (for which ¢, and
Neon are the injection and electron collection efficiencies,
respectively) cannot be explained by differences in the light
absorption harvesting efficiencies [LHE(Z)] of the three
dyes, and the differences have to be attributed to a reduced
value of @i 77con.? The 173y is likely to be close to around 1
2536

WWW.eurjic.org

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

for all the three dyes, and 7., may therefore be identified
as the main parameter responsible for the reduction in the
IPCE values of DSC1 and DSC2.

The J-V curves of DSCs N719, 1, and 2 with 4-TBP
and MBI as additives were obtained at a light intensity of
100 Wm 2 from a Xenon light source with a spectral distri-
bution close to that of the AM1.5 standard. The J—V curves
with MBI as additive are shown in Figure 7, and the effi-
ciencies of the cells are shown in Figure 8. All the perform-
ance data (energy conversion efficiency, #, short current, I,
open circuit voltage, V., and fill factor, FF) are shown in
Table 1.

N719

J I mAcm?

0.0 T
400
VimV

0 200

Figure 7. The J-V curves of DSCs prepared with N719, 1, and 2
as sensitizers and MBI as additive obtained at 100 Wm2.

E=E N719

Efficiency/ %

Figure 8. Efficiencies of four sets of DSCs prepared with N719, 1,
and 2 as dyes and MBI as additive.

Table 1. DSC performance data obtained at 100 Wm=—=2.*? The
DSCs were prepared with N719, 1, and 2 as sensitizers, and MBI
and 4-TBP as additives.

Additive I, [mA] V. [mV] FF 0 [%]
N719 15.68 631.61 0.64 7.05
2 MBI 6.96 55382 0.72 3.23
1 6.26 54394 0.6 2.61
N719 13.62 59596  0.59 6.20
2 4TBP  6.48 555.03  0.70 3.07
1 6.67 53549  0.63 2.77

[a] Cell areas: 8 cm?. [b] Average values for three cells.

As shown in Figure 8 and Table I, the efficiencies of
DSC1 and DSC2 are reduced by a factor of three and two,
respectively, relative to DSCN719. The reduced efficiency
of DSC1 and DSC2 is mainly related to reduction of the
short current, I, which is closely linked to the IPCE. The
observation of nearly the same reduction of the I and
IPCE values of 1 and 2 relative to N719 (by a factor of 2—
3) is therefore not surprising.

Eur. J. Inorg. Chem. 2011, 2533-2539
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Electrochemical Impedance Spectroscopy

EIS analysis was performed on DSCN719, DSCI1, and
DSC2 with MBI and 4-TBP as additives. Normal cells pre-
pared with N719 were heated at 85 °C for 20 and 140 h,
and they were characterized before and after heating. Rep-
resentative Bode and Nyquist plots are shown in Figures 9
and 10. For details on the interpretation of solar cell im-
pedance data, see ref.[>]

-30 o 2
o 2 %
C
== e N719 L
e N719 oy
H °
-~
— -20 = EB.. 'Y
> o of
Q@ ° s o Ll o2
2=l ° - g° * =g
© L]
o L Dﬁ * %e
8 10 = % 4 L
e e . 5 e Se
g o0 S
‘ - -
-5 4 [ ] - =)
oo e
QEQ DE.‘
[
0l 8
10° 10" 10° 10’ 10° 10° 10 10°

Log f [Hz]

Figure 9. Phase angle vs. frequency for two cells of DSCN719
(black circles) and two cells of DSC2 (squares). EIS data were ob-
tained under illumination. All cells contained MBI as additive.
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Figure 10. Nyquist plot showing data from two cells of DSC2 with
MBI as additive. The positive values in Z'’ are the highest fre-
quency data and show the effect of contacts and leads. The two
main arcs (counterelectrode arc at highest frequency and photoe-
lectrode arc at middle frequency) overlap, and detailed analysis is
somewhat difficult.

The impedance shows the same general feature for both
cells DSC1 and DSC2, no matter what additive was used.
Examples of these curves are shown in Figures 9 and 10.
Figure 9 shows the phase part of the impedance as a func-
tion of frequency for cells DSCN719 and DSC2. A DSC
phase plot (Bode type plot) obtained at moderate potentials
will usually contain three peaks. In the kHz region, we see
a peak that is associated with the charge transfer at the
counterelectrode, and in the 1-10 Hz region, the peak corre-
sponds to the photoelectrode impedance. The latter im-
pedance is not a simple charge-transfer process but can be
modeled by an electric transmission line (TL) model.?%! In

Eur. J. Inorg. Chem. 2011, 2533-2539
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the mHz region, one sometimes observes a peak that is as-
sociated with ionic diffusion in the electrolyte, but in most
cases the impedance data obtained in this work do not show
any clear features of this kind. Similarly, a Nyquist plot
representation will show three more or less pronounced arcs
that correspond to the above-mentioned processes. The
Nyquist plot (Figure 10) is difficult to interpret because of
the very dominating counterelectrode (CE) arc at the high
frequencies. The big CE arc is caused by voltage loss in the
glass substrate. Pilkington K-glass is not optimized for
DSC purposes and it has a high sheet resistance.

