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The electronic and optical properties of metallo-phthalocyanine derivatives have been calculated by using
density functional theory. Starting from a reference Zn(I) phthalocyanine the structure has been varied by
changing the nature of the transition metal, by adding carboxylic functions, as well as by considering the
extension of the aromatic rings with fused phenyl moieties, with the perspective of optimizing their performance
as sensitizers in solar cells. Calculations demonstrate that the transition metal (Ni, Mn, Fe, Co, and Cu versus Zn)

has a small impact on the free energies of the primary processes (injection, recombination, and regeneration),
that adding several carboxylic acid functions has a cooperative role to optimize the injection process, and that the
addition of fused phenyl rings increases the light harvesting efficiency and the free energy of injection.

1. Introduction

Dye-sensitized solar cells (DSSCs) have attracted significant attention as
low-cost alternatives to conventional solid-state photovoltaic devices [1-6].
Many investigations have aimed at enhancing the efficiency of each process
involved in DSSCs [7-10]. In DSSCs, the dye acts as a sensitizer, ie. it absorbs
sunlight, which is transformed in electrical energy [11]. The advantages of
organic dyes include large light absorption coefficients and easy control of
the redox potentials, which are related to the positions of the highest occu-
pied (HOMO) and of the lowest unoccupied (LUMO) molecular orbitals [12].
Numerous metal complexes and organic dyes have been synthesized and
utilized as sensitizers. So far, the highest efficiency of DSSCs with metal
complexes adsorbed on nanocrystalline TiO, reaches 13% [13].

This contribution deals with phthalocyanine (Pc) derivatives as organic
pigments because of their remarkable electronic and optical properties as
well as of their thermal and chemical stability. Phthalocyanines are planar 18
n-electron macro-heterocycles built from four isoindole subunits linked
together through nitrogen atoms. Their extensive n-conjugated system
generates intense absorption spectra, presenting two major bands: the Q
band and the Soret B band. The first, usually located in the 620-700 nm
wavelength region, is at the origin of the green or of the blue color of Pc’s and
is the strongest, with molar absorptivity (¢) values that exceed 10°L mol !
cm ™. On the other hand, the Soret band lies near 350 nm and is generally
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much broader and less intense. Tailoring the physical and optical properties
of Pc’s is achieved either by the inclusion of a metal atom into the ring or by
axial and/or peripheral substitutions with a variety of ligands. Among these,
dyes functionalized by electron-donating (D) and electron-accepting (A)
groups to form D-n-A structures are promising owing to their broad and
intense absorption spectra. Their photo-absorption is characterized by
intramolecular charge transfer (ICT) excitations from the donor to the
acceptor moiety of the dye, resulting in i) efficient electron injection from the
acceptor into the semiconductor conduction band and ii) reduced electron-
hole recombination [14]. In addition, the Pc’s redox properties are suit-
able both for sensitization of TiO films and for dye regeneration by the
electrolyte. These properties make Pc’s ideal candidates for incorporation in
DSSCs [15-17].

In combination with experimental characterizations, quantum
chemical studies on the physico-chemical properties of dye-sensitizers
provide complementary information to understand the relationships be-
tween their structural, electronic, and optical properties, and their per-
formance, and therefore to design new molecules [18-20]. In this context,
the present computational chemistry investigation aims at providing
better insight into the parameters that govern the intramolecular charge
transfer (ICT) and photo-injection processes in Pc dyes for DSSCs. In
particular, density functional theory (DFT) and time-dependent DFT
(TD-DFT) calculations were performed to study the geometry, electronic
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structure, and absorption spectrum of representative Pc dyes [19]. These
analyses are carried out at the light of available experimental data on
Zn-phthalocyanines synthesized by Cid et al. [21] and by Garcia-Iglesias
et al. [22]. The structures of the Pcs’ under investigation are sketched in
Schemes 1 and 2. All transition metals have a formal II oxidation state.
In Scheme 1, the TT1tBut-Zn compound possesses one substituent on
each phenylring, three are tert-butyl groups and the last one is a carboxylic
function. In TT2tBut-Zn to TT5 tBut-Zn, there is a spacer between the
carboxylic group and the phenyl ring. These compounds were synthesized
by Cid et al. [21] and constitute our first set of compounds. The second set
of compounds in obtained by replacing the tert-butyls by methyls
(TT1Me-Zn to TT5Me-Zn). In the third set, the Zn atom in TT1Me-Zn is
replaced by other transition metals in formal oxidation state II. In the
fourth set, several substituents (from 2 to 4) are carboxylic functions, the
other ones being methyls. Then, in the TT6 set, there are two carboxylic
functions on the same ring. When tert-butyls groups are on the other rings,
this corresponds to the compound synthesized by Garcia-Iglesias et al.
[22] (TT6tBut-Zn). In the other TT6 derivatives, these alkyl groups are
methyls while the carboxylic functions are at different positions to define
various position isomers. TT7-Zn presents two carboxylic functions on
each ring (Scheme 2). The next derivatives are characterized by the
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presence of one carboxylic function on one ring while the other rings are
extended (when R = C4Hy4, this is a naphtalene ring, when it is CgHsg, it
corresponds to an anthracene). TT8 derivatives contain one naphtalene
ring, TT9 derivatives have two and TT10 has three, always with Zn as
transition metal atom. Finally, the TT11, TT12, and TT13 derivatives bear
one (two), two (one), and three (zero) anthracene (naphtalene) units.

