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Abstract: A new class of luminescent
alkynylplatinum(II) complexes of tri-
dentate bis(N-alkylbenzimidazol-2'-yl)-
pyridines (bzimpy), [Pt(R,R’-bzimpy)-
(C=C—R")]X (X=PF,, OTf), and one
of their chloro precursor complexes,
[Pt(R,R’-bzimpy)CI]|PF,, have been
synthesized and characterized; one of
the alkynyl complexes has also been
structurally characterized by X-ray
crystallography. Electrochemical stud-
ies showed that the oxidation wave is
alkynyl ligand-based in nature with
some mixing of the metal center-based
contribution, whereas the two quasi-re-
versible reduction couples are mainly
bzimpy-based reductions. The electron-
ic absorption and luminescence proper-
ties of the complexes have also been
investigated. In solution, the high-

Introduction

The spectroscopic and photophysical behavior of square-
planar platinum(II) complexes has been extensively studied

energy and intense absorption bands
are assigned as the m—m* intraligand
(IL) transitions of the bzimpy and al-
kynyl ligands, whereas the low-energy
and moderately intense absorptions are
assigned to an admixture of metal-to-
ligand charge-transfer (MLCT)
(dst(Pt)—n*(R,R’-bzimpy)) and ligand-
to-ligand charge-transfer (LLCT) (-
(C=C—R")—n*(R,R’-bzimpy)) transi-
tions. Upon variation of the electronic
effects of the arylalkynyl ligands, vi-
bronic-structured or structureless emis-
sion bands, originating from triplet
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metal-perturbed intraligand (IL) or an
admixture of triplet metal-to-ligand
charge-transfer (MLCT) and ligand-to-
ligand charge-transfer (LLCT) excited
states respectively, were observed in
solution. Interestingly, two of the com-
plexes showed a dual luminescence
that was sensitive to the polarity of the
solvents. Upon cooling from 298 K to
155 K, drastic color, UV/Vis, and lumi-
nescence changes were observed in a
butyronitrile solution of 1, and were as-
cribed to the formation of aggregate
species through Pt--Pt and m—m stack-
ing interactions. DFT and time-depen-
dent DFT (TD-DFT) calculations have
been performed to verify and elucidate
the results of the electrochemical and
photophysical properties.

in the past few decades, due to their intriguing spectroscopic
and luminescence properties." The platinum(II) terpyridyl

complexes have attracted much attention in recent years
due to their propensity to exhibit Pt--Pt and m—m stacking
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under http://www.chemeurj.org/ or from the author. It contains select-
ed structural parameters of 1'-8"; TD-DFT/CPCM (CH,Cl,) excita-
tion energies of selected singlet excited states; percentage composi-

tion of selected molecular orbitals; Cartesian coordinates; concentra-

tion-dependent electronic absorption and emission spectra of 2; con-
centration-dependent emission spectra of a butyronitrile glass of 2 at
77K; solid-state emission spectra of 7; time-resolved emission spec-
trum of 2 and its corresponding steady-state emission spectrum; ex-
perimental UV/Vis absorption spectra of 1 and 2, together with the

calculated nonequilibrium TD-PBE1PBE/CPCM (CH,Cl,) singlet—
singlet transitions and oscillator strengths in 1’ and 2’; and structures

and isocontour plots of the spin density of the optimized *IL/MLCT
and *LLCT/MLCT excited states in 1’ and 2/, respectively.
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interactions.**&i4-<3-26l Qne particular complex, [PtCl-
(tpy)]* (tpy =terpyridine) shows strong luminescence in the
solid state.’**! However, it is found to be nonemissive in
fluid solution because the emissive excited state is quenched
by efficient radiationless decay via a low-lying triplet ligand-
field (LF) state.Pacdt4]

Recently, our group initiated
the first synthesis and isolation
of a new class of alkynylplatinu-
m(IT) terpyridyl complexes.”
This class of compounds was lu-
minescent in fluid solution at | ‘
room temperature due to the
fact that the strong field alkynyl
ligand caused a larger d—-d LF
splitting, thereby reducing the
nonradiative deactivation via
the d-d LF state. In addition,
this class of compounds showed
much improved solubility in so-
lution and drastic changes in
spectroscopic and luminescence
properties upon a change in the microenvironment and in
the presence of external stimuli, such as a change in the sol-
vent composition,”><! counteranion,**# polymer,t ion
binding,*! pH,*l and biomolecule interactions.”"% Ex-
tension of the work to systems with molecular “sticky
ends”l and metallogel formation,® involving interesting
color changes through aggregation or degradation processes,
has also been made.

Despite extensive studies on complexes with terpyridine
as the tridentate ligand, a new class of tridentate N-donor
ligand, 2,6-bis(benzimidazol-2'-yl)pyridine (bzimpy), has
been investigated in transition metal complexes in the past
two decades,®*! including Ru",0 Cu''V Fe'' and
Ir'"".[¥ Unlike terpyridine, bzimpy can be easily functional-
ized at the nitrogen atom of the benzimidazole group in the
presence of strong bases, such as sodium hydride, to achieve
different applications. For example, Haga et al. reported the
functionalization of ruthenium(II) bzimpy complexes with
disulfide groups, which were found to self-assemble on a
gold surface for the fabrication of highly organized stable
monolayers, thereby allowing the investigation of their elec-
tron-transfer kinetics.!'"’

Recently, [Pt(bzimpy)Cl]* derivatives were synthesized,
and their aggregation®™ and FRET®! properties were in-
vestigated. In contrast to [PtCl(tpy)]*, triplet intraligand
(IL) m—m* emission of the bzimpy ligand, which is lower-
lying in energy than the terpyridine counterpart, was ob-
served in  solution at room  temperature in
[Pt(bzimpy)CI]*.[%! This information, together with the lack
of reports on alkynylplatinum(II) bzimpy complexes, have
prompted us to explore this class of compounds and to in-
vestigate the nature of their electrochemical and photophys-
ical properties. Moreover, the relative ease and versatility of
synthetic modifications of both the alkynyl and bzimpy li-
gands may offer new opportunities for the preparation of
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new classes of alkynylplatinum(II) bzimpy complexes with
multifunctional properties.

Herein we report the first synthesis of a new class of alky-
nylplatinum(II) complexes with the use of 2,6-bis(benzimi-
dazol-2'-yl)pyridine as the tridentate N-donor ligand,
[Pt(R,R’-bzimpy)(C=CR")]X (Scheme 1), and one of their

—+
R R = CyaHas, R = H, X = PFs
2:R" = CoHs
3:R" = CoHy(CFa)-4
oS R 4:R" = CoHy-(CHa)-4
,l] 5: R" = CoHy-(OCHs)-4
N \ 6: R" = CHy-(NMe,)-4
- 7:R"=CeHy
N X
‘ / \@ = ‘= =
Pt R = CyoHas, R = OCyoHas, X = PFg
8:R" = CoHs
H R=CiH, R =H

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

9:R" = GHs, X = PFg
10:R" = CsHp-(OCH,):-3,4,5, X = OTf

Scheme 1. Structures of the alkynylplatinum(IT) bzimpy complexes 2-10.

chloro precursor complexes, [Pt(R,R’-bzimpy)Cl|PFs; (R=
C,Hy,;, R"'=H) (1). The X-ray crystal structure of 10 has
been determined. The electrochemical, electronic absorption
and luminescence behavior of complexes 1-10 have been
studied. Their aggregation properties in solution have also
been investigated by using variable-temperature and con-
centration-dependent UV/Vis and luminescence spectrosco-
py. Interesting luminescence properties of this class of alky-
nylplatinum(II) complexes in solution have been observed
at ambient temperature, in which dual luminescence attrib-
uted to triplet IL (typical of the chloroplatinum(II) species)
and an admixture of triplet metal-to-ligand charge-transfer
(MLCT) (dm(Pt)—m*(bzimpy)) and ligand-to-ligand charge-
transfer (LLCT) (n(C=C)—mn*(bzimpy)) excited states have
been observed in some cases. Simple modifications of the
electronic properties of the ligands and changes in the sol-
vent polarity were expected to perturb the relative energies
of the excited states given the sensitivity of the CT state to
the electronic properties of the alkynyl ligands and the sol-
vents as well as the closeness of the energies of the IL and
the CT states, leading to the ready tunability of the nature
of the emissive states. Such behavior, which could not be ob-
served in the related platinum(II) terpyridyl alkynyl com-
plexes, is unique to this class of compounds, in which the
bzimpy ligand n-nt* energy is expected to be lower-lying.
DFT and time-dependent DFT (TD-DFT) calculations have
also been performed to elucidate the electronic structures
and provide a further insight into the spectroscopic origins
of this class of complexes.

Results and Discussion

Synthesis and characterization: Alkynylplatinum(II) com-
plexes (2-10) were synthesized by the reaction of the chlor-
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oplatinum(II) precursors with the corresponding alkynes in
the presence of a catalytic amount of copper(I) iodide and
triethylamine in dichloromethane or dimethylformamide.
The complexes with R=C,H,s were purified by column
chromatography on silica gel by using dichloromethane/ace-
tone as the eluent and subsequent recrystallization by the
slow diffusion of diethyl ether into dichloromethane solu-
tions of the complexes. For the complexes with R=C,H,,
column chromatography was not necessary and the products
were purified simply by recrystallization by the slow diffu-
sion of diethyl ether into an acetonitrile solution. The identi-
ties of all the newly synthesized alkynylplatinum(II) com-
plexes have been confirmed by "H NMR spectroscopy, FAB-
mass spectrometry, IR spectroscopy, and satisfactory ele-
mental analyses. Complex 10 has also been characterized
structurally by X-ray crystallography.

