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Three new Cu(I) complexes containing bidentate N~N donor ligands with the general formula
[Cu(N~N),][PFs] (NN = 2,3-diphenyl-6,7-di-p-tolyl-1,4,5,8-tetraazaphenanthrene (L'), 2,3-diphenyl-
6,7-di(2-thienyl)-1,4,5,8-tetraazaphenanthrene (L2), and 2,3-diphenyl-6,7-di-p-fluorophenyl-1,4,5,8-tet-
raazaphenanthrene (L), were prepared by the reaction of [Cu(CH3CN)4][PFs] with two equivalents of
the N”N ligand. Single-crystal X-ray diffraction analysis confirmed that in each complex the metal dis-
plays a distorted tetrahedral geometry surrounded by the four N atoms of the two sterically hindered
substituted tetraazaphenanthrene (TAP) ligands. Density functional theory (DFT) and time-dependent
density functional theory (TD-DFT), calculations were used to study the ground state properties and
interpret the absorption spectra for these Cu(I) complexes. The calculations show that the lowest-energy
excitations of all complexes are dominated by dn(Cu) — 7*(L), metal-to-ligand charge transfer, (MLCT)
excitations. Electronic difference density maps (EDDMs) were calculated, indicating the change of elec-
tron density in the singlet excited states. The degree of filling of the coordination sphere (G parameter)
by the ligands was calculated taking into account the ligand-ligand overlap, and compared to the related
bis(2,9-disubstituted phenanthroline) Cu(I) complexes.
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1. Introduction

There has been much interest over the past two decades in
emissive coordination complexes of the transition metal elements
with a focus on their applications as photosensitizers in solar-
energy conversion [1,2], in display devices [3], in phototherapy
[4], as photo-catalysts [5], and as dopants to increase the efficiency
of organic light emitting diodes (OLED) [6-8]. In this regard, first
row transition metal complexes are potentially useful, being con-
sidered inexpensive, being less toxic, displaying a greater ease of
synthesis, and are more abundant when compared to the third-
row noble metal complexes. In particular, copper(l) diimine com-
plexes have been considered as potential substitutes for ruthe-
nium(Il) and osmium(Il) systems. Pioneering work toward
elucidation of the unique photophysical and photochemical
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properties of [Cu'(N*N),]" complexes has been reported by McMil-
lin and co-workers over the last 35 years [9-15]. Owing to the sig-
nificant similarities in absorption spectra and photophysical
behavior there have been recent attempt to replace Ru(ll) with
Cu(l) diimine complexes in dye-sensitized solar cells (DSSCs)
[16-20]. However, the efficiencies and stabilities of the devices
based on [Cu'(N~N),]* dyes, to date, are still inferior when com-
pared to those of the Ru(Il) dye-based solar cells because the MLCT
states of Cu(I) diimine complexes undergo pseudo Jahn-Teller dis-
tortions, with significant structural reorganization, that are sol-
vent-dependent and so the !MLCT state lifetime can be
influenced by the coordination geometry around Cu(l) center
[20]. It is well known that the coordination chemistry of Cu(I) com-
plexes is largely dependent on the electronic and steric effects of
the coordinated ligands. In this context, ligands that can impose
a tetrahedral or a pseudo-tetrahedral geometry on Cu(l) ions are
interesting for a variety of reasons. This includes complexes that
act as models for mononuclear Cu proteins [21], and as labile com-
plexes in the general study of the structure-property relationships
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of transition metal complexes [22]. Because of the different geom-
etries adopted by Cu(I) and Cu(Il) complexes, their inter-conver-
sion is accompanied by a pronounced structural change [21].
Moreover, the coordination geometry of these Cu complexes
depends on the oxidation state of the Cu center. The Cu(I) (3d'°)
complexes in the ground state have a tetrahedral (or near tetrahe-
dral) coordination geometry, whereas the Cu(Il) (3d°) complexes in
the MLCT excited state created upon photo-excitation prefer a
more flattened tetrahedral (toward square planar) geometry with
increased affinity for solvent ligation [23-25]. In this respect,
Cu(I) complexes that contain heterocyclic diimine ligands have
received more attention than other nitrogen-donor systems during
the past few decades. However, studies of Cu(I) complexes with
substituted 1,4,5,8-tetraazaphenanthrene (TAP) ligands, which
show enhanced oxidizing properties compared to their phenan-
throline counterparts are rare [26]. To date, there are only a few
reports about the synthesis, characterization and properties of
Cu(I)-tetraazaphenanthrene complexes [26-28]. In order to exploit
the spectroscopic and structural properties of Cu(I) 1,4,5,8-tetraaz-
aphenanthrene-based complexes, we report the synthesis and full
characterization of three new Cu(I) complexes of the unsymmetri-
cal 2,3,6,7-substituted-1,4,5,8-tetraazaphenanthrene ligands. To
the best of our knowledge [29,30], this is the first report on synthe-
sis, characterization, crystal structures, and computational studies
of unsymmetrical tetraazaphenanthrene Cu(I) complexes.

