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Abstract: A novel Pt(ll) terpyridine complex that has a nicotinamide moiety linked to the terpyridyl ligand
has been synthesized in good yield and studied structurally and spectroscopically. The complex, [Pt(Nttpy)-
Cl](PFs), where Nttpy = 4'-(p-nicotinamide-N-methylphenyl)-2,2":6',2"-terpyridine, is observed to be brightly
luminescent in the solid state at room temperature and at 77 K. The complex exhibits reversible vapochromic
behavior and crystallographic change in the presence of several volatile organic solvents. Upon exposure
to methanol vapors, the complex changes color from red to orange, and a shift to higher energy is observed
in the emission maximum with an increase in excited-state lifetime and emission intensity. The crystal and
molecular structures of the orange and red forms, determined by single-crystal X-ray diffraction on the
same single crystal, were found to be equivalent in the molecular sense and only modestly different in
terms of packing. In both forms, the cationic Pt(Il) complexes possess distorted square planar geometries.
Analysis of the orange form’s crystal packing reveals the presence of solvent molecules in lattice voids,
Pt---Pt separations averaging 3.75 A and a zigzag arrangement between nearest neighbor Pt atoms,
whereas the red form is devoid of solvent within the crystal lattice and contains complexes stacked with a
nearly linear arrangement of Pt(ll) ions having an average distance of 3.33 A. On the basis of the
crystallographic data, it is evident that sorption of methanol vapor induces a change in intermolecular contacts
and Pt---Pt interactions in going from red to orange. Disruption of the d8-d® metallophilic interactions
consequently alters the emitting state from 3[(d)o*—m*(terpyridine)] that is formally a metal—metal-to-ligand
charge transfer (MMLCT) state in the red form to one in which the HOMO corresponds to a more localized
Pt(d) orbital in the red form (SMLCT).

Introduction plexes have most commonly been used as the signaling center

Interest in sensor development has grown over the past decadd! @ supramolecular sensor assembly because of their well
because of the need to develop sensitive systems which detecgocumented photophysical propertfes.
chemical and biological analytes. Well-defined systems have More recently, other metal complexes based on Pt(ll) have
been reported that specifically detect the presence of cationsSNOWN promise in sensor developmé&ht Mann and co-
anions, transition metal ions, and volatile organic molecules or workers have investigated the solid-state structure of a series
that measure fluctuations in pH or concentrations efadd of square planar Pt(Il) complexes that revealed short metal
C0O,.17? Chemo-sensors of this type generally contain a receptor
for binding the species of interest which is covalently attached (10) o G - Stooaey & R DS Cogs 7 e oy Ds Mann, KR
to a reporting center capable of signaling a positive interaction. (11) Daws, C. A,; Exstrom, C. L.; Sowa, J. R., Jr.; Mann, KGhem. Mater.

For luminescence based sensors, transition metal chromophores, , }&%g; %??[A%Gn% K. R.: Miller. L. L Exstrom. C. LJ. Am. Chem. Soc.

such as Ru(bpyj™ and tricarbonyl Re(l) polypyridine com- 1998 120, 589-590.
(13) Exstrom, C. L.; Pomije, M. K.; Mann, K. Chem. Mater1998 10, 942—
945.
f Analytical Technology Division, Eastman Kodak Company, ROChester, (14) Kunugi’ Y.; Miller, L. L.; Mann, K. R.; Pomije’ M. KChem. Mater1998
New York 14650. 10, 1487-1489.
(1) Robertson, A.; Shinkai, SCoord. Chem. Re 200Q 205 157-199. (15) Buss, C. E.; Anderson, C. E.; Pomije, M. K.; Lutz, C. M.; Britton, D.;
(2) Beer, P. D.; Cadman, Coord. Chem. Re 200Q 205 131-155. Mann, K. R.J. Am. Chem. Sod.998 120, 7783-7790.
(3) Demas, J. N.; DeGraff, B. ACoord. Chem. Re 2001, 211, 317-351. (16) Drew, S. M.; Janzen, D. E.; Buss, C. E.; MacEwan, D. I.; Dublin, K. M.;
(4) Sun, S.-S.; Lees, A. Loord. Chem. Re 2002 230, 171-192. Mann, K. R.J. Am. Chem. So@001, 123 8414-8415.
(5) Fabbrizzi, L.; Licchelli, M.; Rabaioli, G.; Taglietti, ACoord. Chem. Re (17) Buss, C. E.; Mann, K. Rl. Am. Chem. So2002 124, 1031-1039.
200Q 205, 85—-108. (18) Grate, J. W.; Moore, L. K.; Janzen, D. E.; Veltkamp, D. J.; Kaganove, S.;
(6) Parker, D.Coord. Chem. Re 2000 205, 109-130. Drew, S. M.; Mann, K. RChem. Mater2002 14, 1058-1066.
(7) Prodi, L.; Bolletta, F.; Montalti, M.; Zaccheroni, NCoord. Chem. Re (19) Drew, S. M.; Janzen, D. E.; Mann, K. Rnal. Chem2002 74, 2547
200Q 205 59-83. 2555,
(8) de Silva, A. P.; Fox, D. B.; Huxley, A. J. M.; Moody, T. Soord. Chem. (20) Mann, K. R.; Lewis, N. S.; Miskowski, V. M.; Erwin, D. K.; Hammond,
Rev. 200Q 205 41-57. G. S.; Gray, H. BJ. Am. Chem. S0d.977, 99, 5525-5526.
(9) Keefe, M. H.; Benkstein, K. D.; Hupp, J. TToord. Chem. Re 200Q (21) Lu, W.; Chan, M. C. W,; Zhu, N. Y.; Che, C. M.; He, Z.; Wong, K. Y.
205, 201-228. Chem: A Euro. J2003 9, 6155-6166.
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metal distances resulting from notable-FRt interactiong? especially appealing because the ligands are easily derivatized
Significant shifts in the solid-state emission maxima of these and they show interesting and varied photophysical properties
complexes were reported in the presence of organic solventin the solid state and in solutig®38-57 On the basis of published
vapors, and these vapochromic shifts were thought to occurreports, it was thought that Pt(trpy)Clsystems would be
through noncovalent interactions including hydrogen bonding interesting to examine regarding sensing applications if the
and lipophilic interactions that affected the-®t distances emission properties arising froAMLCT and3MMLCT excited
through lattice expansion and contraction. Several neutral states could be influenced by external molecular species and
complexes of the formula [Pt(CN+CzHs)CsH4)2(CN),] were analytes.
also found to display vapochromic behavior, and structural  The present paper reports the synthesis, structural character-
analyses of these complexes revealed shertfRtdistances and  jzation, and solid-state photophysical properties of a novel Pt
large channels in the solid-state capable of accommodatingterpyridine complex that displays a selective and reversible
solvent molecule$’ Powder diffraction studies demonstrated vapochromic response toward a limited number of organic
that upon exposure to solvent vapors, considerable expansiorsolvents. A distinction from prior studies on vapochromic
of the crystal lattice occurred while a blue-shift was seen in the behavior is that the present investigation includes the X-ray
emission spectra. For both sets of complexes, the vapochromicstructural characterization of both red and orange forms of the
behavior was reproducible and reversible. Recently, vapo- complex determined on tteamesingle crystal and thus provides
chromism has been reported for a thallivgold(l) system as  interesting detail on the basis of the vapochromic effect in the
well 22 titte compound. The results clearly show that the crystalline state
Although Pt double salts have shown promise in the develop- possesses significant enough flexibility to allow expansion and
ment of sensor based technologies, several disadvantages dgontraction of the lattice with resultant slippage in stacking of
exist. They often crystallize as pseudo-polymorphs in the form planar complexes to affect the metallophilic interactions and
of different solid-state hydrates that can make purification consequent emission behavior.
difficult. Additionally, these polymorphic forms may not have
the desired vapochromic properties. Finally, complexes that areExperimental Section
water soluple are djfficult to cast in thin films While_thgse that  \\ ierials. The compounds ‘4-tolyl-2,2 6, 2"-terpyridine (ttpy),
are soluble in organic solvents lack the desired sensitivity needednicotinamide, anhydrous methanol, ethanol, biotech grhid-

