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Abstract: A new copper(I) complex, [Cuz(L)2dppm](PFe)2 (1) [L = 3-(2-Pyridyl)-5,6-diphenyl-1,2,4- 17
triazine and dppm: Bis(diphenylphosphino)methane] was prepared and characterized by IR, '"H- 18
NMR, 3P-NMR spectroscopy, elemental and thermogravimetric analysis, and single-crystal X-ray 19
diffraction technique. Complex 1 is a dinuclear compound, showing that L and dppm act as triden- 20
tate and bidentate chelating ligands, respectively. The two Cu(I) atoms exhibit a distorted tetrahe- 21
dral coordination sphere embedded in NsP environments. The supramolecular interactions in the 22
solid-state structure are characterized by C-H--N, C-H---F, C-H--t and mt--7t intermolecular inter- 23
actions that were analyzed by inspection of the Hirshfeld surface and fingerprint plots. Addition- 24
ally, the complex was studied experimentally in solution by UV-Vis spectroscopy and cyclic volt- 25
ammetry; also, theoretical studies with Time-Dependent Density Functional Theory (TD-DFT) were 26
performed. Moreover, the optical and electrochemical properties have been studied, focusing on the 27
band gap. Compound 1has been used as a co-sensitizer in a dye-sensitized solar cell, showing good = 28
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P“bliSI_‘er'S Note: MDI?I ftaYS .“e“' With the acceleration of industrialization, the demand for energy in today’s society is 33
tral with regard to jurisdictional 3 reasing. Most of the global electricity production has been entrusted to fossil fuels, 34
claims in published maps and institu- . cps L. . .
domal affilin generating large quantities of carbon dioxide and being non-renewable. This greenhouse 35
l(_ma s gas has now become a real threat to our global ecosystem [1, 2]. According to energy 36
claims and consequent environmental concerns, solar energy-to-electricity conversion 37
- technologies (photovoltaics) constitute, at this instant, the central perspective for clean 38
C°Py“ght" © 2022 by t}fe authors. It anergy and have raised an accelerated development in renewable energy research [3,4]. 39
was submitted for possible open-ac- - p oty oltaic systems represent an essential solution because sunlight is the most abun- 40
cess publication under the terms and . . . . .
dant renewable resource [5,6], and photovoltaic devices can easily be integrated into 41
conditions of the Creative Commons o q- . q- . . .. . . .
Attrbution  (CC BY) license buildings, providing high conversion efficiencies. In photovoltaic technology, particularly 42
. . . interesting are the so-called Dye-Sensitized Solar Cells (DSSCs), first described by Grétzel 43
(https://creativecommons.org/li- . ’ o
censes/b and O'Regan in 1991 [7]. There are two types of these devices based on a sensitizer: 44
y/4.0/).
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organic dyes (purely organic compound) [8] and inorganic dyes (organometallic o coor- 45
dination complex [9,10]. The organic compound or coordination complex in DSSCs is re- 46
sponsible for light recollection and electron transfer into the conduction band (CB) of a 47
semiconductor electrode (typically TiO2), to which it is chemically bonded [11]. The per- 48
formance of the solar device depends further on the composition of the redox couple and 49
the electrolyte and, most crucially, the dye properties [12]. Metal complexes have inherent 50
advantages over organic photosensitizers as they are likely to exhibit higher thermal and 51
photochemical stability. In this context, ruthenium (II) complexes such as N719 and N3 52
have received particular attention because of their fascinating properties and potential 53
applications [13,14]. Over the past two decades, much effort has been spent optimizing 54
these components to improve the DSSCs’ overall efficiency [15,16]. Record efficiencies 55
overcoming 11.9-20% [17,18] were obtained with the dye N719, often employed as a term 56
of comparison in studies describing novel dyes for DSSCs. 57

Nevertheless, using ruthenium complexes as photosensitizers has a significant, poten- 58
tially critical disadvantage. Ruthenium is present in the Earth's crust in low abundance 59
(ca. 0.001 ppm)[19] and is expensive, raising questions about the technology's sustainabil- 60
ity and commercial viability. Consequently, much effort has been invested in the search 61
for photosensitizers based on other metal centers, which would be more sustainable and 62
lower cost [19, 20]. The strong, appealing possibility of using costless and nontoxic metals, 63
such as copper or zinc, as substitutes for the abovementioned more expensive ruthe- 64
nium(Il) complexes has stimulated further research in this field [10]. 65

Copper is abundant in the Earth's crust (ca. 50 ppm)[19], and copper(l) centers possess a 66
d!® electron configuration and a favored coordination number of four [21]. Complexes 67
with two ligands containing 2,2’ -bipyridine or 1,10-phenanthroline metal-binding do- 68
mains include similar photophysical properties to those of ruthenium(Il) sensitizers. 69
These attributes have stimulated the use of Cu(I) complexes for the preparation of diverse 70
components in DSSCs, e.g., as hole-transporting materials (HTM) [22], redox mediators 71
[23], and dyes [24]. 72

Since the discovery by Sauvage and coworkers [25], a series of homoleptic copper(I) com- 73
plexes of the type [Cu(N"N):]* with bpy ligands containing carboxylic acids as anchoring 74
groups as dyes with large band-gap semiconductors (TiO2 and ZnO) for DSSCs and re- 75
ported a PCE which corresponds to 23.7% relative to a device regarding ruthenium(Il) dye 76
N719, significant progress has been made in the development of homoleptic [Cu(N*N)2]* 77
and heteroleptic [Cu(N*N)(N”*N)']* or [Cu(N~N)(P"P)]* sensitizers (N*N = diimine che- 78
lating ligand; P"P = diphosphines chelating ligand) in dye-sensitized solar cells [26-28]. 79

