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The synthesis and photophysical study of (C*N)Pt'Q complexes, where C”N is a bidentate cyclometalating ligand
and Q is 8-hydroxyquinoline or quinoline-8-thiol, are presented. The compounds were obtained as a single isomer
with N atoms of the C*N and Q ligands trans-coordinated to the Pt' center as shown by X-ray crystallography.
These chromophores absorb intensely in the visible region and emit in the deep-red spectral region from a quinolate-
centered triplet intraligand charge-transfer excited state. The emission maxima are in the range 675740 nm, with
the quantum yields and lifetimes of up to 0.82% and 5.3 us, respectively, in deoxygenated organic solvents at
room temperature. These complexes are efficient photosensitizers of singlet oxygen in air-saturated solutions, with

yields up to 90%.

Introduction

Luminescent mixed-ligand Ptomplexes have attracted
considerable fundamental interest over the past decables.
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The tuneability of their photophysical properties encourages
a variety of applications, including light-emitting devic&s,
dye-sensitized solar celt8, photoreceptors in biological
molecules;! and agents for photodynamic therafijow-
ever, emission of Ptcomplexes is often quenched by a
thermal population of a close-lying deactivating d state.
The general strategy to enable emission df é&tmpounds
has been to raise the energy of theddstate, by introducing
strong-field cyclometalating ligand$:12-14

An alternative approach seeks to generate a low-lying
emitting excited state, such as a ligand-localized one, which
would not be quenched by a-dl state'®

Quinolate-type ligands, such as 8-hydroxyquinoline and
quinoline-8-thiol, Q, have been widely used to produce
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luminescent metal complex&s2° which in many cases emit
from a Q-based intraligand charge-transfer (ILCT) sirflet
or triplet excited state. This ILCT state is formed when the
highest occupied molecular orbital (HOMO) is localized on

the thiolate/phenolate ring and the lowest unoccupied mo-

lecular orbital (LUMO) on the pyridyl ring of the Q ligand.
The quinolate ligands have been used previously th Pt
chemistry mainly to prepare homoleptic Pt§@pmplexes;!
which emit from the’ILCT statel618

One of the applications of the long-lived triplet excited

states of transition-metal complexes is a production of singlet

oxygen,'0,, by a triplet-triplet energy transféf-?2-25 to
the ground state of molecular oxygen. A powerful oxidant,
10, is utilized in organic synthesis and is the key reactive
species in the photodynamic therapy of cancer.
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Scheme 1. Syntheses and Structures of Pt{g Complexes with
8-Hydroxyquinolined
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Herein, we report a class of heteroleptic cyclometalated
Pt' complexes containing a bidentate cyclometalated ligand,
C”N, and substituted 8-hydroxyquinoline or quinoline-8-thiol,
(C*N)Pt'Q, and discuss their luminescence properties and
singlet oxygen generation.

Results and Discussion

Synthesis. The title complexes I-R, 2-R, and 3-R,
Scheme 1, and-S and2-S Scheme 2) were prepared by
the reaction of a suitable Pt(®) precursot*26 with 8-hy-
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Figure 1. Molecular structure ofl-CHj; (top and side views, 50%

probability ellipsoids, H atoms omitted). Selected bond lengths [A] and

angles [deg]: Pt(1yC(1) 1.975(9), Pt()O(1) 2.051(6), Pt(yN(1) 2.024-
(7), Pt(1)-N(2) 2.026(6); C(1)}Pt(1)-N(1) 80.4(3), C(1}Pt(1)-N(2)
105.7(3), N(1)>-Pt(1)-N(2) 173.6(3), O(13Pt(1)-N(1) 92.6(3), C(1)>
Pt(1)-0(1) 172.9(3), O(L)}Pt(1)-N(2) 81.2(2). The dihedral angle between

the planes defined by the N(1), Pt(1), and C(1) and N(2), Pt(1), and O(1)

atoms is 2.21

droxyquinoline (R = H), 5-chloro- or 5,7-dimethyl-8-
hydroxyquinoline (R= Cl or CHg, respectively), or quinoline-

8-thiolinthe presence of abase. The following cyclometalating

ligands were used in the study: 2-tBienyl)pyridine
(complexesl-R), 2-phenylpyridine 2-R), andN,N-dimeth-

Shavaleev et al.

