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Highlights

Tetrathiafulvalene demonstrates versatility in molecular electronics.

Experimental and computational methods integrate for a redox-active hybrid.

Crystal structure analysis exposes a deformed pyramid in Copper (I1) complex.

Noteworthy charge transfer in electronic properties hints at photoelectron conversion suitability.

Reactivity analysis pinpoints potential attack sites, highlighting sulfur atom reactivity.
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Abstract

This paper presents a comprehensive study that combines experimental techniques and Density
Functional Theory (DFT) to investigate a newly synthesized mixed-ligand complex,
[Cu(hfac),(MesTTF-CH=CH-Pyr)] (where hfac is hexafluoroacetylacetonate), and a novel mixed-
valence radical ion salt (Me3;TTF-CH=CH-Pyr),(PFs)s. Both are constructed using ligands derived from
the tetrathiafulvalene (TTF) donor molecule. These materials are meticulously characterized through
single-crystal X-ray diffraction analysis. The complex crystallizes in the monoclinic system, specifically
in the C2/c space group, with the following lattice parameters: a = 24.583(2) A, b = 21.613(2) A, ¢ =
14.2066(13) A, B =99.789(5)°, and a volume of V = 7438.3(12) A3, It exhibits five-coordinate behavior,
forming a slightly distorted pyramid with a square base. The paper also provides a detailed account of
the crystal structures and reports spectroscopic study results. Electrochemical behavior is explored
through cyclic voltammetry in CH,ClI; as the solvent. Additionally, the reactivity of these compounds is
predicted using various theoretical tools, such as Local and Global reactivity descriptors, Hirshfeld
charge analyses, and Molecular Electrostatic Potential. To elucidate charge transfer processes, Time-
Dependent Density Functional Theory is utilized. Various types of interactions are analyzed through the
Quantum Theory of Atoms in Molecules and Non-Covalent Interaction analyses. Finally, conductivity is

estimated using frontier molecular orbitals (FMO) and gap energies as crucial parameters.

Keywords: Radical ion salt, Hybrid-ligand complex, Cyclic voltammetry, Single-crystal X-ray, DFT,

Charge transfer mechanism.

1. Introduction

In the realm of materials science, the study of hybrid-ligand complexes and mixed-valence radical ion
salts stands as a pivotal endeavor, offering a gateway to unraveling intricate structural and electronic
properties. They have exhibited many advantages such as reticular synthesis, ordered crystallinity, and

porosity, as well as myriad functional applications, which have been expanded to gas adsorption [1],
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separation [2], storage [3], delivery [4] of guest entities, single-site heterogeneous catalysis [5], and
resistive sensing [6]. The development of these organic/inorganic compounds has attracted significant
attention due to their potential for high-performance applications. Tetrathiafulvalene (TTF) and its
derivatives are particularly promising due to their lower oxidation potential and excellent electron-
donating abilities. These units can be reversibly oxidized to radical cation TTF™" and dication TTF?* [7].
Understanding the impact of charge transfer (CT) on the physical properties of redox-active MOFs; gives
the chance for these redox-active materials to be used in the technological devices at the applied level.
We mention the electrical switches [8], thermoelectric [9], fuel cells [10], super-capacitors [11],
conductive and electrocatalysis [12], magnetic [13], and intelligent porous materials [14]. Thus, the
combination of MOF structural diversity and the beneficial characteristics of organic/inorganic materials
has enormous prospects for chemical and biological activities. Our primary objectives include
thoroughly exploring the process of synthesis, revealing the detailed structure of crystals through
single crystal X-ray analysis, and conducting a comprehensive theoretical investigation using
Density Functional Theory (DFT). These compounds, made with ligands derived from the
tetrathiafulvalene (TTF) donor molecule, show promise for novel applications in materials science. As
we embark on this research journey, we aim not only to contribute significant insights into the design and
properties of hybrid materials but also to pave the way for advancements in related disciplines. In the
forthcoming sections, we delve into the intricate synthesis protocols, employing rigorous procedures such
as solvent drying and distillation under an argon atmosphere to ensure precision. The resulting small,
shiny black crystals were examined using scanning electron microscopy to confirm the success of the
synthesis. Subsequent single crystal X-ray diffraction analysis overcomes challenges in data quality,
revealing well-defined structures that offer insights into solvent-accessible voids and copper ion
coordination, achieved through squeeze procedure. The electrochemical synthesis revealed the formation
of the mixed-valence radical ion salt, (Me3TTF-CH=CH-Pyr),(PFg)s, shedding light on the oxidation

process. Further X-ray diffraction analysis of the resulting small black crystals unveiled the
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distinctive structural features of the radical ion salt. Theoretical investigations, supported by DFT with
the GGA-PBE functional, closely align with experimental data, providing a comprehensive
understanding of geometrical parameters and charge transfer mechanisms. We also explored frontier
molecular orbitals and conducted various computational analyses, including Hirshfeld atomic charges,
QTAIM, molecular electrostatic potential maps, non-covalent interactions analysis, global/local reactivity
descriptors, and bond energy decomposition analysis, to offer a holistic understanding of the stability,
reactivity patterns, and bonding nature of these hybrid materials.

2. Materials and methods

2.1. Chemistry

The solvents have been dried and distilled according to the standard procedure; the experiment has been
carried out under an argon atmosphere. IR spectra have been measured with a Bruker Equinox 55
spectrometer. The electronic spectrum has been recorded with a spectrophotometer UV-Vis Thermo-
Scientific Evolution 220 model in CH,CI, solvent. The Cyclic voltammetry (CV) measurements have
been carried out on the solution of TBAPFs 0.1 mmol. L™ in CH,Cl, with Ag/ AgCl as a reference
electrode using a Potentiostat eDAQ instrument. Electrochemical analyses have been recorded at 100
mV/s with a platinum disk for the working electrode and platinum wire for the center electrode at room
temperature. Melting points have been measured with a BUCHI (B-545) Scientific melting point
apparatus. Crystallographic data of black crystals have been collected at room temperature on an APEXII
Bruker-AXS diffractometer equipped with graphite monochromated Mo—Ka. radiation. The structures
have been solved by direct methods with SIR-97 [15], which has revealed the non-hydrogen atoms of the
molecules. Refinement has been performed by full-matrix least-square techniques based on F? with
SHELXL [16] with the aid of the WINGX [17] program. All non-hydrogen atoms have been refined with

anisotropic thermal parameters.

2.2.Chemical synthesis: Synthesis of the hybrid-ligand complex [Cu(hfac),(Me; TTF-CH=CH-Pyr)].
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The synthesis of the Me;TTF-CH=CH-Pyr ligand has been reported by N. Benbellat et al. [18]. The
present complex was synthesized as follows: (3 mg, 0.086 mmol) of MesTTF-CH=CH-Pyr dissolved in
90 ml of hot hexane are mixed with (20.54 mg, 0.043 mmol) of Cu(hfac),. xH,O previously dissolved in
10 ml of hot hexane. Immediately, a purple solution is obtained, which is first cooled to room temperature
and kept at 4°C for a few days. Small shiny black crystals are recovered and isolated by filtration. The
scanning electron microscopy picture is shown in Figure 1. yielded 26 mg.

M.p: 262 °C, The selected IR data (KBr, v/d in cm™): 2920 v(ArH), 1653-1607 v(-C-O-), 1575
v(C=C), 1563 v(C=C), 1536 v(C=C), 1502 v(C=C), 1440-1390 v(-C=N), 1261 v(C-F), 1205, 1152-1104

v(C—C), 1019 [In the plane S(CH)], 937 5(-C-0-), 703 v(C-S), 667, 586 v(Cu-N), 569, 527 v(Cu-O).

! 4Cu(211)

30pm

Figure 1: Scanning electron microscopy of the [Cu(hfac),(MesTTF-CH=CH-Pyr)] complex.

2.3.Electrochemical synthesis: synthesis of the mixed-valence radical ion salt (Me;TTF-CH=CH-
Pyr),(PFg)s

The electro-crystallization method consists, initially, of the oxidation of the organic donor D, which leads

to the formation of the cation radical D"". This latter is associated with the anionic species of the basic salt

present in the solution to form the corresponding salt Dy,"X,", which crystallizes or precipitates on the

anode. The anion concentration should be much higher than that of the donor (about 20 times). Electro-
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crystallization cells make it possible to obtain, in general, crystals of good quality. To limit the ligand
diffusion, we carried out the electrochemical oxidation using a standard bridged U-shaped cell, containing
a frit separating the anodic from the cathodic compartment. Both compartments are equipped with a
platinum electrode 1 mm in diameter. Each compartment contains 80 mg of tetrabutylammonium
hexafluorophosphate (TBAPFs) as an electrolyte, 10 mg of (Me3;TTF-CH=CH-Pyr) donor are added to
the anodic side and 10 ml of anhydrous CH,Cl, are added to both compartments under an argon
atmosphere. After the equilibrium of the solvent level at 4°C, the closed system is left under a current of 3
HA. After 15 days, small black crystals are deposited on the electrode (M.p: 241°C). X-ray analysis

shows a radical ion salt structure (Me3-CH=CH-TTF)2(PF¢)s.