On average, DSCI1 cells reached 0.514 V with 4-TBP as
additive, but only 0.491 V with MBI as additives, whereas
DSC2 cells reached 0.544 V and 0.548 V with the same ad-
ditives as used for DSCI. In comparison, DSCN719 cells
were able to reach slightly higher potentials at 0.562 V and
0.596 V.

One way of illustrating the consequence of the lower po-
tentials caused by degraded dyes is to calculate the electron
lifetime 7. for the TiO, photoelectrode part of the cell.

From the Bode plots, the electron lifetimes were obtained
for DSCs prepared with 1, 2, and N719. An estimated value
for electron lifetime in the photoelectrode, 7efr = Riec CpE,
for which R, is the resistance towards recombination and
Cpg is the capacitance of the TiO,|electrolyte interface, can
be derived from the Bode plot by using Equation (4).

1
Tor =
§ 2 ﬂ:f min (4)

The f,;, value is read off the Bode plot at the phase angle
peak observed around 1-10 Hz. The N719 cells were also
characterized after 20 and 140 h in the dark at 85 °C. The
electron lifetimes 7. are shown in Table 2.

Table 2. Electron lifetimes of the injected electrons in the TiO, con-
duction band of DSC1, DSC2 and DSCN719 cells stored between
0-140 h in dark at 85 °C.[2-bI

Dye Additivel® Heating time [h] 7 [S]
at 85 °C
N719 4-TBP 0 0.168
N719 MBI 0 0.188
N719 No additive 0 0.159
1 4-TBP 0 0.032
1 MBI 0 0.020
2 4-TBP 0 0.053
2 MBI 0 0.015
N719 4-TBP 20 0.024
N719 MBI 20 0.130
N719 No additive 20 0.052
N719 4-TBP 140 0.005
N719 MBI 140 0.011
N719 No additive 140 0.002

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[a] The e values were read off from the Bode plots in Figure 10.
[b] The lifetimes are average values obtained from at least two cells.
[c] [additive] = 0.5 m.

The electron lifetimes for cells with N719 that have been
heated at 85°C resemble those measured in DSC1 or
DSC2. The EIS analysis could therefore suggest that the
2537
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some of the drop in the electron lifetime in the thermally
treated DSCs is caused by the formation of the N719 substi-
tution products 1 and 2, which is in agreement with our
previous conclusions based on HPLC product analysis of
thermally treated cells.!3 151 A much more detailed account
of the determinations and analysis of the electron lifetime
Togr in TiO, will be given elsewhere.?!]

One observation that may explain some of the reduced
performance of the heated cells DSCN719 and the cells
DSC1 and DSC2 is that these cells, according to our investi-
gations, share the same electric characteristics of the photo-
electrode—electrolyte interface. By the thermal treatment of
DSCNT719, or equivalently, by preparing the cells with the
substitution products 1 or 2, the charge of the interface be-
comes more positive relative to the N719-dyed interphase.
A positive charge located on the nitrogen atoms of the pyr-
idine or benzimidazole ligands of the substituted dye at-
tached to the TiO, surface will reverse the charge distribu-
tion of the photoanode double layer and thereby facilitate
the incorporation of I3~ into the double layer structure. A
higher outer-surface concentration of Iy in close vicinity to
the electrode would then electrostatically enhance the dark
current and lower the potential, and thereby reduce the
electron lifetime to a lower value than would otherwise be
observed for a more neutral interface.[*?! However, the io-
dide chemistry at the interface seems to be rather complex,
and hence further details in relation to this approach will
be shown elsewhere in a detailed impedance experiment,
which is currently being worked out.[?!]

Conclusions

DSCs prepared with the two N719 thermal additive sub-
stitution products, [Ru(LH),(NCS)(4-zert-butylpyridine)]
(1) and [Ru(LH),(NCS)(1-methylbenzimidazole)] (2), have
efficiencies that are three and two times lower than N719
cells, respectively. Analysis of the UV/Vis and IPCE spectra
indicates that the main cause of the reduced efficiencies is a
reduced electron collection efficiency (1..11). The substituted
dyes perform with lower potentials and currents; the im-
pedance is therefore very different for such cells relative to
DSCN719 cells when measured at open circuit voltage
(open circuit potential) illumination. Furthermore, the life-
time, t.g, of the electrons in TiO, was reduced by a factor
of around ten. This correlated nicely with a reduction in the
Neon Values. The low 7. values may be related to the posi-
tive charge on the dyes of 1 and 2, which results in an en-
hanced local concentration of I3~ near the photoanode and
thereby a higher dark current.

