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Abstract: Whilst 2- or 5-OMe groups on the bridging
phenylene ring in [{Cp*(dppe)RuC�C}2(μ-1,3-C6H4)]+

have little influence on the electronic structure of this
weakly coupled mixed-valence complex, a 4-OMe sub-
stituent enhances ground state electron delocalization,
and increases the intensity of the IVCT transition.
Vibrational frequency and TDDFT calculations (LH20t-
D3(BJ), def2-SVP, COSMO (CH2Cl2)) on ([{Cp*-
(dppe)RuC�C}2(μ-1,3-C6H3-n-OMe)]+ (n=2, 4, 5) mod-
els are in excellent agreement with the experimental
results. The stronger ground state coupling is attributed
to the change in composition of the β-HOSO brought
about by the 4-OMe group, which is ortho or para to
each of the metal fragments. The intensity of the IVCT
transition increases with the greater overlap of the β-
HOSO and β-LUSO, whilst the relative phases of the β-
HOSO and β-LUSO in the 4-OMe substituted complex
are consistent with predictions of constructive quantum
interference from molecular circuit rules.

Introduction

The influence of the topology, or site of connectivity, on the
capacity of a molecular bridge to relay or transmit electronic
effects has been clearly demonstrated in the context of both
charge transfer processes within donor-bridge-acceptor (D-
B-A) molecules,[1] including mixed-valence examples (M-B-
M+),[2, 3] and the charge transport processes that underpin
the electrical properties of molecular junctions.[4] Assuming
efficient D-B and A-B coupling, the bridge structures that
give rise to stronger coupling between donor and acceptor
sites in discrete molecules are usually found to lead to
higher molecular conductance when well-coupled by anchor
groups between two electrodes (i.e. within a molecular
junction).[5,6] Such observations have led to discussions of
the significance (or otherwise) of correlations between
molecular charge transfer processes in donor-acceptor
systems, and the charge transport processes within a
molecular junction that underpin single molecule
conductance.[7,8]

Beyond simple models of charge transport through a
molecular junction in terms of coherent tunneling or
thermally activated hopping mechanisms, quantum interfer-
ence patterns also play a critical role in controlling electron
transport within molecular junctions.[9] Taking the most
common situation of off-resonance transport within the
molecular junction (i.e. transmission by tunneling through
the HOMO–LUMO gap), when the transmitted electron
waves injected from one electrode at one site of the bridge
(r) emerge in-phase at the collection site connected to the
second electrode (s), the constructive quantum interference
(CQI) effects that arise result in pronounced electrical
conductance of the junction (Figure 1a). Conversely, when
the injected electron wave emerges as a sum of out-of-phase
amplitudes (destructive quantum interference, DQI), there
is a significant decrease in electron transmission and hence
decreased electrical conductance (Figure 1b).[10]

Within the framework of Landauer-Büttiker theory,
these quantum interference effects give rise to characteristic
features in the transmission function, T(E), which describes
the probability of the transmission of an electron of energy
E passing through the junction. CQI effects result in
significant values of T(E), and relatively high through-
molecule conductance for a broad range of electron energies
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in the middle of the HOMO–LUMO gap (Figure 1a). In
contrast, DQI leads to a sharp dip in the transmission
function centered on the specific energy where maximum
cancellation of T(E) occurs, which significantly decreases
mid-gap conductance (Figure 1b).[11]

A characteristic feature of DQI within molecular
junctions is the sensitivity of the position of the conductance
dip relative to the Fermi energy (and hence molecular
conductivity) to the structure of the molecular backbone,[12]

including the electronic nature, position and conformation
of pendant groups around the molecular bridge.[13] These
effects have been explored at a range of levels of theory,
and demonstrated in molecular junctions formed from 2-, 4-,
and 5-methoxy substituted derivatives of 1,3-diethynyl
benzene (1–4, Scheme 1).[14]

