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(2), where HL = monoanion of pyridine-2,5-dicarboxylic acid, PPh3 = triphenylphosphine and POP =
bis [2-(diphenylphosphine)phenyl]ether), are documented. The complexes were characterized by
elemental analysis, spectroscopic techniques (IR, 'H/3!P RMN and UV-VIS), cyclic voltammetry,
and thermogravimetric analysis. Single-crystals for 1 and 2 enabled X-ray diffraction analysis,
revealing distorted tetrahedral geometries for Cu(I) centers embedded in NOP, environments. The
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Copper(l) Complexes and analyzed by inspection of the Hirshfeld surfaces and fingerprint plots. Compounds 1 and 2 show
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published maps and institutional affil- In the past five decades, the worldwide energy demand increase and its climate change

repercussions have promoted interest for renewable energy sources due to the increase of
carbon dioxide emission [1,2]. According to energy claims and consequent environmental
concerns, solar energy-to-electricity conversion technologies (photovoltaics) constitute at
this instant the main perspective for clean energy and have raised an accelerated devel-
opment in renewable energy research [2—4]. In photovoltaic technology, over the past
two decades, dye-sensitized solar cells (DSSCs) emerged as a unique option for energy
distributed under the terms and  Seneration by achieving sunlight-to-electricity conversion through a process partially imi-
conditions of the Creative Commons _ tating photosynthesis. This method offers a promising alternative for manufacturing highly
Attribution (CC BY) license (https://  efficient and low-cost solar cells based on good transparency, novel color options, plastic
creativecommons.org/ licenses /by / flexibility, and eco-friendly operation. Because of these advantages, dye-based photovoltaic
40/). systems have become a reliable competitor to solid-state junction devices [4]. There are two
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types of sensitizers used in DSSCs: organic dyes and inorganic dyes. Organic dyes involve
natural or synthetic organic compounds. Inorganic dyes include metal compounds such as
polypyridyl, porphyrin, and phthalocyanine complexes. The most common metals in these
N-ligand based complexes are Ru (II), Os (II), Ir (III), and Pt (II) complexes, which frequently
show intense absorption in the visible region, elevated photoluminescence quantum yields,
good excited-state lifetimes, and high thermal and chemical stability [5-7].

The organic compound or coordination complex in DSSCs is responsible for light rec-
ollection and electron transfer into the conduction band (CB) of a semiconductor electrode
(typically TiO;y), to which it is chemically bonded. The performance of the solar device
depends further on the composition of the redox couple and the electrolyte, and most
crucially, the dye properties [8]. Over the past two decades, much effort has been spent in
optimizing these components to improve the DSSCs’ overall efficiency [9].

Ruthenium compounds have demonstrated particularly good solar energy-electricity
conversion efficacy by giving photon-to-current conversion efficiencies (PCEs) above
10% [10]. In this context, the most well-known dyes are [cis-(dithiocyanato)-Ru-bis(2,2’-
bipyridine-4,4’-dicarboxylate)], N3, and the doubly protonated tetrabutylammonium salt,
N719 [11]. However, ruthenium is among the most expensive metals and is difficult to
acquire, aside from being harmful to the environment since metal complexes based on this
metal frequently undergo degradation in the presence of water [12].

Aiming to develop more accessible and sustainable materials for DSSCs [6,13,14],
Cu(I) complexes have recently attracted interest due to their excellent photophysical and
electrochemical properties as well as the low cost, abundance, and environmentally friendly
features of copper [15,16]. These attributes have stimulated the use of Cu(I) complexes
for the preparation of diverse components in DSSCs, e.g., as hole-transporting materials
(HTM) [17], redox medjiators [18], and dyes [19].

The seminal contributions by Sauvage and coworkers [20] on Cu(]) polypyridyl com-
plexes of the type [Cu(N"N),]* as dyes with wide band-gap semiconductors (TiO, and
ZnO) for DSSCs have stimulated the development of other homoleptic [Cu(N"N),]* and
heteroleptic [Cu(N"N)(N"N)']* or [Cu(N"N)(P"P)]* sensitizers (N"N = diimine chelating
ligand; P"P = bidentate diphosphines) [11,21,22]. While homoleptic Cu(I) complexes for
DSSCs are synthesized with ease, attaching ligands containing different functional groups
is challenging. However, Cu(I) complexes used for applications in DSSCs should carry an-
choring ligands that bind to the TiO, semiconductor surface and ancillary ligands enabling
for adjustment of the photonic and electronic properties of the compounds. Because of
this, heteroleptic type Cu(I) complexes contain generally two distinct ligands that include
the required functional and anchoring groups. Heteroleptic copper(l) sensitizers carrying
carboxylic acid/carboxylate or phosphonic acids as anchoring ligands also gave improved
DSSC performances [23,24].

Using a heteroleptic copper(I) dye with the sterically demanding 6,6-dimesityl-2,2’-
bipyridine-4,4’-dicarboxylic acid anchoring ligand, a 2,2’-bipyridine auxiliary ligand and
hole-transporting triphenylamino units, Odobel and coworkers reached a DSSC with a
photoconversion efficiency of 4.66%. The relatively large efficiency of the DSSC was also
attributed to the co-adsorbent chenodeoxycholic acid [25,26]. There are also DSSCs in
which copper compounds are employed as electrolytes due to their favorable Cu(I/II)
redox potentials [27], and DSSCs in which both the dye and the electrolyte are copper
complexes [28].

Our research groups reported previously the photophysical and electrochemical properties
of heteroleptic Cu(I) complexes carrying sterically demanding triphenylphosphine (PPhs) as an-
cillary ligand and either cis-(£)-2,4,5-tris(2-pyridyl)imidazoline or 2,4,6-tris(2-pyridyl)triazine as
anchoring ligand and their performance as co-sensitizer in DSSCs [29]. Herein, we document the
molecular and crystal structures of two novel complexes of composition [Cu(HL)(PPhs),]-H,O
(1) and [Cu(HL)POP]-CH,Cl, (2), where HL = monoanion of pyridine-2,5-dicarboxylic acid,
PPhj = triphenylphosphine and POP = bis [2-(diphenylphosphine)phenyl]ether), see Scheme 1.
Both complexes exhibit interesting optical and electrochemical properties, which were eval-
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uated in solution by UV-Vis spectroscopy and cyclic voltammetry and analyzed further by
TD-DFT calculations. In addition, their efficiency as sensitizer and co-sensitizer in DSSCs
was assessed.
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Scheme 1. Synthetic pathways for complexes 1 and 2.

