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ABSTRACT: The electronic structures, redox chemistry, and excited-state
properties of tungsten-containing oligo-phenylene-ethynylenes (OPEs) of the
form W[C(p-C6H4CC)n−1Ph](dppe)2Cl (n = 1−5; dppe =1,2-bis-
(diphenylphosphino)ethane) are reported and compared with those of organic
analogues in order to elucidate the effects of metal-for-carbon substitution on OPE
bonding and electronic properties. Key similarities between the metallo- and
organic OPEs that bear on materials-related functions include their nearly identical
effective conjugation lengths, reduction potentials, and π* orbital energies and
delocalization. In addition to these conserved properties, the tungsten centers endow OPEs with reversible one-electron
oxidation chemistry and long-lived emissive triplet excited states that are not accessible to organic OPEs. The electronic
similarities and differences between metallo- and organic OPEs can be understood largely on the basis of π/π* orbital energy
matching between tungsten and organic PE fragments and the introduction of an orthogonal mid-π/π*-gap d orbital in metallo-
OPEs. These orbital energies can be tuned by varying the supporting ligands; this provides a means to rationally implement and
control the emergent properties of metallo-OPE materials.

■ INTRODUCTION

The p-phenylene-ethynylene moiety (PE) and its derivatives
are primary building blocks of photo- and electro-active π-
conjugated molecular assemblies, oligomers, and polymers,
because these materials are typically endowed with strong
luminescence, controllable electron conductance, structural
rigidity, and a myriad of hybrid properties derived there-
from.1−5 For example, oligomeric PEs (OPEs) have been
widely employed as defined-length bridging units for
connecting molecules to each other and to nanostructured or
solid surfaces; applications include linkers in donor−bridge−
acceptor systems6,7 and dye-sensitized solar cells,8 chromo-
phore scaffolds for energy transfer and light harvesting,7,9 and
components for molecular electronics.4,10 Along similar lines,
polymeric PEs have been developed as sensors,11−13 organic
solar cells,14 and organic light-emitting diodes11,15,16 due to
their large exciton mobilities and fluorescence quantum
yields.11,16 The synthetic parameter space for controlling the
electronic structures and properties of organic PE compounds
and materials has been extensively explored, with hundreds of
derivatives of the parent PE building block having been
studied.1−5,11,14,15

In parallel with synthetic-organic approaches to controlling
the properties of PE materials, considerable effort has been
devoted to developing transition-metal-containing PEs. Interest
in these analogues stems from the fact that the metal centers
provide complementary avenues for manipulating electronic
structure and for introducing properties that are not accessible
to all-organic systems.2,3,17−19 Most commonly, the metal

centers in metallo-PEs have been incorporated into the
backbone between PE segments (A, Chart 1), such as in the

extensively studied class of PtIIL2-containing oligomers and
polymers,20 or as pendant groups on the chain (B, Chart 1), as
in materials that contain 2,2′-bipyridine units to which are
ligated luminescent chromophores (e.g., RuII(bpy)3

2+).17,18,21

In contrast to these motifs, in which the metal center is external
to the PE building block, in motif C (Chart 1) the PE unit is
modified through replacement of an ethynyl carbon atom by a
metal center. Because the metal d orbitals are integral to the
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MC bond, the electronic coupling between the metal center
and the PE π system in C is expected to be stronger than for
metallo-PEs of types A and B, which do not possess substantial
metal−ligand multiple-bond character. Thus, these metal−
alkylidyne-derived materials afford distinctive opportunities for
controlling and enhancing the properties of PE materials.
Among the wide variety of metal−alkylidyne complexes that

might be employed as ethynyl-group replacements in type C
metallo-PEs,22 d2 W(CR)L4X complexes stand out as
particularly function-rich building blocks. Characteristic fea-
tures of these compounds relevant to PE properties include
their long-lived phosphorescent excited states,23−29 widely
tunable oxidation potentials,30,31 and stable d1 metalloradical
configurations.26,32 Because of these attributes, W(CR)L4X
building blocks have been used to construct a variety of redox-
and photoactive metallo-PEs and metallo-ynes that implement
their rich properties in electronic and solar-energy-conversion
materials.23,24,27,28,33−36

In order to rationally design metallo-PE materials, it is
necessary to understand at a fundamental level how the
electronic structure−property relationships of organic PEs are
affected by the incorporation of metal centers. With this goal in
mind, we report a comparative study of the electronic structures
and redox and excited-state properties of type C tungsten-
containing OPEs of the form W[C(p-C6H4CC)n−1Ph]-
(dppe)2Cl (1−5, Chart 2; dppe =1,2-bis(diphenylphosphino)-

ethane)37 and of their organic analogues (OPE-1−OPE-5,
Chart 2). It is found that there are both striking similarities and
differences among the electronic structures and properties of
these classes of oligomers. Key similarities between metallo-
and organic PEs that bear on materials-related functions include
their nearly identical effective conjugation lengths, reduction
potentials, and π* orbital energies and delocalization. In
addition to these conserved properties, the tungsten centers
endow OPEs with reversible one-electron oxidation chemistry
and long-lived emissive triplet excited states that are not
accessible to organic OPEs. The electronic relationships
between these classes of materials can largely be understood
on the basis of π/π* energy matching between tungsten and
organic OPE fragments and the introduction in the metallo-PEs
of an orthogonal, mid-π/π*-gap d orbital. The fact that these
aspects can be tuned by varying the supporting ligands provides

a means to rationally implement and control the properties
derived from the tungsten fragment in metallo-PE materials.

