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ABSTRACT: A series of platinum(II) complexes with the
formulas Pt(phebox)(L)+ (phebox− = 1,3-bis(4,4′-dimethyl-2′-
oxazolinyl)phenyl anion; L = pyridine (py), 4-phenylpyridine,
quinoline, acridine) and Pt2(phebox)2(μ-L′)2+ (L′ = pyrazine,
4,4′-bipyridine, 1,2-bis(4-pyridyl)ethane) was prepared. Crystal-
lographic data establish that the metal center is bonded to the
tridentate phebox− and monodentate pyridyl ligands. The five-
membered oxazoline rings favor a CH2−CMe2 twist conforma-
tion. Pt(phebox)Cl and Pt(phebox)(py)+ undergo a ligand-based
chemically reversible redox reaction, whereas the electrochemistry
of the other complexes is chemically and electrochemically less
reversible. In contrast to complexes with the 1,3-bis-
(piperdylmethyl)phenyl anion ligand (pip2NCN

−) or related
pincer ligands, each of the phebox− complexes described here
exhibits intense emission in room-temperature methylene chloride solution, which is assigned as originating from a lowest,
predominantly phebox− ligand-centered excited state. In acetonitrile, the complexes undergo solvolysis resulting in displacement
of the pyridyl ligands. The accumulated data demonstrate that subtle variations in the nature of the NCN and ancillary ligands of
platinum(II) complexes provide access to at least five orbitally distinct emissive excited states.

■ INTRODUCTION

Cyclometalated platinum(II) complexes with tridentate pincer
type ligands, especially NCN complexes, have attracted
widespread interest because of their potential to function as
catalysts for allylation,1−7 Diels−Alder reactions,8 Michael
addition,9−12 aldol reactions,13,14 hydrosilylation,15 conjugate
reduction,16−18 and Heck reactions,19−22 as well as hydro-
genation of ketones.23 There also is growing interest in these
systems because of their intriguing photophysical properties
and potential application in optoelectronic devices such as
organic light-emitting devices24 and chemical sensors.25 One
interesting class of compounds is composed of Pt(R4NCN)-
(L)n+ complexes, such as Pt(Me4NCN)Cl, which were
developed by van Koten and co-workers (Scheme 1).1,26,27 In
a series of previous studies, we reported the structural and
electronic properties of a series of Pt(pip2NCN)(L)n+

monomers (L = halide, pyridyl ligand, n = 0, 1) and
Pt2(pip2NCN)2(μ-L′)2+ (L′ = bridging pyridyl ligands).28−30

Variations in the ancillary L ligand were shown to provide
exquisite control over the electronic structures and lumines-
cence properties of these complexes, allowing for tuning of the
emission maximum from 430 to 640 nm. For example, the
emission from Pt(pip2NCN)(L)

n+ originates from a predom-
inantly spin-forbidden ligand field state when L = py or halide,
whereas the emission originates from a lowest pyridyl ligand-
centered state (3LC) when L is 4-phenylpyridine or L′ is 4,4′-
bipyridine in the case of Pt2(pip2NCN)2(μ-L′)2+. When L′ is a

bridging pyrazine (pyz), the emission has significant triplet
metal-to-ligand (pyz) charge-transfer (3MLCT) character.
These conclusions also are consistent with density functional
theory (DFT) calculations,31 which suggest that MLCT states
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Scheme 1. Selected NCN Pincer Ligands
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involving the bridging L′ ligand are stabilized by introduction of
either electron-releasing substituents on the phenyl group of
the NCN ligand or electron-withdrawing substituents on L′, as
well as by extending the length of the conjugated bridging
ligand. Though the preceding systems are essentially non-
emissive in room-temperature (RT) solution, Batema et al.
have elegantly demonstrated that Pt(Me4NCN)Cl complexes
exhibit intense fluid-solution fluorescence when functionalized
with a 4′-substituted styryl group.32 The resulting stilbene
group largely retains its luminescence properties albeit with
decreased quantum yield due to the attached platinum center.
Complexes with the chiral bis(oxazolinyl)phenyl ligand

