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ABSTRACT:Unprecedented strong phosphorescent emis-
sion in the crystalline state is observed for a variety of vaulted
trans-bis(salicylaldiminato)platinum(II) complexes which
are newly synthesized as a third coordination mode of
well-studied bis(salicylaldiminato) complexes. This Com-
munication describes the dynamic photophysical properties
of these complexes in the liquid and crystalline states and
a mechanistic rationale for the strong emission in the
crystalline state.

Solid-state emission is important not only for the development
of future light-emitting devices with high luminance1 but also

in regard to fundamental research for new functions of molecular
aggregations.2,3 High-density integration is a straightforward
concept to increase the brightness of light-emitting materials;
however, most materials that exhibit intense emission under low-
density environments cannot maintain their emission efficiencies
in the crystalline state due to inevitable energy loss by non-
radiative pathways through intermolecular connection.2a,b It is
this dilemma that long prevented the systematic and continuous
research on solid-state emission, especially on emissive crystals.
The major strategy to overcome this difficulty is to design the
molecular array in order to decrease the negative intermolecular
contact between packed molecular units. Highly emissive fluor-
escent solids and crystals have been recently formed by the
introduction of sterically bulky units1f�h,2b and ionic spacers.2d

An alternative topic in this field is the aggregation-induced
enhancement of fluorescent emission (AIEE) in solid3 and gel4

states, which is attributable to overcoming the positive effect on
fixation of conformationally flexible π-conjugate systems by
suitable molecular aggregations.

Phosphorescent emission in crystals remains unascertained5,6

despite its potential importance in material science.7 This is
probably due to the significant negative effect of bimolecular
triplet�triplet annihilations between transition metal com-
plexes.8 It is entirely fair to state that related information on
phosphorescent solids is limited to that of the emissive tris-
(phenylpyridine)iridium [Ir(ppy)3] complex, whose extremely
high emission properties in solution [photoluminescence (PL)
quantum yield:Φ = 0.97]9 decrease in condensed solid systems
such as a neat film (0.03)10 due to self-quenching through
intermolecular π-stacking interactions.11,12 To the best of our
knowledge, the highest PL quantum yield of crystals is that of
Pt(t-BuCN)2(CN)2 (Φ = 0.33),13 where infinite Pt�Pt inter-
actions and the staggered coordination of linear cyano and

isonitrile ligands minimize the deactivation for metal-to-ligand
charge transfer (MLCT) emission.

As part of our program, which is aimed at the development of
transition metal-based functional materials, we have investigated
new properties of trans-bis(salicylaldiminato) d8 transition metal
complexes 2,14 almost untouched analogues of the well-studied
cis-fused complexes 1.15,16 Consequently, we have synthesized a
bridged trans-form of divalent platinum complex 3, a novel third
mode of bis(salicylaldiminato) transition metal complexes, and
found that complex 3 exhibits extraordinarily high phosphores-
cent properties in the crystalline state due to its characteristic
molecular array of vaulted units, which leads to minimization of
the energy loss. Complex 3 is nonemissive in the solution state,
which therefore provides remarkable switching of emission
properties between solution (OFF) and solid (ON), in contrast
to typical solution (strong)�solid (weak) properties.

Yellow plates of polyethylene glycol (PEG)-bridged trans-
bis(salicylaldiminato)platinum complex 5c, derived by recrystal-
lization from ethyl acetate, exhibit an intense yellow phosphor-
escent emission (λmax = 546, 578 nm; λex = 420 nm; τ = 3.4 μs) at
298 K (Figure 1a,b). The quantum yield of the crystals17 at 298 K
has been determined to beΦ = 0.38( 0.01, which is the highest
yield for phosphorescent crystal emission at ambient tempera-
ture. An amorphous solid of 5c exhibits a lower quantum yield
(Φ = 0.14 ( 0.01), which implies that the crystal packing
minimizes the energy loss for phosphorescence. It is noteworthy
that a solution of 5c in any solvent is almost nonemissive at 298 K
(cyclohexane,Φ < 0.001; 2-methyltetrahydrofuran,Φ < 0.001).
The present switching of emission properties between solution
and solid states is very rare and in contrast to the typical steep
decay of emission of solids as observed for highly emissive
Ir(ppy)3 [Φ = 0.34 ( 0.01 (crystal),17 0.004 ( 0.001
(amorphous solid),17 0.97 ( 0.05 (2-methyltetrahydrofuran
solution)9,17].