2. Experimental
2.1. Materials, methods and instrumentation

All reagents were purchased from Aldrich and used as received.
All solvents were reagent grade and purified by standard tech-
niques where required. Commercially available [Cu(CH3CN)4][PFs]
was used as received. The 2,3,6,7-substituted-1,4,5,8-tetraazaphe-
nanthrene ligands (Scheme 1) were synthesized based on the liter-
ature method [28]. Infrared spectra in the region of 4000-400 cm !
were recorded in KBr discs with a Bruker IFD 25 FT-IR spectropho-
tometer. Mass spectra were recorded on a Varian MS-500, Electro-
Spray lonization Mass Spectrometry (ESI-MS). Electronic absorp-
tion spectra in dichloromethane solutions were measured with a
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Fig. 1. Absorption spectrum of 1 (1.35 x 107> M, black) and 2 (2.61 x 107> M, red)
in dichloromethane (the inset shows the low energy region). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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CARY 5E spectrophotometer. The 'H NMR spectra were recorded
using Agilent Oxford 400 MHz spectrometer in CDCl; with tetra-
methylsilane (TMS) as an internal standard. The preparation of
all the Cu(I) complexes (Scheme 1) has been achieved using litera-
ture methods [31]. Because of the insolubility of complex 3 in com-
mon organic solvents only CHN, IR, ESI-Mass and crystal structure
data are reported in the experimental section.

2.2. Synthesis of [Cu(L'),]PFg (1)

[Cu(CH3CN)4][PFs] (0.08 g, 0.25 mmol) was dissolved in 20 mL
of dichloromethane in a 50 mL round bottom flask under an argon
atmosphere. Then, 10 mL of a solution containing 0.26 g (0.5 mmol,
2 equiv.) of 2,3-diphenyl-6,7-di-p-tolyl-1,4,5,8-tetraazaphenanth-
rene (L') was added. The mixture was left to stir at room temper-
ature for 1 h, after that time the total volume reduced to ca. 10 mL
and 10 mL of methanol was added. By slow evaporation of the
solution, suitable dark-red blocked shape single crystals for X-ray
diffraction were obtained. Elemental analyses, Calc. : C, 69.87; H,
4.23; N, 9.05. Found: 69.80; H, 4.19; N, 9.12%. ESI-MS (m/
z)=1091 [M-PFs]". IR (cm™!): 1608w, 1563w, 1527w, 1512w,
1470w, 1442w, 1369vs, 1254s, 1227s, 1186s, 1108s, 836vs, 699s,
557s; 'H NMR (400 MHz, CDCls, r.t.) 8.49 (br. s, Hg10), 7.26-7.45
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Scheme 1. The parent tetraazaphenanthrene core, 2,3,6,7-substituted tetraazaphenanthrene ligands and their related Cu(I) complex.
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Table 1
Crystal data and refinement parameters of complexes 1-3.

Complex 1 2 3

Empirical formula C7Hs5,CuFgNgP CeoH36CuFgNgPS, CggH40CuF;oNgP

Formula mass 1237.73 1205.72 1253.59

Crystal size (mm) 0.10 x 0.15 x 0.25 0.04 x 0.08 x 0.15 0.10 x 0.18 x 0.35

Colour dark-red dark-red dark-red

Crystal system triclinic triclinic triclinic

Space group P1 P1 P1

Omax (°) 26 72.50 72.50

a(A) 12.7941(4) 12.4680(4) 11.1088(4)

b (A) 16.0106(5) 13.3364(4) 15.1156(5)

c(A) 16.0151(5) 17.4525(5) 18.2193(6)

o (°) 65.127(3) 105.236(3) 105.045(3)

B(°) 83.633(2) 99.745(3) 99.568(3)

y () 85.192(3) 106.481(3) 104.833(3)

V(A% 2955.38(5) 2590.02(14) 2765.87(16)

VA 2 2 2

Dearc (Mg m—3) 1.391 1.546 1.505

u (mm~1) 0.468 3.013 1.58

F(000) 1276 1228 1276

Index ranges —-15<h<15 —-15<hg15 —13<h<13
-17<k<19 -16<k<16 -18<k<18
-17<1<19 -20<1<21 -22<1<22

No. of measured reflections 22571 29380 17841

No. of independent reflections/R;n¢ 11535/0.0232 10140/0.033 17841/0.042

No. of observed reflections I > 2a(I) 10040 10140 10140

No. of parameters 795 724 794

Goodness-of-fit (GOF) 1.029 1.035 1.035

R; (observed data) 0.0536 0.0399 0.0673

WR; (all data) 0.01381 0.109 0.1846

(m, Ho o), 6.88-7.11 (m, Hp ), 6.31-6.73 (m, Hin v ), 2.34 (s, -CH3),
1.98 (s, —CH3); UV-Vis (imax, NM; &): 275 (71660), 387 (56600),
490 (3990), and 511 (shoulder).

2.3. Synthesis of [Cu(L?),]PFs (2)

Complex 2 was prepared with the same manner for 1 except
that 0.25¢g (0.5 mmol, 2 equiv.) of 2,3-diphenyl-6,7-di-(2-thie-
nyl)-1,4,5,8-tetraazaphenanthrene (L?) was used. Elemental analy-
ses, Calc.: C, 59.77; H, 3.01; N, 9.29. Found: C, 59.68; H, 2.98; N,
9.18%. ESI-MS (m/z)=1060 [M-PFg]*. IR (cm™!): 1564w, 1522m,
1442w, 1416m, 1371s, 1250m, 1231m, 1099s, 836vs, 699s,
609m, 557s; 'H NMR (400 MHz, CDCls, r.t.) 8.43-8.52 (dd, Hg 10),
7.26-7.56 (m, Hyy & Hyy), 6.77-7.04 (m, H,y & Hco), 6.51-6.62
(m, Hpm & Huy); UV-Vis (Amax, Nm; &): 276 (48275), 293
(50421), 405 (51340), and 511 (4904, shoulder).