2.4.  X-ray diffraction analysis

2.4.1. Hybrid-ligand complex [Cu(hfac),(MesTTF-CH=CH-Pyr)].

Single crystal X-Ray diffraction data were collected at room temperature. The compound crystallizes in
the monoclinic system, centrosymmetric space group C2/c with the following unit cell parameters a =
24.583(2) A, b=21.613(2) A, ¢ = 14.2066(13) A, B=99.789(5)°, V = 7438.8(12) A®. Table 1 collects the
lattice parameters and the main refinement quality factors. Despite low-quality data, molecules are well-
defined, and refinements revealed solvent-accessible voids of 284 A3 and numerous density peaks
corresponding to very disordered hexane molecules. Then, the squeeze procedure was applied to the data.
All atoms of the asymmetric unit are located in general positions. It contains one copper (1) ion lying in a
five-members coordinated sphere of the nitrogen atom of the pyridyl ring of a Me3sTTF-CH=CH-Pyr (L)
molecule and four oxygen atoms belonging to two hexafluoroacetylacetonate (hfac) ions (Figure 2). In
such environment the complexes geometry can be characterized from the so-called tau value t = (B—a)/60,
with B and o the two largest angles around the central copper ion. t is ranging from 0 for C,, tetragonal
pyramidal geometry to t=1 for D3y trigonal bipyramidal geometry [19-22]. According to this calculation,
(0=162.4° and P=172.5° yielding 1=0.17 value), the copper ion has a square-based pyramid-like

coordination sphere, in which the distorted square plane is formed by the N1 atom of the pyridyl ring, two
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oxygen atoms O1, O2 of one hfac and the O4 atom of the second hfac, its second oxygen atom O3 being

the axial atom (See Scheme 1).

o

Scheme 1: Square-based pyramid-like coordination sphere of Cu" ion showing the basal angles « and p

in [Cu(hfac),(MesTTF-CH=CH-Pyr)] complex

C13 C12

C9
“\, e

Figure 2: ORTEP (30%) view with labeling scheme of copper complex [Cu(hfac),(MesTTF-CH=CH-

Pyr)]. Disordered fluoride atoms labeled A and B were drawn in ball and stick style for clarity.

In the equatorial plane, bond lengths involving copper ion are homogenous (see infra), with the apical
distance Cu-O3 being 2.190(7) A. The copper ion is expelled from the mean plane by 0.200(4) A, as
commonly observed in square-based pyramid-like coordination, this axial elongation is due to Jahn-Teller
effect [23,24]. All angles at the apex of the copper, excluding those close to linearity (o and B used to
calculate t parameter) are between 84.0(3)° and 98.8(3)°. One can notice that in octahedral Cu(hfac),(L).

complexes, two different Cu-O lengths (ca. 2.0 and 2.2 A) are usually found between an hfac anion and
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the Cu'" ion [25]. In our compound, where copper is penta-coordinated, this characteristic is only found
for the hfac anion which bears the apical atom O3 and the equatorial atom O4, (Cu-O4 length of
1.943(7)A being the shortest equatorial distance) as observed in several compounds [26—-29]. The oxygen
atoms from the second hfac anion belong to the equatorial plane, they are coordinated to the copper by
two homogeneous Cu-O1 and Cu-O2 short bonds of 1.949(7)A and 1.960(8)A respectively. The fourth
equatorial atom N1 is bound to Cu(ll) with 1.987(8) A length.

A disorder is observed for the fluorine atoms of the two CF3 groups of the hfac anion that bears O3 and
OA4. This fluorine disorder was treated with the SHELXL procedure SADI, in this constrained refinement
C22 and C26 are the pivot atoms. Carbon C22 is bound to three fluorine atoms labeled F7A, F8A, FO9A
and three fluorine atoms labeled F7B, F8B, F9B, refinements give occupation factor of 0.58 for the group
of atoms labeled A. The other pivot carbon C28 is bound to fluorine atoms labeled F10A, F11A, F12A
and fluorine atoms labeled F10B, F11B, F12B, the occupation factor is 0.70 for atoms labeled A. Figure 3
shows the eight complexes contained in the mesh. The organic fragment MesTTF-CH=CH-Pyr is quite
planar as the average plane of TTF and that of the pyridyl ring form an angle of 3.33(14)°. The pyridyl

ring of the Me; TTF-CH=CH-Pyr molecule forms an angle of 22.2(2)° with the square plane.

Table 1: Crystallographic data for [Cu(hfac),(MesTTF-CH=CH-Pyr)]

Empirical formula C26H17CuUF12NO4S,
Deposition Number 2262291

Formula weight 827.18
Temperature, K 293(2)
Wavelength, A 0.71073

Crystal system Monoclinic

Space group C2/c

a, A 24.583(2)

b, A 21.613(2)

c, A 14.2066(13)
,© 99.789(5)
Volume, A3 7438.3(12)

V4 8

Density (calculated), g.cm™ 1.477
Absorption coefficient, mm™ 0.902
F(000) 3304
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Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 22.721°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [[>2o(I)] "

R indices (all data) *°

Largest diff. peak and hole, e. A

2.381t0 22.721°.

-26<h<18, -23<k<20, -15<I<11
10235

4825 [R(int) = 0.0636]

96.6 %

Full-matrix least-squares on F?
4825/ 60/ 489

0.972

R.=0.0774, wR, = 0.2260

R; =0.1478, wR, = 0.2774
1.105 and -0.402

* Ry = Z|Fo| - [Fc]| / Z|Fol. "wR; = {=[w (Fo’ - Fc?)?] / Z[w (Fo?)*]}*2.

Figure 3: View of the eight complexes of [Cu(hfac),(Mes;TTF-CH=CH-Pyr)] in the centrosymmetric unit

cell with copper ion in orange. Sulfur atoms from TTF fragment are drawn in yellow, oxygen in red,

carbon in grey, nitrogen in blue. Only fluorine atoms labeled A from the two disordered CF; groups

(labeled A and B) per complex were drawn in green.

10
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There are no intermolecular contacts shorter than the corresponding van der Waals radii sum involving
other atoms than hydrogen. Considering the complex in the asymmetric unit, the shortest intermolecular
contacts are observed from each side of its TTF mean plane core (the four sulfur atoms and the two
carbon atoms C3 and C4). One is observed between the hydrogen H15C of the pivot atom C15 from a
methyl group and the oxygen O4 of the hfac anion (dusc..os' = 2.569 A with ii : -x, y, 1.5-z) from a
complex, and another contact is observed between with S1 and C7', belonging to a complex packed on the
other side of the TTF mean plane. This contact (dsi..c7' = 3.530(10) A with i : -x, 2-y, 1-z) is larger than
the corresponding van der Waals distance. These interactions lead to the stacking of head-to-tail
molecules along the c-axis (see Figure 4). The shorter contact involving sulfur from asymmetric unit to
the other side of the mean plane takes place from S1 to C8", with a distance equal to 3.711(9)A, a value

larger the corresponding van der Waals radii.

11



Journal Pre-proof

Figure 4: Short interactions between neighboring molecules [Cu(hfac),(MesTTF-CH=CH-Pyr)] along ¢
axis view -a- in the ac place and -b- in the ab plane with the symmetries i : -x, 2-y, 1-z; ii: -X, y, 1.5-z for
capped sticks molecules, ball and stick view molecule being the asymmetrical one. Only fluorine atoms

labeled A are drawn.

Figure 5-a- represents the column of four complexes that are present in the mesh, two that appear to be
strictly stacked without offset are represented in a "ball and stick” model, and the other two in a
"wireframe”. The same representations are used in the representation of Figure 5-b-, which shows the
same molecules along with the crystallographic axis c. We can see more clearly that the complexes are
not stacked by simple translation, but they are symmetrical concerning the sliding plane c. This view

allows us to highlight the absence of contacts between the sulfur atoms of the TTF fragments skeletons.

€)) (b)
Figure 5: Crystal structure of [Cu(hfac),(MesTTF-CH=CH-Pyr)]. Molecular packing depicted a) along

the b-axis and b) along the c-axis.

The only short contacts smaller than the sum of the van der Waals radii found between complexes
belonging to different "columns" are established from hydrogen H13 of the asymmetric complex to
F12A" this fluorine position being obtained from its symmetrical equivalent using the two-fold axis

along b axis with x = 1/4 and z =3/4 (H13---F12A!" = 2.614 A with iii : %-x, y-%, 1.5-z). From the same

12



Journal Pre-proof

asymmetric complex, two other contacts lightly greater than the sum of the van der Waals radii are found.
The first one involving hydrogen from pyridyl ring H11 and F7AY (iv : ¥%-x, 2.5-y, 1-z) is 2.701 A, this
fluorine being the centrosymmetric equivalent of the asymmetric unit using inversion center in (% ,1.25,
%) position. The other one takes place from S2 and H24", this being symmetrical to the asymmetric unit
thanks to C Bravais lattice (S2---H24" = 3.043 A with v : x- %, y — %, z). Asymmetric complex and
complexes labeled iii and v are quite coplanar whereas complex labeled iv lies below this plane (see

Figure 6).

1 F12Ad0i0
! ST Y
* 1H13

2y

=y

Figure 6: Short interactions between neighboring complexes [Cu(hfac),(Mes;TTF-CH=CH-Pyr)] viewed
in the ab plane with symmetries iii: ¥2-X, y-%, 1.5-z ; iv: ¥%2-Xx, 2.5-y, 1-z ; v: X- %2, y — %, z for capped
sticks molecules representation, ORTEP view molecule being the asymmetrical one. Fluorine atoms

labeled A are drawn in green, those labeled B are drawn in yellow-green color.

2.4.2. Mixed-valence radical ion salt (Me3;TTF-CH=CH-pyr),(PF¢)s.

13
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This compound crystallizes in the centrosymmetric triclinic P1 space group with cell parameters
a=7.7015(7)A, b=9.0815(10)A, c=16.5171(14)A, a=104.886(5)°, B=92.729(9)°, y=101.140(4)°, and
V=1089.64(18)A%; crystal data and the main refinements data are gathered in Table 2. The asymmetric
unit cell contains one (MesTTF-CH=CH-Pyr) and one and a half PFs anion, one in general position and

the phosphorus P2 of one other lying on an inversion center (Figure 7).

Table 2: Crystallographic data for (MesTTF-CH=CH-Pyr),(PF¢)3

Empirical formula Cszp Hzg F1g N P3 Sg
Deposition Number 2262292
Formula weight 1133.97
Temperature 293(2) K
Wavelength, A 0.71073
Crystal system Triclinic
Space group P1
a, A 7.7015(7)
b, A 9.0815(10)
c, A 16.5171(14)
a, ° 104.886(5)
,° 92.729(9)
Y, ° 101.140(4)
Volume, A3 1089.64(18)
z 1
Density (calculated), g.cm™ 1.728
Absorption coefficient, mm™ 0.628
F(000) 571
Theta range for data collection 4.445 to 25.542°.
Index ranges -8<h< 8, -10<k<h 10, -19<I<19
Reflections collected 5894
Independent reflections 3706 [R(int) = 0.0810]
Completeness to theta = 25.242° 925 %
Refinement method Full-matrix least-squares on F?
Data / restraints / parameters 3706/0/289
Goodness-of-fit on F2 1.157
Final R indices [[>26(1)] *" R; = 0.1322, wR; = 0.3249
R indices (all data) ®° R1 =0.2144, wR, = 0.3830
Largest diff. peak and hole, e.A 1.385 and -0.561

2Ry = 2||Fo| - |Fc|| / Z|Fol. "WR; = {Z[w (Fo? - Fc®)?] / S[w (Fo?)*]}2.