X-ray crystal structures: The crystal structure of the com-
plex cation of 10 is depicted in Figure 1. Similar to the case
in platinum(IT) terpyridyl complexes,[3*&4-5-ch.0o-dLedb] the

Figure 1. Perspective drawing of the complex cation of 10 with atomic
numbering. Hydrogen atoms, counter-anions, and solvent molecules are
omitted for clarity. Thermal ellipsoids were shown at the 30 % probability
level.

platinum(II) metal center adopts a distorted square-planar
geometry. The N-Pt-N angles (N3-Pt1-N1 79.9°; N4-Pt1-N3
79.5°; N4-Pt1-N1 159.2°) were found to deviate from the ide-
alized values of 90 and 180° due to the steric demand of the
bzimpy ligand. The bond lengths of Pt—C and C=C are 1.94
and 1.20 A, respectively, which are comparable to those
found in the related alkynylplatinum(II) terpyridyl complex-
es.Prest-dtel Selected bond lengths and angles are given in
Table 1. The interplanar angle between the plane of the aryl
ring of the arylalkynyl ligand and that of the platinum-
bzimpy unit is 14.0°. The crystal packing of 10 shows a twist-
ed head-to-tail stacking between pairs of complex cations
(Figure 2a), as revealed by the individual molecules rotated
with respect to their neighbors, with a C-Pt-Pt-C torsion
angle of 147.9°. The complex also forms a dimeric structure
arranged in a zigzag fashion (Figure 2b) with alternating
“short” and “long” Pt--Pt distances of 3.38 and 5.27 A re-
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Table 1. Selected bond lengths [A] and angles [°] for 10 with estimated
standard deviations in parentheses.

Pt1-N1 2.01(8) Pt1-C28 1.94(11)
Pt1-N3 1.99(7) 28-C29 1.20(11)
Pt1-N4 2.01(7) Pt1--Ptl 3.39(9)
N3-Pt1-N1 79.9(4) N3-Pt1-C28 1782(3)
N4-Pt1-N3 79.5(3) N1-Pt1-C28 99.9(4)
N4-Pt1-N1 159.2(3) 29-C28-Ptl 176.2(8)

spectively. The interplanar distance of the dimeric structure
is 3.43 A, calculated from the average distances of the atoms
on the two least-squares planes. These are suggestive of an
intermolecular Pt--Pt interaction between the two metal
centers within the dimeric structure.’*® The two [Pt-
(bzimpy)] coordination planes are essentially parallel and
eclipsed, as revealed by the interplanar angle of 0.90° within
the dimeric structure.

a)

coeoc
0Z03

ceeor
0zo3y

Figure 2. Crystal packing diagrams of complex cations 10 showing a) the
twisted head-to-tail configuration and b) the dimeric structure in zig-zag
fashion with alternating “short” and “long” Pt--Pt distances.

Electrochemistry: The cyclic voltammograms of complexes
1-10 in dichloromethane or dimethylformamide solutions
(0.1m nBu,NPF,) displayed two quasi-reversible couples at
approximately —0.84 to —1.65 V and an irreversible anodic
wave at approximately +0.57 to +1.68 V versus SCE. The
electrochemical data for complexes 1-10 are summarized in
Table 2, and the cyclic voltammogram of 2 in DMF (0.1m
nBu,NPFy) is shown in Figure 3. As the reduction potentials
are found to be insensitive to the nature of the alkynyl li-
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Table 2. Electrochemical data for 1-10.

Complex Oxidation E,, [V] Reduction E,;, [V]
versus SCE versus SCE!

1 el —0.8514 —0,971

2 +1.4419 (4-1.296) —0.891 (—0.95<y —1.0214 (—1.63[1)
3 +1.68 —0.8414 —0,991

4 +1.3614 —0.8519 1,06

5 +1.14 —0.9014 —1,041

6 +0.5714 —0.9514 —1,08

7 +1.651 —0.914 —1,0714

8 +1.43 —1.051 —1.19

9 +1.270€ —0.95!1 —1.640!

10 +1.17¢ —0.93!¢1 —1,65l

[a] E,, refers to the anodic peak potential for the irreversible oxidation
waves. [b] E\,=(E,,+E,)/2; E,, and E,. are the anodic peak and catho-
dic peak potentials, respectively. [c] No oxidation wave was observed
within the solvent window. [d] Conducted in dichloromethane solution
with nBu,NPF (0.1m; TBAH) as the supporting electrolyte at room tem-
perature; scan rate 100 mVs™'. [e] Conducted in dimethylformamide so-
lution with nBu,NPF, (0.1mM; TBAH) as the supporting electrolyte at
room temperature; scan rate =100 mV 57!

N
L

T T T T T T T 1
1.5 1.0 0.5 0.0 -0.5 -1.0 -1.5 -2.0

Potential / V versus SCE

Figure 3. Cyclic voltammogram of 2 in DMF (0.1 m nBu,NPF).

gands with different substituents on the phenyl ring and sen-
sitive to the substituents at the 4-position of the bzimpy
ligand, it is suggested that these couples arise from the
bzimpy-based reductions that are mainly localized on the
pyridine moiety. Such assignments are in line with the obser-
vation that 8 shows a more negative reduction potential
than 2 because the electron-donating alkoxy substituent on
the bzimpy ligand would raise the m*(bzimpy) orbital
energy. This has also been supported by DFT calculations,
in which the LUMO is found to be mainly derived from the
st* orbital localized on the pyridine unit (vide infra).

In view of the observed change of the potentials for oxi-
dation upon varying R”, the oxidation is attributed to alkyn-
yl-based ligand oxidation, mixed with some metal-centered
contribution.P*¢"%" For complexes 2-6 in dichloromethane
solution, the ease of oxidation shows a trend of 6
(+0.57V)>5 (+1.14V)>4 (+136V)>2 (+1.44V)>3
(+1.68 V), in line with the order of the electron-donating
ability of the alkynyl ligands, NMe, > OMe > CH; >H > CF;,
which would render the dm(Pt) and m(C=C—R”) orbitals

Chem. Eur. J. 2008, 14, 4562 -4576
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higher-lying in energy, thus causing a shift of the potential
to less anodic values. In addition, 7, which contains an alkyl-
alkynyl ligand, has been shown to display a more positive
potential for this oxidation relative to 2 in dichloromethane
solutions due to the fact that the decrease in m-donating
ability of the alkylalkynyl ligand relative to the arylalkynyl
ligand causes a lowering in the dm(Pt) and t(C=C—R") orbi-
tal energies. No oxidation wave was observed in the di-
chloromethane solution of 1 within the solvent window
(from +2.0 to —2.0 versus SCE). This suggests that the
strong-field alkynyl ligand in alkynylplatinum(IT) complexes
destabilizes the dm(Pt) orbital to a larger extent relative to
that of the chloro derivative in 1, which leads to the more
positive oxidation potential for 1.

Electronic absorption spectroscopy: The electronic absorp-
tion spectra of complexes 2-10 in solution at 298 K showed
intense absorption bands at 312-384 nm and moderately in-
tense bands at 434-584 nm. The photophysical data of 1-10
are summarized in Table 3. With reference to previous spec-
troscopic studies on alkynylplatinum(II) terpyridyl com-
plexes®7! and the related [Pt(bzimpy)Cl]* complex, the
high-energy intense absorption band is assigned to the intra-
ligand (IL) (m—mx*) transitions of the alkynyl and bzimpy li-
gands, whereas the low-energy absorption band is tentatively
assigned to an admixture of metal-to-ligand charge-transfer
(MLCT) (dm(Pt)—n*(R,R’-bzimpy)) and ligand-to-ligand
charge-transfer (LLCT) (nt(C=C—R")—xn*(R,R’-bzimpy))
transitions. Complex 1 exhibited a similar UV/Vis absorp-
tion pattern, with the exception that the MLCT shoulder
showed a blue shift in energy, attributed to the lack of the
strong field alkynyl ligand in 1. The electronic absorption
spectra of 1-3, 6, and 8 are shown in Figure 4. For com-
plexes 26 and 8 in dichloromethane solutions, the low-
energy absorption band shows an energy trend of 8
(440 nm)>3  (446nm)>2 (458 nm)>4  (465nm)>5
(488 nm) > 6 (584 nm), which is in line with the charge-trans-
fer (CT) assignment since electron-donating substituents on
the phenyl ring of the alkynyl ligand would raise the energy
of the dm(Pt) and t(C=C—R") orbitals and result in a lower-
ing of the CT energy,"**" whereas the poorer m-accepting
ability of 4-C,,H,;0-bzimpy relative to bzimpy would render
the n*(4-C,,H,;0-bzimpy) orbital higher-lying in energy,
which results in a higher CT energy.”? Relative to 2, the
electronic absorption spectrum of 7 showed a blue shift in
the CT energy in solution, which can be explained by the
greater extent of conjugation provided by the arylalkynyl
ligand in 2 that results in a lowering of the transition energy.

Electronic absorption studies of 2 and 4 in dichlorome-
thane, acetonitrile, and dimethylformamide solutions were
performed to investigate solvent effect. Upon increasing the
polarity of the solvents, the CT absorption band showed a
blue shift in energy. As with other Pt" polypyridine com-
plexes,®7*% negative solvatochromism was observed for the
low-energy absorption band, which is in line with the ex-
pected decrease in dipole moment on going from the
ground state to the excited state. Complexes 2 and 9 in
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Table 3. Photophysical data for 1-10.

Complex Medium 7 [K] Absorption Emission
Zumax [0M] (Emay [dm’mol ™! cm™]) Aem [nm] (7, [ps]) Pem”

1 CH,Cl, (298) 320 (23300), 360 (22700), 384 (21050), 434 (1395) 565, 612 (3.28), 690! (1.25) 1.7x107?
CH,CN (298) 312 (25325), 342 (27205), 374 (24585), 434 (1430) 560, 605 (0.40), 690™ (0.10) 1.2x1073
solid (298) 705 (0.58)
solid (77) 720 (2.19)
glass!! (77) 543, 585 (9.30), 6401 (8.75)

2 CH,Cl, (298) 334 (24180), 364 (27630), 380 (26515), 458 (3870) 580, 6251 (0.69), 740" (0.14) 29x1072
CH,CN (298) 325 (24025), 353 (25750), 367 (23615), 446 (3525) 565, 610 (0.35), 730" (0.15) 8.9x1073
DMF (298) 329 (21210), 355 (23945), 370 (22160), 444 (4075) 565, 610 (1.51), - 1.0x1073
solid (298) 652 (0.41)
solid (77) 614 (2.27)
glassl (77) 543, 582 (8.22), 64591 (4.90)

3 CH,Cl, (298) 332 (24315), 362 (27320), 378 (25305), 446 (2850) 570, 616 (2.66), 730" (<0.10) 9.6x1072
CH,CN (298) 326 (20930), 354 (23255), 372 (20100), 434 (3605) 570, 616 (0.29), 720" (0.21) 1.4x1072
solid (298) 795 (1.84)
solid (77) 735 (2.19)
glass!l (77) 540, 583 (7.60), 635! (5.20)

