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Abstract The series of rhenium (I) tricarbonyl mixed-
ligand complexes ReCl(CO);(H,bpydt) (n = 2, 1; n = 4,
2; bpy = bispyridine, dr = 1,3-dithiole) and ReCl(CO);
(H,bpyTTF) (n = 2, 3; n = 3, 4; TTF = Tetrathiafulva-
lene) have been investigated theoretically to explore the
effect of COOH functional group on their electronic
structures, spectroscopic properties and their properties as
dye in a solar cell. The calculated geometry structure and
absorption spectrum of 1 and 3 are generally consistent
with the experimental results. By attaching the COOH
groups on both bpy and dt (TTF in 4) moiety in 2, the
nature of LUMO is also contributed by both 7*(bpy) and
w*(df) (n*(TTF) in 4), and the absorptions have an obvious
red shift compared with 1 and 3. In addition, it can be
found that the transition terminates at the orbital populated
by the COOH-appended moieties, and the performance of 2
and 4 in the dye-sensitized solar cell can be enhanced as
compared with 1 and 3.

Keywords Rhenium (I) complexes -
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1 Introduction

Considerable efforts have been devoted to research the
dye-sensitized solar cells (DSSCs) for the conversion of
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sunlight into electricity because of their low cost and high
efficiency [1-4], which has recently reached 12 % energy
efficiency [5]. The operation of DSSCs has been reviewed
elsewhere [6-8]. Further increases in efficiency can come
in a number of areas, one of which is improving the
property of the dye sensitizer. The dye sensitizer is one of
the key components of DSSCs for achieving high power
conversion efficiency, which is used to sensitize the
semiconductor electrode. To date, the most efficient and
stable dye molecules for this application have been Ru(II)
polypyridyl complexes [9—12]. For example, Ru(Il) poly-
pyridyl complexes with carboxylate, [Ru(bpp)(dcbpyH,)
Cl] 4+ (bpp = 2,6-bis(N-pyrazolyl)pyridine, dcbpyH, =
2,2/-bipyridine-4,4'-dicarboxylic acid) [3] have been syn-
thesized and analyzed, in which the carboxylic acid
pendants are key to the attachment of dyes to the semi-
conductor surface [13].

Similar to ruthenium compounds, tricarbonyl rhe-
nium(I) polypyridine complexes with carboxylic pendants
are attractive research targets owing to their photophysical,
photochemical, excited-state redox properties and potential
role as a dye for DSSC application [14—17]. More impor-
tant for this study is the fact that the Re(Il/I) reduction
potentials are significantly 0.5-1 eV positive of those from
other inorganic sensitizers. In principle, this provides a
larger driving force for donor oxidation and interfacial
charge recombination. In addition, the facial geometry
about Re(I) likely affords more uniform molecular orien-
tation on TiO, than does the commonly utilized cis-
Ru(dcb),(NCS), sensitizer [18]. The Re(I) coordination
compounds, fac-Re(deeb)(CO)3(X), (deeb = 4,4'-(COO-
Et),-2,2"-bipyridine, X = I, Br—, C1~, or CN7), and [fac-
Re(deeb)(CO)3(py)](OTY), (OTf™ = triflate, py = pyridine),
have been prepared and anchored to nanocrystalline (anatase)
TiO; [19].
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Fig. 1 Schematic representation of 1-4

Recently, a series of Re(l) tricarbonyl bispyridine
complexes containing sulfur-rich core ligand and free
carboxylic acid pendants, ReCl(CO);(H,bpydt) and
ReCl(CO)3(H,bpyTTF) (dt = 1,3-dithiole, TTF = Tetra-
thiafulvalene, bpy = bispyridine), have been synthesized,
and the photovoltaic performance as photosensitizers in the
nanocrystalline TiO,-based solar cells was studied [20].
The df and TTF ligands incorporating bpy have received
much attention for decades, on account of their highly
desirable properties and growing utility as versatile build-
ing blocks in molecular, supramolecular and materials
chemistry [21-24]. From the experimental point of view,
the study about Re(I) tricarbonyl complexes containing
multi-sulfur ligands as photosensitizers is poor. The sulfur
atoms in a dye structure can have significant effects on the
overall DSSC cell performance [25-27]. In addition, we
think the performance of the new Re(I) complexes as
photosensitizers can be improved by adjusting the number
and position of COOH group on the ring system. Therefore,
a deep insight into the structures and photovoltaic proper-
ties for this kind of complexes is much needed and
significant.

