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ABSTRACT: A series of three Pt(II) complexes with a doubly cyclometalating
terdentate ligand L1, L1IH, = 3,6-bis(p-anizolyl)-2-carboranyl-pyridine, and
diethyl sulfide (1), triphenylphosphine (2), and t-butylisonitrile (3) as ancillary
ligands were synthesized. X-ray diffraction studies of 1 and 2 show a
coordination of the L1 ligand in a C—N—C mode in which the bulky and rigid
o-carborane fragment is cyclometalated via a C atom. Importantly, no close
intermolecular Pt—Pt contacts occur with this ligand type. The new Pt(II)
pincer complexes display very high luminescence quantum yields at decay times

Luminescence
(solution, 300 K)

Amax=511 nm
¢PL = 82 %

=42 ps

N
of several tens of us even in solution under ambient conditions. On the basis of _'_
the low-temperature (T = 1.3 K) emission decay behavior, the emission is
assigned to a ligand centered triplet excited state *LC with small "’ MLCT admixtures. Because the phosphorescence is effectively
quenched by molecular oxygen, optical sensors operating in a wide range of oxygen pressure can be developed. Owing to the very
high luminescence quantum yields, the new materials might also become attractive as emitter materials for diverse optoelectronic

applications.

B INTRODUCTION

Cyclometalated platinum complexes have been studied for use
as electroluminescent materials in organic light emitting diodes
(OLEDs)," "¢ as luminescent probes for bioimaging,” optical
sensors,” and materials for light up-conversion.” These
numerous applications in optical technologies are based on
the strong luminescence displayed by such materials and the
wide tunability of emission properties by chemical modifica-
tions of the molecular structures. Usually, luminescence of
cyclometalated Pt(II) complexes originates from the lowest
ligand-centered triplet state (LC) that is moderately to
strongly perturbed by admixtures with higher lying metal-to-
ligand charge-transfer singlet and triplet (“*MLCT)
states."*"'® Mixing with higher 'MLCT states induced by
(indirect) spin orbit coupling (SOC)" is manifested by the
amount of splitting of the lowest triplet state (zero-field
splitting, ZFS) and by an increase of the radiative emission
decay rate. The latter property strongly determines the
utilization of a given material for particular applications.'® For
instance, for use in OLEDs, usually short emission decay time is
essential to minimize the saturation and, thus, efficiency roll-off
effects occurring with increasing current densities.'> However,
also materials showing relatively long decay times at high
emission quantum vyields seem to be attractive for OLED
applications, as has very recently been proposed."* Moreover,
for sensor applications, such as oxygen sensors, making use of
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diffusion controlled emission quenching, compounds exhibiting
long decay times are required."*

Despite high progress achieved in the last years, engineering
of highly luminescent materials showing emission quantum
yields close to 100% is still a challenge. A key issue in this
respect is to minimize the nonradiative depopulation of the
excited states. This goal can be achieved, in particular, by
designing highly rigid emitter molecules.'® Thus, using
cyclometalated Pt(II) complexes with ter- or tetradentate
ligands seems to be a promising strategy.’~*'> However, several
examples of cyclometalated Pt(II) complexes with seemingly
very suitable terdentate ligands, such as dpp, dppH, = 2,6-
diphenyl-pyridine, are nonemissive at ambient temper-
ature.'® 18 Thus, for effective material engineering, a
comprehensive understanding of the structural features that
determine the electronic structures and excited-state molecular
geometries is of high importance.

In this contribution, we describe molecular and photo-
physical properties of three strongly emitting Pt(II) complexes
with a new highly rigid C,N,C-cyclometalating (pincer) ligand
L1 (Figure 1) consisting of the N-coordinating pyridine and
two cyclometalating fragments: p-anisole and o-carborane (=
1,2-closo-dicarbadodecaborane). Carborane derivatives have
been extensively studied as ligands for numerous metal
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® = BH

Complexes

1. X = S(C2H5)2
2: X = P(C6H5)3
3: X = CNC(CHj3);3

Ligand L1

Figure 1. Molecular formulas of the studied compounds.

complexes.'””® In particular, carboranes are able to form
metal—carbon”! and metal—boron®* bonds, respectively, which
can be utilized for engineering of various cyclometalated
complexes. In the new complexes with ligand L1, the particular
role of o-carborane is to provide a highly rigid redox-inactive
cyclometalating fragment. The bulky o-carborane cage will also
prevent formation of close metal—metal contacts in solution as
well as in the condensed phase, thus minimizing aggregation
induced emission quenching.”?

B EXPERIMENTAL SECTION

Syntheses and Characterizations. Detailed description of
the synthetic procedures leading to the ligand L1 and the Pt-
complexes 1, 2, and 3 along with the analytical data and X-ray
analyses details are given in the Supporting Information.