Table 2
Selected bond lengths and angles.

Complex 1

Cu(1)-N(1) 2.027(2) N(1)-Cu(1)-N(2) 82.92(8)

Cu(1)-N(2) 2.111(2) N(3)-Cu(1)-N(4) 82.43(8)

Cu(1)-N(3) 2.002(2) N(3)-Cu(1)-N(1) 147.91(9)

Cu(1)-N(4) 2.165(2) N(3)-Cu(1)-N(2) 119.65(8)
N(1)-Cu(1)-N(4) 120.40(8)
N(2)-Cu(1)-N(4) 95.15(8)

Complex 2

Cu(1)-N(1) 2.0476(17) N(1)-Cu(1)-N(2) 82.51(7)

Cu(1)-N(2) 2.0510(17) N(3)-Cu(1)-N(4) 84.40(7)

Cu(1)-N(3) 2.0875(18) N(3)-Cu(1)-N(1) 122.16(7)

Cu(1)-N(4) 2.0149(17) N(3)-Cu(1)-N(2) 101.56(7)
N(1)-Cu(1)-N(4) 135.62(7)
N(2)-Cu(1)-N(4) 130.03(7)

Complex 3

Cu(1)-N(1) 2.055(2) N(1)-Cu(1)-N(2) 82.98(9)

Cu(1)-N(2) 2.045(2) N(3)-Cu(1)-N(4) 83.77(9)

Cu(1)-N(3) 2.065(2) N(3)-Cu(1)-N(1) 107.71(9)

Cu(1)-N(4) 2.030(2) N(3)-Cu(1)-N(2) 131.67(9)
N(1)-Cu(1)-N(4) 132.5(10)
N(2)-Cu(1)-N(4) 123.85(9)

2.4. Synthesis of [Cu(L?),]PFs (3)

Complex 3 was also prepared with the same procedure for 1
except that 0.26 g (0.5 mmol, 2 equiv.) of 2,3-diphenyl-6,7-di-p-
fluorophenyl-1,4,5,8-tetraazaphenanthrene (L3) was used. Elemen-
tal analyses, Calc.: C, 65.15; H, 3.22; N, 8.94. Found: C, 65.10; H,
3.15; N, 8.89%. ESI-MS (m/z) = 1107 [M-PFg]".

Table 3
Hydrogen bonding and C-H'*'w interactions parameters in complexes 1-3.

D-H.--A H.--A(A) D---A(A) D-H---A(°)
Complex 1 C(20)-H(20A) F(2)! 2.54 3.472(4) 166
C(50)-H(50A) F(3) 248 3.387(5) 159
C(21)-H(21A) "Cg(10)'  2.60 3.488(3) 157
C(21)-H(48A) Cg(11)i  2.71 3.450(3) 136
C(21)-H(72B) Cg(12) 2,57 3.434(3) 147
Complex 2 C(8)-H(8A) 'F(4) 2.50 3.135(3) 157
C(26)-H(26A) "N(7)" 2.52 3.396(3) 154
C(42)-H(42A) F(1) 245 3.346(3) 157
C(44)-H(44A) F(5) 245 3.360(3) 160
C(55)-H(55A) “F(5)" 2.50 3.081(3) 119
C(28)-H(28A) Cg(IV)  2.79 3.560(3) 139
C(30)-H(30A) Cg(IX)"I  2.93 3.596(3) 129
C(50)-H(50A) Cg(I1)" 2.74 3.647(3) 160
Complex 3  C(7)-H(7A) F(5)" 2.50 3.352(3) 149
C(8)-H(8A) - F(6)" 2.38 3.210(3) 146
C(15)-H(15A) “F(2)* 2.53 3.293(4) 137
C(34)-H(34A) F(8)* 239 3.327(4) 169
C(41)-H(41A) “F(7)" 2.50 3.219(4) 133
C(46)-H(46A) F(9) * 2.53 3.171(4) 125
C(46)-H(46A) "F(10)*  2.36 3.137(4) 139
C(59)-H(59A) “F(1) X 2.41 3.126(4) 132
C(68)-H(68A) F(8) 2.38 3.145(4) 138
C(14)-H(14A) Cg(G)¥  2.89 3.737(3) 150
C(48)-H(48A) Cg(Fyii  2.81 3.690(4) 154
C(62)-H(62A) Cg(A)  2.70 3.303(3) 122

Symmetry codes: (i) —1 +x,y,z; (ii) x,y,z; (iii) 1 —x, =y, —z; (iv)1 —=x,1 -y, —z; (V)
X, —1+y,z;(vi)1 —x,1—-y,1—z (vii)1 +x,y,z; (viii) 2 = x,1 —y,1 — z; (iX) -1 + X,
“1+y,z; (x)1+x,y,z; (xi)1 —x, -y, 1 —z; (xii) 2 —x, 1 —y, 1 — z; (xiii) 2 — x, -y,
-z
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Table 4
The intra- and intermolecular 77 interactions in complexes 1-3.