in sensor based applications. dimethylformamide, potassium bromide (all from Aldrich), potassium
Platinum polypyridine complexes have the potential to be tetrachloroplatinate (Strem Chemical), poly-methyl methacrylate (aver-
more useful in the development of sensor technology since theyage MW= 33 000) (PMMA) (Scientific Polymer Products, Inc.) and
display interesting solution and solid-state photoluminescenceindium tin oxide (ITO) coated glass (Aldrich) were used without further
properties which are derived frofiL, 3MLCT, and3MMLCT purification. 4-(p-bromomethylphenyl)-2,2'2"-terpyridine (Br-ttpy)
excited state33-3! Unlike the first two, a3MMLCT (metal— and Pt(DMSQO)CI, were prepared according to literature procedefes.
metal-to-ligand charge transfer) excited-state arises when twoSyntheses were performed under Ar with degassed solvents purified
Pt(ll) polypyridine complexes are in close proximity to allow - - - -
for metallophilic interaction between,zdand p orbitals of (38) Ea'§¥é; '.ﬁ "B'T,'Jg,,“g' Sﬁe“ﬁqa{SBERyEZshg'fk%Vgsé"’ V. M Schacfer, W.
neighboring Pt center® 34 These interactions often generate (39) Balley,J A.; Miskowski, V. M.; Gray, H. Binorg. Chem1993 32, 369~
photoluminescence that is lower in energy thar’MilLCT

(40) Arena G.; Calogero, G.; Campagna, S.; Scolaro, L. M.; Ricevuto, V.;

emission and can be eliminated by removal of the weadHt m Féomheo RFI{nO(r:g Chenp] 199% 3% 2'3_6|352J7GS9 Hai R 31 Mewillin.
interactions’>37 In this context, Pt terpyridine complexes appear 42 B B o S aham Soc. Dalion Traner morg. Chomses
711-718.

(22) Fernandez, E. J.; Lopez-de-Luzuriaga, J. M.; Monge, M.; Montiel, M.; (42) Buchner, R.; Field, J. S.; Haines, R. J.; Cunningham, C. T.; McMillin, D.
Olmos, M. E.; Perez, J.; Laguna, A.; Mendizabal, F.; Mohamed, A. A;; R. Inorg. Chem.1997, 36, 3952-3956.
Fackler, J. P., Jinorg. Chem.2004 43, 3573-3581. (43) Field, J. S.; Haines, R. J.; McMillin, D. R.; Summerton, G.JCChem.

(23) Connick, W. B.; Marsh, R. E.; Schaefer, W. P.; Gray, HIr®rg. Chem. Soc., Dalton Trans2002 1369-1376.
1997 36, 913-922. (44) Cortes, M.; Carney, J. T.; Oppenheimer, J. D.; Downey, K. E.; Cummings,

(24) Connick, W. B.; Henling, L. M.; Marsh, R. E.; Gray, H. Biorg. Chem. S. D.Inorg. Chim. Acta2002 333 148-151.
1996 35, 6261-6265. (45) Field, J. S.; Gertenbach, J.-A.; Haines, R. J.; Ledwaba, L. P.; Mashapa, N.

(25) Houlding, V. H.; Miskowski, V. M.Coord. Chem. Re 1991, 111, 145~ T.; McMillin, D. R.; Munro, O. Q.; Summerton, G. @alton Trans.2003

152. 1176-1180.

(26) MISkOWSkI V. M.; Houlding, V. H.; Che, C.-M.; Wang, Ynorg. Chem. (46) Lai, S.-W.; Chan, M. C. W.; Cheung, K.-K.; Che, C.-Mworg. Chem.
1993 32, 2518-2524. 1999 38, 4262-4267.

(27) Miskowski, V. M.; Houlding, V. H.Inorg. Chem.1989 28, 1529-1533. (47) Hui, C.-K.; Chu, B. W.-K.; Zhu, N.; Yam, V. W.-Winorg. Chem 2002

(28) Hissler, M.; Connick, W. B.; Geiger, D. K.; McGarrah, J. E.; Lipa, D,; 41, 6178-6180.
Lachicotte, R. J.; Eisenberg, forg. Chem.200Q 39, 447—457. (48) Michalec, J. F.; Bejune, S. A.; McMillin, D. Rnorg. Chem.200Q 39,

(29) Wadas, T. J.; Lachicotte, R. J.; Eisenbergn@rg. Chem2003 42, 3772 2708-27009.