Our research groups reported previous theoretical and experimental studies of photo- 80
physical and electrochemical properties of heteroleptic Cu(I) complexes carrying steri- 81
cally demanding tri- phenylphosphine (PPhs) as ancillary ligand and either cis-(+)-2,4,5- 82
tris(2-pyridyl)imidazoline or 2,4,6-tris(2-pyridyl)triazine or pyridine-2,5-dicarboxylicacid 83
as anchoring ligand and their performance as co-sensitizer in DSSCs, achieving a FF rang- 84
ing from 27.9% to 57.9%, efficiency (0.50%-2.92%) and nret to N719 (30.5-63.6%) [29, 30]. In 85
this paper, we document the molecular and crystal structures of one novel dinuclear com- 86
plex of composition [Cuz(L)2dppm](PFe)2 (1) [L = 3-(2-Pyridyl)-5,6 di phe-nyl-1,2,4-triazine 87
and dppm: Bis(diphenylphosphino)methane] see Scheme 1. The compound exhibits inter- 88
esting optical and electrochemical properties, which were evaluated in solution by UV- 89
Vis spectroscopy and cyclic voltammetry and analyzed further by quantum chemical cal- 90
culations. In addition, their efficiency as co-sensitizers in DSSCs was assessed. 91
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Scheme 1. Synthetic route for complex 1.

2. Results and Discussion

Combination of 3-(2-Pyridyl)-5,6-diphenyl-1,2,4-triazine (L) and Bis(diphe-
nylphosphino)methane (dppm) with Cu(MeCN)4PFs provide a dinuclear Cu(I) complex
of composition [Cuz(L)2dppm](PFe)2 (1). The phosphine ligands play a crucial role in sta-
bilizing the molecular structure [31]. The compound was characterized by elemental anal-
ysis; IR, TH NMR, 3P NMR (Figures S1-5S3, in Supplementary Materials) and UV-Vis spec-
troscopy; thermogravimetric analysis (TGA) and single crystal X-ray diffraction (scXRD)
analysis. In addition, the electrochemical properties of the compound were studied by
cyclovoltammetry.

2.1. IR and NMR analysis

The IR spectrum of the title compound is in good agreement with the results of the
X-ray structure analyses. The spectrum exhibits characteristic C-H stretching vibrations
of the aromatic rings in the range of 3055-3050 cm™ the stretching vibration of the C=Nimino
groups (C=Nrriazine 1600 cm! and C=Npy 1511 cm™'), which are shifted to higher frequencies
(~ 15 cm™) in comparison with free L due to the formation of the N—Cu bond (see Table
1 and Figure S1). The signal for the C=C stretching bands of the pyridyl and phenyl groups
appear at 1481-1436 cm. The band around 1436 cm is typical for P-Car vibration of the
phosphine ligand, and other bands in the 1000 and 500 cm-1 region are attributed to out-
of-plane bending modes for the C-H, C-C, and C-N bonds. Complex 1 exhibit also exhibits
a band corresponding to the asymmetric stretching vibration of the PFs” group at 838 cm-
1, [32-34].

Table 1. Characteristic absorptions (cm™?) in the IR spectra of ligands L, ppm, and complex
[Cuz(L)2dppm](PFs)2."

[Cuz(L)dppm](PFe)2 3054 (w)

Compound v (C-H) v (C=Nimino) v (C=C) v (P-C) v (P-F)
1579(m)
L 05 (w) 1483 (m) _ _
dppm 3050 (w) . 11455915;)) 1429 (m) _
1600 (m),

1511 (8 1481 (m) 1436 (m)  838(s)

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

The "H NMR spectrum of the title complex (Figure S2, Supplementary material) dis-
plays slightly broadened resonances for the hydrogen atoms of coordinated L and dppm.
The spectrum shows five sets of signals in the region 8.80-7.31 ppm that integrate for the
48 aromatic hydrogen atoms assigned to the L and dppm ligands. The two aliphatic hy-
drogens in the dppm appear at 3.93 ppm as a triplet (2H). The 3P NMR spectrum of the
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compound showed a broadened signal close to -7.42 ppm (see Figure S3), which was as- 125
signed to the dppm, in addition to a septet at -144.67 ppm arising from the PFs anion 126

[30,31,33]. 127
128
2.2. X-ray Crystallography 129

Complex one was also characterized by single crystal X-ray diffraction analysis. The 130
molecular structure with atom labeling is depicted in Figure 1. Selected bond lengths and 131
bond angles are given in Table 2. Hydrogen bonding geometries are listed in Table S1(see 132
Supplementary material). 133

134

Figure 1. Perspective view of the molecular structure and metal coordination polyhedra for 135
[Cuz(L)2dppm]* in the crystal structure of 1. Hydrogen atoms and counterions have been omitted 136
for clarity. 137