2. Materials and Methods
2.1. General

All chemicals, including pyridine-2,5-dicarboxylic acid (H,L), triphenylphosphine
(PPhg), bis [2-(diphenylphosphine)phenyl]ether (POP) and [Cu(MeCN)4]PFs were pur-
chased from Sigma-Aldrich and used as received without further purification. The dye
N719 was purchased from Solaronix. [Cu(PPh3),NO3] was obtained by a previously doc-
umented methodology [30]. Elemental analyses were performed on a Elementar Vario
ELII instrument. IR spectra were determined on a Bruker Alpha Tensor 27 Vertex Series
spectrophotometer using KBr pellets in the 4000-500 cm~! region. A Bruker Advance
I11-400 spectrometer was used to record 'H and *'P NMR spectra. Chemical shifts are
reported in ppm and were referenced to residual solvent resonances. UV-Vis absorption
spectra were recorded on a Shimadzu UV-1800 spectrophotometer. Electrochemical redox
potentials were obtained by means of cyclic voltammetry (CV) on an electrochemistry
workstation (Bio-Logic VMP-300 potentiostat-galvanostat) with platinum, silver wire and
Ag/AgNO; as working, counter and reference electrodes, respectively. Substrates were
dissolved in HPLC grade EtOH for 1 and CH,Cl, for 2 (ca. 8 x 10~ M) containing 0.025 M
tetrabutylammonium hexafluorophosphate (nBuyN)PF; as supporting electrolyte. The
scan rate was 100 mVs~!. Thermogravimetric analyses were performed on a TA SDT Q600
apparatus in the range 50-800 °C (10 °C min~!) using nitrogen (50 mL min~') as purge gas.

2.2. Preparation of [Cu(HL)(PPh3),]-H,0 (1)

[Cu(PPh3)2(NO3)] (38.9 mg, 0.060 mmol) was slowly added to a stirring solution of
pyridine-2,5-dicarboxylic acid (H;L) (20 mg, 0.120 mmol) in MeOH (3 mL) to obtain a
yellow solution, which was stirred for 1 h at ambient temperature and filtered. Yellow
single-crystals were grown by diffusion of diethyl ether vapor into the solution. Yield
(26 mg, 28%). IR (KBr); v (cm™1): 3476 (w) 3052 (m), 1715 (w), 1597 (m), 1551 (w), 1479 (m),
1434 (s), 1265 (s), 1094 (m), 779 (m), 745 (s), 696 (s). The IR spectrum of 1 is given in Figure
51 (Supporting Information). H-NMR ((CD3),SO, 400 MHz) 6 13.58 (bs, 1H,), 8.52 (s, 1H),
8.36 (dd, | = 1.94, 8.06 Hz, 1H), 8.16 (d, ] = 8.06, 1H), 7.46-7.34 (m, 6H), 7.34-7.24 (m, 12H),
7.17 (t, ] = 8.13 Hz, 12H) ppm. 3'P-RMN ((CD3),SO, 162 MHz) § —1.47 (s, PPh3), ppm. 'H
and 3P NMR spectra of the copper metal complex are shown in Figures S2 and S3 (SI).
Microanalysis (%) for C43H3zeCuNOsP;: calculated: C 66.88, H 4.70, N 1.81%; found: C
67.36, H3.97, N 2.20%.
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2.3. Preparation of [Cu(HL)(POP)]-CH,Cl; (2)

[Cu(MeCN)4]PF4 (67 mg, 0.180 mmol) and bis [2-(diphenylphosphine)phenyl]ether
(POP) (97 mg, 0.180 mmol) were added to a hot stirring solution of pyridine-2,5-dicarboxylic
acid (H,L) (30 mg, 0.180 mmol) in acetone (3 mL) for 1 h at 40 °C to obtain an orange solution.
The reaction mixture was concentrated to 1 mL under reduced pressure whereupon pentane
(3 mL) was added to obtain an orange microcrystalline solid. The product was filtered
and dried under vacuum. The solid was dissolved in CH,Cl, and recrystallized by vapor
diffusion of pentane into the concentrated solution. Yield (55 mg, 36%). IR (KBr); v (em™1):
3525 (w), 3055 (w), 1722 (w), 1589 (w), 1566 (w), 1481 (w), 1463 (m), 1435 (s), 1261 (m), 1219
(s), 1093 (m), 837 (s), 739 (s), 692 (s). The IR spectrum of 2 is shown in Figure 54 (Supporting
Information). "TH-NMR (CDCl;, 400 MHz) 6 8.72 (s, 1H), 8.27 (dd, | = 8.08, 1.76 Hz, 2H),
7.30~7.10 (m, 21H), 6.90-6.80 (1, 5H), 6.75-6.70 (m, 2H) ppm. 3'P-RMN (CDCl;, 162 MHz) &
—14.83 (s, POP), ppm. 'H and 3!P NMR spectra of the copper metal complex are given in
Figures S5 and S6 (SI). Microanalysis (%) for C44H34Cl,CuNOsP;: calculated: C 61.94, H
4.02, N 1.64%; found: C 61.54, H 3.80, N 1.20%.