(ox2NCN
−; Scheme 1) were developed by Nishiyama,5

Denmark,21 and Richard22 and have been extensively studied
as catalysts for asymmetric synthesis.4,5,19,20,33−37 Despite
considerable interest in the chemistry of platinum complexes
with this class of NCN ligand, there have been no reports on
the luminescence properties of platinum(II) complexes with
oxazoline pincer ligands, and comparatively little is known
about their electronic structures. However, there have been
reports on the luminescence properties of related NCN
complexes with imine groups, such as Pt(bib)Cl (bibH = 1,3-
bis(N-methylimino)benzene)38 and Pt(bpb)Cl (bpbH = 1,3-
bis(2-pyridyl)benzene) (Scheme 1).39−41 For example, Pt(bib)
Cl exhibits RT emission in CH2Cl2 solution assigned to a
lowest state with mixed MLCT and ligand-to-ligand charge-
transfer (LLCT) character with the lowest unoccupied
molecular orbital mainly localized on the tridentate ligand.
Emissions from Pt(bpb)Cl and Pt(bpb)(CN(C6H3-2,6-

Me2))
+ have been assigned as originating from a mixed LC/

MLCT state.39−43 Understanding of the electronic structures of
such systems is expected to guide efforts to tailor the optical
properties and reactivity of these systems. Because of the
relative basicities (e.g., pKb values: oxazoline, 4.70; piperidine,
11.12)44,45 and π-acidities of the N-donor groups, the
comparatively rigid ox2NCN

− ligand is reasonably expected
to be a slightly weaker σ-donor and much stronger π-acceptor
than either Me4NCN

− or pip2NCN
−. Therefore, MLCT states

involving the lowest π* level of ox2NCN
−, as well as pincer LC

states with ox2NCN
− π−π* character, are expected to be

stabilized. To assess the influence of the oxazoline groups on
the molecular geometries, electronic structures, and spectro-
scopic properties of platinum complexes with NCN ligands, we
undertook the synthesis and characterization of a series of
monomer and dimer complexes with the phebox− ligand
(Scheme 1): Pt(phebox)(L)n+ (L = Cl, pyridyl ligand) and
Pt2(phebox)2(μ-L′)2+ (L′ = bridging pyridyl ligand). In contrast
to their pip2NCN

− counterparts, the complexes are emissive in
RT fluid solution.

■ EXPERIMENT SECTION
K2PtCl4 was obtained from Pressure Chemical Co. 1,3-Dicyanoben-
zene and AgBF4 were obtained from Sigma-Aldrich. AgPF6 was
obtained from Alfa Aesar. All other reagents were purchased from
Acros. Glacial acetic acid was dried by distilling from P2O5 and acetic
anhydride. Methylene chloride was distilled over CaH2. Tetrabutyl-
ammonium hexafluorophosphate (TBAPF6) was recrystallized three
times from boiling ethanol and dried under vacuum prior to use. All

Scheme 2. Syntheses of Platinum(II) Monomer and Dimer Complexes
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other chemicals were used as received. Pt(phebox)Cl (1) was prepared
as previously described.34 Argon was predried using activated sieves,
and trace oxygen was removed with activated R3−11 catalyst from
Schweizerhall. The synthesis of 1,3-bis(4,4′-dimethyl-2-oxazolinyl)-
benzene (pheboxH) and its metal complexes is described in the
Supporting Information.

1H NMR spectra were recorded at RT using a Bruker AC 400 MHz
instrument. Deuterated solvents CDCl3 (0.03% (v/v) tetramethyl-
silane (TMS)) and CD3CN were purchased from Cambridge Isotope
Laboratories. Spectra are reported in parts per million (ppm) relative

to TMS (δ = 0 ppm) for CDCl3 or relative to the protic solvent
impurity in the case of CD3CN (δ = 1.94 ppm for CD2HN).
Elemental analyses were performed by Atlantic Microlab, Inc.
(Norcross, GA). UV−visible absorption spectra were recorded using
a HP8453 UV−visible diode array spectrometer. Emission spectra
were recorded using a SPEX Fluorolog-3 fluorimeter equipped with a
double-emission monochromator (385 nm cutoff filter) and a single
excitation monochromator. Glassy solutions (77 K) were prepared by
inserting a quartz electron paramagnetic resonance tube containing a
4:1 ethanol−methanol solution of the respective complex into a