Complex T

d (m-m) (A)
1 cg' ¥ 3.5661(16)
cg®Cgti 3.6866(15)
Cg> g 3.8641(18)
Cg> Cgb 3.6159(16)
Cg’Cbi 3.8136(14)
CgCgP 3.6865(15)
CgCgi 3.6481(18)
Cg*Ce? 3.6453(17)
g5 Cg® 3.6050(15)
2 Cg'Ca 3.5533(13)
cg"CgVi 3.5391(13)
cgVcg'v 3.7080(13)
cgV--cglt 3.6766(13)
CgV"["'Cg”i 3.6138(13)
5 et CgP 3.822(2)
.. .Cg® 3.5692(2)
e ¥ 3.603(2)
cg'.. .Cg 3.796(2)

Symmetry codes: (i) x,y,z; (i) 1 —x,1 -y, —y; (iii) 1 —x, =y, 1 —z; (iv) 1 —x,1 -y,
1-2z; For 1, Cgl=Cul/N1/C4/C5/N2; Cg2=C59-C64; Cg3=N1/N5/C1-C4;
Cg4 = C3-C8; Cg5=N3/N7/C37-C40; Cgb =(23-C28; Cg7 = N4/N8/C41/C42/C45/
C46; Cg = C39-C44; For 2, Cgl = Cul/N1/N2/C4/C5; Cgll = C41-C46; Cglll = Cul/N3/
N4/C34/C35;  CglV=S1/C23-C26; (CgV=S2/C27-C30; CgVI=N1/N5/C1-C4;
CgVII = N2/N6/C5/C6/C9/C10; CgVIIl=C3-C8; For 3, CgA=Cul/N1/N2/C4/C5;
CgB = C45-C50; CgC=Cul/N4/N5/C38/C39; CgD =C11-C16; CgE=N1/N6/C1-C4;
CgF = N4/C35-C38.

2.5. Crystal structure analysis

Single crystals of 1 and 2 suitable for X-ray diffraction analysis,
were grown by slow evaporation of the solutions of the complexes
dissolved in a mixture (1/1) of dichloromethane and ethanol. In

case of complex 3, the suitable single crystals were obtained
directly from the reaction mixture by addition of ethanol to the
dichloromethane solution by slow evaporation. X-ray intensity
data were collected using the full sphere routine by ¢ and ® scans
strategy on the Agilent SuperNova dual wavelength CCD diffrac-
tometer with graphite monochromated Mo Ko radiation
(4=0.71073 A) for 1 and Cu Ko radiation (2=1.54184A) for 2
and 3. For all data collections the crystals were cooled to 100 K
using an Oxford Diffraction Cryojet low-temperature attachment.
The data reduction, including an empirical absorption correction
using spherical harmonics, implemented in SCALE3 ABSPACK scal-
ing algorithm [32], was performed using the CrysAlisPro software
package [33]. The crystal structures were solved by direct methods
using the online version of AuthoChem 2.0 in conjunction with
OLEX2 [34] suite of programs implemented in the CrysAlis software,
and refined by full-matrix least-squares (sHerx.-97) [35] on F2. The
non-hydrogen atoms were refined anisotropically. All of the hydro-
gen atoms were positioned geometrically in idealized positions
and refined with the riding model approximation, with Ujse(-
H) =1.2 or 1.5 Ueq(C). For the molecular graphics the program sHeL-
x1L [35] was used. The crystal structure of 1 showed some solvent
accessible voids (100 A%). The contribution to the diffraction pat-
tern of solvent molecules of crystallization in 1 could not be rigor-
ously included in the model, and these were consequently
removed with the SQUEEZE routine of pLatoN [36]. In complex 1,
the largest peak (2.27 e A~3) is located 0.87 A from atom P1. The
crystal of 3 was a non-merohedral twin with a refined BASF ratio
of 0.384(1)/0.616(1). All geometric calculations were carried out
using the PLATON software. The degree of filling of the coordination
sphere (G parameter) by the ligands in complexes 1-3 was calcu-
lated using the Solid-G program [37], in order to obtain more infor-
mation about the steric hindrance around metal atom, and

Fig. 2. The molecular structure of complex 1, with displacement ellipsoids at 50% probability and atom numbering scheme (the PFs anion was omitted for clarity).
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Fig. 3. The molecular structure of complex 2, with displacement ellipsoids at 50% probability and atom numbering scheme (the PFs anions were omitted for clarity).

compare to some 2,9-disubstituted phenanthroline-based Cu(I)
complexes.

3. Computational details

For the ground state electronic structure calculations the DFT
method with the Becke [38] three parameter hybrid functional
and Lee-Yang-Parr’s [39] gradient corrected correlation functional
(B3LYP) was used. The calculations were performed with the causs-
1aNO3 (GO03) [40] program. The Stuttgart-Dresden (SDD) [41,42]
basis set and effective core potential (ECP) were used for the Cu
atom and the 6-31G* (five pure d functions) basis sets were used
for all other atoms. Since solvent effects play an important role
in the electronic structure of the Cu complexes, the conductor-like
polarizable continuum model method (CPCM) [43-45] with
dichloromethane as solvent was used to calculate the electronic
structure and the excited states of the complex in solution. Time-
dependent density functional theory (TDDFT) [42,46] calculations
have provided excitation energies of the Cu complexes that agree
with experiments. From the singlet ground state, optimized in
the gas phase, 60 singlet excited states and the corresponding
oscillator strengths have been determined with a TDDFT calcula-
tion using caussiaNO3. The TDDFT calculation does not provide the
electronic structures of the excited states; however, the electronic
distribution and the localization of the singlet excited states may
be visualized using the electron density difference maps (EDDMs)
[47]. GaussSum 2.2 [48] was used for EDDMs calculations and for
the electronic spectrum simulation.