4 CH,Cl, (298) 335 (25950), 363 (29655), 381 (29100), 465 (4280) 652 (2.30), 745" (0.19) 25x1073
CH,CN (298) 328 (23210), 352 (25105), 372 (22315), 448 (4140) 567, 64017 (0.29), 740" (0.26) 1.1x1073
DMF (298) 326 (26570), 354 (28855), 372 (26070), 442 (5020) 567, 6251 (3.92), LI 1.4x107°
solid (298) 705 (0.71)
solid (77) 660 (2.04)
glass!l (77) 543, 583 (9.90), 640! (4.75)

5 CH,Cl, (298) 336 (26465), 362 (30760), 381 (30390), 488 (4395) 565, 610 (3.20), 740" (0.44) 8.9x107*
CH;CN (298) 332 (22870), 354 (24990), 370 (23350), 460 (3990) el 74011 (0.30)
solid (298) 655 (0.21)
solid (77) 666 (2.60)
glass!l (77) 540, 580 (9.03), 64214 (5.22)

6 CH,(Cl, (298) 318 (28500), 363 (21355), 382 (20065), 584 (3960) el
CH;CN (298) 306 (37830), 354 (25380), 370 (23685), 546 (4330) el
solid (298) el
solid (77) el
glass!l (77) el

7 CH,Cl, (298) 330 (15560), 362 (16730), 378 (16310), 440 (2825) 575, 625 (3.55), 712" (0.43) 5.0x1072
CH,CN (298) 323 (17905), 354 (19035), 367 (17595), 436 (3925) 560, 610 (0.26), 715 (0.10) 9.5x1073
solid (298) 680 (0.58)
solid (77) 682 (3.10)
glass!! (77) 540, 580 (9.60), 648! (5.64)

8 CH,Cl, (298) 330 (36040), 348 (33545), 365 (29275), 440 (4990) 560, 605 (1.34), 670! (0.28) 83x1072
solid (298) 640 (0.31)
solid (77) 630 (3.32)
glass!! (77) 530, 570 (6.44), 6101 (3.68)

9 DMF (298) 329 (17875), 355 (20210), 370 (18305), 444 (3865) 565, 610 (1.36), ! 1.1x107?
solid (298) 680 (0.48)
solid (77) 675 (2.40)
glass!! (77) 545, 586 (7.86), 635! (5.26)

10 DMF (298) 330 (27170), 354 (31020), 370 (29195), 450 (4660) el
solid (298) 660 (0.23)
solid (77) 670 (2.20)

glass!! (77)

540, 580 (7.73), 63011 (6.73)

[a] The luminescence quantum yield, measured at room temperature by using [Ru(bpy);]** as a standard. [b] Excimeric emission band observed at a con-
centration of >10"*m. [c] In butyronitrile glass. [d] Aggregate emission in glassy matrix at 77 K. [e] No excimeric emission observed even at a concentra-
tion of 2x10~*m. [f] Dual luminescence observed in solution at concentration < 10~*m at ambient temperature. [g] Nonemissive. [h] Excimeric emission

band observed at a concentration of >2x107*m. All solid-state emissions were recorded after grinding.
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ex 107/ dm®mol-'cm™'

te~. -
T T #
300 400 500 600 700 800
Wavelength / nm

Figure 4. Electronic absorption spectra of 1 (—), 2 (===), 3 (+++++), 6
(-+-+), and 8 (—) in CH,Cl, at room temperature.

DMF showed essentially identical UV/Vis absorption pat-
terns with similar extinction coefficients, which suggests that
no significant effect can be attributed to the chain length of
the N-alkyl chains. UV/Vis absorption spectra at various
concentrations of 2 in dichloromethane solution were pre-
pared, ranging from 8.2x 107> to 7.1 x 10~%m, and the absorp-
tion tails at 550 nm were found to obey Beer’s law (Fig-
ure S1, Supporting Information). This suggests the lack of
any significant ground-state complex aggregation.* >

As 1 in butyronitrile solution (c=7x10"*mM) showed a
drastic color change from yellow to red upon cooling to
155 K (Figure 5), variable-temperature absorption studies
were performed between 298 and 155 K. With decreasing
temperature, new absorption bands at 530 and 565 nm were
observed. No such absorption bands appeared at concentra-
tions <107*M, and in 2-10 no such bands appeared even at
77 K. The UV/Vis absorption spectra of 1 at different tem-
peratures are shown in Figure 5. These concentration-depen-
dent absorption bands that appeared at low temperature ori-

2 4 decreasing '
-3 temperature

Low temp.

Absorbance / A.U.

450 500 550 600 650 700

Wavelength / nm

Figure 5. Electronic absorption spectra of 1 in butyronitrile solution (c=
7x107*m) upon cooling from 298 to 155 K. Inset: Photographs of the bu-
tyronitrile solutions of 1 at room and low temperatures.
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ginated from a metal-metal-to-ligand charge-transfer
(MMLCT) transition that results from an intermolecular as-
sociation through Pt--Pt and n—x stacking interactions. Such
MMLCT absorption bands were also observed in
[Pt(Me,bzimpy)Cl]* and were induced by vapochromic ef-
fects.[®!

Luminescence spectroscopy: All of the complexes, except 5,
6, and 10, which contain electron-rich OMe or NMe, on the
arylalkynyl ligands, are strongly emissive in all states,
namely in the glass state, in the solid state, and in solution.
The large Stokes shifts and the long emission lifetimes, in
the microsecond range, are suggestive of an origin of triplet
parentage. In 77 K butyronitrile glass, all the complexes
showed well-resolved vibronic-structured emission bands at
approximately 530-543 nm and a low-energy emission band
at approximately 630-648 nm. The vibrational progressional
spacings of the high-energy band at approximately
1300 cm ™! are typical of the aromatic vibrational modes of
the tridentate N-heterocyclic ligands. Upon excitation at 1>
430 nm, the low-energy emission band increased in intensity
with increasing concentrations ranging from 1077 to 10™*m
(Figure S2, Supporting Information). The high-energy emis-
sion band is derived mainly from the triplet n—x* IL excited
state of the bzimpy ligand, whereas the low-energy band,
which is concentration-dependent, originated from emissive
aggregates formed at low temperature.

Interestingly, the solid-state emission of this class of com-
plexes is dependent on their morphologies.*”! For example,
whereas the yellow form of 7 showed vibronic-structured
bands, the emission of the orange-red form, obtained upon
grinding, became broad and structureless and was shifted to
longer wavelengths (Figure S3, Supporting Information).
Such a low-energy structureless emission band at approxi-
mately 652-795 nm in the solid state is assigned as a triplet
MMLCT emission originating from the formation of Pt--Pt
and m—m stacking interactions upon grinding.

In solution under dilute conditions (<107*m) and upon
excitation at A>440 nm, most complexes at room tempera-
ture displayed a vibronic-structured emission band in their
emission spectra with a band maximum at around 565 nm
that is insensitive to the nature of the alkynyl ligands and
the solvents. The vibrational progressional spacings of ap-
proximately 1300 cm™! are characteristic of the vibrational

of the tridentate N-heterocyclic ligand. This vibronic-struc-
tured emission is tentatively assigned as originating from a
metal-perturbed *IL (n—m*(bzimpy)) state. The normalized
emission spectra of 7 and 8 at concentrations of 2x107°M in
dichloromethane are shown in Figure 6.

It is interesting to note that 2 and 4 showed unique dual
luminescence behavior, which is sensitive to the nature of
the solvents and substituents. Apart from the vibronic-struc-
tured emission band, 4 showed a structureless emission band
with band maximum at 652 nm in dichloromethane solution,
whereas in acetonitrile solution, this emission band showed
a blue shift in energy (640 nm) with an additional shoulder
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Normalized emission intensity
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Figure 6. Normalized emission spectra of 7 (-----) and 8 (—) in de-
gassed dichloromethane at room temperature.

at 567 nm. A further shift of this band maximum to higher
energy in dimethylformamide solution (625 nm) with a
slight increase in the intensity of the shoulder was observ-
ed.” The emission spectra of 4 in various solvents are
shown in Figure 7. Similarly, whereas 2 showed a structure-
less emission band at 625 nm with a shoulder at 580 nm in
dichloromethane solution, a vibronic-structured emission
band was observed in acetonitrile and dimethylformamide
solutions."¥ The structureless emission band is unlikely to
be due to excimeric or dimeric emission because it was
found to be independent of concentration even down to
107" m. With reference to previous work on platinum(II) ter-
pyridyl alkynyl complexes,”” the low-energy structureless
emission, the energy of which is sensitive to the nature of
the substituents and solvents, originated from an admixture
of 'MLCT and *LLCT excited states. The high-energy band
that appeared as a shoulder in the dual luminescence of 2
and 4 is believed to be derived from a triplet metal-per-
turbed IL origin of the bzimpy ligand; the changes in the

Normalized emission intensity

550 600 650 700 750 800

Wavelength / nm

Figure 7. Emission spectra of 4 in degassed CH,Cl, (+++++), CH;CN (-----),
and DMF (—) at room temperature.
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relative energies of these two excited states would lead to
the observed findings in different solvents. It is likely that
upon increasing the polarity of the solvents, the CT excited
state in 2 is stabilized to a lesser extent than its ground
state, as expected of complexes displaying negative solvato-
chromism (vide supra), leading to a blue shift of the CT ex-
cited state energy. As a result, an increased chance of the
occurrence of *IL emission is anticipated in more polar sol-
vents. Similarly, this accounts for the observation of only the
broad triplet CT emission band in 4 in less polar solvents, es-
pecially given the presence of the more electron-rich methyl
substituent on the phenylalkynyl unit, which leads to a fur-
ther lowering of the CT energy. A time-resolved emission
study of 2 in dichloromethane was also performed to trace
the emissions of these two origins. While emissions from
both origins were observed at a gate delay of 0.25 ps, only
the high-energy and longer-lived vibronic-structured emis-
sion, originating from a metal-perturbed °IL state, was ob-
served at a gate delay of 2.25 ps (Figure S4, Supporting In-
formation).

At concentrations >10"*m and upon excitation at 1>
480 nm, new emission bands beyond 690 nm were observed
from 1-5 in dichloromethane and acetonitrile solutions, and
in 8 in dichloromethane solutions at room temperature. In
contrast, 7 only showed such low-energy bands at concentra-
tions >2x107>M in both solutions. This concentration-de-
pendent and structureless emission band was suggested ten-
tatively to be derived from excimeric or MMLCT emission
at high concentrations.