2. Methodological and computational details

Theoretical studies of organic pigments generally concentrate on energy
gaps, the optical and the fundamental energy gaps. Both are accessible
experimentally, but in different ways. The optical gap, AE,,;, corresponds to
the excitation energy to the first dipole-allowed excited state. The funda-
mental gap, Aegr, = €Lumo — €Homo = €L — €n, is defined by charged exci-
tations as the difference between the first ionization potential (I) and the first
electron affinity (A), Aeg;, =I— A. Thesel and A can be determined by using
photoemission and inverse photoemission, or tunneling spectroscopy
involving electron removal or injection, respectively. The optical gap is often
determined by measuring the onset of the absorption spectrum.

The geometries of the metallo-phthalocyanine derivatives were fully
optimized at the DFT level of theory using the 6-311G(d) basis set in

/ N/ \N/
h %
Ry Ry
TT1-TT5 TT6

Mt R1 Rz R3 R4 Rs Rs R~ Given name
Zn COOH t-But t-But t-But TT1:Bu-Zn*
Zn 0O-(CH;)s-COOH t-But t-But t-But TT2Bu-Zn?
Zn Ph-COOH t-But t-But t-But TT3/Bu-Zn?
Zn 0O-Ph-COOH t-But t-But t-But TT4/Bu-Zn*
Zn Ph-CH,=CH,-COOH #But t-But t-But TT5tBu-Zn*
Zn COOH Me Me Me TT1Me-Zn
Zn 0-(CH>)s-COOH Me Me Me TT2Me-Zn
Zn Ph-COOH Me Me Me TT3Me-Zn
Zn 0O-Ph-COOH Me Me Me TT4Me-Zn
Zn Ph-CH,=CH,-COOH Me Me Me TT5Me-Zn
Cu COOH Me Me Me TT1Me-Cu
Ni COOH Me Me Me TT1Me-Ni
Co COOH Me Me Me TT1Me-Co
Fe COOH Me Me Me TT1Me-Fe
Mn COOH Me Me Me TT1Me-Mn
Zn COOH Me COOH Me TT1Me-2Acl1-Zn
Zn COOH COOH Me Me TT1Me-2Ac2-Zn
Zn COOH COOH COOH Me TT1Me-3Ac-Zn
Zn COOH COOH COOH COOH TT1Me-4Ac-Zn
Zn t-But +-But t-But H COOH COOH H TT6/But-Zn®
Zn Me Me Me H COOH COOH H TT6Me-Zn(A)
Zn Me Me Me COOH COOH H H TT6Me-Zn(B)
Zn Me Me Me COOH H COOH H TT6Me-Zn(C)
Zn Me Me Me COOH H H COOH TT6Me-Zn(D)

Scheme 1. Structure of TT1-TT6 derivatives. See the text for more details.* Compounds synthesized by Cid et al. [21]; ® Compound synthesized Garcia-Iglesias

et al. [22].
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R3

TTS8-TT13

Mt R1 R3 Given name
Zn CsHy TT8-1-Zn
/n C4H4 TT8-2-Zn
Zn CsH4 CsHy TT9-1-Zn
Zn CsHy CsH,4 TT9-2-Zn
Zn C4Hy C4Hy C4H,4 TT10-Zn
Zn CsHs CsHy CsH4 TT11-1-Zn
/n C4H4 CgHg C4H4 TT11-2-Zn
Zn CsHg CsHg C4Hs4 TT12-1-Zn
Zn CsHs CsHy CsHs TT12-2-7Zn
/n CgHg CgHg CgHg TT13-Zn
Mn CsHg CsHg CsHs TT13-Mn

Scheme 2. Structure of TT7-Zn (left) and of TT8-TT13 derivatives (right).

combination with a collection of exchange-correlation (xc) functionals:
B3LYP [23,24], CAM-B3LYP [25], M06 [26], M06-2X [26], and
®B97X-D [27,28]. The choice of the 6-311G(d) valence triple-zeta basis
set, which incorporates a set of polarization functions on the heavy
atoms, has been substantiated by comparisons with the more extended
cc-pVTZ basis set, as well as with less extended basis sets (Table S1).
Tight convergence thresholds on the residual forces on the atoms (1.5 x
107° Hartree/Bohr or Hartree/radian) were applied. Subsequently, the
vibrational frequencies were calculated for the ground state optimized
geometries. Their real values confirm that these geometries are minima
on the potential energy hypersurface.

For these ground state optimized geometries, the 30 lowest elec-
tronic excitation energies (AEg,) and oscillator strengths (fy,) were
computed using the TDDFT method [29-31], again with a selection of xc
functionals including global hybrids (B3LYP, MO06, MO06-2X) and
range-separated hybrids (@B97X-D, CAM-B3LYP) and the 6-311G(d)
basis set. The optical UV/visible absorption spectra were simulated by
associated each transition with a Gaussian function having a full width
at half maximum (FWHM) of 0.33 eV. All UV-visible spectra in this
paper have been obtained via DrawSpectrum [32].

