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Long-Range m-Conjugation in Phenothiazine-containing
Donor-Acceptor Dyes for Application in Dye-Sensitized

Solar Cells

Mini P. Antony,® Thomas Moehl,” Mateusz Wielopolski,'® Jacques-E. Moser,"
Shantikumar Nair,”™ Yong-Jae Yu,'’ Jong-Hyung Kim," Kwang-Yol Kay,*® ¢ Young-
Sam Jung,™ Kyung Byung Yoon," Carole Gritzel,” Shaik M. Zakeeruddin,**® and

Michael Gratzel*!

Four organic donor-m-bridge-acceptor dyes containing pheno-
thiazine as a spacer and cyanoacrylic acid as an acceptor were
synthesized and tested as sensitizers in dye-sensitized solar
cells (DSCs). The influence of iodide- and cobalt-based redox
electrolytes on the photovoltaic device performance was inves-
tigated. In these new dyes, systematic m-conjugation was ex-
tended by inserting one or two phenothiazine moieties and in-
vestigated within the context of the resulting photoinduced
charge-transfer properties. A detailed investigation, including
transient absorption spectroscopy and quantum chemical

Introduction

Dye sensitized solar cells (DSCs) have attracted considerable at-
tention in recent years owing to low cost and high efficiency.””
The DSCs based on ruthenium sensitizers have reached overall
power conversion efficiency (PCE) of over 11% under standard
AM 1.5G illumination. Many efforts have been devoted to de-
velop efficient metal-free sensitizers for practical use owing to
their high molar absorption coefficient, ease of synthesis, scala-
bility, and structural modifications. The PCE of donor-m-
bridge-acceptor (D-mt-A) organic sensitizers has reached more
than 12% making them attractive candidates for use as sensi-
tizers for DSC.” A zinc porphyrin donor-acceptor dye already
reached 13% power conversion efficiency in conjunction with

methods, provided important information on the role of ex-
tended m-conjugation on the photophysical properties and
photovoltaic device performance. Overall, the results showed
that the extension of m-conjugation by one phenothiazine unit
resulted in the best device performance owing to reduced re-
combination rates, whereas extension by two phenothiazine
units reduced dye adsorption on TiO, probably owing to the
increase in molecular size. The performance of the dyes in
DSCs was found to be a complex interaction between dye
structure and size.

a cobalt-based redox electrolyte.”’ In search of efficient D-m-A
organic sensitizers, several donor groups such as diphenyla-
mine,” carbazole,” triphenylamine, indoline,”” coumarin,®
pyrrolidine,”” and phenothiazine” were used. However, little is
reported on the use of phenothiazine as a m-bridge in D-rt-A
sensitizers."™

Organic dyes containing oligo-phenothiazine were used as
both the electron donor and as the m-conjugated spacer in
sensitizers for DSC. It is additionally reported that long -
bridges can adversely affect photovoltaic device per-
formance.'” In this study we combine these concepts to sys-
tematically varied the m-bridge length by introducing 0, 1, or 2
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phenothiazine units between the donor and acceptor. We
compared the influence of this change on the respective pho-
tovoltaic device performances and photophysical properties.
Phenothiazine groups were also introduced as electron donors
along with the triphenylamine unit to increase the donor
strength and decrease the aggregation."” Compared with triar-
ylamines, commonly used as electron donors, the phenothia-
zine molecule possesses some unique features. Phenothiazine
is an electron rich molecule owing to the presence of electron
rich nitrogen and sulphur in the central ring. Phenothiazine is
a non-planar molecule with a slightly bent structure at the
central ring. The non-planar structure of phenothiazine, and
the presence of alkyl chain on the nitrogen atom, can reduce
molecular aggregation, which would help to reduce charge re-
combination and obtain higher device performance. In this
study four new organic D-m-A dyes containing phenothiazine
as a m-bridge and cyanoacrylic acid as an acceptor were de-
signed, synthesized, and tested as sensitizers in DSCs. To clarify
the relationship between the photovoltaic properties and the
molecular structures, electrochemical studies and photoin-
duced electron transfer properties of these new molecules
were also obtained.

Results and Discussion
Synthesis

The molecular structures of dye A-D are shown in Scheme 1.
The preparation of the organic sensitizers A, B (S1), C (S2), and
D (S3) was performed by following the steps as depicted in
Scheme S1 in the Supporting Information. Every step of the re-
action sequence proceeded smoothly and efficiently to give
a good or moderate yield of the product (see the Supporting
Information for the synthetic details). The model compound A
was synthesized according to the literature method."" The
vinyl groups in compounds S5 and S7 were introduced
through Wittig reactions of the corresponding aldehydes."
The aldehydes S6, S8, and S10 were synthesized by the Heck
reaction between the —Br group of S4 and S9 with the vinyl
group of S5 and S7 using Pd(OAc), as catalyst. Knoevenagel
condensation of compounds S6, S8, and S10 with cyanoacetic
acid in the presence of piperidine produced the sensitizer B
(S1), € (S2) and D (S3), respectively.

\ CN . \ . CsH13
O COOH
O’ QCN

COOH

Scheme 1. Molecular structures of dyes A-D.
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In general extending the m-conjugation of a sensitizer en-
hances the intermolecular interaction and consequently in-
creases dye aggregation, which hinders the device per-
formance. In our case, we designed the dye molecules in such
a way that there is limited dye aggregation on the surface of
the TiO, photoanode owing to the non-planar structure of
phenothiazine. As shown in Scheme 1, sensitizers A-D have
different molecular structures, which are expected to influence
the photovoltaic device performance by affecting the charge-
transport properties of the dye. To clarify the relationship be-
tween the photovoltaic properties and the molecular struc-
tures, photoinduced electron-transfer properties of these mole-
cules were studied and are discussed together with their elec-
trochemical properties in the forth-coming section.