. (49) McMillin, D. R.; Moore, J. JCoord. Chem. Re 2002 229, 113-121.

(30) Whittle, C. E.; Weinstein, J. A.; Geore, M. W.; Schanze, KinBrg. Chem. (50) Yam, V. W.-W.; Tang, R. P.-L.; Wong, K. M.-C.; Ko, C.-C.; Cheung,
2001, 40, 4053-4062. K.-K. Inorg. Chem.2001, 40, 571-574.

(31) Grove, L. J.; Rennekamp, J. M.; Jude, H.; Connick, WJBAm. Chem. (51) Yam, V. W.-W.; Wong, K. M.-C.; Zhu, NAngew. Chem., Int. E003
S0c.2004 126, 1594-1595. 42, 1400-1403.

(32) Tzeng, B.-C.; Fu, W.-F.; Che, C.-M,; Chao, H.-Y.; Cheung, K.-K.; Peng, (52) Yip, H. K.; Cheng, L. K.; Cheung, K. K.; Che, C. M. Chem. Soc., Dalton
S.-M.J. Chem. Soc., Dalton Trans.: Inorg. Cheb®99 1017-1024. Trans.: Inorg. Chem1993 2933-2938.

(33) Roundhill, D. M,; Gray, H. B.; Che, C. MAcc. Chem. Resl989 22, (53) Yutaka, T.; Mori, I.; Kurihara, M.; Mizutani, J.; Tamai, N.; Kawai, T.;
55—-61. Irie, M.; Nishihara, H.Inorg. Chem.2002 41, 7143-7150.

(34) Lai, S.-W.; Lam, H.-W.; Lu, W.; Cheung, K.-K.; Che, C. @rganome- (54) Yam, V. W.-W.; Wong, K. M.-C.; Zhu, NJ. Am. Chem. So@002 124,
tallics 2002 21, 226-234. 6506-6507.

(35) Kishi, S.; Kato, M.Mol. Cryst. Lig. Cryst. Sci. Technol., Sect. 2002 (55) Yam, V. W.-W.; Tang, R. P.-L.,; Wong, K. M.-C.; Cheung, K.-K.
379 303-308. Organometallics2001, 20, 4476-4482.

(36) Kato, M.; Omura, A.; Toshikawa, A.; Kishi, S.; Sugimoto, Xngew. (56) Yam, V. W.-W.; Tang, R. P.-L.; Wong, K. M.-C.; Lu, X.-X.; Cheung,
Chem., Int. Ed2002 41, 3183-3185. K.-K.; Zhu, N. Chemistry2002 8, 4066-4076.

(37) Che, C.-M.; Fu, W.-F.; Lai, S.-W.; Hou, Y.-J,; Liu, Y.-l. Chem. Soc.: (57) Yang, Q.-Z.; Wu, L.-Z.; Wu, Z.-X.; Zhang, L.-P.; Tung, C.ddorg. Chem.
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16842 J. AM. CHEM. SOC. = VOL. 126, NO. 51, 2004



Vapochromism ARTICLES

by passage through columns of activated alumina and molecular sieveg1H, m), 8.10 (2H, dJ = 8 Hz), 7.89 (2H, m), 7.72 (2H, d] = 12
under N as first described by Grubi§s. Hz), 7.20 (1H, br s), 6.63 (1H, br s), 5.89 (2H, s). FTIR (Nujol):
Characterization. 'H NMR spectra were recorded on a Bruker v(cm™): 3458 @conw,), 1703 @c=o). ESI MS@H, CH:CN): mvz
Avance-400 spectrometer (400.1 MHz), and infrared spectra were (relative intensity, ion): 337.1 (100, ¥). ESI MS (—, CH:CN): m/z
obtained from Nujol mulls using a Mattson Galaxy 6020 FTIR (relative intensity, ion): 145.1 (100, BF. Anal. Calcd for GgH22Ns-
spectrometer. Mass determinations were accomplished by electrosprayCIF120P.Pt (FW = 964.40): C, 34.85; H, 2.29; N, 7.25. Found: C,
ionization mass spectrometry (ESIMS) using a Hewlett-Packard Series 35.08; H, 2.38; N, 7.29.
1100 mass spectrometer (Model A) equipped with a quadropole mass  X-ray Structural Determinations of the Orange (1-O) and Red
filter. Absorption spectra were recorded using a Hitachi U2000 scanning (1-R) Forms of [Pt(Nttpy)CI](PF¢).. An orange crystalline sample was
spectrophotometer (261100 nm), and elemental analyses were grown by the vapor diffusion of diethyl ether into a concentrated
determined by Desert Analytics, Tucson Arizona. solution of 1 dissolved in 1:1 (v/v) acetonitrile:methanol at ambient
LuminescenceLuminescence and excitation spectra were obtained temperature. A single orange crystalle© was rapidly mounted under
using a Spex Fluoromax-P fluorimeter corrected for the spectral Paratone-8277 oil onto a glass fiber, and immediately placed in a cold
sensitivity of the photomultiplier tube and the spectral output of the nitrogen stream at80 °C on the X-ray diffractometer. It should be
lamp with monochromators positioned f@ 2 nmband-pass. Lifetime noted that crystals df-O undergo solvent loss at ambient temperature,
measurements were made using a nanosecond laser system previousgnd the color changes from orange to réeR). Once data collection
described? Solution samples were degassed by at least 4 freeze was completed, the orange crystal was left on the diffractometer
pump-thaw cycles, and frozen glass samples (1:4 (v/v) MeOH:EtOH) overnight at ambient temperature by which time the color had changed
were prepared in NMR tubes placed in a quartz-tipped immersion dewar to the red color ofl-R, and diffraction studies were carried out again.
filled with liquid nitrogen. Thin films were prepared by the spin coating After data collection on this red crystal was complete, the goniometer
of an CHCN solution containing PMMA and [Pt(NttpyCl)](Rfz where with the red crystal still attached was exposed to methanol vapors to
the ratio of polymer to complex was approximately 100:1 (w/w). Solid return the crystal to the orange fortrO, and the data collection and
state emission samples were prepared as a 10% mixture (w/w) of therefinement processes were repeated. The X-ray intensity data were
red form of [Pt(Nttpy)CI](Pk). in a matrix of finely ground KBr collected on a standard Bruker-AXS SMART CCD area detector system
contained in resealable J-Young tubes and purged with argon. Solventequipped with a normal focus molybdenum-target X-ray tube operated
vapors for vapochromism studies were generated by vigorously bubbling at 2.0 kW (50 kV, 40 mA). For each structure determination, a total of
argon through a sealed 100 mL Erlenmeyer flask containing the 1321 frames of data (1.3 hemispheres) were collected using a narrow
anhydrous solvent, and the vapors were transferred to the sample tubdrame method with scan widths of 0.81 w and exposure times of 30
via cannulae. Total exposure time of the sample to the vapors was 30s/frame using a detector-to-crystal distance of 5.09 cm (maximéim 2
min, and the removal of the vapors was accomplished by gently heating angle of 56.8). The total data collection time was approximately 12 h
the sample under vacuum. for each determination. Frames were integrated to a maxintuamgle
4'-(p-Nicotinamide-N-methylphenyl)-2,2:6',2"-terpyridine hexaflu- of 56.6 with the Bruker-AXS SAINT program. Laue symmetry
orophosphate (Nttpy)PFs. A 250 mL Schlenk tube was charged with ~ revealed triclinic crystal systems for bothO and1-R. The final unit
Br-ttpy (0.70 g; 1.7 mmol), nicotinamide (0.280 g, 2.29 mmol) and cell parameters (at-80 °C) were determined from the least-squares
dry acetonitrile. The resulting heterogeneous solution was stirred at refinement of three-dimensional centroids>ef500 reflections for each
reflux for 48 h, filtered through a medium porosity glass frit and the crystal. Data were corrected for absorption with the SADABS program.
precipitate was washed with diethyl ether. The solid was then collected, The space groups were assignedPas(#2) for 1-O and1-R, and
dissolved in 20 mL deionized water and a saturated aqueous solutionboth structures were solved by direct methods and refined employ-
of NH4PFs was added. The resulting heterogeneous solution was stirreding full-matrix least-squares on?RBRUKER-axs, SHELXTL-NT,
for 30 min at room temperature, filtered through a medium porosity version 5.10). For botfi-O and1-R, there is one full molecule in the
glass frit, and the collected solids were washed with water, cold ethanol, asymmetric unitZ = 2) and the PF anions display disorder with the
and diethyl ether. Yield: 68%H NMR (DMSO-dg): ¢ 9.70 (1H, s), F atoms distributed over two sets of positions around the P atom. All
9.36 (1H, d,J = 4 Hz), 9.00 (1H, dJ =8 Hz), 8.75 (2H, ddJ =1 non-H atoms of the cations for both complexes were refined aniso-
Hz,J=1Hz), 8.70 (2H, s), 8.67 (2H, d,= 8 Hz), 8.62 (1H, s), 8.34 tropically and hydrogen atoms were included in idealized positions (the
(1H, dd,J = 8 Hz,J = 8 Hz), 8.21 (1H, s), 8.058.01 (4H, m), 7.80 hydrogen atoms of C¥DH were not included). The structures refined
(2H,d,J=8Hz), 7.54 (2H, tdJ =1 Hz,J =1 Hz,J = 4 Hz), 6.03 to goodness of fit (GOF) values and final residuals are found in Table 1.