4. Results and discussion
4.1. Characterization

The homoleptic complexes 1-3 formed immediately after mix-
ing the solution of [Cu(CH3CN)4]|PFg and the corresponding ligands
L'-L3, which is evidenced by the color change of the reaction mix-
ture from colourless to dark-red. The complexes were found to be
air-stable in solution and in the solid state. The complexes were
characterized initially by Electro-Spray lonization Mass Spectrom-
etry (ESI-MS) in methanol. The experimental ESI-MS spectra of the
complexes with their simulated patterns are shown in the supple-
mentary material (Figs. S1-S3). In the case of complex 3, because of
insolubility, a suspension of the complex in methanol was injected
for ESI-MS. The observed molecular ion peaks were consistent with
the expected cationic complexes in 1-3 as given in the experimen-
tal section. The 'H NMR spectra of complexes 1 and 2 are shown in
the supplementary material (Figs. S4 and S5). The chemical shifts
(ppm) of the protons in the complexes are in good agreement to
the previously reported data for [Cu(tpTAP),]" and [Cu(dpp),]” in
which tpTAP and dpp stand for 2,3,6,7-tetraphenyl-1,4,5,8-tetraaz-
aphenanthrene and 2,9-diphenyl-1,10-phenanthroline, respec-
tively [27,49,50]. The IR spectra of complexes 1-3 (Figs. S6-S8),
recorded in the range 4000-400 cm~!, displayed two strong bands
at 836 and 557 cm ™! for both 1 and 2 and at 840 and 556 cm™! for
3 that can be attributed to the hexafluoridophosphate anion [51].
The electronic absorption spectra of complexes 1 and 2, recorded
in CH,Cl, solution in the range 250-600 nm (Fig. 1), have similar
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Fig. 4. The molecular structure of complex 3, with displacement ellipsoids at 50% probability and atom numbering scheme (the PFs anion was omitted for clarity).

Table 5
74 parameters and largest N—Cu—N bond angles for complexes 1-3.

[Cu(L"),]PFs

[Cu(L?),]PFq [Cu(L?)]PFs

Largest angles N(1)-Cu(1)-N(2)=147.91°
N(3)-Cu(1)-N(4) = 120.40°

T4 0.65

N(1)-Cu(1)-N(2) = 135.62° N(1)-Cu(1)-N(2) = 132.5°
N(3)-Cu(1)-N(4) = 122.16° N(3)-Cu(1)-N(4) = 131.67°
0.72 0.68

Table 6
Key geometric and steric parameters of complexes 1-3.

Complex Q (L)? G (Ligand)"% (Complex)“%

[Cu(L');]PFs 591 47.03 89.63
5.96 47.41

[Cu(L?),]PFs 6.15 48.94 93.00
6.10 48.53

[Cu(L3),]PFs 6.20 49.37 92.68
6.03 47.96

[Cu(2,9Me,Phen),]PFq 6.16 49.05 78.22
5.92 47.12

[Cu(2,9Phe,Phen), |PF; 5.96 47.43 90.42
5.92 47.07

[Cu(Me4Phe,Phen),]PF, 6.16 49.05 92.39
5.92 47.12

2 The solid angle of the ligand.
b The percentage of the sphere shielded by the ligand.
€ The G value for the complex, all ligands treated as one.

features with a main absorption peak at 388 and 405 nm, respec-
tively, that can be attributed to mixed metal-to-ligand charge
transfer (MLCT) and Tt — ©* transitions [52-54]. The higher energy
region is dominated by an intense UV band at 275 nm for 1 and 2
which is assigned to m — m* ligand-centered (LC) transitions. A
shoulder on the red side of the absorption maximum has been
assigned to low-lying MLCT transitions. The shoulder arises when
either static or dynamic flattening distortion induces D,y to D,
symmetry transformation as reported previously [55-57]. Accord-
ing to the previous theoretical calculations (DFT) [56], the MLCT
excited state flattening from the pseudo D,4 to D, symmetry effec-
tively splits the nearly degenerate Cu 3d,, and 3d,, HOMO orbitals.
These changes in 3d MO energy levels translate into an increased
energy splitting between the two observed 'MLCT transitions that
involve them, leading to a red-shift of the low-energy shoulder and
a blue-shift of the main MLCT absorption peak.



354 R. Kia et al./Inorganica Chimica Acta 423 (2014) 348-357

HOMO -3

Complex 3: HOMO -6

HOMO LUMO

Fig. 5. Selected frontier molecular orbitals of complexes 1-3.

4.2. X-ray crystal structures

Solid-state structural determination by single-crystal X-ray dif-
fraction was performed on complexes 1-3. The crystallographic
data and structural refinement parameters are summarized in
Table 1. Selected bond lengths and angles are listed in Table 2.
The details of intra- and intermolecular hydrogen bonding and
C-Hm interactions are listed in Table 3. Significant 77 interac-
tions are present in complexes 1-3 which are summarized in
Table 4. Block-shaped single crystals suitable for X-ray analysis
were grown by slow evaporation of CH,Cl,/CHs0H (1/1) solution.
In case of complex 3, the crystals were obtained directly by slow
evaporation of the reaction mixture after addition of methanol.
The crystal structures of complexes 1-3 are shown in Figs. 2-4.
Complexes 1-3 crystallize in space group P1 and display interest-
ing intramolecular 7w and C-H ' interactions between the
peripheral aromatic rings and tetraazaphenanthrene core which
affected the coordination geometry of the coordinated ligands
around Cu(l) center. This type of intramolecular 71 stacking
has also been observed in previously reported Cu(l) complexes
incorporating dimesitylbipyridine and dipyridiophenazine ligands
[58,59]. These interactions caused severe deviation from tetrahe-
dral geometry in complexes 1-3 and of course each complex also
has different intermolecular packing interactions as a result of
the nature of the substituents. For confirming the effect of these
intramolecular C-H ' and 7' interactions on geometry around
Cu(I) center, a quantitative approach to characterizing four-coordi-
nate geometries based on the 7, geometry index proposed by
Houser [60] was performed for complexes 1-3. This method uses
the equation 74={360° — (a + B)}/141°, where « and p are the
two largest angles in the four-coordinate geometry. The 74 value
of a perfect tetrahedron is 1.00 (largest angle of 109.5°), O for