Electronic absorption and energy levels

Figures 1 and S1 show the steady-state absorption spectra of
dyes A-D measured in 0.1 mm chlorobenzene solutions and
adsorbed on 3 pum mesoporous TiO, films, respectively. In
chlorobenzene, all dyes exhibit broad absorptions in the 280-
600 nm region. The absorption band around 500 nm is attrib-
uted to intramolecular charge transfer (ICT) from the donor to
the acceptor. The exact position of the red absorption edge
depends on the chemical structure of the dyes and the conju-
gation length. In particular, it is possible to distinguish two dif-
ferent types of systematic m-conjugation extensions. Consider-
ing dyes A, C, and D, the distance between the electron donat-

60x10°
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0 1 ! : _
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Figure 1. Absorption spectra of A-D in 0.1 mm chlorobenzene solutions.
Color code: A: red; B: blue; C: green, D: black.
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ing difluorene-phenyl amine moiety (DPA) is system-

X . . . Table 1. Absorption features and electronic ground-state properties of A-D.
atically extended by inserting one or two vinylene-

hexylphenothiazine (VHP); this increase in the m-con- Dye g [nm] EP M mV] HOMO®  LUMO"  Dye loading
i i ' mem™)  [eV] (Vvs. NHE)  [eV] leV] [Mcm™?]
jugation length between the donor and acceptor £ M : M
lowers the HOMO-LUMO gap. On the other hand, |A 454 (10861) 232 511 (1.212) —557 —-3.25 13.59
comparing B to C, only the m-conjugation of the |[B 485 (17706) 207 281(0982)  —534 —-327 878

. oo . C 470 (23398) 208 304 (1.005  —537 -3.29 7.40
donor is extended by substitution of the phenyl ring b 474 (24097) 207 205(0908) —527 390 640

in B by a fluorene moiety in C. These two modes of

m-extension— m-bridge or donor extension—have
different effects on the absorption features of the
molecules. Hence, in solution (Figure 1) the absorp-
tion bands are located at longer wavelengths and re-
semble the type of bands expected when extending
the distance between the electron donating part and
the acceptor/anchoring group, that is, the m-conjuga-
tion length. In A, the red maximum is located at ap-

[a] Absorption spectra measured in 0.1 mm chlorobenzene solutions. [b] The molar ex-
tinction coefficient at 1,,,, of the absorption spectra in parentheses. [c] Optical band
gap estimated from the extrapolation of the slope of the low energy UV/Vis band to
the x-axis. [d] The oxidation potential of the dye was measured in CH,Cl, with 0.1m
tetrabutylammonium hexafluophosphate (TBAPF,) as electrolyte at a scan rate of
50 mVs™' with a Pt working electrode, a Pt counter electrode, and Pt reference elec-
trode. Ferrocene (Fc®/Fc) was used as an internal reference (E,,=701 mV vs.
NHE);"™* [e] For estimation of the HOMO energy level, further conversion of the elec-
trochemical scale to vacuum scale was performed using the relationship: E%‘=
eENT—4.36 eV [f] Euyo=Enovo +ES™.

proximately 450 nm with the red absorption edge at

full width half maximum (FWHM) around 498 nm. For

B and D, the maxima resulting from the extension of
m-conjugation is shifted to 498 and 482 nm, respectively.
Thereby the red absorption edges at FWHM peaks shift gradu-
ally from 498 nm to 535 nm when going from A to B/C and
then to 553 nm for D, which reflects the gradual extension of
the donor-acceptor distance. This trend becomes even more
apparent when considering the spectra of the dyes as ad-
sorbed on TiO, films (Figure S1). Adsorption on TiO, significant-
ly changes the configurationally accessible degrees of freedom,
which eliminates most of the fine structure of the spectra
when compared to the absorption characteristics of these spe-
cies in solution. Hence, on TiO, the absorption appears as
broad bands with clearly defined absorption edges. With the
exception of dye A, the absorption edges of the other dyes are
shifted to the blue by approximately 20 nm. This shift of the
absorption to higher energies, that is, hypsochromic shift, after
adsorption on TiO, is ascribed to H-aggregation and the de-
protonation of the carboxylic acid and is more important in
highly conjugated systems.'®?

The modification of the donor between B and C, on the
other hand, does not significantly affect the spectral positions
of the absorption characteristics, but solely varies the relative
intensities of the first band. The extinction coefficients of the
broadest maximum increase with increasing m-conjugation
length when comparing A to B, C, or D from a value of 1.1x
10* to 1.8x10% 23x10% and 2.4x10* M 'cm™, respectively.
Conclusively, introducing the VMP units into the spacer be-
tween the donor and acceptor impacts the spectral shift of the
dyes to a much greater extent than the m-conjugation of the
donor.

Differential pulse voltammetry (DPV) was applied to measure
the redox potentials of these dyes and the values are tabulat-
ed in Table 1 (for the DPV measurements see also Figure S1).
The oxidation potential corresponds to the HOMO and estima-
tions of the LUMO level were obtained by estimating the
HOMO-LUMO energy gap (E;) from the extrapolation of the
slope of the low energy UV/Vis band to the x-axis (optical
band gap, Eg”t). Insertion of VHP units as a m-conjugating
spacer leads to a new oxidation peak as visible in the DPV
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measurements for B-D. This shifts the HOMO level of these
dyes to more negative potentials (on electrochemical scale), as
can be seen in Table 1, and makes them easier to be oxidized.
Therefore the absorption onset of the dyes B-D is shifted to
lower energies (or longer wavelengths) and the HOMO-LUMO
gap is reduced (Table 1). The HOMO levels of all the dyes are
more positive than the energy level of the redox electrolyte
(ca. —4.76 eV for the iodine electrolyte and —5.00 eV for the
cobalt electrolyte), indicating that there is enough driving
force for dye regeneration. All absorption features and elec-
tronic properties including absorption maxima, extinction coef-
ficients, HOMO/LUMO gaps, and energies are summarized in
Table 1.

Molecular modelling

In order to explore the geometrical and electronic properties
of the four different dyes, the structures were optimized using
density functional theory (DFT) with the B3LYP'"® functional
and the 6-31G*'” basis set as implemented into the Gaussi-
an 09" suite of programs. All optimized geometries are de-
picted in Figure 2. Owing to the rather limited basis set the
linkers between the electron-donating and the acceptor/an-
choring groups used in these computations are slightly more
planar than would be expected in reality, as the phenothiazine
does not possess an entirely planar configuration. However,
the computational modelling clearly suggests that the mole-
cules favor a configuration in which the overlap between the
p-orbitals is maximized and efficient -conjugation throughout
the spacer is guaranteed. Hence, the linkers assume the role of
molecular wires, effectively mediating electronic coupling be-
tween the donor and the acceptor sites of the molecules."
The analysis of the electron density distribution of the fron-
tier orbitals confirms the wire-like electronic communication
between the donor and the acceptor parts of the molecule. As
seen from the representation of the molecular orbitals in
Figure 3, the HOMOs are localized on the electron donating
part of the molecules. The HOMO coefficients reach far into
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179"

Figure 2. Optimized ground-state geometries including dihedral angles of the anchoring
units of A-D computed using DFT B3LYP/6-31G* method.

the m-spacers resulting from the planar geometry. The LUMOs
are localized on the electron accepting cyanoacrylic acid
moiety. Since the distance between the donor and acceptor
varies from 9 to 29 A for A and D, respectively, significant dif-
ferences between the dyes are found deriving from the
HOMO-LUMO overlap. In A, for instance, the HOMO and
LUMO coefficients are nearly homogenously distributed over
the structure and the HOMO-LUMO energy gap is 2.90 eV. Ex-
tending the conjugation by introducing one (B, C) or two (D)
vinylene-methylphenothiazine (methyl derivative used as a rep-
resentative structure to reduce computational cost) moieties
significantly decouples the HOMO from the LUMO, which leads
to a spatial separation of both orbitals. However, the vinylene
linkers between the phenothiazines and the phenyl units of
the donors allow for planar dihedral angles between those

