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Abstract—cis-C,C Isomers of the [M(ptpy),(L"L)](PF¢); complexes [M = Rh(III), Ir(Ill), Pt(IV); ptpy"

deprotonated form of 2-(n-tolyl)pyridine, (L"L) = acetate, trifluoroacetate, or diethyldithiocarbamate anions, or
ethylenediamine; z = 0, 1, 2] were prepared and characterized by 'H and "’F NMR, IR, electronic absorption
and emissions spectroscopy, and by voltammetry methods. The highest occupied and the lowest unoccupied
molecular orbitals were assigned to d, and n%,, orbitals of the metal and the metallated ligand. Luminescence
of the complexes in the visible spectral region was assigned to the spin-forbidden optical transition from the
lowest energy state of the mixed nature (Tuy—T* pipy/d—T iy ).
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Electronic  structure of photoexcited cyclo-
metallated complexes of platinum-metals is charac-
terized by strong phosphorescence in the visible
spectral region; the one-electronic outer-sphere elec-
tron transfer processes are typical of such compounds.
These properties provide for wide possibilities of their
application as activators of organic light-emitting
diodes [1-3], luminescent sensors [4, 5], and biological
labels [6]. The data collected on behavior of Pt(II) and
Ir(Ill) mixed-ligand complexes demonstrates that
optical and electrochemical properties of the com-
plexes can be changed by varying the ligands nature.
Octahedral complexes of Rh(III) and Pt(IV) have been

much less studied; that limits the range of their optical
and electrochemical properties to be achieved
purposefully.

Herein, we report on the influence of the metal
nature and of donor-acceptor properties of the
chelating ligands on optical and electrochemical
properties of the [M(ptpy)(L"L)]" complexes [M =
Rh(III), Ir(IIT), Pt(IV); ptpy = deprotonated form of 2-
(n-tolyl)pyridine, (L"L) ethylenediamine (En),
acetate (OAc), trifluoroacetate(OTf ), and diethyldi-
thiocarbamate (dtc )] (Scheme 1).
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Table 1. Chemical shifts (5, ppm) and spin-spin coupling constants (‘Jup, Hz) in 'H and "F MNR spectra of the

[M(ptpy)(L"L)]* complexes

{M(ptpy)}
Complex {M(L~L)}
u u* u’ H° ISRl H* u* H®
[Rh(ptpy),dtc]* 7.80 7.79 7.19 9.52 6.13 202 | 6.67 | 7.50 3.94, 3.67 (CH,)
1.21,1.21 (CHs)
[Ir(ptpy),dtc]* 7.82 7.71 7.16 9.59 6.15 204 | 6.61 | 7.47 3.79,3.52 (CH,)

[Pt(ptpy)»dtc]PF¢ 8.23 767 | 753 9.53(25)

[Rh(ptpy),0AC]* 7.81 788 | 725 | 884
[Ir(ptpy):0AC]* 783 | 777 | 723 8.82
[Pt(ptpy),OAc]PF® | 839 | 838 | 7.75 |9.67(27)

[Rh(ptpy).OT1]* 782 | 788 | 725 8.82
Ir(ptpy),OTH]* 780 | 779 | 723 8.83

[
[Pt(ptpy),OTfIPFs" | 7.92 8.12 753 9.42(26)
[Rh(ptpy),En]PF’ 8.16 8.07 7.47 8.75

[Ir(ptpy),En]PF¢ 8.13 7.98 7.41 8.81

[Pt(ptpy):En](PF¢)"| 8.41 798 | 745 |8.83(32)

1.23, 1.23 (CH;)

5.87 2.10 | 6.94 | 7.58 3.71,3.60 (CH,)
1.20, 1.22 (CHs)

595 | 201 | 6.69 | 746 | 2.02(CHj)
588 | 200 | 6.60 | 740 | 2.02 (CHs)

569(33)| 2.04 | 697 | 7.82 2.07 (CHs)
5.98 203 | 6.73 | 746 | —75.40 (CF)
5.93 204 | 6.65 | 740 | —75.27 (CFy)

568 (34) 2.10 | 695 | 745 ~75.14 (CF3)

591 195 | 670 | 7.70 |  4.18,3.41 (NH,)
2.78,2.51 (CH,)

5.96 1.96 | 6.63 | 7.63 4.88,3.94 (NH,)
2.74,2.45 (CH,)

576 21)| 2.09 | 7.13 | 7.85 6.09, 5.58 (NH,)
3.12, 2.82 (CH,)

2CDCls. °(CD3),S0.