square planar (largest angle of 180°), and 0.85 for a perfect trigonal
pyramidal (largest angle of 120°), and intermediate geometry fall
within the range of 0-1.00. The 7,4 value for typical Cu(l) bis-dii-
mine complexes such as [Cu(dmp),]|* and [Cu(6,6'-dimethylbipyri-
dine),]|" are around 0.75. N—Cu—N angles in these complexes range
from ~125° to around 85°, the latter being found in the five-mem-
bered chelate rings. In complexes 1-3 all 74 values are indicative of
distorted trigonal-pyramidal geometry which is summarized in
Table 5. The dihedral angle between the coordination planes
[N(1)—Cu(1)-N(2) and N(3)-Cu(1)-N(2)] in complex 1-3 is
79.79(7)°, 78.36(6)°, and 73.50(7)°, respectively. In supramolecular
chemistry, weak interactions such as C-H "'wt, 1, and hydrogen
bonding contribute significantly to the self-assembly and molecu-
lar recognition processes. For aromatic heterocycles, 7w 'm interac-
tions are commonly defined by the interplanar distances in the
range of 3.3-3.8 A[61]. Results of a search of the Cambridge Struc-
tural Database (CSD) [29] indicate that most 7 ‘7 interactions of
nitrogen-containing heterocyclic rings exist with a centroid-cen-
troid distance of about 3.80 A and displacement angle up to 20°.
Complex 1 shows some interesting intermolecular 77 interac-
tions with centroid to centroid distances in the range of
3.6453(17) to 3.8136(14)A with aliphatic and aromatic C-H
groups involved in the intermolecular C-H 'm interactions.
Another weaker interaction in complex 1 is the intermolecular
hydrogen bonding involving the aromatic C-H groups and the
neighboring PFg anions. Complex 2 also shows the intermolecular
71 interaction with centroid to centroid distance of 3.7080(13) A,
intermolecular C-H ""w interactions and intramolecular and inter-
molecular C-H "N and C-H'* F hydrogen bonds. Pair of centrosym-
metric intermolecular C-H N hydrogen bonds form individual
dimers in the crystal packing of complex 2 (Fig. S9). Complex 3
shows an intermolecular 71 stacking interaction with centroid
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Table 7
GO3/B3LYP calculated one-electron energy and percentage composition of selected
frontier MOs of 1, 2, and 3 expressed in terms of component fragments.

MO Energy (eV) Character L Cu Ly

Complex 1

285(V) -3.31 Ligand 95 2 3
284(V) -3.43 Ligand 1 2 97
283(V) —4.42 Ligand 91 1 8
282(V) —-4.49 Ligand 7 1 92
281(V) —4.59 Ligand 7 3 90
280(V) -4.66 Ligand 92 3 5
279(0) -7.83 Cu 13 69 18
278(0) -7.92 Cu + Ligand 30 54 17
277(0) -8.13 Ligand 82 12 6
276(0) -8.16 Ligand 7 1 92
275(0) —8.45 Ligand 5 7 88
274(0) —8.47 Ligand 93 3 4
273(0) -8.61 Cu + Ligand 26 55 19
MO Energy (eV) Character Ly Cu L,
Complex 2

273(V) -3.65 Ligand 4 2 94
272(V) -3.85 Ligand 95 2 3
271(V) —4.66 Ligand 49 1 50
270(V) —4.68 Ligand 58 1 41
269(V) -4.76 Ligand 82 3 15
268(V) -4.83 Ligand 7 2 91
267(0) -7.91 Cu 27 53 19
266(0) -7.98 Cu + Ligand 66 29 5
265(0) —-8.08 Ligand 8 1 91
264(0) -8.19 Cu + Ligand 37 46 17
263(0) —8.48 Ligand 68 1 31
262(0) —8.56 Ligand 31 6 62
261(0) -8.67 Cu + Ligand 18 53 29
MO Energy (eV) Character Ls Cu L3

Complex 3

285(V) -3.66 Ligand 52 1 47
284(V) -3.81 Ligand 47 3 50
283(V) —4.80 Ligand 90 1 9
282(V) -4.81 Ligand 7 1 92
281(V) —4.87 Ligand 79 3 18
280(V) -4.93 Ligand 19 3 78
279(0) -7.92 Cu 20 60 20
278(0) -8.38 Ligand 96 2 1
277(0) -8.42 Ligand 1 3 96
276(0) -8.57 Cu + Ligand 30 48 22
275(0) -8.62 Ligand 54 21 26
274(0) -8.75 Ligand 30 5 65
273(0) -8.85 Cu + Ligand 20 59 21