Beyond molecular junctions, the concept that DQI
effects may play a role in mediating the charge transfer
processes within donor-acceptor systems has been proposed
by Grozema.[15] However, while the effects of bridge-
substituents on the electronic coupling in donor-acceptor
systems, including weakly-coupled mixed-valence com-
plexes, have been explored,[16] strong experimental and
computational evidence linking the concept of QI with the
magnitude of electronic coupling in such molecular charge-
transfer systems has been elusive.[17]

Results and Discussion

Mixed-valence complexes based on 1,3-diethynyl benzene
bridging ligands are well known, and display the weak
coupling expected of a cross-conjugated bridge.[18] In order
to explore the potential analogies of the substituent-tunable
DQI phenomena observed in molecular junctions formed
from 1–4[14] with the influence of substituents on mixed-

valence complexes, computational studies were carried out
at the DFT (LH20t-D3(BJ)/def2-SVP, COSMO(CH2Cl2))
level of theory on complexes [5’]n+–[8’]n+ (n=0, 1)
(Scheme 1, Table S1; the ’ notation is used to designate a
computational model, as distinct from a synthetic system)
and structurally simpler systems featuring {Ru(dmpe)Cp}
end-groups ([5a’–8a’]+) (Scheme S1, Table S1).[19] In each
case, the molecular structures were fully optimized using
starting structures derived from an approximately C2v–
symmetric arrangement. Given the close agreement between
the two sets of results, the discussion below is presented
with reference to the larger, more experimentally relevant
{Ru(dppe)Cp*} series [5’–8’]n+.

The optimized structures give clear evidence for the
different electronic environments at the metal centers, with
the longer Ru� P, shorter Ru� Cα and longer Cα�Cβ bond
lengths associated with one metal fragment clearly identify-
ing the site of oxidation (nominally designated Ru(1),
Table S1). These structural differences at the metal centers
are reflected in the composition of the frontier orbitals
(Figure 2, Table S2). As is typical of formally ruthenium(III)
arylacetylide complexes,[20] the unpaired electron and the β-
spin lowest-unoccupied spin orbital (β-LUSO) in the parent
complex [5’]+ is distributed over one metal center (i.e.
Ru(1)) and the associated acetylide ligand, as well as the
central ring; the β-spin high-occupied spin orbital (β-HOSO)
is similar in structure and distributed over the other metal-
acetylide fragment (Figure 2, Table S2). A weak IVCT band
(i.e. the β-HOSO!β-LUSO transition) is calculated at
3548 cm� 1 (fosc =0.0174) (Figure 3, Table S2). The electronic

Figure 1. Cartoon depictions of molecular junctions illustrating the
sites at which electrons are injected into the molecular π-system from
the left electrode (r) and collected at the right electrode (s) through
molecular backbones together with associated plots of logT(E) vs E-EF

illustrating: a) constructive quantum interference (CQI); b) destructive
quantum interference (DQI).

Scheme 1. Cartoons showing the molecular junctions and associated
single molecule conductivity of compounds 1–4, and the mixed-valence
complexes [5–8]+.
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structure of [5’]+ is therefore consistent with the description
of this compound as a localized mixed-valence complex, and
in good agreement with previous experimental studies.[18a]

When placed in the 5-position of the central ring, the
OMe group sits at a node in both the β-HOSO and β-LUSO
(Figure 2), and consequently, the molecular structure (Ta-
ble S1) and frontier orbital composition (Table S2) of [6’]+

are essentially identical to those of [5’]+. A weak IVCT band
(β-HOSO!β-LUSO) is calculated at 3217 cm� 1 (fosc =

0.0066) (Figure 3, Table S2). The similar mixed-valence
character of [5’]+ and [6’]+ follows the predictions made for
the influence of substituents at the 5-position on the energy
of the DQI dip in 1,3-contacted benzene rings,[13a] and
experimentally verified by the negligible influence of the 5-

OMe moiety on the conductance of the 1,3-diethynyl
derivative [2] relative to [1].[14]