14
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F7

Fovi Fo

¢

Figure 7: ORTEP view of compound (MesTTF-CH=CH-Pyr),(PF¢)s with 30% probability level showing

the labelling scheme (symmetry code vi: -x, 1-y, 1-2).

The organic molecule is planar, considering the TTF core (the four sulfur atoms and the two carbon atoms
C3 and C4) as a mean plane. The non-hydrogen atoms that are more out of the plane are C14, 0.211 A
below the plane, and C10, which is 0.146 A above the plane. Figure 8-a shows TTF containing molecules
packed along the a-axis to form organic columns. These columns alternate planes along the b-axis with

parallel planes built of inorganic anions PFg". (see Figure 8-b).

15
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Figure 8: Packing of compound (Me3sTTF-CH=CH-Pyr),(PF¢)3 -a- view in the (101) plane; -b- view in

the (100) plane.

The organic plane is built with Me3TTF-CH=CH-Pyr which form columns. In the same column,
neighboring TTF planes, on one side, are separated by 3.46 A with the shortest intermolecular distance
involving sulfur atoms S1.--S1'" equal to 3.712(6) A (vii: 2-X, -y, 1-z) on the other side, TTF planes are
separated by 3.39 A with the corresponding distance S1---S2"" equal to 3.489(5) A (viii: 1-x, -y, 1-2).
Also, the shortest interchain N1---N1* contacts (ix : 2-X, -y, -z,) were observed between MesTTF-
CH=CH-Pyr units with contact lengths of 2.72(2) A. In addition, a three-dimensional network is ensured
by the anion through short interchain contacts (see Table 3). Thus, these contacts close to the van der
Waals radii sum, were evaluated between fluorine atoms of PFg™ in general position and seven adjacent
Mes;TTF-CH=CH-Pyr units of two parallel columns. Several distances involved hydrogen atoms from
MesTTF-CH=CH-Pyr, nevertheless two contacts bring into play non-hydrogen atoms, one between
fluorine F3 and sulfur S4% is 3.171(13)A (x: x, 1+y, z), the other distance of 3.017(16)A is observed in the
asymmetric unit between F1 and C5. Short interactions are also observed between the three fluorine

atoms of the PFg™ lying into an inversion center, one of 3.052(8)A takes place between F9 and S2*

16
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whereas two other contacts shorter the van der Waals radii sum involved hydrogen atoms from Me;TTF-

CH=CH-Pyr. (See table 3).

Table 3 Short intermolecular contacts lower v-d-W radii for (MesTTF-CH=CH-Pyr),(PFs)s, in A.

F1-C5 3.017(16) F5-H16B" 2.7292
F1-C15 3.177(19) F5-H11* 2.6382
F1-H15C 2.5557 F6-H15A" 2.7562
F1-H14C"" 2.6850 F6-H16B" 2.6117
F1-H13" 2.5090 F7-S2 3.352(11)
F2-H15A% 2.7380 F7-H14AY 3.9937
F3-H14C"" 2.7620 F7-H8" 2.5977
F3-C14"" 3.223(17) F8-S1 3.290(14)
F3-S4* 3.171(13) F8-S3* 3.323(11)
F4-H16A* 2.7099 FO-H14AX 2.7102
F5-H12"" 2.5554 F9-52* 3.052(8)
F5-H15C 2.6697 F9-H14B"" 2.6123

Symmetry codes : vii: 2-X,-y,1-z; viii: 1-X,-y,1-z; IX: 2-X,-Y,-Z; X: X,1+y,z; Xi: X-1,y,z; Xxii: x,1+y,1+z;

xiii: 1-x,1-y,2-z;xiv: 2-x,1-y,1-z; xv: x-1,y+1,z; xvi: 1-x,1-y,1-z.

2.5. Electrochemical properties

The redox Dbehavior of the ligand (MesTTF-CH=CH-Pyr), the hybrid-ligand complex
[Cu(hfac),(MesTTF-CH=CH-Pyr)], and the TTF as a reference were investigated by cyclic voltammetry.
The measurements were performed using a working electrode (Pt), a reference electrode (Ag/AgCl), and
TBAPF; (0.1 mol. L™) as the supporting electrolyte at a scan rate of 1200mV/s. The cyclic voltammogram
curves of these molecules are given in Figure 9. The oxidation potentials are listed in Table 4. According
to the voltammograms, the copper ion is not concerned with the oxidation mechanism. The
[Cu(hfac),(MesTTF-CH=CH-Pyr)] complex and the (MesTTF-CH=CH-Pyr) ligand displayed two
separated reversible peaks, corresponding to the successive oxidation process of the TTF moiety from a

neutral state to radical cation states, i.e., TTF" and TTF'". Their first oxidation potential was moved to
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lower values than the TTF non-substituted (Table 4-a-), indicating that the modified TTF moiety in
compounds is easier to be oxidized, this may be due to the donor effect of methyl groups. Contrarily, the
dicationic states are more difficult to obtain in the modified TTF and their hybrid-ligand complexes than
TTF non-substituted. The coordination effect is observed by comparing the potential oxidation of free
moiety (MesTTF-CH=CH-Pyr) with the coordinated ones. To provide more information about the
mechanism of oxidation, a comparative study was performed under the same conditions for

[Cu(hfac),(MesTTF-CH=CH-Pyr)] complex.

— TTF
2E-5 1 ——— (Me3TTF-CH=CH-Pyr)
Cu (hfac)y(MegTTF-CH=CH-Pyr)

1,5E-5
1E-5 -

5E-6 -

I(A)

-5E-6 -

E-5

-1,5E-5

1

-2E-5 T T T Y T : T T T T T
-1,0 -0,5 0,0 0,5 1,0 1,5
E (V)

Figure 9: Cyclic voltammograms of the TTF (grey), (MesTTF-CH=CH-Pyr) ligand (red) and hybrid-
ligand complex (blue), Rate = 100mV/S ; Er: AQ/AQCI ; Ewok: Pt ; Solvent: CH,CI, ; Electrolyte:

TBAPFg 0,1M.

Analyzing the results of cyclic voltammograms (Figure 9), the Copper complex exhibits two reversible

oxidation potentials (E;ﬁ = 0.34V, E;g = 0.81V). The electrochemical process primarily occurs on the

TTF moiety rather than the other moieties. The easier oxidation of the TTF unit in hybrid-ligand
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complexes suggests a higher electron cloud density on this moiety due to the substituent effects. This is
supported by the higher oxidation potential differences in the hybrid-ligand complex/TTF (Table 4-b-).
The metal and substitution effects are observed by comparing the first and second oxidation potentials.
The compounds (MesTTF-CH=CH-Pyr) and [Cu(hfac),(MesTTF-CH=CH-Pyr)] are slightly more easily
oxidized than the TTF unit. Additionally, the Cu-N bonds reduce the electron-withdrawing effect of the

hfac, causing the electron to return to TTF moiety.

Table 4-a-: Oxidation potentials of TTF unit, ligand, and mixed-ligand complex.

Molecules EY2% (v) EJ2(V)
TTF 0.44 0.77
(Me;TTF-CH=CH-Pyr) 0.35 0.84
[Cu(hfac),(MesTTF-CH=CH-Pyr)] 0.34 0.81

Table 4-b: Oxidation potentials difference of different systems; ligand/TTF, mixed-ligand
complex/TTF, and mixed-ligand complex/ligand.

Molecules AEY? (mV) AEY2 (mV)
(MesTTE-CH=CH-Pyr) / TTF 90 70
[Cu(hfac)(MesTTF-CH=CH-Pyr)]/ TTF 100 40
[Cu(hfac),(MesTTF-CH=CH-Pyr)] / (MesTTF-CH=CH-Pyr) 10 30

3. Computational methods

All the calculations were performed using the AMS quantum chemistry package [30]. The Density
Functional Theory (DFT) method was used with the generalized gradient approximation functional for
change correlation energy, applying the PBE gradient-corrected exchange-correlation functional of
Perdew-Burke-Ernzerhof [31] at the TZP (Triple Zeta Polarized) basis set [30]. Full geometries
optimization of the ligand (MesTTF-CH=CH-Pyr) and the corresponding hybrid-ligand complex

[Cu(hfac),(MesTTF-CH=CH-Pyr)] was carried out in the gas phase. The simulated UV-Visible
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absorption spectra were obtained using the TD-DFT [32] method and the SAOP potential model [33].
Frequency calculations were performed to gather more information about the stability of these
compounds. The Bond Dissociation Energy (BDE) was calculated using a fragment analysis preset to
characterize the type of bonds at the coordination center. The Bond Critical Points (BCPs) are obtained at
the level of QTAIM using the DGrid/Basin [34], and the Chem-Craft 1.4 [35] programs. Hirshfeld
charges analysis, Molecular electrostatic potential (MEP) maps, Non-Covalent-Interactions (NCI) plot,
and global and local chemical reactivity parameters were estimated through HOMO and LUMO

energies and at the same level as the optimization.

4. Results and discussion

4.1. Molecular geometry of the complex

The optimized geometrical parameters of the ligand (MesTTF-CH=CH-Pyr) (Figure 10-a-) and the
hybrid-ligand complex [Cu(hfac),(MesTTF-CH=CH-Pyr)] (Figure 10-b-) shown in Table 5, were
calculated at different oxidation states by the DFT method with functional GGA-PBE at the TZP (Triple
Zeta Polarized) basis set. Firstly, and as a general remark, all the obtained results of the geometrical
calculations are in good agreement with the experimental data. The copper (I1) ion is in a pyramid with a
square base geometry. The square plane is formed by three oxygen atoms of the hfac ions and the
nitrogen atom of the pyridyl ring. The calculated bond distances Cu-O(1), Cu-O(2), Cu-O(4), and Cu-
N(1) are 1.930, 1.950, 1.935, and 1.946A, respectively, which are slightly smaller than the experimental
values 1.949(7), 1.960(8), 1.943(7) and 1.987(8)A, respectively. The apical position is occupied by a
fourth oxygen atom with Cu-O(3) calculated bond distance 2.111A, it is slightly smaller than the

experimental value 2.190(7)A.
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Figure 10: -a- The optimized structure of (MesTTF-CH=CH-Pyr) ligand [and -b- the optimized structure

of Cu(hfac),(Me; TTF-CH=CH-Pyr)] hybrid-ligand complex.