(2H, s). ESI MS {-, CH,CN): mvz (relative intensity, ion): 444.1, A second red crystal was rapidly mounted under Paratone-8277 oil
(100, M"), 401.1, (35, M-CONHp). onto a glass fiber and immediately placed in a cold nitrogen stream at
[Pt(Nttpy)CI](PF ¢)2 (1). A 100 mL 1-neck round-bottom flask was ~ —80°C on the X-ray diffractometer. Data were collected on this crystal
charged with (Nttpy)P&(0.8 g, 1.35 mmol), Pt(DMSQEI, (0.630 g, at both 190 and 298 K with each data set being refined as described

1.49 mmol), and 50 mL of methanol. The resulting solution was heated ghove, and the results of these studies are given in Supporting
at 65°C for 24 h. The solution was then reduced to 25 mL, the resulting |nformation in CIF format. The CIF file contains three separate structure
solids were collected on a medium porosity glass frit, and washed with determinations- one for1-O at 193 K, one forl-R at 193 K and one
cold ethanol and diethyl ether. The material was then dissolved in 50 for 1-R at 298 K. Other structure determinations 160 and1-R upon

mL water to which a saturated solution of b5 was added. The  the removal or addition of methanol vapor have been conducted but
resulting heterogeneous solution was allowed to stir for 2 h, and the show no differences from those described above and given in CIF
solids were collected on a medium porosity glass frit and washed with format in the Supporting Information.

water, ethanol, and diethyl ether. Yield: 74%l NMR (CDsCN): 6

9.24 (1H, s), 9.08 (2H, dl = 4 Hz), 8.90 (1H, dJ = 8 Hz), 8.84 (1H, Results and Discussion

d,J = 8 Hz), 8.50 (2H, s), 8.41 (4H, dd,= 1 Hz,J = 1 Hz), 8.18 _ o ) _
Synthesis and Characterization.The synthesis of the ligand
(58) Collin, J.-P.; Guillerez, S.; Sauvage, J.-P.; Barigelletti, F.; De Cola, L.; IS based upon previously reported methods, and was easily

Flamigni, L.; Balzani, V.Inorg. Chem.1991, 30, 4230-4238. i H _ i ; ; ;
(59) Romeo, R, Scolaro, L. Mnotg. Synth 1998 32, 153-158. accomphshed by Fhe reaction of Br-ttpy find nlcotlnar.mde. in
(60) Kukushkin, V. Y.; Pombeiro, A. J. Lnorg. Synth.2002 33, 189-195. refluxing acetonitrile followed by counterion metathesis with

O P amatanea a0t 1n 1516, 1ogg, =+ Rosen R Timmers. - ammonium hexafluorophosphate as illustrated in Schefife 1.