Butyronitrile solutions of 1 underwent room- and low-
temperature emission studies. It was found that upon excita-
tion at A =450 nm, only a vibronic-structured *IL emission at
560 nm was observed at room temperature, similar to that
observed in dilute solutions. Upon cooling to 155 K, a new
emission band at 685 nm was observed, with a diminishment
of the *IL emission band. The emission spectra of 1 in butyr-
onitrile are shown in Figure 8. The excitation bands moni-
tored at the low-energy emission band closely resemble the

Normalized emission intensity

500 600 700 800

Wavelength / nm

Figure 8. Emission spectra of 1 in butyronitrile solution (c=7x10"*m) at
298 (-----) and 155 K (—).
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new absorption bands at 530 and 565 nm observed in the
electronic absorption spectra of 1 at 155 K, which suggests
that they are derived from the same origin. According to
the electronic absorption studies, the new emission band
probably originated from the *MMLCT excited state, which
results from Pt---Pt and n—n stacking interactions formed at
low temperature.

Computational studies: To gain further insight into the
structural and electrochemical properties as well as the
nature of absorption and emission origins of this series of
platinum(IT) complexes, DFT calculations at the PBE1PBE
level of theory were performed to study complexes 1-8. For
the sake of reducing the computational cost, the long alkyl
chains on the nitrogen atoms of the benzimidazolyl groups
were replaced by methyl groups. In addition, the hexyl
group on the alkynyl ligand was also replaced by a methyl
group for complex 7. The model complexes are labeled as
1-8.

Geometry optimizations of the ground state for 1'-8 were
performed without symmetry constraint. The optimized
structure of 2’ and the selected structural parameters of 1'-8'
are shown in Figure 9 and Table S1 (Supporting Informa-
tion), respectively. For arylalkynyl complexes 2’6’ and §',
the optimizations starting from a planar structure (with the
aryl rings lying in the same plane as the [Pt(bzimpy)] plane)
led to a twisted structure, in which the interplanar angles be-
tween the aryl ring of the alkynyl ligand and the [Pt-
(bzimpy)] plane are in the range of 31.8-90.0°, indicating
that the planar structure is not a minimum in the potential
energy surface. This is probably due to the steric repulsion
between the hydrogen atoms at the 6,6’-positions of the two
benzimidazolyl groups and those at the ortho positions of
the aryl ring. The calculated Pt—N, Pt—C(alkynyl), and C=C
bond lengths in 2’8’ are in the range of 1.993-2.015, 1.941-
1.951, and 1.224-1.230 A, re-
spectively. Although there are
no X-ray data for 1-8 to com-
pare with the calculated struc-
tures of 1-8', the calculated
bond lengths and angles are
comparable to those observed
in the X-ray crystal structure of
the analogue 10.

The frontier molecular orbi-
tals of complexes 1'-8’ obtained
from TD-PBE1PBE/CPCM
(CH,CI, as a solvent) were ex-
amined. For arylalkynyl and
propynyl complexes 2'-8', the
last three highest occupied mo-
lecular orbitals, HOMO,
HOMO-1, and HOMO-2, are
mainly contributed from the
two orthogonal sets of m orbi-
tals on the arylalkynyl or pro-

pynyl unit and the highest w or- PBEIPBE/CPCM (CH,CL,).
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Figure 9. Optimized geometry of 2'.

bital of the bzimpy ligand mixed with metal orbitals. The
HOMO is composed of the antibonding interaction between
the m orbitals on the C=C triple bond and the attached aryl
ring in 2’-6" and 8, and between the m orbital on the C=C
triple bond and the C—H o orbital from two of the three C—
H bonds on the attached methyl group in 7. On the other
hand, the first two unoccupied molecular orbitals, LUMO
and LUMO+1, in 2'-8 are the m* orbitals of the bzimpy
ligand with a larger contribution on the pyridine unit.
Figure 10 depicts the spatial plots of the frontier orbitals in
2'. For the chloro analogue 1’, the first two LUMOs are also
the mt* orbital of the bzimpy ligand, whereas the HOMO is
the highest m orbital of the bzimpy ligand mixed with metal
orbital, which is the same as HOMO-2 in 2'.

The energy level diagram of the selected frontier orbitals
in complexes 2'-8' is shown in Figure 11 to illustrate the
effect of the substituent R” attached to the alkynyl ligand

Figure 10. Spatial plots (isovalue =0.03) of selected frontier molecular orbitals of 2’ obtained from TD-
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Figure 11. Orbital energy diagram of the frontier molecular orbitals in 2’
shown in Figure 10 and the corresponding orbitals in 3'-8'.

on the orbital energies. As depicted, the energy of the
HOMO is found to show a strong dependence on the nature

of the substituents at the para position of the phenylalkynyl
group. The HOMO energy increases in the order 3' <8~
2'<4' <5 <6, which is in line with the increasing m elec-
tron-donating ability of the arylalkynyl ligand. The observed
trends are consistent with the electrochemical data. The
effect of the alkyl substituents attached to the alkynyl ligand
on the HOMO energy is also shown in Figure 11. The
HOMO energy in 7' is decreased significantly, relative to
that in 2. The decrease in HOMO energy is probably due to
the less conjugated & system in 7'. In contrast to the more
pronounced effect of the R” group on the HOMO energies,
the LUMO energy changes very slightly with variation of
the R” group. However, the LUMO energy is increased with
the & electron-donating group OMe attached to the pyridine
unit of the bzimpy ligand. The calculated HOMO and
LUMO in 1'-8 also confirmed the assignment of the oxida-
tion and reduction processes from the electrochemical study,
respectively.

The first fifteen singlet excited states of 1'-8’ were calcu-
lated by using the TD-PBE1PBE/CPCM method (CH,Cl, as
a solvent) on the basis of the gas-phase optimized geome-
tries. Selected low-lying transitions of 1'-8' are shown in
Table 4 (see Tables S2-S9 for more transitions, Supporting
Information). The character of each transition is assigned

Table 4. Selected low-lying singlet excited states (S,) in 1'-8" computed by TD-PBE1PBE/CPCM (CH,Cl,), with the orbitals involved in the dominant
excitations (H=HOMO and L=LUMO), transition coefficients, vertical excitation energies ([nm] and [eV]), oscillator strengths (f), and character of

the excited states.

Complex S, Excitation Transition coefficient Vertical excitation energy f[“] Character
[nm] [eV]
1 1 H-L 0.68 457 2.71 (2.73)" 0.009 IL (R,R’-bzimpy —R R’-bzimpy)!!
2 1 H-L 0.69 534 2.32 (2.43)" 0.038 LLCT (C=CR"—R,R’-bzimpy)"
2 H-2-L 0.68 454 2.73 (2.75)" 0.006 IL (R,R’-bzimpy —R R’-bzimpy)!!
3 H—L+1 0.70 442 2.81 (2.92)™ 0.006 LLCT (C=C-R"—R R’-bzimpy)!!
4 H-1-L 0.67 428 2.89 (2.96)"! 0.066 LLCT (C=C—R"—R R’-bzimpy)X
3 2 H-1-L 0.68 453 2.74 (2.76)" 0.007 IL (R,R’-bzimpy —R,R'-bzimpy)"
3 H-2-L 0.67 419 2.96 (3.02)"! 0.077 LLCT (C=C—R"—R R’-bzimpy)!
& 1 H-L 0.69 551 2.25 (2.35)" 0.071 LLCT (C=C—R”—R R’-bzimpy)
2 H—L+1 0.70 457 2.71 (2.83)" 0.007 LLCT (C=C-R"—R,R’-bzimpy)"!
3 H-2-L 0.68 454 2.73 (2.75)" 0.007 IL (R,R’-bzimpy —R R’-bzimpy)!
4 H-1-L 0.68 431 2.88 (2.95)" 0.060 LLCT (C=C—R”—R R’-bzimpy)!!
5 1 H—-L 0.69 595 2.09 (2.19)™ 0.112 LLCT (C=C-R"—R,R’-bzimpy)
2 H—L+1 0.70 492 2.52 (2.64)" 0.009 LLCT (C=C-R"—R,R’-bzimpy)
3 H-2-L 0.68 454 2.73 (2.75)" 0.006 IL (R,R’-bzimpy —R R’-bzimpy)!
4 H-1-L 0.68 433 2.86 (2.94)" 0.048 LLCT (C=C—R”—R R’-bzimpy)
6 1 H-L 0.68 741 1.67 (1.77)" 0.200 LLCT (C=C—R"—R,R’-bzimpy)
2 H—L+1 0.70 602 2.06 (2.18)"! 0.010 LLCT (C=C-R"—R,R’-bzimpy)
3 H-2-L 0.68 454 2.73 (2.75)" 0.006 IL (R,R’-bzimpy —R,R'-bzimpy)
4 H-1-L 0.68 444 2.79 (2.87)" 0.032 LLCT (C=C—R"—R,R’-bzimpy)"!
7 2 H-2—-L 0.68 454 2.73 (2.75)" 0.005 IL (R,R’-bzimpy —R,R'-bzimpy)!!
3 H-L 0.67 449 2.76 (2.83)" 0.066 LLCT (C=C—R"—R,R’-bzimpy)"!
8 1 H-L 0.70 504 2.46 (2.56)" 0.016 LLCT (C=C—R”—R R’-bzimpy)!!
2 H—-L+1 0.70 451 2.75 (2.85)" 0.003 LLCT (C=C—R"—R R’-bzimpy)!!
3 H-2-L 0.61 424 2.92 (2.94)" 0.008 IL (R,R’-bzimpy —R R'-bzimpy)!!
4 H-1-L 0.60 415 2.99 (3.05)" 0.074 LLCT (C=C-R"—R,R’-bzimpy)!!

