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ABSTRACT



The reactions between the m-acidic cyclic trimetallic coinage metal(I) complexes {[Cu(u-3,5-
(CF3)2pz)]3, {[Ag(n-3,5-(CF3)2pz)]s, and {[Au(u-3,5-(CF3)2pz)]s with TTF, DBTTF and
BEDT-TTF give rise to a series of coinage metal(I)-based new binary donor-acceptor adducts
{[Cu(u-3,5-(CF3)2pz) 35DBTTF} = 1, {[Ag(u-3,5-(CF3)2pz)[sDBTTF} = 2, {[Au(p-3,5-
(CF3)2pz)]sDBTTF} = 3, {[Cu(pn-3,5-(CF3)2pz)[sTTF} = 4, {[Ag(n-3,5-(CF3)2pz)]sTTF} =5,
{[Au(u-3,5-(CF3)2pz)35TTF} = 6, {[Cu(u-3,5-(CF3)2pz)]sBEDT-TTF}= 7, {[Ag(u-3,5-
(CF3)2pz) s BEDT-TTF} = 8, and {[Au(p-3,5-(CF3)2pz)[3BEDT-TTF} = 9, (where pz =
pyrazolate, TTF = tetrathiafulvalene , DBTTF = dibenzotetrathiafulvalene , and BEDT-TTF =
bis(ethylenedithio)tetrathiafulvalene). This series of binary donor-acceptor adducts have been
found to exhibit remarkable supramolecular structures in both the solid state and solution,
whereby they exhibit supramolecular stacked chains and oligomers, respectively. The
supramolecular solid and solution binary donor-acceptor adducts also exhibit superior shelf
stability under ambient laboratory storage conditions. Structural and other electronic properties
of solid and solutions of these adducts have been characterized by single crystal X-ray
diffraction structural analysis. 'H and 'F NMR, UV-Vis-NIR spectroscopy, FTIR, and
computational investigations. The combined results of XRD structural data analysis
spectroscopic measurements and theoretical studies suggest the sustenance of the donor-
acceptor stacked structure and electronic communication in both the solid state and solution.
These properties are discussed in terms of potential applications for this new class of
supramolecular binary donor-acceptor adducts in molecular electronic devices, including solar

cells, magnetic switching devices, and field effect transistors.



INTRODUCTION

Recently, much attention has been given to molecule-based devices, predominantly
photovoltaics solar cells, molecular-magnets, conductors, and superconductors.!® The
potential these devices to bring about technical revolution in key industrial areas such as
environment and energy, medical care, electronics, and transportation has been suggested.?
Several classes of charge transfer complexes have been designed and synthesized toward this
purpose whereby binary donor-acceptor supramolecular structures exhibit n- © and d-n
interactions.>* These organic-inorganic binary donor-acceptor adducts can offer several
advantages over their purely organic-counterpart. The enhancement of intermolecular
interactions by quadrupolar electrostatic interactions in these supramolecular structures can
increase dimensionality and suppress metal-insulator transitions."® Such electrostatic
interactions can also lead to the formation of unique molecular networks that afford special
functions such as inclusion properties, which could lead to “clean energy” applications upon
designated host-guest interactions.” Similarly, strong intermolecular charge transfer
interactions are expected for supramolecular structures toward crystal engineering, en route to
achieving desirable donor-acceptor morphologies that exhibit a particular function

intuitively.?”’

One particularly intriguing result in this area has been demonstrated by Tanaka et al.
by preparing a superconducting molecular ‘“synthetic metallic crystal” salt based on
[Ni(dmit)2]*, where dmit = 2-thioxo-1,3-dithiole-4,5-dithiolate, which can form a charge
transfer complex with either an open- or closed-shell organic cation.® Several other recent
reports have initiated renewed interest in charge transfer complexes by highlighting a variety

of properties arising at the interface between the donor and acceptor molecules that were not



offered by either of the parent molecules. For example, Dunbar, Omary and co-workers
reported supramolecular stacks of neutral (diimine)(dithiolato)platimum(Il) ambipolar
complexes with nitrile- or nitrofluorenone-based acceptors that exhibit favorable properties for
solar cell applications with strong absorptions across a wide spectral range, some of which
have been validated for photocurrent generation.” In separate spectroscopic and electronic
structure studies by the same groups, [Pt(tbtrpy)X]Y complexes -- where X = Cl, NCS, OH, or
various arylthiolates and Y™ = CI', BFs, or TCNQ™ = 7,7,8,8-tetracyanoquinodimethane radical
anion -- demonstrated that varying the anionic ligand X and/or counterion Y~ can be fine- or
coarse-tuned to attain red-shifts in various charge transfer absorption bands to the visible and
near-infrared regions.! Other notable examples include a novel study of intermolecular
interactions in the molecular ferromagnetic NH4Ni(mnt)2.H20 (mnt = maleonitrile) complex,
as reported by Coomber et al.!! Other relevant studies by Balch et al. and by some of us have
suggested the ability of cyclic trimetallic Au(I) complexes to function as electron donors.!?*
Several supramolecular binary adducts of these electron-rich gold(I) complexes were isolated
with well-known neutral organic electron acceptors or m-acids such as polynitro-9-
fluorenones'?® or neutral TCNQ and CsFs molecules,'?® an organometallic perfluorinated 7-
acid,'?® or heavy metal cations.'? Moreover, Alvarez et al. have outlined a significant aspect
of the solid-state interactions in similar hybrid organic-inorganic materials, in terms of the

overlap of the diffuse m-orbitals on the sulfur atoms with the metal d-orbitals.'?

In their limiting cases, donor/acceptor stacks can be either segregated or integrated in
charge-transfer materials with distinct properties -- as conductors or magnets for segregated or
integrated stacks, respectively, that are most commonly studied for such stacks of metal-free
organic molecules typified by tetrathiafulvalene donors and nitrile acceptors.!® However, the

involvement of d orbitals in metal-containing donor-acceptor stacks may impart either or both
4



properties without correlation to the stacking type, as well as sensitize other properties such as

photo- or electro-luminescence, sensors, and photovoltaic solar cells.” !4

Chart 1. Acceptors (left) Al = [Cu(n 3,5-(CF3)2pz)]3; A2 = [Ag(u 3,5-(CF3)2pz)]s; and A3

[Au(n 3,5-(CF3)2pz)]3 and donors (right) D1 = tetrathiafulvalene (TTF); D2
dibenzotetrathiafulvalene (DBTTF); and D3 = bis(ethylenedithio)tetrathiafulvalene (BEDT-

TTF).
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In this project, we have successfully co-assembled m-acidic cyclic trimetallic coinage
metal(I) acceptor complexes (Chart 1, left) Al = [Cu(un 3,5-(CF3)2pz)]3; A2 = [Ag(pn 3,5-
(CF3)2pz)]3; and A3 = [Au(u 3,5-(CF3)2pz)]s with organic donor molecules (Chart 1, right)-
D1 = tetrathiafulvalene (TTF); D2 = dibenzotetrathiafulvalene (DBTTF); and D3 =
bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF) to yield nine new types of molecular and
supramolecular binary donor-acceptor adducts; {[Cu(u-3,5-(CF3)2pz)3DBTTF} =1, {[Ag(u-
3,5-(CF3)2pz)sDBTTF} = 2, {[Au(u-3,5-(CF3)2pz)]3DBTTF} = 3, {[Cu(p-3,5-
(CF3)2pz)]sTTF} = 4, {[Ag(u-3,5-(CF3)2pz)]sTTF} = 5, {[Au(p-3,5-(CF3)2pz)sTTF} = 6,

{[Cu(p-3,5-(CF3)2pz) s BEDT-TTF}= 7, {[Ag(n-3,5-(CF3)2pz)sBEDT-TTF} = 8, and



{[Au(p-3,5-(CF3)2pz)|sSBEDT-TTF} = 9 with interesting opto-electronic properties. This
paper reports comprehensive experimental and theoretical studies of these charge transfer
binary donor-acceptor adducts whereby we describe their syntheses, solid-state structural
characterization, spectroscopic studies, and computational analysis of their electronic
structure. Apart from their relevance as conducting and magnetic materials, some of these
complexes are also interesting from the perspective of their electronic absorption, as

demonstrated by this work for their potential use in molecular devices as conductors.