(62) McGarrah, J. E.; Eisenberg, Rorg. Chem2003 42, 4355-4365. The construction of the ligand involves commercially available

J. AM. CHEM. SOC. = VOL. 126, NO. 51, 2004 16843
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Table 1. Crystallographic, Data Collection and Structure Refinement Parameters for Both Forms of [Pt(Nttpy)CI](PFe)2 (1)
form orange (1-O) red (1-R)
formula [Pt(Nttpy)CI](PF)2 -CHsOH [Pt(Nttpy)Cll(PFs)2
empirical formula GoH26CIF12Ns0,P-Pt CogH22CIF12NsOPPt
fw 997.03 964.99
T,K 193(2) 193(2)
A 0.71073 0.71073
crystal system _triclinic _triclinic
space group R#2) PL(#2)
4 2 2
a, Aa 6.7965(7) 6.6479(13)
b, Aa 13.8266(14) 13.622(3)
c, A2 18.1411(18) 18.250 (4)
o, 3, y ded 94.816(2), 94.531(2), 96.362(2) 92.781(3), 92.280(3), 97.751(3)
v, A3 1681.6(3) 1633.8(6)
Pcalcd Mg/m3 1.961 1.962
u, mmt 4.451 4.576
abs correction SADAB'S SADABS?
transm range 0.491.00 0.484-1.00
F(000) 960 932
20 range, deg 1.78 to 28.26 1.83 10 28.30
limiting indicies —-8=<h=9 —-8=<h=8
—18=< k=18 —18=< k=18
—23=<1=24 —23=1=>24
no. of refln’s collected 14813 17029
no. of 5941/0/543 6313/0/525
data/restraints/parameters
goodness of fit 1.051 1.105

RL,WR2 (I > 20)¢
R1, wR2 (all datay

0.0601, 0.1231
0.0862,0.1313

0.0472,0.0914
0.0619, 0.0949

a |t has been noted that the integration program SAINT produces cell constant errors that are unreasonably small, since systematic error id.not include

More reasonable errors might be estimated at 1ife reported valué. The SADABS program is based on the method of Blessing; see Blessing,ARtad.
Crystallogr., Sect AL995,51, 33.¢ GOF = [X[W(FfJ - Fg)z]/(n — p) ]¥2 where n and p denote the number of data and paramét&is= IR, =
IFell)/3|Fol; WRe = [Y[W(F; — FO)Z/ Y [W(F5)A1 2 wherew = 1/[o? (F3) + (a - P)? + b - Pl and P = [(max;0F) + 2 - FZl/3.

Scheme 1
Br
I NBS. DBP ]
| N = CCl,, hv, reflux, 4h, Ar | N T
A\ '\I S ~N [\
)
+ N,
NH,
11eq OiNHz
N PFg’
> |
1. CHLCN, reflux, 48 h, Ar | N A
2. NH4PF; (aq) 2N N
(Nttpy)PFg 68 %
) O
+ N + N~
NH, NH,
I PFg 1 6q Pt{DMSO),Cl, e 2PFe
| N N 1. MeOH, reflux, 24 h, Ar | \||\1 i
N N 2. NH4PFg (aq) /N\llat/N
Cl
Pt(Nttpy)ClI 74 %

starting materials and requires no chromatography. The synthesiseported metho-60Because of the solubility properties of the
of complex1 was effected by modification of a previously starting materials, a longer reaction time was required and as a
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Figure 1. Crystal structure ol-O. Anions have been omitted for clarity.

Table 2. Selected Bond Lengths (A) and Angles (deg) for 1-O

and 1-R
form 1-0 1R

Pt(1)-N(1) 2.003(7) 2.016(5) Figure 2. Dimeric form of1-R depicting the hydrogen bonding that occurs
Pt(1)-N(2) 1.933(6) 1.921(5) in the solid state.
Pt(1)-N(3) 2.033(6) 2.021(6) i
Pt(1)-CI(1) 2.306(2) 2.308(16) evidenced by a N(1)Pt-N(3) ‘trans’ angle of 162.1(3)for 1-O
N(1)—C(1) 1.350(9) 1.343(7) and PN distances that range from 1.919 (8) to 2.037 (9) A
g%gig&) i%i((ﬂ; 1-257331((2; with the central nitrogen having the shortest distance. The Pt
C(17)-C(18) 1.378(12) 1.380(9) Cl bond distance is 2.303(3) A. All bond lengths and angles
C(19)-C(22) 1.486(12) 1.505(9) agree well with other structural reports of platinum terpyridine
C(22)-N(4) 1.522(11) 1.510(8) complexes found in the literatupé#*4345.50-52,54,55,64,65
gggfggi) iggggﬂg igg%g; Analysis of the crystal packing oif-O reveals that the
C(24)-C(28) 1.513(12) 1.515(10) molecules are stacked in a head-to-tail orientation with the
C(28)-0(1) 1.220(11) 1.224(8) cations existing as hydrogen-bonded dimers in the solid state.
C(28)-N(5) 1.325(11) 1.317(9) The hydrogen bonding which is shown in Figure 2 occurs be-
N(1)—Pt(1)-N(2) 80.9(3) 81.27(19) tween the amide groups of two complexes in different stacks
N(2)—Pt(1)~N(3) 81.1(3) 80.86(19) with the N—H-+-O distance being 2.913(5) A. Figures 3 and 4
N(1)—Pt(1)-N(3) 161.9(3) 162.13(19) depict the crystal packing df-O where alternating distances
ggi)gfg(lzéﬁlﬁ(z) 112.3(37()18) 1113?";}(45()14) are observed between adjacent Nttpy ligands and Pt atoms. The
C(24)-C(28)-N(5) 117.4(8) 117.6(7) distances of 3.763 and 3.692 A between the terpyridyl ligands
C(24)-C(28)-0(1) 119.1(8) 118.8(6) indicate very small-to-negligiblee—s interactions while the
O(1)-C(28)-N(5) 123.4(9) 123.5(7) Pt--Pt distances alternate between 3.622 and 3.964 A with a

zigzag geometry shown by a-PPt---Pt angle of 126.7 The

result, PtDMSO)CI, and the ligand [Nttpy]PEwere heated distances and nonlinearity of the arrangement between neigh-
at 65°C for 24 h in MeOH. The reaction was observed to run 00ring Pt atoms do not allow for effective overlap of nearest
heterogeneously and the product was isolated by simple filtration N€ighbor Pt ¢ and p orbitals that are the basis of metallophilic
followed by a second counterion metathesis with ammonium interactions. Solvent molecules of methanol were found to reside