■ RESULTS AND DISCUSSION
Nature of the Frontier Orbitals. The electronic structures

of W[C(C6H4CC)n−1Ph](dppe)2Cl compounds 1−5 and of
their organic analogues OPE-1−OPE-5 (Chart 2) were
calculated using density functional theory. The calculated gas-
phase molecular structures of 1−5 exhibit nearly identical
geometries about their tungsten centers (Table S1 in
Supporting Information (SI)) and, like the OPE-n compounds,
essentially planar configurations within their PE units
(interphenylene dihedral angles <4.5°). Because the key
structural features of 1−5 are nearly identical, it may be
concluded that the differences among their frontier orbitals and
electronic properties are a consequence of the different lengths
of their PE alkylidyne ligands.
The frontier orbitals of 1−5 (Figure 1) are derived from the

tungsten dxz, dyz, and dxy (t2g) orbitals, as has generally been
found for d2 metal−alkylidyne complexes with compact
alkylidyne ligands.26,30,38 The HOMOs of all compounds are
nearly identical in atomic composition, being principally of
tungsten dxy character; this orbital is of π-symmetry with
respect to the dppe ligands (∼25% contribution to the
HOMO), and nonbonding relative to the axial CPh and Cl
ligands (0% contribution; Table S2 in SI). As a consequence of
its axial-nonbonding character the HOMO energy is nearly
independent of the length of the alkylidyne ligand, spanning a
range of only 0.11 eV across the series (Figure 2). The energy
and compositional invariance of the dxy-derived HOMO figures
prominently in the redox and excited-state properties of 1−5
(vide infra).
The frontier π and π* orbitals of the PE backbones of 1−5

are the HOMO−1 and LUMO, respectively (Figure 1). These
orbitals possess the typical nodal relationships of a correspond-
ing π/π* orbital pair, such as for the analogous π/π* orbitals of
OPE-1−OPE-5 (Figure S1, SI), but differ markedly in the
extents to which their energies and delocalization depend on
the length of the PE chain. The properties of the π* orbitals of
1−5 are strikingly similar to those of OPE-1−OPE-5. In
particular, the π*(WCR) and π*(OPE) orbital energies both
decrease smoothly with increasing oligomer length, differing by
less than 0.3 eV for a given length n (Figure 2). Furthermore,
both the π*(WCR) (Figure 1) and π*(OPE) orbitals (Figure
S1, SI) are delocalized across the PE chain, with corresponding
[CCC6H4] subunits of 2−5 and OPE-2−OPE-5 having very
similar amplitudes. The π* LUMOs of 3 and OPE-3 (Figure 3)
are representative of these close correspondences. For this pair
of analogues, the contributions to the π* orbitals from the
terminal [WC(dppe)2Cl] and HCCC6H4 units are 30% and
32%, respectively; those from the central [CCC6H4] units are
45% and 47%; and the capping CCPh units contribute 25% and
22% (Tables S3 and S4, SI). Other pairs of analogues among
1−5 and OPE-1−OPE-5 exhibit similarly close relationships
(Figure S2, SI). Thus, replacement of the [HCC] unit with
[WC(dppe)2Cl] at the terminus of a PE chain results in only a
modest perturbation of the energies and delocalization of the
OPE π* LUMOs, despite the strong mixing between the
π*(WC) and π*[(C6H4CC)n−1Ph] fragment orbitals.
In contrast to the close relationships between the π* LUMOs

of 1−5 and OPE-1−OPE-5, the properties of their π orbitals
differ significantly from each other. For OPE-n, the π orbital
energy (Figure 2) and delocalization (Figure S1, SI) change

Chart 2. Tungsten-Containing and Organic Oligo-
Phenylene-Ethynylenes
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smoothly with increasing chain length in a manner that mirrors
the properties of the π* orbitals described above. The π(WCR)
orbitals of 1−5, in contrast, do not increasingly delocalize as the
alkylidyne ligand is extended (Figure 1). Instead, the principal
contribution to these orbitals (>75%) comes from the terminal
[W(CC6H4)(dppe)2Cl] unit; for 3−5, the contributions to
π(WCR) from the [CCC6H4] units beyond the [W-
(CC6H4CCC6H4)(dppe)2Cl] fragment of 2 total only 4−6%
(Table S3, SI). The evident differences in π orbital coefficients

for 3 and OPE-3 are illustrated in Figure 3; the other pairs of
compounds also exhibit large differences (Figure S3, SI).
Consistent with their limited delocalization, the energies of the
π(WCR) orbitals of 1−5 are independent of the length of the
alkylidyne ligand and span a range of only 0.05 eV; by
comparison, the π(OPE) orbital energies of OPE-1−OPE-5
span a range of 1 eV (Figure 2).
The different behavior of the π(WCR) HOMO−1 and