EXPERIMENTAL METHODS

Materials and methods. All the air-sensitive synthetic steps were performed under inert
atmosphere using Standard Schlenk technique. Solvents used were dried and degassed prior to
use. Deuterated solvents were purchased from Sigma—Aldrich and Cortecnet and used as
received. 3, 5-bis(trifluoromethyl)pyrazole, TTF, DBTTF, and BEDT-TTF were purchased
from vendors and used without any further purification. {[Cu(u-3,5-(CF3)2pz)]3, {[Ag(u-3,5-
(CF3)2pz)]3, and {[Au(u-3,5-(CF3)2pz)]s was synthetized as described in the previously

reported literatures.'>!8

Physical Measurements. Nuclear magnetic resonance (NMR) spectra were recorded on a
Varian-NMR spectrometer operating at 500 MHz or on a Bruker Avance III HD instrument
equipped with a smart probe operating at 400 MHz. All measurements were performed at 298
K unless otherwise stated. Chemical shifts are reported relative to external MesSi using the
residual proton resonance of the deuterated solvent as internal reference. The multiplicity of
signals is described using the following abbreviations: br = broad, d = doublet, dd = double

doublet, t = triplet, m = multiplet, s = singlet. 1D 'H, "F HOESY NMR measurements were



carried out in cyclohexane-di2 at 333 K using a relaxation delay of 2s and a mixing time of 800

ms.

The Mid- infrared (IR) spectra were collected on a Thermo-Scientific Nicolet-6700 Fourier
Transform-Infrared (FTIR) spectroscopy with a smart orbit diamond attenuated total
reflectance (ATR) accessory by firmly pressing the neat sample onto the diamond plate of the
ATR accessory to record spectra from 4000 to 600 cm™!. A Perkin-Elmer SPECTRUM ONE
System FT-IR instrument was also used to collect the spectra. UV-Vis-NIR absorption
measurements of dichloromethane solution of adducts 1-9 were carried out using a
PerkinElmer Lambda 900 spectrophotometer using suprasil quartz cuvettes with 10 mm path
lengths. The solid reflectance data was collected using the LabSphere integrating sphere
accessory to the Lambda 900 spectrophotometer which is connected to Peltier system for
temperature dependent experiments. Electrospray ionization mass spectrometry (ESI-MS)
spectra were obtained in positive- or negative-ion mode on the 1100 series MSD detector HP
spectrometer, using an acetonitrile mobile phase. The compounds were added to reagent-grade
acetonitrile to give solutions with approximate concentrations of 0.1 mM. These solutions were
injected (1 pL) into the spectrometer via a HP 1090 series II high performance liquid
chromatography (HPLC) instrument, fitted with an auto-sampler. The pump delivered the
solutions to the mass spectrometer source at a flow rate of 300 pL min~!, and nitrogen was
employed as both a drying and nebulizing gas. Capillary voltages were typically 4000 and
3500 V for the positive- and negative-ion modes, respectively. Confirmation of all major
species in this ESI-MS study was aided by a comparison of the observed and predicted isotope
distribution patterns, with the latter calculation using the IsoPro 3.0 program. Elemental

analyses (C, H, N, and S) were performed in-house with a Fisons Instrument 1108 CHNS-O



elemental analyzer. An SMP3 Stuart Scientific Instrument, and an Electrothermal Mel-Temp

melting point device were used to determine the melting point.

X-ray Crystallographic Determination. Crystal structure determination for all complexes
were carried out using a Bruker SMATR APEX2 CCD-based X-ray diffractometer equipped
with a low temperature device and Mo-target X-ray tube (wavelength = 0.71073 A).
Measurements were taken at 296(2) K and 220(2) K. Data collection, indexing, and initial cell
refinements were carried out using APEX2,' frame integration and final cell refinements were
done using SAINT.2°An absorption correction was applied using the program SADABS.2!All
non-hydrogen atoms were refined anisotropically. The hydrogen atoms in the complexes were
placed in idealized positions and were refined as riding atoms. Structure solution, refinement,
graphic and generation of publication materials were performed by using SHELXTL

software.??

Solid-State and Molecular Simulations. The solid-state electronic structure calculations are
performed within the framework of the extended Hiickel tight binding (EHTB) method, * for
which standard parameters are used within the YAeHMOP?* software package. The off-
diagonal elements of the Hamiltonian are evaluated with the Wolfsberg-Helmholtz formula.?
Numerical integrations over the symmetry unique section of the Brillouin zone of the three-
dimensional structures of the donor-acceptor complexes were performed using a set of 56 k-
points. The Gaussian 09 program?®® was used for the preliminary density functional calculations
that utilized the LANL2DZ valence basis sets and compact effective potentials?’ in conjunction
with the B3LYP hybrid functional,”® whereas higher-accuracy calculations utilized the
Turbomole package for geometry optimization using the TPSS/Def2 functional/basis set

combination with the Grimme dispersion applied.?’



Syntheses. Crystalline charge-transfer binary donor-acceptor adducts 1-9 were obtained by
mixing the components as dichloromethane solutions, followed by the purification that are

described in detail below:.

Synthesis of {[Cu(u-3,5-(CF3)pz)]sDBTTF}, 1

To a stirring 10 mL CH2Cl2 solution containing 30 mg (0.037 mmol) of [Cu-(u-3, 5-
CF3)2pz]3 in a Schlenck flask11.45 mg (0.037 mmol) of solid DBTTF was added under inert
N2 environment. The colorless solution turned yellow. Resulted yellow-colored solution was
stirred overnight at room temperature. Afterward, the reaction mixture was filtered, and the
solvent was removed under reduced pressure to give a bright yellow solid. The solid was
washed with hexane (3 x 5 mL), dried and recrystallized in a mixture of dichloromethane and
hexane to give yellow needles as single crystals of suitable quality for X-ray solid state single
crystal structural determination. {[Cu(u-3,5-(CF3)2pz)]3DBTTF}: Yield: 85 %; M. p. > 250;
"H-NMR (CD2Clz, 298K) &: 7.25 (br) 7.05 (s); "’F-NMR (CD2Clz, 298K) &: -61.02 (s); 'H-
NMR (CD:Clz, 298K, saturated solution) &: 7.16 (br), 6.99 (s); "’F-NMR (CD:Cl2, 298K,
saturated solution) 6: -60.96 (s); ESI(+) (CH3OH): m/z: 102.2 (50), 274.4 (100), 304.0 (40)
[DBTTF+H]", 722.7 (15), 764.7 (10); ESI(-): 203.0 (45) [3,5-(CF3)2-pz]’, 469.0 (20), 834.7
(100), 1002.8(40); IR (cm™): 3150.7(w), 3055.4(w), 2964.4(w), 1643.1(w), 1540.7(s),
1506.6(s), 1450.1(vs), 1362.2(s), 1226.4(s), 1256.1(vs), 1121.7(br), 1099(w), 1031.9(vs),
991.4(s), 933.0(m), 816.2(vs), 776.3, 759.0(w), 735.7(w), 744.9(vs), 674.6(s); Elemental
analysis for C20Hi11CusF1sNeS4 (%), calc.: C, 31.54; H, 1.00, N, 7.61; S, 11.61; found: C,

31.5819; H, 1.1101; N, 6.3809; S, 11.6534.

Synthesis of {[Ag(u-3,5-(CF3)pz)]sDBTTF}, 2



To a stirring 10 mL CH2Cl2 solution containing 30 mg (0.032 mmol) of [Ag(u -3,5-
(CF3)2pz]3 in a Schlenck flask, 9.7 mg (0.032 mmol) of DBTTF was added under inert N2
environment. After few minutes, a pale-yellow suspension was formed, and the reaction
mixture was stirred overnight at room temperature. The suspension was then centrifuged to
separate the solid from the solution. The crude yellow solid was dried under vacuum, dissolved
in acetone and by slow evaporation yellow needles crystals of single crystal X-ray quality were
obtained after couple of days. {[Ag(u-3,5-(CF3)2pz)|3DBTTF}: Yield: 80.58%. M. p. > 250;
"H-NMR (CD2Clz, 298K, saturated solution) &: 7.22 (br), 7.03 (br); "’F-NMR (CD2Cl2, 298K,
saturated solution) d: -61.26 (s) ESI (+) (CH3OH), m/z: 102.2 (50), 274.4 (100), 304.0 (40)
[DBTTF+H] ", 722.7 (20); ESI(-), 203.0 (100) [3,5-(CF3)2-pz]", 325.1 (20). IR (cm™): 3146.8,
3075.6, 1951.5, 1901.3, 1855.3, 1629.6, 1569.0, 1547.7, 1530.1, 1449.7, 1354.3, 1235.0,
1180.0, 1153.0, 1117.8, 1088.1, 1020.7, 987.8, 976.5, 935.0, 813.2, 775.7, 745.8, 734.7, 712.8,
673.9; Elemental analysis for C20H11Ag3F1sNeS4 (%), cale.: C, 28.15; H, 0.90; N, 6.79; S,

10.37; found: C, 28.31; H, 0.89; N, 6.16; S, 10.09.