2.4. Crystallography

The single-crystal X-ray diffraction study of complex 1 was performed on an Agi-
lent Technologies SuperNova diffractometer equipped with a CCD area detector (EosS2)
utilizing Mo-K, radiation (A = 0.71073 A) from a microfocus X-ray source and an Oxford
Instruments Cryojet cooler. Data for compound 1 were collected at T = 100 K. The measured
intensities were reduced to F2 and corrected for absorption employing spherical harmonics
(CrysAlisPro) [31]. Structure solution, refinement, and data output were carried with
the OLEX2 [32] program package utilizing SHELXTL [33] for the structure solution and
SHELXL-2014 [34] for the refinement. Non-hydrogen atoms were refined anisotropically.
C-H hydrogen atoms were placed in geometrically calculated positions through the riding
model. The O-H hydrogen atoms in 1 were located from difference Fourier maps and
refined with geometry and Uj; restraints. Similarly, a suitable single crystal of complex 2,
was mounted on a glass fiber. The crystallographic data were collected at T = 130 K on an
Oxford Diffraction Gemini “A” diffractometer equipped with a CCD detector and using
Mo-K  radiation (A = 0.71073 A) and an Oxford Instruments Cryojet ES-75 cooler. The
unit cell parameters were calculated with a set of three runs of 15 frames each (1° in w). A
double pass method of scanning was employed to exclude noise [31]. The collected frames
were integrated utilizing an orientation matrix resolute from the narrower frame scans. The
final cell constants were obtained by global refinement. The diffraction data were corrected
for absorbance through an analytical numeric absorption correction, which employed a
multifaceted crystal model based on expressions of Laue symmetry with equivalent reflec-
tions [35]. Structure resolution and refinement were performed using SHELXT-2014 [33]
and SHELXL-2014 [34]. All non-hydrogen atoms were refined anisotropically. All hydro-
gen atoms were placed in geometrically calculated positions utilizing the riding model.
Hydrogen-bonding interactions in the crystal lattice were determinate with the MERCURY
program package [36]. Figures were elaborated with MERCURY [36] and DIAMOND [37].

1: Cy3H34CuNOyP,-H,O, MW = 77221 g mol~—!, monoclinic, space group P2:/c,
a=16.3186(4), b = 12.5564(3), ¢ = 18.3395(5) A, a = 90, B = 108.186(3), ¥ = 90°, V =
3570.10(17)A3%, D, =1.437 g cm™3, T = 100 K, Z = 4, u(MoK,) = 0.751 mm~!. Total 16,943
reflections, 8257 unique (R;;; = 0.0234). Refinement of 8257 reflections (476 parameters)
with I > 20(I) converged at final R; = 0.0360 (R; all data = 0.0446), wR, = 0.0777 (wR; all
data = 0.0820), F(000) = 1600, gof =1.048. CCDC 2102984.

2: C43H3,CuNOsP,-CH,Cly, MW =853.10 g mol~!, monoclinic, space group P21/n,a
= 11.2658(5), b = 24.1820(11), ¢ = 14.4158(7) A, a = 90, B = 92.107(4), 1 = 90°, V = 3924.6(3) A3,
D, =1444gcm=3,T=130K, Z = 4, u(MoK,) = 0.822 mm~!. Total 51,937 reflections, 10,008
unique (R;;;; = 0.0375). Refinement of 10,008 reflections (496 parameters) with I > 20(!)
converged at final Ry = 0.0373 (R; all data = 0.0529), wR; = 0.0867 (wR, all data = 0.0942),
F(000) = 1752, gof =1.011. CCDC 2103642.
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2.5. Solar Cell Construction

The kit for the preparation of dye-sensitized solar cells was purchased from Solaronix,
Switzerland. The DSSCs sensitized with [Cu(L)(PPhs),] (1), [Cu(L)(POP)] (2) and the
1:1 dye combinations 1/N719, 2/N719 and N719 were fabricated according to previous
literature reports with modifications [38,39]. For the preparation of the working electrodes,
fluorine-doped tin oxide (FTO) glass plates (Solaronix TCO30-8, 3 mm thickness) were
washed in consecutive ultrasonic baths filled with 1% soap solution, distilled water and
ethanol (HPLC grade) for 10 min each. Finally, the electrodes were treated for 10 min under
UV light (A = 254 nm) in a peroxide solution in deionized water (5%). Then, eemploying
the Deep Coating method, a compact layer of TiO, was deposited on each FTO plate by
immersion in a 40 mM aqueous TiCly solution (70 °C for 30 min) followed by washing
with distilled water and ethanol. The glass plates with the TiO, layers were sintered at
450 °C for 30 min using a muffle (Thermolyne SCIENTIFIC FB1410M), cooled to room
temperature and washed with EtOH. Finally, mesoporous TiO, was deposited using the
Screen Print method on each FTO glass (0.2 cm?), whereupon the sintering process was
repeated. After cooling, a second Dip Coating treatment was carried out, followed by a
1-hour treatment with UV radiation (A = 254 nm). The electrodes were immersed in 0.3 mM
solutions of either 1, 2 or N719 in a CH3CN/ tert-butanol solvent mixture (50:50% v/v) for
24 h in the dark. For co-sensitization, the electrodes with 1 or 2 were immersed under the
same conditions in 0.3 mM solutions of N719 in a CH3CN/tert-butanol mixture (50:50%
v/v). The electrodes were finally rinsed with EtOH and dried. For the preparation of the
counter-electrodes, FTO plates with holes of 0.5 mm diameter at the edge of the conductor
side were used. The FTO glasses were cleaned following the above-described procedure
used for the working electrodes. The platinum layer was deposited by Screen Printing over
the entire FTO glass surface, followed by drying at 120 °C for 10 min. Then, the plates
were immediately immersed for 1 min in a 10 mM solution of H,PtCly in isopropanol and
dried at 120 °C for 5 min. Finally, a heat treatment at 400 °C (heating rate 1.2 °C/min) was
applied for 15 min followed by cooling to 100 °C at a rate of 10 °C/min.

The working and counter-electrodes were joined by a thermoplastic (Meltonix 1170-25
DuPont Surlyn) of 60 pm thickness (treatment at 110 °C for ~5 min in an oven). Then, an
electrolyte composed of 0.05 M I, 0.1 M Lil, 0.5 M 4-tert-butylpyridine and 0.6 M tetra-
butylammonium iodide dissolved in a mixture of acetonitrile and 3-methoxypropionitrile
(50:50% v/v) was introduced into the DSSCs. Remainder air was removed by treatment
under vacuum.