B

HOMO
-4.79 eV

" LMo
257 eV

HOMO
-4.73 eV

Figure 3. Frontier orbital representations with the corresponding energies of dyes A-D

as computed using the DFT B3LYP/6-31G* method.
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units reaching nearly 180°. Such a nearly perfect
planar configuration between the phenyls within the
bridge enhances the m-overlap and appears to pre-
serve the electronic communication between donor
and acceptor sites throughout the entire system. The
decreasing HOMO-LUMO energy gaps from B to C to
D are a strong indication of the efficient electronic
coupling through a high degree of m-conjugation.
These findings are well in line with the ideas devel-
oped earlier concerning the steady-state absorption
features. The strong electronic coupling is reflected
in the broad absorption bands of the dyes (Figure 1).
In vacuum, the HOMO-LUMO gaps of molecules B-D
were calculated to be 2.22, 2.16, and 2.09 eV, respec-
tively. Remarkably, the LUMO orbital energies remain
constant for all the dyes with a value of —2.57 eV.
This proves that the structural variations of the link-
ers do not affect the electron accepting properties of
the cyanoacrylic acid anchoring groups. Therefore,
the electronic structure of the spacer between the
donor and the acceptor sites permits increased dis-
tances between the two moieties without altering the elec-
tronic coupling, allowing lower band gaps to be attained by
mimicking molecular-wire behaviour. These gradually decreas-
ing band-gap energies are responsible for the red-shifts ob-
served in the steady-state absorption spectra, which are de-
pendent on the conjugation length (Figure 1 and S1). By defi-
nition, electronic conduction in molecular wires occurs through
molecular bridges, which chemically link an electron donor
and acceptor, but remain electronically isolated from both moi-
eties. These bridge orbitals are utilized solely as a coupling
medium with no nuclear motion along the bridge.*”

Therefore, it is not surprising that exchanging the phenyl
within the donor moiety by a fluorene group, as is the case
when comparing B with C or D, has rather small effects on the
energy levels. Specifically, it raises the HOMO energy by
0.06 eV and, thus, minimizes the HOMO-LUMO gap
by this value.

Through optimization of the electronic properties
of the oxidized states of the dyes the long-range
electronic coupling, which is mediated by the ex-
tended m-conjugation in these systems, can be im-
proved. As observed, removing one electron from A
leaves the electronic properties nearly unchanged. As
seen from the orbital representations of the oxidized
state in Figure S2, the LUMO of the oxidized state
greatly resembles the electron density distribution of
the HOMO in the neutral state. The energy decreases
by 0.07 eV when compared to the neutral HOMO.
The situation, however, changes, when one electron
is removed from B-D, molecules in which the st-con-
jugation length is significantly extended with respect
to A. The m-systems of B-D are considerably per-
turbed, leading to a redistribution of electron density.
Consequently, the LUMOs of the oxidized states (Fig-
ure S2) no longer closely resemble the HOMOs of the
neutral counterparts (Figure 3) and their energies rise

LUMO
-2.57 eV
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respectively by 0.33 eV for B, 0.43 eV for C, and 0.80 eV for D.
Furthermore, a significant portion of electron density is trans-
ferred onto the bridge, suggesting active participation of the
bridge orbitals in the charge-transfer processes during the me-
diation of the electronic coupling between donor and accept-
or. Remarkably, in D, this electronic communication efficiently
persists over a distance of nearly 30 A.

The mt-spacer in these D-7i-A molecules promotes intramolec-
ular charge-transfer separations through the bridge to the an-
choring groups facilitating the electron injection into TiO..

Time-resolved spectroscopy

As shown in the molecular modelling studies above, the fron-
tier orbitals resemble the typical electronic distribution of
a donor-m-spacer-acceptor system with the HOMO localized
on the electron donating and the LUMO on the electron ac-
cepting part of the molecule. Thus, photoinduced excited-state
formation will most likely be associated with a localized
charge-transfer transition, which shifts electron density from
the HOMO to the LUMO. To access the dynamics of those tran-
sitions in solution and the expected subsequent charge injec-
tion into TiO,, time-resolved spectroscopic techniques were
employed. Investigations of the dyes adsorbed on transparent
3 um thick TiO, films were performed.

Photoexcitation in solution results in a HOMO-to-LUMO
charge transfer from the donor to the cyanoacrylic acid accept-
or. The excited state adopts the form of an intramolecular radi-
cal ion pair. Characteristic spectral fingerprints evolve with
a broad maximum in the region between 550 and 750 nm and
a singlet bleaching in the region below 540 nm, which over-
laps with our 520 nm laser excitation. Another spectral feature
maximizes at 450 nm for all of the compounds studied
(Figure 4). The red maxima corresponds to the cation signa-
tures of an oxidized triphenylamine when implemented into
other similar D-nt-A compounds.?"! The transient features red-
shift with the extension of the m-conjugation. For A, the maxi-
mum of the newly formed transient is located around 550 nm,
whereas for D it shifts to 630 nm. Even more interesting are
the dynamics of the formation and deactivation of these excit-
ed states. The kinetics corresponding to single exponential fits
of the time-absorption profiles at 570 and 630 nm are tabulat-
ed in Table 2. Regarding excited-state formation, A shows the
fastest kinetics followed in decreasing order by C, B, and D.
Following excitation the HOMO-to-LUMO charge transfer is ex-
pected to occur more quickly in A owing to the shortest
donor-acceptor distances and the highest orbital overlap
amongst the molecules investigated. The slightly slower kinet-
ics of B relative to C may likely originate from a better stabili-
zation of the positive charge on the donor site in C. The larger
size of the donor in C allows for improved spatial delocaliza-
tion of the positive charge and increases the driving force for
excited-state formation. The excited-state lifetimes likewise
clearly depend on the length of the spacer between donor
and acceptor. Hence, for A, recovery of the ground state
occurs 6 times faster than for D.
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Figure 4. Representative femtosecond transient absorption (1., =520 nm)
spectra for the formation of the radical cation in a 0.1 mm chlorobenzene
solution of C. The arrows indicate the corresponding signals as mentioned
in the text.

Table 2. Singlet excitation (ks) and deactivation (kp), charge injection (k¢
and recombination (kcp), and dye regeneration rate constants (kpg) for A-
D in 0.1 mm chlorobenzene solutions and on 3 um TiO, films in the pres-
ence and absence of a redox electrolyte as obtained by transient absorp-
tion measurements on femto- and nano-second time scales with 520 and
500 nm light excitation, respectively.