[a] Only the singlet excited states with f>0.001 were listed. [b] The corresponding singlet-singlet transitions computed by TD-PBE1PBE/CPCM with

CH;CN as a solvent. [c] Excited state has some MLCT character.
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according to the compositions of the occupied and virtual
MOs of the dominant excitation (see Table S10 for the per-
centage compositions of selected frontier orbitals, Support-
ing Information). The experimental electronic absorption
spectra of 1 and 2 measured in dichloromethane together
with the calculated TD-DFT/CPCM (CH,Cl,) transitions of
complexes 1' and 2’ are shown in Figure S5 (Supporting In-
formation). The spectral assignment is based on the correla-
tion of the experimental peak maxima with the calculated
excited-state energies of the transitions with the oscillator
strength greater than 0.001. From the calculated result of
the chloro-analogue 1’ (Table S2 and Figure S5a, Supporting
Information), the moderately intense low-energy absorption
band corresponds to the excitation from the HOMO to
LUMO, which can be assigned as an IL m—n* transition of
the bzimpy ligand mixed with some MLCT (dn(Pt)—
m*(R,R’-bzimpy)) character, whereas several transitions are
computed in the region of the intense high-energy absorp-
tion band, in which the most intense transition computed at
363 nm involves excitation from the next lower-energy m or-
bital of the bzimpy ligand (HOMO-2) to LUMO and it can
be assigned as the IL m—x* transition of the bzimpy ligand.

Complex 2’ is different from complex 1" and four transi-
tions are computed in the region of the low-energy absorp-
tion band. These transitions consist of the combination of
excitations from HOMO-2, HOMO-1 and HOMO to
LUMO and LUMO+1. The lowest-energy transition corre-
sponds to an excitation from HOMO to LUMO which can
be assigned as LLCT (n(C=C—R")—n*(R,R’-bzimpy))
mixed with MLCT (dn(Pt)—n*(R,R’-bzimpy)) character.
The next higher transition involves an IL s—n* transition of
the bzimpy ligand mixed with some MLCT (dn(Pt)—
*(R,R’-bzimpy)) character, which is similar to the lowest-
energy transition in the chloro analogue. Several transitions
are computed in the high-energy absorption region. The
most intense transition computed at 358 nm also consists of
IL n—m* character of the bzimpy ligand.

Similar to 2', the low-energy absorption band in 3-8 is
composed of two types of transitions, which are LLCT/
MLCT (nt(C=C—R")/dn(Pt)—n*(R,R"-bzimpy)) and IL/
MLCT  (m(R,R’-bzimpy)/dn(Pt)—n*(R,R’-bzimpy)). As
shown in Table 4, the transition energy of the IL/MLCT
(n(R,R’-bzimpy)/dn(Pt)—x*(R,R’-bzimpy)) excited state
does not change at all on variation of the substituent, R"”, at-
tached to the C=C triple bond of the alkynyl ligand. Howev-
er, the transition energy of the LLCT/MLCT (si(C=C—R")/
dn(Pt)—m*(R,R’-bzimpy)) excited state that involves
HOMO —LUMO excitation is decreased with the increase
of the m electron-donating ability of the aryl group in the
order C¢Hs—CF;< C¢Hs< CiH,~Me < CgH,—OMe < C¢H,—
NMe,. Both transitions are blue-shifted from 2’ to 8. The in-
crease in LLCT/MLCT transition energy can be explained
by the & electron-donating OMe group attached to the pyri-
dine ring in the bzimpy ligand which destabilizes the wt* or-
bital. However, the increased gap for the IL/MLCT transi-
tion is probably due to the fact that the st* orbital, which is
more localized on the pyridine unit, is destabilized to a
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larger extent than the m orbital of the bzimpy ligand which
is more localized on the two benzimidazolyl units.

As mentioned in the previous section, negative solvato-
chromism for the low-energy absorption band was observed
for the alkynyl complexes. To study the effect of solvent po-
larity on the low-lying singlet-singlet transitions, TD-DFT/
CPCM calculations with CH;CN as a solvent have also been
performed for 1'-8'. The computed oscillator strengths (f)
for the transitions in CH;CN which are not shown here are
more or less the same as that in dichloromethane. However,
all of the low-energy transitions in Table 4 are blue-shifted
from dichloromethane to CH;CN, in which the shift is more
significant for the LLCT/MLCT (0.06-0.12 eV) than the IL/
MLCT transitions (0.02 eV). Based on the calculated results
in 2-8', the red shift of the lowest energy LLCT/MLCT
transitions with the increase of m-donating ability of the al-
kynyl ligand and blue shift of the transition energy with the
increase in polarity of the solvent support the admixture of
ligand-to-ligand charge-transfer and metal-to-ligand charge-
transfer transitions assignment of the low-energy absorption
band in 2-8. In addition, although less intense, the IL/
MLCT transition was found in the region of the low-energy
absorption band.

Complexes 1-4, 7, and 8 showed strong phosphorescence
in all the states. Two emissive states were observed in 2 and
4 upon variation of the solvent polarity whereas only one
was found in the other complexes. The unrestricted Kohn—
Sham approach (UPBEIPBE) was used to optimize the
low-lying triplet excited states to investigate the nature of
the emissive states. For complex 1, geometry optimization
of the triplet state without symmetry constraints by starting
from the ground-state structure led to an excited structure
with the distortion mainly occurring in the bzimpy ligand.
The optimized structure of the triplet excited state of 1" and
selected changes in the structural parameters relative to that
of the ground state are shown in Figure S6 (Supporting In-
formation). The distortion occurs mainly in one of the two
benzimidazolyl units and the central pyridine ring in the
bzimpy ligand, which is similar to an unsymmetric distortion
for the ’IL state of the related Au' complexes in our previ-
ous study.'” The lower-energy and higher-energy singly oc-
cupied molecular orbitals (SOMOs) of the triplet excited
state are mainly the m orbital of the bzimpy ligand mixed
with the metal orbital and the m* orbital of the bzimpy
ligand, respectively, which indicates that the triplet excited
state contains the IL m—n* of the bzimpy ligand with a slight
mixing of MLCT character. A plot of the spin density of the
’IL state reveals that the spin density is localized mainly on
the bzimpy ligand with some on the metal center (Figure S7,
Supporting Information). The energy of the *ILMLCT ex-
cited state relative to the optimized ground state with the
solvent correction (CH,Cl,) is computed at 571 nm, which
compares well with the experimental emission A,
(565 nm). The result further supports the metal-perturbed
*IL assignment of the vibronic-structured emission band in 1.

Geometry optimization of the triplet excited state in the
alkynyl complexes 2'—4', 7' and 8 by starting from their cor-
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responding optimized ground-state geometry resulted in an
excited state containing a LLCT (x(C=C—R")—n*(R,R’-
bzimpy)) mixed with MLCT character. The major structural
change in the triplet excited state occurs mainly in the
metal-pyridine and metal-aryl ethynyl units. The selected
changes in the structural parameters and the isocontour plot
of the spin density of the *LLCT/AMLCT triplet excited
state of 2" are shown in Figures S6 and S7 (Supporting Infor-
mation), respectively. In addition, based on the calculated
triplet-excited state in 1’, optimizations of the triplet state in
2'—4') 7T, and 8, which involve populating the lowest-energy
nt* orbital of the bzimpy ligand (LUMO) from the highest
energy st orbital of the bzimpy ligand have also been per-
formed. To obtain a correct set of initial guess orbitals for
the optimization process, the starting geometries of 2'-4', 7',
and 8 were modified slightly from their corresponding
ground-state structures to contain C, symmetry, in which the
aryl rings in 2'-4' and §', and one of the C—H bonds on the
methyl group in 7', attached to the alkynyl ligands lie per-
pendicular and in the [Pt(bzimpy)] plane, respectively (the
mirror plane is in the [Pt(bzimpy)] plane). For all complexes
except 7', unsymmetric *IL/MLCT excited states that were
similar to that in 1’ were found. Attempts to optimize the
*ILAMLCT excited state of 7’ failed. Optimization starting
with an initial guess for the *ILAMLCT excited state led to
the *LLCT/*MLCT excited state. Table 5 shows the relative
energies of the calculated triplet excited states in 1'-4', 7',

Table 5. Relative energy of the calculated triplet excited states and ex-
perimental emission maxima for selected complexes.

Relative energy of the calcu-
lated triplet excited states!!

Experimental emission maximum
(Amax) in CH,CI, at 298 K

SLLCTAMLCT  SILAMLCT
1 - 571 565!
2 631 562 580, 625
3 582 563 570!
4 659 561 652
7 564 - 57501
8 595 550 560!

[a] Energy of the optimized triplet excited states relative to the corre-
sponding optimized ground states after a single point CPCM calculation
by using CH,Cl, as a solvent. [b] Vibronic-structured emission band.

and 8 together with the experimental emission maxima in
dichloromethane. Based on the calculated relative energies
of the triplet excited states together with the position and
shape of the emission bands for the chloro and alkynyl com-
plexes, the vibronic-structured emission in 1, 3, 7 and 8 is at-
tributed to an intraligand n—t* origin of the bzimpy ligands
mixed with MLCT character. On the other hand, the dual
emission bands observed in 2 and 4 are likely to originate
from the lower-energy *LLCT/°MLCT and higher-energy
SILAMLCT excited states.

Conclusion

A new class of luminescent tridentate alkynylplatinum(II)
complexes has been synthesized and characterized. The X-
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ray crystal structure of 10 has been determined and Pt:--Pt
and m—m stacking interactions were found in the solid state.
Electrochemical studies reveal bzimpy-based reductions and
oxidations arising from the alkynyl ligands mixed with some
metal character. Their electronic absorption and lumines-
cence properties have also been investigated. In solution at
room temperature, the high-energy intense absorption bands
are assigned as m—smt* transitions of the bzimpy and alkynyl
ligands and the low-energy moderately intense absorption
bands are assigned to an admixture of metal-to-ligand
charge-transfer (dn(Pt)—n*(R,R’-bzimpy)) and ligand-to-
ligand charge-transfer (n(C=C—R")—n*(R,R'-bzimpy))
transitions. Variable-temperature UV/Vis spectra of 1 in bu-
tyronitrile solution showed new absorption bands upon cool-
ing to 155 K, which is rationalized by the formation of ag-
gregate species through Pt---Pt and m—x stacking interactions
at low temperature. At room temperature, the emissive
origin in solution is found to be affected by the solvent as
well as the para substituents on the arylalkynyl ligands. In
some cases, dual luminescence has been observed. The clec-
tronic structures of the ground and excited states of 1-8
were studied by DFT and TD-DFT calculations by using the
model complexes 1'-8'. For the alkynyl complexes 2'-8', the
HOMO corresponds to the m orbital on the alkyl/arylalkynyl
ligands with mixing of the metal orbital, whereas the
LUMO consists mainly of the m* orbital on the R,R’-bizmpy
ligand. These results are in agreement with the electrochem-
ical study. The TD-DFT/CPCM (CH,Cl,) calculations indi-
cate that the lowest energy absorption band is dominated by
the LLCT/MLCT (s(C=C—R”)/dn(Pt)—x*(R,R’-bzimpy))
transition. Two triplet excited states found in 24’ and §,
*LLCT/MLCT (5t(C=C-R")/dn(Pt)—m*(R,R"-bzimpy)) and
*ILAMLCT (n(R,R’-bzimpy)/dm(Pt)—n*(R,R’-bzimpy)), are
possibly responsible for the dual emission in 2 and 4, where-
as the latter for the single emission in 1, 3, 7, and 8. The
present work demonstrates that with the judicious choice of
a strongly donating alkynyl ligand and a R,R’-bzimpy
ligand, which has a low-lying IL m—x* state, a small pertur-
bation of the electronic properties of the ligands and the
nature of the solvents could readily lead to the tuning of the
nature of the emissive states as a result of the closeness of
the energies of the IL and the CT excited states. Such
unique behavior could not be found in the related alkynyl-
platinum(II) terpyridyl and [Pt(bzimpy)Cl]* complexes.