Photophysical Measurements. UV—vis absorption spec-
tra were recorded with a Varian Cary 300 double beam
spectrometer. Luminescence spectra were measured with a
Horiba Jobin Yvon Fluorolog 3 steady-state fluorescence
spectrometer equipped with a helium cryostat (Cryovac
Konti Cryostat IT), in which the helium gas flow, gas pressure,
and sample holder heating were controlled. Emission decay
times were recorded using a PicoQuant LDH—P-C-375 pulsed
diode laser (A = 372 nm, pulse width 100 ps) as excitation
source. The emission signal was detected with a cooled
photomultiplier connected to a FAST ComTec multichannel
scalar card with a time resolution of 250 ps. Photoluminescence
quantum yields were determined with a Hamamatsu C9920—
02 system equipped with a Spectralon integrating sphere.
Diluted solutions of the platinum complexes (¢ ~ 107> M™") in
2-methyltetrahydrofuran (MeTHF) were degassed by several
pump-thaw cycles (p = 1 X 107> mbar). Polymer films
containing about 0.1 wt % of the emitter were obtained by
dissolving the emitter and polymers (poly(methyl-methacry-
late) (PMMA) or ethyl-cellulose (EC)) in dichloromethane
and spin-coating of the solutions onto quartz glass substrates.
The measurements were carried out under inert N,
atmosphere.

Computational Methodology. All calculations were
carried out using the Gaussian 09 program package.”* Ground
state (Sp) and the lowest triplet state (T;) geometries were
optimized using the density functional theory (DFT) with the
hybrid gradient corrected correlation functional B3LYP.”> The
Pople 6-31G* atomic orbital basis set>® was applied for light
atoms C, H, B, O, and N, whereas the SDD*’ basis set
augmented with three two-membered p-type polarization
functions (with e}gponents of the contracted primitives set to
0.033 and 0.102)*® was used for Pt. Inner-core electrons of Pt
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were substituted by a relativistic effective core potential. The
five lowest singlet and triplet electronic excitations were
calculated for the ground state geometry using the time-
dependent density functional theory (TD-DFT). Contour plots
of molecular orbitals were generated using the GaussView
program.

B RESULTS AND DISCUSSION

Syntheses and Molecular Structures. Ligand L1 was
prepared from 3,6-di((p-methoxy)phenyl)-1,2,4-triazine in
analogy to other carboranyl-pyridines.””® The synthetic
route involves carboranylation of 3,6-di((p-methoxy)phenyl)-
1,2,4-triazine (i), rearomatization of dihydrotriazine (ii), and
inverse Diels—Alder transformation of 1,2,4-triazine into
pyridine (iii) (Scheme 1). Transmetalation of the in situ

Scheme 1. Synthetic Route to the Ligand L1 and Pt(II)
Complexes 1, 2, and 3

2 (X = P(CgHs)3)
1 3 (X = CNC(CHj)3)

“Reaction conditions: (i) C,B;oH;,Li, tetrahydrofuran, 40 °C, (ii)
2,3-dichloro-S§,6-dicyano-1,4-benzoquinone, CH;CO,H, 110 °C, (iii)
norbornadiene, toluene, 110 °C, (iv) n-C,H,Li, tetrahydrofuran, 40
°C, [PtCL(S(C,Hs),),), 20 °C, (v) t-butylisonitrile, CH,Cl,, 20 °C,
(vi) triphenylphosphine, CH,Cl,, 20 °C.

generated litium salt of L1 with [PtCl,(S(C,Hs),),] affords
complex 1 (iv) in almost quantitative yield. This complex can
be easily transformed to the complexes 2 and 3 by ligand
exchange reactions with triphenylphosphine (v) and t-
butylisonitrile (vi), respectively.

X-ray diffraction studies of single crystals of 1 and 3 reveal
the molecular structures of the studied Pt(II) complexes, in
which the metal ion is coordinated by the terdentate ligand L1
in the CN,C-pincer mode. The fourth coordination site is
occupied by the monodentate auxiliary ligand, diethyl sulfide
(1; Supporting Information Figure S1) or triphenylphosphine
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Figure 2. X-ray molecular structure of complex 2. Thermal ellipsoids
are drawn at the 50% probability level. Hydrogen atoms and solvent
molecules are omitted for clarity. Pt1—C1, 2.089 A; Pt1—N1, 2.063 A;
Pt1—C6, 2.062 A; Pt1-P1, 2.242 A; C1-Pt1-N1, 92.55% N1-Ptl—
C6, 81.28° C1—Pt1—C6, 163.82°.

(2; Figure 2). The shortest intermolecular Pt---Pt distances
found for 2 are 7.05 and 7.40 A, respectively. This demonstrates
that the ligand L1 comprising, in particular, the bulky
carboranyl fragment prevents a close approach of the metal
centers in the solid phase. Thus, dimeric or chain-like structures
due to metal—metal interactions cannot form.

Electronic Absorption and Emission Properties. UV—
vis absorption spectra of the Pt complexes 1, 2, and 3 are
composed of several strong (£, & 24000 M™' cm™')
absorption bands in the near UV at 41 < 350 nm. They are
assigned to spectrally overlapping ligand-centered z—r*
transitions (corresponding to 'LC states) of the L1 ligand
and, additionally for compound 2, to transitions occurring at
the triphenylphosphine ligand. Weaker (¢ &~ 4000 M~ cm™)
absorption bands between about 350 and 450 nm are
characterized to be of metal-to-ligand charge transfer character
("MLCT).'~® As an example, Figure 2 displays the absorption
spectrum of complex 3 measured in 2-methyltetrahydrofuran
(MeTHF) at ambient temperature.