In both the geometry optimizations and calculations of the excitation
energies, different spin multiplicities were considered as a function of
the nature of the transition metal: Zn (II) and Ni(II) [Singlet (S)], Cu(II)
[doublet (D) and quartet (Q)], Co(Il) [D, Q, and sextet (S)], Fe(Il)
[singlet (S), triplet (T), and quintuplet (Q)], and Mn(II) (D, Q, and S). For
low-spin (Is) solutions of 25 + 1 spin multiplicity, spin contamination

effects were corrected using the following equations [33], which provide
an approximate projected correction of the unrestricted solution
(APUDFT) by considering the low-spin and high-spin (hs) unrestricted
DFT (UDFT) energies and the corresponding S> expectation values,
which should be equal to S(S+1) in absence of spin contamination.

E“(APUDFT) = E"(UDFT) + fsc [E*(UDFT) — E" (UDFT)) (€))

Is
with e = 5 =56+ D
(2)" = (s2)"

For all calculations (geometry optimizations, electronic structures,
excited state properties), the solvent effects were accounted for using the
IEFPCM scheme [34]. This scheme approximates the solvent as a
structureless polarizable continuum characterized by its macroscopic
dielectric permittivity. Geometry optimizations employed the static
dielectric constant (¢y) whereas TDDFT excited state calculations used
the infinite frequency value (¢,,) since it corresponds to non-equilibrium
solvation.

For push-pull systems such as metallo-phthalocyanines, CT excita-
tions dominate the UV /vis absorption spectra and they were subjected to
a detailed analysis [35]. Each transition is characterized by an excitation
energy, between the ground (0) and nth excited states, (AEq; = AEy, =
E, — Ey), and its associated transition dipole moment:

Hon = (OlHln) ©))

(2
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Radiative processes are governed by the oscillator strength of the
transition, which is related to the transition dipole moment:

. 2
Jon= gAEon [Hon \2 “4)

The CT character of the excitations can be determined from the
difference of electronic density between the ground and excited states,
Ap(T), following the procedure described in Ref. 35. Using this method,
the distance between the barycenters of the negative and positive Ap(7")
defines the charge-transfer distance (dcr), their integration over the
whole space gives the amount of charge transferred (gcr), while their
product gives the CT dipole moment, Ap.; = gcr X dcr.

To further analyze the performance of organic pigments the free
enthalpies of reaction were evaluated for three processes: the injection
(AGinj), the recombination (AGy.) [11], and the regeneration (AG)
[36]. AGyy describes the injection of the excited electron from the LUMO
of the oxidizing pigment to the conduction band (CB) of the
semiconductor:

AG;j=Ey — €L )

When the semiconductor is TiOs, E, = —4.0 eV [37]. AG,,. depicts
the phenomenon of return of the injected electron from the semi-
conductor surface to the HOMO of the pigment:

AG =€y — Eg (6)

and finally, AGy. describes the reduction of the oxidized pigment by an
electron transfer from the redox mediator to the pigment HOMO:

AG, ;s =€ — Eredox ()

A common redox couple is 3I" /I; having E.qx = Er- g = -4.8 eV
[37].

All the calculations were performed with the Gaussian A16 program
package [38].

3. Results and discussion

3.1. Searching for a suitable XC functional for geometry optimization and
electronic structure calculation

First, we searched for a reliable XC functional to predict the geom-
etry and electronic properties (I, A, ey, and ¢1) of Pc’s. This was done by
selecting the TT1tBut-Zn molecule (Scheme 1) where the t-butyl groups
are replaced by methyl groups to get TT1Me-Zn. This substitution has
negligible impact on the orbital energies and key structural parameters
(Table S2). The geometry of TT1Me-Zn was optimized with the B3LYP,
®B97X-D, M06, and M06-2X XC functionals. We focused on the (— &g,
I) and (—¢;, A) quantities, which should be identical two by two in the
limit of exact KS DFT [39]. The B3LYP and M06 XC functionals perform
better than M06-2X and ©wB97X-D (Table S3 and Figure S1). On this
basis, forthcoming geometry optimizations and electronic structure
calculations were carried out using the B3LYP XC functional.

3.2. Electronic properties of the TTnMe-Zn molecules (n = 1-5)

The geometries of the TTnMe-Zn (n = 1-5) molecules were opti-
mized. These compounds present very similar HOMO-LUMO gaps (the
largest difference amounts to 0.05 eV), whereas both frontier orbital
energies vary by up to 0.16 eV (Table 1). Thus, the nature of the acceptor
group in R; position has little impact to improve the performance of this
series of DSSC pigments.

3.3. Effect of the nature of the transition metals on the structure and
electronic properties

For a selection of transition metals, the geometries of the TT1Me-Mt

Optical Materials 120 (2021) 111315

Table 1
Orbital energies (e1, en, Aegr = €1 — en) of TT1-TT5Me-Zn as calculated at the
B3LYP/6-311G*/IEFPCM(ethanol) level.