Table 5: Bond length, angles, and dihedral angles in (MesTTF-CH=CH-Pyr) ligand (L) and Cu(hfac),(L)

complex.

L° L™ [Cu(hfac)(L)]° [Cu(hfac) ()] [Cu(hfac)(L)I*  [Cu(hfac)(L)I*"  [Cu(hfac)x(L)]*

EXP PBE PBE EXP PBE PBE PBE PBE PBE

Bond length (A)

Cul-O1 - --- --- 1.949(7) 1.930 1.987 1.835 1.893 1.834
Cul-02 - --- --- 1.960(8) 1.950 1.930 1.898 1.901 1871
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Cul-04 - - 1.943(7) 1.935 1.895 1.832 1.907 1.844
Cul-03  --- — 2190(7) 2111 2.089 2.094 1.950 2.032
Cul-N1 - - 1.987(8) 1.946 1.978 1.949 1.971 1.960
N1-C12 1.324(16) 1.333 1331 1.351(11) 1.341 1.339 1.338 1.338 1.339
N1-C11 1.368(18) 1.330 1327 1.321(12) 1.339 1.335 1.335 1.336 1.337
C9-C8 1.460(13) 1.439 1439 1.482(13) 1.432 1.438 1.440 1.443 1.443
C8=C7 1.337(16) 1.351 1346 1.331(14) 1.351 1.346 1.346 1.347 1.352
Cc7-C1 1.451(14) 1.417 1421 1.447(14) 1.412 1.419 1.422 1.424 1.425
C1=C2 1.414 1.359 1.368  1.340  1.360 1.365 1.370 1.381 1.387
c1-s1 1.760(11) 1.763 1742 1.749(11) 1.757 1.742 1.735 1.726 1.726
Cc1-C2 1.488 1.484 1476 1530  1.483 1.478 1.477 1.474 1.472
C2-S2 1.710(11) 1.724 1717 1.722(12) 1.713 1.713 1.708 1.700 1.698
S2-C3 1.709(11) 1.753 1712 1.759(12) 1.733 1.718 1.709 1.697 1.701
S1-C3 1.711(11) 1.744 1716 1.758(10) 1.744 1.722 1.711 1.701 1.699
C3=C4 1.407(13) 1.352 1383 1.334(14) 1.354 1.378 1.395 1.414 1.419
C4-S3 1.694(11) 1.747 1714 1.754(11) 1.736 1.718 1.708 1.696 1.698
C4-S4 1.700(11) 1.746 1713 1.739(10) 1.738 1.721 1.709 1.696 1.701
S3-C5 1.752(12) 1.746 1731 1.748(13) 1.740 1.723 1.715 1.705 1.697
S4-C6 1.700(11) 1.746 1733 1.737(12) 1.738 1.726 1.714 1.703 1.696
C5=C6 1.363(18) 1.342 1354 1.334(15) 1.341 1.353 1.364 1.377 1.393
C5-C15 1.479(18) 1.483 1477 1.480(16) 1.481 1.478 1.475 1.470 1.464
C6-C7 1.470(16) 1.483 1476 1.490(14) 1.481 1.476 1.475 1.470 1.464

Bond angles (°)

03-Cu-01 - 97.7(3)  90.90 88.7 88.60 94.10 92.50
03-Cu-02  --- 98.8(3)  93.90 92.8 92.50 93.20 88.80
03-Cu-04  --- 88.2(3)  92.50 93.3 93.90 93.30 91.00
03-Cu-N1 - 98.4(3)  109.30 110.5 109.50 107.20 111.30
04-Cu-N1 - 92.9(3) 91.10 90.50 89.50 90.60 90.00
04-Cu-02  --- 84.0(3)  84.50 85.00 85.30 85.30 85.80
02-Cu-01  --- 90.5(3)  92.40 93.50 94.60 91.30 93.20
O1-Cu-N1 - 90.7(3)  90.50 90.00 89.60 90.00 89.60
04-Cu-01  --- 172.5(3) 175.50 177.50 177.5 171.90 176.30
02-Cu-N1 - 162.4(3) 156.60 156.60 157.70 159.40 159.6
Dihedral angles
C8=C7-C1-S1  -4.3 43 3600 -3.1 4.60 5.70 5.50 6.30 7.40
C2-52-C3-S1 3.4 7.8 0.5 -7.0 4.90 2.70 359.90 0.50 359.70
ci1-c7=C8-c10 171.8 1751 181.0 -180.0  174.60 173.20 171.50 169.80 171.90
C13-C9-Cc8=C7 10.1 6.0  359.0 -5.6 6.50 6.40 8.80 8.00 8.90

Where: L neutral Ligand, L**: oxidized ligand.

When the oxidation state is increased, there is a slight decrease in Cu-O bond length values, while the
Cu-N bond length value became slightly larger. Additionally, all the O-Cu-O angle bonds of the
pyramidal geometry are close to 90°, while the O(3)-Cu-N(1) angle is slightly wider than 90°. In the
exception, the calculated O(4)-Cu-O(1) and O(2)-Cu-N(1) angles of the square base are 175.50° and
156.60°, respectively, which are slightly different from the experimental values of 172.5(3) and
162.4(3)°, respectively. In the coordinated (MesTTF-CH=CH-Pyr) unit, the bond distances are slightly

larger than in the free state. They are unchanged when increasing the oxidation degree, except for C(1)-
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S(1), C(23)-S(2), C(3)-S(2), C(3)-S(1), C(4)-S(3), C(4)-S(4), C(5)-S(3) and C(6)-S(4) bond distances,
which decrease slightly. The electron removal is located in the ylidene region, which results in n-n
stacking in the crystal structure, confirmed by the C4=C3 distance values (Table 5). Furthermore, the
dihedral angles C(8)=C(7)-C(1)-S(1), C(1)-C(7)=C(8)-C(10), C(13)-C(9)-C(8)=C(7), and C(2)-S(2)-C(3)-
S(1) with the values 4.60°, 174.60°, 6.50°, and 4.904°, respectively, do not allow the MesTTF-CH=CH-
Pyr molecule to be rigorously planar. There is no change in the dihedral angle values when increasing the

oxidation degree.

4.2. Frontier Molecular Orbitals analysis

The HOMO and LUMO frontier molecular orbitals play significant roles in the description of reactivity
and kinetic stability, and intramolecular charge transfer (ICT) in molecules. The view of the presentation
of the principal molecular orbitals (Figure 11) shows that the HOMO of the free ligand at the neutral and
the first oxidation states with alpha spin are distributed throughout the entire TTF side (2p, orbitals),
while the LUMO is located on the 4-vinyl pyridine. On the other hand, at beta spin, the HOMO was
mainly centered on the nitrogen-px and nitrogen-2s orbitals, while the LUMO is on the TTF side. After
coordination, a donor-acceptor charge transfer mechanism is observed at different oxidation states. The
electron clouds of the HOMO orbital are mainly distributed on the TTF moiety due to its stronger
electron donor properties. However, the LUMO orbital is located on the metal ion. Specifically, the
dy°y* and dyy orbitals indicate how electron delocalization can involve the entire system. Additionally,
the frontier orbitals of the optimized structures at different oxidation states translate the charge transfer.
The HOMO orbital at the first oxidized state is localized on the Cu-dy”.,* orbital, while in the dicationic
state, it occupies a wider area and is located mostly on the Cu-dxz_yz, Cu-dyy, Cu-dyy, Cu-d,?, and O-pz
orbitals. In the dicationic state, the LUMO orbital is located on the TTF core. This description is also

applicable to the 3+ oxidation state. However, the HOMO of the complex at 4+ oxidized state is centered
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on the 4-vinyl pyridine side, while, the LUMO is observed around the Cu-dxz_yz, and O-py orbitals. The

results of Table 6 show that the calculated gap energy separating the Highest occupied molecular orbital
from the lowest unoccupied molecular orbital for [Cu(hfac)»(L)]°, [Cu(hfac).(L)]**, [Cu(hfac),(L)]*,
[Cu(hfac)»(L)]**, and [Cu(hfac)(L)]** hybrid-ligand complexes at alpha spin are 1.014, 1.15, 0.018,
0.019 and 0.624 eV, respectively. While, at beta spin, they are equal to 0.061, 0.102, 0.671, 0.228, and
0.035 eV, respectively. The lower bandgap exists in [Cu(hfac), (L)]* and [Cu(hfac), (L)]¥*

complexes with alpha spin, revealing the highest conductivity character of the resulting materials.