Figure 1. ORTEP diagram of the cations in crystals of the Pt(phebox)(pyridyl)+ monomers: (a) 1, (b) Molecule A of 2b, (c) 3-m, (d) Molecule A of
4·3/4C6H14·1/2H2O, and (e) 5. Ellipsoids plotted at 50% probability, H atoms omitted for clarity. (ORTEP diagrams of the cations of Molecule B
for 2b, 3-o, and 4·3/4C6H14·1/2H2O are in Figure S1).
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quartz-tipped finger Dewar. Emission spectra were corrected for
instrumental response. Mass spectra were obtained by electrospray
ionization (ESI) of acetonitrile or methanol solutions using a
Micromass Q-TOF-2 instrument. Experimental details of the
crystallography, as well as selected metrics for the complexes, are
provided in the Supporting Information.
Cyclic voltammetry measurements were performed using a standard

three-electrode cell and a 100 B/W electrochemical workstation from
Bioanalytical Systems. Scans were recorded of 1−1.5 mM CH2Cl2
solutions containing 0.1 M TBAPF6. All scans were recorded using a
platinum wire auxiliary electrode and a 0.79 mm2 platinum working
electrode. Between measurements, the working electrode was polished
with 0.05 μm alumina, rinsed with distilled water, and wiped dry using
a Kimwipe. Reported potentials are referenced versus Ag/AgCl (3.0 M
NaCl). Peak currents (ip) were estimated with respect to the
extrapolated baseline current, as described by Kissinger and Heine-
man.46 Under these conditions, the ferrocenium/ferrocene (Fc+/Fc)
couple occurs at 0.50 V. The values of (Epc + Epa)/2, which is an
approximation of the formal potential for a redox couple, are referred
to as E°′.

■ RESULTS AND DISCUSSION

Synthesis and Characterization. The preparation of
protonated oxazoline pincer ligand precursors, such as
pheboxH, has typically been accomplished in four steps, using
thionyl chloride in a moisture-free environment.47 Although
Button and co-workers reduced the synthesis to two steps using
anhydrous ZnCl2, the preparation of the catalyst is
cumbersome, requiring three cycles of crystallization from a
melt under vacuum and cooling under Ar.48 We found that
pheboxH is readily prepared in a single step by refluxing 1,3-
dicyanobenzene and 2-methyl-2-amino-1-propanol in the
presence of Zn(OAc)2·2H2O in air without prior drying or
purification of the solvent. Using this product, Pt(phebox)Cl
was prepared as previously described.34 From that complex, a

series of monomers and dimers with the phebox− pincer ligand
were readily prepared by treatment with a slight excess of a
soluble silver(I) salt, followed by addition of a pyridyl ligand
(Scheme 2). The complexes were isolated as the pale yellow
hexafluorophosphate salts. In the cases of the pyridyl and
bipyridyl complexes, both the PF6

− (2a and 7a) and the BF4
−

(2b and 7b) salts were prepared. The products were
characterized by a combination of 1H NMR spectroscopy,
elemental analysis, mass spectrometery, and X-ray crystallog-
raphy. The salts are soluble in polar organic solvents (e.g.,
dichloromethane) but readily undergo solvolysis in acetonitrile
resulting in displacement of the pyridyl ligand (vide infra).
With the exception of 4, the patterns of resonances in the 1H
NMR spectra are consistent with C2v symmetric complexes,
indicating that any distortion of the five-membered oxazolinyl
ring is not long-lived. However, at RT, the phebox− methyl
protons of 4 appear as two equally intense resonances (rather
than a single resonance), indicating that rotation of the
quinoline ligand about the Pt−N bond is slow. The α-protons
of the pyridyl/pyrazinyl ligand occur at ≥8.5 ppm, significantly
shifted downfield from those of the free ligand. Similarly, the
methyl proton resonance for 1 is shifted by 0.3 ppm downfield
from the free ligand resonances. By contrast, the methyl
resonances are shifted 0.2−0.8 ppm upfield in the spectra 2−8
due to the ring current of the nitrogen heterocycle.

Structures. The structures of 1−8 were confirmed by X-ray
crystallography (Figures 1, 2, and S1; Tables S1−S4). Each
platinum center is bonded to a tridentate phebox− ligand and a
pyridyl ligand, resulting in a distorted square planar
coordination geometry similar to those found for other
platinum(II) complexes with oxazolinyl pincer li-
gands.20,33,34,49 The pyridyl groups are approximately perpen-
dicular to the coordination plane, as expected for the steric
demands of the oxazoline methyl groups, whose proximity