Figure 2. Molecular structure 02-H (top and side views, 50% probability
ellipsoids, H atoms omitted). Selected bond lengths [A] and angles [deg]:
Pt(1)-C(1) 2.009(5), Pt(1yO(1) 2.085(4), Pt(tyN(1) 1.998(5), Pt(1)

N(2) 2.045(5); C(1)Pt(1)-N(1) 80.8(2), C(1)Pt(1}-N(2) 106.8(2),
N(1)—Pt(1}-N(2) 172.08(19), O(:yPt(1)-N(1) 91.52(18), C(L}Pt(1)-

0O(1) 172.3(2), O(1}Pt(1)-N(2) 80.82(18). The dihedral angle between
the planes defined by the N(1), Pt(1), and C(1) and N(2), Pt(1), and O(1)
atoms is 2.18

ylbenzylamine 8-R). The details of the synthetic procedures
are given in the Supporting Information. The compounds
were purified by column chromatography and were charac-
terized by CHN analysisH NMR, MALDI MS, and crystal
structure determination. The complexes were obtained as air-
stable solids of orange to dark-red color that were soluble

in a wide range of organic solvents.
X-ray Crystallography. The crystal structures df-CHs,

2-H, and 3-CHjs, and selected bond distances and angles,

are shown in Figures-13. In these structures, 'Pis in a

distorted square-planar coordination environment with the

N atoms of the €N and Q ligands trans-coordinated to the
Pt' center*H NMR indicated thagll other complexes were
also obtained as aingle isomer which was tentatively

Figure 3. Molecular structure of3-CHs (top and side views, 50%
obability ellipsoids, H atoms omitted). Selected bond lengths [A] and

assigned as a trans isomer. The bond distances and angl&%Igles [deg]: P(DC(1) 1.992(5), P O(1) 2.088(4), PH(LYN(1) 2.018-

around Pt are typical and are similar for the complexes
studied.

The structures ol-CH3; and 2-H are nearly planar. The
short H(2A)--H(19A) distances of 1.878 A2¢H) and 2.051
A (1-CHa) might indicate steric crowding between theNC
and Q ligands in these complexes.

Different from the structures ofi-CHs; and 2-H, the
structure of 3-CHj3 is not planar, with the N(2) atom
positioned out of the Pt(3)N(1)—O(1)—C(1) plane by 0.309
A and the phenyl ring of the @\ ligand rotated from the
same plane by 30.95

The molecules are packed in parallel layers Io€Hj3
(when viewed along thk axis) and3-CHs (along thea axis)
and in a herringbone pattern f@H (along thea axis).
Intermolecular aromatia—s interactions are present in all
structures. The shortest-PPt distances are 4.666 2H),

9412 Inorganic Chemistry, Vol. 45, No. 23, 2006

(5), Pt(1)-N(2) 2.074(5); C(1}Pt(1)-N(1) 102.9(2), C(1}Pt(1)-N(2)
81.2(2), N(1>-Pt(1)-N(2) 172.00(17), O(BPt(1)-N(1) 81.03(17), C(1y
Pt(1)-0O(1) 175.47(18), O(1)}Pt(1)-N(2) 95.19(16). The Pt(1), N(1), O(1),
and C(1) atoms define a plane with a root-mean-square deviation of 0.0133
A. The dihedral angle between the planes defined by N(2), Pt(1), and C(1)
and N(1), Pt(1), and O(1) atoms is 7°88

5.074 A 3-CHs), and 6.647 A {-CHs), indicating a lack of
metal-metal interaction.

Electronic Absorption Spectroscopy. The absorption
spectra of the complexes are shown in Figure 4 and Table
1. The assignments of the electronic transitions were made
possible by a comparison with the homoleptic PH; and
Pt(Q) complexes and Pt(@) precursorg*17.18.27

(27) Kovelenov, Y. A.; Blake, A. J.; George, M. W.; Matousek, P.;
Mel'nikov, M. Y.; Parker, A. W.; Sun, X.-Z.; Towrie, M.; Weinstein,
J. A. Dalton Trans.2005 2092.
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Figure 4. (a) Absorption spectra af-H, 2-H, and3-H in CH,Cl,. (b)
Absorption spectra of-H, 1-CHjs, 1-Cl, and1-Sin the visible region, in
CHyCls.