'H and F MNR data (Table 1) pointed at the
presence of two magnetically equivalent metallated
ptpy ligands and one chelating L~L ligand in the inner
sphere. Considerable upfield shifts of the H*™® signals
of the metallated tolyl fragment [M(ptpy),], Ad —(0.3—
1.6) ppm as compared to free 2-(n-tolyl)pyridine
revealed anisotropic interaction of their circular
currents in cis-C,C-complexes [M(ptpy)(L L)]J". In
contrast to H’° signals shifted upfield, the trans-
positioning of pyridine fragments led to the downfield
shift of the H*® signals, A8 +(0.2-0.9) ppm. Streng-
thening of the donor-acceptor ptpy — M interaction in
the case of Pt(IV) as compared with Rh(III) and Ir(III)
was reflected in more prominent downfield shift of the
H° signal.

A special feature of the 'H MNR spectra of
coordinated chelating ligands dtc” and En is magnetic
nonequivalence of protons in each pair or chemically
identical groups (C,Hs, CH,, and NH,, Table 1),

revealing distortion of the octahedral structure of
[M ptpy)>(L~L)] complexes. Donor-acceptor dtc — M
interaction led to the upfield shift of the C,Hs proton
signals, whereas the En — M interaction resulted in the
downfield shift of the NH, and C,Hs proton signals.

The IR spectra of [M(ptpy)2(L~L)]" complexes
contained bands assigned to characteristic vibrations of
the metallated and the chelating inner-sphere ligands
along with those of outer-sphere PFs ion (Table 2).
Coordination of 2-(n-tolyl)pyridine to metal ions via N
and C donor atoms was accompanied by decrease in
frequencies of C=C/C=N vibrations as well as by
characteristic [7] change of C—H bending vibrations at
819+ 6and 875+ 3 cm .

In agreement with the '"H MNR data (Table 1),
strengthening of the En—M donor-acceptor interaction
in the Rh(II) < Ir(IIT) < Pt(IV) series led to red shift of
the NH, and CH, vibration bands of coordinated
ethylenediamine (Table 2). The chelating type of
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COMPLEXES OF Rh(III), Ir(I1I), AND Pt(IV) 929
Table 2. Characteristic vibration frequencies (KBr, cm ') of the ligands coordinated in [M(ptpy)(L~L)]* complexes
Complex Mpto)s {M(L"L)} PF¢
v(C=C/C=N) v(C-H)

[Rh(ptpy).dtc] 1600, 1585, 1481 827, 877 1477 (CN) 993 (CS) -
[Ir(ptpy).dtc] 1603, 1588, 1489 812, 877 1473 (CN) 995 (CS) -
[Pt(ptpy).dtc]PFs 1610, 1591, 1490 : 1466 (CN) 995 (CS) 843
[Rh(ptpy),OAc] 1604, 1586, 1480 816, 870 1427°, 1563 (COO) - -
[Ir(ptpy)OAc] 1605, 1589, 1477 817, 877 1428°, 1561 (COO) - -
[Pt(ptpy)OAc]PF¢ 1609, 1593, 1492 ? 1433, 1566° (COO) 845
[Rh(ptpy),OTI] 1605, 1587, 1481 824, 875 1428°, 1625 (COO) - -
[Ir(ptpy).OTH] 1605, 1589, 1479 815, 874 1428°, 1618 (COO) - -
[Pt(ptpy).OTf]PF 1613°, 1594, 1496 ? 1435, 1613° (COO) - 844
[Rh(ptpy).En]PF; 1606, 1588, 1480 ? 3316, 3360 (NH,) 1597 (NH,) 844
[Ir(ptpy)-En]PF 1602, 1590, 1477 ? 3308, 3350 (NH,) 1601 (NH,) 847
[Pt(ptpy),En](PFe), | 1612, 1593°, 1494 a 3289, 3313 (NH,) 1593° (NH,) 843

Overlapping with PFs band. ® Bands overlapping.

coordination in the cases of OAc, OTf, and dtc was
confirmed by characteristic [7] difference of
frequencies of the antisymmetric and symmetric COO™
vibrations in OAc (133 +3 cm™) and OTf (188 + 10 cm ™)
ligands as well as by the absence of splitting of the C—
Sband at 994 + 1 cm™' [8].