Synthesis of {[Au(u-3,5-(CF3)2pz)]sDBTTF}, 3

To a stirring 10 mL CH2Cl2 solution containing 30 mg (0.025 mmol) of [Au(p-3,5-
(CF3)2pz]3 in a Schlenck flask, 7.6 mg (0.025 mmol) of solid DBTTF was added under inert
N2 environment. The reaction mixture was stirred overnight at room temperature. Afterward,
the reaction mixture was filtered, and the solvent was removed under reduced pressure to give
a bright yellow solid. The solid was washed with hexane (3 x 5mL), dried and recrystallized
in a mixture of dichloromethane and hexane to give yellow needles as crystals suitable for X-
ray single crystal structural analysis. {[Au(u-3,5-(CF3)2pz)|sDBTTF}: Yield: 45.58%; M. p. >
250; '"H-NMR (CD2Clz, 298K): & 7.18 (very br); ESI(+) (CH3OH), m/z: 303.9 (100)

10



[DBTTF+H]", 337.0 (10); ESI(-), 434.9 (40), 516.9 (10); 602.9 (100); IR (cm™): 3145.8,
3081.8, 3056.2, 1943.0, 1900.5, 1860.4.3, 1645.8, 1553.5, 1539.7, 1499.8, 1450.6, 1441.3,
1392.1, 1377.1, 1256.2, 1135.5, 1119.8, 1040.4, 991.6, 929.6, 819.0, 776.1, 765.2, 711.6,
675.1; Elemental analysis for C2o0H11AusF18NeS4 (%), calc.: C, 23.15; H, 0.74; N, 5.59; S, 8.52;

found: C, 23.91; H, 0.79; N, 5.16; S, 8.09.

Synthesis of {[Cu(u-3,5-(CF3)2pz)]3TTF}, 4

To a stirring 10 mL CH2Cl2 solution containing 30 mg (0.037mmol) of [Cu(p-3,5-
CF3)2pz]3 in a Schlenck flask, 8 mg (0.037 mmol) of solid TTF was added under inert N2
environment. The yellow solution was then, stirred overnight at room temperature. Afterward,
the reaction mixture was filtered, and the solvent was removed under reduced pressure to give
a bright yellow solid. The solid was washed with hexane (3 x 5 mL), dried and recrystallized
in a mixture of dichloromethane and hexane to give yellow needles as crystals. {[Cu(u-3,5-
(CF3)2pz)3sTTF}:Yield: 75 %; M. p. > 250; 'H-NMR (CD2Cl, 298K) &; 7.07 (very br); 1°F-
NMR (CD2Clz, 298K) §: -60.95 (s); IR (cm™): 3156.6(w), 3092.7(w), 1643.1(w), 1542.7(w),
1554.7(w), 1539.8(wbr), 1506.9(s), 1455.8(vs), 1363.8(s), 1226.4(s), 1255.5(vs), 1116.3(br),
1099(w), 1031.5(vs), 991.6(s), 820.2(vs), 793.3(m), 779.5(w), 758.8(s), 735.0(s), 714.1(s);
Elemental analysis for (Ci9HoCusF12N6S4) (%), calc.: C, 26.28; H, 1.04; N, 9.68; S, 14.77,

found: C, 25.9856; H, 1.1234; N, 9.7654; S, 14.8765.

Synthesis of {[Ag(u-3,5-(CF3)2pz)]3sTTF}, 5

To a stirring 10 mL CH2Cl2 solution containing 30 mg (0.037mmol) of [Ag-(p-3,5-
CF3)2pz]3 in a Schlenck flask, 8 mg (0.037 mmol) of TTF was added under inert N

environment. The yellow solution was stirred overnight at room temperature. The resulted

11



reaction mixture was then filtered, and the solvent was removed under reduced pressure to give
a bright yellow solid. The solid was washed with hexane (3 x 5 mL), dried and recrystallized
in a mixture of dichloromethane and hexane to give yellow needles as crystals. {[Ag(u-3,5-
(CF3)2pz)3sTTF}:Yield: 75 %; M. p. > 250; 'H-NMR (CD2Clz, 298K) 5: 6.99 (very br); 1°F-
NMR (CD2Clz, 298K) &: -61.32 (s); IR (cm™): 3152.4(w), 3098.4(w), 1634.6(w), 1549.6(w),
1531.5(w), 1505.3(s), 1453.8(w), 1354.1(s), 1251.5(vs), 1233.8(w), 1116.0(br), 1088.4(w),
1019.5(vs), 987.4(s), 861.9(w), 815.8(vs), 793.1(s), 778.8(w), 755.9(s), 733.9(s), 713.2(s);
Elemental analysis for (Ci9HoAg3F12Ne6S4) (%), calc.: C, 26.79; H, 0.91; N, 8.39; S, 12.81;

found: C, 26.6543; H, 0.9234; N, 8.4232; S, 12.7634.

Synthesis of {[Au(u-3,5-(CF3)2pz)]3TTF}, 6

To a stirring 10 mL CH2Cl2 solution containing 30 mg (0.025 mmol) of [Au-(u -3,5-
(CF3)2pz]3 in a Schlenck flask, 5.1 mg (0.025 mmol) of solid DBTTF was added under inert
N2 environment. The reaction mixture was stirred overnight at room temperature. The resulted
reaction mixture was then filtered, and the solvent was removed under reduced pressure to give
yellow solid. The crude product was recrystallized in a mixture of dichloromethane and hexane
to give yellow needles as crystals. {[Au(u-3,5-(CF3)2pz)|3TTF}: Yield: 45.58%; M. p. > 250;
"H-NMR (CD2Clz, 298K) : 6.89 (very br); IR (cm™): 3145.8, 3081.8, 3056.2, 1943.0, 1900.5,
1860.4.3, 1645.8, 1553.5, 1539.7, 1499.8, 1450.6, 1441.3, 1392.1, 1377.1, 1256.2, 1135.5,
1119.8, 1040.4, 991.6, 929.6, 819.0, 776.1, 765.2, 711.6, 675.1; Elemental analysis for
C21H7Au3F18N6S4 (%), cale.: C, 17.96; H, 0.50; N, 5.98; S, 9.13; found: C, 18.0652; H, 0.5321;

N, 5.8762; S, 9.0123.

Synthesis of {[Cu(u-3,5-(CF3)2pz) s BEDT-TTF}, 7

12



To a stirring 10 mL CH2Cl2 solution containing 30 mg (0.037mmol) of [Cu-(u-3,5-CF3)2pz]3
in a Schlenck flask, 14 mg (0.037 mmol) of solid BEDT-TTF was added under inert N2
environment. The orange solution was stirred for 2 days at room temperature. Afterward, the
reaction mixture was filtered, and the solvent was removed under reduced pressure to give a
bright orange solid. The solid was washed with hexane (3 x 5 mL), dried and recrystallized in
a mixture of dichloromethane and hexane to give orange needles as crystals. {[Cu(u-3,5-
(CF3)2pz)sBEDT-TTF}: Yield: 65 %; M. p. > 250; 'H-NMR (CD2Clz, 298K) & 7.02 (s),
3.97(m); IR (cm™): 3162(w), 2964(w), 2919(w) 1666(w), 1543(s), 1507(s), 1456(m), 1362(s),
1255(vs), 1232(m), 1116(br), 1026(vs), 823(vs), 759(vs), 735(m), 715(s); Elemental analysis
for (C2sH11CusF18N6Ss) (%), calc.: C, 25.35; H, 0.94; N, 7.09; S, 21.66; found: C, 25.4543; H,

0.9234; N, 6.9985; S, 21.5678.

Synthesis of {[Ag(u-3,5-(CF3):pz) s BEDT-TTF}, 8

To a stirring 10 mL CH2Cl2 solution containing 30 mg (0.032mmol) of [Ag-(u-3,5-
CF3)2pz]3in a Schlenck flask, 12 mg (0.032 mmol) of solid BEDT-TTF was added under inert
N2 environment. The orange solution was then stirred for 2 days at room temperature. The
resulted reaction mixture was filtered, and the solvent was removed under reduced pressure to
give a bright orange solid. The solid was washed with hexane (3 x 5mL), dried and
recrystallized in a mixture of dichloromethane and hexane to give orange needles as crystals.
{[Ag(u-3,5-(CF3)2pz)3BEDT-TTF}: Yield:70%; M.p> 250; IR (cm™): 'H-NMR (CD:Cla,
298K) &: 6.97 (s), 3.54 (m); IR (cm™): 3141.4(w), 2962.4(wbr) 2926.0(wbr), 2852.3(wbr),
1625.0(w), 1547.3(m), 1530.8(m), 1502.7(s), 1353.3(s), 1250.8(s), 1229.1(w), 1116.0(s),
1017.0(vs), 917.0, 882.0, 812.0(vs), 755.9; Elemental analysis for (C2sHi1Ag3Fi18NeSs) (%),
calc.: C,22.79; H, 0.84; N, 6.38; S, 19.47; found: C, 23.6037; H, 0.8037; N, 6.035; S, 19.2320.