Experimental Section

Materials: Dichloro(1,5-cyclooctadiene)platinum(II) was obtained from
Strem Chemicals. Sodium hydride, 1-bromobutane, 1-bromododecane,
phenylacetylene, and 4-ethynyl-a,a,a-trifluorotoluene were obtained
from Aldrich. (4-Methylphenyl)acetylene and (4-methoxyphenyl)acety-
lene were purchased from Maybridge. 1-Octyne was obtained from
ABCR. 2,6-Bis(benzimidazol-2'-yl)pyridine (bzimpy),*! 2,6-bis(benzimi-
dazol-2'-yl)-4-hydroxypyridine,'® 4-ethynyl-N,N-dimethylaniline,!'” 3,4,5-
(trimethoxyphenyl)acetylene,'™! and all the N-alkylated bzimpy tridentate
ligands!®! were synthesized as described previously. The chloroplatin-
um(IT) complex precursors were synthesized according to a modification

Chem. Eur. J. 2008, 14, 4562 —4576


www.chemeurj.org

Luminescent Platinum(II) 2,6-Bis(N-alkylbenzimidazol-2"-yl Complexes

of literature procedures for the synthesis of chloroplatinum(II) terpyridyl
complexes.”*<! All solvents were purified and distilled by using standard
procedures before use. All other reagents were of analytical grade and
were used as received.

2,6-Bis(1-dodecylbenzimidazol-2'-yl)pyridine: The compound was synthe-
sized according to a modification of a previously reported method for the
synthesis of 2,6-bis(1-octadecylbenzimidazol-2'-yl)pyridine, except that 1-
bromododecane (6.2 g, 25.0 mmol) was used. 1-Bromododecane (6 mL,
25.0 mmol) was added to a solution of 2,6-bis(benzimidazol-2'-yl)pyridine
(1.6 g, 5.0mmol) and sodium hydride (oil dispersion, 60%, 1.0g,
25.0 mmol) in DMF (20 mL). The resultant mixture was stirred overnight
at 100°C under an N, atmosphere. After removal of the solvents in
vacuo, the residue was redissolved in CHCIl;, washed with water (3x
30 mL), and then dried over anhydrous Na,SO,. After the removal of the
solvent, the residue was purified by column chromatography on silica gel
(50% CHCI; in hexane) to give the pure product as a yellow oil (1.22 g,
40%). 'HNMR (400 MHz, CDCl;, 298 K): 6=0.86 (t, J=7.3 Hz, 6H;
CH,), 1.01 (m, 36H; CH,), 1.72 (m, 4H; CH,), 4.69 (t, J=7.3 Hz, 4H;
NCH,), 7.33 (m, 4H; benzimidazole), 7.46 (m, 2H; benzimidazole), 7.87
(m, 2H; benzimidazole), 8.04 (t, J=7.8 Hz, 1H; pyridine), 8.32 ppm (d,
J=7.8 Hz, 2H; pyridine); positive-ion FAB MS: m/z: 649 [M]*.
2,6-Bis(1-butylbenzimidazol-2'-yl)pyridine: The procedure was similar to
that used to prepare 2,6-bis(1-dodecylbenzimidazol-2'-yl)pyridine, except
1-bromobutane (2.7 mL, 25.7 mmol) was used in place of 1-bromodode-
cane. Yield: 0.9 g (67%); '"H NMR (400 MHz, CDCl;, 298 K): 6 =0.68 (t,
J=17.3Hz, 6H; CH;), 1.06 (m, 4H; CH,), 1.68 (m, 4H; CH,), 4.72 (t, J=
7.3 Hz, 4H; NCH,), 7.32 (m, 4H; benzimidazole), 7.46 (m, 2H; benzimi-
dazole), 7.86 (m, 2H; benzimidazole), 8.03 (t, J=7.9 Hz, 1H; pyridine),
8.32 ppm (d, J=7.9 Hz, 2H; pyridine); positive-ion FAB MS: m/z: 425
[M]".

2,6-Bis(1-dodecylbenzimidazol-2'-yl)-4-dodecyloxypyridine: The proce-
dure was similar to that used to prepare 2,6-bis(1-dodecylbenzimidazol-
2'-yl)pyridine,  except  2,6-bis(benzimidazol-2'-yl)-4-hydroxypyridine
(0.5 g, 1.5 mmol) was used in place of 2,6-bis(benzimidazol-2'-yl)pyridine.
Yield: 1.2 g (79%); '"H NMR (400 MHz, CDCls, 298 K): §=0.85 (m, 9H;
CH,), 1.06 (m, 54H; CH,), 1.45 (m, 6H; CH,), 4.20 (t, J=6.5Hz, 2H;
OCH,), 4.68 (t, /=73 Hz, 4H; NCH,), 7.32 (m, 4H; benzimidazole),
7.43 (m, 2H; benzimidazole), 7.82 (s, 2H; pyridine), 7.85 ppm (m, 2H;
benzimidazole); positive-ion FAB MS: m/z: 833 [M]*.
[Pt(R,R’-bzimpy)CI]PF; (R=C;,H,s, R'=H) (1): The complex was pre-
pared according to a modification of a method previously reported for
the synthesis of chloroplatinum(II) terpyridyl complexes.**! Yield: 0.8 g
(70%); '"H NMR (400 MHz, CD;CN, 333 K): 6=0.85 (t, 6H; CH;), 1.26
(m, 36 H; CH,), 1.76 (m, 4H; CH,), 4.26 (t, J=7.3 Hz, 4H; NCH,), 6.96
(m, 2H; benzimidazole), 7.23 (m, 4H; benzimidazole), 7.68 (d, J=
7.4 Hz, 2H; benzimidazole), 8.08 (d, J=7.8 Hz, 2H; pyridine), 8.62 ppm
(t, J=7.8 Hz, 1H; pyridine); positive-ion FAB MS: m/z: 879 [M—PF,]*;
elemental analysis calcd (%) for C,HgF,NsPCIPt: C 50.46, H 6.01, N
6.84; found: C 50.56, H 6.08, N 6.91.

[Pt(R,R’-bzimpy)CI]OTf (R=C,H,, R'=H): The procedure was similar
to that used to prepare 1, except that 2,6-bis(1-butylbenzimidazol-2"-yl)-
pyridine (1.5 g, 3.5 mmol) was used in place of 2,6-bis(1-dodecylbenzimi-
dazol-2"-yl)pyridine and the product was isolated as a trifluoromethane-
sulfonate salt (1.0 g, 72%). "H NMR (400 MHz, CD;CN, 333 K): 6=1.00
(t, J=7.7Hz, 6H; CH;), 1.49 (m, 4H; CH,), 1.85 (m, 4H; CH,), 4.41 (t,
J=17.7Hz, 4H; NCH,), 7.34 (m, 2H; benzimidazole), 7.47 (m, 4H; benz-
imidazole), 8.05 (m, 4H; benzimidazole and pyridine), 8.49 ppm (t, /=
8.3 Hz, 1H; pyridine); positive-ion FAB MS: m/z: 655 [M—OT{]*; ele-
mental analysis caled (%) for CysH,F;NsO5SCIPt-H,O: C 40.95, H 3.81,
N 8.53; found: C 41.20, H 3.72, N 8.49.