Dye A B C D
chlorobenzene

ks [s7'] 2.02x10" 7.80x10" 8.35x10" 7.24%10"
T/ [ps] 0.49 1.3 1.2 1.4

ko [s7] 1.20x10" 2.82x10° 1.12x10° 1.99%10°
7, [ps] 83 357 471 503

TiO, no electrolyte

ka [s71 7.12x 10" 6.46x10" 6.30x10" 5.71x10"
Ty, [ps] 14 1.6 1.6 1.8

ker s 1.29x10* 5.57x10° 3.55x10° 2.57x10°
Ty, [ps] 77 179 282 389

TiO, with electrolyte

ko [s7" 1.48%10° 8.11x10* 4.28x10" 5.01x10*
Ty, [us] 6.8 12 23 20

3863

Assuming that excited-state formation is associated with
electron transfer through the m-spacer from the donor-local-
ized HOMO to the acceptor-localized LUMO, and the deactiva-
tion is simply an intramolecular recombination process of the
separated charges, the kinetics can be analysed as a function
of donor-to-acceptor distance. The electronic coupling be-
tween the donor and acceptor is shown to have an exponen-
tial dependence (k= kyx-e#), 22 where f3 is the so-called at-
tenuation factor and rp, is the distance between the donor
and acceptor. Using this exponential dependence, we can treat
the spacers as molecular wires and determine their charge
transport properties. Accordingly, the slopes of the linear fits
(Figure S3) of the rate constants as a function of donor-accept-
or distance gave rise to a 3 value of 0.05 A~" for the intramo-
lecular charge separation and 0.08 A~' for the intramolecular
charge recombination. -values below 0.1 A~" are in the range
of highly conjugated oligo-phenylenevinylene molecular wires,
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confirming the highly conjugated nature of the VHP spacers,
which are acting as molecular wires.*”

In order to explore the role of the m-spacers—particularly
their length—on the charge injection into TiO,, transient ab-
sorption measurements were also performed on 3 um-thick
dye-sensitized TiO, films. When comparing to the solution
studies the spectral features on TiO, change slightly due to the
intramolecular interactions on the surface. Moreover, the elec-
tronic coupling to the conduction band of TiO, leads to an ex-
tension of the m-conjugated system into the nanoparticles,
which in general broadens and slightly red shifts the transient
signals. Hence, the radical cation maximum is found around
580 nm for A and 650 nm for B-D. The singlet bleaching is no-
tably broadened resulting from solid-state interactions.
Figure 5 represents the transient absorptions of the dye-sensi-
tized TiO, films of A and D. Compared to A, the red absorption
maximum in D is shifted notably to lower energies resulting
from the extension of the m-conjugation length. Interestingly,
an isosbestic point appears in the spectrum of D—a feature
that is also found in B and C. This phenomenon results from
the different spatial distributions of HOMO and LUMO orbitals
between A and D (B and C). The studies in chlorobenzene dis-
closed that owing to strong overlap of these two orbitals in A,
the singlet excitation occurs nearly three times faster than in
the other dyes. As a consequence, the instantaneously gener-
ated singlet bleaching follows the same dynamics as the for-
mation of the oxidized state of the dye owing to electron in-
jection into TiO,. The considerably lower HOMO-LUMO gaps in
B-D, on the other hand, stabilize their singlet-excited state,
leading to considerably longer singlet lifetimes in solution. As
a consequence, on TiO, some of the photoexcited molecules
of B-D remain in the excited state without injecting electrons
into the TiO, surface. This leads to the initial partial drop of the
maximum at 650 nm (Figure 5, right) within the first 200 ps
and the appearance of isosbestic points resulting from partial
recovery of singlet bleaching. However, the majority of the in-
vestigated molecules inject electrons into TiO,, and the signals

Abs.

400 440

480 550 600 650 700 750

Wavelength / nm
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remain constant within the time-scale of our experimental
setup (ca. 1 ns).

Figure 6 displays the time absorption profiles at 570 and
650 nm, which correspond to singlet bleaching and formation
of the oxidized state of the dyes, respectively. Whereas both
signals develop instantaneously and remain constant through-
out the entire experimental time-scale for A, the immediate
appearance of both signals is followed by a drop in intensity
within the first 200 ps for B-D. These observations are well in
line with the above-mentioned interpretation of the transient
absorption spectra.

Exponential fitting of the time-absorption profiles from spec-
tra recorded within the first 4 ps after photoexcitation (not
shown) yielded the charge-injection rate constants, which are
tabulated in Table 2. The rates show a similar dependence on
the donor-to-acceptor distance as in the solution studies. How-
ever, resulting from adsorption on TiO,, the driving force (i.e.,
acceptor potential) for charge injection differs from the driving
force for singlet excitation in solution. Hence, analysis of the
distance dependence of the charge injection rate constant
yielded an attenuation factor 8 of 0.01 A™". This suggests that
the charge injection into TiO, reveals nearly negligible depend-
ence on the length of the linkers between the donor and ac-
ceptor, attesting to their remarkable molecular-wire behavior.

Considering the linkers as molecular wires (i.e., low /3 value
and invariant LUMO energies upon increasing length) the
charge injection occurs nearly independent of distance and
the rates will most likely depend on the orientation of the dye
molecules on the TiO, surface or the stabilization of the oxi-
dized state owing to greater separation distance between the
positive and negative charges. The second observation also in-
volves the fact that the oxidized state may be stabilized by ex-
tending the m-conjugation of the donor, thereby giving the
positive charge more space to delocalize. This explains why
the charge injection in C, where the positive charge can be
symmetrically delocalized within the donor m-system, is faster
than in B. Increasing stabilization of the oxidized state increas-

e 4.0 PS
20 PS

e 50 pS
4 m—— 200 pS

. e 400 PS

o g 1000 pS

Abs.

400 440

480 550 600 650 700 750
Wavelength / nm

Figure 5. Femtosecond transient absorption (1., =520 nm) spectra for the formation of the radical cation in 3 um thick TiO, films of A (left) and D (right).

The arrows indicate the corresponding signals as mentioned in the text.
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Figure 6. Time absorption profiles from femtosecond transient absorption (1., =520 nm) measurements of A (top left), B (top right), C (bottom left), and D
(bottom right) on 3 um thick TiO, films. The signal at 570 nm corresponds to the singlet bleaching and the 650 nm signature to the oxidized state of the dye.

es the driving force for charge transfer. Furthermore, the de-
coupling of HOMO and LUMO lowers the energy gap between
both orbitals in B-D, which is reflected by the stabilization of
their singlet excited states.

