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Abstract—The cis-C,C-structure of a series of cyclometallated Ir(Ill) complexes with 2-phenylbenzotiazole
was determined by the methods of X-ray diffraction (XRD) analysis, 'H, *C, *'P NMR, and IR spectroscopy.
Long-wave absorption bands, phosphorescence, and processes of electrochemical oxidation and reduction of
the complexes were assigned to the transfer of electrons presumably located on d, and n* orbitals of
cyclometallated 2-phenylbenzotiazole. The decrease in donor and acceptor properties of the ligands leads to the
blue shift of absorption spectra and phosphorescence and to the anodic shift of oxidation and reduction

potentials of the complexes.
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Phosphorescence at room temperature and revers-
ibility of electrochemical processes of outer-sphere
electron transfer of Ir(Ill) cyclometallated complexes
define wide prospects for their use in organic light-
emitting diodes [1], photocatalysts [2], fluorescent
markers of biosystems [3], and chemosensors [4]. The
nature of a cyclometallated ligand affects the optical
and electrochemical characteristics of complexes, causing
their variation in wide intervals. The presence of

chelating ligands with variable donor-acceptor pro-
perties in mixed-ligand biscyclometallated complexes
allows changing their optical and -electrochemical
properties by variation of the energies of the highest
occupied and the lowest unoccupied molecular orbitals
(HOMO and LUMO).

We have studied the structure and optical and electro-
chemical properties of the complexes [Ir(bt),(--BuNC),]-
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Fig. 1. Molecular structure of complexes (a) [Ir(bt),Edp]PFs-CH;CN and (b) [Ir(bt),Dtc] in the unit cell.
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Table 1. Crystallographic and refining structural parameters of complexes 2 and 4

Complex [Ir(bt),Edp]PF¢ CH;CN [Ir(bt),Dtc]
Empirical formula Cs4HysF6IrN5P5S, Ci6H3PtNOS;
M 1197.14 526.54
Crystal system Monoclinic Monoclinic
Space group P2,/n P2/c
a, A 17.4559(3) 10.0437(3)
b, A 14.7400(3) 5.68736(17)
c, A 18.7150(3) 27.6934(9)
B, deg 97.8460(16) 90.070(3)
v,A? 4770.29(15) 1581.91(8)
V4 4 4
deie, g/em’ 1.667 2211
i, mm’ 7.745 9.265
F(000) 2384.0 1000.0
20 Range, deg 6.496-144.982 7.144-56.00
Radiation Cuk, MoK,
Index range 21<h<17,-18<k<18,-23<1<23 —13<h<11,-4<k<7,-28<1<36
Total of reflexes 25616 9115
Independent reflexes (Riy) 9267 (Riny = 0.0391) 3788 (Rine = 0.0578)
GoF 1.052 1.026
R-Factors (Fy > 4oF) R, =0.0337, wR, =0.0756 R, =0.0477, wR, =0.1217
Prmins Pmaxs €/A7 1.36/-0.91 4.53/-3.19

PFq (1), [Ir(bt)(Edp)]PF¢ (2), [Ir(bt)2(Exn)] (3), and
[Ir(bt),(Dtc)] (4), in which cyclometallated 2-phenyl-
benzotiazole [Ir(bt)] is bound with m-acceptor [fert-
butylisocianide (+~-BuNC), 1,2-bis(diphenylphosphinio)
ethane (Edp)], and m-donor [ethylxanthogenate (Exn)
and diethyldithiocarbamate (Dtc")] ligands (Scheme 1).

The XCA data of complexes 2 and 4 (Fig. 1, Table 1)
show that they have distorted octahedral structure with
the typical [5-8] cis-C,C position of two cyclo-
metallated ligands and the trans-position of donor S
and P atoms of chelating ligands in relation to C
atoms. It leads to the equivalence of Ir-S bonds in the
four-membered chelate cycle {IrDtc} and a minor
difference (Ar = 0.004 A) between Ir—P bonds in the
five-membered cycle {IrEdp}. The cis-position of S
and N donor atoms of chelating and cyclometallated
ligands leads to the formation of intramolecular

hydrogen bonds between S and H* atoms in complex 4

[3.943(3) A].