Table 1. Electronic Absorption Data for (GN)P#'Q Complexes in a
CHyCl, Solution at Room Temperature

complex Amadnm (1073 /M1 cm™)

1-H 476 (7.2), 409 (3.4), 371 (9.2), 329 (13),
275 (23), 255 (27)

2-H 467 (6.5), 366 (8.1), 348 (6.4), 320 (sh), 305 (9.1),
266 (35), 254 (39)

3-H 450 (4.2), 344 (4.9, sh), 334 (5.1), 272 (24)

1-CHs 497 (6.3), 421 (2.7), 378 (5.8), 353 (sh), 335 (14),
280 (25), 260 (23)

2-CHs 493 (5.7), 372 (5.7, sh), 353 (8.1), 322 (8.3),
310 (9.1, sh), 269 (35), 257 (36)

3-CHs 478 (3.9), 356 (3.8, sh), 340 (5.0), 280 (24)

1-Cl 488 (7.6), 415 (3.3), 374 (9.3), 355 (9.1), 334 (13),
322 (sh), 276 (21), 257 (28)

1-S 500 (7.0), 406 (7.9), 363 (7.0, sh), 322 (13, sh),
296 (19, sh), 279 (22)

2-S 500 (7.1), 400 (8.0), 348 (5.3, sh), 322 (7.7, sh),
269 (26)

The transitions associated with'l€ and [Pt(C'N)] chro-

mophore$+27:28 are situated af < 450 nm and are not

discussed further.

The lowest-energy absorption band of the complexes is
broad and centered around 43800 nm (Table 1 and Figure

4), with extinction coefficients of 40067600 Mt cm™2. It

can be assigned to the ILEST® transition of the Q
chromophore on the basis of its similarity with the corre-
sponding band in the homoleptic PtgQdomplexes and
values of the extinction coefficient typical for a CT transi-

tion.2°

Consistent with the ILCT assignment, the lowest absorp-
tion band displays negative solvatochromism, shifting to

(28) The absorption spectrum of Pt(dba)(DMSO)CI in a,CH solution

has no transitions at > 400 nm (Figure S1 in the Supporting
Information). The extinction coefficient at 300 nm is ca. 640'™

cm L

(29) The reduction and oxidation of the (®)Pt'Q complexes are
electrochemically irreversible processes. Thus, it was not possible to
obtain spectroscopic characteristics of the radical cations and anions

2-S

)

1-8

1-CH;

1-Cl

H

Emission Intensity / Arb. Un.

)

H

1-

550 600 650 700 750 800
Wavelength / nm

Figure 5. Corrected and normalized luminescence spectra in degassed
CH.Cl,.

lower energies with a decrease in solvent polarity. For
example, the absorption maximum biH was blue-shifted
with the increase of solvent polarity, in the following way
(solvent parameter; absorption maximumECl, (0; 495
nm); toluene (0.172; 489 nm); CH{0.61; 477 nm); Cht

Cl; (0.765; 476 nm); acetone (0.797; 475 nm); acetonitrile
(1; 470 nm). The slope of the linear correlation between the
absorption energy and the solvent solvatochromic parafneter
gives the value of “solvatochromic shift” of 1040 ci{0.13

eV) (Figure 5S in the Supporting Information). This value
is less than that for metal-to-ligand CT (MLCT)/ligand-to-
ligand CT (LLCT) transitions (0.20.4 eV), indicating a
smaller change in the dipole moment expected for the ILCT
transition.

The position of the lowest absorption band was slightly
red-shifted for the complexes with electron-deficient pyri-
dine-type CN ligands (-R and 2-R) compared to the
electron-rich alkylamine N ligand 3-R), while the change
from 2-(2-thienyl)pyridine to 2-phenylpyridinel(R vs 2-R)
has very little effect, if any (Table 1).