The crystallographic study revealed that [Cuz(L)2dppm](PFe)2 (1) crystallized in the mon- 138
oclinic crystal system with space group P21/c. The asymmetric unit contains two copper(I) 139
atoms as metal centers, two L ligands, one dppm molecule, and two PFs” anions. The cen- 140
tral Cu(I) ions are embedded in a four-coordinate CuNsP environment, resulting from co- 141
ordination by the auxiliary phosphine ligand and triazine L ligands, which adopts the k3- 142
N,N,N-tridentate chelate coordination mode upon binding with the pyridyl nitrogen and 143
two nitrogen atoms from the triazine group. Thus, two five-membered Cu-N-C-C-N, one 144
six-membered Cu-N-N-Cu-N-N and one seven-membered Cu-N-N-Cu-P-C-P chelate 145
rings are observed in the molecular structure (see, Figure S4) with Cu-N and Cu-P bond 146
lengths in the range of 2.0160(3)-2.1360(3) A and 2.1831(11)-2.2102(11) A, respectively 147
(Table 2). The bond angles at Cu(l) vary from 77.67(12) to 130.45(10)°, with the smallest 148
value corresponding to the N-Cu-N angle in the five-membered chelate rings formed in 149
the title compound. The largest bond angle [N(5)-Cu(2)-P(2)] is created with a sterically 150
demanding dppm ligand in the seven-membered chelate ring. A comparison of the bite 151
angle (N-Cu-N) of the triazine ligands with the bond angle calculated by DFT (M06/6- 152
31G(d)+DZVP level) agrees well for Cu(1) and Cu(2) ions (see Table 2). 153

154
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Table 2. Experimental (scXRD) and calculated (M06/6-31G(d)+DZVP) data of distances [A] and angles [°] relevant to the coordination 155

geometries of copper(I) atoms in complex. 156
Distances (A) and angles (°) Experimental DFT Ad/ Az
Cu(1)-N(8) 2.047(3) 2.094 0.0470
Cu(1)-N(2) 2.063(3) 2.111 0.0480
Cu(1)-N(6) 2.072(3) 2.169 0.0970
Cu(1)-P(1) 2.183(11) 2.222 0.0389
Cu(2)-N(5) 2.016(3) 2.062 0.0460
Cu(2)-N(@) 2.101(3) 2132 0.0310
Cu(2)-N(@D) 2.136(3) 2.163 0.0270
Cu(2)-P(2) 2.210(11) 2.224 0.0138
N(8)-Cu(1)-N(2) 111.85(13) 112.26 0.41
N(8)-Cu(1)-N(6) 79.00(13) 77.07 1.92
N(2)-Cu(1)-N(6) 95.50(13) 94.65 0.84
N(8)-Cu(1)-P(1) 129.33(10) 130.13 0.80
N(2)-Cu(1)-P(1) 108.25(9) 112.30 4.05
N(6)-Cu(1)-P(1) 126.45(9) 119.92 6.52
N(5)-Cu(2)-N(4) 120.54(13) 117.2 3.30
N(5)-Cu(2)-N(1) 96.31(12) 95.53 0.78
N(4)-Cu(2)-N(1) 77.67(12) 76.12 1.54
N(5)-Cu(2)-P(2) 130.45(10) 129.22 1.22
N(4)-Cu(2)-P(2) 106.72(9) 111.54 4.81
N(1)-Cu(2)-P(2) 108.05(9) 109.19 1.14
157
158

The main distortion of the resulting tetrahedral coordination geometry originates from 159
the small N(1)-Cu(1)-N(4) and N(6)-Cu(2)-N(8) bite angles of the chelating triazine ligands 160
[77.67(12)° and 79.00(13)°, respectively]. The distortion of the tetrahedral geometry 161
around the Cu(l) centers can also be seen from the dihedral angle formed between the two 162
five-membered chelate rings, 74.18° (Figure 1). The coordination geometry is best de- 163
scribed as distorted trigonal pyramidal, as indicated by the ts-values of 0.74 for Cu(l) and 164
0.77 for Cu(2) [35]. The geometries are similar to that reported previously for 165
[Cu2(N”N)2(dppm):](BF4)2 (NAN=2-(2-tert-butyl-tetrazol-5-yl)pyridine) [36], 166
[{Cu(pypzH)}2(pu-dppm)2](CIO4)2 (pypzH=3-(2'-pyridyl)pyrazole) [37] and 167
[Cu(N~N)(PPhs)2]NOs (N”N = 5,6-diphenyl-3-pyridin-2-yl-[1,2,4]triazine) [38]. In 1, the 168
intramolecular Cu(1)--Cu(2) distance is 3.217 A; this value is longer than the sum of van 169
der Waals radii of Cu (2.8 A), which does not favor metal-metal interaction. In this com- 170
plex, two face-to-face intramolecular 7t-stacking interactions stabilize the structure further 171
(Figure S5). The first mt-contact is within one dppm ligand (angle between ring planes = 172
12.4°, centroid--ring plane = 3.62 A, distance between ring centroids = 3.68 A). The second 173
is between the phenyl ring of the dppm ligand and the pyridine ring (angle between ring 174
planes =16.1°, centroid--ring plane = 3.69 A, distance between ring centroids =3.80 A) [39, 175
40]. 176
177

A close inspection of the crystal structure of the complex reveals a 3D hydrogenbond 178
network, in which two different dimeric units formed through C-H---m and -7 contacts 179
[39,41] between two [Cuz(L)2dppm]* cations (Figure 56 and S7). The crystal structure is 180
stabilized by a series of additional C-H:N, C-H'F, C-Hmt and 77t interactions between 181
the components of the complex. The details of these supramolecular interactions are 182
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summarized in Table S1. All distances and angles are within the range found for previ- 183

ously reported structures [29,30,33, 42, 43]. 184
185
2.3. Hirshfeld Surface Analysis. 186