Such strong emission properties in the crystalline state appear
specifically in vaulted complexes with an appropriate linker length.
Figure 2 summarizes the PL quantum yields of a series of trans-
bis(salicylaldiminato)platinum(II) crystals at 298K (λex = 420 nm).
The crystalline emission of these complexes can be controlled by

Received: December 2, 2010



6494 dx.doi.org/10.1021/ja110398p |J. Am. Chem. Soc. 2011, 133, 6493–6496

Journal of the American Chemical Society COMMUNICATION

selection of the type and length of the linkers. Crystals of vaulted
complexes 4e,f bearing dodeca- and tridecamethylene linkers exhibit
higher quantum yields of 0.32( 0.01 and 0.21( 0.01, respectively,
while related analogues 4a�d with shorter linkers (n = 8�11)
are nonemissive in the crystalline state. A PEG-bridged crystal 5c
(m = 4) exhibits the highest quantum yield at 298 K, although
crystals 5a and 5b with shorter PEG linkers (m = 2 and 3) are
nonemissive or less emissive (Φ = 0.002 ( 0.001 and 0.051 (
0.001). A bridged structure has proven to be indispensable for
strong emission, and the nonvaulted crystal 6 exhibits a much
smaller quantum yield (Φ= 0.21( 0.01). Despite the high emission
properties of some crystals, all complexes 4�6 do not exhibit any
significant luminescence properties in 2-methyltetrahydrofuran
solution at 298 K (Figure 1a, see Supporting Information).

Quantum yields of crystals of 4 at 77K are as follows: 4a, 0.09(
0.03; 4b, <0.001; 4c, 0.18 ( 0.02; 4d, 0.60 ( 0.02; 4e, 0.51 (
0.01; and 4f, 0.53( 0.03. It is noteworthy that crystal 4d exhibits
the highest quantum yield at 77 K among all the complexes
examined, although it is nonemissive at 298 K. In contrast, the
PEG-bridged crystals have increased quantum yields at 77 K
without significant changes in their relative intensity (5a, 0.12(
0.01; 5b, 0.43( 0.01; 5c, 0.52( 0.01). It can be mentioned that
emissive crystals 4e, 4f, and 5c have higher heat resistance in
emission intensity. Contrasting temperature dependence in emis-
sion intensity of 5c and 4d crystals at 77�298 K is shown in
Figure 1b,c.

Note that the trans-complexes are better motifs for easy color
change. Brilliant green-yellow [7a: λmax = 544, 569 nm;Φ = 0.32(
0.01 (298K)] and red [7b: 599, 630 nm;Φ= 0.06( 0.01 (298K)]
crystal emission can be generated by introduction of 4-chloro and
5-methoxy substituents on the aromatic rings. It should also be
emphasized that the emission colors are different in many cases
from those of nonvaulted crystals. Typical examples are brilliant
green-yellow in vaulted 7a and dull orange in nonvaulted 8a
(Figure 3).