Indeed, computational studies can help us in realizing
the assumption and providing some hints about some
important aspects of the studies dyes. The excellent
agreement of calculated results with available experimental
data indicates that the approach could be used as an effi-
cient predictive tool to research the new photosensitizer
[28-30]. For example, De Angelis firstly addressed the
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problem of metalorganic dye energetics from a computa-
tional point of view [31].

Thus in this paper, we take ReCI1(CO);(H,bpydt) (1) and
ReCl(CO)3;(H,bpyTTF) (3) as parent models, and theoret-
ical calculations were employed to reform the system by
adjusting the number of COOH group and their attaching
point on ppy ligand (four COOH groups in 2 and three
COOH groups in 4, see Fig. 1) in order to enhance the
performance of the dyes. In addition, the electronic struc-
tures, absorption spectrum, as well as the redox potentials
of the systems, were calculated to further understand the
mechanism as dyes and explore the performance as dyes.
The results will broaden the field of studies on synthesizing
and designing new dyes.

2 Computation methods

All of the calculations were accomplished with the
Gaussian 03 software package [32]. A hybrid Hartree—
Fock/density functional theory (HF/DFT) model approach
based on the Perdew-Burke-Erzenrhof (PBE) functional
[33, 34], referred to as PBEIPBE, where the HF/DFT
exchange ratio is fixed a priori to 1/4, was used to optimize
the ground state. There were no symmetry constraints on
these complexes. In the calculations, the quasi-relativistic
pseudo-potentials of Re atoms proposed by Hay and Wadt
[35, 36] with 14 valence electrons were used, and a
“double-£” quality basis set LANL2DZ associated with the
pseudo-potential was adopted. A relativistic effective core
potential (ECP) on Re replaces the inner core electrons
leaving the outer core [(5s2)(5p6)] electrons and the (5d°)
valence electrons for Re(I). The 6-31G(d) basis bet was
adopted for the no-metal atoms.

On the basis of the optimized geometry structures in
the ground states, the molecular orbital compositions and
the vertical transition energies to the valence excited
states in methanol media were calculated by time-
dependent density functional theory (TD-DFT) [37-39] at
the PBEIPBE hybrid functional level with the same basis
set. The optimized ground state geometry was studied in
methanol as an approximation to include solvent polari-
zation effects, and the polarized continuum model (PCM)
[40, 41] was adopted to simulate the solvent field of
methanol in TD-DFT calculation. The rationality of
approximate calculation has been proven to be reliable in
recent studies [42-46] and gave good agreement with
experimental spectra.

The standard redox potentials of the complexes
[ReCI(CO);L] in the ground state, E°, relative to the
standard calomel electrode (SCE) can be calculated using
Eq. (1) on the basis of the thermodynamic cycle [46] as
shown in Fig. S1 (Supplementary Materials).
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EO
[ReCI(CO),L]* /[ReCI(CO)5L]

0 0
B AG[ReCl(co)3L]+/[ReC1(C0)3L] — AGscx

= F (1)
where,
E&eCl(CO)3L]+/[ReCl(CO)3L] - _AGgq (2)
0 _ 0 0 0
AG,, = AGy, + AG°(2) — AG°(1) (3)
AG(1) = G°[ReC1(CO);L](aq) — G’ [ReCl(CO),L](gas)
(4)
AG°(2) = G°[ReCI(CO),L]"(aq) — G°[ReCl(CO),L]" (gas)
(5)

AGYcy = —4.1888eV [47], F = 23.06 kcal mol ' VI All
of the related free energies were calculated under standard
conditions, that is, at 298.15 K and 1 atm.