To scrutinize the fate of the oxidized states of the dyes, and
study the dynamics of charge recombination between the in-
jected electrons and the dye cation, nanosecond flash photoly-
sis experiments were employed. The obtained transient spectra
revealed identical spectral features as already described in the
femtosecond studies, that is, transient bleach below 540 nm
and a broad maximum from 550 to 750 nm (Figure 7).

The charge recombination was probed in the absence and
in the presence of a redox electrolyte solution (Z960) by moni-
toring the decays of the spectral fingerprints of the oxidized
states of the dyes at 680 nm. In the absence of the electrolyte,
the injected electrons recombine with the oxidized dye mole-
cules on a time scale of one millisecond; the corresponding
lifetimes and rate constants are given in Table 2.

As seen from Table 2, the charge recombination half lives
depends linearly on the distance between the donor and ac-
ceptor. From the rate constant versus distance relationship, it
is possible to determine the attenuation factor 8 for charge re-
combination. The obtained value is 0.08 A~' (see Figure S4)
and corresponds well with the attenuation factor for charge re-
combination in solution. Thus, it is safe to assume that the re-
combination occurs through back-electron transfer through
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the wire-like spacers and increasing their length retards the re-
combination process. In the presence of the redox electrolyte
solution, deactivation of the oxidized state occurs nearly ten
times faster (see Table 2), indicating that the reduction of the
dye cation by the redox electrolyte is competing efficiently
with charge recombination, that is, in a redox medium, dye re-
generation occurs through the electrons from the electrolyte.
However, the regeneration process also reveals a slight de-
pendence on the structure of the dyes.

Photovoltaic performances

The photovoltaic parameters of the devices fabricated with
dyes A-D in conjunction with volatile (Z960, see the Support-
ing Information for details regarding electrolyte compositions)
and ionic liquid (Z952) electrolytes are presented in Table 3
and in Figure 8 (and Figure S5). Several general characteristics
can be concluded about the performance of different dyes
when examining the PCE of the devices with different electro-
lytes. First of all, the incident photon-to-power conversion effi-
ciency (IPCE), and hence the short-circuit current density (Jsc),
mirror the UV/Vis spectra showing a broad absorption from
400 to 650 nm for B-D and from 400 to 600 nm for dye A (see
inset Figure 8). The integrated current from the IPCE recorded
with a white bias light of about 5% intensity of one sun, com-
plies well with the observed Js values within about 5% devia-
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Table 3. Photovoltaic performances of devices with three different elec-

trolytes measured under AM 1.5G simulated sun illumination
(100 mWcm2).
Electrolyte Dye Jsc [IMAcm™?] Vo [mV] FF PCE [%]
7952 A 7.1 750 0.78 427

B 1.4 783 0.71 6.29

C 1.1 770 0.72 6.17

D 8.5 690 0.74 4.44
7960 A 8.1 751 0.76 4.71

B 129 767 0.66 6.42

C 121 763 0.69 6.42

D 10.2 734 0.71 5.44
71147 A 7.6 840 0.72 4.71

B 1.7 931 0.62 6.98

C 11.8 945 0.64 7.20

D 9.8 799 0.71 5.74

tion. Interestingly, the Js. for the devices with dye D is lower
compared to B and C although the UV/Vis absorption shows
the highest optical cross section for this dye. The device with
dye D shows also a lower IPCE compared to B and C. In gener-
al, several reasons can lead to such an effect: i) problems with
the charge transport (this can be excluded owing to the white
bias light of 5% of one sun), i) mismatch of the redox poten-
tial of the electrolyte with the HOMO of the dye for dye regen-
eration or the hindered electron injection from the excited dye
molecule into the conduction band of the TiO, (determination
of HOMO and LUMO levels of dye rule out this possibility), and
the most probable reason, iii) low amount of dye adsorbed on
the surface of the TiO, film. With increasing dye molecular size,
the dye loading on the surface of the TiO, film will decrease,
leading to lower absorption of photons and consequently to
a lower Jgc.

Another obvious feature for discussion is the variation in the
open-circuit voltage (Vy). Devices with dye B and C exhibit
similar V¢ values as shown in Table 3. Dye A results in a lower
Voc compared to B and C, but the lowest Vo is obtained for
devices with dye D. A shift of the TiO, conduction-band edge
or an increased recombination of electrons at the TiO,—electro-
lyte interface can be accountable for the lower Vo values. For
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Figure 8. J-V characteristics (top) and the IPCE (bottom) of devices prepared
using Z960. Color code: A: red; B: blue; C: green, D: black.

clarification, the devices were further investigated by electro-
chemical impedance spectroscopy (EIS).

Electrochemical impedance measurements

The main results of the EIS measurements are presented in Fig-
ure 9a (all analysis presented in the manuscript show the
properties of the devices made with the Z960 electrolyte; how-
ever, similar results were obtained with electrolytes 2952 and
Z1147 and are presented in Figure S6 and S7). The parameters
of the charge-transfer resistance at the TiO,—electrolyte inter-
face (Rs), the transport resistance for the electrons inside the
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TiO, (Ryans), and the chemical capacitance of the mesoporous
TiO, (Chem) Were extracted based on the usage of the transmis-
sion-line model from EIS measurements. The behaviour of the
chemical capacitance (Figure 9a) or the density of states
(DOS=6.24% 10"-C por/[d (1—p)]); with d being the thickness
and p being the porosity of the mesoporous TiO, film; see Fig-
ure 9b) can give information on the relative change of the
conduction band position of the TiO, amongst the different
devices. Generally it can be seen from EIS analysis that the
change in conduction band position is small (10-20 mV) for
the four different device types, although the devices with dye
D possess the lowest conduction-band position.

As a next step, the electron lifetime (t,=R+XCxem) Can be
observed and plotted against the DOS. This comparison gives
a similar difference between the Fermi energy (E;) and the con-
duction band in the different devices for similar values of the
DOS.

In the three different electrolytes, the tendencies for all dyes
are very similar regarding the electron lifetimes. The longest
electron lifetimes were measured in the devices fabricated
with dye B, followed by C, A, and D (Figures 10 and S7). There-
fore, it is clear from the EIS measurements that the V. for the
devices with dye D should be lower compared to the other
dyes owing to the lower-lying conduction band as well as the
shorter electron lifetime. Devices made with dye A having
a shorter electron lifetime and a lower Jsc show a slightly lower
Voc compared to B and C even though the conduction band

ChemSusChem 2015, 8, 3859 - 3868 www.chemsuschem.org

3867

' CHEMS U SCHEM
= Full Papers

10

T/s

0.1

0.01

T 567 7 3 4567 7 3 45
10 510
DOS/ cm
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position is the highest amongst the devices. Devices with dye
B show the longest electron lifetime amongst all dyes with
only a slightly lower conduction band position and higher
photocurrents. Thus B and C have the highest observed V..