TD-DFT (B3LYP/6-31G*, LanL2DZ) calculation of excited
states ordering of 4a�e showed that both T1 and T2 states lie
below S1, which indicates that phosphorescent emission princi-
pally occurs via S1�T2 intersystem crossing. The calculation also
indicates that major electronic configurations of S1 (T1) and S2
(T2) are HOMO-to-LUMO and HOMO-to-LUMOþ1, respec-
tively. Complexes bearing shorter methylene linkers tend to have
larger S1�T2 and smaller S2�S1 gaps (see Supporting In-
formation), as typically shown on comparison of nonemissive
4a [ΔE(S1�T2) = 0.28 eV,ΔE(S2�S1) = 0.25 eV] and 4b (0.27
eV, 0.27 eV) with emissive 4e (0.23 eV, 0.34 eV) and 4f (0.23 eV,
0.35 eV). Given the DFT calculation indicating that HOMO,
LUMO, and LUMOþ1 are principally Pt(5d)�O(2p), CdN-
(π*), and Pt(5d)�CdN(π*), respectively, these results strongly
suggest that nonemissive 4a,b crystals have slower intersystem
crossing process and faster d�d transition process for nonradia-
tive decay compared to those with emissive 4e,f.19 Contributions
of a metal�metal-to-ligand charge transfer (MMLCT) and
ligand�ligand π excimeric states seem to be less significant,
since diluted solutions and crystals of these complexes show
very similar emission spectrum patterns at 77 K (Supporting
Information).

Molecular structure and packing of crystals 4�6 are shown in
Figure 4.18 Short-linked complexes 4a�c, nonemissive at 77�
298 K, have strongly bent coordination sites, which would explain
the foregoing energy loss (Figure 4a). Medium-linked complex
4d, emissive only at low temperature, has a planar coordination
site without any significant intermolecular interactions (Figure 4b).
The absence of intermolecular interactions would lead to a
remarkable decay in emission at higher temperature (Figure 1c)
by increasing the mobility of the packing units. In contrast, long-
linked, planar complexes 4e, 4f, and 5c, highly emissive at
77�298 K, form dimeric arrays which are firmly supported
by the vaulted structure, a planar coordination plane, and Pt�
Pt interactions. Cofacial coordination planes are located on

Figure 1. (a) Contrasting emission properties of 5c in solution (2 �
10�4 M, 2-methyltetrahydrofuran) and crystalline states at 298 K under
UV illumination (λex = 365 nm). (b,c) Temperature dependence in
emission intensity of 5c and 4d crystals between 77 K (black line) and
298 K (red line) (λex = 420 nm).

Figure 2. Absolute quantum yield for crystalline-state emission of
complexes 4�6 (λex = 420 nm) and Ir(ppy)3 (380 nm) at 298 K.
*Amorphous solid.

Figure 3. Effect of dodecamethylene bridge on emission of (a) 7a and
(b) 8a under UV irradiation at 365 (photo) and 420 nm (quantum yield)
at 298 K.
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pseudo-staggered positions to minimize the steric and electric
repulsion between the aromatic rings (Supporting In-
formation). Crystal 5c, which exhibits the highest quantum
yield at ambient temperature, stabilizes its beneficial molecular
array by an intermolecular H-bonding network20 through
neighboring PEG units (Figure 4c). These intermolecular
factors would suppress a steep increase in the molecular
mobility, leading to minimization of energy loss for their
original strong phosphorescent emission at higher tempera-
ture. The less emissive, nonvaulted crystals 6 form highly
regulated aggregates of very flat coordination planes (Figure 4d),
which would lead to significant energy loss from excited states.
The unprecedented, drastic quenching of 4e, 4f, and 5c in the
solution state would be due to planarity and flexibility of the
trans-bis(salicylaldiminato)metal coordination sites.14 Re-
search is currently underway to elucidate the mechanism and
to apply these materials to the development of new light-emitt-
ing devices.

’ASSOCIATED CONTENT

bS Supporting Information. Experimental details and char-
acterization data for 4a�f, 5a�c, 6, 7a,b, and 8a; X-ray crystal-
lographic files, in CIF format, for 4a�f, 5b,c, and 6; and a short
movie, in MPEG video format, of the phosphorescent emission
of crystals 5c, 7a, and 7b. This material is available free of charge
via the Internet at http://pubs.acs.org.