In the frame of the model of predominant
localization of molecular orbitals [9], optical and
electrochemical processes involving complexes can be
divided into metal-centered, ligand-centered, and
metal-ligand charge transfer processes. In the
electronic absorption spectra of the studied complexes
(Table 3), two types of spin-allowed optical transitions
were observed. In the short-wave region (A < 330 nm),
independently of the metal and the chelating ligand
nature, strong (¢ ~ 10* L mol™' cm™) vibronic bands
were observed, slightly differing on the position from
the bands of free 2-(n-tolyl)pyridine [10]. They were
assigned to intraligand (IL) m—n* optical transitions of
the heterocyclic ligand ptpy in [M(ptpy),] fragments.
In the longer-wave range, weaker (¢ ~ 10° L mol ' cm ™)
and broad absorption bands exhibited red shift both
with increasing the energy of metal valent d-orbitals in
the Pt(IV) < Rh(IIl) < Ir(IIl) series (Fig. 1) and upon
ethylenediamine (c-donor) was replaced by acetate or

diethyldithiocarbamate chelating ligands (o- and =-
donors) (Fig. 2). Therefore, the long-wave absorption
bands of [M(ptpy)(L"L)]* complexes could be
assigned to the envelope of the vibronic band optical
metal-ligand charge transfer transitions d-Tpyy
(MLCT). Weak [¢ (0.3-0.9) x 10° L mol' cm™']
absorption bands at 485 and 482 nm observed in the
cases of [Ir(ptpy),OTf] and [Ir(ptpy).dtc] (Table 3)
were apparently caused by spin-forbidden optical
transitions of the mixed type (IL/MLCT).

Assuming that Koopmans’ theorem [11] is held for
the complexes under study, the highest occupied and
the lowest unoccupied molecular orbitals participating
in the spin-allowed optical transition and electro-
chemical oxidation and reduction of the complexes
should be of the similar nature.

In agreement with the presence of two metallated
heterocyclic ligands ptpy in the inner sphere of
Rh(IIT) and Ir(Ill) complexes [M(ptpy)(L "L)T, in-
dependently of the (L”L) chelating ligand nature,
voltamperograms of their reduction were characterized
by two irreversible single-electron waves with current
peaks potentials of 2.6 + 0.2 and —3.0 = 0.2 V (Table 3).
It pointed at the ligand-centered type of Rh(III) and
Ir(IlT) complexes reduction as a result of consecutive
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Table 3. Optical and electrochemical parameters of [M(ptpy)(L"L)]* complexes

i Emission (A), nm (1, ps) itati
Complex Absorption (. m Btation | oy gy
(8 > mo cm ) 293 Ka 77 KC ( )7 nm ( )

[Rh(ptpy).dtc] 243 (51.7), 288 sh (34), 304 sh - 462, 494, 524, 312sh,330sh, | 0.79 | -2.76
(26), 340 sh (7.9), 390 (5.73) 564 (80) 344, 386 -3.02

[Rh(ptpy),OTf]  |249 (29.4), 270 sh (26), 307 sh - 466, 498, 534 sh 310 sh, 325 sh, 125 —2.50
(17), 390 (3.19), 404 sh (2.0) (110) 364, 385 <3.0

[Rh(ptpy),0Ac]  |270 (26.6), 308 (16.8), 402 - 468,502,540sh  |310sh,326sh, | 0.75" | —2.48°
4.91), (110) 349, 386 -2.79°

[Rh(ptpy),En]PFs 246 (21.5), 267 (21.6), 300 - 462, 482 sh, 496, |310sh, 325sh, | 0.83° | —2.47°
(12.8), 535 (110) 350,385 -2.77°

[Ir(ptpy).dtc] 236 (40.2), 265 (35.9), 288 sh 502, 486, 520, 563 sh, |313 sh, 347,363, 0.54" | —3.04
(33), 300 sh (30), 352 (8.12), 378 | 546 sh | 602 sh (6) 378, 402, 424, -3.30
sh (6.3), 404 (4.83), 450 sh (2.4), | (6) 446, 479