Conclusions

This work examines four chemically and structurally related
dyes by means of theoretical, photophysical, and electrochemi-
cal methods. The combination of the various analytical tech-
nigues helps in the understanding of the variations in the
power conversion efficiency (PCE) of the solar cell devices fab-
ricated with the different dyes. In concert with the photophysi-
cal studies and theory, the donor-spacer-acceptor chemical ar-
chitecture, specific to these dyes governs their charge transfer
properties. In particular the linker between the donor and ac-
ceptor moieties plays an important role in controlling charge
injection and charge recombination kinetics. The structural var-
iations in the dyes have a clear impact on the PCE of their re-
spective devices. The analysis of the photovoltaic performan-
ces of the fabricated solar cell devices with various electrolytes
complies very well with the photophysical investigations of the
dye-sensitized TiO, films.

Notably, by varying the distances between the donor and
acceptor moieties of the molecules, a control over the charge
injection and charge recombination rates can be maintained.
On one hand, large separation distances with highly conjugat-
ed linkages between the donor and acceptor—as seen for
dye D—Iead to longer lifetimes of the oxidized states of the
dyes. On the other hand, bulky and conjugated donor moiet-
ies—as seen for dyes A, C, and D—have a similar retarding
effect on the charge-recombination rate constant owing to sta-
bilization of the positive charge upon improved delocalization.
However, electrochemical impedance spectroscopy measure-
ments disclose that, to fully understand the different efficien-
cies of the devices, one has to not only consider the chemical
structure of the dyes but also the effects associated with the
electrochemical features of the assembled devices. By probing
electrolyte solutions with various redox couples, factors, such
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as conduction band levels versus redox potential of the elec-
trolyte, dye loading, and/or the bulkiness of the dyes, were re-
vealed and show that they play an important role in determin-
ing the final PCE.

It is the rather complex interplay between the effects of dye
structure, electronic properties, molecular size and bulkiness,
absorption coefficients, relation to the conduction band of
TiO,, and recombination behavior that determines the photo-
voltaic performances of the devices.
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Experimental

Materials and instruments

Reagents and solvents were purchased as reagent grade and used without further
purification. All reactions were performed using dry glassware under nitrogen atmosphere.
Analytical TLC was carried out on Merck 60 F254 silica gel plate and column
chromatography was performed on Merck 60 silica gel (230-400 mesh).

7-Bromo-10-hexyl-10H-3-phenothiazine carboxaldehyde (4) and 7[{7-bromo-10-hexyl-10H-
phenothiazine-3-yl} vinyl]-10-hexyl-10H-phenothiazine -3-carboxaldehyde (9) were prepared
according to our previous report.” The model compound A was also synthesized by the
reaction of 4-[N, N-bis(9, 9-dimethylfluoren-2-yl)amino]benzaldehyde with cyanoacetic acid
according to literature method.” Vinyl group in compounds 5 and 7 were easily introduced

through Wittig reaction of corresponding aldehydes.”

Melting points were determined on an Electrothermal IA 9000 series melting point
apparatus and are uncorrected. NMR spectra were recorded on a Varian Mercury-400 (400
MHz) spectrometer with TMS peak as reference. UV/vis spectra were recorded on a Jasco V-
550 spectrometer. MALDI-TOF MS spectra were recorded with an Applied Biosystems
Voyager-DE-STR. Elemental analyses were performed with a Perkin-Elmer 2400 analyzer.

Time-resolved laser studies

Time-resolved pump-probe transient absorption measurements were performed on the
dye-sensitized, 3 um-thick, transparent TiO; films in the presence and absence of the

electrolyte Z960. For solution studies 1 mm quartz cuvettes have been employed.

The pump-probe technique uses a compact CPA-2001, 1 kHz, Ti: Sapphire-amplified
femtosecond laser (Clark-MXR), with a pulse width of about 120 fs and a pulse energy of
1 m] at a central wavelength of 775 nm. The output beam was split into two parts for
pumping a double-stage noncollinear optical parametric amplifier (NOPA) and to
produce a white light continuum in a sapphire plate or 387 nm UV light by second
harmonic generation of the CPA output in a thin BBO crystal. The NOPA was pumped by
200 p J pulses at a central wavelength of 775 nm, and the excitation wavelength was
tuned to 520 nm to generate pulses of approximately 10 uJ. The output pulses of the
NOPA were compressed in a SF10-glass prism pair compressor down to a duration of
approximately 60 fs (fwhm). Iris diaphragms were used to decrease the pulse energy
down to a few micro joules for the pump and to less than 1 yj for the probe beam.

Transient spectra were measured using a white light continuum (WLC) for probing.



The nanosecond laser flash photolysis employed 7 ns pulses to excite the sample at A =
520 nm with a 30 Hz repetition rate. A Powerlite 7030 frequency-doubled Q-switched
Nd:YAG laser (Continuum, Santa Clara, California, USA) served as a light source. The
laser beam output was expanded by a plano-concave lens to irradiate a large cross-
section of the sample, whose surface was kept at a 40° angle to the excitation beam. The
laser fluence on the sample was kept at a low level (40 uJ cm-2 per pulse) to ensure that,
on average, less than one electron is injected per TiOznano-particle on exposure to one
laser pulse. The probe light, produced by a continuous wave xenon arc lamp, was first
passed through a monochromator tuned between 400 and 720 nm, various optical
elements, the sample, and then through a second monochromator, before being detected

by a fast photomultiplier tube (Hamamatsu, R9110).

Device fabrication

A screen-printed double layer film of mesoporous TiO, was used to sensitize the films
as photoanode. 8 or 4 um thick transparent film of 20 nm sized TiO, particles was
first printed on the fluorine-doped SnO, (FTO) conducting glass and further coated by
a 5 um thick second layer of 400 nm-sized light scattering anatase particles. The DSC
devices were fabricated using four dyes (A-D), in conjunction with 3 electrolytes
(2960, 7952, Z1147). The photoanode (8+5 pm is applied for Z960 and Z952
electrolytes and 4+5 is applied for Z1147 electrolyte) was prepared by immersing
double layer TiO; film into the dye solution for 8h at room temperature in the dye
solution (150 puM) in chlorobenzene. Thermally platinized FTO glass counter
electrode and dye-sensitized TiO; electrode was assembled into device by sealing it
with a 25 um thick hot-melt film (Surlyn). The electrolyte was filled up in the device
through the pre-drilled holes in the counter electrodes and the device fabrication was
completed by sealing the holes with a Surlyn sheet followed by heat mounting of a

thin glass cover.