π*(WCR) LUMO of 1−5 as a function of the length of the PE
unit is a consequence of the energy denominators that describe
the orbital interactions between the [W(CC6H4)(dppe)2Cl]
and [(CCC6H4)n−1H] fragments. The close correspondence
between the energies and delocalization of the π* LUMOs of
1−5 and OPE-1−OPE-5 is traceable to the small difference
between the π* orbital energies of parent compounds 1 and
OPE-1 (ΔE(π*) = 0.06 eV). As a result of the matched π*
energies of the [HCCC6H4] and [W(CC6H4)(dppe)2Cl]
fragments, their interactions with the π* orbitals of a given
length [(CCC6H4)n−1H] fragment are governed by similar
energy denominators. In contrast, there is a large difference
between the π orbital energies of 1 and OPE-1 (ΔE(π) = 1.53
eV). For the π(WCR) orbitals of extended W[C-
(C6H4CC)n−1Ph](dppe)2Cl complexes 2−5, the relatively
poor energy match between the π fragment orbitals of the
[W(CC6H4)(dppe)2Cl] and [(CCC6H4)n−1H] units results in a
low degree of mixing compared to that for the π HOMOs of
OPE-n compounds. Although this zero-order energy gap
decreases as the chain length increases (ΔE(π) = 0.56 eV for
5 and OPE-5), fragment-orbital mixing is still limited because
the orbitals of longer [(CCC6H4)n−1H] fragments are
increasingly localized on the central phenylene-ethynylene
units rather than near the terminal [W(CC6H4)(dppe)2Cl]
fragment. Therefore, the π(WCR) orbitals of 1−5 are primarily
of [W(CC6H4)(dppe)2Cl] character and vary little in energy
with chain length. The differences between the π(WCR) and
π*(WCR) orbitals of W[C(C6H4CC)n−1Ph](dppe)2Cl com-
plexes are manifested in a number of their electronic properties
(vide infra).

Electrochemical Properties. The electrochemistry of
W[C(C6H4CC)n−1Ph](dppe)2Cl complexes was investigated
to gain insight into how their redox properties differ from those
of organic OPEs. Oxidation and reduction potentials for 1−4
are set out in Table 1; cyclic voltammograms are shown in

Figure 1. Top: dxy-derived HOMO of 1, viewed normal to the equatorial and alkylidyne-ligand planes; the HOMOs of 2−5 are nearly
indistinguishable from that of 1. Bottom: π(WCR) and π*(WCR) orbitals of 1−5, viewed normal to the plane of the alkylidyne ligand. Hydrogen
atoms and dppe carbon atoms are omitted for clarity. Orbitals are rendered at iso 0.98 (iso 0.97 for HOMO and LUMO of 1).

Figure 2. Orbital energies of W[C(C6H4CC)n−1Ph](dppe)2Cl (1−5)
and HCC(C6H4CC)n−1Ph (OPE-1−OPE-5).

Figure 3. Corresponding π and π* orbitals of 3 and OPE-3 (iso 0.98).
Hydrogen atoms and dppe carbon atoms are omitted for clarity.
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Figures S4−S6, SI. All compounds exhibit a reversible one-
electron oxidation and one or more irreversible reductions.
Data for 1 were reported previously as part of a study of the
electrochemistry of d2 W(CR)L4X complexes in which the CR,
L, and X ligands were systematically varied.30 It was found that
the first oxidation of these complexes arises from the (dxy)

2/
(dxy)

1 couple; because the dxy orbital is axially nonbonding, the
oxidation potential is only weakly sensitive to the nature of the
CR ligand.30 Consistent with these general observations, and
with the invariance of the calculated energy of the dxy-derived
HOMO (Figure 2), the oxidation potentials of 1−4 are
identical within experimental error (E1/2

0/+ = −0.57 ± 0.01 V vs
FeCp2

0/+, Table 1). Organic PEs, which lack the mid-π/π*-gap
dxy redox orbital, are oxidized at much more positive potentials
than 1−4;16 for example, the onset oxidation potential for
polymeric [C6H2(OR)2CC]n is ∼0.65 V vs FeCp2

0/+.39 Given
that the oxidation potentials of simple W(CR)L4X complexes
are tunable over a 2 V range via variation of the electronic
properties of the equatorial L ligands,30 it is expected that the
potentials of these midgap redox states should be subject to
similarly broad synthetic control for other W[C-
(C6H4CC)n−1Ph]L4X derivatives.
In contrast to the significantly different oxidation properties

of metallo- and organic PEs, the reduction properties of these
analogues are strikingly similar, with the first reduction
potentials of 2−4 (Table 1) being within 0.15 V of those
reported for Ph(CCC6H4)mH compounds (Ep