Energy gap (AE)=3.17, 2.91, and 2.99 eV (HOMO-LUMO), for 1, 2 and 3, respec-
tively. The bold numbers are the values for the HOMO and LUMO of complexes 1-3,
respectively.

to centroid distance of 3.9633(18) A and also some intermolecular
C-H 7w interactions. There are also a series of intermolecular C-

H''F hydrogen bonds involving the aromatic C-H groups and the
neighboring PFs anions. These interactions make an aggregation
of cations and anions into a one-dimensional chain along the a-axis
(Fig. S10). Obviously, the geometric and steric characteristics of the
complexes would be determined by the whole set of ligands incor-
porated in the coordination sphere. The degree of shielding of the
central metal ion can serve as a measure of ligand-ligand non-
covalent interactions. Therefore, in order to obtain a better under-
standing of the steric hindrance exerted by the coordinated ligands
around the metal ion, the degree of filling of the coordination
sphere by the tetraazaphenanthrene ligands in complexes 1-3
was calculated using the solid-G program considering the ligand-
ligand overlap. The key geometric and steric parameters related
to solid-G angle are summarized in Table 6 and are compared to
some bis(2,9-disubstitutedphenanthroline) Cu(I) complexes.

5. Computational studies
5.1. Electronic structure

Since the observed differences in the chemical and physical
properties of the complexes rely firstly on the changes in the
ground-state electronic structure, we will discuss these features
in detail with an emphasis on the frontier orbital components
and HOMO-LUMO energy gaps. Selected important frontiers
molecular orbitals for complexes 1-3 are depicted in Fig. 5. The
data for the composition of the most important occupied and vir-
tual orbitals and the atomic orbital contributions for each complex
(%) are listed in Table 7. In the frontier region, neighboring orbitals
are often closely spaced. In such cases, consideration of only the
HOMO and LUMO may not yield a realistic description. For this rea-
son, density of states (DOS) diagrams, which incorporate a degree
of overlap between the curves convoluted from neighboring energy
levels, can give a more representative picture. The density of states
of 1-3 plotted as a function of orbital energy (eV) (Figs. S11-S13).
Each complex is divided to three parts: the metal atom (Cu) and
the two coordinated tetraazaphenanthrene ligands. Each part of
the percentage contributions are the sum of the atomic orbital
coefficient squares. As shown in Fig. 5, the highest occupied orbi-
tals in all complexes have predominant metal Cu d character i.e.,
69%, 53%, and 60% in HOMO for 1-3, respectively. The LUMO orbi-
tals are primarily localized on the ligands, but not symmetrically as
found previously in other complexes [61-64]. For complexes 1-3,
the contribution for one ligand is ~92%, 91%, and 78% and for the
other one is 5%, 7%, and 19%, respectively, and the remaining small
contribution is distributed on the metal. Some lower-energy occu-
pied MOs (HOMO-1 for 1, HOMO-1 and HOMO-3 for 2, and
HOMO-3 for 3) still have significant metal character, but the con-
tributions from the ligands increases. In contrast, the five lowest

Table 8
Selected TD-DFT calculated excitation energies and compositions of the lowest-lying singlet excited states for complexes 1-3.
States E (eV)/x (nm) f Zexp. Transition Assignment
Complex 1
3 2.41/514 0.051 496 H-1 - L(54%); H-1 - L+1(11%); H — L(22%) MLCT
11 3.044/407 0.435 388 H-6 - L+1(18%), H-3 — L(12%), H-2 — L(27%) MLCT, 7t — 1
58 3.86/321 0.030 275 H-10 — L+3(10%), H-8 — L+2(18%) T -
Complex 2
3 2.38/521 0.056 511 H-1 - L (26%), H-1 — L+1 (27%), H - L+1 (13%) MLCT
17 3.04/407 0.028 405 H-3 - L+1 (12%), H-3 - L+3 (31%), H-2 — L+3 (27%) MLCT, © - m*
56 3.78/276 0.10 327 H-17 - L(33%), H-9 — L+3 (12%) -
Complex 3
4 2.38/521 0.014 - H - L+2 (53%), H — L+3 (41%) MLCT
12 3.05/406 0.158 - H-3 - L(11%), H-3 — L+2 (21%), H-2 — L(24%) MLCT, T —» 7t*
59 3.86/321 0.068 - H-10 — L+2 (28%), H-23 — L (3%) T - T

H and L refer to the highest-occupied and lowest-unoccupied molecular orbitals, respectively.
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Fig. 6. Electron density difference maps (EDDMs) for main transitions 3, 3, and 4 in complexes 1-3, respectively. Red indicates a decrease in charge transfer, while green
indicates an increase. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

unoccupied orbitals above LUMO in each complex are essentially
m*-orbitals localized on the ligands. The energies of the orbitals
for complexes 1-3 are similar since the ligands have similar
structures. The HOMO-LUMO band gaps obtained from caussian
03 MO calculations for 1-3 were 3.17, 3.10, and 2.99eV,
respectively.