[Pt(R,R’-bzimpy)CI]PF; (R=CH,s, R'=0CH,s): The procedure was
similar to that used to prepare 1 except that 2,6-bis(1-dodecylbenzimida-
zol-2'-yl)-4-dodecyloxypyridine (1.2 g, 1.4 mmol) was used in place of 2,6-
bis(1-dodecylbenzimidazol-2'-yl)pyridine. Yield: 0.8 g (70%); 'H NMR
(400 MHz, CD;CN, 333 K): 6=0.89 (m, 9H; CH;), 1.26 (m, 54H; CH,),
1.47 (m, 6H; CH,), 448 (m, 6H; NCH,, OCH,), 7.46 (m, 4H; pyridine,
benzimidazole), 7.54 (m, 4H; benzimidazole), 8.38 ppm (d, /=8.3 Hz,
2H; benzimidazole); positive-ion FAB MS: m/z: 1063 [M—PF]*; ele-
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mental analysis caled (%) for CssHgsFsN;OCIPPt-0.5 (CH,Cl,)-CH;CN: C
53.48, H 6.95, N 6.51; found: C 53.51, H 6.74, N 6.46.
[Pt(R,R’-bzimpy)(C=C-C4H,)]PF, (R=Cy,H,;, R’=H) (2): Phenylacety-
lene (0.1 g, 0.6 mmol), a catalytic amount of Cul (2 mg, 5%) and NEt;
(ImL) were added to a degassed solution of 1 (0.2 g, 0.2 mmol) in
CH,Cl, (30 mL). The resultant solution was stirred at room temperature
for Sh. After removal of solvent, the residue was purified by column
chromatography on silica gel by using dichloromethane/acetone 1:1 v/v as
the eluent. Subsequent recrystallization by diffusion of diethyl ether into
a dichloromethane solution of the product gave 2 as an orange solid
(95 mg, 60%). '"HNMR (400 MHz, CD;CN, 333K): 6=0.93 (m, 6H;
CH3;), 1.30 (m, 36H; CH,), 1.73 (m, 4H; CH,), 427 (t, J=7.9 Hz, 4H;
NCH,), 7.25 (d, /J=7.3 Hz, 2H; benzimidazole), 7.28 (m, 7H; benzimida-
zole; Ph), 7.49 (t, J=7.3 Hz, 2H; benzimidazole), 7.81 (d, J=8.2 Hz, 2H;
pyridine), 8.04 ppm (m, 3H; pyridine, benzimidazole); IR (Nujol): 7=
2118 (w; »(C=C)), 745 cm™" (s; v(P-F)); positive-ion FAB MS: m/z: 944
[M—PF4]*; elemental analysis calcd (%) for Cs;HgFeNsPPt: C 56.24, H
6.11, N 6.43; found: C 56.21, H 6.06, N 6.43.
[Pt(R,R’-bzimpy)(C=CCH(CF;)-4)|PF, (R=C,H,, R'=H) (3): The
procedure was similar to that used to prepare complex 2, except 4-ethyn-
yl-a,a,a-trifluorotoluene (50 mg, 0.3 mmol) was used in place of phenyla-
cetylene. Yield: 132 mg (78%); '"H NMR (400 MHz, CD;CN, 333 K): 6=
0.88 (m, 6H; CHj;), 1.30 (m, 36H; CH,), 1.42 (m, 4H; CH,), 4.50 (t, J=
7.7Hz, 4H; NCH,), 7.50 (m, 6H; benzimidazole), 7.61 (d, J=8.1 Hz,
2H; CH,), 7.79 (d, /=8.1Hz, 2H; CH,), 8.09 (d, J=8.3 Hz, 2H; pyri-
dine), 8.32 ppm (m, 3H; pyridine, benzimidazole); IR (Nujol): 7=2114
(w; »(C=C)), 753 cm™" (s; v(P-F)); positive-ion FAB MS: m/z: 1012
[M—PF,]*; elemental analysis caled (%) for Cs,HysFyNsPPt-2 CH,Cl,: C
52.26, H 5.55, N 5.84; found: C 52.12, H 5.94, N 5.89.
[Pt(R,R’-bzimpy)(C=CCH(CH;)-4)|PF, (R=C,,H,;, R'=H) (4): The
procedure was similar to that used to prepare complex 2, except (4-meth-
ylphenyl)acetylene (23 mg, 0.2 mmol) was used in place of phenylacety-
lene. Yield: 76 mg (54%); '"H NMR (400 MHz, CD,CN, 333 K): §=0.89
(m, 6H; CH;), 1.26 (m, 36H; CH,), 1.36 (m, 4H; CH,), 2.49 (s, 3H;
CH,), 4.29 (t, J=7.6 Hz, 4H; NCH,), 7.22 (m, 4H; CH,; benzimidazole),
7.32 (m, 6H; C¢H,; benzimidazole), 7.82 (d, J=8.1 Hz, 2H; pyridine),
8.13 ppm (m, 3H; pyridine; benzimidazole); IR (Nujol): 7=2116 (w; v-
(C=C), 749 cm™' (s; v(P-F)); positive-ion FAB MS: m/z: 958 [M—PF]*;
elemental analysis caled (%) for Cs,HgF(NsPPt-2CH,Cl,: C 50.95, H
5.70, N 5.50; found: C 50.46, H 5.76, N 5.69.
[Pt(R,R’-bzimpy)(C=CCH(OCH;)-4)]PF, (R=C,,H,s, R’=H) (5): The
procedure was similar to that used to prepare complex 2, except (4-me-
thoxyphenyl)acetylene (60 mg, 0.5 mmol) was used in place of phenylace-
tylene. Yield: 176 mg (53%); 'H NMR (400 MHz, CD;CN, 333 K): 0=
0.89 (m, 6H; CH;), 1.25 (m, 36 H; CH,), 1.74 (m, 4H; CH,), 3.94 (s, 3H;
OCHs;), 4.31 (t, J=7.8 Hz, 4H; NCH,), 7.06 (d, J=8.7 Hz, 2H; CiH,),
7.19 (m, 4H; C¢H,, benzimidazole), 7.29 (t, /J=7.2 Hz, 2H; benzimida-
zole), 7.35 (t, J=7.2 Hz, 2H; benzimidazole), 7.82 (d, /=82 Hz, 2H; pyr-
idine), 8.15 ppm (m, 3H; pyridine, benzimidazole); IR (Nujol): 7=2114
(w; v(C=C)), 746cm™"' (s; v(P-F)); positive-ion FAB MS: m/z: 974
[M—PF4]*; elemental analysis caled (%) for Cs,HgF,N;OPPt: C 55.81, H
6.12, N 6.26; found: C 55.55, H 6.14, N 6.12.
[Pt(R,R’-bzimpy)(C=CC¢H,-(NMe,)-4) |PF, (R=C;H,;, R'=H) (6): The
procedure was similar to that used to prepare complex 2, except 4-ethyn-
yl-N,N-dimethylaniline (43 mg, 0.29 mmol) was used in place of phenyla-
cetylene. Yield: 163 mg (61%); '"H NMR (400 MHz, CD;CN, 333 K): 0=
0.84 (m, 6H; CH;), 1.25 (m, 36 H; CH,), 1.69 (m, 4H; CH,), 3.07 (s, 6H;
NMe,), 4.27 (t, J=8.0 Hz, 4H; NCH,), 6.83 (m, 4H; C,H,; benzimida-
zole), 6.98 (d, J=8.6 Hz, 2H; CH,), 7.13 (t, J=7.5 Hz, 2H; benzimida-
zole), 7.28 (t, J=7.5 Hz, 2H; benzimidazole), 7.65 (d, J=8.2 Hz, 2H; pyr-
idine), 8.11 ppm (m, 3H; pyridine, benzimidazole); IR (Nujol): 7=2102
(w; v(C=C)), 745cm™' (s; v(P-F)); positive-ion FAB MS: m/z: 987
[M—PF,]*; elemental analysis calcd (%) for Cs;H,F¢NPPt-H,O: C
55.34, H 6.40, N 7.31; found: C 55.39, H 6.19, N 7.32.
[Pt(R,R’-bzimpy)(C=C-C¢H,;) |IPF; (R=C;H,s, R'=H) (7): The proce-
dure was similar to that used to prepare complex 2, except l-octyne
(40 mg, 0.4 mmol) was used in place of phenylacetylene. Yield: 138 mg
(79%); '"HNMR (400 MHz, CD;CN, 333 K): 6=0.88 (t, 6H; CH; of
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NC,Hys), 0.95 (t, J=7.0 Hz, 3H; CH; of CH};), 1.38 (m, 36H; CH, of
NC,Hys), 1.45 (m, 8H; 4H from CH, of NC,H,;, 4H from CH, of
C¢H3), 1.59 (m, 2H; CH, of C¢H;), 1.73 (m, 2H; CH, of C,H,3), 2.83 (t,
J=7.0Hz, 2H; CH, of C(H,;), 4.52 (t, /=7.6 Hz, 4H; NCH,), 7.42 (t, J=
7.5 Hz, 2H; benzimidazole), 7.49 (m, 4H; benzimidazole), 8.14 (d, /=
8.3 Hz, 2H; pyridine), 8.45 ppm (m, 3H; pyridine, benzimidazole); IR
(Nujol): #=2020 (w; »(C=C), 742 cm ™! (s; v(P-F)); positive-ion FAB MS:
mlz: 952 [M—-PF,*; elemental analysis caled (%) for
CsH7,FgNsPPt-H,O: C 54.93, H 6.87, N 6.28; found: C 54.45, H 6.93, N
6.51.

Pt(R,R’-bzimpy)(C=C-C¢H;)|PF; (R=C,H,;, R'=0C,,H,s) (8): The pro-
cedure was similar to that used to prepare complex 2, except [Pt(R,R’-
bzimpy)CI|PF; (R=C,H,; and R'=0C,H,;) (200 mg, 0.2 mmol) was
used in place of 1. Yield: 164 mg (78%); '"H NMR (400 MHz, CD;CN,
333 K): 6=0.90 (m, 9H; CHj;), 1.32 (m, 54H; CH,), 1.79 (m, 6H; CH,),
3.87 (t, J=6.7Hz, 2H; OCH,), 428 (t, /=78 Hz, 4H; NCH,), 7.12 (m,
4H; pyridine, benzimidazole), 7.28 (t, J=7.9 Hz, 2H; benzimidazole),
7.39 (m, 3H; Ph), 7.53 (m, 4H; benzimidazole, Ph), 8.43 ppm (d, /=
7.9 Hz, 2H; benzimidazole); IR (Nujol): #=2114 (w; »(C=C)), 753 cm™!
(s, v(P-F)); positive-ion FAB MS: m/z: 1128 [M—PF,]*; elemental analy-
sis caled (%) for Cg3HoFsNsOPPt-H,O: C 58.59, H 7.18, N 5.42; found: C
58.42,H 6.92, N 5.37.