’AUTHOR INFORMATION

Corresponding Author
naota@chem.es.osaka-u.ac.jp

’ACKNOWLEDGMENT

This work was supported by Grant-in-Aid for Scientific
Research, from the Ministry of Education, Culture, Sports,
Science and Technology, Japan. We gratefully acknowledge Prof.
Hiroshi Miyasaka and Assistant Prof. Syoji Ito (Osaka Uni-
versity) for lifetime measurement and Mr. Masahiko Bando
(Otsuka Pharmaceutical Co. Ltd., Japan) for assistance with
the X-ray crystallographic analysis of 6.

’REFERENCES

(1) (a) Highly Efficient OLEDs with Phosphorescent Materials; Yersin,
H., Ed.; Wiley-VCH: Weinheim, 2008. (b) Chou, P.-T.; Chi, Y. Chem.
Eur. J. 2007, 13, 380–395. (c) Tang, C. W.; VanSlyke, S. A. Appl. Phys.
Lett. 1987, 51, 913–915. (d) Baldo, M. A.; O’Brien, D. F.; You, Y.;
Shoustikov, A.; Sibley, S.; Thompson, M. E.; Forrest, S. R. Nature 1998,
395, 151–154. (e) Lo, S.-C.; Male, N. A. H.; Markham, J. P. J.; Magennis,
S. W.; Burn, P. L.; Salata, O. V.; Samuel, I. D. W. Adv. Mater. 2002,
14, 975–979. (f) Lee, S. H.; Jang, B.-B.; Kafafi, Z. H. J. Am. Chem. Soc.
2005, 127, 9071–9078. (g) Zhao, C.-H.; Wakamiya, A.; Inukai,
Y.; Yamaguchi, S. J. Am. Chem. Soc. 2006, 128, 15934–15935. (h)
Wakamiya, A.; Mori, K.; Yamaguchi, S. Angew. Chem. Int. Ed. 2007,
46, 4273–4276.

(2) (a) Langhals, H.; Potrawa, T.; N€oth, H.; Linti, G. Angew. Chem.
Int. Ed. Engl. 1989, 28, 478–480. (b) Langhals, H.; Krotz, O.; Polborn,
K.; Mayer, P. Angew. Chem. Int. Ed. 2005, 44, 2427–2428. (c) Dreuw, A.;
Pl€otner, J.; Lorenz, L.; Wachtveitl, J.; Djanhan, J. E.; Br€uning, J.; Metz,
T.; Bolte, M.; Schmidt, M. U. Angew. Chem. Int. Ed. 2005,
44, 7783–7786. (d) Mizobe, Y.; Hinoue, T.; Yamamoto, A.; Hisaki, I.;
Miyata, M.; Hasegawa, Y.; Tohnai, N. Chem. Eur. J. 2009, 15, 8175–
8184.

(3) Review: (a) Hong, Y.; Lam, J. W. Y.; Tang, B. Z. Chem. Commun.
2009, 4332–4353. (b) Zhao, Z.;Wang, Z.; Lu, P.; Chan, C. Y. K.; Liu, D.;
Lam, J. W. Y.; Sung, H. H. Y.; Williams, I. D.; Ma, Y.; Tang, B. Z. Angew.
Chem. Int. Ed. 2009, 48, 7608–7611.

(4) An, B.-K.; Lee, D.-S.; Lee, J.-S.; Park, Y.-S.; Song, H.-S.; Park,
S, Y. J. Am. Chem. Soc. 2004, 126, 10232–10233.

(5) Review on room-temperature phosphorescence: Evans, R. C.;
Douglas, P.; Winscom, C. J. Coord. Chem. Rev. 2006, 250, 2093–2126.