13



Synthesis of {[Au(u-3,5-(CF3)2pz)]sBEDT-TTF}, 9

To a stirring 10 mL CH2Cl2 solution containing 30 mg (0.025mmol) of [Au-(p-3,5-
CF3)2pz]3 in a Schlenck flask, 9.6 mg (0.025 mmol) of BEDT-TTF was added under inert N2
environment. The orange solution was stirred for 2 days at room temperature. Afterwards, the
reaction mixture was filtered, and the solvent was removed under reduced pressure to give a
bright orange solid. The solid was washed with hexane (3 x 5 mL), dried and recrystallized in
a mixture of dichloromethane and hexane to give orange needles as crystals. {[Au(u-3,5-
(CF3)2pz)|sBEDT-TTF}: Yield: 35 %; M.p. > 250; 'THNMR (CD:Clz, 298K) &: 7.07 (s),
3.96(m); IR (cm™): 3147., 2962.4(wbr) 2926.0(wbr), 2852.3(, 1943.0, 1900.5, 1860.4.3,
1645.8, 1553.5, 1539.7, 1499.8, 1450.6, 1441.3, 1392.1, 1377.1, 1256.2, 1135.5, 1119.8,
1040.4, 991.6, 929.6, 819.0, 776.1, 765.2, 711.6, 675.1; Elemental analysis for
CasHi1AusF1sNeS4 (%), calc.: C, 22.79; H, 0.84; N, 6.38; S, 19.47; found: C, 22.45; H, 0.78;

N, 6.47; S, 19.31.

RESULTS AND DISCUSSION

Synthetic Chemistry. The reaction of the m-acidic cyclic trimetallic complexes {[Cu(u-3,5-
(CF3)2pz)]3, {[Ag(p-3,5-(CF3)2pz)]s, and {[Au(u-3,5-(CF3)2pz)]s with TTF, DBTTF and
BEDT-TTF resulted charge transfer binary donor-acceptor adducts 1-9. These complexes are
stable at room temperature and show their stabilities in air and light after days of exposure.
Most of these complexes are soluble in dichloromethane, acetone, benzene, cyclohexane and
chloroform. The synthetic procedure consists of the dissolution of the cyclic trimetallic coinage
metal(I) complexes in CH2Clz, followed by the addition of the organic donors. The resulted

mixtures then stirred at room temperature under inert gas as described earlier, to give charge
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transfer complexes in good percentage yield. These complexes are further characterized by

crystallographic and spectroscopic studies, which will be discussed below.

Structural Characterization by X-ray Diffraction. Crystal data for charge transfer binary
donor-acceptor adducts 1-5 and 8 are listed in Table 1. X-ray quality crystals were grown by
slow evaporation of dichloromethane/hexane solutions for these binary donor-acceptor
adducts. Figures 1 — 6 shows the solid-state molecular structures of these complexes. The
crystallographic data suggest that all of these complexes exhibit significant donor-acceptor or
charge transfer interactions in the solid-state, as judged by the interplanar distances between
the donor molecule and the acceptor molecules. Interplanar distances of 3.75 A between the
donor and acceptor molecules are close enough for the n-w, d-m and the electrostatic donor-

acceptor interactions.>!*

Table 1. Crystallographic data and refinement parameters for charge-transfer complexes 1-5

and 8.
Complexes 1 2 3
Formula C29H11Cu3F18N6S4 CooHi11Ag3F18N6S4 C29Hi11AusF18N6S4
MW 1104.30 1237.29 1504.58
T (K) 296(2) 220(2) 220(2)
cryst syst Monoclinic Monoclinic Monoclinic
space group C2/c C2/lc C2/lc
a (A) 20.128(2) 20.4559(8) 20.6379(10)
b (A) 13.9336(15) 13.8514(8) 13.7210(7)
c(A) 14.3856(15) 14.2511(7) 14.6029(7)
o (deg) 90 90 90
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P (deg)

Y (deg)

V(A%

VA

Dealed (Mg m™)

u (mm)

reflns measured
reflns unique [Rint]
Ri, wR2 [ > 20(])]
Ri, wRa2 (all data)
GOF on F?
Complexes
Formula

MW

T (K)

cryst syst

space group
a(A)

b (A)

c(A)

a (deg)

B (deg)

v (deg)

V(A3

Z

113.355(2)

90

3703.9(7)

4

1.980

2.058

24788

4095 [0.0367]
0.0391, 0.0998
0.0567, 0.1112
1.054

4

C21H7CusF1sNeS4.H20  C21H7Ag3F18N6S4

1022.20
220(2)
Monoclinic
C2c
22.727(4)
12.092(2)
24.783(4)
90
107.387(3)
90
6499.3(18)

8

114.143(2)

90

3684.7(3)

4

2.230

1.932

69266

4073 [0.0253]
0.0237,0.0710
0.0255, 0.0742

1.019

5

1137.18
220(2)
Triclinic
P-1
12.223(1)
12.817(2)
12.977(1)
96.133(3)
116.919(2)
109.030(3)
1633.7(3)

2

16

116.851(1)

90

3689.3(3)

4

2.709

12.253

46027

4077 [0.0286]
0.0152, 0.0452
0.0185, 0.0486
1.024

8
CasHi1AgsFi1sNeSs
1317.49
220(2)
Monoclinic
P21/n
9.3315(7)
35.549(3)
12.1940(8)

90

106.138(2)

90

3885.7(5)
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Dcalcd (Mg m_3)

u (mm)

reflns measured

reflns unique [Rint]
Ri, wR2 [T > 26(1)]

Ri, wRa2 (all data)

GOF on F?

2.089
2.338
41138
9546 [0.0296]
0.0914, 0.2662
0.1212, 0.3065

1.088

2312
2.167
38793
7220 [0.0238]
0.0440, 0.1317
0.0501, 0.1387

1.015

2.252
2.046
80040
8559 [0.0344]
0.0499, 0.1481
0.0571, 0.1543

1.063

Ri = 2||Fo| = |Fe||/2|Fo| and wR2 = {Z[w(Fo > —wFe ?)?/Z[w(Fo ?)* ]}

Structure of {{Cu(u-3,5-(CF3)pz)[sDBTTF}, 1. The solid-state crystal structure of the charge
transfer binary donor-acceptor adduct {[Cu(u-3,5-(CF3)2pz)|sDBTTF}, 1, reveals that binary
donor-acceptor adduct 1 crystalizes in the monoclinic space group C2/c and occupies a special
position in the asymmetric unit (inversion center and two-fold axes, respectively). The solid-
state crystal structure is depicted in Figure 1 (a) together with the atom numbering scheme.
The DBTTF donor molecule and the cyclic trimetallic Cu(I) complex are stacked in an
integrated pattern above and below each other, which allows for enhanced orbital overlap. The
acceptor molecules are centered toward the sulfur atoms of the donor molecules resulting in a
zig-zag extended packing motif. There are four Cu 'S contacts above and below each donor
molecule, interacting with acceptor molecule which are less than 4.0 A as shown in Figure 1
(d). The significant Cu-S interactions are 3.334(1) A, 3.463(1) A, 3.741(1) A and 3.788(1) A.
The illustration of the calculated centroid centroid interactions is given in Figure 1 (b) and
the infinite zig-zag chain of the donor-acceptor stack is shown in Figure 1 (¢). The orientation

of the DBTTF molecules are in two different crystallographic spaces, where the next
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neighboring DBTTF molecules in the stacks are always nearly perpendicular to one another

throughout the extended structures as shown in Figure 1 (¢).