Luminescence SpectroscopAll (C"N)Pt'Q complexes
studied show emission in solution at room temperature that
was strongly quenched by oxygen (Figure 5 and Table 2).
The emission spectra are centered at-6740 nm and are
structureless. The emission energies are virtually independent
of the C'N ligand (Figure 5) but are strongly dependent on
the Q ligand, decreasing in the orde > 1-Cl > 1-CH;
> 1-S Thus, changing the donor group from the phenolate
to the thiolate leads to a red shift of the emission maximum
by ca. 1300 cm!. These observations are consistent with
the ILCT nature of the emitting state, with the HOMO and
LUMO being centered on the thiolate/phenolate ring and the
pyridine ring of the Q ligand, respectively. Consistent with
the CT nature of the emission, emission maxima display a
positive solvatochromism; i.e., the emission energy decreases
upon an increase in the solvent polarity. For example, for
1-H, the emission maximum shifts from 660 nm in G@&

665 nm (toluene), 675 nm (GRBI;), and 680 nm (aceto-
nitrile). The small positive emission solvatochromisti@6

of (C"N)Pt'Q in order to assist the assignment of the frontier orbitals. cm 1), accompanying a somewhat larger negative absorption

Inorganic Chemistry, Vol. 45, No. 23, 2006 9413



Table 2. Luminescence Properties of (8)Pt'Q Complexes and
Singlet Oxygen Generation

Shavaleev et al.

characteristic @A) — %0, phosphorescence at> 1100
nm32 No emission in this region was detected from degassed

luminescence $(20)/%P solutions of (CN)Pt'Q under identical experimental condi-
complex  Ama/nm tlus ol% PhCH  CH.Cl, tions. The yield of the formation ofO,, ¢(*0,), was
1H 675  53(0.26) 0.82(0.032) 82 82 determined by measuring its phosphorescence intensity using
2-H 679 4.3(0.26) 0.55(0.02) 90 80 an optically matched solution of phenalenone as a reference
i-(H:I 6732195 g-i 28-5)3) 8-22 ((8-822; gg g;’ sensitizeP® The values of(*O,) were in the range from 50
1-CHs 729  18(026) 008 67 59 to 90% in tolgene and Cil; solqtlons. The similar
2-CHs 733 13(0.1) 0.0% 65 51 efficiencies of singlet oxygen generation observed across the
3-CHg 728 06(0.17) 00 54 51 series of (CN)Pt'Q complexes are consistent with the similar
1-s 741 16(0.21) 043(0054) 86 64 energies and lifetimes of their excited states (Table 2).
2-S 741 1.6(0.21)  0.40 (0.049) 69 68

aAt room temperature in degassed £Hb. Data for air-saturated

solutions are shown in parentheses. Quantum yields were checked at bot

Aexc = 410 and 470 nm and determined relative to [Ru(Bj&/} in H20,

It has been reported previously that singlet oxygen

;generated by an excited state of a sensitizer can consecutively

react with the sensitizer in the ground staté3® These

¢ = 2.8%. Emission spectra were independent of the excitation wavelength. reactions could result in the bleaching of the sensitizer and

The luminescence decays were monoexponential. No variation in the ; PN ot
emission properties has been detected over the concentration range studiecPOtentla”y limit its applications. In our case, the phospho

20-100 umol. In all cases, a good match between the excitation and rescence lifetimes of singlet oxygen produced byN§
absorption spectra has been observed, indicating that emission originatesP{'Q complexes and a reference sensitizer were equal to each

from the (C'N)Pt'Q complexesP At room temperature in an air-saturated
solution.¢¢ < 0.001% in an aerated solution.

solvatochromism-+£1040 cnt?), is consistent with the data
documented previousty for the homoleptic Pt(Q)com-
plexes.

other in toluene (ca. 28s)2* therefore confirming thatO,
does not react with the ground state of KGPt'Q in toluene.
Different from the results obtained in toluene, the phospho-
rescence lifetime of'!O, generated in CKCl, by 5,7-
dimethyl-8-hydroxyquinoline complexe$-CHs, 2-CHs, and

For all of the complexes studied, the emission decay traces3-CHa) was shorter than the expected value ofu&%" and

were monoexponential, with luminescence lifetimes of up

decreased with an increase in the concentration of the

to 5.3us in a degassed solution at room temperature. The Sensitizer. It is, therefore, likely thaD, reacts with the

long emission lifetime indicates the triplet nature of the
emitting state.