[Pt(R,R’-bzimpy) (C=C-C,H;)]PF; (R=C;H,, R'=H) (9): Phenylacety-
lene (60 mg, 0.6 mmol), a catalytic amount of Cul (2mg), and NEt;
(1 mL) were added to a degassed solution of [Pt(R,R’-bzimpy)CIJOTf
(R=C,Hy and R'=H) (200 mg, 0.2 mmol) in DMF (15 mL),. The resul-
tant solution was stirred at room temperature for 5h under a N, atmos-
phere. Upon addition of diethyl ether, the resultant mixture was stirred
at room temperature for 10 min. The precipitate was filtered and washed
with diethyl ether. A saturated methanolic solution of ammonium hexa-
fluorophosphate was added to a solution of the precipitate in hot metha-
nol. After cooling, the precipitate that formed during the metathesis re-
action was filtered and washed with methanol. Subsequent recrystalliza-
tion by diffusion of diethyl ether into an acetonitrile solution of the prod-
uct gave 10 as an orange solid (127 mg, 79%). 'H NMR (400 MHz,
CD;CN, 333K): 0=0.91 (t, J=7.4Hz, 6H; CH;), 1.37 (m, 4H; CH,),
1.72 (m, 4H; CH,), 424 (t, J=8.0 Hz, 4H; NCH,), 7.36 (t, /=72 Hz,
1H; Ph), 7.40 (m, 10H; benzimidazole, Ph), 7.83 (d, /J=8.2 Hz, 2H; pyri-
dine), 8.10 ppm (m, 3H; pyridine, benzimidazole); IR (Nujol): #=2120
(w, »(C=C)), 753 cm™" (s, v(P-F)); positive-ion FAB MS: m/z: 719
[M—PF,]*; elemental analysis calcd (%) for C;sH;,F,NsPPt: C 48.61, H
3.96, N 8.10; found: C 48.57, H 4.04, N 8.34.
[Pt(R,R’-bzimpy)(C=CC4H,-(OCH});-3,4,5]0Tf (R=C,H,, R'=H) (10):
The procedure was similar to that used to prepare complex 9, except that
3,4,5-(trimethoxyphenyl)acetylene (70 mg, 0.4 mmol) was used in place of
phenylacetylene. The complex was isolated as its trifluoromethanesulfo-
nate salt and red crystals were obtained (80mg, 45%). 'HNMR
(400 MHz, CD;CN, 333 K): 0=0.96 (t, J=7.3 Hz, 6H; CH;), 1.50 (m,
4H; CH,), 1.88 (m, 4H; CH,), 3.88 (s, 3H; OCHj;), 4.00 (s, 6H; OCH,),
4.44 (t, J=17.5Hz, 4H; NCH,), 6.64 (s, 2H; CiH,), 7.47 (m, 6 H; benzimi-
dazole), 8.02 (d, /=82 Hz, 2H; pyridine), 8.34 ppm (m, 3H; pyridine,
benzimidazole); IR (Nujol): v=2109 (w, »(C=C)), 745cm™' (s,
v(P-F)); positive-ion FAB MS: m/z: 810 [M—OT{]*; elemental analysis
caled (%) for CyyHyFsNsO4SPt-H,O: C 47.95, H 4.33, N 7.17; found: C
47.73, H 423, N 7.19.

Physical measurements and instrumentation: '"H NMR spectra were re-
corded on a Bruker AVANCE 400 (400 MHz) Fourier-transform NMR
spectrometer with chemical shifts reported relative to tetramethylsilane.
Positive ion FAB mass spectra were recorded on a Finnigan MAT95
mass spectrometer. IR spectra were obtained as Nujol mulls on KBr
disks on a Bio-Rad FTS-7 FTIR spectrometer (4000-400 cm™'). Elemen-
tal analyses of the newly synthesized complexes were preformed on a
Flash EA 1112 elemental analyzer at the Institute of Chemistry, Chinese
Academy of Sciences.

The electronic absorption spectra were obtained by using a Hewlett—
Packard 8452 A diode array spectrophotometer. The concentrations of
solution samples for electronic absorption measurements were typically
in the range of 2x107* to 2x 107> moldm . Steady state excitation and

4574 —— www.chemeurj.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

emission spectra were recorded at room temperature and at 77K on a
Spex Fluorolog-3 Model FL3-211 fluorescence spectrofluorometer
equipped with a R2658P PMT detector. Solid-state photophysical studies
were carried out with solid samples contained in a quartz tube inside a
quartz-walled Dewar flask. Measurements of the butyronitrile glass or
solid-state sample at 77 K were similarly conducted with liquid nitrogen
filled into the optical Dewar flask. The concentrations of complex solu-
tions in butyronitrile for glass emission measurements were usually in the
range of 10* moldm ™. All solutions for photophysical studies were de-
gassed on a high-vacuum line in a two-compartment cell consisting of a
10 mL Pyrex bulb and a 1 cm or 4 mm path length quartz cuvette and
sealed from the atmosphere by a Bibby Rotaflo HP6 Teflon stopper. The
solutions were rigorously degassed with at least four successive freeze-
pump-thaw cycles. Emission lifetime measurements were performed by
using a conventional laser system. The concentrations of the complexes
in solution for lifetime measurements were usually about 2x
10~ moldm™. The excitation source used was a 355 nm output (third
harmonic) of a Spectra-Physics Quanta-Ray Q-switched GCR-150-10
pulsed Nd-YAG laser. Luminescence decay signals were detected by a
Hamamatsu R928 PMT and recorded on a Tektronix Model TDS-620A
(500 MHz, 2GS/s) digital oscilloscope and analyzed by using a program
for exponential fits. Time-resolved emission spectra were recorded on an
Oriel Instruments intensified charge-coupled device (ICCD) detector
(Model DH520) and were analyzed by using the InstaSpec V software.
The excitation source is the same laser system as that used for lifetime
measurements. The emission signal was collected by an optical fiber and
dispersed onto the CCD detector with an Oriel MultiSpec 115 imaging
spectrograph (Model 77480). A Stanford Research Systems (SRS) delay
generator (Model DG 535) was used to produce the transistor—transistor
logic (TTL) pulse needed to operate the intensifier gating electronics in
the detector head. The external trigger input of the delay generator was
connected to the laser’s prepulse trigger output. The delay generator was
controlled via an IBM AT APIB (IEEE 488) card interfaced with an
IBM-compatible Pentium personal computer to allow the InstaSpec V
software to send commands to control the width and delay of the TTL
pulse. The system was operated at —15°C by the single-stage system to
reduce the dark current signal. Luminescence quantum yields were mea-
sured by the optical dilute method reported by Demas and Crosby.** A
degassed solution of [Ru(bpy);]Cl, in acetonitrile (@ =0.062, excitation
wavelength at 436 nm) was used as the reference.'!

Cyclic voltammetric measurements were performed by using a CH In-
struments, Inc. model CHI 620 A electrochemical analyzer. Electrochem-
ical measurements were performed in dichloromethane or dimethylfor-
mamide solutions with 0.1 moldm~ nBu,NPF; (TBAH) as supporting
the electrolyte at room temperature. The reference electrode was an Ag/
AgNO; (0.1 moldm™ in acetonitrile) electrode and the working elec-
trode was a glassy carbon electrode (CH Instruments) with a platinum
wire as the counter electrode. The working electrode surface was first
polished with 1 pum alumina slurry (Linde) on a microcloth (Buehler) and
then with 0.3 um alumina slurry. It was then rinsed with ultra-pure deion-
ized water and sonicated in a beaker containing ultra-pure water for five
minutes. The polishing and sonication steps were repeated twice and then
the working electrode was finally rinsed under a stream of ultra-pure de-
ionized water. The ferrocenium/ferrocene couple (FeCp,*") was used as
the internal reference. All solutions for electrochemical studies were de-
aerated with prepurified argon gas prior to measurements.

The variable-temperature electronic absorption spectra and steady-state
excitation and emission spectra were obtained by using an Oxford Instru-
ment OptistatDN cryostat to control the working temperature in the
range of 155 to 298 K.

Crystal structure determination: Single crystals of 10 suitable for X-ray
diffraction studies were grown by slow diffusion of diethyl ether vapor
into an acetonitrile solution of the complex. The X-ray diffraction data
were collected on a MAR diffractometer with a 300 mm image plate de-
tector by wusing graphite monochromatized Moy, radiation (A=
0.71073 A). The images were interpreted and intensities integrated by
using the DENZO program.® The structure was solved by direct meth-
ods employing the SHELXS-97 program.”!! Full-matrix least-squares re-
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finement on F* was used in the structure refinement. The positions of H
atoms were calculated based on riding mode with thermal parameters
equal to 1.2 times that of the associated C atoms and participated in the
calculation of final R indices. In the final stage of least-squares refine-
ment, all non-hydrogen atoms were refined anisotropically. Crystallo-
graphic and structural refinement data are given in Table 6.
CCDC 669783 (10) contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif).

Computational details: Calculations were carried out by using the Gaus-
sian 03 software package.””! DFT at the hybrid Perdew, Burke, and Ern-
zerhof functional level (PBE1PBE)®! was used to optimize the ground-
state geometries of the 2,6-bis(benzimidazol-2'-yl)pyridine Pt" complexes
1'-8'. Based on the ground state optimized geometries in the gas phase,
the nonequilibrium TD-DFT method®! at the same level associated with
the conductor-like polarizable continuum model (CPCM)*! was em-
ployed to study the nature of singlet-singlet transitions in the absorption
spectra of 1'-8' (CH,Cl, as the solvent). The TD-DFT/CPCM calculations
have also been performed by using CH;CN as a solvent for 1'-8’ to inves-
tigate the effect of the solvent polarity on low-lying transitions. The unre-
stricted UPBE1PBE was used to optimize the low-lying triplet states of
all the complexes to investigate the nature of the emissive states. Single-
point CPCM calculations with CH,Cl, as a solvent were performed on
ground and triplet excited-state optimized geometries and their relative
differences were used to compare with experimental emission energies.
The Stuttgart effective core potentials (ECPs) and the associated basis
set were applied to describe Pt with a f polarization function (E(Pt)=
0.997),! whereas for all other atoms, the 6-31G(d) basis set® was used.
Vibrational frequency calculations were performed for all stationary
points to verify that each was a minimum (NIMAG =0) on the potential

Table 6. Crystallographic and structural refinement data for complex
10-1.5CH,CN.

empirical formula CpHys 50F3Ng.5006PtS

F, 1020.49

T [K] 293(2)

2 [A] 0.71073

crystal system monoclinic

space group C2/c

unit-cell dimensions

a [4] 22.367(5)

b [4] 27.369(6)

c [4] 14.946(3)

B 114.32(3)

VA% 8337(3)

Z 8

Peatea [gem™] 1.626

u [mm™] 3.485

F(000) 4088

crystal size [mm”] 0.4x0.15%0.1

data collection range [°] 2.45 to 25.68

index ranges —27<h<27,
—33<k<33-17<I<16

no. of reflns collected 24694

no. of indep reflns 7624 (R;,,=0.0915)

completeness to 6 [°] ([%]) 25.68 (96.2)

absorp. corr. none

refinement method full-matrix least-squares on F>
no. of data/ 7624/25/472
restraints/parameters

Gof on F? 0.767

final R indices® (1>20(1))
R indices (all data) R,=0.1301, wR,=0.1136
largest diff peak and hole [eA ] 0.905, —0.659

R, =0.0464, wR,=0.1007

[a] Ry =2| F2— FX(mean)|/S[F?], R,=3||F,|-|F.||/S|F,| and wR,=
{Sw(F2=F2)s[w(F2)}.
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energy surface. No imaginary frequency was found for all the species,
except the LLCT/MLCT triplet excited state of 4, in which a very small
imaginary frequency of 3.5/ cm™' was found. This excited state is consid-
ered as a minimum because the imaginary value is so small. All DFT and
TD-DFT calculations were performed with a larger grid size (99590).
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