3 Results and discussion
3.1 Geometry structures in the ground state

The optimized structures of 1-4 are shown in Fig. 2, and
the main geometry parameters are summarized in Table 1
in comparison with the available experimental values [20]
of ReCI(CO);(Medpydt) and ReCI(CO);(MebpyTTF), the

Fig. 2 Ground-state structures
of 1-4 optimized by PBE1PBE

hydrolysis product of which is complexes 1 and 3,
respectively. They are very similar in the structure.
Vibrational frequencies were calculated on the basis of the
optimized geometries of 1-4 to verify that each of the
geometries is a minimum on the potential energy surface.
The optimized bond lengths and bond angles are in
general agreement with the corresponding experimental
values from Table 1. All the structures show the
Re(I) adopts a distorted octahedral coordination geometry,
with the chemically robust fac-[Re(CO);]" core and the
halide is slightly tilted toward the NN unit. The bond
lengths of Re—C and Re—Cl are consistent with those found
in similar tricarbonyl Re(I) complexes [48] and N(1)-Re-
N(2) angle are characteristically smaller than the ideal
value of 90°, imposed by the rigid geometry of the che-
lating bipyridine (bpy) ligands. In complex 1, the two
aromatic rings form a “butterfly-like” substructure due to
the flexibility of the bpy moiety [20] and the Re—N dis-
tances are almost identical, which are in general agreement
with the relatively symmetrical structure of ligand Med-
pydt. In complex 3, the 7 conjugation within the TTF unit
is extended to all six sulfur atoms, but the C(4)-C(5) bond
is significantly longer than the C(6)-C(7) bond, which
revealing the single-bond nature of C(4)-C(5) bond, and
this precludes the 7 conjugation between the bpy and TTF
unit. According to calculations, the bpy unit was substi-
tuted by —COOH group in 2 and 4, but they have similar
geometrical rearrangements to 1 and 3 respectively.
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Table 1 The optimized main geometry parameters for 14 in ground state, together with the experimental values

1 3 4
So exptl® So So exptl® So
Bond length (A)
Re-N(1) 2.207 2.206 2.200 2.173 2.165 2.165
Re-N(2) 2.208 2.207 2.201 2.173 2.152 2.172
Re-C(1) 1.904 1.857 1.906 1.909 1.897 1.911
Re-C(2) 1.915 1.879 1.917 1.918 1.928 1.921
Re-C(3) 1.915 1.889 1.917 1.917 1.860 1.918
Re-Cl 2.485 2.473 2.483 2.484 2.482 2.482
C4)-C(5) 1.537 1.438 1.537
C(6)-C(7) 1.348 1.315 1.348
Bond angle (deg)
N(1)-Re-N(2) 81.5 83.2 81.7 74.6 75.0 74.9
N(1)-Re-C(2) 173.8 174.0 174.4 170.7 175.1 170.7
N(2)-Re-C(3) 173.6 177.9 1743 170.5 173.5 170.6
Cl-Re-C(1) 177.0 175.6 177.1 175.9 175.7 176.3

a, b Experimental data from Ref. [16]
3.2 Frontier molecular orbital properties

The partial frontier molecular orbital (FMO) compositions
and energy levels of 1-4 are listed in Tables S1-4 (Sup-
plementary Materials), respectively. It will be useful to
examine the FMOs of these Re complexes to provide the
framework on the excited state.

The calculated results showed that lowest unoccupied
molecular orbital (LUMO) of 1 is mostly concentrated on
the dt group, while the LUMO + 1 is localized on both bpy
and dr ligands. The highest occupied molecular orbital
(HOMO) is composed of d(Re), n(bpy), and mn(ds), while
other higher occupied molecular orbitals have strong d(Re)
(>42 %) mixed with ©(Cl) and ©(CO) characters. When the
COOH groups are anchored to both ds and bpy in 2,
the LUMO is contributed by n*(bpy) and n*(df) and the
LUMO + 1 is predominantly of ©*(df). The HOMOs for 2
have the similar composition to 1. Compared 4 with 3,
analogously, the contribution of LUMO is changed from
*(bpy) to n*(bpy) and n*(TTF), while the LUMO + 1 is
changed from 7#*(TTF) to =n*(bpy) and =n*(TTF). The
HOMGOs of 3 and 4 lie primarily on the n(TTF) (>95 %),
while other occupied molecular orbitals are substantially
mixed with the d(Re) character. Moreover, the COOH
groups attached to bpy moiety in 2 and 4 can decrease the
energy levels of the LUMO more significantly than those
of the HOMO and thus sufficiently stabilize the LUMO,
resulting in narrower HOMO-LUMO energy gaps.