[Ir(ptpy),OTf] 263 (37.0), 276 sh (34), 308 sh | 514, 491, 523,564 sh (7)[312 sh, 331 sh, | 0.46" | —2.58
(21), 356 sh (5.7), 403 (3.65), 434| 540 sh, 349, 352, 362, -3.06
(2.78), 458 sh (1.6), 485 (0.29) | 557 sh 394, 425, 484

[Ir(ptpy).OAc] 268 (41.9), 316 sh (19), 364 514, 493,527,572 sh (6) 310 sh, 331,349, 0.45" | —2.65°
(6.80), 403 (4.50), 459 (3.85) 557 sh, 376, 396, 425, -2.81°

[Ir(ptpy).En]PFs  |262 (28.1), 275 sh (27),317 sh | 494, 485,520, 564 sh, 310 sh, 325,347, 0.55* | —2.61°
(11), 352 sh (5.2), 432 sh (1.9)° | 513, 603 sh (6) 361, 378 sh, 397, -2.93°

531 sh 425

[Pt(ptpy).dtc]PFs  |234 (47.6), 266 (41.0), 315 460, 452,485,523 sh, |300,312,329, | >2° ~1.94°
(20.1), 332 sh (16), 348 sh (11) | 489, 558 sh, 598 sh 342

[Pt(ptpy),OTf]PF, |264 (25.7), 274 sh (24),312sh | 461, 455,488,516 (290)|312, 328 sh, 338 | >2° -1.90°
(14), 330 (17.4), 340 sh (17)° 491,

[Pt(ptpy),OAC]PFs |266 (30.2), 275 sh (29), 298 458, 454,487,515, 554, |310, 329, 340 >2° -1.69°
(12.6), 312 sh (17), 328 (19.8), | 489, 600 (320)

[Pt(ptpy),En](PFe), | 252 (45.2), 275 sh (31), 315sh | 457, 454,476 sh, 488, (311,327,341 sh| >2° ~1.47°
(20), 489, 515, 554 (320)

* CH,Cl,. ® CH;CN. ¢ CH;0CH,CH,OH-C,Hs0H, 1 : 1. ¢ Peak current potential at a scanning rate of 100 mV/s, C¢HsCH;—CH;CN (1 : 1).

¢ (CH3),NCOH. " E,,.

transfer of two electrons onto the m*-orbitals of two
metallated ptpy~ ligands.

[M(ptpy)o(L"L)F + & = [M(ptpy )(ptpy)(L"L)J" ',

[M(ptpy )(ptpy)(L"L)J ' + & = [M(ptpy )2(L"L)J" .

The [Pt(ptpy)2(L~L)]* complexes revealed the two-
electron irreversible reduction wave shifted towards
anode, with a peak current potential of 1.8 + 0.2 V. It

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 84

was assigned to the metal-centered reduction of
platinum(IV) into platinum(II).
[Pt(ptpy)(L"L)]" + 2¢ = Pt(II) compound.

Similarly, oxidation voltamperograms of Rh(III)
and Ir(IlI) complexes contained single-electron ire-
versible [Rh(IIl)] and quasireversible [Ir(II)] waves,
whereas oxidation of Pt(IV) complexes occurred
outside the stability window of the solvent (>3 V). The
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Fig. 1. Electronic absorption (solid lines) and emission
(dashed lines) spectra of [M(ptpy).(L"L)]* complexes in
various solvents. (/) [Ir(ptpy),OAc] (293 K, CH,CL,), (2)
[Rh(ptpy),OAc] (293 K, CH,Cl, and 77 K, 2-metoxy-
ethanol—ethanol, 1 : 1), (3) [Pt(ptpy).OAc]PFs (293 K,
CH;CN).

increase of the complexes oxidation potential in the
Pt(IV) < Rh(Ill) < Ir(II) series and the decrease of n-
donating ability of the chelating (L"L) ligands (Table 2)
was in agreement with the decrease of metal d,-orbitals
energy, reflecting the metal-centered nature of the
electrochemical process.