The studied Pt(II) complexes exhibit intense green photo-
luminescence with very high quantum yields both in solution
and in poly(methyl methacrylate) (= PMMA) films. (Table 1)
The spectral positions and shapes of the emission bands
showing partly resolved vibrational satellite structures are very
similar to those observed for cyclometalated Pt(II) complexes
with other ppy-type ligands (ppyH = 2-phenylpyridi-
ne).'>'%4®!5 This similarity implies that the luminescence
properties of the Pt-L1 complexes (Figure 3) can be assigned as
being dominantly related to the Pt—phenylpyridine fragment.
Thus, the cyclometalated o-carboranyl substitueant does not
seem to significantly contribute to the lowest excited state. Such
an assignment is also supported by the results of the TD-DFT
calculations performed for compound 3. (Supporting Informa-
tion) These calculations predict that the lowest electronic
transition S, — T, is mainly centered on the phenylpyridine
part of the L1 ligand with minor to moderate contributions
from the metal, t-butylisonitrile, and the anisole methoxy
substituent.

The emission decay time of the order of a few tens of us
indicates a phosphorescence character of the emission. The
emitting state T, is assigned to be Ll-centered of *LC
character. (Compare also the general procedures for assign-
ments of excited states as presented in ref 1c.)

For completeness it is remarked that the radiative rates k, =
¢p/7 of the T; — S, transitions in the complexes 1, 2, and 3
being in the range between 1.4 X 10* s™' and 2.8 X 10* s™" are
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Table 1. Emission Wavelengths A,,,,, Emission Quantum
Yields ¢bp;, and Decay Times 7 of Complexes 1, 2, and 3
Measured at 300 K (and 77 K)

compound/solvent Amax [nm]% P, [%] 7 [us]
1/MeTHF® 512 (492) 37 (91) 13 (32)
1/PMMA* 505 77 31
2/MeTHF? 508 (495) 167 (91) 09 (39)
2/PMMA® 502 85 36
3/MeTHF (degassed)” 511 (492) 82 (89) 42 (43)
3/MeTHF (p(0,) = 210 hPa)* 511 0.7 032
3/MeTHEF (p(0,) = 1000 hPa) 511 0.15 0.062
3/PMMA® 506 90 42
3/EC# 509 90 42
3/powder 506 14 10"

“Amax is the high energy emission maximum representing approx-
imately the position of the electronic 0—0 transition. “Solutions in 2-
methyltetrahydrofuran (c 1075 M) were carefully degassed by
several freeze—pump—thaw cycles. “PMMA films (c ~ 0.1 wt %) were
measured under N,-gas atmosphere. “The low quantum yield found
for the T} — S, transition of compound 2 in a fluid environment is
probably related to excited-state geometry changes. “Measured for air-
saturated MeTHF solution, "Measured for O,-saturated MeTHF
solution. $Ethoxycellulose (EC) film (¢ &~ 0.1 wt %) measured under
N,-gas atmosphere. hThe decay is not monoexponential. The decay
time 7 = 10 s represents only an approximate value.
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Figure 3. UV—vis absorption and luminescence spectra of complex 3
measured in 2-methyltetrahydrofuran (MeTHF, ¢ = 5 X 107° M) at

ambient temperature and at 77 K, respectively.

significantly smaller than the respective k, values determined for
Pt(II) and Ir(IlI) complexes with the ppy ligand, Pt(ppy)-
(dpm)wd (dpmH dipivaloylmethane) and Ir(ppy),,>'
amounting to 1.4 X 10° s™! and 6.9 X 10° s7', respectively.
This suggests a much smaller MLCT-perturbation of the
emitting T, state in the studied Pt-L1 complexes than in the
latter compounds.'*~¢ Importantly, the nonradiative rate k,, =
(1 — ¢p)/t = 24 x 10° 57, as determined for 3 in
poly(methyl methacrylate) (PMMA) and ethoxycellulose (EC),
is very small. This is assigned to be a consequence of the rigid
molecular structure of the complex and rigid local environ-
ments. Remarkably, even in solution, the nonradiative
relaxation of complex 3 is very slow, as it is expressed by the
small k,, value of 43 X 10° s™' found for 3 in 2-
methyltetrahydrofuran (MeTHF) at ambient temperature.
For this compound, k, decreases only by a factor of 1.6
when the temperature is lowered to 77 K and the solvent
becomes stiff (k,, = 2.6 X 10> s™"). These observations suggest
that the molecular geometry changes occurring in the T,
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excited state of 3, as compared to the ground state S, are
exceptionally small. The influence of excited-state deformations
on the nonradiative processes and its determining role for the
emission quantum yield ¢y is further addressed below.
Assignment of the Lowest Triplet State. The ’LC
character of the lowest triplet state is further substantiated,
taking compound 3 as an example, by an analysis of the
emission decay dynamics at different temperatures and
quantum mechanical computations (Supporting Information).
At 1.3 K, complex 3 shows a three-exponential decay profile
with the time constants of 7; = 205 us, 7j; = 47 us, and 7y = 21
us. (Figure 4) For a largely ligand-centered emission, the

T=13K T=50K

200

Figure 4. Emission decay curves of Pt(L1)(CNC(CHj,),) (complex 3)
in frozen MeTHF at 1.3 and 50 K.

splitting (ZFS) of the T, state into triplet substates (I, II, and
III) is expected to be in the order of 1 cm™ or
less.'* 17432734 Eor such a small T, splitting, the relaxations
(spin—lattice relaxations®) between the triplet substates at
temperatures below about 2 K are distinctly slower than the
transitions to the ground state. As a result, independent
emissions from the nonthermalized T, substates are observ-
ed. 10274153233 Thyg the measured time constants 7, 7y, and
7y are identified as decay times of the individual T substates I,
II, and III, respectively (Figure S).