The sum of Ir(Ill) bond angles involving donor C
atoms of 2-phenylbenzothiazole ligands and P or S
atoms of chelating ligands (Table 2) is almost equal to
360° that corresponds to the presence of the Ir(II)
atom in the plane of these donor atoms. Deviations by
10.5° and 12.8° of donor atoms N of benzothiazole
components of metallated ligands from the per-
pendicular position to the equatorial plane of the
complexes 1 and 2 result in the distortion of their
octahedral structures. The length of the Ir-N(bt) bond
and the bond angle C(bt)IrN(bt) of complexes 2 and 4
(Table 3) are the same as for the complexes with other
chelating ligands [5—8]. The m—acceptor interaction of
1.2-bis(diphenylphosphino)ethane with the metal in
complex 2 results in the elongation of the Ir—C(bt)
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bond by 0.075 A as compared with complex 4. The
formation of the {IrDtc} chelate cycle is accompanied
by the increase in multiplicity of the C—N bond and the
decrease in its length by ~0.1 A. A similar decrease in
the length of C—N bond as a result of the increase in its
multiplicity was previously noted [9] for the cyclo-
metallated complex [Pt(bzq)Dmtc] (bzq  and Dmtc”
are deprotonated forms of benzo[/]quinoline and di-
methyldithiocarbamate).

The IR spectroscopy data confirm the ligand coor-
dination in complexes 1-4 and point to the presence of
the outer-sphere ion PFg with characteristic frequency
841 cm™' of P—F stretching vibrations [10] in com-
plexes 1 and 2. Frequencies of SCS vibrations in the
spectra of complexes 3 and 4 (Table 4) confirm the
bidentate coordinated of the Dtc and Exn ligands
[11]. The increase in the frequency of stretching C—N
and C—O vibrations of coordinated Dtc” and Exn ions
by 11 and 34 cm ™' as compared to sodium salts of di-
ethyldithiocarbamate and ethylxanthogenate is con-
sistent with the increase in multiplicity of C-N and C—
O bonds. Coordination of m-acceptor ~-BuNC leads to
the increase in the C=N vibration by 34 and 63 cm ' as
compared to the free ligand.

The "H NMR spectroscopy data for the complexes
point to the retention of their cis-C,C structure in
solution, as evidenced by the magnetic equivalence of
two cyclometallated ligands and by mutual anisotropic
action of circular currents of their phenyl components,
which result (Table 3) in the upfield shift of H® signals
by 0.7-0.8 ppm in the complex as compared with free
2-phenylbenzotiazole. Close (~3 A) positions of the
benzene rings of 1.2-bis(diphenylphosphino)ethane

2511

Table 2. Bond length and bond angles of complexes 2 and 4

d A [Ir(bt),(Edp)]PFs CH;CN | [Ir(bt)x(Dtc)]
Ir—C(bt) 2.066(3), 2.063(3) 2.015(6)
Ir—N(bt) 2.093(3), 2.086(3) 2.099(5)
Ir-P(Edp) 2.408(1), 2.404(1) -
Ir-S(Dtc) - 1.737(8)
P—-C(Ph) 1.832(6), 1.834(4) -

1.829(4), 1.840(4)
P-CH, 1.833(4), 1.836(4) -
C—N(Dtc) - 1.406(8)
¢, deg [Ir(bt),Edp]PF¢CH;CN [Ir(bt),Dtc]
N(bt)IrC(bt) 79.1(1) 79.3(1)
C(bt)IrC(bt) 85.7(2) 93.4(1)
C(bt)IrP(Edt) 96.2(1), 95.7(1) -
C(bt)IrS(Dtc) - 97.4(1)
P(Edt)IrP(Edt) 82.98(3) -
S(Dtc)IrS - 71.9(1)
(Dtc)
N(bt)IrN(bt) 163.1(1) 167.2(2)

and the benzothiazole component of the metallated
ligand in complex 1 (Fig. 1a) define the mutual aniso-
tropic action of circular currents, which leads to the
strong-field shift of the signals of H* and H° atoms by
1.2 and 0.7 ppm (Table 3).