There is no any significant intermolecular metallophilic interaction between two
adjacent cyclic trimetallic complexes. The extended supramolecular structures are mainly
mediated by Cu 'S interactions. The distances between the donor and acceptor molecules are
well within the range of d-m interactions (3.750 A). The organic donor DBTTF molecule adopts
the similar packing arrangement herein, irrespective of the acceptor precursor, displays the
favorable interactions between the cyclic trimetallic coinage metal(I) complexes as acceptor
and DBTTF as organic donor molecules. Therefore, the stacking motif (D-A-D-A) of the
donor-acceptor adduct {[Cu(u-3,5-(CF3)2pz)[sDBTTF}, 1, signifies the energy stabilization
that resulted from the interactions between the D-A molecules in this supramolecular stack of

{[Cu(p-3,5-(CF3)2pz)|sDBTTF},1.
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Figure 1. X-ray crystal structure for {[Cu(p-3,5-(CF3)2pz)]3DBTTF}, 1 (a) view of the charge-
transfer complex in the solid-state structure together with the atom numbering scheme, (b) the
contents of the unit cell illustrating interactions involving the calculated centroids for donor
(Magenta) and acceptor (Maroon) molecules. Centroid-centroid contact is 4.174(1) A, (c) one-
dimensional crystal packing motif, and (d) the contents of the unit cell with the emphasis on
Cu'S contacts (violet dotted lines) shorter than 4.0 A. -CF3 group and hydrogen atoms are

omitted for the sake of clarity.
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Structure of {[Ag(u-3,5-(CF3);pz)]sDBTTF}, 2. Crystal structure of the charge transfer
complex {[Ag(n-3,5-(CF3)2pz)[sDBTTF}, 2, displays that complex 2 crystalizes in the
monoclinic crystal system with C2/c space group. Single molecule of complex 2 in unit cell is
depicted in Figure 2 (a). The DBTTF donor molecule and the cyclic trimetallic Ag(I) complex
are stacked in an integrated pattern above and below each other, which allows for enhanced

orbital overlap as in complex 1.

The acceptor molecules are centered toward the sulfur atoms and the donor and
acceptor molecules form a zig-zag extended chain in crystal packing. There are four Ag 'S
contacts above and below each donor molecule interacting with acceptor molecule which are
less than 4.0 A as shown in Figure 2 (d). The significant AgS interactions are 3.295(1) A,
3.413(1) A, 3.732(1) A and 3.767(1) A are shorter than those found for the Cu(I) and Au(I)
analogue. The illustration of the calculated centroid-centroid interactions is given in Figure 2
(b). The centroid-centroid interactions shows tightly bonded adjacent molecules for Ag(I)-
based acceptor when compare to the Cu(I) and Au(I) acceptor molecules. This is obviously
due to the strong acidic behavior of cyclic trimetallic Ag(I) complex compared to other coinage
metal(I) complexes of same ligand as described previously.*® Crystal packing motif that shows

an infinite zig-zag chain of the donor-acceptor stack for complex 2, is given in Figure 2 (c).
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Figure 2. X-ray crystal structure for {[Ag(u-3,5-(CF3)2pz)]sDBTTF}, 2 (a) view of the
charge-transfer complex in the solid-state structure together with the atom numbering scheme,
(b) the contents of the unit cell illustrating interactions involving the calculated centroids for
donor (Magenta) and acceptor (Maroon) molecules. Centroid-centroid contact is 4.134(1) A,
(c) one-dimensional crystal packing motif, and (d) the contents of the unit cell with the
emphasis on AgS contacts (violet dotted lines) shorter than 4.0 A. -CF3 group and hydrogen

atoms are omitted for the sake of clarity.

The orientation of the DBTTF molecules are in two different crystallographic spaces

as in complex 1, where the next neighboring DBTTF molecule in the stacks is always nearly
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perpendicular to each other throughout the extended structures as shown in Figure 2 (¢). The
integrated D-A-D-A supramolecular stacks shows convincing evidence of the charge transfer
properties and other related conducting behavior which is also substantiated by the

spectroscopic as well as computational studies described in sections below.

Structure of {[Au(u-3,5-(CF3);pz)[3sDBTTF}, 3. Charge transfer complex {[Au(u-3,5-
(CF3)2pz)[sDBTTF}, 3, crystalizes in the monoclinic space group C2/c with one molecule in
the unit cell, the structure as shown in Figure 3 (a), together with the atom numbering scheme.
The DBTTF donor molecule and the cyclic trimetallic Au(I) complex are stacked in an
integrated pattern above and below each other which allows for enhanced orbital overlap as in

complexes 1 and 2.

The acceptor molecules are centered toward the sulfur atoms of the donor molecules
resulting in a zig-zag extended packing motif. Even though, our previous study indicated that
Au(l) complexes are the least acidic among the similar derivatives of cyclic trimetallic
monovalent coinage metal(I), there are still four Au'S contacts above and below each donor
molecule as in the case of Ag(I) and Cu(I) complexes. The significant interaction of less than
4.0 A between the cyclic trimetallic Au(I) acceptor molecule and donor molecules is shown in
Figure 3 (d). These significant Au-S interactions are 3.594(1) A, 3.698(1) A, 3.849(1) A and
3.854(1) A. However, donor-acceptor interaction in complex 3 is the weakest among cyclic

trimetallic monovalent coinage metal(I) complexes with the same ligand.
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Figure 3. X-ray crystal structure for {[Au(p-3,5-(CF3)2pz)]3sDBTTF}, 3 (a) view of the
charge-transfer complex in the solid-state structure together with the atom numbering scheme,
(b) the contents of the unit cell illustrating interactions involving the calculated centroids for
donor (Magenta) and acceptor (Maroon) molecules. Centroid-centroid contact is 4.219(1) A,
(c) one-dimensional crystal packing motif, and (d) the contents of the unit cell with the
emphasis on Au-S contacts (violet dotted lines) shorter than 4.0 A. -CF3 group and hydrogen

atoms are omitted for the sake of clarity.
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The illustration of the calculated centroid centroid interactions is given in Figure 3 (b)
and is also weaker compared to the Cu(I) and Ag(I) analogs, because the cyclic trimetallic Au(I)
complex of the same ligands is the most basic compared to the same for other coinage metal(I)
complexes. The complex 3 forms an infinite zig-zag chain of the donor-acceptor stack as shown
in Figure 3 (c¢). The orientation of the DBTTF molecules are in two different crystallographic
space as in complex 1 and 2, where the next neighboring DBTTF molecules in the stacks, are

always nearly perpendicular to each other throughout the extended structures as shown in Figure

3 (¢).

Structure of {{Cu(u-3,5-(CF3)2pz)]3TTF}, 4. The crystal structure for the charge transfer complex
{[Cu(u-3,5-(CF3)2pz)|3TTF}, 4, on the other hand, reveals that complex 4 crystalizes in the
monoclinic space group C2/c with one molecule in the unit cell, the structure as shown in Figure
4 (a), together with the atom numbering scheme. The TTF donor molecule as DBTTF also forms
the integrated stacks with the cyclic trimetallic Cu(I) complex that mediated by Cu S above and

below each other, allowing enhanced orbital-overlap than in DBTTF.

The acceptor molecules are centered toward the sulfur atoms of the donor molecules.
However, the TTF molecules are arranged in 3-D spaces of solid-state crystal packing and results
fascinating stacks that look like the single-stranded helical shape in crystal packing. These helical
extended chains are composed of alternatively corner sharing TTF molecules, which are linked by
strong Cu 'S interactions. There are several Cu S contacts above and below each donor molecule
interacting with acceptor molecule, which are less than 4.0 A as shown in Figure 4 (d). The
significant CuS interactions are 3.211(3) A, 3.322(2) A, 3.423(2) A, 3.454(3) A, 3.547(3) A,

3.636(4), 3.661(4) A, 3.841(2) A and 3.925(2) A. The illustration of the calculated
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centroid centroid interactions is given in Figure 4 (b) that are very strong compared to the

DBTTF analog.

sS4

sS4 . H3BA
H3BA cie cie '
a) b)
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1 l'
1 C p -
1 & 11 :

Figure 4. X-ray crystal structure for {[Cu(u-3,5-(CF3)2pz)]3TTF}, 4 (a) view of the charge-
transfer complex in the solid-state structure together with the atom numbering scheme, (b) The
contents of the unit cell illustrating interactions involving the calculated centroids for donor

(Magenta) and acceptor (Maroon) molecules. Centroid centroid contacts are 3.638(4) A and

25



3.755(4) A, (c) one-dimensional crystal packing motif, and (d) the contents of the unit cell with
the emphasis on CuS contacts (violet dotted lines) shorter than 4.0 A. -CF3 group and hydrogen

atoms are omitted for the sake of clarity.