AE(II-T)
Ty :I <1cm!
20325 cm!
T
20 Ks T Tav = 41 ns
47 ps
T
21 ps
So y y l

Figure S. Energy level diagram for Pt(L1)(CNC(CHj;);) (3) in frozen
MeTHEF. According to the small ZFS of the T, state and the long
emission decay times at T = 1.3 K the T, state is assigned as being
largely of *LC character (with small >’ MLCT admixtures).

At higher temperatures, for example, above T = 15 K, the
spin—lattice relaxations are faster than the emission decay times
of the individual substates.>*>* Thus, the emission occurs
accordin% to an averaged decay time 7,, = 3-(7; '+ 7' +
oy ) LTSS Tncertion of the decay parameters as
determined for compound 3 at 1.3 K results in 7,, = 41 ps. This
value deviates from the measured value of 7(50 K) = 43 us only
by 5% (Figure 4), that is, less than the overall experimental
error of the applied methods.

Suppression of Nonradiative Relaxation by Rigid
Molecular Structures. The occurrence of intense emissions
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of complexes 1, 2, and 3 contrasts with the behavior of other
Pt(II) complexes with cyclometalating C—N—C ligands, such
as Pt(dpp)(CO)'® and Pt(dpp)(benzoisonitrile)'”'® with
dppH, = 2,6-diphenyl-pyridine, which are nonemissive at
room temperature. The lack of emission in these latter
complexes is related to significant structural distortions
occurring in the T, excited state.'® (Compare also with ref
15.) In contrast to the ground state geometry, the aromatic
rings of the dpp ligand in the T, excited state of Pt(dpp)(CO)
are not coplanar and adopt a bent conformation (Figure 6,
right) similar to the T, excited molecules of Pt(dpp)-
(benzoisonitrile).'® Such distinct molecular deformations
increase the electron-vibrational coupling (Franck—Condon
factors) of the excited T, and the ground state, and thus,
strongly facilitate nonradiative relaxation,'®'®*°

\—O@FQH T,
§§ . = planar

Pt(L1)(CNC(CH,),)
3

bent

—_

Pt(dpp)(CO)

Figure 6. Molecular geometries of the ground state S, and the lowest
excited state T, of Pt(L1)(CNC(CH;);) (3) and Pt(dpp)(CO)
obtained from DFT calculations on the B3LYP/(631G*+SDD-ECP)
theory level (see Supporting Information).

Apparently, such a mechanism is not effective for the
relatively rigid Pt(II)-L1 complex 3 (Figure 6, left), which emits
in solution with ¢p; as high as 82%. On the other hand, the
emission of complex 2 is largely quenched in liquid solution
(¢hpr, = 1.6%). Probably, the increased nonradiative relaxation is
related to the presence of a bulky ancillary ligand P(C4Hy); in
2, as opposed to the relatively small ligands diethyl sulfide and
t-butylisonitrile in 1 and 3, respectively. Probably, the excited
state deformations of 2 are facilitated by repulsive interactions
between the sterically demanding triphenylphosphine and the
terdentate ligand L1. It is remarked that in PMMA complex 2
shows very strong emission with ¢hp;, = 85%. Thus, in the more
rigid environment of the polymer film, the emission quenching
is much less effective.

O, Sensing Properties. The very high emission quantum
yields and the long ambient-temperature emission decay times
(Table 1) suggest using the studied compounds as optical O,
sensors or for singlet oxygen generation. Thus, the phosphor-
escence quenching dynamics was investigated with complex 3
dissolved in MeTHEF. As shown in Figure 7, the emission decay
time varies over 3 orders of magnitude when the partial
pressure of oxygen changes from p(O,) = 0 with a decay time
of 42 us to p(O,) = 1000 hPa with 7(pure oxygen) = 62 ns.
The quantum yield of emission decreases from 82% (p(O,) =
0) to 0.15% (p(O,) = 1000 hPa). Interestingly, the emission of
3 can be still detected even at high O, concentrations. Thus, it
is possible to use this material for O, detection in a wide range
of p(O,). Application of the emitter material doped in matrices
characterized by suitable gas permeability®” will allow for a
development of new efficient O, sensor devices.

dx.doi.org/10.1021/ja503220w | J. Am. Chem. Soc. 2014, 136, 9637—9642
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Figure 7. Stern—Volmer plot for oxygen quenching of the emission of
complex 3 dissolved in MeTHF (¢ = 5 X 1075 M) at ambient
temperature. The quenching constant Ky, was obtained by fitting the
equation: ((z5/7) — 1) = Kgyp(0,),>® wherein 7, and 7 are the
emission decay times of the nonquenched emission (p(O,) = 0) and at
a partial O, pressure p(0O,), respectively.