Table 6: Calculated energies in (eV) of molecular orbitals of the ligand, neutral, and oxidized complex

at the GGA-PBE level.

a-spin Energy
(eV)
H-3 H-2 H-1 S L L+1 L+2 L+3 Gap
[Cu(hfac),(L)]° -6.003 -5.725 -5.253 -4.560 -3.546 -3.448 -3.080 -2.817 1.014 -388.816
[Cu(hfac),(L)]** -8.221 -8.021 -7.828 -7.482 -6.332 -5.977 -5.417 -5.172 1.15 -382.600

[Cu(hfac),(L)]** -11.498 -11.005 -10.832 -10.278 -10.260 -8.839 -8.375 -8.281 0.018 -373.629
[Cu(hfac),(L)]** -14.093 -13.767 -13.611 -13.023 -13.004 -11.449 -11.105 -10.629 0.019 -361.776
[Cu(hfac),(L)]** -17.059 -16.715 -16.614 -16.505 -15.881 -15.155 -13.880 -13.478 0.624 -347.170

H-3 H-2 H-1 H L L+1 L+2 L+3 Gap
L° -6.334 -5.847 -5.584 -4.188 -2.910 -2.255 -1.486 -1.290 1.278

B-spin

H-3 H-2 H-1 H L L+1 L+2 L+3 Gap

u(hfac), -6. -5. -5. -4, -4, -3. -3. -3. . -388.
[Cu(hfac)(L)]° -6.020 -5924 -5501 -4547 -4.486 -3527 -3.401  -3.055  0.061 388.816
u(hfac), -8. -8. -8. -7. -7. -6. -3. -3. . -382.
[Cu(hfac),(L)]* -8.927 -8569  -8.098 -7.731  -7.629  -6.700  -3.401  -3.055  0.102 382.600
u(hfac), -11. -11. -10. -10. -10. -10. -6. -5. . -373.
[Cu(hfac),(L)]?* -11.619 -11.444 -10.984 -10.784 -10.113 -10.084 -6.267 -5.920  0.671 373.629
u(hfac), -14. -14. -13. -13. -13. -12. -8. -8. . -361.
[Cu(hfac),(L)]** -14.506 -14.195 -13.866 -13.466 -13.238 -12.978 -8.801  -8.327  0.228 361.776
u(hfac), -17. -16. -16. -16. -15. -16. -12. -11. . -347.
[Cu(hfac)(L)]* -17.287 -16.967 -16.522 -16.487 -15.881 -16.376 -12.335 -11.429 0.035 347.170
L° 6334  -5.847 -5574 -4188 -2910 -2.255 -1486 1290  1.278

Where H: HOMO, S: SOMO, L: LUMO, L in the formula is neutral Ligand Me;TTF-CH=CH-Pyr.

HOMO LUMO HOMO LUMO

a-spin B-spin
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Figure 11: Molecular orbital distribution of frontier HOMOs and LUMOs for the ligand and the complex

at different oxidation states.

4.3.  Hirshfeld Atomic Charges (HAC)

The Hirshfeld atomic charges (HAC) of the (MesTTF-CH=CH-Pyr) and the corresponding
[Cu(hfac),(MesTTF-CH=CH-Pyr)] hybrid-ligand complex at different oxidation states were calculated at
the same level of theory as the optimization and the summary of the findings were provided in Table 7.
The Hirshfeld charges [36] are defined relative to the deformation density, which represents the
difference between the molecular and unrelaxed atomic charge densities. These charges are significant in

the study of molecular systems as they can help explain chemical reactivities, dipole moments, and
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polarizabilities of a molecular structure. An atomic charge analysis of the hybrid-ligand complex reveals
that that the copper (I1) ion is the most positively charged (0.400 e-), and this charge increases with the
degree of oxidation, making it a possible location for the electron removal. Conversely, the O(4) atom is
the most negatively charged (-0.202 e-). Briefly, most carbon atoms are negatively charged, except for
C(12), C(11), and C(9), which carry positive charges of 0.018 e", 0.015 €’, and 0.020 e’, respectively. This
is due to their positions in the aromatic cycle towards the nitrogen atom. The ligand-metal donation effect
is confirmed by the positive atomic charge of the Cu and the negative atomic charge of the nitrogen
pyridine atom. Additionally, after the complexation of the (MesTTF-CH=CH-Pyr) unit, the positive
charges located on the sulfur atoms increase, while the negative charges located on the carbon atoms of
the TTF unit decrease. The same variation in the mode of the HAC was observed when increasing the

oxidation degree.

Table 7: Hirshfeld atomic charge of the ligand and the hybrid-ligand complex calculated with the GGA-

PBE method at different degrees of oxidation.

Atom L° L [Cu(hfac),(L)]° [Cu(hfac),(L)]** [Cu(hfac),(L)]** [Cu(hfac),(L)]** [Cu(hfac),(L)]**
c1 -0.042 -0.018 -0.043 -0.028 -0.016 0.003 0.008
c2 -0.022 -0.003 -0.017 -0.003 0.011 0.027 0.041
C3 -0.100 -0.006 -0.100 -0.073 -0.054 -0.034 -0.019
c4 -0.093 -0.064 -0.092 -0.071 -0.057 -0.042 -0.038
S1 0.068 0.176 0.082 0.156 0.205 0.263 0.284
S2 0.088 0.190 0.115 0.179 0.233 0.297 0.326
S3 0.069 0.181 0.089 0.168 0.225 0.288 0.318
sS4 0.064 0.180 0.084 0.169 0.231 0.296 0.329

N -0.167 -0.135 -0.091 -0.076 -0.063 -0.068 -0.051
Cc11 0.000 0.020 0.018 0.029 0.039 0.044 0.053
C12 0.000 0.019 0.015 0.027 0.036 0.043 0.049
C10 0.050 -0.035 -0.040 -0.027 -0.016 -0.006 0.008
C9 0.012 0.013 0.020 0.025 0.034 -0.038 0.052
cs -0.057 -0.023 -0.057 -0.035 -0.023 -0.001 0.008
c7 -0.059 -0.054 -0.056 -0.047 -0.028 -0.032 -0.014
Cu / / 0.400 0.427 0.465 0.503 0.521
o1 / / -0.169 -0.158 -0.137 -0.141 -0.110
02 / / -0.177 -0.162 -0.139 0.129 -0.103
03 / / -0.183 -0.170 -0.145 -0.145 -0.113
04 / / -0.202 -0.194 -0.182 -0.124 -0.102

Where: L: MegTTF-CH=CH-Pyr.

4.4. Topological QTAIM analysis
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We conducted a topological analysis of the electron density using the QTAIM approach and supported by
the Dgrid-4.6 program, [34]. Our goal was to understand the nature of the chemical and physical bonding
and to explore the different interactions in the studied systems, including covalent and non-covalent
interactions. Specifically, we focused on investigating the ligand-ligand and ligand-PFg counter ions
interactions. Single point density-functional theory (DFT) calculation is used to investigate the
topological parameters (electron density p (r), Laplacian of the density V2p(r), V(r) / G(r) ratio, total
electronic energy H(r), and the ellipticity values (g)) of the present hybrid-ligand complex and the radical
ion salt in various arrangements. These parameters are documented in the supporting information, and
bond lengths and critical points are depicted in Figure 12. The white balls represent the atom critical
points (ACP), the interactions between these atoms are identified by bond critical points BCP (in red), the
formation of cycles and cages are characterized by ring critical points RCP (in green) and cage critical
points CCP (in blue), respectively [37-39].

At the level of the hybrid-ligand complex, the topological parameters are used in the investigation of the
coordination mode of donor units (MesTTF-CH=CH-Pyr) to a copper center Cu(hfac).. The existence of
a connection between these two is indicated by the presence of a critical point. The QTAIM results of
the neutral hybrid-ligand complex show that all the values of BCP density at the M-ligand (Cu-N and
Cu-O) bonds are higher than 0.1 and less than 1.0, with relatively high positive Laplacian values V?p(r)
indicating a closed shell interaction. The degree of covalency of a given interaction is reflected by the
magnitude of HBCP. The partially covalent character is observed for all the states and is conditioned by
V2pece > 0 and Hgcp < 0, indicating a medium strength. In the oxidized states, the density values at the
same BCPs are less than or equal to 0.1. These values, along with relatively small and positive Laplacian
values V2p(r) indicate a mainly non-covalent interaction, specifically a closed shell interaction [40,41].
The larger Value of p(BCP) found in the Cu-N bond estimates the strength of this bond, even though it is
remarkably longer than some of the Cu-O-bonds (larger than Cu-O1 and Cu-O4 at the neutral state and

larger than Cu-O2 in the first oxidized state). This indicates that the strength of the interactions is
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opposite to the trend in these bond lengths. In the [Cu(hfac),(L)]**, [Cu(hfac)(L)]** and
[Cu(hfac)»(L)]*" hybrid-ligand complexes, the interactions between copper (Cu) and oxygen (O)
are slightly stronger than the interactions between Cu and nitrogen (N), except for the Cu-O4
bond. Specifically, in the [Cu(hfac),(L)]**, the strength of interactions is ranked as follows: Cu-
03 > Cu-0O1 > Cu-N > Cu-02 > Cu-04, based on the electron density at the bond critical point
(pBCP). For the [Cu(hfac),(L)]**, the ranking is Cu-O1 > Cu-O2 > Cu-03 and Cu-N > Cu-O4. In
the [Cu(hfac),(L)]** complex, the ranking is Cu-O1 > Cu-O3 > Cu-02 and Cu-N > Cu-O4. These
results can be explained by the mesomeric effect in hfac parts. The compound shows intramolecular
interactions, specifically the C-H---O interactions. From Figure 12-a-, the most significant
connections are N-C12-H12---01-C (approximately 2.053 A) and N-C11-H11---04-C (approximately
2.065 A). These two critical points are characterized by a low positive value of p(r). It is observed that the
electronic density at the level of these two points increases remarkably when transitioning from the
neutral to the first oxidized state (0.34 to 0.023 a.u.). Additionally, the H(r) values increase with the
increase in oxidation degree. According to Espinosa et al. [42], these interactions can be estimated as
weak hydrogen bonds. The present structure exhibits additional HH interactions, located between
C8=C7-H7 and H13-C13 due to the formation of the six-center cycle, which is apparently absent in the
complexes with the formal charge 4+. The absence of the RCP around C4H, at the same state is observed
due to the change in geometry caused by the di-oxidation of the copper (Table 7), specifically the change
in the dihedral angles. Moreover, two five-center cycles are found, namely CuONCj;,Hi, and
CuO3NCj1H;11. From the QTAIM results, the polarity of the cycles is in the order CUNCHO > CuQO,C; >
CsN > C3S,. This may be explained by the ellipticity values which give the degree of n-character. The
C4H; ellipticity values increase with the oxidation degree from zero to 2+, reaching 6.96, 7.81, and 15.87
at the dicationic state, and becoming 2,68 at the 3+ state. This is supported by the argument that the Ring

CP formed at the level of the C4H, atoms group is getting closer to the BCP related between H7 and H13.