5.2. Calculated electronic absorption spectra

TD-DFT computations were performed to predict the electronic
transition energies and intensities of the 60 lowest energy singlet
transitions of the complexes. Selected low lying singlet excited
states together with their vertical excitation energies, oscillator
strengths and assignment for the complexes are displayed in
Table 8. An experimental model for an excited state corresponds
to the excitation of an electron from an occupied to a virtual
molecular orbital (i.e., a one-electron picture). However, the
excited states calculated herein demonstrate that excited-state
electronic structures are best described in terms of multi-configu-
rations, wherein a linear combination of several occupied-to-vir-
tual MO excitations comprises a given optical transition.
Assignment of the character of each excited state was based on
the compositions of the occupied and virtual MOs of the dominant
configuration(s) for that excited state. In principle, excited states
that arise from transitions between orbitals that are located on dif-
ferent moieties are classified as charge transfer (CT) excited states.
Those from m-occupied to m-unoccupied orbitals located on the
same ligand are described as intra-ligand —-mt* states (IL), but those
from orbitals on different ligands are described as ligand-to-ligand
charge transfer (LLCT) states. Metal-to-ligand charge transfer
(MLCT) states involve transitions from the metal atom to ligand-
centered orbitals which is very well-known in case of Cu(l) com-
plexes with ligands having extended 7 systems. The results from
the TDDFT calculations agree with the experimental data for com-
plexes 1 and 2 which are shown in supplementary materials
(Fig. S14). Because of the insolubility of complex 3 in common
organic solvents we were not able to record UV-Vis spectrum to
compare with the theoretical calculations, therefore, only the cal-
culated spectrum was reported and assigned. Electron density dif-
ference maps (EDDMs) derived from the TD-DFT calculations were
used to show the electron density changes between the ground
and excited states upon different electronic excitations. It repre-
sents a way for visualizing the electronic distribution, for which
one can subtract the ground-state electron density (Sp) from the
Franck-Condon electron density of the excited state, thereby pro-
viding a picture of the redistribution of the electron density after
the vertical transition from the ground-state to any of the
Franck-Condon excited states. Visualization of these difference
density plots can provide an insight into the subsequent geometric

changes occurring on the excited-state potential energy surface
[65,66], and to determine what type of excitation is occurring.
The EDDMs for the calculated MLCT transitions of complexes 1-3
are shown in Fig. 6. As expected, that the lower energy bands in
the experimental spectrum arise from transitions that are mainly
metal-to-ligand charge transfer (MLCT) in nature, while the
higher-energy bands are due to transitions that involve ligand n—
m* excitations. The majority of the excited states in this study con-
sist of more than one transition.

The TDDFT calculations for 1 suggest an MLCT transition at
514 nm (f=0.051, the shoulder at lower-energy visible region)
made up of HOMO-1- LUMO, HOMO-1 - LUMO+1, and
HOMO — LUMO, in which the HOMO-1 and HOMO are mainly
metal-based and the LUMO is ligand-based; in essence, this is
describing an MLCT transition that is mostly delocalized on one
of the coordinated TAP ligands which is in agreement to the exper-
imental data. There is another peak at the edge of UV and visible
regions at 407 nm (f=0.435) made up of HOMO-6 — LUMO+1,
HOMO-3 — LUMO, HOMO-2 — LUMO which show mixed charac-
ter of intra-ligand (IL) and MLCT transitions and the last peak in
high energy region (321 nm, f=0.03) with underestimated oscilla-
tor strength comparing to the large experimental molar extinction
coefficient of this transition in the UV-Vis spectrum of the complex
shows typical m — m* transition in nature. Complex 2 shows the
same behavior as 1 with a shoulder at lower-energy visible region
(521 nm, f=0.056) which is mainly MLCT transition, a second in
the high-energy visible region (407 nm, f= 0.028) which has mixed
character of IL and MLCT transitions and the third (276 nm, f=0.1)
in the UV region and is assigned as a w — m* transition. The mixed
character of IL and MLCT transitions in complex 2 is more pro-
nounced than 1 and 3 due to the substituted hetero-aromatic ring
on the coordinated ligands. The interesting feature of the theoret-
ical and experimental UV-Vis spectra of complex 2 is the red-shift
of the spectra by introducing heteroaromatic groups on ancillary
ligands which is in agreement to the previous study [64]. Since 3
was not soluble in common organic solvents we were not able to
compare the theoretical calculation with the experimental results
but it shows the same behavior of 1 and 2, at least in theory. The
second absorption band in 2 and 3 shows a mixed MLCT and
m — 1* characters which are in agreement to the previously
reported theoretical calculations of the Cu(I)-substituted heterocy-
clic diimine complexes [63-65].

6. Conclusions

In this paper, for the first time, we report the synthesis of three
new Cu(l) complexes bearing unsymmetrical tetraazaphenanth-
rene ligands. The molecular structures of the complexes are char-
acterized by single-crystal X-ray diffraction and the four-
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coordinate geometries around Cu(l) are quantified using the 14
parameter confirming significant effect of the interesting intermo-
lecular 7w stacking and C-H'''m interactions between the aro-
matic ring moieties on the geometry around Cu(l) center. The use
of DFT and TDDFT calculations was fundamental in elucidating
the properties of the complexes in their electronic structures and
their excited states. DFT calculations show that the HOMO is
located on the metal and LUMO has ligand-based orbitals character
in which each molecular orbital has been broken down in terms of
a percentage contribution from the metal center, and the tetraaz-
aphenanthrene ligands and visualized by density of states (DOS)
spectrum which gives a better overview of the nature of the fron-
tier orbitals, especially when neighboring orbitals are closely
spaced. Also, TDDFT calculations are capable of describing the
spectral features of our investigated complexes and the lowest-
energy absorption spectra are dominant MLCT transitions which
were confirmed by the results from electron density difference
maps (EDDMs).
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