Bl CONCLUSION

A new terdentate ligand L1 was synthesized along with three
Pt(1I) complexes thereof. In these complexes, the metal center
is coordinated by the pyridine fragment and cyclometalated by
the phenyl and carboranyl fragments in a C—N-—C-pincer
mode. The bulky carboranyl group prevents formation of close
Pt—Pt contacts in the solid phase and in solution. The
terdentate binding provides an overall rigid molecular structure
of the complexes. Thus, the Pt(II) compounds display unique
photophysical properties, such as very high emission quantum
yields in polymer matrices and even in solution. The emission
stems from a relatively long-lived ligand-centered triplet state
T, that is slightly perturbed by "*MLCT admixtures. Therefore,
this new class of materials can be applied for oxygen sensors
and, most interestingly, as has been discussed recently, also in a
new type of electroluminescent devices'® exploiting long-lived
emission. For these applications, the new rigid and bulky
complexes presented here might be of high significance because
the material does not exhibit a tendency of aggregation even if
applied at a high doping concentration in the emitter layer of an
OLED.

B ASSOCIATED CONTENT

© Supporting Information

Experimental details of the syntheses, chemical analyses, X-ray
crystal structure determination, ORTEP drawing of Pt-complex
1, and results of the DFT and TD-DFT calculations. This
material is available free of charge via the Internet at http://
pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Author

aprohor@yandex.ru; rafal.czerwieniec@ur.de; hartmut.yersin@
ur.de

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors gratefully acknowledge Dr. M. Bodensteiner and
the Center for Chemical Analysis of the Faculty of Chemistry
and Pharmacy at the University of Regensburg for X-ray

9641

diffraction measurements. We also thank the German Federal
Ministry of Education and Research (BMBF) and Russian
Foundation for Basic Research (RFBR) for financial support.

B REFERENCES

(1) (a) Highly Efficient OLEDs with Phosphorescent Materials; Yersin,
H., Ed.; Wiley-VCH, Weinheim, 2008;. (b) Yersin, H.; Rausch, A. F;
Czerwieniec, R. In Physics of Organic Semiconductors; Bruetting, W.,
Adachi, C. Eds.; Wiley-VCH: Weinheim, 2012; p 371. (c) Yersin, H;
Rausch, A. F.; Czerwieniec, R.,; Hofbeck, T.; Fischer, T. Coord. Chem.
Rev. 2011, 2S5, 2622—-2652. (d) Williams, J. A. G.; Develay, S;
Rochester, D. R;; Murphy, L. Coord. Chem. Rev. 2008, 252, 2596—
2611. (e) Zhou, G.; Wong, W.-Y,; Yang, X. Chem.—Asian J. 2011, 6,
1706—1727. (f) Ma, B,; Djurovich, P. I; Thompson, M. E. Coord.
Chem. Rev. 2005, 249, 1501—1510.

(2) (a) Brulatti, P.; Fattori, V.; Muzzioli, S.; Stagni, S.; Mazzeo, P. P.;
Braga, D.; Maini, L.; Milita, S.; Cocci, M. J. Mater. Chem. C 2013, 1,
1823—1831. (b) Velusamy, M.; Chen, C.-H.; Wen, Y. S.; Lin, J. T;
Lin, C.-C; Lai, C.-H.; Chou, P.-T. Organometallics 2010, 29, 3912—
3921. (c) Luo, J; Liu, Y.; Shi, D.; Wang, Y,; Zhang, Z.; Yu, J.; Lei, G;
Chen, Q; Li, J; Deng, X;; Zhu, W. Dalton Trans. 2012, 41, 1074—
1081. (d) Zhou, G.-J.; Wong, W.-Y.; Yao, B.; Xie, Z.; Wang, L. ]. Mater.
Chem. 2008, 18, 1799—1809.

(3) (a) Che, C-M,; Kwok, C.-C.; Lai, S.-W.; Rausch, A. F,;
Finkenzeller, W. J.; Zhu, N.; Yersin, H. Chem.—Eur. J. 2010, 16, 233—
247. (b) Li, G.; Fleetham, T.; Li, J. Adv. Mater. 2014, 26, 2931—2936.

(4) (a) Tam, A. Y.-Y; Tsang, D. P.-K; Chan, M.-Y.; Zhu, N.; Yam, V.
W.-W. Chem. Commun. 2011, 47, 3383—338S. (b) Rossi, E.; Murphy,
L.; Brothwood, P. L.; Colombo, A.; Dragonetti, C.; Roberto, D.; Ugo,
R; Cocci, M.; Williams, J. A. G. J. Mater. Chem. 2011, 21, 15501—
15510. (c) Cocci, M.; Kalinowski, J.; Fattori, V.; Williams, J. A. G.;
Murphy, L. Appl. Phys. Lett. 2009, 94, 073309. (d) Rossi, E.; Colombo,
A.; Dragonetti, C.; Roberto, D.; Demartin, F.; Cocchi, M.; Brulatti, P.;
Fattori, V.; Williams, J. A. G. Chem. Commun. 2012, 48, 3182—3184.

(5) Kui, S. C. F; Hung, F.-F; Lai, S.-L,; Yuen, M.-Y,; Kwok, C.-C;
Low, K-H.; Chuij, S. S.-Y.; Che, C.-M. Chem.—Eur. J. 2012, 18, 96—
109.