The performance of the DSSCs was examined by lateral irradiation of the cell anode
using a light source AM 1.5 solar simulator (Oriel LCS-100) coupled with a potentio-
stat/galvanostat (Bio-Logic VMP-300). The incident light intensity was 100 mW cm 2
(1 sun), which was calibrated using a reference Si solar cell.

2.6. Computational Details

Hirshfeld surface analyses and fingerprint plots of 1 and 2 were created based on the
crystallographic information files (CIFs) utilizing CrystalExplorer 17 [40]. The Hirshfeld
surface (dnorm) was mapped over the range —0.5 to +1.5.

DFT calculations [41,42] for complexes 1 and 2 were carried out with the Gaussian 09
package [43]. The results were visualized with the GaussView software [44]. Minimum
energy structures were computed and corroborated via frequency calculations (without
imaginary frequencies). Transitions among the different orbitals were assessed with time-
dependent density functional theory (TD-DFT) [45,46] using the M06 hybrid-meta-GGA
functional [47] in combination with the 6-31G(d) [48] basis set for C, H, N, O, and P atoms
and the DZVP [49] basis set for the Cu atom. The effects of a solvated environment were
estimated with the integral equation formalism for the polarizable continuum model (IEF-
PCM) and the implementation of the nonequilibrium solvation model [50]. The solvent
contemplated for this analysis was ethanol.
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3. Results and Discussion

A mixture of pyridine-2,5-dicarboxylic acid (H;L) and bis(triphenylphosphine)copper(l)
nitrate in methanol stirred for 1 h provided [Cu(L)(PPh3),]-H,O (1) after filtration. Simi-
larly, Cu(MeCN)4PFg and bis [2-(diphenylphosphine)phenyl]ether (POP) were combined
in acetone at 40 °C to yield [Cu(L)(POP)]-CH,Cl, (2) after workup and recrystallization in
dichloromethane. In both complexes, the auxiliary phosphine ligands play an important
role for the stabilization of the molecular structures [51]. The two compounds were fully
characterized by elemental analysis, IR, UV-VIS and 'H-NMR spectroscopy, thermogravi-
metric analysis (TGA) and single-crystal X-ray diffraction (scXRD) analysis accomplished
by inspection of the Hirshfeld surface analysis. In addition, the electrochemical properties
of the compounds were studied by cyclovoltammetry.

3.1. IR and NMR Spectroscopic Analysis

The IR spectra for compounds 1 and 2 agree with the structures established by the
X-ray determinations of single crystals. The spectra exhibit characteristic C-H aromatic
stretching vibrations in the range 3055-3052 cm~!. The C=N stretching bands at 1554
and 1566 cm !, respectively, are shifted to lower wavenumbers with respect to the un-
coordinated ligand (1595 cm™!) due to the formation of the N—Cu bond (see Table 1,
Figures S1 and S4). The bands around 1462-1433 cm ! are typical for C=C stretching vibra-
tions of aromatic rings. Calculation of the differences between the asymmetric, v,5(COO™),
and symmetric, vs (COO™), stretching bands of the ligands provides useful information
about the binding mode of the carboxylate groups [52-54]. Complexes 1 and 2 display
bands in the 1597-1589 cm~! and 1265 cm ! regions, with separations of 328-332 cm .
Differences larger than 200 cm~! suggest monodentate binding of the carboxylate group to
the metal ion after proton displacement [52-54]. In addition, the complexes exhibit a band
in the region of 1722-1715 cm ™!, which corresponds to the C=0 stretching mode of the
second uncoordinated COOH function. The spectra also exhibit a broad absorption band
in the range 3400-3500 cm ! due to the hydroxyl group, which is red-shifted by ~45 cm ™!
compared to free HyL in consequence of the intermolecular O—H---~O hydrogen bonding
interactions observed in the solid state. Complex formation is further supported by bands
at approximately 1434 and 1093 cm ™!, which are characteristic for the P-Cx, vibrations of
the phosphine ligands [29,55-58].

Table 1. Characteristic absorptions (cm ') in the IR spectra of ligand HL and complexes 1 and 2 *.

Compound v(C=0) v(COO—-)asy v(COO—)sym v(C=N) v(P-0O)
H2L 1733 (s) - - 1595 (m) -
PPh3 - - - - 1095 (s)

1 1715 (m) 1597 (m) 1265 (s) 1554 (m) 1094 (m)
POP - - - - 1092 (w)
2 1722 (w) 1589 (w) 1261 (m) 1566 (w) 1093 (m)

*w = weak, m = medium, s = strong.

The 'H NMR spectrum of 1 in DMSO-d; (Figure S2) displays slightly broadened
resonances for the hydrogen atoms of coordinated HL and PPh;. The resonances in the
region 8.52-8.16 ppm are assigned to the three aromatic hydrogens of HL; meanwhile, the
hydrogen attached to the free carboxylic acid group gives a characteristic broad singlet at
13.58 ppm [58]. The three signal sets in the region 7.46-7.12 ppm (30 H) are assigned to the
phosphine ligands. The 'H NMR spectrum of 2 was recorded in CDClj (Figure S5) and
displays five sets of signals in the region 8.72-6.70 ppm that integrate for the 31 aromatic
hydrogen atoms of the compound. The 3!P NMR shifts of complexes 1 and 2 are —1.40 ppm
and —14.83 ppm, respectively.
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3.2. X-ray Crystallography

The molecular structures extracted from the solid-state structure analysis by scXRD
for compounds 1 and 2 are depicted in Figure 1. Selected bond lengths and bond angles are
given in Table 2. Hydrogen bonding geometries are listed in Table S1 (see SI).

Figure 1. Molecular structures and metal coordination polyhedra for [Cu(HL)(PPh3),] in 1 (top) and
[Cu(HL)(POP)] in 2 (bottom). Hydrogen atoms and uncoordinated solvent molecules were omitted
for clarity. Ellipsoids are shown at the 50% probability level.
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Table 2. Experimental (scXRD) and calculated (DFT M06/6-31G(d)+DZVP level) values of selected
bond lengths [A] and bond angles [°] relevant for the description of the coordination geometries of
the copper(I) atoms in compounds 1 and 2.