Hirshfeld surface analysis detects different intermolecular interactions in crystal 187
packing [44,45]. For this purpose, a crystallographic information file (CIF) was used as the 188
input to generate the Hirshfeld surfaces and fingerprint plots using the CrystalExplorer 189
program. The red-blue-white color scheme is utilized for quantifying the intermolecular 190
interactions and provides a resource to analyze the zones of strong donor-acceptor inter- 191
actions [44]. The Hirshfeld surface of the title complex is mapped over the dnorm (0.5 to 1.5), 192
curvedness, and shape index (Figure 2). The plot reports the distances to the closest atom 193
inside the surface (di) and to the closest atom outside the surface (de). The differences in 194
the plots reveal variations in the packing modes of the structures. Intermolecular -t 195
interactions between neighboring molecules in the structures of molecular crystals give 19
rise to patches in the curvedness map [46]. The curvedness plots (-4.0 to +4.0) of the com- 197
plex show only slightly flattened surface patches above either side of the aromatic rings 198
from the L ligand, indicating that the 77t contacts are relatively weak and significantly = 199
face-to-face displaced (Figure 2b). Maps of the shape index are more sensitive to subtle 200
changes in the electron density surrounding the molecules [45,46]. The shape index curve 201
exhibits complementary red (pit) - blue (bump) that correspond to the negative and posi- 202
tive surface property value, respectively, the former representing the location of an accep- 203
tor atom and the latter pointing towards a donor atom and are involved in C-H-N, C- 204
H-F, C-Hm and 77t interactions, in agreement with the observations in the scXRD sec- 205
tion (Figure 2c). 206

207

Figure 2. Hirshfeld surface for the title complex mapped with drem (a), curvedness (b), and shape 208
index (c). 209

19% 18%

0.6 &
0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8

210

Figure 3. 2-D full fingerprint plot and percentage contributions of the Hirshfeld surface area for 211
Complex 212
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The dominant interactions observed in complex 1 are H---H (55.4%), H---C (19%), H--F 213
(18%), and C--F (%) which appear as red spots on the dnorm surface in Figure 2a. 214

Furthermore, the intermolecular interactions in the complex are represented in the 215
2D fingerprint plots shown in Figures 3 and S8, respectively. The fingerprints around 1.6- 216
1.8 (di, de) vary from a blue tone to a slightly green color and are associated with the C--C 217
contacts from -7t interactions [47,48]. The H---F/F-+-H and H-+N/N--H interactions ap- 218
pear as distinct spikes in the fingerprint plot and comprise 18% and 1.5%, respectively, of 219
the total Hirshfeld surface for complex 1 (Figures 3 and S8). The more dispersed zonesin 220
blue color correspond mainly to H-H (55.4%) van der Waals contacts. The significant 221
contribution of H-H contacts indicates that aside from the hydrogen bonding interac- 222
tions, van der Waals contacts are relevant for the molecular packing of the componentsin 223
the crystal structure. 224

2.4. Analsisis DFT and UV-Vis 225

The complex’'s molecular structures and electronic properties were calculated using 226
DFT [49,50] and TD-DFT methods [51,52]. The calculations were carried out using the M06 227
hybrid-meta-GGA function in combination with the base sets 6-31G(d) (for C, H, N, and = 228
P atoms) and DZVP (Cu atom) with an IEF- PCM in ethanol [53-55]. X-ray crystallographic = 229
analysis determined The ground state geometries from the experimental structure. Nota- 230
bly, the deviations between the simulated molecular structure in solution and the solid- 231
state structure are less than 0.097 A and 6.52°, respectively (see Table 2). 232

Itis well known that frontier molecular orbital analysis is a potential tool for studying 233
molecular electronic charge mobility, the chemical reactivity, kinetic stability of mole- 234
cules, and electronic transitions in the molecules. The energy gap between the highest 235
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital 236
(LUMO) is an essential parameter for determining the photophysical and electrical prop- 237
erties of organic and inorganic materials [29,30,33]. 238

Considering that the electronic excitations crucial for the optical absorption processes 239
are HOMO—LUMO transitions, it is important to introduce the separate states of charge 240
with the HOMO located in a donor unit and the LUMO in an acceptor unit. The isodensity 241
plots of the frontier molecular orbitals (FMO) for the asymmetric unit of [Cuz(L)2dppm]> 242
at the M06/6-31G(d) + DZVP level of theory of calculation show charge transfer 243
(HOMO—LUMO) over the entire t-system of the compound and the copper metal center. 244
The energy of the highest occupied molecular orbital (Exomo) is -6.656 eV, and the energy 245
of the lowest unoccupied molecular orbital (ELumo) is -3.034 eV, giving AE(Lumo-tomo) = 246
3.623 eV (Figure 4). As shown in Figure 4 and S9, the HOMO orbital is mainly concen- 247
trated in the copper metal centers and the two phosphorus atoms, while the LUMO elec- 248
tron density is mainly distributed in the L ligands. Furthermore, Figure 57 shows that 249
HOMO - 4, HOMO - 5, and HOMO - 6 orbitals are distributed over the L and dppm lig- 250
ands, while LUMO + 1 and LUMO + orbitals are distributed only in the triazine ligands. 251
The HOMO and LUMO energy levels of [Cuz(L)2dppm]?* are shown in Figure 4. It shows 252
that the energy levels of the complex are appropriate for the DSSC system containing TiO2 253
because the LUMO levels lay above the conduction band of the TiO2 semiconductor (—4.40 254
eV), indicating efficient electron injection and the HOMO energy levels lay below that of 255
the I/Is - redox electrolyte (-4.60 eV) which can be further improved (about -0.3 V) by 256
adding additives such as 4-tert-butyl pyridine (TBP) to the I-/Is- redox electrolyte, provid- 257
ing sufficient driving force for dye regeneration [56-57]. 258
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Figure 4. A plot of the molecular orbitals involved in the lowest-lying electronic absorption transi- 260
tions in the complex. 261