28



Journal Pre-proof

The superposition of the corresponding RCP and BCP is noted at the 3+ oxidized state (Figure 12-a, 12-b,

12-c, and 12-d).
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Figure 12: Molecular graph of the neutral (a) and oxidized (1+ (b), 2+ (c), 3+ (d), 4+ (e)) states of
[Cu(hfac),(MesTTF-CH=CH-Pyr)], the selected Cu(hfac),-D structure displaying the bond baths and
critical points. Atom critical points (ACPs, white), Ring critical points (RCPs, green), and Bond critical

points (BCPs, red).
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The radical ion salt with the first packing contains two units of donor D: MesTTF-CH=CH-Pyr and three
acceptors A: PFs named 2D-3A. They show the existence of BCPs, RCPs, and some additional
intramolecular/intermolecular interactions abbreviated as the D-D, the D-A, and the H...H interactions
(Figure 13). The intermolecular interactions responsible for the donor packing are of two types. The first
type symbolized by D-D is exhibited as N56"H103-C, N-C14H98-C, and N37-"H93-C interactions,
with distances 2.935, 3.159, and 3.168 A, respectively. The second type (D-A) is given as BCPs
connections; F72S51, H121F74, H115F74, S31F74, S31F75, H108 ~F75, H108 ~F73,
C48 F73, S51F73, S52F73, F28~S31, F23"H86, F23S2, F23S30, F23~S31, F24H107,
F27--H119, F25S3, and F25S2, with the corresponding distances 3.403, 2.536, 2.289, 3.480, 3.394,
2.446, 2.872, 3.252, 3.442, 3.378, 3.316, 2.461, 3.349, 3.517, 3.593, 2.638, 2.471, 3.694, and 3.245 A,
respectively. The intramolecular interactions found in the donors themselves are abbreviated as HH,
given as H90~H92, H80"H118, H94 "H95, H94 ~H109, H8 ~H84, H81 "H85, H110"H113, and
H110-~H114 with distances 2.094, 2.064, 2.141, 2.068, 2.044, 2.135, 2.148, and 2.152 A, respectively.
Some of these additional interactions are responsible for the stability and crystal packing. According to
the obtained pgcp, VZchp, and HBCP values (Summarized in supporting information), all of these
interactions suggest weak interactions with an electrostatic character. This is confirmed by V2pgcp > 0 and
Hgscp > 0. We note a very high Ellipticity in most of the RCPs (approximately 60.65), which suggests a
high degree of n-characteristics. The low value of Ellipticity indicates that this interaction is a bond with

negligible character.
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Figure 13: (MesTTF-CH=CH-Pyr),(PFg)3 (2D-3A) structure with Atom critical points (ACPs, white),
Ring critical points (RCPs, green), Bond critical points (BCPs, red), and Cage critical points (CCPs,

blue).

4.5. Molecular Electrostatic Potential (MEP)

The Molecular Electrostatic potential map is a very useful tool that allows the visualization of the charge
distributions, the size, and the shape of molecules. It is also a very useful descriptor for determining the
possible regions for radical, nucleophilic, and electrophilic attacks, as well as hydrogen bonding
interactions in a molecular system [43]. These regions' sites are demonstrated by different colors; from
red to blue. At a given point p(x,y,z), The MEP (V(r)) is defined as the force acting on a positive test
charge (a proton) located at p (r) through the electrical charge cloud generated through the molecule’s
electrons and nuclei. For the title compounds, the MEP V(r) values were calculated as described

previously using the following formula: [44]

_ Zy p(r) /
V0= s won M
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The electrostatic potential that is created in the space around a molecule by its nuclei and electrons, Za is
the charge of the nucleus allocated at Ra, p(r") is the electron density function of the molecule, and r' is
the dummy integration variable. Calculated molecular electrostatic potential (MEP) map of the ligand and
the complex at different oxidation states; from 1+ to 4+ are illustrated in Figure 14. The red color
represents the most reactive site for a possible electrophilic attack, while the deep blue for a possible
nucleophilic attack. The more red/blue differences, the more polar the molecule. The peripheral hydrogen
atoms in the uncoordinated ligand are the probable sites for the nucleophilic attack. While the oxygen
atoms are the favored sites for the electrophilic attack. On the (Me3sTTF-CH=CH-Pyr) unit, the neutral
potential represented by green regions is concentrated around the carbon atoms. This color disappears and
becomes yellow after coordination (Figure 14-a). When increasing the oxidation degree up to 3+, this
color disappears mostly from the TTF side, it becomes green with a neutral potential. The Cu(hfac),
regions at the 3" and the 4™ oxidation states are characterized with deep red, confirming that the electron
extraction is from the Cu ion, it is also illustrated by bond length values and the Hirshfeld charges. From
the MEP map of the [Cu(hfac),(L)]** hybrid-ligand complex, the deepest yellow and red dominate most

of the complex regions (Figure 14-f).
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Figure 14: Molecular electrostatic potential map of (Me;TTF-CH=CH-Pyr) ligand (a), [Cu(hfac)(L)]"

(b) [Cu(hfac)2(L)I*" (c), [Cu(hfac)x(L)]*" (d), [Cu(hfac)(L)I*" (e), and [Cu(hfac)z(L)]** ().

4.6.Non-Covalent Interactions

It is crucial to understand non-covalent interactions (NCI) as they play a key role in solving
various chemical and biological problems. They are used in many areas of theoretical chemistry and
related disciplines, such as material science and biochemistry [45—48]. This index is a valuable tool for
pinpointing the common interaction regions within a molecular structure, such as van der Waals
interactions (vdW) and hydrogen bonds (HBs). It relies on electron density studies, providing a semi-

quantitative representation of these interactions. Furthermore, it is minimally affected by the method
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and basis set used for electron calculation, with variations primarily stemming from changes in the
geometry [49]. The non-covalent interactions in the title hybrid-ligand complex are represented in
Figure 15, with the color code showing repulsive interactions in deep red and attractive interactions
in deep blue. The hybrid-ligand complex represents two types of interactions on the electronic density
range of 0.003 < p <0.015. Week repulsive represented by the yellow regions are mainly located between
the sulfur atoms of the TTF core; S(4)---S(2) and S (3)---S(1). The stabilization interaction between the
oxygen atoms (O(4)---0(2), O(4)---O(3), and O(2)---O(1)) of the hfac moieties is due to the mesomeric
effect. The green color represents regions of weak attractive interactions, mainly located between
S(1)---H(8), O(1)---H(12), O(4)---H(11), F(7a)---H(24), F(12a)---H(24), and H(7)---C(9). These later are
assigned to weak H-bonding interactions. The NCI index is in good agreement with the QTAIM results; it

shows similar positions of the weak hydrogen bonding (HBs) and H-H interactions.

Figure 15: 3D NCI plot of the hybrid-ligand complex (computed at the PBE/TZP level of theory). The

gradient isosurfaces (s = 0.03 a.u.) over the range 0.003 - 0.015a.u.).

4.7. Global Reactivity Descriptors

The chemical reactivity and site selectivity of molecular systems can be effectively understood using
conceptual density functional theory (DFT). Parameters such as lonization potential (1) (eV), Electron
affinity (A) (eV), Electronegativity (y) (eV), Electrochemical potential (n) (eV), Global chemical

hardness (n) (eV), Global chemical softness (S) (erl) and Electrophilicity index(w) (¢V) are important
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for predicting trends in overall chemical reactivity. These parameters provide information on the chemical
stability of the compounds, they are mainly based on the energies of the HOMO — LUMO orbitals.
According to the Koopmans theorem, the ionization potential (I) and electron affinity (A) can be defined

by the following equations [50]:
I = —Epomo A = —ELumo (2
The absolute electronegativity () is defined as [50,51]:

X=—pu= —1/2 (Erumo + Enomo) ©)

The electronic chemical potential (1) and chemical hardness (1) are calculated as follows:

n= 1/2 (ELumo + Enomo) (4)

n = (Erumo — Enomo) ()
The global softness (S) is defined as the inverse of the global hardness (1):

The global electrophilicity index (w) as introduced by Parr et al. [52] can be defined as:

=M /Zn 7

The Global Reactivity Descriptors were examined based on the optimization of complex structure; the

results are summarized in Table 8.

Table 8: Global reactivity indices of [Cu(hfac),(MesTTF-CH=CH-Pyr)] at the neutral and the oxidized

states.

Parameters Es(eV) E_(eV) A(V) I (eV) u (eVv) n (eV) o (eV) x (eV) S (eV?)

a-Spin
[Cu(hfac),(L)]° -4.560 -3.546 3.546 4.560 -4.053 1.014  8.100 4.053 0.986
[Cu(hfac),(L)]** -7.481 -6.332 6.332 7.481 -6.906  1.149 20.757 6.907 0.8703
[Cu(hfac),(L)]** -10.474 -10.459 10.459 10.474 -10.467 0.015  3651.587 10.467 66.667
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[Cu(hfac),(L)]** -13.196 -13.167 13.167 13.196 -13.182 0.029 2995.723 13.182 34.483

[Cu(hfac),(L)]** -16.505 -15.881 15.881 16.505 -16.193 0.624 210.107 16.193 1.603
B-Spin

[Cu(hfac),(L)]° -4.546 -4.486 4.486 4.546 -4.516  0.060 169.952 4,516 16.667

[Cu(hfac),(L)]** -7.730 -7.628  7.628 7.730 -7.679  0.102 289.054  7.679 9.804

[Cu(hfac),(L)]** -10.784 -10.113 10.113 10.784 -10.449 0.671 81.349 10.449 1.490

[Cu(hfac),(L)]** -13.465 -13.236 13.236 13.465 -13.351 0.229 389.161 13.351 4.367

Where: Es = E(SOMO), E.=E(LUMO), L: Me;TTF-CH=CH-Pyr

The more we increase the degree of oxidation of the present hybrid-ligand complex, the more it becomes
more difficult to remove their electrons. The hybrid-ligand complex becomes more stable, as confirmed
by the ionization potential (I) and the negative values of the electrochemical potential p. It is worth noting
that the ionization potential values are very close to the electronic affinity (A) values in both alpha and
beta spins. This indicates that the energy required to remove one electron from this molecule is almost
equal to the energy released when adding an electron to the neutral state of the molecule. The present
hybrid-ligand complex shows an excellent electrophilic property; [Cu(hfac),(L)]**, [Cu(hfac),(L)]*" and
[Cu(hfac),(L)]*" with the values (3651.587 eV, 2995.723 eV, and 210.107 eV), respectively, which
explains its ability to form different stable materials (ion-radical salts). The [Cu(hfac),(L)]** and
[Cu(hfac),(L)]** structures show a high polarizability and chemical reactivity confirmed by a high
softness and lowest gap energy values. Furthermore, the energy gap in the alpha spin at the (0, 1+, 4+)
states is greater than the beta spin at all the other states, as confirmed by their hardness values. As a result,
they have low chemical reactivity but a high kinetic susceptibility. We note that the hybrid-ligand
complex with alpha spin is more reactive than with beta spin Additionally, this compound will not
spontaneously decompose into its elements because of their negative electrochemical potential and

moderate ionization energy levels.