Figure 2. ORTEP diagram of the cations in crystals of Pt2(phebox)2(μ-L′)2+ (a) 6·2C3H6O, (b) 7b·2C3H6O and (c) 8-c·C4H10O. Ellipsoids plotted
at 50% probability. H atoms omitted for clarity. (ORTEP diagram of the cation in 8-p·5/4C3H6O is in Figure S1).
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restricts rotation of the pyridyl group about the Pt−N bond
and results in upfield shifts in the 1H NMR spectra. The
intramolecular Pt···Pt distances for dimers 6 (7.0285(5) Å), 7b
(11.3489(8) Å), and 8-c (9.1385(6) Å) and 8-p (9.1884(6) Å)
are typical for these bridging ligands.29,30,50−58 In crystals of 8-p
and 8-c, the 1,2-bis(4-pyridyl)ethane (bpa) ligand adopts the
less energetically favorable gauche conformation, presumably
due to packing effects. It is interesting that the Pt−N(pyridyl)
bond lengths for 1−8 are significantly shorter than those found
for pip2NCN

− analogues,29,30 as well as Pt(Me4NCN)-
(pyOH)+.59,60 The accumulated data indicate a stronger
interaction between the platinum center and pyridyl ligand in
the phebox− series and suggests that phebox− is a weaker trans/
cis directing ligand than pip2NCN

− or Me4NCN
−.

We also note that the puckering of the five-membered
oxazolinyl rings for these and seven related complexes was
characterized based on previously developed descriptions of
five-member rings (Supporting Information).20,33,34,49 Those
results show that the oxazolinyl groups do not lie on a single
pseudorotation pathway with a unique puckering amplitude and
that complexes with large puckering amplitudes show a decided
preference for a CH2−CMe2 twist conformation.
Electrochemistry. To better understand the electronic

structures of these complexes, cyclic voltammograms (CVs)
were recorded in 0.1 M TBAPF6 methylene chloride solution
(Table 1). None of the complexes showed oxidation waves at

<1.5 V versus Ag/AgCl. However, excepting 5, each of the
monomers exhibited a reduction wave in the −1.3 to −1.5 V
range, which is tentatively assigned to a phebox− ligand-based
process. Notably, the ∼0.12 V anodic shift of the pyridine
complex relative to 1 is consistent with the expected relative
donor properties of the ancillary pyridyl and chloro ligands;
similar shifts occur for the mainly polypyridyl ligand-based
reductions of Pt(tpy)Ln+ (0.22 V; tpy = 2,2′:6′,2″-terpyr-
idine),61 Ru(tpy)(2,2′-bpy)Ln+ (0.20 V; 2,2′-bpy = 2,2′-
bipyridine),62 and Ru(2,2′-bpy)2(Cl)(L) (0.11 V).63 Also in
keeping with this assignment, we note that 2−4 and 8 were
reduced at more positive potentials than the chloro complex
(1). An interesting comparison comes from the observation
that the reduction process for 1 (−2.0 V vs Fc+/Fc) is shifted
by 0.1−0.3 V to more positive potentials compared to that of
Pt(bpb)Cl (CH2Cl2, −2.14 V; dimethylformamide (DMF),
−2.18 V vs Fc+/Fc)64 and Pt(Mebpb)Cl (Mebpb− = 5-methyl-
1,3-di(2-pyridyl)phenyl anion; CH2Cl2, −2.27 V vs Fc+/Fc),65

despite the expected increased delocalization in these latter
systems. By contrast, cationic Pt(tpy)Cl+ is reduced at
significantly more positive potentials (DMF: −0.74 V vs Fc+/

Fc), in keeping with its positive charge and strong tpy(π*)/
Pt(6pz) mixing.61 Therefore, we conclude that the first
reduction potentials follow the order Pt(tpy)Cl+ ≫ Pt-
(phebox)Cl > Pt(Mebpb)Cl.
By contrast, compounds 5−7 undergo pyridyl ligand-based

reductions at greater than −1.3 V. For example, the −1.19 V
anodic peak potential for 5 is close to that observed for
protonated acridine (−1.20 V; 1 M KNO3 in 0.01 M HCl).66

The bridging ligand reduction processes for 6 and 7 are nearly
reversible and anodically shifted by ∼0.1 V from those of their
Pt2(pip2NCN)2(μ-L)

2+ counterparts (pyz: −0.88 V, ΔEp = 66
mV;30 bpy: −1.07 V, ΔEp = 80 mV). Thus, it is evident that the
Pt(phebox)+ unit has a slightly stronger stabilizing effect on the
bridging ligand π* level than Pt(pip2NCN)