262

The experimental and calculated UV-Vis absorption spectra of the title compound 263

are shown in Fig. 5. The experimental spectrum was measured from a 2.0 x 105 M solution 264
in EtOH at room temperature. The oscillator strength (f) is a parameter that quantifies the 265
probability of electron transitions and is calculated based on TD-DFT/M06/6-31G(d) + 266
DZVP level of theory. The results of the TD-DFT calculation indicate three major transi- 267
tions for the complex [Cuz(L)2dppm]?* (Figures 5 and S10; Table 4), of which the most in- 268
tense band at 446 nm (f = 0.0922) is due to the HOMO—LUMO transition having 269
MLCT/XLCT/LLCT character. This excitation is consistent with the experimental spec- 270

trum's broad band centered at 410 nm (e= 13150 M cm™, see Figures 5 and Table 4). 271
272
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Figure 5. Experimental and calculated absorption spectra of [Cuz(L)2dppm](PFé)2. 274
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The calculated spectrum displays two additional bands at 363 nm (f = 0.0565) and 359 nm
(f = 0.0449), which are assigned to HOMO-3—-LUMO+3/HOMO-6—LUMO and HOMO-
10—-LUMO/HOMO-6—LUMO transitions, respectively. These transitions imply that in-
tramolecular charge transfer takes place [29,30,58]; the band at 363 nm can be related to the
broad experimental absorption band found at 338 nm (e = 26700 M~ cm™, Figures 5 and
510) and has LLCT character. The experimental band centered at 286 nm (e = 56700 M1
cm™) was assigned to m—mt* transitions having LLCT character. A detailed assignment of
the TD-DFT calculations in terms of FMO is included in Table 4.

Table 4. Principal electronic excited states calculated by time-dependent density functional theory (TD-DFT) at M06/6-
31G(d)+DZVP level of calculation, together with the experimental values.*

Aprr (nm) E(eV))  App(nm)  Oscillator strength Transition (CI Coef.) Character
HOMO—-LUMO (41%)
446(2.77) 410 0.0922 HOMO-2—LUMO (25%) MLCT/XLCT/LLCT
HOMO—-LUMO+1(29%)

428(2. . LCT/XLCT/LLCT
8(289) 0.035 HOMO-2—-LUMO+1(21%) MLCT/XLCT/LLC
424(2.92) 0.037 HOMO-1-LUMO+1(29%)  MLCT/XLCT/LLCT

HOMO-3—-LUMOH+3 (34%)
363(2.41) 338 0.0565 HOMO-6LUMO (21%) LLCT
375(3.31) 0.0313 HOMO-6—LUMO (26%) LLCT
HOMO-10—LUMO (20%)
4 2 .044 LLCT
359(345) 86 0.0449 HOMO-6—LUMO (18%) c
- 1 (36%
352(3.51) 0.0367 HOMO-5-LUMO1 (36%) MLCT/XLCT/LLCT

HOMO-4—LUMO (21%)

*Metal-to-ligand charge transfer (MLCT); Ligand-to-ligand charge transfer (LLCT); Phosphine-to-ligand charge transfer (XLCT).

2.4. Electrochemical Properties

The electrochemical properties of the dinuclear complex were investigated at 298 K
for solutions in acetonitrile by cyclic voltammetry (CV) using 0.1 M of tetrabutylammo-
nium hexafluorophosphate (NBusPFs) as a supporting electrolyte. The analyzed data are
found in Table 3, and the CV is shown in Figure S11. The complex showed irreversible
oxidation and reduction waves. The first oxidation (Epa = 0.97 V) corresponds to the
Cu(I)/Cu(Il) redox couple with significant PP character, indicating stronger structural
rigidity [30,59]. The compound shows a second irreversible oxidation wave (Eox =1.15 V)
assigned to oxidation of the second copper center, revealing the expected electronic com-
munication between the two metals [59]. The oxidation potential (+0.97 V and +1.15 V) is
within the range reported for copper(I)-pyridyl complexes [29,30,59,60]. The first reduc-
tion event (Erea1 = -0.81 V) is centered on the pyridine ring of the L ligand; a second reduc-
tion wave at -1.96 V is assigned to a second reduction of the L ligand [30,59]. Based on the
reduction potentials, the HOMO and LUMO energy levels were calculated using the equa-
tion 1 [61,62]:

Enomo (OI' ELUMO) =-48— [(Epeak potential — Ei2 (ferrocene)] (1)
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Where, Epeak potential corresponds to the maximum and minimum peak potential and Ei2is 309
the half-wave potential of ferrocene (0.42 V), which was used as a reference. The resulting 310
value for the HOMO orbital ( -5.53 eV) is in good agreement with the values obtained by 311
the DFT calculations with -6.65 eV. Due to the irreversibility of the redox process, it was 312

not possible to obtain a good approach for the LUMO value. 313
314
315
316
Table 5. Selected electrochemical data of the [Cuz(L)2dppm](PFs)2 complex in acetonitrile.” 317
318 Eox[V]  Erea[V] Enomo[eV] Eiumo[eV] Enomomrr[eV]  Ewumomrr[eV]  Ae[eV]  Agwrr[eV]
¢eomplex 1.15 -1.61 -5.53 -2.77 -6.657 -3.034 2.76 3.623
320
* The CV was recorded in acetonitrile solution for complex (5x103 M) with 0.1 M of NBusPFs (T =298 K, scan rate =25 mV s71), Ae[eV] = 321
Erumo-Enomo. 322
2.5. TGA analysis 323