Magnetic equivalence of two donor atoms, C' in
the ligand -BuNC and P" in the ligand Edp, in the *C

Table 3. Changes in chemical shifts (8comp— . ligand> PPmM) 0f ligand atoms nearest to Ir(IIT) in complexes

Comp. Atom {Ir(bt)} {Ir(tBuNC),}, {Ir(Edp)}, {Ir(Exn)}, {Ir(Dtc)}
no. 1 3 4 I 2! 3 " 2" 4" ipso ortho
1 'H - - 0.7 - - 0.7 - - 0.3 - -
e 14.6 05 | 6.0 153 | 121 | -05 -3.7 - 0.9 - -
2 'H - - -1.2 - - -1.3 - 1.2 - - -0.7
e 13.6 22 | —6.6 122 | 110 | -12 - 0.5 — 2.8 0.5
3 'H - - 0.9 - - -1.0 - - 0.3 — -
e 12.3 37 | -7.9 180 | 120 | -1.6 - @ 8.3 - —
4 'H - - 1.3 - - 0.9 - - -0.9 - -
Be 12.0 24 | -84 214 | 121 -1.8 - 32 | 6.4 - -

* Low intensity of signal.
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Table 4. Optical, IR, and electrochemical characteristics of complexes
Comp Amax Nm (£x10° L mol " cm™! emis v, cm’! E,, V*
' Amax, M (T, pS)
no. Intraligand CTML CN/CO SCS Ox Red
1 |267(18.1),313(29.8), |361 (15.7),380 sh | 508, 539, 595 sh (6)° 2199, - 1.42 |-2.01°,-2.29¢
325 sh (26)° (12)° 2170
2 |270sh (18),310 sh 371 (7.66), 395 sh | 506, 540, 585, 635 sh - - 1.11 |-1.99¢,-2.25°
(17), 321(19.3)° (5.5), 415 sh (1.7)° | (14)°
3 |264(34.1),300 sh 362 (10.8),395  |542, 587, 638 (6)° 1234 | 1023,998, | 0.65 |-2.29, -2.47
(31), 312 (36.8), 325 | (7.9), 433 (6.37), 715
(35.3)¢ 465 sh (4.9)°
4 |270sh(33),314 379 (7.83),412  |556, 600 sh, 675 sh (5)*| 1488 | 1024,997, | 0.64 |—2.25° —2.49
(37.6), 330 sh (30)* (6.74), 446(5.02)" 714

2 C¢HsCH;—CH;CN, 1 : 1. ° CH;CN. © Ey 0. ¢ CH,CL.

and *'P NMR spectra of complexes 1 and 2 confirms
their trans-position in relation to the donor C' atoms
of cyclometallated ligands and the bidentate coordina-
tion of Edp in complex 2. The increase in the electron
density on C" atoms, signals of which are shifted
upfield by 3.7 ppm as a result of interaction with the
metal (Table 3), is consistent with m-acceptor pro-
perties of the ligand #-BuNC.

The increase in the donor and the decrease in the
acceptor properties of ligands in the sequence ~-BuNC ~
Edp < Dtc” ~ Exn™ lead to a downfield shift of the
signals of the C' and C' atoms nearest to the metal
atom (Table 3), which reflects the increase and
decrease in electron density on the benzothiazole and
phenyl components of the cyclometallated ligand.

Thus, cyclometallated complexes 1-4 are in the
form of the cis-C,C-isomers with octahedral structure
disturbed along the axial axis. The variation of the
donor-acceptor interaction between the metal and

ex10° L mol ! ecm™ L

500

A, nm

Fig. 2. Absorption and phosphorescence spectra of
complexes (1) [Ir(bt)(tBuNC),]PFs, (2) [Ir(bt),Edp]PFs,
(3) [Ir(bt),Exn], (4) [Ir(bt),Dtc].
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t-BuNC, Edp, Dtc, and Exn ligands leads to the
variation in the electron density on cyclometallated
ligands.