+. This observation
is consistent with the notion that the weaker σ-donor and
stronger π-acceptor properties of phebox− conspire to make it
an overall weaker donor than pip2NCN

−.
Electronic Spectroscopy. The electronic spectrum of 1

exhibits maxima near 295, 340, and 380 nm (∼5000 M−1 cm−1;
Figure 3 and Table S5), spanning a region where pheboxH

absorbs only weakly. The two longest wavelength maxima
occur in a region where transitions with significant MLCT and/
or phebox LC character are expected.38−42,64 Both bands are
somewhat solvent-sensitive, shifting to longer wavelength with
decreasing polarity (Figure S5). The longer wavelength
transition near 380 nm likely has significant MLCT character
because it is absent from the spectra of 2−4 and 6−8,
presumably because it is shifted by at least 1300 cm−1 to shorter
wavelength (Figures 3 and S5). This is consistent with the
expectation that MLCT states in the latter complexes lie at
higher energy than in 1, because the nitrogen heterocyclic
ligands are weaker donors than the chloro ligand. For example,
the longest wavelength MLCT band of Ru(tpy)(bpy)Cl+ (550
nm) is red-shifted from that of Ru(tpy)(bpy)(py)2+ (465 nm)
by 1500 cm−1.62

For comparison, we note that the electronic spectrum of
Pt(bib)Cl exhibits two longest wavelength absorption band
maxima at 386 (4.1 × 103 M−1 cm−1) and 400 nm (4.4 × 103

M−1 cm−1).38 Similarly, Pt(bpb)Cl shows two long-wavelength
bands at 380 (8.7 × 103 M−1 cm−1) and 401 nm (7.0 × 103 M−1

cm−1).39 Several studies of these and related complexes with
substituted bpb− ligands support the consensus view that
several bands having significant LC(π−π*) and MLCT
character occur in this region with the longest wavelength
band having substantial MLCT character.39−42,64 For six

Table 1. Electrochemical Data for Pt(phebox)Ln+ (1−5) and
Pt2(phebox)2(μ-L′) 2+ (6−8)

L (compound no.) E°′, V (ΔEp, mV)
a

Cl (1) −1.50 (100)
py (2a) −1.38 (85)
phpy (3) −1.46 (67)
quin (4) −1.31 (100)
ac (5) −1.19 (irr)
pyrazine (6) −0.79 (80)
bpy (7a) −1.07 (80), −1.49(140)
bpa (8) −1.33 (100)

aCyclic voltammograms were recorded in 0.1 M TBAPF6/CH2Cl2 at
0.10 V/s and referenced vs Ag/AgCl.

Figure 3. RT electronic absorption spectra of 1 (black), 2 (red), 3
(blue), 4 (green), and 5 (dashed line) in CH2Cl2.
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solvents investigated, the 340 and 380 nm bands in the
spectrum of Pt(phebox)Cl are approximately twice as sensitive
as the band maxima for Pt(bpb)Cl, in keeping with the notion
that the 380 nm band of 1 also has significant MLCT character.
From these comparisons and the spectrum of Pt(tpy)Cl+ (405
nm),67 it is evident that the relative energies of the lowest spin-
allowed MLCT states are Pt(phebox)Cl > Pt(bib)Cl ≈
Pt(bpb)Cl ≈ Pt(tpy)Cl+. The similarity in energies for the
latter three compounds is attributable to several factors. First,
the results suggest that the marked stabilization of the π*(tpy)
level of Pt(tpy)Cl+ (vide supra) is largely offset by stabilization
of the Pt 5d orbitals due to reduced donation by the tridentate
tpy ligand, as compared to NCN ligands. Likewise, although the
π-system of Pt(bib)Cl is smaller than that of Pt(bpb)Cl, the
strong π-acceptor properties of the imine groups of Pt(bib)Cl
are expected to stabilize MLCT states, as noted for pyridine
carboxaldimine complexes.68 However, the ∼0.15 eV destabi-
lization of the lowest 1MLCT state of 1 as compared to
Pt(bib)Cl is attributable to the relative donor properties of the
ether and methyl substituents on the ligand π* level. An
additional consideration is variation in the extent of LC/MLCT
mixing, though detailed knowledge of this effect is currently
lacking.
At long wavelengths, the absorption profiles of the dimers