hexafluorophosphate. Compléxwas observed to be soluble within voids bet_ween the stacked cations but no large cavities
in a limited number of organic solvents including MeOH, £H ~ Were observed in the crystal structure. The methanol molecules
CN, DMF, and DMSO, and was characterized %y NMR, exhibit weak hydrogen bonding with the amide Nef a
FTIR, ESIMS, and elemental analysis. The spectroscopic data€ighboring nicotinamide, the ‘©H—N distance also being
are consistent with a dicationic Pt(ll) complex having a square 3122 (2) A. )
planar geometry with three of the four coordination sites '€ overall structure ofl-R, determined from thesame
occupied by a nicotinamide-modified terpyridyl ligand and the C€rystal, is very similar to that ofl-O. However, a close
fourth site occupied by chloride. Single-crystal X-ray diffraction I"SPection of the packing diagram in Figure 3 reveals a distinct
studies support this assignment. difference be.tween the solid-state papklng in the red and orange
Crystal Structures of 1-O and 1-R The crystal structures ~ [O'MS. As with 1-O, hydrogen bonding occurs between the
of both the orange and red forms bhave been determined by ~ @mide groups of two Nttpy ligands to form dimers between
X-ray diffraction and the molecular structure of the cationic Pt- cOmMPplexes located in two different stacks with ar-i---O
(I) complex for1-O is shown in Figure 1 (the cationic complex distance of 2.890 A. Largg cavities are also.absent within the
in 1-R is essentially identical). Table 2 lists important bond Crystal lattice ofl-R but unlike1-O, methanol is not observed
lengths and angles for both the orangeQ) and red {-R) in the void space between the stacked cations. The main
crystalline forms. The distorted square planar geometry is

(64) Yam, V. W.-W.; Wong, K. M.-C.; Zhu, NJ. Am. Chem. So2002 124,
6506-6507.

(63) Yamaguchi, N.; Nagvekar, D. S.; Gibson, H. Ahgew. Chem., Int. Ed. (65) Jude, H.; Bauer, J. A. K.; Connick, W. B. Am. Chem. SoQ003 125,
Engl. 1998 37, 2361-2364. 3446-3447.
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(A) (A)

B)

Figure 4. Comparison between the molecular stacking diagram depicting
the nonlinear (126°% angle between Pt atoms ih-O (A) and the
pseudolinear (17129 arrangement in-R (B). Methanol molecules are
removed for clarity in A.

tion and the ability to characterize each form structurally and
spectroscopically provided a valuable opportunity to study the
s relationship between molecular structure and excited-state
S o energy.

Figure 3. Solid-state packing diagrams O (A) and 1-R (B) showing Electronic Absorption and Emission SpectroscopyThe
the presence of methanol within the latticelsD. In both cases, anions absorption spectrum of [Pt(Nttpy)CI](R& was measured at
have been omitted for clarity. . L . .

room temperature in acetonitrile and the spectrum is shown in
Figure 5. The spectrum displays many similarities to the
absorption spectra for other [Pt(ttpy)Elgomplexes that have

i 12

for the two forms. As shown in Figure 4, the intermolecular been previously reportett”2The structured bands between 250

. L o . ;
separation between the Nttpy ligands alternates between 3.45?nd 350 nm are assigned'{@—*) transitions associated with

and 3.660 A. The former is well below 3.8 A which is normally tgesoc_oi)srgmated Nttpy _I'garljdi T't]/leL(t:r_ia_rlsmor_]tg at Iovr\]/_erhenerg_:i%/
considered the upper limit for— interactions between organic ( nm) are assigned to ransitions which resu

molecules®§7 Analysis of the packing also reveals that the from the promotion of an electron from a Pt(d) HOMO to the

Pt--Pt distances between neighboring complexes are signifi- LUMO which is qn* orbital pn_the .terpyrldyl Ilgqnd.

cantly shorter with distances alternating between 3.301 and The complex is not emissive I fluid .solutlon at room

3.360 A. Although larger than those observed for bimetallic temperature but does display intense luminescence in a rigid
P(trpy)a(u-L) complexes, they are well within the expected matrix, and this is depicted in Figure 5. When the complex is

range of metatmetal distances observed for other Pt(ttpy)Cl prepared in a 4:.1 thanoI:methanoI glass, an intense, highly
salts?1-43455268T he Pt-+Pt--Pt arrangement is also more linear structured emission is observed between 500 and 650 nm that

in 1-R than in1-O with a Pt--Pt--Pt angle of 171.9 thereby contilr:ls thbree pompopentt)s t\vxllth mt?]XIga %tg_olgt 545.,t.and 585
helping to promote overlap betweenz&nd p orbitals on M. 'he vibronic spacing between thean ransrtions

: PR .
neighboring complexes leading to the observed color difference IS 1_200 cm, while the HuangLF\_’hys factor deﬂ_negl as t.Hel/
between the two forms (vide infra). loo is approximately 0.9 suggesting that the emission arises from

. . . . aminimally distorted excited state af-7* or Pt(d)—z*(Nttpy)
Single-crystal transformations that involve loss and/or gain 4345 T -
. o . . charge-transfer charact®r#345 This spectral profile is analo-
of solvent molecules while maintaining the integrity of the

: 71 . ~ gous to the emission spectra of dinuclear Pt terpyridine
crystal lattice are rar€"1 In the present case, this transforma: complexes and PtR-trpy)Cl* salts where R contains an

electron donating substituent like NM®4° The lifetime

difference in the solid-state packing betweki® and 1-R is
found in the interplanar Nttpy-Nttpy and Pt--Pt separations

(66) Hunter, C. A.; Meah, M. N.; Sanders, J. K. M. Am. Chem. Sod.990
112 5773-5780.

(67) Hunter, C. A.; Sanders, J. K. M. Am. Chem. Sod99Q 112 5525- (70) Lu Jack, Y.; Babb Amy, MJ. Chem. Soc., Chem. Comm@n02 1340-
5534, 1341.