Within the model of presumable localized nature of
molecular orbitals [12], the electron absorption spectra
of the complexes are characterized by two types of
spin-allowed optical transitions typical for cyclo-
metallated Ir(IIT) complexes with 2-phenylbenzotiazole
[5-8, 13, 14]. Intensive (¢ ~ 10* L mol" cm™)
absorption bands resulted from the intraligand optical
n—m* transitions, which are presumably localized on a
cyclometallated ligand, are observed in the range of
250-350 nm (Fig. 2). More long-wave and less
intensive (¢ ~ 10° L mol' cm™") absorption bands are
associated with the charge transfer metal-cyclo-
metallated ligand (CTML) optical transitions d—n*
(bt). Whereas the blue shift of intraligand absorption
bands of complexes 14 is less than 400 cm ', the
replacement of m-donor Dtc™ and Exn ligands by
n-acceptor -BuNC and Edp ligands leads to the blue
shift of CTML bands by ~3800 cm ' (Fig. 2).

On assumption that Koopans theorem [15] is valid,
a similar nature of HOMO and LUMO of complexes
involved in photo- and electro-stimulated processes
should be expected. The oxidation and reduction
voltammograms of the complexes are characterized
(Fig. 3) by one-electron waves of electron transfer with
the participation of Ir(Ill) d -orbitals presumably
localized on the {Ir(bt),} metal complex fragment and
w*-orbitals of the cyclometallated ligand.

[Ir"™(bt),(L,L)J*— e = [Ir"V(bt)o(L,L)]*",
[Ir(bt),(L,L)]*+ e = [Ir(bt)(bt)(L,L]* ",
[Ir(bt)(bt)(L,L)]*" + e = [Ir(bt),(L,L)]“ >~

2016



INFLUENCE OF LIGAND DONOR-ACCEPTOR PROPERTIES

The replacement of the chelating n-donor ligands
Dtc” and Exn™ by the m-acceptor ~-BuNC and Edp
ligands leads to the anodic shift of the oxidation and
reduction potentials of the complexes by 0.77-0.46
and ~0.27 V (Table 4). This is consistent with the
change in the electron density of C" and C' atoms of
the metallated phenyl and benzothiazole components
of the cyclometallated ligands in complexes 1 and 2
(Table 3) and with the elongation of the Ir—C(bt) bond
in complex 2 (Table 2). The increase in the difference
of oxidation and reduction potentials of complexes 1
and 2 in relation to complexes 3 and 4 agrees with the
blue shift of their CTML absorption bands.

Photoexcitation of solutions of the complexes in the
region of intraligand (IL) and CTML absorption bands
results in vibration-structured phosphorescence in the
visible spectral caused by the spin-forbidden radiative
process of excitation energy degradation from the
lowest in energy mixed IL/CTML electron-excited
state. The blue shift by ~1800 cm ' and better resolved
vibration structure of phosphorescence spectrum with
vibration frequency of ~1300 cm ' close to the
frequency of the C=N bond vibration in metallated 2-
phenylbenzothiazole [13] point to a decrease in the
CTML admixture to intraligand bands in complexes 1
and 2 containing m-acceptor ligands +-BuNC and Edp.

The results of the work show that weakening donor
and strengthening acceptor properties of ligands lead
to the blue shift in the absorption and phosphorescence
spectra, and to the anodic shift of oxidation and
reduction potentials of Ir(Ill) cyclometallated com-
plexes that allows modifying optical and electro-
chemical characteristics of the phosphors.