(6) (2) Kui, S. C. F; Chow, P. K;; Cheng, G.; Kwok, C.-C.; Kwong,
C. L,; Low, K.-H.; Che, C.-M. Chem. Commun. 2013, 49, 1497—1499.
(b) Kui, S. C. F; Chow, P. K; Tong, G. S. M,; Lai, S.-L.; Cheng, G;
Kwok, C.-C.; Low, K.-H.; Ko, M. Y.; Che, C.-M. Chem.—Eur. J. 2013,
19, 69—73. (c) Turner, E.; Bakken, N.; Li, J. Inorg. Chem. 2013, 52,
7344—7351. (d) Li, K; Cheng, G; Ma, C,; Guan, X.; Kwok, W.-M,;
Chen, Y.; Lu, W.; Che, C.-M. Chem. Sci. 2013, 4, 2630.

(7) (a) Baggaley, E.; Weinstein, J. A.; Williams, J. A. G. Coord. Chem.
Rev. 2012, 256, 1762—1785. (b) Botchway, S. W.; Charnley, M,;
Haycock, J. W,; Parker, A. W.; Rochester, D. L.; Weinstein, J. A,;
Williams, J. A. G. Proc. Natl. Acad. Sci. U. S. A. 2008, 105, 16071—
16076. (c) Mou, X.; Wu, Y.; Liu, S.; Shi, M.; Liu, X.; Wang, C.; Sun, S.;
Zhao, Q;; Zhuo, X.; Huang, W. J. Mater. Chem. 2011, 21, 13951—
13962. (d) Wy, P,; Wong, E. L. M;; Ma, D. L,; Tong, G. S. M;; Ng, K.
M.; Che, C. M. Chem.—Eur. ]. 2009, 15, 3652—3656. (e) Koo, C. K;
Wong, K. L,; Man, C. W. Y,; Lam, Y. W,; So, L. K. Y,; Tam, H. L;;
Tsao, S. W.; Cheah, K. W,; Lauy, K. C;; Yang, Y. Y; Chen, J. C,; Lam,
M. H. W. Inorg. Chem. 2009, 48, 872—878.

(8) (a) Guerchais, V.; Fillaut, J.-L. Coord. Chem. Rev. 2011, 2SS,
2448-2457. (b) Karakus, G.; Fischer, L. H.; Schmeding, S.; Hummel,
J; Risch, N.; Schiferling, M.; Holder, E. Dalton Trans. 2012, 41,
9623-9632. (c) Wu, W,; Wu, W,; Ji, S;; Guo, H.; Song, P.; Han, K;
Chi, L,; Shao, J; Zhao, J. J. Mater. Chem. 2010, 20, 9775—9786.
(d) Zhang, H; Zhang, B; Li, Y,; Sun, W. Inorg. Chem. 2009, 48,
3617—3627. (e) Lanog, P.-H.; Fillaut, J.-L.; Guerchais, V.; Le Bozec,
H.; Williams, J. A. G. Eur. J. Inorg. Chem. 2011, 1255—1259.

(9) (a) To, W.-P; Chan, K. T;; Tong, G. S. M.; Ma, C.; Kwok, W.-
M.; Guan, X,; Low, K.-H.; Che, C.-M. Angew. Chem., Int. Ed. 2013, 52,
6648—6652. (b) Wu, W.; Guo, H.; Wu, W.; Ji, S.; Zhao, J. Inorg. Chem.
2011, 50, 11446—11460.

dx.doi.org/10.1021/ja503220w | J. Am. Chem. Soc. 2014, 136, 9637—9642


http://pubs.acs.org
http://pubs.acs.org
mailto:aprohor@yandex.ru
mailto:rafal.czerwieniec@ur.de
mailto:hartmut.yersin@ur.de
mailto:hartmut.yersin@ur.de

Journal of the American Chemical Society

(10) (a) Rausch, A. F.; Murphy, L.; Williams, J. A. G.; Yersin, H.
Inorg. Chem. 2009, 48, 11407—11414. (b) Kozhevnikov, D. N,
Kozhevnikov, V. N.; Ustinova, M. M.; Santoro, A.; Bruce, D. W,
Koenig, B.; Czerwieniec, R.; Fischer, T.; Zabel, M.; Yersin, H. Inorg.
Chem. 2009, 48, 4179—4189. (c) Fischer, T.; Czerwieniec, R;
Hofbeck, T.; Osminina, M. M.; Yersin, H. Chem. Phys. Lett. 2010,
486, 53—59. (d) Bossi, A.; Rausch, A. F; Leitl, M. J.; Czerwieniec, R;;
Whited, M. T.; Djurovich, P. I; Yersin, H.; Thompson, M. E. Inorg.
Chem. 2013, 52, 12403—12415. (e) Brooks, J.; Babayan, Y.; Lamansky,
S.; Djurovich, P. I; Tsyba, L; Bau, R,; Thompson, M. E. Inorg. Chem.
2002, 41, 3055—3066.

(11) Rausch, A. F.,; Homeier, H. H. H,; Yersin, H. Top. Organomet.
Chem. 2010, 29, 193—235.