To investigate the thermal stability of compound 1, thermogravimetric analysis 324
(TGA) was performed over the temperature range of 30-800 °C under N2 atmosphere for 325
a crystalline sample with a heating rate of 20 °C min (see Figure 6). The TGA graph in- 326
dicates the first weight loss (found 10.0%; theoretical, 10.2%), in the 300-350 °C range, at- 327
tributed to the loss of one PFsion. The second step in the temperature range of 350 to 450 328
°C corresponds to the loss of two L ligands, one dppm molecule, and one PFs ion. The 329
observed weight loss of 80.3% agrees with the calculated value (80.9%). The residual 330
framework starts to decompose beyond 450 °C with a series of complicated weight losses 331
and does not stop until heating ends at 800 °C. 332

100
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Figure 6. TGA curve of the complex 1. 334

2.6. Application in DSSCs 335

UV-Vis absorption spectra of the free ligand L, complex 1, and N719 were measured 336
in ethanol at room temperature (Figure 510). The complex showed a metal-to-ligand 337
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charge transfer (MLCT) absorption band between 350 and 550 nm. Compared to the com- 338
mercially available N719 ruthenium complex, which absorbs in the 330 to 600 nm range 339
[63], the complex could achieve absorption in low wavelength when used as a co-sensi- 340
tizer in DSSCs. To evidence this hypothesis, two DSSC devices were developed; the first 341
was sensitized with N719 alone and was used as a control, and the second was co-sensi- 342
tized with a 1:1 mixture of complex 1 and N719. Notably, the amount of N719 used in the =~ 343
co-sensitized device was only half that of the control DSSC. 344

The current-voltage (J-V) characteristics of the DSSC device based on the N719 and 345
complex/N719 photoanodes are shown in Figure 7, and the efficiencies of the correspond- 346
ing cells are summarized in Table 6. Under standard global AM1.5 solar irradiation con- 347
ditions, the electrode performance (Neel) of the complex/N719/TiO: co-sensitized solar cell ~ 348
decreased by 7.63%, representing an acceptable value because the amount of N719 was 349
lower. These results suggest that the co-sensitization of TiO2/N719 photoelectrodes with 350
the Cu(I) complex is an option to reduce the amount of N719 dye, putting costs with a 351

minor impact on the efficiency of DSSCs. 352
353
Table 6. -V performance of DSSCs based on different photoelectrodes. 354
Dyes jsc mA/cm?) Voc (V) ££(%) 7(%)  Mretatioe (%)
*Complex/N719 5.095 0.757 527  2.03 92.27
N719 6.030 0.770 47.3 2.2 100

Jsc = short circuit current, VOC = open circuit potential, ff = fill factor, n = power conversion Efficiency. @«The = 355
electrode based on the dye combinations 1/N719 contains only 50% of N719 compared to the control experiment 356

with only N719. 357
358
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Figure 7. J-V curves for DSSCs of N719 and complex/N719. Inset: Photo of the DSSC device 361
containing dye complex/N719. 362
363
364
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3. Conclusions 366

A new dinuclear copper(l) compound based on the 3-(2-Pyridyl)-5,6-diphenyl-1,2,4-tria- 367
zine as chelating ligand and auxiliary phosphine Bis(diphenylphosphino)methane was 368
synthesized and characterized by elemental analysis, single crystal X-ray crystallography, 369
and NMR, IR and UV-Vis spectroscopy. Electrochemical, spectroscopic, and computa- 370
tional studies were used to understand the electronic characteristics of the compound. 371
Single crystal X-ray diffraction revealed that the complex possesses a distorted trigonal 372
pyramidal geometry and a variety of supramolecular interactions, such as C-H--N, C- 373
H--m and 7v-m that stabilize the crystalline structure. Comparison of experimental 374
(SCXRD analysis) and calculated (DFT/M06/6-31G(d)+DZVP) bond lengths and bond an- 375
gles showed excellent agreement with variations less than 0.097 A and 6.52°, respectively. 376
Complexes 1 displays a low-intensity band at 410 nm, corresponding to MLCT transitions, 377
consistent with the theoretical calculation realized with EtOH. According to the voltam- 378
metry analysis, the complex shows irreversible oxidation processes, which constitutes a 379
drawback for the regeneration of dyes within DSSC devices. Devices based on TiO2/N719 380
and co-sensitized with the complex produce overall efficiencies of 92.27%, which is a bit 381
lower than the reference device but employs only half the amount of the expensive and 382
more toxic ruthenium dye (N719). These results are relevant for the future design of co- 383
sensitizers for the fabrication of new DSSCs with significantly low cost and higher avail- 384

ability of the Earth-abundant copper-based precursors. 385

386
4. Materials and Methods 387
4.1. General 388

All chemicals, such as 3-(2-Pyridyl)-5,6-diphenyl-1,2,4-triazine (L) and Bis(diphe- 389
nylphosphino)methane (dppm) and [Cu(MeCN)4]PFs were purchased from Sigma-Al- 390
drich and used as received without further purification. Dye N719 was purchased from 391
Solaronix. Elemental analysis was performed on an Elementar Vario ELII instrument. IR~ 392
spectra were obtained using a Bruker Alpha Tensor 27 Vertex Series spectrophotometer 393
with KBr pellets in the 4000-500 cm-1 region. The 'H and 3'P NMR spectra were deter- 394
mined with Bruker Advance I1I-400 spectrometer. Chemical shifts are reported in ppm 395
and were referenced to residual solvent resonances. Uv-vis absorption spectra were rec- 39
orded on a Shimadzu UV-1800 spectrophotometer. Electrochemical measurements were 397
made using an electrochemistry workstation (Bio-Logic VMP-300 potentiostat/gal- 398
vanostat) with platinum, silver wire, and Ag/AgNQs as working, counter, and reference 399
electrodes, respectively. Substrates were dissolved in HPLC grade CHsCN (ca. 8 x 10-5 400
M) containing 0.025 M tetrabutylammonium hexafluorophosphate (nBusN)PF¢ as sup- 401
porting electrolyte. The scan rate was 20 mVs~. Thermogravimetric analyses were per- 402
formed on a TA SDT Q600 apparatus in a range of 30-800 °C (10 °C min™) using nitrogen 403