Complex Bond (A) DFT Data Angle (°) DFT Data
Cul—N1  2.0974(15) 2.130 N1-Cul-01 79.03(5) 79.60
Cul-01  2.0991(13) 2.080 N1—-Cul-P1 108.50(5) 106.06
Cul-P1 2.2420(6) 2.264 N1—-Cul-P2 105.35(4) 108.40
1 Cul—P2 2.2574(5) 2.258 0O1—Cul-P1 116.69(4) 117.35
0O1-Cul-P2 115.71(4) 119.57
P1-Cul-P2 121.40(2) 117.02
Cul—N1  2.0483(15) 2.130 N1-Cul-02 79.41(5) 80.07
Cul-02 2.1305(13) 2.073 N1—Cul-P1 115.16(4) 113.08
Cul-P1 2.2261(5) 2.253 N1-Cul-P2 109.92(4) 102.65
2 Cul—P2 2.2457(5) 2.268 02—Cul-P1 122.07(4) 119.33
02—Cul-P2 110.98(4) 119.27
P1-Cul-P2 114.25(2) 114.78

[Cu(HL)(PPh3),]-H>O (1) and [Cu(HL)(POP)]-CH,Cl, (2) crystallized in the mono-
clinic crystal system with space groups P21 /c and P2; /n, respectively. The asymmetric units
are composed of one copper(I) atom as metal center, one HL ligand, two PPh; molecules in
1 and one POP ligand in 2, and an uncoordinated solvent molecule (H,O for 1 and CH,Cl,
for 2). In both samples, the Cu(I) atoms are embedded in NOP; environments, resulting
from coordination by the auxiliary phosphine ligands and the monoanionic HL ligand,
which adopts a bidentate coordination mode upon binding with the pyridyl nitrogen and
one oxygen atom from the carboxylate group. The C-O distances of 1.254(2)/1.255(2) A for
1and 1.279(2)/1.224(2) A for 2 within the carboxylate groups indicate charge delocalization
despite the monodentate coordination mode (Scheme 1), particularly in compound 1. In
comparison, for the free COOH group the C-O distances are significantly distinct from
each other in both complexes (1.309(3)/1.216(2) A for 1; 1.310(2)/1.213(2) A for 2). The
five-membered Cu-N-C-C-O chelate rings observed in the molecular structures have Cu-N
and Cu-O bond lengths in the range of 2.0483(15)-2.0974(15) A and 2.0991(13)-2.1305(13)
A, respectively. The Cu-P bond lengths are in the range 2.2261(5)-2.2574(5) A and the bond
angles at Cu(1) vary from 79.03(5) to 122.07(4)°, with the smallest value corresponding
to the O-Cu-N angle in the five-membered chelate ring formed in 1. The largest bond
angle is formed with the sterically demanding POP ligand in 2. Despite the similar Cu-P
bond lengths, the P—Cu—P bite angles vary significantly [121.40(2)° in 1 and 114.25(2)°
in 2]. A comparison of the P—Cu—P bite angle with the bond angle calculated by DFT
(M06/6-31G(d)+DZVP level) agrees well for 2 but shows a significant difference for 1
(~4°). The intramolecular distance between the two phosphorus atoms in the complexes
correlates with the observed bite angles, giving the largest value for 1 (3.9238(7) A for
1 versus 3.7557(6) for 2). The N-C-C-O torsion angles in 1 and 2 are 11.8(2) and 0.4(2)°,
indicating distortion from planarity of the five-membered chelate ring only in the first case.

The dihedral angles between the P-Cu-P and N-Cu-O planes are 88.71° and 88.16°
for 1 and 2, respectively, illustrating that the geometries are only slightly distorted from
ideal tetrahedral geometry. The distortion is also indicated by the 74-values of 0.86 for
1 and 0.87 for 2 [59]. The molecular structures for 1 and 2 are closely related to the
previously reported compound [Cu(HL')(CH3CN)(PPh3)]|PFg, where HL! = 2,2,2-triphenyl-
N-(2-pyridylmethyl)acetamide [59].

Inspection of the structural data also revealed a close Cu—Opgp contact in [Cu(L)(POP)]
(2) (Cul-01 = 3.028(1) A), see Figure S8. This distance is less than the sum of the van
der Waals radii of Cu and O (3.30-3.36 A) [60]. The interaction is also established by
the observation of small variations of the N1-Cul-O1/02 and P1-Cul-P2 bond angles
compared to 1 (see Table 2).
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Noteworthy is also the observation of an offset face-to-face intramolecular 7t-stacking
interaction between two adjacent phenyl rings of the POP ligand in 2, see Figure S8
(centroid---centroid separation of 3.86 A), which should play an important role for the
stability of the complex. No intramolecular 7-stacking contacts are present in 1. The
difference presumably arises from the flexibility of the POP ligand.

A close inspection of the crystal structure of 1 reveals a 3D hydrogen bonded network
(Figure S9 in Supplementary Materials), in which units of composition [Cu(L)(PPhs),] are
linked through O-H:--O~, Oy-H:--O0C~, Oy-H:-:Oc= and C-H:--O~ /Oy /Oc=o hydrogen
bonds where O,, represents uncoordinated water molecules. The crystal structure is further
stabilized by a series of additional C-H---7 and 7t---7t contacts between the components of
the complex molecules (Table S1). All intermolecular distances and angles are within the
range found in previously reported structures [29,54-57].

The crystal structure of complex 2 also exhibits a 3D hydrogen bonded network
(Figure S10 in Supplementary Material), formed among [Cu(L)(POP)] units and CH,Cl,
solvate molecules through a series of O-H:--O~, C-H:--O™ /Oc-,, C-H---Cl, C-Cl---7, and
C-H---7r interactions (Table S1). All intermolecular distances and angles are within the
expected range [29,54-57,61,62].