(6−8; Figure S6) are similar to those of 2−4. For example, the
spectrum of 8 is almost identical to that of Pt(phebox)(py)+

(2) except with ∼1.5 times the molar absorptivity. This is
consistent with the notion that the electronic structures of the
Pt(phebox)(pyridyl)+ and Pt(phebox)(pyz)+ units are only
weakly unperturbed by dimer formation. Also note that 6 (257
nm, 13.3 × 103 M−1 cm−1) and 7 (268 nm, 15.3 × 103 M−1

cm−1) exhibit shorter wavelength bands tentatively assigned to
bridging ligand transitions.29,30,69,70 Likewise, compounds 3 and
4 also show contributions from the N-heterocyclic ligands at λ
≤ 320 nm, which are found in spectra of related
molecules.29,71−76 At wavelengths greater than 320 nm, the
absorption profile of 5 is distinctly different and more intense
than that observed for the other compounds; the observed
progression in the 330−360 nm range and the band at 415 nm
also appear in the spectrum of acH+.77

Ligand Dissociation. Whereas compound 1 is stable in
acetonitrile, 2−8 are not, and the observed behavior is
consistent with solvolysis resulting in displacement of the
pyridyl ligands. This is illustrated for 3 by the reaction

+ ⇆ ++ +Pt(phebox)(phpy) CH CN Pt(phebox)(NCCH ) phpy3 3

(1)

For example, in RT ∼2 mM CD3CN solutions, the pyridyl
resonances in the 1H NMR spectra of 3 were coincident with
those of the free ligand, indicating that the ligand was fully
dissociated. The pattern of phebox− resonances is consistent
with formation of C2v symmetric Pt(phebox)(CD3CN)

+, which
was also identified in the mass spectrum. Notably, the oxazoline
CH2 and C(Me)2 proton resonances appeared at 4.76 and 1.49
ppm, respectively. Coordination of acetonitrile was suggested
by the downfield shift of the solvent CD2HCN resonance. With
the addition of pyridine (Figure S7), a new set of resonances
appeared, including the α-proton resonance of coordinated
pyridine at 9.00 ppm and a new set of CH2 and C(Me)2 proton
resonances at 4.66 and 1.10 ppm, respectively. Evaporation of
the solvent and recording of the 1H NMR spectrum in CD2Cl2
confirmed complete recovery of the original Pt(phebox)-
(phpy)+ complex.

Titration of a methylene chloride solution of 3 with
acetonitrile showed a gradual decrease in intensity of the
phpy-centered 278 nm absorption band, confirming ligand
dissociation (Figure 4). The absence of large changes at >330

nm is consistent with this region being dominated by mainly
transitions involving the phebox− ligand in the Pt(phebox)-
(phpy)+ and Pt(phebox)(CH3CN)

+ complexes (Figure 4).
During titration with acetonitrile (0−45% by volume),
isosbestic points were not well-defined, presumably because
of the sensitivity of the spectra to changes in solvent dielectric.
Under the assumption of the solvolysis equilibrium in eq 1, the
equilibrium constant was estimated to be ∼2 × 10−4, indicating
a strong preference for coordination of phpy over acetonitrile.

Emission Spectroscopy. Whereas Pt(pip2NCN)(L)+

complexes are essentially nonemissive in fluid solution,
compounds 1−8 exhibit intense yellow-orange emission in
methylene chloride solution. Thus, the influence of the more
conjugated NCN ligand is immediately obvious. Lowest-lying
excited states in such systems have been extensively
discussed,29,38−42,64,78,79 and the most logical candidates in
the present case are those with LC and/or MLCT character
involving the phebox− ligand; excited-state mixing will be
favored when the parent states approach in energy and there is
strong metal−ligand interaction. Consistent with this notion,
we note that the 1400−1500 cm−1 vibronic spacings in the
emission profile of Pt(phebox)Cl are indicative of involvement
of the phebox− ligand (Figure 5a and Table 2). The emission
lifetime is concentration-dependent, consistent with bimolecu-
lar self-quenching, as noted previously for platinum polypyridyl
complexes.80 Presumably because of the steric demands of the
oxazolinyl methyl substituents, the self-quenching rate constant
(ksq, 1.7(3) × 109 M−1 s−1) is slightly less than that found for
Pt(bpb)Cl (ksq, 5.3 × 109 M−1 s−1).40 The lifetime at infinite
dilution (3.0(1) μs) confirms that the emission originates from
a predominantly spin-forbidden excited state. With the
exception of 5, the structured emission profiles of the remaining
compounds are nearly superposable with 1400−1500 cm−1

vibronic spacings similar to those of 1. However, as compared
to the spectrum of 1, the emission band is shifted by ∼800
cm−1 to longer wavelength. In other words, it is evident that the
emission energy is mildly sensitive to the donor properties of
the ancillary ligand (e.g., Cl− vs pyridine), which is consistent
with a predominantly 3LC excited state with partial MLCT