(50 mL min™) as a purge gas. 404
405
4.2. Preparation of [Cu2(L):dppm](PFs)2(1) 406

To a stirring solution of [3-(2-Pyridyl)-5,6-diphenyl-1,2,4-triazine)] (L) (40 mg, 407
0.12888 mmol) and bis(diphenylphosphino)methane (dppm) (25.10 mg, 0.06444 mmol) in 408
2 mL of a 1:1 (v/v) mixture of CH2Cl> and CH3CN, [Cu(MeCN)4]PFe (48.04 mg, 0.06444 409
mmol) was added to obtain a dark red solution. The mixture was stirred throughout 2 h 410
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at 30 °C. Red single-crystals were obtained by vapor diffusion of diethyl ether into the 411
concentrated solution of 1 (yield: 85.98 mg, 76%). IR (KBr, cm): 3054 (w), 1600 (w), 1511 412
(m), 1479 (w), 1436 (m), 1402 (m), 1373 (m), 1305 (w), 1282 (w), 1257 (w), 1186 (w), 1143 413
(w), 1099 (w), 1006 (w) , 838 (s), 771 (m), 740 (m), 698 (w), 607 (m), 557 (m), 520 (w) cm™. 414
H NMR (400 MHz, acetone-ds, 30 °C) 6 8.80 (d, /=8 Hz, 2H, Ar-H), 8.17 (t, ]=8.00 Hz, 2H, 415
Ar-H), 7.64 (m, 4H, Ar-H), 7.52 (m, 14H, Ar-H), 7.34 (m, 25H, Ar-H), 3.93 (t, =8 Hz, 2H, 416
CH>) ppm. 3P NMR (162 MHz, acetone-ds, 30 °C) 0 -7.42 (s, Ar-P), -144.67 (hept, 1] =708.47 417
Hz, PFs) ppm. UV-Vis (ethanol 2 x 10> mol dm=): A (e: M cm™) 286 (56700), 338 (26700), 418
410 (13150) nm. Anal. Calc. (%) for CesHsoCu2F12NsPa: C, 54.90; H, 3.54; N, 7.88. Found (%): 419
C, 54.63; H, 3.91; N, 7.93. 420

4.3. Crystallography 421

The single crystalline X-ray diffraction study of the title complex was determined at 422
T =130 K in an Oxford Diffraction Gemini “A” diffractometer equipped with a CCD de- 423
tector and using Mo-Ka radiation (A =0.71073 A) and an Oxford Instruments Cryojet ES- 424
75 cooler. Unit cell parameters were calculated with a set of three runs of 15 frames each 425
(I" in w). The double pass scanning method was used to exclude noise [64]. The collected 426
frames were integrated using an orientation matrix resolution of the narrower frame 427
scans. The final cell constants were obtained by global refinement. Diffraction data were 428
corrected for absorbance through an analytical-numerical absorption correction, which 429
employed a multifaceted crystal model based on Laue symmetry expressions with equiv- 430
alent reflections [65]. Structure resolution and refinement were performed with SHELXT- 431
2014 [66] and SHELXL-2014 [67]. All non-hydrogen atoms were refined anisotropically. 432
All hydrogen atoms were placed in positions calculated geometrically using the driving 433
model. Hydrogen bonding interactions in the crystal lattice were determined with the 434
MERCURY software package [68]. The figures were made with MERCURY [68] and DIA- 435
MOND [69]. 436

1: CesHs0Cu2F12NsPs, MW = 1422.09 g mol™, monoclinic, space group P2i/c, a = 437
18.9916(9), b = 18.6701(9), ¢ = 20.9494(5) A, a =90, p = 111.621(6), y = 90°, V = 6905.5(6)A3, 438
Dc=1.368 g cm™®, T=130 K, Z =4, y(MoKa) = 0.785 mm. Total 38,974 reflections, 16,247 439
unique (Rint = 0.0427). Refinement of 16,247 reflections (820 parameters) with I > 20(I) 440
coverged at final R: = 0.0587 (R: all data = 0.1131), wRz = 0.1280 (wR: all data = 0.1644), 441
F(000) = 2888, gof =1.059. CCDC 2278925. 442