0/−: 2 = −2.95 V,
PhCCPh = −2.95 V; 3 = −2.54 V, Ph(CCC6H4)2H = −2.69 V;
4 = −2.44 V, Ph(CCC6H4)3H = −2.46 V; THF solution, all
potentials vs FeCp2

0/+).40 This observation strongly reinforces
the close correlation found between the π* LUMO energies of
1−5 and OPE-1−OPE-5 (Figure 2), given that these are the
redox orbitals for the process. Indeed, for 1−4 the measured

reduction potentials exhibit an approximate linear correlation
with the calculated π*(WCR) LUMO energy (slope =0.97,
RMSD = 0.04 V; Figure S7, SI). In view of the close parallels
between the reduction properties of 1−4 and organic PEs, it is
predicted that W[C(C6H4CC)n−1Ph](dppe)2Cl derivatives
should retain reduction-associated electronic properties of the
organic analogues such as their high electron mobilities and low
barriers to electron injection in OLEDs,2,16 while at the same
time providing the new oxidation chemistry noted above.

Electronic-Absorption Spectra and Effective Conjuga-
tion Length. The electronic-absorption spectra of W[C-
(C6H4CC)n−1Ph](dppe)2Cl complexes, shown in Figure 4,
exhibit bands that are characteristic both of d2 metal−alkylidyne
complexes25 and of organic OPEs. For 1, the lowest-energy
absorption band (λmax = 531 nm, ε = 230 M−1 cm−1; Table 2)

has been assigned previously to the spin- and dipole-allowed
1[dxy→π*(WCR)] (HOMO→LUMO) transition and the
strong band in the near-UV region (λmax = 340 nm, εmax =
16400 M−1 cm−1) has been assigned to the fully allowed
1[π(WCR)→π*(WCR)] (HOMO−1→LUMO) transition on
the basis of TD-DFT calculations.26 Corresponding 1[dxy→
π*(WCR)] and 1[π(WCR)→π*(WCR)] absorption bands are
observed in the spectra of 2−4 (Figure 4). These bands redshift
as the alkylidyne ligand is lengthened, with decreasing marginal
shifts from each PE unit. Additionally, the extinction
coefficients of the 1[dxy→π*(WCR)] and 1[π(WCR)→π*-
(WCR)] bands increase by factors of two and three,
respectively, between 1 and 4 (Table 2). Qualitatively, this
follows the trend observed for the π→π* transitions of organic
analogues of form Ph(CCC6H4)mH.

41,42

Table 1. Electrochemical Data for
W[C(C6H4CC)n−1Ph](dppe)2Cl Complexes

potential, V vs FeCp2
0/+a

cmpd E1/2
0/+ E1/2

0/− Epc
−/n−b

1c,d −0.58 −3.39b

2e −0.57f −2.95b,g −3.11, −3.37g

3e −0.57 −2.54h −2.86
4e −0.57 −2.44h −2.75

aTHF solution, 25 °C, ν = 0.1 V s−1 unless otherwise indicated.
bIrreversible, Epc reported.

cReference 30. d0.3 M [NBun4][PF6].
e0.1

M [NBun4][PF6].
fν = 0.5 V s−1. gν = 0.2 V s−1. hQuasi-reversible, E1/2

listed.

Figure 4. Electronic-absorption spectra of W[C(C6H4CC)n−1Ph](dppe)2Cl compounds in toluene.

Table 2. Electronic-Absorption Spectroscopic Data for
W[C(C6H4CC)n−1Ph](dppe)2Cl.

a

λmax, nm (εmax, M
−1 cm−1)

cmpd

1[dxy→
π*(WCR)]

1[π(WCR)→
π*(WCR)] 1[π(R)→π*(R)]

1 531 (230)b,c 340 (16400)b

2 604 (270)d 386 (32300)d

3 623 (360) 404 (39100) 308 (33100), 320 (33800)
4 628 (520) 410 (50500) 326 (52600), 340 (51000)

aToluene solution, room temperature; spectra in THF solution are
similar (Table S5, SI). bReference 26. cReported as λmax = 525 nm and
εmax = 310 M−1 cm−1 in ref 26; values reported here were obtained
from deconvolution of the 1[dxy→π*(WCR)] band and overlapping
bands. dReference 27.
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The shift of the electronic-absorption band maxima for 1−4
as a function of the number of PE units may be used to predict
both the optical band gap for a hypothetical infinite-chain-
length W[C(C6H4CC)n−1Ph](dppe)2Cl complex and the
“effective π conjugation length” of the metal−alkylidyne ligand.
It has been observed that the dependence of the π→π* band
energies of conjugated organic oligomers on the number of
repeat units is generally well described by the following
empirical relationship (eq 1)4,43

= + − − −∞ ∞E E E E a n( )exp( ( 1))n( ) 1 (1)

where E(n) is the band energy for the oligomer of n repeating
units, E1 is the band energy for the monomer, E∞ is the band
energy for the infinite polymer, and a is an attenuation factor.
The fits of the 1[dxy→π*(WCR)] and 1[π(WCR)→π*(WCR)]
band energies of 1−4 to eq 1 (Figure 5; see also Figure S8 in