[M"(ptpy)(L"L)F — e = [M" (ptpy)o(L"L)F *".

Taking into account the assignment of long-wave
absorption bands of Rh(IIl) and Ir(IIl) complexes to
the d.—m*%,, MLCT optical transitions, the electro-
chemical data showed that LUMO and HOMO of the
complexes were presumably localized at n* and d,
orbitals. Noteworthily, the energy of MLCT absorption
bands was correlated with the oxidation potential of
Rh(III) and Ir(IIT) complexes (Fig. 3). The metal-centered
type of reduction and oxidation of Pt(IV) complexes
suggested that the long-wave optical transition d—d*
(e ~ 10* L mol ' cm™") should have been observed [12].
However, the strong (¢ ~ 10* L mol”' em™') MLCT
bands (Table 3) could possibly mask d—d*-bands in the
absorption spectra of Pt(IV) complexes.

To summarize, the effect of nature of the metal
[Pt(IV), Ir(1ll), Rh(IIT)] and the chelating ligand (L"L)
in the [M(ptpy)2(L"L)]" complexes on the position of
spin-allowed bands in electronic absorption spectra
and on their oxidation potentials was mainly due to
changes of the complexes HOMO energy, that is,
metal d;-orbitals (Fig. 4).

In contrast to fluorescence of free 2-(n-tolyl)pyri-
dine in UV region (Ay.x 322 nm), photoexcitation of
the complexes in the range of intraligand optical

931

g£x 10>, Lmol ™! cm™! L

650
A, nm

Fig. 2. Electronic absorption (solid lines) and emission
(dashed lines) spectra of [M(ptpy)(L"L)]F complexes
in various solvents. (/) [Ir(ptpy).En]PFs (CH;CN),
(2) [Ir(ptpy)2dtc] (CH,CL), (3) [Ir(ptpy)OAcF] (CHCly),
(4) [Ir(ptpy)20Ac] (CH,CL).

transitions and MLCT absorption bands (Figs. 1 and 2)
led to phosphorescence in the visible (458—514 nm)
range, with exponential decay kinetics (t = 320—
326 us), which was due to the fact that the metal spin-
orbital interaction (& = 1500-5000 cm ' [13])
stimulated singlet-triplet interconversion of the excited
states. Phosphorescence excitation spectra of the
complexes were in agreement with their absorption
spectra (Table 3).

Unlike Pt(IV) and Ir(IIl) complexes exhibiting
phosphoresce at 293 and 77 K, the phosphorescence of
Rh(IIT) complexes was only observed in the frozen
(77 K) solutions. The thermal quenching of phos-
phorescence of Rh(III) complexes could arise from the
less prominent splitting of d-orbitals, as compared with
the Ir(IlT) and Pt(IV) complexes. Indeed, that should
lead to the thermally activated population of metal-
centered d—d* excited states; the latter were subject to

2.6 2.8 3.0 32 34
E(MLCT), eV

Fig. 3. Correlation of energies of MLCT absorption bands
and oxidation potentials of Rh(III) and Ir(III) complexes.
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Fig. 4. Qualitative diagrams of molecular orbitals responsible for absorption spectra, oxidation and reduction of [M(ptpy) (L L)J

complexes.

fast radiationless deactivation, being close in energy to
the lowest excited intraligand state [14].

The energy positions of spin-forbidden intraligand,
metal-ligand charge transfer, and d-d* optical
transitions were defined both by the energy position of
the corresponding spin-allowed transitions and by the
energy of their singlet-triplet splitting [15], which was
of ~10* cm™ in the case of intraligand transitions and
was less than 5 x 10° cm™' in the cases of MLCT and
d—d* transitions [16]. Phosphorescence of Pt(IV)
complexes could be assigned to the spin-forbidden
intraligand optical transition of the platinized ptpy
ligand due to the following reasons: the agreement
between almost invariant position of the intraligand
absorption band (314 + 2 nm) of Pt(IV) complexes,
invariant energy position of their phosphorescence
spectra, and kinetics of its decay (Ayax 454 £ 1 nm, t
320 £ 20 ps); the agreement between frequency of the
vibrational progression [(1.50 + 0.03) x 10° cm™'] in
the phosphorescence spectrum and the vibration
frequency of C=C/C=N bonds of ptpy ligand. Indeed,
the energy of singlet-triplet splitting (10.1 + 0.1) x
10 cm™ in Pt(IV) complexes agreed with the value
expected for the intraligand optical transition.