4.4. Solar cell construction 443

Material for the manufacture of dye-sensitized solar cells was purchased from Solar- 444
onix, Switzerland. DSSCs sensitized with [Cuz(L)2dppm](PFe)2 (1) and 1:1 dye combina- 445
tion 1/N719 and N719 were prepared, modifying the method of Gratzel [70,71]. To prepare 446
the working electrodes, fluorine-doped tin oxide (FTO) glass plates (Solaronix TCO30-8, 447
3 mm thick) were washed in a consecutive ultrasonic bath in a 1% soap solution, distilled 448
water, and ethanol (HPLC grade) for 10 min each. Finally, the electrodes were subjected 449
to UV light (A = 254 nm) for 10 minutes in a peroxide solution in deionized water (5%). 450
Subsequently, with the Deep Coating method, a compact layer of TiO2 was added to each 451
FTO plate by immersion in a 40 mM TiCls aqueous solution (70 °C for 30 min), after which 452
they were washed with distilled water and ethanol. Next, the glass plates were sintered 453
with TiO2 at 450 °C for 30 min in a muffle (Thermolyne SCIENTIFIC FB1410M); they were 454
allowed to cool to room temperature and washed with ethanol. Therefore, with the Screen 455
Print method, mesoporous TiO2 was deposited on each FTO glass (0.2 cm?), and finally, 456
the sintering process was repeated. Once cooled, a second Dip Coating treatment was per- 457
formed, followed by a 1-hour treatment with UV radiation (A = 254 nm). In 0.3 mM 458
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solutions of complex or N719 in a mixture of solvent CHsCN/tert-butanol (50:50% v/v), 459
the electrodes were immersed for 12 h in the dark. In co-sensitization, the electrodes were 460
first immersed with the complex for 6 h in 0.3 mM solutions in a mixture of acetoni- 461
trile/tert-butanol (50:50% v/v). They were immersed for another 6 h in N719 under the 462
same conditions. Finally, with ethanol, the electrodes were rinsed and dried. For the elab- 463
oration of the counter electrodes, FTO plates with 0.5 mm diameter holes on the edge of 464
the driver's side were used. The FTO glasses were cleaned with the abovementioned pro- 465
cedure for the working electrodes. Accordingly, the platinum layer was deposited by 466
screen printing on the entire surface of the FTO glass, followed by drying at 120 °C for 10 467
min. The plates were then immediately immersed for 1 min in a 10 mM H2PtCls solution 468
in isopropanol and dried at 120 °C for 5 min. Finally, a heat treatment was applied at 400 469
°C (heating rate 1.2 °C/min) for 15 min, followed by cooling to 100 °C at a rate of 10 °C/min. 470

The working and counter-electrodes were joined by a thermoplastic (Meltonix 1170- 471
25 DuPont Surlyn) of 60 um thickness (treatment at 110 °C for ~5 min in an oven). Finally, 472
an electrolyte composed of 0.05 M Iz, 0.1 M Lil, 0.5 M 4-tert-butylpyridine, and 0.6 M tet- 473
rabutylammonium iodide dissolved in a mixture of acetonitrile and 3-methoxypropi- 474
onitrile (50:50% v/v) was introduced into the DSSCs. The remaining air was removed by 475
vacuum treatment. 476
With a potentiostat/galvanostat (Bio-Logic VMP-300) and an AM 1.5 light source solar 477
simulator (Oriel LCS-100), the performance of the DSSCs was measured by lateral irradi- 478
ation of the DSSC anode. The incident light intensity was 100 mW c¢cm= (1 sun), calibrated 479
using a reference Silicon solar cell. 480

4.5. Computational detail 481

Hirshfeld surface analysis and complex fingerprint plots were performed from the 482
Crystallographic Information Files (CIF) using CrystalExplorer 17 [72]. The Hirshfeld sur- 483
face was mapped in the range 0.5 to +1.5 for drnorm, -4 to 0.4 in Curvedness, and Shape Index 484
-1to1. 485

DEFT analysis [49,50] for the complex was performed with the Gaussian 09 package 486
[73] and processed with the GaussView and Swizard software [74,75]. Starting from the 487
monocrystalline structure by diffraction, the minimum energy structures were deter- 488
mined by frequency calculations (without imaginary frequencies). Using time-dependent 489
density functional theory (TD-DFT), the transitions between the different molecular orbit- 490
als [51,52] were determined using the M06 hybrid-meta-GGA functional [53] in combina- 491
tion with the 6-31G(d) base sets [54] for the C, H, N and P atoms and DZVP [55] for the 492
Cu atom. The effects of a solvated environment were estimated with the integral equation 493
formalism for the continuum polarizable model (IEF-PCM) and the implementation of the 494
out-of-equilibrium solvation model [76,77]. The solvent used for this analysis was ethanol. ~ 495

Supplementary Materials: The following supporting information can be downloaded at: 496
www.mdpi.com/xxx/s1: Figures S1, 52, and S3, IR, 'H-NMR and 3P-NMR spectra of 1; Table S1, 497
geometries of intermolecular hydrogen bonds and 7t--1t contacts in complex 1. Figure S4, perspec- 498
tive views of [Cu2(L)2dppm]* in the crystal structure of 1, showing a) two five-membered Cu-N-C- 499
C-N, b) one six-membered Cu-N-N-Cu-N-N and c) one seven-membered Cu-N-N-Cu-P-C-P chelate 500
rings; Figure S5, intramolecular 77 interactions in the crystal structure of 1; Figure S6, intermo- 501
lecular C-H-rt and m-stacking interactions between pair of [Cu2(L)2dppm]* cations; Figure S7, per- 502
spective view of the three-dimensional (3D) hydrogen-bonded network in the crystal structure of 503
complex 1, formed through C-H--N, C-H--F, C-H---7t and 77t interactions; Figure S8, percentages 504
of intermolecular interactions in the fingerprint plot for complex 1; Figure S9, HOMO and LUMO 505
frontier orbital plots of the title complex on TD-DFT calculations; Figure S10, UV-Vis absorption = 506
spectra of complex, free ligand L and N719 recorded in 2x10-° mol/L solution in ethanol; Figure S11, 507
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cyclic voltammogram of [Cuz(L)2dppm](PFe)2 (5x10° M) in acetonitrile at T = 298 K using NBusPFs
(0.1 M) as supporting electrolyte (scan rate =20 mVs™).
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