(6) Pt: (a) Houlding, V. H.; Miskowski, V. M. Coord. Chem. Rev.
1991, 111, 145–152. Cu, Ag: (b) Lin, Y.-Y.; Lai, S.-W.; Che, C.-M.; Fu,
W.-F.; Zhou, Z.-Y.; Zhu, N. Inorg. Chem. 2005, 44, 1511–1524.

(7) Phosphorescent metallo gelators, Pt: (a) Shirakawa, M.; Fujita,
N.; Tani, T.; Kaneko, K.; Shinkai, S. Chem. Commun. 2005, 4149–4151.
(b) Cardolaccia, T.; Li, Y.; Schanze, K. S. J. Am. Chem. Soc. 2008, 130,
2535–2545. Re: (c) Lam, S.-T.; Wang, G.; Yam, V. W.-W. Organome-
tallics 2008, 27, 4545–4548.

(8) Wagner, P. J.; Hammond, G. S. Advances in Photochemistry, Vol.
5; Noyes, W. A., Jr., Hammond, G. S., Pitts, J. N., Jr., Eds.;
Interscience Publishers: New York, 1968; pp 21�156.

(9) Sajoto, T.; Djurovich, P. I.; Tamayo, A. B.; Oxgaard, J.; Goddard,
W. A., III; Thompson, M. E. J. Am. Chem. Soc. 2009, 131, 9813–9822.

(10) Kawamura, Y.; Goushi, K.; Brooks, J.; Brown, J. J.; Sasabe, H.;
Adachi, C. Appl. Phys. Lett. 2005, 86, 071104.1–071104.3.

(11) Berger, R. J. F.; Stammler, H.-G.; Neumann, B.; Mitzel, N. W.
Eur. J. Inorg. Chem. 2010, 1613–1617.

(12) Nonemissive Ir(ppy)2(L) (L = 1,3-diphenyl-1,3-propanedionato)
slightly recovers its phosphorescent properties (Φ=0.076) in the solid state
due to decreased negative ligand effect by intermolecular connection, see:
Zhao, Q.; Li, L.; Li, F; Yu, M.; Liu, Z.; Yi, T.; Huang, C. Chem. Commun.
2008, 685–687.

Figure 4. Molecular structure and packing of (a) 4a, (b) 4d, (c) 5c, and
(d) 6.



6496 dx.doi.org/10.1021/ja110398p |J. Am. Chem. Soc. 2011, 133, 6493–6496

Journal of the American Chemical Society COMMUNICATION

(13) Sun, Y.; Ye, K.; Zhang, H.; Zhang, J.; Zhao, L.; Li, B.; Yang, G.;
Yang, B.; Wang, Y.; Lai, S.-W.; Che, C.-M. Angew. Chem. Int. Ed. 2006,
45, 5610–5613.

(14) Naota, T.; Koori, H. J. Am. Chem. Soc. 2005, 127, 9324–9325.
(15) Emission properties: (a) Che, C.-M.; Chan, S.-C.; Xiang, H.-F.;

Chan, M. C. W.; Liu, Y.; Wang, Y. Chem. Commun. 2004, 1484–1485.
(b) 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.
(16) Material applications: Wezenberg, S. J.; Kleij, A. W. Angew.

Chem. Int. Ed. 2008, 47, 2354–2364.
(17) Quantum yields were determined by the absolute method using

an integrating sphere: Kawamura, Y.; Sasabe, H.; Adachi, C. Jpn. J. Appl.
Phys. 2004, 43, 7729–7730.

(18) See Supporting Information Tables S4�S6 for crystallographic
data for 4a�f, 5b,c, and 6.
(19) Excited-state structural distortion would be one of the factors

affecting the emission quantum yield, see: Tong, G. S.-M.; Che, C.-M.
Chem. Eur. J. 2009, 15, 7225–7237.

(20) Effect of intermolecular H-bonding on crystalline fluorescence:
Hinoue, T.; Mizobe, Y.; Hisaki, I.; Miyata, M.; Tohnai, N. Chem. Lett.
2008, 37, 642–643.