From the above analysis, the FMOs are influenced by
the number and position of COOH group. Particularly, the
LUMOs are mainly mastered by the ligands attached by the
COOH groups. This is an important feature for the complex
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to act as the dyes in DSSC. Since the complex can interact
with the semi-conductor via the COOH group, the trans-
ferred electron can reach the conduction band of the semi-
conductor via the virtual orbitals attached by COOH
groups [49]. This is vital for a larger charge collection
efficiency.

3.3 Absorptions in methanol media

The calculated absorption energies associated with their
oscillator strengths, the main configurations, and their
assignments, as well as the experimental results of 1 and 3,
are given in Table 2. The fitted absorption curves of 1-4
are shown in Fig. 3. Figure 4 displays the energy levels of
molecular orbital involved in the lowest-lying absorption
transitions of 1-4, which can intuitively understand the
transition process. The experimental and calculated
absorptions are compared in Figs. 5 and 6 for 1 and 3,
respectively.

Figure 4 and Table 2 show the lowest-lying sin-
glet — singlet absorption band of 1 is at 2.89 eV (429 nm)
and the excitation configuration of HOMO — LUMO is
responsible for the transition. As shown in Table S1, this
excitation can be assigned to{[d(Re) + m(bpy) + m(dr)]
— [n*(d#)]}transition with mixing MLy,CT/Ly,yLg,CT/
IL4CT (metal-to-ligand charge transfer/ligand-to-ligand
charge transfer/intra-ligand charge transfer) transition
character, and the COOH groups take part in the transition
process. However, it cannot be differentiated in the mea-
sured spectrum, this may be due to its weak oscillator
strength  (0.0485, the weakest among the calculate
absorptions). For the other two strong absorptions at 378
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Table 2 Selected calculated excitation energies (E, eV), wavelengths (4, nm), oscillator strengths (f), driving force of charge injection (D, in V),
and dominant excitation character of 1-4, together with the available experimental absorption data of 1 and 3 (¢, 10> M~ cm™)

Transition ICIl (coeff.) E D Acal Aexp (8)° f Character

1

H-L 0.69436 (96 %) 2.89 0.65 429 0.0485 MLy, CT/LyyyLg,CT/ILq,CT

H-oL+1 0.69151 (96 %) 3.28 1.06 378 401 (8.7)  0.1706  M(LippyLa)CT/I(LypyLa,)CT

H->L+3 0.60924 (74 %) 392 1.68 316 323 (6.1)  0.0851  M(LypyLa)CT/I(LiypyLa)CT

H-1-L+4+6 031727 (20 %) 5.17 293 240 0.0704  ML4,CT/Lc Ly CT/LcoLy,CT

H-3->L+4+7 0.29960 (18 %) ML coCT/ML4ypy CT/ILcoCT/LeoLiypy CT

2

H->L 0.69968 (98 %) 2.76 048 449 0.0951  M(LypyLa)CT/(LypyLa)CT

H-L+1 0.66833 (89 %) 298 0.70 416 0.0442  M(LypyLa)CT/I(LypyLa)CT

H->L+3 0.69933 (98 %)  3.73 1.45 333 0.1524  M(LypyLa)CT/I(LypyLa)CT

H-1->L+4 038761 30 %) 4.62 234 269 0.0558  MLy,pyCT/L Ly CT/LoLpyCT

H->L+5 0.32564 (21 %) M(LippyLa) CT/I(LiypyLa)CT

H-L+6 0.30459 (19 %) MLcoCT/MLgCT/(LiypyLa)LcoCT/ILCT
H-1->L+4+7 04281937 %) 489 261 254 0.0494  MLcoCT/MLyypy CT/LoLcoCT/LeilypyCT/ILcoCT
H—-1->L+4 0.34610 (24 %) M(LippyLa) CT/I(LiypyLg)CT