SI) predict that the band maxima for a W[C(C6H4CC)n−1Ph]-
(dppe)2Cl complex with an infinitely long PE alkylidyne ligand
lie at E∞ = 15890 cm−1 (629 nm) for 1[dxy→π*(WCR)] and
E∞ = 24200 cm−1 (413 nm) for 1[π(WCR)→π*(WCR)].
These band maxima are red-shifted from those observed for 4
by only 1 nm (30 cm−1) for 1[dxy→π*(WCR)] and 3 nm (180
cm−1) for 1[π(WCR)→π*(WCR)]. The effective conjugation
length of an oligomer has been defined as that for which the
experimentally observed absorption maximum lies within 1 nm
of that predicted for the infinite polymer.43 Thus, the behavior
of both the 1[dxy→π*(WCR)] and 1[π(WCR)→π*(WCR)]
bands of 1−4 indicate that the effective conjugation length of
the W[C(C6H4CC)n−1Ph] unit is 4−5 repeat units. (The same
value is found from an analysis of the emission bands of the
compounds, which are described below.)44 This conjugation
length is the same as that found for organic PE analogues of the
form p-Et2N3(3-R-C6H3CC)nSiMe3 (R = alkyl, n ≤ 16), for
which a fit of π→π* absorption-band energies to eq 1 provides
a conjugation length of 5 repeat units.43

The electronic-absorption spectra of 3 and 4 also exhibit
strong bands in the 300−350 nm region whose properties are
consistent with assignment to alkylidyne-ligand-localized
1[π(R)→π*(R)] transitions (Figure 4 and Table 2). Unlike
the featureless 1[dxy→π*(WCR)] and 1[π(WCR)→π*(WCR)]
bands, these ligand-centered bands exhibit vibronic shoulders
whose spacing (∼1200−1300 cm−1) is consistent with
assignment to phenylene-based stretching modes.45 The

positions and shapes of these bands overlay closely with
those of the lowest-energy 1[π→π*] bands of analogous
organic OPEs (λmax(3) = 320 nm, λmax(Ph(CCC6H4)2H) = 320
nm; λmax(4) = 326 nm, λmax(Ph(CCC6H4)3H) = 340 nm;
Figures S9−S10 in SI),42 suggesting that the orbitals between
which these transitions occur have small contributions from the
[W(C)(dppe)2Cl] un i t . For hypothet i ca l W[C-
(C6H4CC)n−1Ph](dppe)2Cl compounds with PE alkylidyne
ligands longer than that of 4, it is expected that the these ligand-
localized 1[π(R)→π*(R)] bands will continue to lie to higher
energy of the 1[π(WCR)→π*(WCR)] and 1[dxy→π*(WCR)]
bands, based on their predicted positions for hypothetical
infinite-length compounds (λmax(n = ∞): 1[π(R)→π*(R)],
∼375 nm;43,46 1[π(WCR)→π*(WCR)], 413 nm; 1[dxy→
π*(WCR)], 629 nm).

Excited-State Properties. In contrast to the high-
quantum-yield 1[ππ*] fluorescence observed for organic PE
oligomers and polymers,2,15 the W[C(C6H4CC)n−1Ph]-
(dppe)2Cl complexes phosphoresce in fluid solution at room
temperature (Figure 6 and Table 3). The emission from 1 has

been previously assigned as originating from the 3[(dxy)
1(π*-

(WCPh))1] excited state, based on electronic-structure
calculations and the fact that the excited-state structure
determined by X-ray transient-absorption measurements is
consistent with that anticipated for the (dxy)

1(π*(WCPh))1

configuration.26 The emission bands of 1−4 redshift with
lengthening of the OPE ligand and maintain nearly constant
band widths and Stokes shifts relative to the 1[dxy→π*(WCR)]
absorption band (Table 3); this both supports assignment of
the emissive state as 3[(dxy)

1(π*(WCR))1] for all compounds
in the series and is consistent with an effective conjugation
length of 4−5 units (Figure 5).44 In view of the prediction from
the preceding section that the 1[(dxy)

1(π*(WCR))1] state will
lie lower in energy than the PE-ligand-localized 1[ππ*] state at
the limit of an infinitely long alkylidyne ligand, it is anticipated
that W[C(C6H4CC)n−1Ph](dppe)2Cl derivatives with longer
ligands will not exhibit PE-like 1[ππ*] fluorescence unless the
emitting segment can be spatially decoupled from the metal-
derived excited states.
The luminescence lifetimes and quantum yields of

compounds 1−4 depend strongly on the length of the PE
unit, with the lifetimes (τem) decreasing from 303 to 39 ns and
the quantum yield (ϕem) from 0.017 to 0.0025 from 1 to 4
(Table 3). These differences are the result of an 8-fold increase

Figure 5. Energies of the 1[dxy→π*(WCR)] and 1[π(WCR)→
π*(WCR)] electronic-absorption band maxima and 3[dxy←π*(WCR)]
emission band maxima of W[C(C6H4CC)n−1Ph](dppe)2Cl com-
pounds. The curves represent the fit of the data to eq 1.