EXPERIMENTAL

X-ray diffraction studies were carried out at 100 K
on Agilent Technologies Excalibur Eos and SuperNova
diffractometers equipped with flat detectors of
reflected X-rays CCD, MoK, (A = 0.71073 A) and
CuK, (. =1.54184 A) radiations, respectively, at the
Research Center for X-ray Diffraction Studies of St.
Petersburg State University. Unit cell parameters were
refined by the least squares method. The structures
were solved by the direct method and refined by the
program SHELX [16] of the program complex OLEX2
[17] by the full-matrix least squares method in the
anisotropic approximation. A correction for absorption
was introduced in the program complex CrysAlisPro
[18]. Hydrogen atoms were included in the refinement
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Fig. 3. Oxidation and reduction voltammograms of
complexes (/) [Ir(bt)(tBuNC),]PFs, (2) [Ir(bt),Edp]PFs,
(3) [Ir(bt)2Exn], (4) [Ir(bt),Dtc].

1.5

with fixed position and temperature parameters.
Crystallographic data for complexes 2 and 4 were
deposited in Cambridge Crystallographic Data Center
[CCDC 1475139 (2), 1058768 (4)].

The 'H, "°C, and *'P NMR spectra of the complexes
in CDCl; and (CD;),SO and the IR spectra in KBr
tablets were taken on JNM-ECX400A and IR Prestige
21 spectrometers of Common use center of the chemical
faculty of the Russian State Pedagogical University.
The electronic absorption and emission spectra were
recorded in CH,Cl, and CH3CN on an SF-2000
spectrophotometer and a Fljuorat-2 Panorama spectro-
fluorimeter.

The voltammograms were obtained on an IPC-PRO
installation in a cell with separated spaces of main
(GC), auxiliary (Pt), and reference (Ag) electrodes in
the presence of a 0.1 M [N(C4Hy)4]PF¢ solution in the
mixture C¢HsCH3 : CH3CN, 1 : 1. Potentials are given
in relation to the ferrocenium/ferrocene redox system.

Complexes 1-4 were obtained with the yield of
~50% by the procedures [5, 7].

Bis[(2-phenyl-3-ido)benzothiazole)|di(zert-butyl-
isocyanide)iridium(III) hexafluorophosphate (1). 'H
NMR spectrum [(CD;),SO], 8, ppm (J, Hz): {Ir (bt),},
8.84 (2H*, *Juy = 8.3), 8.80 (2H’, *Jyy = 8.0) 8.40 d
H®, *Jun=17.2), 8.39 d.d.d QH>, *Jyy = 8.4 7.4, ‘S =
1.1), 8.26 t.d (2H, *Jyy = 8.0, “Juy = 0.8) 7.61 t.d
QH, *Jyn = 7.6, *Ju = 0.9) 7.46 t.d QH*, *Juyy = 7.6,
Jan = 1.1), 6.84 d (2H?, *Jiyyy = 7.6); {Ir(BuNC)}, 1.83
s (18 H*). *C NMR spectrum [(CD;),S0)], 8¢, ppm;
{Ir(bt),}, 182.6 (2C"), 154.5 (2C%), 150.3 (2C*), 141.0
(2C%), 132.8 (2C%), 132.3 (2CY), 130.8 (2C°), 127.0

No. 11 2016
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(2C%), 125.7 (2C%, 125.1 (2C°%), 1249 (2C%, 1182
2CY); {Ir(BuNC)}, 150.3 (2C"), 37.3 (2C*), 29.9 (6C*).