Compound e (eV) ey (eV) Aegy, (eV)
TT1Me-Zn -3.13 —-5.25 2.12
TT2-Me-Zn —2.97 -5.11 2.14
TT3-Me-Zn -3.06 —5.20 2.14
TT4-Me-Zn —3.04 —5.21 217
TT5-Me-Zn —3.06 -5.19 213

compounds were fully optimized at the B3LYP/6-311G*/IEFPCM(ethanol)
level (Table 2) by considering the different spin multiplicities. Besides the
fact that Zn(II) and Cu(Il) are naturally associated with singlet ground states,
calculations predict that the ground state is a doublet (Cu and Co), a triplet

Table 2

Remarkable geometrical parameters of the TT1Me-Mt derivatives as obtained
from geometry optimization at the B3LYP/6-311G*/IEFPCM(ethanol) level in
comparison to experimental data from single-crystal X-ray diffraction. When Mt
= Cu, Ni, Co, Fe and Mn, different spin multiplicities were considered. Bond
lengths are given in A while angles in degrees. For (almost) equivalent bonds and
angles, averages are reported. Values in bold correspond to the ground state spin
multiplicity (Table 3). Detailed geometrical parameters are given in Table S5A
and S5B.

R

Mt [Ref] Parameters Experiment Calculations

Zn [41] 25+1 1
Zn-N 1.972 2.005
N-Zn-N’ 90.0 90.0
C-N(ring) 1.364 1.366
C-N(linker) 1.328 1.331
N(ring)-C-N(linker) (8) 127.6 127.6
C-N(linker)-C (4) 123.7 124.9
C-N(ring)-C (4) 108.9 110.0

Cu [42] 25+1 2 4
Cu-N 1.952 1.964 1.962
N-Cu-N’ 90.0 90.0 89.8
C-N(ring) 1.385 1.370 1.375
C-N(linker) 1.355 1.325 1.329
N(ring)-C-N(linker) 126.9 127.6 127.9
C-N(linker)-C 122.3 123.4 122.7
C-N(ring)-C 106.2 108.7 108.7

Ni [43] 25+1 1
Ni-N 1.896 1.917
N-Ni-N’ 90.0 90.0
C-N(ring) 1.379 1.376
C-N(linker) 1.302 1.318
N(ring)-C-N(linker) 126.4 127.7
C-N(linker)-C 123.1 121.8
C-N(ring)-C 106.6 107.1

(continued on next page)
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Table 2 (continued)

Mt [Ref] Parameters Experiment Calculations

Co [44] 25+1 2 4 6
Co-N 1.931 1.935 1.997 1.997
N-Co-N’ 90.0 90.0 90.2 90.0
C-N(ring) 1.376 1.374 1.368 1.372
C-N(linker) 1.328 1.321 1.330 1.333
N(ring)-C-N(linker) 127.9 127.6 127.5 127.9
C-N(linker)-C 121.4 122.5 124.7 123.9
C-N(ring)-C 107.2 107.7 109.8 109.7

Fe [44] 25+1 1 3 5
Fe-N 1.939 1.950 1.950 1.941
N-Fe-N’ 90.0 90.0 90.1 90.0
C-N(ring) 1.377 1.373 1.375 1.390
C-N(linker) 1.331 1.323 1.323 1.321
N(ring)-C-N(linker) 127.5 127.5 127.5 127.8
C-N(linker)-C 122.1 123.1 123.1 122.3
C-N(ring)-C 107.2 108.1 108.1 107.8

Mn [45] 25+1 2 4 6
Mn-N 1.954 1.961 1.959 1.964
N-Mn-N’ 90.0 90.0 90.0 90.0
C-N(ring) 1.382 1.377 1.385 1.389
C-N(linker) 1.331 1.323 1.322 1.326
N(ring)-C-N(linker) 127.5 127.4 127.4 127.7
C-N(linker)-C 122.8 123.7 123.4 123.2
C-N(ring)-C 107.8 108.4 108.4 108.6

(Fe), or a quartet (Mn) (Table 3). These results are consistent with a recent
work and references therein demonstrating the intermediate spin character
of the ground state of Mn(II) and Fe(III) phthalocyanines (i.e. without sub-
stituents) [40]. For the different spin multiplicities, the optimized geometries
were compared to experimental X-Ray diffraction data of similar compounds
[41-45] (Table 2). When considering the spin multiplicity associated with
the lowest ground state energy, the optimized bond lengths and bond angles
of all compounds are in close agreement with the experimental data. Typical
deviations are of the order of 1 p.m. for the distances and 1° for the angles, or

Table 3

Electronic energies relative to the lowest-energy spin multiplicity state (AE), S2,
e, €1, and Aeyy, of TT1Me-Mt derivatives for different Mt atom and different spin
multiplicities as calculated at the B3LYP/6-311G*/IEFPCM (ethanol) level of
approximation.

Mt 25 + <s2> AE (eV) e, (eV) eq (eV) Aegyr (eV)
1
Zn(ID) 1 0 -3.13 ~5.25 2.12
Cu(In) 2 0.753" 0.00 —3.19° —5.30 211
0.750" —-3.17¢ -5.31 2.14
4 3.769" 1.09 -3.11 ~5.26 2.15
3.750" —3.26 —5.25 1.99
Ni(ID) 1 0 -3.15 -5.31 2.16
Co(ID) 2 0.755" 0.00 -3.08 —5.25 2.17
0.750" -3.06 —5.27 2.21
4 3.760" 0.66 -3.11 ~5.26 2.15
3.750" -3.27 —5.25 1.98
6 8.773" 1.76 —2.93 —4.22 1.29
8.750" —4.26 —6.42 2.16
Fe(ID) 1 0 1.29 -3.00 -5.21 2.21
2.043" 0.00 -3.08 ~5.26 2.18
2.001° —3.27 —5.27 2.00
5 6.051° 1.16 ~-2.96 ~-4.18 1.22
6.001" —-4.03 -5.11 1.08
Mn(ID) 2 0.786" 1.69 ~3.00 -5.21 2.21
0.751° -2.93 —5.28 2.35
4 4.386" 0.00 -3.13 -5.19 2.06
3.776" -3.32 —453 1.21
6 8.802° 0.38 297 —4.19 1.22
8.751" —3.54 -5.13 1.59

@ Before annihilation.

b After annihilation.