(12) (a) Giebink, N. C.; Forrest, S. R. Phys. Rev. B 2008, 77, 235215.
(b) Su, S.-J.; Gonmori, E.; Sasabe, H.; Kido, J. Adv. Mater. 2008, 20,
4189—4194. (c) Song, D.; Zhao, S.; Luo, Y.; Aziz, H. Appl. Phys. Lett.
2010, 97, 243304. (d) Murawski, C; Leo, K; Gather, M. C. Adv.
Mater. 2013, 25, 6801—6827.

(13) Cheng, G.; Chan, K. T,; To, W.-P.; Che, C.-M. Adv. Mater.
2014, 26, 2540—2546.

(14) (a) Shaw, G. Trans. Faraday Soc. 1967, 63, 2181—2189.
(b) Mak, C. S. K.; Pentlehner, D.; Stich, M.; Wolfbeis, O. S.; Chan, W.
K; Yersin, H. Chem. Mater. 2009, 21, 2173—2175. (c) Grist, S. M,;
Chrostowski, L; Cheung, K. C. Sensors 2010, 10, 9286—9316.
(d) Borisov, S. M.; Vasylevska, A. S.; Krause, C.; Wolfbeis, O. S.
Adv. Funct. Mater. 2006, 16, 1536—1542. (e) Fercher, A.; Ponomarev,
G. V,; Yashunski, D.; Papkovsky, D. Anal. Bioanal. Chem. 2010, 396,
1793—1803. (f) Guo, H; Ji, S.; Wu, W.; Wu, W.; Shao, J.; Zhao, J.
Analyst 2010, 135, 2832—2840. (g) Borisov, S. M.; Zenkl, G.; Klimant,
L. ACS Appl. Mater. Interfaces 2010, 2, 366—374. (h) Wu, C.; Bull, B,;
Christensen, C.; McNeil, J. Angew. Chem., Int. Ed. 2009, 48, 2741—
2745. (i) Smith, C. S.; Mann, K. R. J. Am. Chem. Soc. 2012, 134, 8786—
8789.

(15) Rausch, A. F.; Murphy, L.; Williams, J. A. G.; Yersin, H. Inorg.
Chem. 2012, 51, 312—319.

(16) Kulikova, M. V.; Balashev, K. P.; Yersin, H. Zhurnal Obshchei
Khimii 2003, 73, 1942—1949.

(17) Lu, W,; Chan, M. C.-W.,; Cheung, T.-C.; Che, C.-M.
Organometallics 2001, 20, 2477—2486.

(18) Tong, G. S-M.; Che, C.-M. Chem.—Eur. J. 2009, 15, 7225—
7237.

(19) (a) . (b) Visbal, R; Ospino, L; Lopez-de-Luzuriaga, J. M,;
Laguna, A.; Gimeno, M. C. J. Am. Chem. Soc. 2013, 135, 4712—4715.
(c) Visbal, R.; Lopez-de-Luzuriaga, J. M.; Laguna, A.; Gimeno, M. C.
Dalton Trans. 2014, 43, 328—334. (d) Crespo, O.; Gimeno, M. C,;
Laguna, A.; Lehtonen, O.; Ospino, L; Pyykks, P.; Villacampa, D.
Chem.—Eur. ]. 2014, 20, 3120—3127. (e) Jin, G.-X. Coord. Chem. Rev.
2004, 248, 587—602. (f) Shi, C.; Sun, H; Tang, X; Lv, W.; Yan, H;
Zhao, Q; Wang, J.; Huang, W. Angew. Chem., Int. Ed. 2013, S2,
13434—13438.

(20) (a) Czerwieniec, R; Hofbeck, T.; Crespo, O.; Laguna, A;
Gimeno, M. C,; Yersin, H. Inorg. Chem. 2010, 49, 3764—3767.
(b) Crespo, O.; Gimeno, M. C; Jones, P. G.; Laguna, A.; Lopez-de-
Luzuriaga, J. M.; Monge, M,; Perez, J. L.; Ramon, M. A. Inorg. Chem.
2003, 42, 2061—2068.

(21) (a) Bresadola, S.; Frigo, A.; Longato, B.; Rigatti, G. Inorg. Chem.
1973, 12, 2788—2793. (b) Bresadola, S.; Bresciani-Pahor, N. J.
Organomet. Chem. 1979, 179, 73—=79. (¢) Yao, Z.-J.; Yu, W.-B,; Lin, Y.
J; Huang, S.-L; Li, Z-H; Jin, G-X. J. Am. Chem. Soc. 2014, 136,
2825-2832.

(22) (a) Prokhorov, A. M.; Slepukhin, P. A.; Rusinov, V. L.; Kalinin,
V. N.; Kozhevnikov, D. N. Chem. Commun. 2011, 47, 7713—77185.
(b) Spokoyny, A. M.; Machan, C. W.; Clingerman, D. J.; Rosen, M. S.;
Wiester, M. J.; Kennedy, R. D.; Stern, C. L.; Sarjeant, A. A.; Mirkin, C.
A. Nat. Chem. 2011, 3, 590—596. (c) Tsurugi, H.; Qiu, Z.; Yamamoto,
K,; Arteaga-Miiller, R,; Mashima, K,; Xie, Z. Organometallics 2011, 30,
5960—5964. (d) Fey, N.; Haddow, M. F.; Mistry, R;; Norman, N. C,;
Orpen, A. G.; Reynolds, T. J.; Pringle, P. G. Organometallics 2012, 31,
2907—2913. (e) El-Zaria, M; Arii, H,; Nakamura, H. Inorg. Chem.