3.3. Analysis of the Hirshfeld Surface and Fingerprint Plots

To analyze the supramolecular connectivity for 1 and 2 further, Hirshfeld surface
analyses were realized. Maps of the Hirshfeld surface over dnorm (—0.5 to 1.5) are shown in
Figure 2a,b and Figure 3a,b. In the Hirshfeld surface maps, areas marked in blue reveal the
longest contacts, while the depressions in red color are indicative of the zones of strong
donor-acceptor interactions [63]. In the plot, the distances to the closest atom inside the
surface (d;) and to the closest atom outside the surface (de) are reported. The differences in
the plots reveal variations in the packing modes of the structures.

d)

de

1.7% 1.4%

mH--H

mH.--C/C+H

®H---0/0---H
C:C

m Other

di

06081.01.21.41.6182.022242628

Figure 2. (a,b) Hirshfeld surface maps (dnorm) of compound 1 viewed from different perspectives.
(c), Fingerprint, plot. (d) Contributions of different types of intermolecular interactions.



Crystals 2022, 12, 1240 10 of 19

d)
4.6% 1.2% 0.1%

= H--H

®H--C/C--H

® H--0/0--H

B H--ClUCl--H

= C---Cl/Cl--C
C-C

® Other

06081.01.21.41.6182.0222.42628

Figure 3. (a,b) Hirshfeld surface maps (dnorm) of compound 2 viewed from different perspectives.
(c) Fingerprint plot. (d) Contributions of different types of intermolecular interactions.

The hydrogen bonds in complexes 1 and 2 are represented in the 2D fingerprint plots
shown in Figures 2¢, S11 and 3c and S12 respectively. The fingerprints around 1.8 (d;, de)
vary from a blue tone to a slightly green color and are associated with the C-:--C contacts
from 7t---7t interactions [64]. The greenish coloration in the central part of the fingerprints
corresponds to the stronger 7t---7t contributions in the solid-state structures, illustrating that
these are more relevant in 2, as corroborated by the short centroid—centroid distance of the
77t intramolecular contact discussed in the section of the molecular structure analysis.
The contributions of the O-H:--O~ /Oy /O, hydrogen bonds appear as well-defined
elongated pegs in the fingerprint plots and are marked with labels a and b, which is usual
for strong hydrogen bonds [64,65]. The more dispersed zones in blue color correspond
mainly to C-H---O contacts.

Figures 2d and 3d summarize the overall distribution of the individual intermolecular
interactions based on the Hirshfeld surface analysis. The overall largest contributions of in-
termolecular contacts correspond to the diverse C---H/H.:--C (28.3-21.4%) interactions and
van der Waals contacts (H---H, 53.2-47.3%). The contributions of O---H/H---O (15.4-14.1%)
hydrogen bonds are less abundant. The 7-interactions contribute with 1.2-1.7% for C---C
contacts. In 2, Cl---H/H---Cl interactions contribute 11.2% and are characterized as “wings”
in the upper left and lower right regions of the 2D fingerprint plots (see Figure 3c and S12).
Finally, C.--Cl/Cl---C (4.6%) interactions are indicated by the green area in the central
section of the 2D fingerprint plot (Figure 3c) and evidence Cl---7 interactions contacts in 2.

3.4. DFT Calculations and UV —Vis Absorption

The molecular structures and electronic properties of complexes 1 and 2 were cal-
culated using DFT and TD-DFT methods. Calculations were performed using the M06
hybrid-meta-GGA functional with the 6-31 G(d,p) (for C, H, N, O and P atoms) and DZVP
(for Cu) basis sets with an IEF-PCM of EtOH [41-49]. Ground-state geometries were opti-
mized starting from the structures determined experimentally by X-ray crystallographic
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analysis. Notably, the calculated P—Cu—P angles are within 4° of the experimental values
(see Table 2).

Molecular orbital theory enables explaining and predicting the chemical behavior
of molecular systems. The energy gap between the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO) is a relevant parameter for
determining the electrical and optical properties of organic and inorganic materials [54,55].

Considering that the electronic excitations crucial for the optical absorption processes
are HOMO—LUMO transitions, it is important to introduce efficient charge-separated
states with the HOMO localized on a donor unit and the LUMO on an acceptor unit. Iso-
density plots of the frontier molecular orbitals (FMO) in 1 and 2 reveal that intramolecular
charge transfer from HOMO to LUMO orbitals can occur (see Figures 4 and S13). For 1,
the energy of the highest occupied molecular orbital (Egopmo) is —5.918 eV and the energy
of the lowest unoccupied molecular orbital (ELymo) is —1.825 eV, giving AE ymo-HOMO)
= 4.093 eV. Compound 2 has similar values with a AEomo-Lumo) gap of 4.082 eV. As
illustrated in Figure 4 and Figure S5, in both compounds the HOMO orbital is mainly
concentrated at the copper metal center and the phosphorus atoms, while the LUMO
electron density is distributed over the HL™ ligand. Additionally, Figure S13 shows that
the LUMO + 4, LUMO + 5 and LUMO + 6 orbitals are spread over the entire phosphine
ligands. Figure 4 shows that the HOMO and LUMO energy levels of complexes 1 and 2
are appropriate for the generation of DSSCs containing TiO,. The LUMO levels lie above
the conduction band of the TiO; semiconductor (—4.40 eV), indicating efficient electron
injection, and the HOMO energy levels lie below the I~ /I3 redox potential of the electrolyte
(—4.60 eV), which can be further improved (about —0.3 V) by adding additives such as
4-tert-butyl pyridine (TBP) to the I~ /I~ redox electrolyte, providing sufficient driving
force for dye regeneration [66].