(68) Yip, H. K.; Che, C. M.; Zhou, Z. Y.; Mak, T. C. Wl. Chem. Soc. Chem. (71) Biradha, K.; Fujita, MAngew. Chem., Int. ER002 41, 3392-3395.
Communl1992 1369. (72) Michalec, J. F.; Bejune, S. A;; Cuttell, D. G.; Summerton, G. C.; Gertenbach,

(69) Rather, B.; Zaworotko, M. J. Chem. Soc., Chem. Comm@n03 830— J. A.; Field, J. S.; Haines, R. J.; McMillin, D. Rnorg. Chem.2001, 40,
831. 2193-2200.
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om Figure 6. Solid-state emission df-R (A) and 1-O (B) at 298 and 77 K.
Figure 5. (A) Room-temperature absorption spectrumloi degassed * denotes instrumental artifact.
acetonitrile. (B) 77 K emission df in a 4:1 EtOH:MeOH glass.
Table 3. Solid State Photophysical Data for 1-O and 1-R
measured at 77 K in a 4:1 EtOH:MeOH frozen glass was fit to - /21;8 ”al* (nm) ;96;45)/ f;Ag;m (cmy)
a single-exponential decay and is observed to beu80 om KK KK KITTK]
suggestive of triplet character for the emissive state. orange 630/660 0.19/1.94 2461 [2136]
red 660/700 0.09/0.94 1856 [831]

Both crystalline and powdered samples of the red and orange
forms of 1 were found to be interconvertible by exposure to aData collected as a 10% (w/w) mixture in anhydrous KBr.
and removal of methanol vapors. The solid-state emission
spectra ofl-R and 1-O were measured at ambient and low conducted on single crystals 4fR at 193 and 298 K (see
temperatures and are presented in Figure 6. At room temperaturésupporting Information) indicate that the-PPt distance is
1-R is observed to be brightly emissive and displays a broad approximately 0.027 A shorter at the lower temperature,
structureless emission with an emission maximum of 660 nm consistent with the observed red-shift in emission on cooling
and an excited-state lifetime of 0.08. The excited state that  (see Supporting Information). Although the observed decrease
gives rise to this emission is assigned as a metal-to-ligandin Pt--Pt separation is small, it is significant enough to cause

charge-transfer involving Nttpg* as the LUMO. The metal- the emission maximum to shift to lower energy when the sample
based HOMO inl1-R is affected by Pt-Pt interactions and  is cooled. The photophysical and crystallographic results at 298
corresponds to aad function formed by overlappinggorbitals and 193 K clearly illustrate the importance of-F®t interactions
that are formally antibonding with regard to the--F®t in the SMMLCT emissive state.

interaction. In light of this metatmetal interaction, the emissive The emission spectrum &fO is also broad and structureless
state of1-R is thus designated &/IMLCT. with an emission maximum of 630 nm, and an excited-state

From Table 3, it can be clearly seen that upon cooling to 77 lifetime of 0.19us. Upon cooling to 77 K an increase in intensity
K the emission maximum of-R red-shifts to 701 nm while is observed concomitant with a 10-fold increase in excited-state
the intensity and excited state lifetime increase approximately lifetime, and the emission maximum is also seen to red-shift to
1.5 and 10-fold, respectively. The increases in emission intensity 660 nm. These spectral changes are similar to those observed
and lifetime are due to reduction of nonradiative decay rates with 1-R. However, the emission profile is not seen to
upon cooling. In addition, the spectral profile DR narrows significantly narrow (Table 3) based on fwhm analysis. On the
considerably based on a full width-at-half-maximum (fwhm) basis of the crystal structure analysisleD, Pt--Pt interactions
analysis, going from 1856 crh at 298 K to 831 cm! at 77 K. are much weaker than farR and the excited state is thus more
The changes in the spectral profile as well as the emission properly assigned to béMLCT without perturbation from
energy upon cooling are due to lattice contraction within the metallophilic bonding. Typical emission energies #MLCT
bulk solid, leading to a decreased-F®t distance and a lowering  transitions found in other Pt polypyridine complexes are
of the do*-7*(Nttpy) energy gap. X-ray diffraction analysis  significantly blue shifted to that observed in the present study
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for 1-O. The lower energyMLCT emission seen here is thought L1 N

to result from an inductive effect exerted by the nicotinamide — Before Exposure

— After Exposure

substituent of the Nttpy ligand. Although not in resonance with
the rest of the Nttpy ring system, this positively charged
substituent lowers the energy of the Nttpy based LUMO
resulting in emission that is distinctly shifted to lower energy,
although not as extensively as is found R in which the
HOMO is raised in energy through -PPt bonding. Interest-
ingly, low energy emissions have recently been reported in fluid
solution for a series of Pt(trpy) acetylide compleXébut these
may be red-shifted because of the influence of acetylide relative . .
to chloride on the Pt d orbital energies. 550 600 650 700 750

To further probe the existence of metahetal interactions "
and their influence on the emission properties of comglex
thin films of 1 were spin coated onto ITO glass and the emission (B)
properties of the films were examined. The emission profile of
the film is highly structured with &ma.™ = 526 nm (see
Supporting Information). The polymer matrix prevents any
metallophilic interactions that would result in a lower energy
emission, thus supporting the notion that the red colot-&
in both absorption and emission occurs as a result of Rt
interactions in the solid state.

Vapochromic Behavior of Pt(Nttpy)CI*. When [Pt(Nttpy)- 12
Cl](PFe)2 is devoid of solvent, the emission maximum of red
crystalline1-R occurs at 660 nm at room temperature. Upon
exposure ofl.-R to methanol vapors under ambient temperature,
a rapid vapochromic response is observed in which the solid
changes to the orange color ®O with a shift of Aen" to
630 nm (Figure 7a). The visual emission change is shown in
Figure 7b. A 1.5-fold increase in emission intensity is also
observed, coincident with a doubling of the excited-state lifetime
to 0.19us. This vapochromic response is fully reproducible with 02
conversion froml-O back to1-R accomplished by heating the
sample under vacuum or leaving it exposed to the ambient ”560 610 660 10 760
atmosphere. In Figure 7c, this cycle is repeated five times, and nm
it has been repeated many more times without chemical Figure 7. (A) Normalized room-temperature solid-state emission spectrum

: : ~ of 1 before and after exposure to MeOH vapors. * denotes instrumental
degradation of the sample. With a powder sampl-& X-ray artifact; (B) Luminescence of as observed by eye in the presence and

diffraction shows that the lattice changes slightly upon exposure apsence of MeOH vapors. The complex is immobilized on filter paper and
to MeOH vapor as the color changes to orange and then returnsrradiated under long wave UV-light at room temperature; (C) Emission

to its original form upon purging the sample with air at ambient results_ obt_ained _from_cycling through exposure to and removal of MeOH
. . . . vapor in air multiple times.

temperature (see Figures S-3 and S-4 in Supporting Information).