The complex 4 forms infinite extended donor-acceptor stack which is shown in Figure 4
(c). TTF molecules can be found in three different orientations in crystallographic axis and are
always nearly perpendicular among each other throughout the extended structures as shown in
Figure 4 (¢). The interaction of {[Cu(u-3,5-(CF3)2pz)]3 with TTF is stronger than those found with

DBTTF.

Structure of {[Ag(u-3,5-(CF3)3pz)[sTTF}, 5. Single crystal structural determination analysis for
the charge transfer complex {[Ag(u-3,5-(CF3)2pz)]sTTF}, 5, shows that this complex crystalizes
in the triclinic space group P-/ with one acceptor molecule in a general position and two donors
in a special position ((inversion center) in the asymmetric unit, the structure of which is depicted
in Figure 5 (a), together with the atom numbering scheme. TTF donor molecule and the cyclic
trimetallic Ag(I) complex forms integrated pattern above and below each other, allowing greater
orbital overlap than in DBTTF analogue. This might be due to the steric bulkiness of DBTTF vs

TTF donor molecule.

The individual molecules of cyclic trimetallic Ag(I) complexes are centered towards the
sulfur atoms of the TTF molecules to give rise a zig-zag extended chain crystal packing motif.
There are four Ag S contacts above and below each donor molecule interacting with acceptor
molecule which are less than 4.0 A as shown in Figure 5 (d). The significant Ag-S interactions
are 3.265(2) A, 3.353(2) A, 3.453(2) A, 3.471(2) A, 3.508(2) A, 3.571(2) A, 3.624(2) A, 3.792(2)

A, 3.828(2) A and 3.931(2) A. The calculated centroidcentroid distances are shown in Figure 5
26



(b) and the infinite zig-zag extended chain mediated by Ag~S contacts of donor-acceptor
molecules of complex 5, is demonstrated in Figure 5 (c). The positioning of the TTF molecules
are in two different crystallographic axes, whereby, the next neighboring TTF molecule in the

stacks is always perpendicular to one another throughout the extended structures as shown in

Figure (c¢).
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Figure 5. X-ray crystal structure for {[Ag(u-3,5-(CF3)2pz)]sTTF}, 5 (a) view of the charge-
transfer complex in the solid-state structure together with the atom numbering scheme, (b) the
contents of the unit cell illustrating interactions involving the calculated centroids for donor

(Magenta) and acceptor (Maroon) molecules. Centroid-centroid contacts are 3.376(2) A, 3.550(2)

A and 3.951(2) A, (c) One-dimensional crystal packing motif, and (d) the contents of the unit cell
with the emphasis on AgS contacts (violet dotted lines) shorter than 4.0 A. -CF3 group and

hydrogen atoms are omitted for the sake of clarity.

Structure of {[Ag(u-3,5-(CF3):;pz)[sBEDT-TTF}, 8. Likewise, the solid-state crystal structure of
charge transfer complex {[Ag(u-3,5-(CF3)2pz)|3BEDT-TTF}, 8, crystalizes in the monoclinic
space group P21/n with one molecule in the unit cell. The structure is shown in Figure S1 (a) of

supporting information together with the atom numbering scheme.

The BEDT-TTF donor molecule and the cyclic trimetallic Ag(I) complex are arranged in
an integrated arrangement above and below each other, which allows enhanced orbital overlap.
The acceptor molecules are attracted toward the sulfur atoms of the donor molecule, making a zig-
zag extended chain crystal packing motif for complex 8. There are several Ag 'S contacts less than
4.0 A above and below each of the donor molecule interacting with acceptor molecule, which are
shown in Figure S1 (d) of supporting information. The Ag-S interactions of 3.163(2) A, 3.303(2)
A, 3.320(2) A, 3.346(2) A, 3.357(2) A, 3.412(2) A, 3.513(2) A, 3.603(2) A, 3.751(2) A and
3.819(2) A are were below the attractive d-m contacts of 3.750 A. Calculated centroids of donor
and acceptor molecules interacting to each other are depicted in Figure S1 (b) of supporting

information for illustration purposes.
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The complex 8 forms infinite zig-zag extended chain of the donor-acceptor stack as shown
in Figure S1 (c¢) of supporting information. The orientation of the BEDT-TTF molecules are in
two different crystallographic axes where the next neighboring BEDT-TTF molecules in the stacks
are always nearly perpendicular to each other throughout the extended structures as shown in

Figure S1 (c) of supporting information.

Spectroscopic Studies

A. Nuclear Magnetic Resonance (NMR). The behavior of binary adduct 1 in solution was
investigated by NMR chemical shift measurements and '°F,'H HOESY NMR, taking advantage
from the presence of highly sensitive 'H and '°F nuclei in the interacting moieties. "’F,'H HOESY
NMR experiments®! allow the spatial arrangement of the interacting moieties in solution to be
directly determined. "°F,"H HOESY NMR has been already successfully applied to investigate the

32 jonic liquids,®® frustrated Lewis pairs,>* host-guest

intermolecular structure of ion pairs,
assembly,® and of supramolecular adducts held together by acid-base interaction,*® hydrogen

bonding,?” and halogen bonding?® interactions.

The room temperature '"H NMR spectrum of a freshly prepared saturated solution of 1 in CD2Cl>
(ca. 8 mM) consists of a broad resonance at ou = 7.16 ppm and a sharper one at éu = 6.99 ppm.
The latter is assigned to H4 protons of [Cu(p-3,5(CF3)2pz)]3, owing to the presence of its strong
NOE contact with CF3 groups [8r(CF3) = -60.95 ppm] in the '°F,'H HOESY NMR spectrum; the
resonance at 7.16 ppm is assigned to the aromatic protons of DBTTF. A comparison with NMR
chemical shifts of pure [Cu(u-3,5(CF3)2pz)]3 indicates that both H4 and CFs moieties are

significantly shifted {on(H4)=7.071 ppm and 6r(CF3) =-61.04 ppm in free [Cu(p-3,5(CF3)2pz)]s,
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respectively}, supporting the presence of a certain amount of 1 in solution in equilibrium with free
[Cu(p-3,5(CF3)2pz)]s and DBTTF. Consistently, the broad resonance due to the aromatic protons
of DBTTF is also shifted with respect to those of pure DBTTF [du(Ha) = 7.29 ppm, du(Hb) =7.15
ppm]. However, no intermolecular cross peaks were detected in the '°F,'"H HOESY NMR spectra,
acquired under different experimental conditions. This can due to the fast relaxation of aromatic
protons of DBTTF or to the fact that the amount of 1 in solution is rather small. For these reasons,
adduct 1 was studied in cyclohexane, a solvent more inert and with a substantially lower polarity
than methylene chloride, where the formation of 1 intermolecular adducts was expected to be
favored. This was indeed the case. Adding increasing amounts of solid [Cu(pu-3,5(CF3)2pz)]s to a
0.8 mM solution of DBTTF in CeD12 resulted in the progressive shift of DBTTF 'H NMR
resonances toward lower frequencies (Figure 6); the resonance due to Ha protons is more affected
than that due to Hb protons (as observed in CD2Cl2). Clearly, both the 'H and '°F NMR resonances
of [Cu(pu-3,5(CF3)2pz)]3 gradually shift toward that of free [Cu(p-3,5(CF3)2pz)]3 as its relative
concentration increases (Figure 6). Qualitatively, these observations confirm the formation of 1
in solution and indicate that 1 equilibrates with free components at a rate that is fast on the chemical
shift NMR time scale, i.e. the observed chemical shifts are weight-averages of those corresponding
to 1 and its components. Although full quantitative analysis by chemical shift titration methods is
hampered by the precipitation of 1 as the concentration of [Cu(p-3,5(CF3)2pz)]3 increases (Figure
6, spectra f and g), an estimate of the equilibrium association constant (Kassoc) can be obtained by
analyzing the data in the low concentration regime, where the system remains fully soluble. Kassoc
was estimated by applying the method described by Dougherty*® under the assumptions that 7) the
limiting "’F NMR chemical shift of [Cu(p-3,5(CF3)2pz)]3 unit in adduct 1 is similar to that

experimentally observed for the solution with the highest DBTTF/Cu molar ratio
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(0.8mM/0.08mM, Figure 6 spectrum b) and i7) DBTTF and [Cu(p-3,5(CF3)2pz)]s form a 1:1
adduct. It was found that Kassoc amounts to: 7.9x10° M!, 7.0x10°* M™! and 7.0x10? M"! for solutions
containing 0.27 mM, 0.44 mM and 0.62 mM of [Cu(p-3,5(CF3)2pz)]3, respectively, at constant
DBTTF analytical concentration (0.8 mM) (Figure 6, spectra ¢, d and e). Such values are
reasonable and consistent with those determined for neutral species in C¢D12 that associate through