[ e S 7 - A
"f‘.:,l':“' <% _ 24 o
0 ‘ } Q
v <
< : [
-1 LLMO‘N LUMO-<_
1.825 eV . L7715V F
=
& -3
L7
E _4| 4.003ev 4.082 eV CB Tio,
- Redox
g =5 Potential
= 6 ' HOMO
HOMO | -5.857 eV )
_o| 5918V VB Ti0,
-8

Figure 4. Plots of the molecular orbitals involved in the lowest-lying electronic absorption transitions
in complexes 1 and 2.
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Figure 5 shows the experimental and calculated UV-Vis absorption spectra for 1 and
2. The spectra were acquired from a 6.0 x 107> M solution in EtOH at room temperature
and the theoretical spectra were calculated at the TD-DFT/M06/6-31G(d) + DZVP level of
theory. The results of the TD-DFT calculation indicate three major transitions for complex 1
(Figure 5 and Table S2), two in the UV region at 287/279 nm (f = 0.0406/0.0266) and 328 nm
(f = 0.0367) corresponding to the HOMO—LUMO + 4/LUMO + 5 and HOMO—LUMO + 1
transitions [MLCTCu—L/(PPhs),)/LLCT(PPh3),—L/mt—m*(PPhs),—(PPh3),) and MLCT
Cu—L/(PPh3),/LLCT(PPh3),—L/m—7* (PPh3),—(PPh3),], respectively, and one in the visi-
ble region at 421 nm (f = 0.0145) for the HOMO—LUMO [MLCTCu—L/LLCT(PPhs),—L] ex-
citation. These transitions imply that intramolecular charge transfer takes place [29,67-69],
which is consistent with the broad low-intensity band observed in the experimental UV-VIS
spectrum at 364 nm (e = 1266 M~! cm ™!, see Figure S14). The experimental band centered
at 265 nm (e = 19,450 M~ cm~!) was assigned to t—t* transitions having LLCT/MLCT
character ( HOMO—LUMO + 1/LUMO + 4/LUMO + 5).

2
3.5+ 293 nm —e—1 Experimental} | ;5 5,
—o— 1 Theoretical -
—#—2 Experimental
3.04 —0O—2 Theoretical
0.3+ 5 ~10.000

254 282 nm é
~_~ & 0.24 ~8.000 —_
= = =
E204 = E
s 3 -
g 20.14 -6.000 £

w

2 < =
= 1.5 )
: :
2
< 0.0, : =+ o [F4.000

1.0 - 350 400 450 500 550

Wavelength (nm) -
0.5 =2.000
0.0 ; r T T r T = e
200 250 300 350 400 450 500 550

Wavelength (nm)

Figure 5. Comparison of the calculated and experimental absorption spectra in EtOH solution
(6.0 x 1075 M) for 1 and 2. Inset: amplified visible region of the absorption spectra.

The calculated UV-VIS spectrum of 2 displays bands similar to 1, of which the most
intense band at 293 nm (f = 0.0411) is due to the HOMO—LUMO + 4 transition having
MLCT(Cu—POP/L)/LLCT(POP—L)/mt—m*(POP—POP) character. This excitation is con-
sistent with the broad band centered at 265 nm (¢ = 20,166 M~ cm ™!, see Figure S14) in
the experimental spectrum. The calculated spectrum displays two additional bands at 327
and 422 nm, which are assigned to HOMO—LUMO + 1 and HOMO—LUMO transitions,
respectively. The band at 422 nm can be related to the broad experimental absorption band
found at 383 nm (¢ = 1600 M~! cm~!, Figure S14) and has MLCT(Cu—L)/LLCT(POP—L)
character. A detailed assignment of the TD-DFT calculations in terms of FMO is included
in the Supplementary Data (Table S2).

3.5. Electrochemistry

The electrochemical properties of the heteroleptic complexes 1 and 2 were investigated
at 298 K for solutions in EtOH and CH,Cl,, respectively, by cyclic voltammetry (CV) using
tetrabutylammonium hexafluorophosphate, (nBusN)PFg, as supporting electrolyte. The
observed processes are summarized in Table 3 and the CVs are shown in Figure S15. Both
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compounds exhibit quasi-reversible oxidation processes in the range 0.70-0.51 V, which is
attributed to the Cu(I)/Cu(ll) oxidation process. When scanning beyond +1.0 V, additional
oxidation waves appear, for which the process is no longer reversible [70]. These oxidation
potentials occur within the range 1.47-1.56 V and can be assigned to the oxidation of the
phosphine ligands (Figure S15). The highest potential is observed for the complex with
POP, indicating higher structural rigidity. For 1 and 2, irreversible processes are observed
at —1.89 or —1.94 V and are assigned to a reduction process of the N"O-ligand. Based
on the above-mentioned reduction potentials, the HOMO and LUMO energy levels were
calculated by using equation 1 [71].

HOMO (or LUMO) (eV) = —4.8 — [(Epeak potential - E1/2 (Ferrocene)] D

where, Epek potential cOTresponds to the maximum and minimum peak potential and Ey /5 is
the halfwave potential of ferrocene (0.42 V), which was used as reference. The resulting
values for the HOMO orbitals (—5.85 and —5.94 eV) are in good agreement with the values
obtained by the DFT calculations (—5.92 and —5.86 eV). Due to the irreversibility of the
redox process, it was not possible to obtain a good approach for the LUMO values.

Table 3. Selected electrochemical data extracted from the CVs of complexes 1 and 2.

Complex  EZ! (V) EZ'(V) ER2(V) HOMO (V) LUMO (eV)  ?AE(eV)
1 ~1.89 0.70 147 ~5.85 ~2.49 3.36
2 ~1.94 0.51 1.56 ~5.94 —2.44 3.50

The CVs were recorded in EtOH solution for 1 and CH,Cl, solution for 2 (ca. 8 x 10~° M) with 0.025 M
(ﬂBU4N)PF6 (T =298 K, scan rate = 100 mV Sil). aAE = ELUMO-EHOMO-