The powder pattern ofl-R maiches the powder pattern o yhe crystal lattice, effectively disrupting the overlap of the

calculated forl-R based on the single-crystal structural results Pt d2 orbitals. This is evidenced by the change ir- fit+-Pt

(see Figure S-5 in Supporting Information). angle and average Pt separation to 126.7 and 3.79 A,
The observed vapochromic behavior correlates with the respectively, from values of 1719and 3.33 A found in the

structural changes that occur within the crystal lattice and can red form (Figure 4). Disruption of the metallophilic interactions

be explained as follows. The crystal packing observed in the thus induces a change in the nature of the HOMO which in
red form of complexl demonstrates that the Pt ions are stacked 1-0 is predominately localized on a single Pt center, leading to

Normalized Intensity

+ MeOH (g)

- MeOH (g)

[(a}

0.8

0.6

0.4

Normalized Emission Intensity

in a pseUdO”near fashion with a-PPt---Pt angle of 171.9 an increase in the HOMOLUMO gap as observed experimen-
and an average PtPt separation of 3.33 A allowing for tally.

effective overlap of the Pt @ orbitals between adjacent To ensure that this response was not a property of surface
complexes. While the orbital character of the LUMO is effects resulting from grinding the crystals with KBr for sample
unperturbed (or only slightly perturbed) in going fratrO to preparation, samples containing only large crystal-Bfwere

1-R, the nature of the HOMO changes from a Pt d orbital exposed to methanol vapors in an analogous manner. Within
localized on discrete complexes to@dunction which results 10 min, the color of the crystals changed from red to orange,
from the metallophilic interaction. The immediate effect of this and this process was also reproducible and reversible. The
higher energy HOMO results in the lowering of the HOMO  slower vapochromic response of the macro-crystalline sample
LUMO energy gap and an increase/ig " of the emission.  relative to that of the dispersed powder merely reflects differ-
In the opposite direction, when a crystal bR is exposed ences in the exposed surface area and the time needed for the
to MeOH vapors, the sorption of MeOH causes an expansion vapors to penetrate the larger crystalline samples. As mentioned
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above, the powder pattern df-R agrees closely with that the stacked planar complexes undergo slippage and slight
calculated forl-R based on the single-crystal data while similar separation relative to each other to accommodate the MeOH
correspondence is seen between experimental and calculate@dsorbate.
powder patterns fot-O. Conclusion.The crystal structure of both the red and orange

A qualitative examination of the vapochromic response of forms of Pt(Nttpy)Ct have been determined from X-ray
Pt(Nttpy)CI* for other solvents was also explored by exposing diffraction studies on the same single crystal. Analysis of the
microcrystalline samples df-R immobilized on filter paper to packing confirms that the red form possesses significant metal
various organic solvents. The complex is very selective in this metal interactions with Pt atoms arranged in a nearly linear
regard, yielding a positive vapochromic response only for chain, but the orange form contains Pt atoms that are fur-
pyridine of the solvents tried, in addition to methanol and ther apart with Pt-Pt distances of 3.622 and 3.964 A and a
acetonitrile (Table S1). The vapochromic response is slowestPt--Pt--Pt angle of 126.7°. These spatial and geometric
for pyridine consistent with its larger size and lower volatility differences explain the distinct color changes between the two
(CsHsN: 20.68 Torr at 298 KJ3 forms and the different photophysical properties between them.

Complex1 demonstrates a much more selective response thanThe red form’s photophysical properties arise frofVaMLCT
other complexes that exhibit vapochromic behavior. For com- excited state involving a HOMO influenced by- PPt interac-
parison, Mann’s Pt double salts demonstrate a vapochromiction, whereas the orange form’s photophysical properties result
response to alcohols, organic acids, polar aprotic solvents,from a3MLCT charge transfer excited state originating from
halocarbons and aromatic solvetts!® Unlike cyclometalated discrete complexes. The complex displays a selective vapo-
Pt(ll) complexes based on 2,6-diphenylpyridine, the changes chromic response when exposed to MeOH,;CN and pyri-
in the photophysical properties @fupon exposure to solvent  dine, and this response can be rationalized from the crystal
vapors are readily observed. This system may possess interesstructure analyses. The vapochromic behavior is highly revers-
as a sensory materfalsince its mode of detection does not ible and can be accomplished without major alteration of the
rely on the quenching of luminescence but rather on a changecrystal lattice ofl. Current efforts focus on synthesizing other
in emission energy and consequent sample color. At this point, vapochromic complexes, understanding the factors eliciting a
however, the factors that influence and control a positive vapochromic response and tuning the specificity of that response
vapochromic response in Pt(Nttpy)Qlequire further study. for possible sensor application.

The most extraordinary aspect of the present study is that
the vapochromism df has been examined amdizidual crystals
that have beerstructurally characterized in each form. In
essence, the sorption of methanol into the latticd aind its
effect on intermolecular interactions as well as resultant absorp-
tion and emission bands has been observed directly. Although
the specific nonbonded contacts of methanol that are causative Supporting Information Available: Crystal data, atomic
in altering the crystal structure df are not entirely clear, the  coordinates, bond distances, bond angles, anisotropic displace-
combination of X-ray and spectroscopic results provide unam- ment parameters and the effects of temperature on the crystal
biguous evidence of the effects of sorption and desorption into lattice of 1 (deposited in CIF format), the emission bfin a
the crystals of this vapochromic system while maintaining its PMMA film, the emission spectra af-R at 190 and 298 K,
crystallinity. In this regard, crystals df exhibit similarities to and X-ray power diffraction results fol-R and 1-O are
Ni2(bpy)s(NOs3)s-2 ROH (bpy= 2,2-bipyridine; R= Me, Et) available free of charge via the Internet at http://pubs.acs.org.
that provide a porous metal-organic structure in which methanol The CIF file contains three separate structure determinations
sorption has been followed and suggested to proceed byone forl-O at 193 K, one forl-R at 193 K and one fol-R at
scissoring motions in the lattice without disrupting crystal- 298 K. This material is available free of charge via the Internet
linity.75=77 In the present case, the lattice remains intact while at http://pubs.acs.org.
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