Replacement of Pt(IV) with Rh(III) had practically
no effect on position of the intraligand absorption band
(~310 sh), whereas phosphorescence spectra under-
went red shift shift of 500 = 100 cm ', its decay time
decreasing to 80—110 us (Table 3). That reflected the
mixed nature (IL/MLCT) of the lowest electron-
excited state responsible for phosphorescence of
Rh(IIT) complexes.

Despite almost invariant position of the intraligand
absorption bands in the spectrum (~311 sh), phos-
phorescence of Ir(Ill) complexes was characterized by
further red shift of (1.6 + 0.2) x 10° cm ' with respect
to the Pt(IV) complexes as well as by further decrease
of the phosphorescence decay time to 6 = 1 ps. Hence,
the MLCT contribution into the presumably intraligand
spin-forbidden optical transition increased. The mixed
nature of the (IL/MLCT) phosphorescence of Ir(IIl)
complexes, opposed to the intraligand phosphore-
scence of Pt(IV) complexes, led to blue shift of the
spectrum with decreasing the energy of d, orbitals
(complexes with o-donor ethylendiamine ligand) and
with decreasing the temperature by (0.8 + 0.1) x
10° cm™' (complexes with m-donor chelating ligands:
dtc, OTf, and OAc") due to the more polar excited state.

To conclude, the energy positions of phos-
phorescence (457-514 nm) and long-wave absorption
bands (340-485 nm) along with reduction (—1.5-3.0 V)
and oxidations potential (0.45-1.25 V) of the
cyclometallated complexes [M(ptpy)-(L"L)]* could be
purposefully changed by varying the metal nature
[Ir(1lT), Rh(II), or Pt(IV)] and donor-acceptor
properties of the chelating ligand (L"L).

EXPERIMENTAL

'H and "F NMR spectra (CDCl; or DMSO-dj)
were recorded using the JINM-ECX400A spectrometer;
IR spectra (KBr) were obtained with the IR Prestige-21
spectrometer belonging to the Collective Usage
Center, Chemistry Department, Herzen Russian State
Pedagogical University. Electronic absorption spectra
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(CH,Cl,) were registered with the SF-2000 spectro-
photometer. Phosphorescence spectra and kinetics of
phosphorescence decay in CH,Cl, and CH3CN solu-
tions (293 K) and in glassy (77 K) 1 : 1 2-methoxy-
ethanol-ethanol mixture were recorded with the
Flyuorat-02 Panorama spectrofluorimeter. Voltam-
perograms were recorded with the IPC-PRO instru-
ment at 293 K in the cell with separated spaces of
working (GC), auxiliary (Pt), and reference (Ag) elec-
trodes in 0.1 mol/L [N(C4Hy)4]PF¢ solution in CH;3CN,
(CH3),NCOH, or in C¢HsCH;—CH;CN 1 : 1. Peak
potentials were given relative to the ferrocenium-ferro-
cene redox pair at potential scanning rate of 100 mV/s.

The complexes were prepared following the general
procedure including the synthesis of [Rh(ptpy).(u-Cl)],,
[Ir(ptpy)2(u-CD12, and [Pt(ptpy),CL] [17, 18]; removal
of AgCl precipitate by addition of two equivalents of
acetonitrile solution of AgNO;; addition of one equi-
valent of methanol solution of ethylenediamine or
sodium salt of the chelating ligand L"L to the mixture.
Solvent evaporation led to precipitation of the
[M(ptpy)2(L"L)] [M = Rh(Il), Ir(1ll); (LAL) = dtc,
OAc, OTf] complexes, they were further purified by
column chromatography (silica gel, dichloromethane
as eluent). Yield 40-60%. Cationic complexes
[M(ptpy).EnPFs M = Rh(III), Ir(IID)],
[Pt(ptpy)2(L"L)]PF¢ [(L L) = dtc’, OAc, OTf ], and
[Pt(ptpy).En](PFs), with yield of 40-60% were
obtained by precipitation with KPF¢ saturated aqueous
solution.
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