Emission maxima, quantum yields, and lifetimes of X
Pt'Q complexes are similar to those of the homoleptic Pt-
(Q). complexes, which display structureledsCT phos-
phorescence centered at 655 nm=@-hydroxyquinoline)
and 750 nm (Q= quinoline-8-thiol) with microsecond
lifetimes in degassed solutiofs!® At the same time,
cyclometalated Pt(QN), complexes (CN = ppy or thpy}®
display structured ligand-centered phosphorescence at 450
550 nm, while Pt(dba)(DMSO)CI is nhonemissive.

Emission of (CN)Pt'Q is thus attributed to phosphores-
cence from the quinolate-center@dCT excited staté® The
emission quantum yields decrease in the od& > 2-R
> 3-R with variation of the CN ligands and in the order
1-H > 1-S> 1-Cl > 1-CHj3 with variation of the quinolate
ligands.

Singlet Oxygen Generation. Phosphorescence of the

ground state of these sensitizers in LCH.

Conclusions

The new soluble (GN)P{'Q compounds emit in the deep-
red spectral region in fluid solution at room temperature from
a triplet intraquinolate CT staté|LCT. The microsecond
lifetimes and the triplet nature of the excited state have
enabled sensitization of singlet oxygen by these chro-
mophores with yields up to 90%.

The emission energies and lifetimes of mixed-ligand
(C"N)Pt'Q are determined by the quinolate ligand and are
only marginally affected by the cyclometalating ligand. This
feature opens up possibilities for tailoring properties of these
chromophores by changing the'l€ ligand accordingly to
particular requirements (such as solubility, affinity to a
specific group, etc.)vithoutaltering the emission properties.
In their turn, emission properties of (N)Pt'Q could be fine-

complexes was strongly quenched in the presence of oxygen.

The estimatett second-order quenching rate constants based
on lifetime measurements in deoxygenated and air-saturate

solutions are in the range (£2.2) x 1® M1 st and are
similar to the values reported for other! Riomplexes3

Emission quenching was accompanied by the generation
of singlet oxygen, as indicated by the appearance of a (32

(30) It should be noted that emission spectra of complexes of 5,7-dimethyl-

8-hydroxyquinoline {-CHz and2-CHy) in freshly distilled dry solvents

show only3ILCT emission. However, in wet solvents, an additional
structured emission band at 45650 nm, corresponding to phospho-
rescence from a Pt(®l) chromophore, was observed (see ref 13 for

corresponding spectra). It might be due to a dissociation of the parent

complex with the formation of a [Pt(@)] chromophore. This effect
has not been observed for other complexes.
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31) The bimolecular rate constant of quenching of the triplet excited state
of (C"N)Pt'Q by oxygen kg, was estimated from a SteriVolmer
equation,r/to = 1 + kq7o[O2), whereto andt are emission lifetimes

of the complex in degassed and air-saturated solutions, respectively

(Table 2). The concentration of oxygen in air-saturatedClHwas

assumed to be 2.2 mM. Murov, S. L.; Carmichael, I.; Hug, G. L.

Handbook of Photochemistrivlarcel Dekker: New York, 1993.

Navaratnam, S.; Hamblett, |.; Tonnesen, H. H. Photochem.

Photobiol. B: Biol.200Q 56, 25. Rodgers, M. A. J.; Snowden, P.

Am. Chem. Socl982 104, 5541. Krasnovsky, A. AMembr. Cell.

Biol. 1998, 12, 665.

(33) Anbalagan, V.J. Coord. Chem.2003 56, 161. Anbalagan, V.;
Srivastava, T. SJ. Photochem. Photobiol. A: Chert995 89, 113.
Anbalagan, V.; Srivastava, T. 3. Photochem. Photobiol. A: Chem.
1992 66, 345.

(34) Gorman, A. A.; Hamblett, |.; Lambert, C.; Spencer, B.; Standen, M.
C.J. Am. Chem. S0d.988 110, 8053.
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tuned by changing the donor/acceptor substituents on theWe are grateful to Prof. M. D. Ward and Dr. R. Devonshire
quinolate moiety. for helpful discussions.

Thus, (CN)Pt'Q chromophores represent a versatile class
of long-lived deep-red emitters and efficient photostable
sensitizers of singlet oxygen.

Supporting Information Available: X-ray crystallographic data
(CIF), absorption spectra of the complexes (Figures4S), data
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