weak forces.*
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Figure 6. Sections of the 'H (left) and '°F (right) NMR spectra recorded after consecutive additions

of solid [Cu(p-3,5(CF3)2pz)]3 to a 0.8 mM solution of DBTTF in CsD1o.
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The supramolecular structure of 1 in solution was determined by 1D 'H,"F HOESY NMR
measurements.*'*The latter were carried out at 333 K for a solution containing an excess of DBTTF
{DBTTF = 7.8 mM, [Cu(u-3,5(CF3)2pz)]3 = 3.00 mM} in order to maximize the amount of 1 in
solution. As shown in Figure 7, intermolecular NOEs are observed between the CF3 moiety of
[Cu(u-3,5(CF3)2pz)]3 and aromatic protons of DBTTF, directly confirming the presence of adduct
1 in solution. Integration indicates that CF3-Ha HOE contact is about 2.44 times stronger than the
corresponding CF3-Hb one. Since the NOE intensity in proportional to the six-inverse power of
internuclear distance,*'® the average CF3-Hp intermolecular distance in solution is about 1.16 times
longer than the average CF3-Ha intermolecular distance. In nice agreement, the average CF3-Hb
and CF3-Ha distances computed from the solid-state structure of 1 (Figure 1a) are 5.27 A and 4.46
A, respectively, whose ratio is 1.18. Consequently, it appears that the preferred relative orientation

in solution of the two interacting moieties of adduct 1 must be very similar to that observed in the

Hb
8 intramolecular
Ha HOE
S S y
s D =H=4é

solid state.

TH NMR

intermolecular HOEs

1D "H,"F HOESY \

1H 7.2 7.1 7.0 6.9 6.8 6.7 ppm
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Figure 7. 'H (top) and 1D 'H, ’F HOESY (bottom) NMR spectra of a solution containing DBTTF
(7.8 mM) and [Cu(u-3,5(CF3)2pz)]3 (3.00 mM) (333 K, C¢D12), showing that intermolecular CF3-

Ha contact is stronger than CF3-Hb one.

B. Fourier Transfer Infrared (FTIR). Vibrational spectroscopic study for the solid samples of
the charge transfer complexes has performed and the representative mid-IR spectra for {Cu[p-
3,5(CF3)2pz]}3 acceptor complex, charge transfer complex {Cu[p-3,5(CF3)2pz]sDBTTF} and

DBTTF donor molecule are shown in Figure S2 of supporting information.

All the results are summarized in Table S1 that contain the C4-H mid- IR stretching
frequencies in acceptors and C=C-H Mid-IR stretching frequencies in donors. Overall, the C4-H
Mid-IR stretching frequencies in acceptors slightly decrease while C=C-H mid- IR stretching
frequencies in donors remain the same or slightly increase as the indication of the formation of

charge transfer complexes.

C. UV-Vis-NIR Absorption and Diffuse Reflectance (DR) Studies. The most promising evidence
to validate the formation of the charge transfer complexes described herein, comes from the
physical color associated with them and the formation of colored solutions and solids such as:
yellow (binary donor-acceptor adducts 1-6), and bright orange (binary donor-acceptor adducts 7-
9) upon mixing the colorless acceptor molecules - cyclic trimetallic coinage metal(I) complexes
[Cu(u-3,5-(CF3)2pz)]3, [Ag(p-3,5-(CF3)2pz)]s, and [Au(u-3,5-(CF3)2pz)]3 with pale yellow (TTF
and DBTTF) and orange (BEDT-TTF) organic donor molecules accompanied our findings herein.

Further investigations by solution and solid-state electronic absorption studies supplements these
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results. Relevant absorption data of dichloromethane solutions and the solid sample of the binary

donor-acceptor adducts are illustrated in Figures 8,S3-S10 and in Table S2.
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Figure 8. Electronic spectral data for (a) solid sample of charge transfer binary donor-acceptor
adduct, {[Ag(u-3,5-(CF3)2pz)]sDBTTF}, 2, (b) 1 mM dichloromethane solution of {[Ag(u-3,5-
(CF3)2pz)[sDBTTF}, 2, (¢) 1 mM dichloromethane solution of donor (DBTTF) alone, and (d) 1

mM dichloromethane solution of acceptor [Ag(u-3,5-(CF3)2pz)]s alone.

The representative electronic spectral data as shown in Figure 8 compares the absorption
spectra of 1 mM dichloromethane solutions of the [Ag(u-3,5-(CF3)2pz)]3 acceptor alone, DBTTF
donor alone, the charge transfer binary donor-acceptor adduct {[Ag(u-3,5-(CF3)2pz)]3DBTTF}, 2
and its solid-state diffuse reflectance spectral data. The electronic spectrum shown in Figure 8 (b)

for the 1 mM dichloromethane solution of binary donor-acceptor adduct 2 reveals strong
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absorption bands that extend the spectroscopic response towards longer wavelength if compared
with the electronic spectrum (¢) for the DBTTF donor alone and the electronic spectrum (d) for
[Ag(u-3,5-(CF3)2pz)]3 acceptor alone. The distinct absorption shoulder that can be seen in the
electronic spectrum (b) centered at ~650 nm is most probably due to the strong donor-acceptor
charge transfer (DACT) interactions between the DBTTF donor and [Ag(u-3.,5-(CF3)2pz)]3
acceptor molecules. The diffuse reflectance data reveals the strong absorption tendency of charge
transfer binary donor-acceptor adduct, 2, in the solid state and is readily seen as the dominant
absorption band as demonstrated in the spectrum (a). The electronic absorption spectra shown in
Figures S3 and S4 for charge transfer binary donor-acceptor adducts 1 and 3, respectively, also
have similar electronic absorption profile to that for 2 discussed herein. Likewise, the electronic
absorption spectral data for binary donor-acceptor adducts {[Cu(u-3,5-(CF3)2pz)|sTTF}, 4,
{[Ag(u-3,5-(CF3)2pz)[sTTF}, 5, and {[Au(u-3,5-(CF3)2pz)|3TTF}, 6 are shown in Figures S5-S7
that extend the spectroscopic response towards longer wavelength when compared with the
electronic spectra for TTF-donor and acceptors alone. Additionally, Figures S8-S10 compare the
electronic absorption spectra of solutions and solid sample of {[Cu(u-3,5-(CF3)2pz)sBEDT-TTF},
7, {[Ag(u-3,5-(CF3)pz)[sBEDT-TTF}, 8, and {[Au(u-3,5-(CF3)2pz)]3BEDT-TTF}, 9 with the
respective acceptor alone and with the BEDT-TTF donor alone, showing that the absorption
towards longer wavelength, as the indication of the DACT interactions, exist between the donor

(BEDT-TTF) and the acceptor molecules.

Lastly, the solids and the solutions of the charge transfer binary donor-acceptor adducts
described herein, do not display any visible photoluminescence emission at both room as well as
cryogenic temperatures, even though the cyclic trinuclear monovalent coinage metal complexes of

pyrazolate and imidazolate including [Cu(u-3,5-(CF3)2pz)]3 and [Au(u-3,5-(CF3)2pz)]s are well-
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known complexes for their brightly phosphorescent properties.!> #? This is not surprising, since
the luminescence of azolated cyclic trimetallic complexes of monovalent coinage metals is often
related to the metallophilic interactions, which have been disrupted in the charge transfer

complexes.'*

D. Computational Studies. Three kinds of computations have been performed at different
sophistication levels of the molecular/supramolecular model and theory. First are qualitative
molecular DFT single-point computations at the crystallographic geometry for the donor/acceptor
model of donor-acceptor binary adduct 4 to show the Kohn-Sham contours of frontier orbitals.
Thus, Figure 9 shows that the four highest occupied molecular orbitals (HOMO through HOMO-
3) have the electron density localized on the TTF molecule, bearing out its donor character. In
stark contrast, the four lowest unoccupied molecular orbitals (LUMO through LUMO-3) have the
electron density localized on the {[Cu(u-3,5-(CF3)2pz)]s molecule, bearing out its acceptor
character. Calculations were also performed for the cation and anion to ascertain that the singly
occupied molecular orbital (SOMO) remains characteristic of the donor and acceptor molecule,

respectively, hence safeguarding against Koopmans’ Theorem considerations.
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Figure 9. Kohn-Sham orbital contours of the frontier orbitals for compound 4 at its

crystallographic geometry according to B3ALYP/LANL2DZ calculations.