Photovoltaic performance measurements

The set-up used for conducting standard photovoltaic characterization (J-V curve)
consists of a 450 W xenon lamp (Oriel), whose spectral output was matched in the
region of 350-750 nm with the aid of a Schott K113 Tempax sunlight filter
(PrazisionsGlas&Optik GmbH), and a source meter Keithley 2400 (Keithley) to apply

potential bias and measure the photogenerated current. A set of metal-mesh filters was



used to adjust the light intensity to desired levels. IPCE was measured using a similar
set-up; however, the incident light (300 W xenon lamp, ILC Technology) was focused
through a Gemini-180 double monochromator (Jobin-Yvon Ltd.). The cells were

measured with an external light bias (5% Sun) provided by a LED array.

DPV and Impedance measurements

The differential pulse voltammetry (DPV) measurements were carried out in CH,Cl, with 0.1
M TBAPF; as conduction salt and with a Pt wires serving as working, counter and reference
electrode. The reference potential was calibrated over Ferrocene (FC/FC'=701 mV vs SHE).
EIS measurements were performed by a Biologic SP300 (BioLogic, France) in a frequency
range between 7 MHz and 0.1 Hz for potentials between 0 V to about Voc (with a 20 mV
sinusoidal AC perturbation) in 50 mV steps. The resulting impedance spectra were analyzed
with the ZView software (Scribner Associate). The potential of the EIS results are
corrected for IR-Drop. The real potential (Vreal) is determined by the subtraction of the
voltage drop (Vbrop) from the applied potential (Vappiiea). The voltage drop is calculated
by the integration of the sum of all series resistances (Raseries) OVer the current passed.

(Vreal:Vapplied' VDrop; with VDrop: fRAseriesdI Whel‘eby Raseries= R5+Rce+RElectrolyte)-
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Scheme 1 Synthesis of B (1), C (2) and D (3); a) compound 5, Pd(OAc),, BusNBr,
K,COs;, DMF, 105°C, 16 h, 62.5% for 6, compound 7, 64.5% for 8, compound 7,
55.3% for 10. b) cyanoacetic acid, piperidine, chloroform, reflux, 16 h, 78.1% for 1,
61.8% for 2, 25.5% for 3

N-(9,9-Dimethylfluoren-2-yl)-N-phenyl-4-vinylaniline (5). To a mixture of
CH3PPh;Br (707 mg, 1.97 mmol) and NaH (60 mg, 2.50 mmol) in anhydrous THF
(20 ml) was added 7-bromo-10-hexyl-10H-3-phenothiazine carboxaldehyde (645 mg,

1.65 mmol), and stirred at 40°C for 24 hours. The reaction mixture was treated with



methanol (10 ml) and then with water (50 ml), and extracted with dichloromethane
(3x50 ml). The organic extracts were dried over Na,SO4 and the solvent was
evaporated under reduced pressure. The crude product was chromatographed on silica
gel with dichloromethane/hexane (1:2) to give 5 as a yellowish solid (479 mg,
74.9%). '"H NMR (400 MHz, CDCL): & = 7.62 (d,1H), 7.57 (d,1H), 7.37 (d,1H), 7.29
(d,1H), 7.27 (t,1H), 7.24 (d,2H), 7.23 (d,2H), 7.19 (s,1H), 7.14 (d,2H), 7.07 (d,2H), 7.03
(q,3H), 5.61 (d,1H), 5.18 (d,1H), 1.41 (s,6H). Anal. Calcd (%) for C27Ha2sN: C 89.21, H 6.93,
N 3.85. Found: C 88.93,H 7.18, N 3.89.

7-{4-09, 9-dimethyl-9H-fluoren-2-yl-phenylamino)styryl}-10-hexyl-10H-
phenothiazine-3-carboxaldehyde (6). To a solution of compound 5 (500 mg, 1.29
mmol) and compound 4 (503 mg, 1.29 mmol) in DMF (20 mL) were added Pd(OAc),
(57 mg 0.21 mmol), BuuNBr (831 mg, 2.57 mmol) and K,COs (621 mg, 5.15 mmol).
The mixture was stirred at 105 °C for 16 h. After cooling, the solution was poured
into water (50 mL) and the crude products were extracted with dichloromethane (3 x
50 mL). The combined organic extract was dried over Na;SO4, and the solvent was
removed under reduced pressure. The residue was chromatographed on silica gel with
dichloromethane/hexane (1:2) to produce compound 6 (562 mg, 62.5%) in a
yellowish solid. M.p. 67 °C."H NMR (400 MHz, CDCls) : § =9.71 (s, 1H), 7.50-7.57
(m, 4H), 7.18-7.32 (m, 11H), 7.02-7.14 (m, 5H), 6.75-6.87 (m, 4H), 3.81 (t, 2H),
1.75 (m, 2H), 1.34 (s, 8H), 1.24-1.26 (m, 4H), 0.76-0.83 (m, 3H). Anal. Calcd (%) for
C4sH44N,0S: C, 82.72; H, 6.36; N, 4.02. Found: C 82.46, H 6.51, N 3.86

3-[7-[{4-N(9,9-dimethyl-9H-fluoren-2-yl-phenylamino)phenylaminostyryl}|-10-
hexyl-10H-phenothiazin-3-yl]-2-cyanoacrylic acid (1).

A mixture of compound 6 (400 mg, 0.54 mmol) and cyanoacetic acid (488 mg, 5.4
mmol) in dry chloroform (30 mL) was refluxed in the presence of piperidine (1 ml)
for 16 h. After cooling, the solution was poured into water (50 mL) and the crude
product was extracted with chloroform (3 x 50 mL). The combined organic extracts
were dried over Na;SO4, and the solvent was removed under reduced pressure. The
crude product was chromatographed on silica gel with dichloromethane/MeOH (10 :
1) to give compound 1 (322 mg, 78.1%) in a red solid. M.p. 103°C. '"H NMR (400
MHz, DMSO-de): 6 = 7.96 (s, 1H), 7.80 (d, J= 8.4 Hz, 1H), 7.71 -7.74 (m, 3H), 7.46-
7.50 (m, 3H), 7.22-7.37 (m, 7H), 6.95-7.13 (m, 10H), 3.91 (t, 2H), 1.68(m, 2H), 1.36



(s, 8H), 1.24 (m, 4H), 0.82 (t, 3H). Anal. Calcd (%) for Cs;HssN30,S: C, 80.18; H,
5.94; N, 5.50. Found: C 80.02, H 6.02, N 5.32.

N, N-Bis(9,9-dimethylfluoren-2-yl)-4-vinylaniline (7).