9642

2011, 50, 4149—4161. (f) Hoel, E. L.; Hawthorne, M. F. J. Am. Chem.
Soc. 1975, 97, 6388—6395S.

(23) (a) Farley, S. J.; Rochester, D. L.; Thompson, A. L.; Howard, J.
A. K; Williams, J. A. G. Inorg. Chem. 2005, 44, 9690—9703.
(b) Connick, W. B; Geiger, D.; Eisenberg, R. Inorg. Chem. 1999,
38, 3264—3265.

(24) Frisch, M. J,; Trucks, G. W.; Schlegel, H. B; Scuseria, G. E.;
Robb, M. A,; Cheeseman, J. R;; Scalmani, G.; Barone, V.; Mennucci,
B.; Petersson, G. A,; et al. Gaussian 09, Version 8.0; Gaussian, Inc.:
Wallingford, CT, 2009.

(25) (a) Becke, A. D. J. Chem. Phys. 1993, 98, 5648—5652.
(b) Stephens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch, M. J. J.
Phys. Chem. 1994, 98, 11623—11627.

(26) (a) Hehre, W. J.; Ditchfield, R.; Pople, J. A. J. Chem. Phys. 1972,
56, 2257. (b) Petersson, G. A.; Bennett, A; Tensfeldt, T. G.; Al-
Laham, M. A,; Shirley, W. A.; Mantzaris, J. J. Chem. Phys. 1988, 89,
2193-218.

(27) (a) Andrae, D.; Haeussermann, U.; Dolg, M.; Stoll, H.; Preuss,
H. Theor. Chem. Acc. 1990, 77, 123—41. (b) Fuentealba, P.; Stoll, H.;
von Szentpaly, L.; Schwerdtfeger, P.; Preuss, H. J. Phys. B: At. Mol.
Phys. 1983, 16, L323—L28.

(28) Huzinaga, S.; Andzelm, J.; Klobukowski, M.; Radzio-Andzelm,
E.; Sakai, Y.; Tatewaki, H. Gaussian Basis Sets for Molecular
Calculations; Elsevier, Amsterdam, 1984.

(29) Prokhorov, A. M.; Kozhevnikov, D. N.; Rusinov, V. L,
Chupakhin, O. N.; Glukhov, I. V.; Antipin, M. Y.; Kazheva, O. N,;
Chekhlov, A. N.; Dyachenko, O. A. Organometallics 2006, 25, 2972—
2977.

(30) Prokhorov, A. M.; Slepukhin, P. A.; Rusinov, V. L.; Kalinin, V.
N.; Kozhevnikov, D. N. Chem. Commun. 2011, 47, 7713—7718.

(31) Hofbeck, T.; Yersin, H. Inorg. Chem. 2010, 49, 9290—9299.

(32) Yersin, H.; Strasser, J. Coord. Chem. Rev. 2000, 208, 331—364.

(33) (a) Yersin, H.; Donges, D. Top. Curr. Chem. 2001, 214, 81—186.
(b) Czerwieniec, R;; Finkenzeller, W. J.; Hofbeck, T.; Starukhin, A.;
Wedel, A; Yersin, H. Chem. Phys. Lett. 2009, 468, 205-210.
(c) Finkenzeller, W. J.; Hofbeck, T.; Thompson, M. E.; Yersin, H.
Inorg. Chem. 2007, 46, 5076—5083. (d) Rausch, A. F.; Thompson, M.
E.; Yersin, H. Inorg. Chem. 2009, 48, 1928—1937.

(34) (a) Schmidt, J.; Wiedenhofer, H.; von Zelevsky, A; Yersin, H. J.
Phys. Chem. 1995, 99, 226—229. (b) Leitl, M. J.; Kiichle, F.-R;; Meyer,
H. A;; Wesemann, L.; Yersin, H. J. Phys. Chem. A 2013, 117, 11823—
11836.

(35) Tinti, D. S.; El-Sayed, M. J. Chem. Phys. 1971, 54, 2529—2549.

(36) Ito, A.; Meyer, T. J. Phys. Chem. Chem. Phys. 2012, 14, 13731—
1374S.

(37) (a) Stern, S. A; Fried, J. R. Permeability of Polymers to Gases
and Vapors. In Physical Properties of Polymers Handbook, 2nd ed.;Mark,
J. E. Ed; Springer: New York, 2007; pp 1033;. (b) Amao, Y.
Microchim. Acta 2003, 143, 1—12.

(38) () Grist, S. M.; Chrostowski, L.; Cheung, K. C. Sensors 2010,
10, 9286—9316. (b) Ast, C.; Schmilzlin, E.; Lohmannsrében, H.-G;
van Dongen, J. T. Sensors 2012, 12, 7015-7032. (¢) Amao, Y.
Microchim. Acta 2003, 143, 1-12. (d) Ruggi, A.; van Leeuwen, F. W.
B.; Velders, A. H. Coord. Chem. Rev. 2011, 255, 2542—2554. (e) Mills,
A. Chem. Soc. Rev. 2008, 34, 1003—1011.

dx.doi.org/10.1021/ja503220w | J. Am. Chem. Soc. 2014, 136, 9637—9642