4.8.  Local reactivity descriptors
These descriptors are used to measure the reactivity on specific sites of a molecule. The most important

indicator is the Fukui function f(r) proposed in 1984 by Parr and Yang [53]. They mentioned that the
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sites with higher values of the Fukui function [54] (f) are more prone to reactivity under the
corresponding types of attack. The corresponding proposed expressions (Eq 8 to Eq 10) have been tested
on the title hybrid-ligand complex, using the Hirshfeld atomic charges and the conceptual Density

Functional Theory (DFT).

For electrophilic attack:

fii = ax(N +1) —q,(N) (8)
For nucleophilic attack:

fi = aN)—qp(N—1) 9)

For radical attack:

R=1@nW+1)-qw-1 10

Where gk(N), qk(N-1), and gx(N+1), are the electronic population of k atom in neutral, anionic, and
cationic molecule respectively.

The results presented in Table 9 were carried out in the gas phase using the single-point calculation
performed at the same level of theory as the optimization. These calculated values indicate that the sulfur
atoms are the most susceptible to nucleophilic, electrophilic, and free radical attacks. Furthermore, the
ethylenic C2, C8, and C11 sites are reactive towards electrophilic attacks, while the C2 and C8 are also

prone to free radical attack.

Table 9: The reactive sites for non-hydrogen atoms in the [Cu(hfac),(MesTTF-CH=CH-Pyr)].

Atom fr  fi  fY Atom fr  fr  fY  Atom ff  fr  f?

C15 0.011 0.007 0.009 Ci13 0.012 0.032 0.022 F8a 0.003 0.000 0.0015

C5 0.026 0.012 0.019 Ci2 0.012 0.035 0.0235 F7a 0.009 0.007 0.008
C6 0.026 0.013 0.0195 N1 0.013 0.037 0.025 F9a -0.006 0.006 0.000
C16 0.012 0.008 0.010 C11 0.012 0.045 0.0285 O1 0.002 -0.010 -0.004
S4 0.090 0.044 0.067 C10 0.013 0.030 0.0215 02 0.009 0.007 0.008
S3 0.084 0.040 0.062 Cu 0.031 0.000 0.0155 C18 0.007 0.004 0.0055
C4 0.024 0.022 0.023 O3 0.015 -0.001 0.007 C19 0.011 0.009 0.010
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C3 0.031 0.001 0.016 O4 0.006 -0.007 -0.0005 C17 0.004 0.002 0.003
S2 0.072 0.083 0.0775 C25 0.008 0.005 0.0065 F1 0.003 -0.002 0.0005
S1 0.079 0.024 0.0515 C24 0.010 0.006 0.008 F2 0.005 0.004 0.0045
C2 0.015 0.056 0.0355 C26 0.006 0.003 0.0045 F3 0.009 0.008 0.0085
C1 0.018 0.019 0.0185 F10a 0.007 0.003 0.005 C20 0.010 0.009 0.0095
Ci14 0.01 0.016 0.013 Filla 0.006 0.004 0.005 C21 0.005 0.004 0.0045
C7 0.009 0.052 0.0305 F12a 0.009 0.008 0.0085 F4 0.009 0.007 0.008
C8 0.026 0.047 0.0365 C23 0.007 0.002 0.0045 F5 0.006 0.005 0.0055
C9 0.045 -0.002 0.0215 C22 0.004 0.002 0.003 F6 0.007 0.005 0.006

4.9. Bond Energy Decomposition Analysis

The Bond Dissociation Energy (BDE) method, developed by Ziegler and Rauk, [55] involves a DFT
calculation. In the main work, the BDE calculation was performed on the isolated fragments; (MesTTF-
CH=CH-Pyr) and Cu(hfac), to analyze the relative stability and the nature of the Cu-N-bonds in both
neutral and oxidized states. The total binding energy is divided into three terms: Pauli energy AEgaui,
which refers to the repulsive interactions between fragments; orbital energy AE,, which mainly explains
the interaction between occupied and vacant orbitals; and the AEg, Which represents the electrostatic
interaction energy between these fragments. The electrostatic and Pauli repulsion energies are grouped
under the term steric energy, which is the sum of steric and Pauli’s orbital energy. The total binding

energy BDE (AE 1) is defined by the following equation [56]:

BDE = AEele + AEpauli + AEorb = AEorb+pauli + AEele (11)

The various contributions of the binding energy, besides the type of the corresponding bonds between
pairs of fragments are grouped in Table 10. It is observed that the Cu-N bond has an ionic contribution in
the neutral state. The covalency of the bond increases as the oxidation state increases, from 2.32% at the
1+ state to 43.38% at the 4+ oxidation state. The stability of this bond also increases with the oxidation
state. These results can be explained by the distribution of electron clouds on the Cu-N bond in the non-
neutral states, as well as the increase in the positive charge of the copper metal as the oxidation state

changes from 0.427 e- to 0.521 e-.
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Table 10. Energies (eV) of decomposition of the Copper-Nitrogen bond in the hybrid-ligand complex of

general formula [Cu(hfac),(MesTTF-CH=CH-Pyr)]™.

BDE Covalent (%) lonic (%)
[Cu(hfac),(L)]° -2.24 2.32 97.68
[Cu(hfac),(L)]* 3.60 8.27 91.73
[Cu(hfac),(L)]* 12.77 17.44 82.56
[Cu(hfac)(L)]* 24,57 28.93 71.07
[Cu(hfac)(L)]* 38.82 43.38 56 .62

L: MesTTF-CH=CH-Pyr. n: oxidation degree (0 <n < 4).

4.10. Vibrational analysis

The infrared spectra of the experimental (MesTTF-CH=CH-Pyr) ligand and the [Cu(hfac),(MesTTF-
CH=CH-Pyr)] hybrid-ligand complex were obtained using the ATR mode. The fundamental vibrational
wavenumbers of these compounds were calculated at the same level as the optimization. The calculated
IR spectra of the optimized structures are shown in Figures 16-a and 16-c, while the experimental ones
are illustrated in Figures 16-b and 16-d. It's worth mentioning that all the vibrational bands characteristic
of the title compounds are positive, which may indicate the stability of these later. Additionally, there is

a good agreement observed between theoretical and experimental spectra.
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Figure 16: Experimental (in red) and Theoretical (in blue) FTIR spectra of the ligand Me;TTF-CH=CH-

Pyr (a, b) and the corresponding hybrid-ligand complex [Cu(hfac),(MesTTF-CH=CH-Pyr)] (c, d).
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(Me3sTTF-CH=CH-Pyr) vibrations

The ligand spectrum contains bands corresponding to C-H, C-C, C-C-C, and H-C—C bending, as well as
C—C-C-C torsion vibrations, due to the vinyl pyridine unit. The torsional vibration frequency of the C—
C—C bond was previously reported at 1216 cm™ by H. Ghanem et al. [57], whereas in our current study, it
is observed at 1205 cm™. The modes calculated at 2936 and 3044 cm * are identified as symmetric and
asymmetric C—H stretching modes, respectively. The observed wavenumbers in the experimental
spectrum occur at 2915 cm ™ and 2849 cm ™, in good agreement with the literature [58,59]. In-plane C—
H bending vibrations are related to C—C stretching vibrations and the vibrations of the aromatic
compound have been reported in the range 1500-1100 cm™ [60,61]. In the current study, absorption
peaks were detected at 1471 cm * which falls within the expected experimental range 1500-1484 cm ™.
Out of plane C-H bending vibrations were observed in the range 811-884 cm®, while in the
experimental spectrum, they were found to be in the range of 908-811 cm ™. These values closely match
to those reported by O. Khaoua et al. [61]. The C=C stretching vibration modes are calculated in the
1542-1416 cm* region, and they are observed in the experimental spectrum in the range of 1501-1436
cm . The aromatic =C-N= stretching vibration mode is observed at the wavenumber range 1441-1412
cm *, which aligns the experimental spectrum in 1466-1418 cm* (previously reported at 1398 cm™ [62]).
The C-S stretching vibrations are calculated in the wavenumber range of 930-734 cm ™ and they are
observed in the experimental spectrum at 928-741 cm*, which is close to the reported range of 942-752
cm™ [63]. The comparison of these two spectra affirms the good approximation of the computation study.
However, in the experimental ligand spectrum, three bands characteristic of the N-H stretching vibration
were observed at the range 3600-3300 cm™* (previously reported in the range of 3698-3150 cm™
[63]). This can be explained by the high reactivity of the nitrogen of the pyridine ring, which causes the

capture of hydrogen from the air.

[Cu(hfac),(MesTTF-CH=CH-Pyr)] vibrations
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When (MesTTF-CH=CH-Pyr) is coordinated with Cu(hfac),, certain bands disappear and new ones
appear. In both the experimental and theoretical spectra, the characteristic N-H band disappears, while a
new vibration related to the copper (I1) environment emerges. The -C-O- stretching mode from the hfac
part occurs strongly in the range 1646-1636 cm* in the theoretical spectrum, but in the experimental
spectrum, it appears in the region 1651-1602 cm . which is close to the reported values of 1652-1623
[63]. The corresponding deformation mode is calculated at 1325 cm ™%, but it appears in the experimental
spectrum at 1339-931 cm ™. The Cu-O stretching vibrations of the hfac part occur at the wavenumber 542
cm* and are observed in the experimental spectrum at 527 cm™ (previously found at 539 [64]). The
calculated and the experimental Cu—N stretching vibrations wavenumber fall in the ranges 595-583 cm ™
and 592-577 cm *, respectively. The calculated C—F stretching vibrations occur at 1212 cm™*, while in the

experimental spectrum, they are found at 1252 cm ™.