The second set of calculations aimed to predict the donor-acceptor optimized structure of
donor-acceptor binary adduct 3, giving rise to a reasonably good accuracy for a supramolecular
interaction, as illustrated in Table 3 and Figure S12. The TPSS/Def2-TZVP-D3 calculations have
performed well because this level of theory including Grimme correlation,? which is suitable to
describe dispersion forces that govern the donor-acceptor supramolecular interaction in {[Au(u-
3,5-(CF3)2pz)3DBTTF so as to give results in excellent agreement with the experimental structure.
The optimized molecular structure of {[Au(u-3,5-(CF3)2pz)[sDBTTF} complex is shown in
Figure S12 while Table 3 lists the relevant bond lengths; the short donor-acceptor contacts
demonstrate good correlation with the experimental results in terms of separation between the

donor and acceptor molecules in the donor-acceptor integrated stacks.
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Table 3. Calculated bond lengths (A) for {[Au(u-3,5-(CF3)2pz)]sDBTTF}, 3, optimized with the
TPSS/Def2-TZVP-D3. The bonds represented are the average intramolecular AuAu aurophilic
distance in the acceptor molecule, the two AuC intermolecular distances between the acceptor

and donor molecules, and the intramolecular C-S bond distance in the donor molecule.

{[Au(u-3,5-(CF3)2pz)]3DBTTF}, 3
TPSS/Def2-TZVP-D3 Experimental
AuAu 3.405 3.339(2)
Au-C 3.793 3.698(2)
AuC 3.660 3.698(2)
C-S 1.764 1.754(3)
1.753 1.754(3)

The third set of calculations utilized the extended Hiickel tight binding (EHTB) method on
the entire crystal structure of the integrated stacks of the charge transfer complexes 3, 4, and 5.
The calculations for the solid-state crystal structures reveal their electronic structure and
consequent conducting properties of binary donor-acceptor adducts of cyclic trimetallic coinage
metal(I) complexes with organic ligand donors. The donor-acceptor extended chains in the solid

state of these complexes are predicted to exhibit conducting behavior with a large contribution
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from © and ©* bands of TTF and DBTTF to the valence and conduction bands. Figure 10A shows
a plot of the total EHTB density of states (DOS) for {[Au(u-3,5-(CF3)2pz)]sDBTTF}, 3, giving
rise to a Fermi level located at -9.50 eV. Also, the band gap zone seems to be continuous with the
Fermi level crossing it. Therefore, {[Au(u-3,5-(CF3)2pz)]3DBTTF}, 3, can be predicted as metallic
material according to the EHTB calculations. Previous work® on other binary donor-acceptor
materials done by some of the authors, however, has suggested that this is an overestimated Fermi
level as other more advanced methods suggested a semiconducting character, instead a metallic.
Our goal herein is to use the qualitative EHTB method simply to demonstrate the band structure
distinction from molecular description as pertains to the electronic structure of these materials. For
this purpose, the data shown in Figures 10A-C demonstrate an unmistakable character for the
former band structure description (high DOS) instead of the latter molecular orbital description
(discrete MO levels). In addition, Figure 10 shows the total DOS and the DOS projections for
gold and DBTTF contribution in the material {[Au(u-3,5-(CF3)2pz)[sDBTTF}, 3, along with Au
and DBTTF with a large delocalization in the valence-conduction band structures, thus indicating
the role of the fragment {[Au(u-3,5-(CF3)2pz)]s as acceptor, and DBTTF as a donor ligand. In
Figure 10B, we plot different projections: Au projection (middle), and DBTTF (right). The
projections in shaded region, display the results for {[Au(u-3,5-(CF3)2pz)[sDBTTF}, 3, in the
valence band containing the Fermi level (left). Figures 10A-C show that the filled n-orbitals of
the organic ligand pyrazolate lies below both the Au(I) d-orbitals and the DBTTF n-orbitals in the
BV zone. The differences of n/n” alone are lying at high energy according to the sulfur parameters.
Also, a large dispersion of organic ligand was observed (right side in Figure 10) demonstrating

the good donor — acceptor interaction character of this material.
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Similarly, calculations for the solid-state crystal structures of the charge transfer complexes
{[Cu(u-3,5-(CF3)2pz)3TTF}, 4, and {[Ag(u-3,5-(CF3)2pz)|3TTF}, 5, were also performed with
the extended Hiickel tight binding (EHTB) methods to study their electronic band structure and

consequent properties by analyzing the contribution of the metal in the ligand in the band structure.

Under EHTB calculations, both compounds present large metallic behavior (see the band
continuity in the region croosed by the Fermi level (high electronic level) as shown in Figures
10B and 10C). We observe then, the core metal projections contribution for Cu and Ag metals
mixing with a large part of the organic ligand in the conduction band are different (see middle of
Figures 10B and 10C). Copper has greater influence on the band gap than silver has. Also, the
lowest unoccupied bands are localized preferentially on the TTF (n*) ligand in silver complexes
displaying a larger acceptor-donor interactions vs the copper material (see the large band
dispersion in the third box of Figures 10B and 10C). Therefore, the analysis of DOS for the charge
transfer complexes 3, 4 and 5 shows a different contribution of the organic ligand and different
DOS of materials in the band valence zone which presents different band structure and predicts
that the three binary complexes show a metallic behavior that may be used in electronic devices

related to such interesting electronic properties.
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Figure 10. DOS plots for the crystal structure of 3 (top/A), 4 (middle/B) and 5 (bottom/C) showing
the total DOS (left), the contribution of the acceptor molecule’s metal core (shaded middle) and

TTF/DBTTF donor molecule (shaded right). The dotted line corresponds to the Fermi level.
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SUMMARY AND CONCLUSIONS

The comprehensive, both experimental and theoretical investigations of monovalent coinage
metal-based donor-acceptor integrated stack as conducting functional materials are reported. The
charge transfer complexes {[Cu(u-3,5-(CF3)2pz)|3DBTTF}, 1, {[Ag(un-3,5-(CF3)2pz)]sDBTTF},
2,  {[Au(p-3,5-(CF3)2pz)|3DBTTF}, 3, {[Cu(u-3,5-(CF3)pz)]3TTF}, 4, {[Ag(un-3,5-
(CF3)2pz)]sTTF}, 5, {[Au(un-3,5-(CF3)2pz)[sTTF}, 6, {[Cu-(u-3,5-(CF3)2pz)]3BEDT-TTF}, 7,
{[Ag(n-3,5-(CF3)2pz)[sBEDT-TTF}, 8, and {[Au-(n-3,5-(CF3)2pz)|sBEDT-TTF}, 9 are prepared
by reacting monovalent coinage metal complexes {[Cu(pu-3,5-(CF3)2pz)]s, {[Ag(un-3,5-
(CF3)2pz)]3, and {[Au(p-3,5-(CF3)2pz)]3 with organic donor molecules. Their solid-state single
crystal structural properties and supramolecular chemistry have been analyzed toward their
potential use in the molecular electronic devices. These materials exhibit properties such as close
packing that maximizes the intermolecular overlap of the donor and acceptor units as the building
blocks to form integrated stacks mediated by the d-m interactions. It is reasonable to assume that
these binary donor-acceptor adducts form after a first m-n acid base interaction, leading to tight
adducts depending on the acid base properties of both the acceptor trimer as well as the organic
donor. Then, the fact we have 1 : 1 or 1 : 2 compounds is an issue related to this aspect, a kind of
valence of the trimer based on its acid or basic strength. By the way, the NMR solution studies on
adduct 5 support the fact that the formation of a 1 : 1 A/D adduct in solution may represent the
first step of the reaction. As for the nature of the bonding in the binary, despite the fact that the
DBTTF molecule exhibits stronger donor properties than TTF molecule, theoretical studies predict
that the charge transfer complexes containing TTF and its derivatives are metallic. Hence, in TTF
adducts with the cyclotrimers herein, we have likely metallic bonds leading us to unravel another

important issue about the study of the nature of the chemical bonding for this class of
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donor/acceptor binary adducts. The experimental and theoretical studies are underway in our labs
for further investigation of the conducting properties and screening studies toward optoelectronic

device fabrication*?® and/or photocatalysis use.
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Binary donor-acceptor adducts obtained by the reaction of m-acidic trinuclear coinage metal

cyclic compounds with electron-donating organic compounds (tetrathiafulvalene derivatives)

have been found to exhibit remarkable supramolecular structures in both the solid state and

solution. The detailed experimental and theoretical characterization of the adducts provide

insights on the nature of the donor/acceptor supramolecular bonding interactions and give rise

to remarkable magneto-opto-electronic properties, establishing the basis for future potential

applications in molecular electronic devices.
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