3

H->L+1 0.69134 (96 %) 239 1.06 520 0.0240  ILpCT

H-3->L 0.59215 (70 %)  3.19 1.86 389 398 (5.4)  0.0952 MLy CT/LciLippyCT/LeoLipy CT/LprpLy, CT
H-2->1L 0.35799 (26 %) ML,y CT/LrrpLpp, CT

H->L+7 0.51374 (53 %) 422 289 294 298 (29.3) 0.6550  ILpreCT

H-5-1L 0.21886 (10 %) LrrpLipyCT/ILy,, CT

4

H-L 0.69907 (98 %) 222 0.75 559 0.0080  LprrLypyCT/ILrreCT

H-3->1L 0.64262 (83 %) 292 145 424 0.0944  M(LypyLrre)CT/Lei(LppyLrrr) CT/Leo(Lppy L) CT
H-L+7 0.39122 31 %) 421 274 294 0.3481  ILpCT

H-3->L+3 029425 (17 %) M(Lupy Lr15) CT/Ly(Lopy L) CT/Lo(Lipy L) CT
H—-1->L+3 0.26855 (14 %) M(Lippy Lrr) CT/LrrpLipy CT/ALreCT

* The experimental absorption data are from Ref. [20]
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Fig. 3 Simulated absorption spectra of 1-4 in methanol

and 316 nm, the excitations responsible for them originate
from the same occupied orbital (HOMO) but terminate in
the different virtual orbital, but they have the same

transition character M(LypyLa)CT/I(LypyLg)CT. In addi-
tion, the absorptions are comparable to the measured values
at 401 and 323 nm, respectively. Thus, a very good
agreement with the experimental spectrum is obtained
when the PBE1PBE hybrid functional is used together with
the PCM model for methanol solvent. The strongest
absorption at 240 nm is contributed by excitations H —
1 >L+6and H—3 - L 4+ 7 with mixed transition
characters.

The absorption of 2 is similar to that of 1 in profile but
with obvious red shift (Fig. 3), which is consistent with the
variation rules of the HOMO-LUMO energies gaps. Fur-
thermore, different from the lowest-lying absorption band
of 1, the transition terminates in both bpy and dr moieties,
which are subligated by the COOH groups. Therefore, the
lowest energy absorption of 2 at 449 nm can be attributed
to  {[d(Re) + n(bpy) + n(d)] — [n* (bpy) + 7*(dn]}
transition with the M(LypyLa,)CT/I(LypyLa,)CT transition
character. The other higher absorption spectra of 2 are
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Fig. 4 Transitions responsible 1
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Fig. 5 The experimental and calculated absorption spectra of 1 (red
line experimental spectrum [20], linked left Y axis; black line
calculated spectrum, linked right Y axis)

similar to that of 1 but with some difference in the
oscillator strength.

Analogously, compared with 3, when the COOH groups
are also attached to bpy moiety in 4, the electron excitation
for the lowest-lying absorption is changed and contributed
by {[n(TTF)] — [n*(bpy) + n*(TTF)]} and {n(TTF) —
n*(TTF)} for 4 and 3, respectively. In addition, the
absorptions in 4 have an obvious red shift. To summarize,
the transitions in the four complexes end in the orbital
mastered by the ligand which is appended by the COOH
groups. Especially, upon the COOH groups are anchored to
both bpy and dr (or TTF) ligand in 2 (or 4), the com-
plexes display lower energy absorption bands with mixed
transition character in the UV-visible region, namely
the light harvesting capability of the complex can be
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Fig. 6 The experimental and calculated absorption spectra of 3 (red
line experimental spectrum [20], linked left Y axis; black line
calculated spectrum, linked right Y axis)

improved. These absorptions are helpful for charge transfer
in DSSC.