4.11. UV-Visible spectroscopy analysis

The UV-Vis absorption spectrum of [Cu(hfac),(MesTTF-CH=CH-Pyr)] was measured in CH,Cl, with the
absorption peaks ranged from 220 nm to 800 nm. In the UV-Vis absorption spectrum presented in Figure
17-b-, the hybrid-ligand complex exhibited a strong and sharp absorption peak at 314 nm, indicating the
n-n* transitions of the TTF moiety. The absorption peak generated at 436 nm may correspond (ascribing)
to the n-n* transitions. To gain a deeper understanding of the electronic transitions, the ligand and the
corresponding copper complex at the neutral and oxidized states were characterized spectroscopically
using the Time-Dependent DFT method (TD-DFT) [32] at the PBE/TZP/SAOP level [33]. This method
allows determining the nature of the most important electronic transitions, electronic excitation energies,
and their oscillating strengths. The calculated electronic spectra for these compounds are illustrated in
Figure 17 (a, b, d, e, f, g). The simulated spectra (Figure 17-a-) and (Figure 17-c-) revealed that the charge
transfer bands are red-shifted (Bathochromic effect) in the neutral hybrid-ligand complex (Figure 17-c-)
compared with the spectrum of the free ligand (a). The first band at 405 nm is shifted to 432 nm and the

second one at 865 nm is shifted to 977 nm. This first band wavelength value (of 405 nm) is close to that
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reported for the TTF unit around 410 to 440 nm [64-69]. Additionally, the appearance of two other bands

at 591 nm and 796 nm in the neutral hybrid-ligand complex was observed. With an increase in the

oxidation degree, the band absorption at 865 nm in the neutral hybrid-ligand complex spectrum

experienced a blue-shift (Hypochromic effect). For the free ligand (MesTTF-CH=CH-Pyr), the first

absorption band at 405 nm (0.035 eV) corresponds to the transition HOMO-1 — LUMO, while the

second absorption band at 865 nm (0.043 eV) is due to the transition HOMO — LUMO. These two

characteristic electronic transitions are described as intramolecular charge transfers n—m* from the TTF

to the pyridine vinylic, as reported in previous works [63,70].
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Figure 17: Theoretical absorption spectra of L= (MesTTF-CH=CH-Pyr) ligand (a), [Cu(hfac)»(L)]° (c),
[Cu(hfac),(L)]* (d), [Cu(hfac)x(L)]* (e), [Cu(hfac)(L)]** (f), [Cu(hfac)x(L)]* (g) hybrid-ligand

complexes, and experimental absorption spectrum of [Cu(hfac),(L)]° hybrid-ligand complex (b).

The results of the major electronic transition and the concerned orbitals are collected in supporting
information. The excitation mechanism of the [Cu(hfac)»(L)]° hybrid-ligand complex exhibits four
absorption bands at 432 nm, 591 nm, 796 nm, and 977 nm, the first frequency being the most intense. The
band of wavelength 591 nm is close to the reported one at 603 nm by S. Belhouchat et al. [63]. Table 11
includes wavelength A (nm), large values of oscillator strength (f), the composition of excited states, and

the character of electronic transitions.

Table 11: Selected calculated values 1.4, , total energy (E eV), Oscillator strength (Osc f), Composition

(Compo %), the electronic transition and their character are reported for the title compounds.

™ calc E Osc Comp Transition Character
(nm) (eV) Q) (%0)
Lo 865 0.106 0.106 91.7 HOMO — LOMO ILCT
405 0.240 0.264 61.2 HOMO-1 — LOMO ILCT
977 1.014 0.151 47.4 HOMOa — LUMOa ILCT
[Cu(hfac),(L)]° 624 2.179 0.016 97.6 HOMOo-2 — LUMO« ILCT+ MLCT
2 516 2.344 0.015 845 HOMOB-6 — LUMOp ILCT
436 2.721 0.038 39.2 HOMOo — LUMOo+5 ILCT
912 1.658 0.027 78.9 HOMOB-3 — LUMOB MLCT+ LLCT+
ILCT
840 0.940 0.027 89.0 HOMOB-2 — LUMOB LLCT
[Cu(hfac),(L)]** 761 1.496 0.118 42.7 HOMOoa-1 — LUMO« ILCT
2 655 1.889 0.004 95.6 HOMOao-3 — LUMO« MLCT+ LLCT
528 3.500 0.034 39.9 HOMOw-10 — LUMOa LLCT+ ILCT
432 2.932 0.000 48.4 HOMOo-1 — LUMOoa+5 ILCT
9
821 1.293 0.051 401 HOMOB-3 — LUMOB LLCT+ ILCT
753 1.550 0.164 475 SOMOa — LUMOo+1 LLCT+MLCT
[Cu(hfac),(L)]* 664 1.807 0.015 81.3 HOMOpB — LUMOB+2 LLCT+ MLCT
2 516 2.030 0.042 414 HOMOo-8 — LUMO« MMCT+ MLCT+
ILCT+ LLCT
444 2.838 0.005 675 HOMOo-2 — LUMOo+3 LLCT+ MLCT
807 1.467 0.239 50.2 HOMOB-1 — LUMOB+2 MMCT+ ILCT
[Cu(hfac),(L)]** 706 1.743 0061 631 HOMOB-5 — LUMOB+1l MLCT+LLCT
494 1.183 0.519 684 HOMO-3 — LUMOB ILCT
858 1.500 0.005 70.7 HOMOB-3 — LUMOB+1 LLCT+LMCT
[Cu(hfac),(L)]** 671 1.847  0.014 533 HOMOB-7 — LUMOpB LMCT+ LLCT
475 2.699 0.668 88.9 HOMOB-10 — LUMOB+1 LLCT+LMCT
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It can be assigned to the same transition of the free ligand; from the HOMO-1 to LUMO. The
[Cu(hfac),(L)]** compound shows absorption bands at 577 nm and 675 nm, while the [Cu(hfac)(L)]**
compound has absorption bands at 512 nm and 739 nm (previously found at 731 nm) [63], These are
assumed to be more intense compared to the neutral hybrid-ligand complex [Cu(hfac)(L)]°
Furthermore, the [Cu(hfac)>(L)]*" (f) and [Cu(hfac),(L)]** (g) compounds exhibit two characteristic
absorption bands. The first absorption bands are located at 494 nm and 807 nm, which refer to the
electronic excitation arising from HOMO-14 to LUMO (68.4%) and from HOMO-1 to LUMO+2 (50%),
respectively. The second absorption bands are located at 475 nm and 695 nm, representing the electronic
excitation HOMO-10— LUMO+1 (88.9%) and HOMO-2— LUMO+2 (41.8%), respectively. The
maximum value of the oscillator strength was reached for the [Cu(hfac),(L)]*" structure, with the first
calculated band at 475 nm (f = 0.668 a.u), representing the electronic transition HOMO-10 — LUMO+1
(88.9 %). The low value was recorded for the neutral structure, with the calculated band at 796 nm (f =

0.013 a. u.), representing the electronic transition HOMO-3— LUMO (98.4%).

5. Conclusion

Based on our findings, we have discovered that copper (II) is a suitable metal ion capable of forming
interesting molecular structures. The tetrathiafulvalene (TTF) component has a diverse field of
applications in molecular electronics and supramolecular chemistry. In this study, we conducted both
experimental and computational DFT analyses on the redox-active trimethylethenylpyridyl-
tetrathiafulvalene. It was covalently coordinated with the Cu(hfac), framework to create a new hybrid
material [Cu(hfac),(MesTTF-CH=CH-Pyr)]. Our structural analysis proved to be invaluable in
understanding the physical properties, aiding in the design of these compounds. The theoretical studies
further helped in explaining the available experimental data, including the chemical and biological
properties. The crystal structure analysis using single-crystal X-ray diffraction revealed that the metal ion
is in a deformed pyramid with a square base. Besides, we examined the different spin distributions in the

neutral and oxidized pseudo-pyramidal Cu'" complex with charges ranging from +1 to +4. We found that
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applying a +1 and +2 charges to the Cu"' complex in the exclusion of the metal spin, indicating a pair of
missing electrons from the ylidene part; C,S; of the TTF unit. This unique feature may lead to
interactions such as possible n-n stacking between ligands of different complexes in crystals. We also
examined the electronic properties of (MesTTF-CH=CH-Pyr) and the corresponding Cu" hybrid-ligand
complex. The molecular charge, spin distributions, and TD-DFT calculations of these two structures
exhibited an intense and multiplex charge transfer, including MLCT, ILCT, and LLCT, and a low
bandgap energy of the complex, indicating potential for improved redox properties and suitability for
photoelectron conversion materials. This is confirmed by the cyclic voltammetry which reveals the
presence of two reversible oxidation states associated with the TTF ligand. Additionally, the vibrational
calculation showed the absence of the imaginary values, which indicate the stability of the compounds,
which aligns well with the experimental FTIR spectrum. The NCI analysis revealed short S---S contacts
on the (MesTTF-CH=CH-Pyr) side, along with CH---O, and O---O interactions. This finding is confirmed
by Atom in molecule analysis, which is also in good agreement with the X-ray data. The MEP analysis
identified the external H atoms of the ligand unit as potential sites for a nucleophilic attack, while the
oxygen and fluorine atoms from the hfac side are favored sites for an electrophilic attack due to their
negative potential. Furthermore, the local reactivity descriptors calculated using the Fukui functions
indicate that C2, C8, and C11 are the reactive sites for electrophilic attacks, and the sulfur atoms are
prone to all attack types. The global reactivity descriptors indicate that the complex with alpha spin is
more reactive because of its excellent electrophilic index, high softness, and polarizability, in comparison

to the complex with beta spin, which is a good electrophile but has very low softness.
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