Figure 4. Apparent molar absorptivity (ε) of a 70 μM solution of
Pt(phebox)(phpy)+ in methylene chloride during titration with 1.2 ×
105 equiv of acetonitrile.
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character. In support of this assignment, we note that the
Huang−Rhys ratio (S = I(1,0)/I(0,0)) increases from 1.2 to 1.4
upon substitution of the chloro donor ligand with the more
weakly donating N-heterocycle ligands, indicating an increase in
the excited-state geometric distortion. For platinum(II)
polypyridyl complexes having emissive states with mixed LC/
MLCT character, the tendency of S to increase with increasing
LC character is well-documented.79 For example, the Huang−
Rhys ratios for the chloro and cyano derivatives of Pt(tpy)X+ in
77 K butyronitrile solution are 0.6 and 1.2, respectively.67,81

The vibronic structure is sharpened in 4:1 ethanol/methanol
77 K glassy solution, and the emission bands are slightly blue-
shifted from the RT spectra (Figure 5b). Spectra of 2−4 under
these conditions were excitation wavelength-dependent as
expected for dissociation of the pyridyl ligand in alcohol
solution (Figure S8); the resulting structured emission from
Pt(phebox)(ROH)+ (R = methyl, ethyl) occurs at slightly
longer wavelength than that of the pyridyl complexes. To
suppress ligand dissociation, spectra of the latter complexes
were recorded with excess pyridyl ligand. The resulting spectra
are distinctly sharper under these conditions and independent
of excitation wavelength (Figure S9).82 Similar to the RT
results, the bands for 2−4 are red-shifted by 300−500 cm−1

from that of 1. For comparison, MLCT emission from

Ru(tpy)(bpy)(py)2+ (585 nm) in 77 K frozen acetonitrile
solution is shifted by ∼2000 cm−1 from that of Ru(tpy)(bpy)-
(Cl)+ (662 nm).62 Thus, we propose that the lowest excited
state has less, but not inconsequential, 3MLCT character. For
example, variations in the extent of MLCT mixing also are
suggested by the fact that values of S (1.3−1.4) for 2−4 are
slightly greater than that for 1 (1.0; Figure 5b and Table 3).

Note that the excitation spectrum of Pt(phebox)Cl, which is in
good agreement with the absorption spectrum (Figure 5b), also
shows two weak low-energy features near 460 and 490 nm
(1300 cm−1 spacing). Similar features appear in the 77 K
excitation spectrum of Pt(tpy)Cl+ (433, 464 nm)83 and the
absorption spectrum of Pt(bpb)Cl (485 nm, 145 M−1 cm−1).39

The narrow, lower-energy feature overlaps well with the first
vibronic feature at 497 nm in the emission spectrum.
Accordingly, we assign this absorption to the lowest-energy
spin-forbidden mainly 3LC transition.
From these results and based on the shortest wavelength

emission vibronic band, we can draw conclusions concerning
the relative energies of the lowest excited states of Pt(tpy)Cl
(77 K, butyronitrile, 470 nm),67 Pt(bpb)Cl (RT, CH2Cl2, 491
nm; 77 K, 2-methyl-tetrahydrofuran, 486 nm),41 Pt(phebox)Cl
(RT, CH2Cl2, 510 nm; 4:1 EtOH/MeOH 497 nm), and
Pt(bib)Cl (RT, CH2Cl2, 562 nm). The accumulated data
suggest that the energy decreases along the series Pt(tpy)Cl+ >
Pt(bpb)Cl > Pt(phebox)Cl > Pt(bib)Cl. The experimental data
contradict estimates from DFT calculations, which suggest
Pt(bpb)Cl > Pt(tpy)Cl+.84 The states for Pt(tpy)Cl+, Pt(bpb)-
Cl, and Pt(phebox)Cl lie within a narrow range (∼1200 cm−1),
whereas that of Pt(bib)Cl is stabilized by ∼1800 cm−1 (∼0.2
eV) below that of Pt(phebox)Cl. The destabilization of the
lowest excited state of 1 as compared to Pt(bib)Cl is
qualitatively consistent with the electron donor properties of
the oxazolinyl ether group, which is expected to have a
destabilizing influence on the lowest phebox− π* level and
therefore reduce MLCT character in the lowest excited state.
Compound 5 with excess acridine exhibits three emission