3.6. Application in DSSCs

The UV-visible absorption spectra of the free ligand H,L and their respective Cu(I)
complexes were measured in EtOH at room temperature (Figure 5S14). Compounds 1 and 2
display a metal-to-ligand charge transfer (MLCT) absorption band between 350 and 450 nm.
Compared with the commercially available ruthenium complex N719, which absorbs in the
330-450 nm range [11,19], compounds 1 and 2 could accomplish the low wavelength region
of absorption (ultraviolet and blue-violet) [72] when used as co-sensitizer in photovoltaic
devices for DSSCs. To verify this hypothesis, three solar devices were assembled; one
was sensitized only with N719 and used as control, and two were co-sensitized with a
1:1 (w/w) mixture of 1 or 2 and N719. It is important to note that the amount of N719
in the co-sensitized devices was only half than that employed in the control device. The
current-voltage (J-V) characteristics of the DSSC devices based on the N719, 1/N719 and
2/N719 photoanodes are shown in Figure 6 and the corresponding cell performances are
summarized in Table 4. The values of |, V, and # are in the order of N719 > 1/N719 >
2/N719, respectively, which is attributed to the fact that N719 and the Cu(I) complexes
are attached to the TiO, surface and contributed effectively to electron injection into the
conduction band of TiO,. The co-sensitization of N719 and the [Cu(N"O)(P)2] complexes
generates a synergic effect on light harvesting and electron collection in TiO;. As shown
in Table 4, under standard global AM1.5 solar irradiation conditions the electrode yield
(171e1) of the co-sensitized solar cells 1/N719/TiO, and 2/N719/TiO, decreases 36.38%
and 41.39%, respectively, which is less than the maximum reduction expected due to the
presence of only half the amount of N719 (50%). In addition, there is also almost no expense
of the open circuit voltage (V). These results suggest that co-sensitization of TiO, /N719
photoelectrodes with 1 and 2 are an option to reduce the amount of ruthenium dye, saving
costs without a drastic impact on the efficiency of the DSSCs.
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Figure 6. J]-V curves for DSSCs of 1 and 2 based on co-sensitized photoelectrodes with N719 in
comparison to a photoelectrode containing only N719 using irradiation with 100 mW cm~2 AM 1.5G
sunlight (adsorption time 24 h).

Table 4. J-V performance of DSSCs based on photoelectrodes of N719 co-sensitized with 1 and 2.

Dyes jsc (mA/cm?) Voc (V) £f (%) 1 (%) HRelative (%)
[al 1/N719 (1:1) 1.580 0.652 56.6 292 63.62
[al 2/N719 (1:1) 1.446 0.643 57.9 2.69 58.61
N719 2.265 0.708 57.2 4.59 100

Jsc = short circuit current, Voc = open circuit potential, ff = fill factor, 57 = power conversion Efficiency. [?l The
electrodes based on the dye combinations 1/N719 and 2/N719 contain only 50% of N719 compared to the control
experiment with only N719.

3.7. Thermal Analysis

To examine the thermal stability of 1 and 2, thermogravimetric analyses (TGA) were
performed under N for crystalline samples with a heating rate of 10 °C min~! from
ambient temperature up to 800 °C, as shown in Figure 7. Complexes 1 and 2 were stable
up to ~200 °C and ~130 °C, respectively. The TGA curve of compound 1 reveals a single
main region of weight loss initiating at ~200 °C and achieves completeness at ~300 °C.
Apparently, the weight loss corresponds to the simultaneous sublimation/decomposition
of the lattice H,O molecule and organic ligands (HL and PPhj), since the observed weight
loss (86.9%) is close to the calculated value (85.5%). According to the TGA curve, the
decomposition of compound 2 occurs in two steps. The first process initiates at 137 °C with
completeness at 275 °C and corresponds to the release of the lattice CH,Cl, molecules and
the POP ligand. The observed weight loss (21.0%) is in good agreement with the calculated
value (20.8%). The second step (found 42.6%; theoretical, 41.9%) in the range of 320—435 °C
is attributed to the loss of ligand HL. According to previous studies [54,73], the residual
mass after decomposition in cuprous complexes is CuyO for 1 (found 17.41%; calcd. 18.51%)
and Cu,O + CuO for 2 (found 23.33%; calcd. 26.13%).
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Figure 7. TGA curves of compounds 1 and 2.

4. Conclusions

Two novel copper(I) compounds derived from pyridine-2,5-dicarboxylic acid as chelat-
ing ligand and auxiliary phosphine were synthesized and characterized by elemental
analysis, single-crystal X-ray crystallography, and NMR, FI-IR, and UV-Vis spectroscopy.
Electrochemical, spectroscopic, and computational methods were used to understand the
electronic characteristics of these compounds. Single-crystal X-ray diffraction revealed that
complexes 1 and 2 exhibit slightly distorted tetrahedral CuNOP, coordination environ-
ments with significantly different P-Cu-P angles. The reduction of the P-Cu-P angles from
1 to 2 introduces a significant red shift in the UV-Vis spectra that display low-intensity
bands at 364 and 383 nm, respectively, corresponding to MLCT transitions, in accordance
with the TD-DFT calculations realized with EtOH. In the solid state, compounds 1 and 2
display a series of supramolecular interactions such as OH:--O~ /O, C-H:--O hydrogen
bonds and C-H--- 7t/ -7t contacts that stabilize the crystal structures. Compounds 1 and
2 are of moderate thermal stability. According to the cyclovoltammetric analyses, com-
plexes 1 and 2 show quasi-reversible oxidation processes, which constitutes a drawback for
the dye regeneration within DSSC devices. TiO, /N719-based devices co-sensitized with
compounds 1 and 2 yield overall efficiencies of 63.6 and 58.6%, which are lower than the
reference device, but employ only half the amount of the expensive ruthenium dye (N719).
These results are relevant for the future design of co-sensitizers for the generation of large
scale DSSCs. Further investigations in this direction are underway in our laboratories.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cryst12091240/s1: Figures S1,S2 and S3, IR, 'H-NMR and 3'P-NMR
spectra of 1; Figures S4, S5 and S6, IR, TH-NMR and 3'P-NMR spectra of 2; Table S1, intermolecular
interaction geometries of complexes 1 and 2; Figure S7, geometery-optimized structure of complexes
1 and 2 at the M06/6-31G(d) + DZVP level of theory; Figure S8, intramolecular Cul---O1 and 7---7
interactions in the crystal structure of 2; Figures S9 and S10: packing diagrams of the crystal structures
of 1 and 2; Figures S11 and S12: percentages of intermolecular interactions for complexes 1 and
2; Figure 513, HOMO and LUMO frontier orbital plots of complexes 1 and 2 based on TD-DFT
calculations; Table S2, data from the calculated electronic absorption spectra (TD-DFT) for complexes
1 and 2; Figure S14, UV-vis absorption spectra of 1, 2 and free H,L ligand; Figure S15, Cyclic
voltammograms of 1 and 2.
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