To a mixture of CH3PPh;Br (900 mg, 2.51 mmol) and NaH (75 mg, 3.12 mmol) in
anhydrous THF (20 ml) was added 4-[N, N-bis(9,9-dimethylfluoren-2-
yl)amino]benzaldehyde (1.10 g, 2.17 mmol), and stirred at 40°C for 24 hours. The
reaction mixture was treated with methanol (10 ml) and then with water (50 ml), and
extracted with dichloromethane (3x50 ml). The organic extracts were dried over
NaSO4 and the solvent was evaporated under reduced pressure. The crude product
was chromatographed on silica gel with dichloromethane/hexane (1:2) to give 7 as a
yellowish solid (765 mg, 72.8%). 'H NMR (400 MHz, CDCls): & = 7.64 (d, 2H), 7.59
(d, 2H), 7.39 (d, 2H), 7.33 (d, 2H), 7.29 (t, 2H), 7.27 (t, 2H), 7.23 (s, 2H), 7.13 (d, 2H), 7.06
(d, 2H), 6.7 (q, 1H), 5.61 (d, 1H), 5.18 (d, 1H), 1.57(s, 12H). Anal. Calcd (%) for
CssHa3N: C, 90.61; H, 6.60; N, 2.78. Found: C 90.32, H 6.82, N 2.86.

7-{4-(bis(9,9-dimethylfluoren-2-yl)amino)styryl}-10-hexyl-10H-phenothiazine-3-
carboxaldehyde (8). Compound 8 was synthesized using compound 7 by the
similar method described for 6. 8 (486 mg, 64.5% yield), yellowish solid. M.p. 86
°C."H NMR (400 MHz, CDCls) : & = 9.78 (s, 1H), 7.57-7.62 (m, 7H), 7.37-7.39 (m,
3H), 7.23-7.29 (m, 7H), 7.08-7.17 (m, SH), 6.82—6.94 (m, 4H), 3.88 (t, 2H), 1.80(m,
2H), 1.41 (s, 12H), 1.26-1.32 (m, 6H), 0.86 (m, 3H). Anal. Calcd (%) for
Cs7H5oN,0S: C, 84.20; H, 6.45; N, 3.45. Found: C 84.01, H 6.21, N 3.56.

3-(7-[4-{N,N-bis(9,9-dimethylfluoren-2-yl)amino}styryl]-10-hexyl-10H-
phenothiazin-3-yl)-2-cyanoacrylic acid (2). Compound 2 was synthesized by the
similar method described for 1. 2(201 mg, 61.8% yield, red solid. M.p. 112 °C.'"H
NMR (400 MHz, DMSO-dq) : 6 = 7.86 (s, 1H), 7.68-7.76 (m, 5H), 7.37-7.50 (m, 6H),
7.23-7.33 (m, 7H), 6.99-7.10 (m, 8H), 3.90 (t, 2H), 1.68(m, 2H), 1.35 (s, 12H), 1.25
(m, 6H), 0.82 (t, 3H). Anal. Calcd (%) for C¢oHs3N30,S: C, 81.88; H, 6.07; N, 4.77.
Found: C 81.11, H 5.87, N 4.52.

7-(7-[4-{N, N-bis(9,9-dimethylfluoren-2-yl)amino}styryl]-10-hexyl-10H-
phenothiazin-3-yl)vinyl)-10-hexyl-10H-phenothiazine-3-carboxaldehyde (10)
Compound 10 was synthesized by the similar method described for 8. 10 (192 mg,
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55.3% yield, yellowish solid). M.p. 93 °C."H NMR (400 MHz, CDCl;): & = 9.69 (s,
1H), 7.47-7.55 (m, 6H), 7.01-7.31 (m, 16H), 6.70-6.89 (m, 12H), 3.83-3.89 (m, 4H),
1.76-1.85(m, 4H), 1.34 (s, 12H), 1.17-1.24 (m, 12H), 0.77-0.81 (m, 6H). Anal. Calcd
(%) for C77H73N308S,: C, 82.53; H, 6.57; N, 3.75. Found: C 82.24, H 6.42, N 3.35.

3-(7-(7-[4-{bis(9,9-dimethylfluoren-2-yl)amino}styryl]-10-hexyl-10H-
phenothiazin-3-yl)vinyl)-10-hexyl-10H-phenothiazin-3-yl)-2-cyanoacrylic acid
(3). Compound 3 was synthesized by the similar method described for 1. 3(43 mg,
25.5% yield, red solid). M.p. 121 °C."H NMR (400 MHz, DMSO-de): & = 7.89 (s,
1H), 7.55-7.77 (m, 5H), 7.28-7.34 (m, 8H), 6.91-7.20 (m, 16H), 6.73-6.81(m, 5H),
3.78-3.93 (m, 4H), 1.63-1.65(m, 4H), 1.17-1.34 (m, 24H), 0.70-0.90 (m, 6H). Anal.
Calcd (%) for CgoH74N40,S,: C, 80.91; H, 6.28; N, 4.72. Found: C 80.74, H 6.04, N
4.56.
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Figure S1. DPV measurements of the different dyes (left). Absorption spectra of the A, B,
C and D as deposited on 3 pm TiO; films (right).
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Figure S2. LUMO representations with the corresponding energies of the oxidized state
of A, B, C and D as computed using the unrestricted B3LYP/6-31G* DFT method.
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Figure S3. Representation of the dependence of the singlet excited state formation
(Inks) and its deactivation (Inkp) rate constants as of function of the donor-to-acceptor
distances (Rpa) for all dyes in nitrogen-saturated chlorobenzene. The slopes represent
the different §§ values for excitation (red) and deactivation (blue) of A, B, C and D.



30

25 [
20 [ —e—Ink_TiO
L Cl 2
Ink L ——n k TiO
/ A L CR 2
s 15 |
0 e o
r I el
5 L L Ll L L L
5 10 15 20 25 30

Distance / Angstrom

Figure S4. Representation of the dependence of the charge-injection (Ink¢) and charge
recombination (Inkcr) rate constants on the donor-to-acceptor distances (Rpa) for all
dyes on 3 um thick TiO; films. The slopes represent the different § values for charge
injection (red) and charge recombination (blue) of A, B, C and D.



Photovoltaic data, IPCE and Impedance results
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Figure S5 I-V curves showing PCE and dark current of devices made with Z952 (upper)
and the corresponding IPCE and Z1147 (lower) electrolyte. Color code: A: red; B: blue;
C: green, D: black.
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Figure S6 Representation of the recombination (filled circles) and transport (empty
squares) resistance as well as the chemical capacitance of (dotted line) the TiO;

extracted from the EIS measurements for the Z952 and Z1147 electrolyte. Color code: A:
red; B: blue; C: green, D: black.
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Figure S7 Representation of the electron lifetime (filled circles) and transport time

(empty squares) extracted from the EIS measurements for the Z952 (upper) and Z1147
(lower) electrolyte. Color code: A: red; B: blue; C: green, D: black.