¢ When there are two lines, the first corresponds to o« molecular orbital and the
second to f molecular orbital.
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less. There are a few exceptions like the Ni-N distance (difference of 0.02 p.
m.) but no alternative spin multiplicity is realistic. Part of the difference
might originate from solid state effects since the experimental geometries
have been determined from single crystal X-ray diffraction experiments
while the calculations are performed for molecules embedded in a polariz-
able continuum. Another source of difference comes from the experimental
structures, which might be slightly different because of the presence of other
substituents on the phthalocyanine core, but these variations are small. Yet,
in order to highlight the impact of the TM atom, Table 2 presents data with
the same core whereas the comparison with the other cores are given in SI
(Table S4). In Table S4, gas electron diffraction data are also included. These
allow assessing the amplitude of the surrounding effects in the crystal and
confirming the ground state spin multiplicity when the differences of ge-
ometries are large enough. When considering other spin multiplicities,
which correspond to higher energies, the agreement might be similar
[quartet versus doublet for Cu(Il), singlet versus triplet for Fe(Il), and doublet
or sextuplet versus quartet for Mn(II)], demonstrating that using the geom-
etry is not sufficient to substantiate the ground state spin multiplicity. In
other cases [quartet and sextet versus doublet for Co(II), quintuplet versus
triplet for Fe(I)], at least for several geometrical parameters, the optimized
geometries for other spin multiplicities differ from the experimental ones,
demonstrating that these are not realistic ground states.

For the compounds in their lowest spin state the gap (Aeg) is little
impacted by the nature of the divalent metal and it is close to 2.1-2.2 eV,
(Table 3). For the triplet of TT1Me-Fe(Il) it remains similar but not for the
quartet of TT1Me-Mn(Il) it gets as small as Aeg, = 1.2 eV. The very small
variations of HOMO-LUMO gap and of their related HOMO and LUMO en-
ergies for a broad range of compounds result from the spatial distribution of
the HOMO and LUMO (Figure S1-S24). Indeed, for most compounds, they
are all localized on the aromatic frame, which is identical in the TT1Me-Mt
series. Deviations from the 2.1-2.2 eV value of the HOMO-LUMO gap ap-
pears when the HOMO and/or the LUMO is localized on the metal atom,
which occurs typically for the highest spin multiplicities [quartet and sextet
of Co(ID)], triplet and quintuplet of Fe(Il), quartet and sextet of Mn(II)].

Though the HOMO and LUMO are localized on the aromatic rings,
the LUMO extends over the carboxylic acceptor group, which is not the
case of the HOMO. A difference of localization of the frontier orbitals is
important for the efficiency of the electron injection step in DSSCs,
where the HOMO should be localized on the donor part and LUMO on
the acceptor subunit [46].

3.4. Effect of several anchoring groups on the structure and electronic
properties

One of the phenyl groups of the Zn(II) phthalocyanine core was then
substituted by two carboxylic functions, leading to different position
isomers, of which the relative energy is governed by the formation of
intramolecular H-bonds (Figure S25, Table 4). In comparison to the parent

Table 4

Relative total energies (AE, kJ/mol) and orbital energies (¢, en, A = € — €n)
of TT6Me-Zn isomers as calculated at the B3LYP/6-311G*/IEFPCM(ethanol)
level in comparison to the parent TT1Me-Zn compound.

Isomer Relative energy (kJ/mol)” e (eV) ep (eV) Aeyy, (eV)
TT6Me-Zn-(A) 34.7 -3.30 —5.34 2.04
TT6Me-Zn-(B) 41.5 -3.33 —5.43 2.10
TT6Me-Zn-(C) 0.0 -3.33 —5.42 2.09
TT6Me-Zn-(D) 3.0 -3.40 —5.51 211
TT1Me-Zn / -3.13 —-5.25 2.12
TT1Me-2Acl-Zn 0.3 -3.26 —5.34 2.08
TT1Me-2Ac2-Zn 0.0 -3.20 —5.36 2.16
TT1Me-3Ac-Zn / -3.31 —-5.43 2.12
TT1Me-4Ac-Zn / —3.36 —5.51 2.15
TT7Me-Zn / -3.77 —5.85 2.08

# The energy of TT6Me-Zn-(C) is —3942.15038 a.u. while the energy of
TT1Me-2Ac1-Zn is —3902.82398 a.u.
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mono-substituted Zn(II) phthalocyanine (TT1Me-Zn), this leads to a
stabilization of the LUMO by about 0.2-0.3 eV while the HOMO is slightly
less stabilized so that the effect on the HOMO-LUMO gap is at much a
reduction by 0.1 eV. The next step was the mono-substitution of two or
more phenyl rings. Again, the multiple substitutions by carboxylic groups
stabilize both the HOMO and the LUMO with small impact (<0.1 eV) on
the HOMO-LUMO gap (Table 4). Note that substitution on neighboring or
opposite rings does not lead to significant energy difference. Then, up to
two acid groups were placed on each of the four phenyl rings, leading to
stabilizations of both HOMO and LUMO by as much as 0.6 eV.