Figure 6. Emission spectra of W[C(C6H4CC)n−1Ph](dppe)2Cl
compounds in toluene at room temperature. Band areas reflect the
emission quantum yields.
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in the nonradiative decay rate (knr) across the series; the
radiative rate remains constant. This contrasts with the
behavior of organic OPEs, for which the fluorescence lifetime
decreases with oligomer length due to an increase in the
radiative rate.48 For 2−4, the differences in nonradiative rate
appear to be a manifestation of decay in the weak-coupling
limit, as indicated by the observation of a linear (energy-gap-
law) correlation between ln(knr) and Eem (Figure 7).49 Because

the energy of the 3[(dxy)
1(π*(WCR))1] excited-state energy of

4 approaches that predicted for a hypothetical complex with an
infinite-length OPE ligand (Figure 5),44 the conformation of
these compounds to the energy-gap law suggests that
chromophores with longer OPE ligands will possess emission
lifetimes of magnitude comparable to that of 4 (in the absence
of new nonradiative decay modes introduced by the extended
ligands). The nonradiative rate of 1 deviates significantly from
the linear correlation for 2−4 (knr(obs) = 3.24 × 106 s−1,
knr(pred) = 3.36 × 105 s−1), indicating the presence of an
additional nonradiative decay pathway. Comparison of the
temperature dependence of the nonradiative decay rates of 1
and 2 shows that at room temperature 1 additionally decays via
thermal population of a higher-lying excited state (see Figure
S11, Tables S6 and S7, and associated discussion in the SI).
That the energy gap between the emissive 3[(dxy)

1(π*-
(WCR))1] excited state and next higher-lying excited state is
considerably smaller for 1 than for 2−4 is indicated by their
electronic-absorption spectra (Figure 4), which show that for 1
the 1[dxy→π*(WCR)] band strongly overlaps with the higher-
lying absorption band whereas for 2−4 these bands are well
separated. Based on an Arrhenius analysis of emission lifetime
data (see the SI), the room-temperature nonradiative rate of 1
would lie in the range ∼5.7−7.8 × 105 s−1 in the absence of the

thermally activated nonradiative decay channel; this is in
reasonable agreement with that predicted by extrapolation of
the energy-gap-law fit to the rates of 2−4 (3.36 × 105 s−1),
given the uncertainties inherent in extrapolating the two
relationships. We conclude, therefore, that 1 would conform to
the broader energy-gap-law relationship exhibited by 2−4 if the
higher-activation-energy nonradiative decay channel were not
present.
To further probe the properties of the emissive excited-states

of W[C(C6H4CC)n−1Ph](dppe)2Cl complexes, the transient-
absorption spectra of 1−4 were measured. The spectra acquired
∼7−10 ps following excitation are shown in Figure 8. These

time points are those at which the prominent features in the
spectra have reached their maximum absorbance, and following
which the spectra decay according to the emission lifetime but
do not evolve in shape; thus, they originate from the thermally
equilibrated 3[(dxy)

1(π*(WCR))1] excited state of each
compound. Kinetic analyses of time-resolved spectra provide
time constants for the rise of the features shown in Figure 8 of
τrise ≅ 1−2 ps (Figures S12−S14, SI), which presumably
reflects vibrational cooling and/or intersystem crossing from a
higher-lying singlet state to the emissive 3[(dxy)

1(π*(WCR))1]

Table 3. Emission Spectroscopic and Photophysical Data for the 3[(dxy)
1(π*(WCR))1] State of W[C(C6H4CC)n−1Ph](dppe)2Cl

Complexes.a

cmpd λmax, nm Stokes shift, cm−1b fwhm, cm−1 τem, ns ϕem kr,
c 104 s−1 knr,

d 106 s−1

1 668e 3860 2760 303e 0.017e 5.61 3.24
2 776f 3670 2640 106f 0.0081f,g 7.64 9.36
3 806 3640 2540 49 0.0035 7.14 20.3
4 816 3670 2520 39 0.0025 6.41 25.6

aToluene solution, room temperature. bShift from the 1[dxy→π*(WCR)] absorption band (Table 3). ckr = ϕem/τem.
dknr = 1/τem−kr.

eReference 26.
fReference 27. gThe quantum yield reported here is larger than that reported in ref 27 by a factor of 1.5; this scaling reflects the subsequent revision
to the absolute quantum yield of the Ru(bpy)3

2+ reference compound from ϕ = 0.042 to 0.063 (ref 47).

Figure 7. Energy-gap law plot for the emissive 3[(dxy)
1(π*(WCR))1]

excited states of 1−4. The line is a linear fit to the data for 2−4: ln(knr)
= −0.00155Eem + 36.108 (R2 = 0.9999).

Figure 8. Transient-absorption spectra of 1−4 in toluene (λex = 400
nm) at Δt ≅ 5(τrise). Values of ΔA in the 440−760 nm and 850−1400
nm regions are not comparable because the spectra are acquired on
separate instruments at different laser powers.