3.4 The theoretical understanding in DSSC of 1-4

In our simulation, the DSSC cell is structured as the typical
cell described elsewhere [50], in which the semiconductor
is TiO, with valance band (vb) and conductive band (cb) of
2.5 and —0.7 V (vs. SCE), respectively. The efficiency of
the DSSC, that is, the incident photon to current efficiency
(IPCE), is a function of the light harvesting efficiency
(LHE), the efficient charge injection from the electronic
excited state of dye into the conduction band of TiO, (®jy;),
and the charge collection efficiency (7). The IPCE can be
expressed as [49]:
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Table 3 Calculated Gibbs free energy (AG,q, in au) and redox
potential (EO, versus SCE, in V) of 1-4, together with the available
experimental redox potential (E(c)xp, vs. SCE, in V) of 1

Complex AGyq E° ngp
1 0.2106 1.540 0.98
2 0.2120 1.579
3 0.1769 0.623
4 0.1822 0.768

? The experimental absorption data are from Ref. [20]

IPCE = LHE x @y x 7, (6)

Here, ®;,j depends on the thermodynamic driving force (D)
of the vertical excitation:

@y o< f(D) (7)
D = |E" — AE — E,| (8)

where E_;, is the conductive band of TiO, (vs. SCE); AE is
the vertical excitation energy, obtained from TD-DFT
calculation. In principle, to make the electronic transfer
energetically favorable, the energetics of the excited states
of the dye should be high enough to provide a thermody-
namic driving force (D) for charge injection.

Calculated Gibbs free energy and redox potential of 1-4
together with the available experimental redox potential of
1 are given in Table 3. The general agreement of our
results with available experimental data indicates that the
approach of this work is rational. The calculated redox
potential (see Table 3) of 1 in ground state is 2.3 V bellow
the conduction band of TiO,. Thus, the molecule should
absorb energy not less than 2.3 V to excite an electron and
than transfer the electron to the conduction band of TiO,.
For 3, we thus take 1.4 V (vs. SCE) as roughly the least
energy a molecule must harvest to inject an electron into
the semiconductor. It can be found that all the calculated
absorptions of 1 and 3, except the lowest energy ones, can
provide adequate energy to make a valid injection. The
lowest-lying absorptions with weaker oscillator strength
(less than 0.1) will reduce the LHE and IPCE. Thus, the
sensitization of 1 and 3 to solar cell is limited, and this is in
accord with the experimental results. Here, we make the
approximation that the energetics of the sensitizer are not
too different whether it is in methanol solution or bond to
TiO, film [51].

However, when the COOH groups are attached to both
bpy and dt in 2, the absorptions have an obvious red shift
compared with 1 and all the excitations have the stronger
oscillator strength and large driving force to inject electron
(D, from the lowest 0.48 V to the strongest 2.34 V, see
Table 3). In 4, the efficient absorption bands are located at
A < 425 nm, which can absorb more light than 3. All of the

virtual orbitals in the desired excitations are predominately
n*(bpy) and n*(df) in 2 (w*(bpy) and 7*(TTF) in 4)
attached by COOH group, which should facilitate the
injection since the sensitizer is anchored to TiO, via the
COOH ligand. Therefore, after the COOH groups are
anchored to both bpy and df (or TTF) ligand in 2 (or 4), the
restructured complexes are more suitable for serving as
dyes in solar cell, and the efficiency of the cell sensitized
by 2 and 4 should be improved as compared to that by 1
and 3.

4 Conclusions

Theoretical calculations have been formed on the four
Re(I) complexes to reveal the electronic structures, optical
properties, focusing on the theoretical understanding and
prediction of their performance as sensitizers in DSSC. The
calculation results indicate that the FMOs are influenced by
the number and position of COOH group. Particularly, the
LUMOs are mainly mastered by the ligands attached by
the COOH groups, and the COOH groups attached to
bpy moiety in 2 and 4 can decrease the energy levels of
the LUMO more significantly than those of the
HOMO, resulting in narrower HOMO-LUMO energy
gaps. Therefore, the absorptions of 2 and 4 have an obvious
red shift compared with 1 and 3. In addition, the electron
transition can take place involving this ligand appended by
the COOH not only in the MLCT but also in the ILCT
transition. On the other hand, the newly designed complex
2 (or 4) with the bpy and df (or TTF) moieties attached by
COOH group has more effective excited state than the
parent molecule 1 (or 3) and may play a better role in
DSSC. These results should be helpful for designing new
sensitizers in DSSC.

5 Supplementary materials

The partial frontier molecular orbital compositions and
energy levels of 1-4 are listed in Tables S1-S4. The
thermodynamic cycle is shown in Fig. S1.
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