Other structural modifications consists in adding fused rings (Scheme
2). Successive substitutions of the phenyl rings of the Zn(II) phthalocya-
nine by naphthyl and anthracenyl groups destabilize the HOMO. The
typical destabilization amounts to 0.08 eV for one phenyl-to-naphtyl
substitution and to 0.06 eV for one naphtyl-to-anthracenyl substitution.
The impact on the LUMO is much smaller and does not exhibit any clear
trend as a function of the number of fused rings. Therefore, the successive
substitutions of TT1Me-Zn to form TT13Me-Zn are associated with a
reduction of the gap from 2.12 eV to 1.70 eV (Table 5). Additional cal-
culations were then carried out on the Mn derivatives of TT13-Me because
we observed in Table 3 that Mn(II) is associated with small HOMO-LUMO
gap. Though for the doublet, a significant decrease of Aey; is observed
when going from TT1Me-Mn to TT13Me-Mn, the effects are reduced for
the higher spin multiplicities (Table S6).

3.5. UV/visible absorption spectra and analysis of the excited states

The UV/vis absorption spectra were then simulated for the different
phthalocyanine derivatives. By considering the parent compound
[TT1Me-Zn(II)], one observes that the spectrum is dominated by two
bands (Table S7). One band is centered around 650 nm with negligible
impact of the XC functional, within the selected range, while the amount
of HF exchange varies substantially from B3LYP (20%) to M06-2X
(54%), and to ®B97X-D (100% at long range). The second band depends
more strongly upon the XC functionals, with the smallest excitation
energy (3.68 eV) with B3LYP and the largest (4.16 eV) with ®B97X-D.
Note that each band is determined by several electronic transitions (for
the first band, two excitations having differences of excitation energies
less than 0.1 eV, and at least two for the second one). The experimental
large-frequency band peaks at 680 nm [21] so that the ®B97X-D XC
functional was selected for the following calculations.

For compounds TT1Me-Zn(II) to TT5Me-Zn(II) the results are pre-
sented in Table 6 and Figure S26 Variations in experimental and TDDFT
Amax Values are small. The substituent effect is also small on the oscillator
strength and the light harvesting efficiency [47].

Fig. 1 simulates the UV/visible absorption spectra of the metallo-
phthalocyanines with different transition metals in their most stable
spin multiplicity state while additional details are given in Table S8 and
Figures S27-S31. In the case of Cu(Il), Ni(II), Mn(II), the shift of the
lowest-energy band is small if not negligible while for Co(II) (—22nm) and
mostly Fe(II) (—43 nm) there is a clear hypsochromic shift. These results
agree with the experimental UV-vis absorption spectra, either of these

Table 5
Orbital energies (¢, ey, Aeyp = € — eg) of TT8-13Me-Zn isomers as calculated
at the B3LYP/6-311G*/IEFPCM(ethanol).

Compound e (eV) ey (eV) Aegyr (V)
TT8-1-Zn -3.10 -5.17 2.07
TT8-2-Zn -3.15 -5.16 2.01
TT9-1-Zn -3.11 -5.09 1.98
TT9-2-Zn -3.18 -5.08 1.90
TT10-Zn -3.14 -5.01 1.87
TT11-1-Zn -3.15 -4.94 1.79
TT11-2-Zn -3.10 -4.95 1.85
TT12-1-Zn -3.11 -4.89 1.78
TT12-2-Zn -3.16 -4.87 1.71
TT13-Zn -3.12 -4.82 1.70
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Table 6

Lowest-energy dipole-allowed excited states of TT1Me-TT5Me as evaluated at
the TDDFT/wB97X-D/6-311G(d)/IEFPCM(Ethanol) level of calculation [excita-
tion energies (AEg,, eV), wavelength of maximum absorption of the first band
(Amax,DDFT, DM, as obtained from the simulated spectra), dominant MO pairs
describing the excitations, oscillator strengths, and light-harvesting efficiencies
(LHE) as determined from the sum of the oscillator strengths of the two lowest
energy excitations] and comparison with the experimental maximum absorption
wavelengths (Amax.exp, NM).

Compound Aunax exp Amax TDDFT MOs AEo, Sfon LHE
TT1Me-Zn 680 642 H-L 1.90 0.73 0.96
H-L(+1) 1.96 0.68
TT2Me-Zn 670 646 H-L 1.90 0.69 0.96
H-L(+1) 1.93 0.72
TT3Me-Zn 675 649 H-L 1.90 0.78 0.97
H-L(+1) 1.93 0.69
TT4Me-Zn 672 646 H-L 1.91 0.75 0.96
H-L(+1) 1.94 0.69
TT5Me-Zn 684 649 H-L 1.89 0.82 0.97
H-L(+1) 1.96 0.69
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Fig. 1. UV/visible absorption spectra of the metallo-phthalocyanines as eval-
uated at the TDDFT/wB97X-D/6-311G(d)/IEFPCM(Ethanol) level of calculation
for their most stable spin multiplicity state.

compounds or of related structures having the same TM atom but different
substituents [21,42,48-54]. Yet, this good agreement is generally not
achieved for spin multiplicity states that are not the most stable as evi-
denced by difference between the doublet and quartet of Cu(ll), the
doublet and sextuplet of Co(Il), the triplet and quintuplet of Fe(I), and the
singlet/sextuplet and quadruplet of Mn(II). This further substantiates the
calculated relative energies of these compounds in their different spin
multiplicity states. The values of the oscillator strengh and LHE proved
that all Pc’s with all metals have a LHE value close to 0.95, with the
exception of TT1Me-Fe(T), where it reaches only 0.59.