Heated DSCN719 cells result in slightly lower potential,
and this alone leads to a change in impedance response
when measured at open circuit potential. The same parts of
the impedance spectrum are affected when we compare data
from heated DSCN719 cells and DSCs prepared with 1 or
2 and not treated thermally (i.e., the interface between pho-
toanode and the electrolyte is affected in the same way).
2538

WWW.eurjic.org

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Experimental Section

Chemicals: The bis(tetrabutylammonium) salt of the complex
cis-bis(isothiocyanato)bis(2,2'-bipyridyl-4,4’-dicarboxylato)-
ruthenium(II), with the trade name Ruthenium 535-bis TBA, re-
ferred to as N719 in this paper, was obtained from Solaronix SA
(Aubonne, Switzerland). All of the additives were purchased from
Sigma-Aldrich and used as received, while the solvents N,N-di-
methylformamide (DMF) and 3-methoxypropionitrile (3-MPN)
were of HPLC grade and obtained from Merck. Ti-Nanoxide HT
and Ti-Nanoxide D titan dioxide paste and Pt-Catalyst T/SP were
obtained from Solaronix.

Synthesis of 1 and 2: N719 (50 mg) was transferred to a three-
necked round-bottomed flask equipped with a condenser and a gas
bubbler. The powder was dissolved in DMF (20 mL) that contained
either 4-tert-butylpyridine or 1-methylbenzimidazole (0.5 m). The
solution was deaerated with argon for 1 h and heated at 120 °C
under a small flow of argon. After 48 h, water (60 mL) was added,
and the diluted solution was eluted through a strong cation ex-
change column (Varian MEGA-BE-SCX, 1 g, 6 mL) by applying
an IST Vac-Master connected to a water suction pump. DMEF, the
remaining N719, and other impurities were removed by washing
with water and methanol. Products 1 or 2 were eluted from the
SCX column by an eluent of hydrochloric acid/water/methanol
(10:20:70). The SCX eluent was diluted 10 times with water and
eluted through a reverse-phase C18 sep-pack column (Varian
MEGA-BE-CI8, 1 g, 6 mL). The C18 column was carefully washed
with a mixture of acetonitrile/water (10:90), and the substitution
product was eluted with methanol. The methanol was removed by
rotary evaporation, and the product was dried in a vacuum oven
at 40 °C.

Product Analysis by NMR Spectroscopy and LC-MS

The '"H NMR spectra were recorded either with a Varian Mercury
300 or a Varian Inova 600 NMR spectrometer at either 300 or
600 MHz. In the 1D spectrum, the digital resolution was 0.25 Hz,
and the reference was DMF. The '3C spectra were recorded with a
Varian Mercury 300 instrument at 75 MHz at 25 °C. Typically,
20000 scans were collected. The concentration was 30 mg/mL. The
solvent was either D,O or D,O/[D6]DMF (1:1). Both solutions
were made basic with NaOH to increase the solubility. A 2D
HMQC spectrum was also recoded. Correlations to broad 'H and
13C resonances could not be established.

The LC-UV/Vis-ESI-MS equipment and setup used for the product
analysis has recently been described.'”! The heated capillary tem-
perature of the ESI was set to 200 °C, and the following reject ion
mass list for the MS was used: m/z = 391, 519, 529, 547, 585, 591,
592, and 614.

Preparation of DSC: The protocol for the preparation of the DSCs
has recently been described.!3]

Photovoltaic Characterization: A xenon light source was used to
give an irradiance of 100 Wm~=. The spectral output was matched
approximately to AM 1.5 conditions by using a water filter. The
current-voltage (J-V) characteristics of the cell was measured with
a digital source meter (Keithley, USA model 2400). The method
was to apply an external bias under the given illumination condi-
tions and to measure the generated photocurrent.

Incident-Photon-to-Current Efficiency (IPCE): The IPCE measure-
ments were obtained with a home-built IPCE instrument composed
of a sample holder and lenses that focus the light from the mono-
chromator (Oriel 77700 MS257). The light intensities were cal-
ibrated with a Newport 818-UV/CM detector.
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Electrochemical Impedance Spectroscopy (EIS): Solar cells were
characterized by EIS at open circuit potential created by illumina-
tion. The light source used was a 50 W halogen bulb calibrated for
a fluence of 250 Wm 2 at the cell surface. A 3.14 cm? circular aper-
ture was placed over the cell to ensure similar illumination condi-
tions during all measurements. Cells were kept at a constant tem-
perature of 25 °C by means of a small calibrated fan. An IM6ex
electrochemical workstation from Zahner Elektrik was used to re-
cord impedance data at a frequency interval of 1 MHz to 0.01 Hz.
The superimposed probe voltage was set at 10 mV in all experi-
ments. The cells were connected in a two-electrode setup with sense
and counterelectrode connected to the platinized counterelectrode,
and with the work and test electrode connected to the photoelec-
trode. The main samples were cells that contained either N719, 1,
or 2. Data were compared to results obtained in a similar fashion
but for normal and heated cells containing normal N719 dye.
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