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja411354d | J. Am. Chem. Soc. 2014, 136, 3127−31363132



state. The spectra of 1−4 each exhibit a prominent band in the
visible region, and 2−4 also show a strong, broad band in the
near-infrared region; the positions of these bands are set out in
Table 4. The spectra of 3 and 4 exhibit the bleaching of the
ground state 1[π(WCR)→π*(WCR)] absorbance near 450 nm,
while for 1 and 2 the equivalent features lie outside the
wavelength range of the experiment. Bleaching of the 1[dxy→
π*(WCR)] absorption band is not observed for any of the
compounds due to its relatively small extinction coefficient (ε
≤ 520 M−1 cm−1, Table 2).
The transient absorption bands of 1−4 in the visible region

are assigned to the spin- and dipole-allowed transition 3[(π-
(WCR))2(dxy)

1(π*(WCR))1→(π(WCR))1(dxy)
1(π*(WCR))2]

(denoted 3[π(WCR)→π*(WCR)]TA in Table 4), based on
their similarity to the ground-state 1[π(WCR)→π*(WCR)]
absorption bands. For 1, 1b, and 2, it was possible to derive the
excited-state electronic-absorption spectra in the visible region
from nanosecond-time-scale transient-absorption spectra (Fig-
ure 9).50 The close correspondence in shape and extinction

coefficient between the ground-state and excited-state π→π*
bands of these compounds is evident. Further, the ground and
excited-state π→π* bands of 1−4 exhibit parallel shifts in
energy as a function of the length of the OPE ligand (ΔE =
7440−8200 cm−1, Table 4); this suggests that the effective
conjugation length within the tungsten-PE unit in the
3[(dxy)

1(π*(WCR))1] excited state is 4−5 repeat units, which
is the same as that found for the ground state (vide supra). The
intense bands observed in the near-infrared region for 2−4
(Figure 8) are assigned to spin- and dipole-allowed transitions
between orbitals within the π* manifold, specifically,
3[(dxy)

1(π*(WCR))1(π*n)
0→(dxy)

1(π*(WCR))0(π*n)
1] (de-

noted 3[π*(WCR)→π*n]TA), where π*n is a LUMO+n WCR
or OPE-localized orbital. The transition energies of the near-

infrared band are more strongly dependent on the length of the
PE unit than are the 3[π(WCR)→π*(WCR)]TA bands; the
3[π(WCR)→π*(WCR)]TA band red shifts only 430 cm−1

between 3 and 4, whereas 3[π*(WCR)→π*n]TA red shifts
1550 cm−1. The larger marginal red shift is likely due to the
increased density of orbitals in the π* manifold as the
tungsten−PE unit increases in length.
An important difference between the transient-absorption

spectra of W[C(C6H4CC)n−1Ph](dppe)2Cl complexes and
those of organic analogues is in their temporal evolution. The
transient-absorption spectrum of the S1 π→π* state of
Ph(CCC6H4)2H (an analogue of 3) exhibits features that
appear within 3 ps and then red-shift over the next 50 ps.51

Corresponding evolution on these time scales of the transient-
absorption and fluorescence spectra of longer organic OPEs has
also been observed.48,52 In contrast to these observations, the
transient-absorption bands of 1−4 do not shift in position or
change shape over the course of their decay. The longer-time
spectral evolution of the organic OPEs has been interpreted as
arising from planarization of the PE units in the excited
state.48,51,52 In the ground state in solution at room
temperature, OPEs possess a broad distribution of torsional
angles due to the small barrier to rotation (0.5 kcal/mol);53 this
barrier is larger in 1[ππ*] excited states due to increased
quinoidal/cumulenic character associated with the excited-state
structural distortions.
The logical inference from these observations is that the

tungsten−PE units of extended derivatives 2−4 do not (fully)
planarize in the 3[(dxy)

1(π*(WCR))1] excited state, and that
their excited-state torsional barriers are smaller than for their
organic analogues. This can be understood on the basis of the
different orbital configurations of the 3[(dxy)

1(π*(WCR))1] and
1[ππ*] excited states. Although both states are characterized by
singly occupied π* orbitals, the depopulated orbital for the
organic compounds is π bonding and for 1−4 is the axially
nonbonding dxy orbital. Thus, for an oligomer of given length,
the changes in formal π bond order associated with planarizing
quinoidal/cumulenic distortions are smaller for the
3[(dxy)

1(π*(WCR))1] state than for the 1[ππ*] state. Relevant
to this point, a recent study of the structure of 1 in the
3[(dxy)

1(π*(WCR))1] state using X-ray transient-absorption
spectroscopy and DFT calculations26 found that, relative to the
ground state, the WC−Cipso bond contracts by 0.041 Å (a
cumulenic distortion) and the phenyl group undergoes a
quiniodal distortion characterized by the displacement
parameter δr = 0.038 Å.54 By comparison, the distortions of
the analogous S2