Bis|(2-phenyl-3-ido)benzothiazole)][1.2-bis(diphenyl-
phosphino)ethane]iridium(III) hexafluorophos-
phate (2) '"H NMR spectrum [(CD;),SO], 8, ppm (J,
Hz): {Ir(bt),}, 7.95 d (2H®*Jyy = 7.6), 7.85 d.d 2H’,
an = 8.1, U = 1.0), 743 t QH, Uy = 7.3), 7.22
t.d (2H, *Jin = 8.0, “Jyy = 0.8), 7.17 t.d QH’, *Jyy =
7.8, *Jq = 0.9), 7.02 t 2H* *Jiyy = 7.6), 6.80 d (2H",
3 = 8.4), 6.15 d QH?, *Juy = 7.8); {Ir(Edp)}, 7.38—
735 m (6H™), 7.29-7.25 m (4H™), 6.66-6.62 m
(10H™), 3.24 d (2H?, *Juy = 8.4), 2.55 m (2H®). BC
NMR spectrum [(CD3),SO], &¢c, ppm: {Ir(bt),}, 181.6
(2ChH, 156.2 (2C%), 1472 (2CY), 139.9 (2C%), 132.6
(2C%), 132.6 (2C%), 130.8 (2C”), 126.3 (2C*), 125.8
(2C), 125.4 (4C%, 124.3 (2C%, 123.7 (2C"), 120.6
(2C"); {Ir(Edp)}, 135.8 (2C™, Jp44.0), 132.4 (4C™),
128.7 2C™), 128.3 (4™), 24.5 (2C™"). *'P NMR spectrum
[(CD;),SO], &, ppm (J, Hz): —143.8 (Jpr = 711.0),
4.89 d.d (Joc = 249.0, “Jpp = 18.0).

Bis[(2-phenyl-3-ido)benzothiazole](ethylxantho-
genato)iridium(IIl) (3). 8.96 m (2H*), 7.93 m 'H
NMR spectrum (CDCls), o, ppm (J, Hz): {Ir(bt),},
(2H"), 7.68 d.d (2H®, *Juy = 7.7, *Jun = 1.0), 7.47,
d.d.d QH®, *Juy=7.4, 7.2, Sy = 1.4), 7.51 d.d.d QH’,
Jian = 7.8, 7.2, Uy = 1.5), 6.88 t.d 2H, *Jyy = 7.6,
“Jan = 1.0), 6.68 d.d.d QH*, *Jyy = 7.7, 7.4, Uy =
1.4) 6.53 d 2H?, *Juy = 7.8); {Ir(Exn)}, 4.56 q (H,
S =7.1), 444 q (H*, *Jyn =7.1), 1.35 t GH’", *Jyn =
7.1). BC NMR spectrum (CDCly), 8¢, ppm: {Ir(bt),},
180.3 (2CY), 153.0 (2C"), 150.8 (2C%), 140.9 (2C%),
133.9 (2C%) 131.6 (2C%), 129.6 (2C°), 126.6 (2C°),
125.9 (2C%), 124.9 (2C%, 123.0 (2C%), 122.2 (2C),
121.0 2C*); {Ir(Exn)}, 66.6 (C*), 13.8. (C™).

Bis[(2-phenyl-3-ido)benzothiazole](diethyldithio-
carbamato)iridium(IIl) (4). 'H NMR spectrum
(CDCly), 8, ppm (J, Hz): {Ir(bt),}, 9.43 d QH*, *Jyyy =
7.9),7.91d QH’, *Jyn =7.7), 7.66 d QH®, *Juy = 7.5),
7.50 d.d QH’, *Jyn = 8.1, 7.1), 7.45 d.d 2H®, *Jyy =
8.0, 7.2), 6.83 d.d H’, *Jyy = 7.5, 7.2), 6.64 d.d
QH*, *Juy = 7.6, 7.1), 6.58 d QH* *Jyy = 7.6); {Ir
(Dtc)}, 3.96 q QH", *Juyu = 6.9), 3.18 q 2H®, *Jyyy =
6.9), 1.14 q (6H"", *Jyu = 6.9). >C NMR spectrum
(CDCl3), 8¢, ppm: {Ir(bt),}, 180.0 (2C"), 156.4 (2C"),
151.6 (2C%), 141.0 (2C%), 133.7 (2C%), 132.1 (2C%
130.2 (2C%), 127.1 (2C%), 125.7 (2CY), 125.3 (2C°),
123.0 (2C%, 122.5 (4C*"), 121.6 (2C*); {Ir(Dtc)},
209.9 (C*), 43.2 2C*%), 12.4 2C"7Y.
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11.

12.

13.

14.
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16.
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