The presence of a second anchoring group on one of the phenyl rings
(isomers A-D of TT6Me-Zn) leads to a small hypsochromic shift of the first
absorption band (Table S9). Differences between the isomers are negligible.
The calculated maximum absorption wavelength (633 nm for the most stable
isomer C) is in good agreement with experiment (684 nm) [22]. Similarly,
the effect of placing a carboxylic acid function on several phenyl rings has a
moderate impact (Table S10), with the exception of TT7-Zn, which presentsa
bathochromic shift of about 20 nm (0.1 eV). This is attributed to the presence
of two COOH functions on each of the four phenyl rings. TT1Me-4Ac-Zn,
which possesses four COOH functions is characterized by the largest oscil-
lator strength, and therefore the largest LHE (0.97).

When considering compounds with one or several rings fused on the
phenyl moieties, the bathochromic and hyperchromic effects are easily
visible (Fig. 2, Table S11), which goes in the targeted direction of better
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Fig. 2. UV/visible absorption spectra of the selected metallo-phthalocyanines
with different number of fused rings (TT1Me-Zn, TT8-1-Zn, TT10-Zn, TT11-
1-Zn, and TT3-Zn) as evaluated at the TDDFT/wB97X-D/6-311G(d)/IEFPCM
(Ethanol) level of calculation.

light harvesting pigments. Starting from the parent TT1Me-Zn com-
pound, the maximum absorption wavelength shifts to the red by ~20 nm
(or 0.05 eV) when three phenyl groups are replaced by naphtyls (TT10-
Zn) and furthermore by 60 nm (0.2 eV) when these are replaced by
anthracyl groups (TT13-Zn). These shifts are consistent with the
experimental characterization of thin films of 2,3-naphthalocyanine that
display a 0.25 eV bathochromic shift of the maximum absorption with
respect to phthalocyanine [55]. At the same time, the sum of the oscil-
lator strengths of the two low-energy transitions goes from 1.4
(TT1Me-Zn) to 1.77 (TT10-Zn), and to 2.16 (TT13-Zn). The results also
highlight the relevance of the isomer (e.g. the difference between
TT12-1-Zn and TT12-2-Zn is of the order of 20 nm). On this basis,
TT13-Zn appears as an efficient light harveting compound and a
promising candidate for high efficiency DSSCs. Results in Table S12 also
demonstrate that replacing Zn by Mn in TT13 leads to a further bath-
ochromic shift but it is detrimental to the oscillator strength.

3.6. Charge transfer character

Besides a large LHE value, the excited states of efficient DSSCs
molecules should present large charge transfer, which can be evaluated
by using the TDDFT method. Results in Table 7 demonstrate a sub-
stantial increase of pcr when large fused aromatic rings substitute the

Table 7

Charge transfer parameters of the lowest-energy dominant excitations of
selected TT derivatives [gcr (e), dcr (10\), Aper = ger x der (D), within the
nonequilibrium solvation approach] as calculated at the TDDFT/wB97X-D/6-
311G*/IEFPCM(Ethanol) level.

Compound Excited state number dcr der Per
TT1Me-Zn 1 0.38 0.37 0.67
2 0.36 0.39 0.67
TT7-Zn 1 0.40 0.01 0.01
TT8-1-Zn 1 0.43 1.73 3.57
2 0.45 1.74 3.76
TT10-Zn 1 0.57 2.26 6.23
2 0.42 1.59 3.22
TT11-1-Zn 1 0.47 1.62 3.67
2 0.41 1.15 2.26
TT12-1-Zn 1 0.52 1.93 4.80
2 0.42 1.22 2.48
TT12-2-Zn 1 0.49 1.86 4.34
2 0.41 1.10 2.16
TT13-Zn 1 0.52 2.13 5.53
2 0.42 1.35 2.71
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phthalocyanine core. So, from TT1Me-Zn to TT12-1-Zn, p. is multi-
plied by a factor of 4. At the same time, the excitation wavelength shifts
by 70 nm and the oscillator strength increases by 20%. Note that in
TT13-Zn, the excitation-induced dipole moment further increases by
10% with respect to TT12-1-Zn while the oscillator strength makes a
jump of 40%. The change in electron densities are drawn in Fig. 3 for
representative Zn(II) Pc’s.
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Fig. 3. Excitation-induced ®B97X-D/6-311G*/IEFPCM(Ethanol) total electron
density difference [Ap(T") = pexcitea(T) = Pgrouna(T)» isocontour value 0.0004
au] for the lowest-energy excited state of selected TT derivatives. (Purple:

Positive value/Light Blue: Negative value).
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3.7. Injection, recombination, and regeneration energies

To further analyze the performance of the phthalocyanines, their free
energy changes of the primary processes occurring in DSSCs (electron
injection, recombination, and regeneration) [11,56] were calculated.
The requirements for an efficient DSSCs are i) a LUMO localized above
the conduction band of the semiconductor, typically with — AGj; >
0.5 eV [57,58] since it is the driving force of the electron injection.
Larger driving forces are desirable for higher V,. [59] as well as for
improving the short circuit current density, J. [60]. Yet, others consider
that pigments possessing a lower value of —AGj,; favors the electronic
injection to the CB [61]; ii) a not too large HOMO-LUMO gap (Aey, =
e, — ep) of the dye, which is closely related to its absorption band po-
sition, because more photons can be absorbed, which may lead to a
larger Js. and overall power conversion efficiency (i) [11,15]; iii) low
values of —AGy to ease the regeneration of the dye [11,62]; and iv) a
large —AG,, value to avoid charge recombination and therefore to
obtain a good charge separation [36]. The B3LYP/6-311G(d) data are
presented in Table 8.

Most compounds present a —AGj,; larger than 0.5 eV. With the
exception of TT7-Zn, the window of —AG;; values is narrow (~0.4 eV).
Multiple substitutions by carboxylic acid push the — AGy,;; values closer
to 0.5 eV whereas the presence of naphthyl and anthracenyl groups is
detrimental since the —AGj,; values get closer to 1.0 eV. Then, con-
cerning the —AGy criterion the best compounds are the TT12 and TT13
derivatives, those species with several aromatic rings. On the other
hand, the largest —AG,, values are achieved for the compounds bearing
several carboxylic acid functions, with values reaching 0.5-0.7 eV.

Table 8

B3LYP/6-311G*/IEFPCM(Ethanol) — AGiyj, — AGre, and — AGye of phthlo-
cyanines with different substituents and metal atoms. Only the compounds
within their most stable spin multiplicity configuration were considered.

Compounds — AGyy — AGre — AGreg
TT1Me-Zn 0.87 1.25 0.45
TT2Me-Zn 1.03 1.11 0.31
TT3Me-Zn 0.94 1.20 0.40
TT4Me-Zn 0.96 1.21 0.41
TT5Me-Zn 0.94 1.19 0.39
TT1Me-Ni 0.85 1.31 0.51
TT1Me-Cu 0.81 1.30 0.50
TT1Me—Co 0.92 1.25 0.45
TT1Me-Mn 0.87 1.19 0.39
TT1Me-Fe 0.73 1.27 0.47
TT6Me-Zn (Isomer A) 0.70 1.34 0.54
TT6Me-Zn (Isomer B) 0.67 1.43 0.63
TT6Me-Zn (Isomer C) 0.67 1.42 0.62
TT6Me-Zn (Isomer D) 0.60 1.51 0.71
TT1Me-2Acl-Zn 0.74 1.34 0.54
TT1Me-2Ac2-Zn 0.80 1.36 0.56
TT1Me-3Ac-Zn 0.69 1.43 0.63
TT1Me-4Ac-Zn 0.64 1.51 0.71
TT7-Zn 0.23 1.85 1.05
TT8-1-Zn 0.90 1.17 0.37
TT8-2-Zn 0.85 1.16 0.36
TT9-1-Zn 0.89 1.09 0.29
TT9-2-Zn 0.82 1.08 0.28
TT10-Zn 0.86 1.01 0.21
TT11-1-Zn 0.85 0.94 0.14
TT11-2-Zn 0.90 0.95 0.15
TT12-1-Zn 0.89 0.89 0.09
TT12-2-Zn 0.84 0.87 0.07
TT13-Zn 0.88 0.82 0.02

TT13-Mn 0.96 0.85 0.05
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4. Conclusion

Density functional theory and time-dependent density functional
theory calculations have been performed in order to investigate the
electronic and optical properties of phthalocyanine derivatives, with a
perspective of optimizing their performance as sensitizers in Gratzel
DSSCs. The collection of phthalocyanine derivatives has been defined by
starting from a well-known Zn(II) phthalocyanine and then by changing
the nature of the transition metal, by adding carboxylic functions, as
well as by considering extension of the aromatic rings with fused phenyl
moieties. Key results encompass: i) the small impact of the transition
metal (Ni, Mn, Fe, Co, and Cu versus Zn) on the free energies of the
primary processes (injection, recombination, and regeneration), ii) the
cooperative role of adding several carboxylic acid functions to optimize
the injection process, and iii) the increase of the light harvesting effi-
ciency and of the free energy of injection upon addition of fused phenyl
rings. Moreover, the analysis of the molecular orbitals and the topology
of the excitation-induced electron density distributions confirms the
charge separation abilities of these derivatives. On the basis of these
results we conjecture that compounds TT13-Zn, TT12-2-Zn, TT1Me-
4Ac-Zn, and TT7-Zn are promising candidates for high efficiency DSSCs
and, starting from TT1-Zn, structural modifications along these lines are
worth investigating experimentally. Future work will address the elec-
tronic and optical properties of these derivatives when grafted on TiO,
fragments [63], with a double role, i) showing the impact of the
anchoring on the phthalocyanine properties and ii) studying the electron
injection process.
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