1[ππ*] state of OPE-1 are roughly twice as
large (Δd(HC−Cipso) = 0.071 Å, δr = 0.072 Å), consistent with
the 2-fold larger change in formal bond orders.55 These
observations support the hypothesis that the lack of longer-time
evolution of the transient-absorption spectra of 2−4 manifests a

Table 4. Ground-State and 3[(dxy)
1(π*(WCR))1] Excited-State Electronic-Absorption Bands of W[C(C6H4CC)n−1Ph](dppe)2Cl

Complexes

λmax, nm

cmpd 1[π(WCR)→π*(WCR)]a 3[π(WCR)→π*(WCR)]TA
3[π*(WCR)→π*n]TA ΔE, cm−1b

1 340 420 7440
2 386 555 800−900 7890
3 404 604, 540 (sh) 1130 8200
4 410 620 (sh), 580, 485 (sh) 1370 8260

aTable 2. bΔE = E(1[π(WCR)→π*(WCR)]) − E(3[π(WCR)→π*(WCR)]TA), measured at the lowest-energy shoulder.

Figure 9. Electronic-absorption spectra of the ground states (solid
line) and 3[(dxy)

1(π*(WCR))1] excited states (data indicated by solid
circles, connected by a smooth curve) of 1, 1b, and 2 in toluene.
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small perturbation to their ground-state torsional distributions,
due to a small increase in excited-state torsional barriers relative
to their organic analogues.

■ CONCLUSIONS
The substitution of a tungsten center for the terminal ethynyl
carbon atom in an oligo-phenylene-ethynylene, yielding the
W[C(C6H4CC)n−1Ph](dppe)2Cl family of compounds (1−5),
preserves the molecular structure and key electronic properties
of the organic materials and provides a locus for introducing
new functionality. The metallo- and organic OPEs are found to
possess similar effective π-conjugation lengths (4−5 PE units),
first reduction potentials, π* orbital energies and amplitudes,
and OPE-centered π→π* electronic-absorption bands. In
addition to these conserved properties, the metallo-OPEs also
undergo reversible one-electron oxidation at potentials
approximately 1 V lower than those of organic OPEs, and
long-lived phosphorescence from the 3[(dxy)

1(π*(WCR))1]
state instead of the 1[ππ*] fluorescence characteristic of organic
OPEs. The different excited-state orbital configurations of
organic (1[ππ*]) and metallo (3[(dxy)

1(π*(WCR))1]) OPEs
affect the excited-state barrier to rotation in the PE backbone
and, in a point that remains under investigation, may be
important for the contrasting PE-length dependences of their
radiative rates (which are sizable for organic OPEs and
negligible for 1−4) and nonradiative rates (small for organic
OPEs, sizable for 1−4).
The fact that the conserved and new properties of metallo-

OPEs 1−4 can be understood largely on the basis of the π, π*,
and dxy orbital energies, which for tungsten−alkylidyne
complexes are known to be sensitive to the nature of the
supporting ligands, suggests that it should be possible to
control these properties through compositional variation. It has
previously been shown for W(CR)L4X compounds that the
oxidation potential is linearly correlated with the calculated dxy
orbital energy, and can be tuned over a 2 V range by varying the
equatorial ligands.30 The oxidation potentials of 1−4 conform
to this correlation; thus, these empirical relationships should be
directly applicable to the design of new redox-active metallo-
OPEs with other ligand sets. Similarly, variation of the
supporting ligands of W(CR)L4X compounds can strongly
affect π(WCR) and π*(WCR) orbital energies; this provides a
means to modulate the interactions among the fragment π/π*
orbitals of the [W(CC6H4)L4X] and [(CCC6H4)n−1H]
subunits. For example, in the series of compounds W(CPh)-
(dppe)2Cl (1), W(CPh)(dppe)(CO)2Cl, and W(CPh)-
(CO)4Cl, the π(WCPh) and π*(WCPh) orbital energies are
calculated to decrease by 0.6−0.8 eV with each substitution of a
dppe ligand by two CO ligands.30 The close correspondences
among the π* orbitals (and associated properties) of 1−5 and
OPE-1−OPE-5 are due to the nearly identical π* fragment-
orbital energies of the [W(CC6H4)(dppe)2Cl] and
[(CCC6H4)n−1H] subunits, and the dissimilarities between
the π orbitals of 1−5 and OPE-1−OPE-5 arise from the ∼1.5
eV mismatch between the corresponding π fragment orbitals.
Thus, incorporating a [W(CO)4Cl] subunit into an OPE
should bring the π(WCR) and π(OPE) fragment orbitals into
resonance and decouple the π*(WCR) and π*(OPE) fragment
orbitals, while the mixed-ligand [W(dppe)(CO)2Cl] unit would
provide intermediate mixing of the π and π* levels. The ability
to tune the delocalization of both the π and π* orbitals could
have applications for redox- and photoactive materials, such as
in selectively promoting or disfavoring hole or electron transfer.

Work is underway to test these predictions in new metallo-OPE
derivatives of type C.
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