bands in 77 K frozen solution (Figure S10). The shorter
wavelength progression matches that of free acridine under
these conditions, whereas the midrange progression (495, 533,
584, 638 nm) is similar to that of Pt(phebox)Cl. Interestingly,
at longer wavelengths there is unexpected additional intensity
and a distinct shoulder at 657 nm, which are consistent with
acridine phosphorescence.85 It is possible that the latter
originates from the Pt(phebox)(ac)+ complex or energy transfer
to free acridine.

Figure 5. (a) Emission spectra of 1 (black), 2 (red), and 3 (blue) in
RT CH2Cl2 solution and (b) emission spectra of 1 (black) and 2 (red,
with excess pyridine), as well as the excitation spectrum of 1 (red), in
77 K 4:1 ethanol/methanol glassy solution.

Table 2. Emission Spectroscopic Data for 1−5 and 8 in
Room-Temperature CH2Cl2 Solution (λex = 350 nm)

compound emission (λmax, nm) I0,0/I1,0 (S)

1 510, 552, 600 (sh), 654 (sh) 1.2
2a 490, 528, 570(sh), 629 (sh) 1.4
3 490, 529, 570(sh), 629(sh) 1.4
4 490, 527, 570(sh), 629(sh) 1.4
5 491, 530, 570(sh), 629 (sh)
8 491, 532, 575(sh), 632(sh) 1.4

Table 3. Emission Spectroscopic Data for Pt(phebox)Cl and
1−8 in 77 K Ethanol−Methanol (4:1) Glassy Solution (λex =
350 nm)

compound emission (λmax, nm) I0,0/I1,0 (S)

1 497, 537, 586, 640 1.0
2aa 484, 523, 572, 628 1.4
3a 489, 526, 572, 628 1.4
4a 485, 523, 570, 627 1.3
5a 390, 414, 441, 465, 497, 533, 584, 638, 657sh
6 487, 522, 566, 619 1.4
7a 490, 528, 572, 626 1.4
8 486, 528, 572, 626 1.4

aWith >50 equiv of pyridyl ligand.
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■ CONCLUSIONS
To place these findings in context, it is useful to compare the
preceding observations with those obtained for the Pt-
(pip2NCN)L

n+ analogues. Notably, the latter give rise to
emissions in frozen solution from lowest 3LF, pyridyl 3LC, or
3MLCT states involving the pyridyl ligand. By contrast, and as a
result of the low-lying π*(phebox−) level, 1−4 and 6−8 give
rise to emissions from distinctly different lowest excited states
having 3LC and 3MLCT character involving the phebox− ligand
(Figure 5b and Figure S11). Thus, subtle variations in the
nature of the NCN and ancillary ligands provide access to at
least five orbitally distinct emissive excited states. Interestingly
and as also evident for Pt(bpb)Cl39−41 and Pt(bib)Cl,38 the LC
and MLCT states involving the NCN ligand are much less
susceptible to nonradiative deactivation in fluid solution than
Pt(pip2NCN)L

n+ complexes. Likewise, although Pt(tpy)Ln+

complexes have lowest excited states with tpy LC/MLCT
character, those complexes tend to be nonemissive in fluid
solution due to population of low-lying LF states resulting in
nonradiative deactivation.86,87 Thus, it would appear that the
strong donor properties of the phenyl donor groups of
phebox−, bpb−, and bib− ligands increase the gap between
the lowest state and higher-lying LF states, thereby reducing the
latter’s deactivating effect. Lastly, we note that, for chloro
complexes with different meridional tridentate ligands, we have
found that the lowest excited-state energy decreases along the
series Pt(tpy)Cl+ > Pt(bpb)Cl > Pt(phebox)Cl > Pt(bib)Cl.
Taken all together, the results presented here suggest a rather
synthetically convenient means of modulating the orbital
character and energies of the lowest excited states of
platinum(II) complexes with the 1,3-bis(imino)benzene ligand
skeleton.
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