Although the 2-position is predicted to be able to tune
the position of a DQI dip of a 1,3-connected benzene ring in
a molecular junction,[13a] in [7’]+ steric interactions with the
flanking ethynyl groups prevent the OMe group from
adopting a position co-planar with the phenyl ring
(Scheme 1). Therefore, although the 2-position is “QI
active”, the restricted conformation of the OMe group
means it can act only as an inductively electron-withdrawing
group with a small role in tuning the energy of the IVCT
band. The conformational decoupling of the π-type O(2p)
orbital of the 2-OMe moiety from π-system of the bridging
ligand means this group has little influence on the over-
arching QI effects that are propagated through the π-
electron system and hence has essentially no impact on the
mixed-valence character of [7’]+ relative to [5’]+ (Figure 2,
Figure 3, Table S1, Table S2). The conformationally induced
‘tuning’ of the influence of the 2-OMe group on the DQI
features that impact upon the molecular conductance of [3]
(Scheme 1) has been discussed elsewhere.[14]

In contrast, the 4-OMe group in [8’]+ has a subtle but
important role in modifying the electronic and spectroscopic
properties of this complex relative to the other examples
noted above. The 4-OMe group sits either para or ortho to
each of the metal acetylide fragments and is therefore
linearly conjugated to both, even though the metal frag-
ments are not linearly conjugated to each other i.e. the
metal centers and 4-OMe group are cross-conjugated. The
Ru(1)-P(11)/P(12) bond lengths are shorter in [8’]+ than the
other members of the series, indicating an interaction
between the electron-donating OMe group and the para-
positioned metal acetylide (i.e. Ru(1)� Cα�Cβ) (Table S1).
The majority of the β-LUSO character is distributed over
the Ru(1)� Cα�Cβ chain, with the electron donating charac-
ter of the OMe moiety also resulting in some increased
contribution from the bridging ligand to the β-LUSO
relative to [5’]+. Rather crucially, the 4-OMe group also
results in a small but important increase in the contribution
from the Ru(1)� Cα�Cβ(1) fragment to the β-HOSO that is
not evident in the other derivatives (Figure 2, Table S2).

The increased ground-state electronic interactions be-
tween the metal fragments in [8’]+ revealed by the
composition of the β-HOSO also increases the orbital
overlap between the β-HOSO and β-LUSO (Figure 2,
Table S2). In turn, this results in the IVCT-like β-HO-
SO!β-LUSO transition having greater intensity than the
other members of the series (4812 cm� 1, fosc =0.0902). This
transition results in a low energy band in the simulated UV/
Vis-NIR spectra that is more apparent in the other examples
(Figure 3); the higher energy spectral features of [8’]+ are
qualitatively similar to those of [5’–7’]+ (Figure S1).

The above results can also be understood from the
viewpoint of perturbation theory. From the parent [5’]+ a
local perturbation at the n-position of the central ring can
only induce a coupling between the β-HOSO and β-LUSO
of [5’]+, if (a) both orbitals have a non-zero amplitude at the
n-position and (b) the magnitude of the perturbation is
finite. Therefore, since both orbitals have no amplitude at

Figure 2. Plots of the β-HOSO and β-LUSO (contours plotted at �0.02
(e/bohr3)1/2) and spin density (contours plotted at �0.002 (e/bohr3)1/2)
of [5’–8’]+.

Figure 3. Plots showing the results of TDDFT calculations at the LH20t/
def2-SVP//LH20t-D3(BJ)/def2-SVP, COSMO (CH2Cl2) level of theory
from [5’–8’]+ as stick spectra, and as spectra broadened with Gaussian
line shapes with linewidths of 1100 cm� 1 together with spectra of [5]+–
[8]+ obtained by spectroelectrochemical methods.
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position 5 (meta to both ethynyl moieties), a local perturba-
tion at the 5-position as in [6’]+ does not induce a coupling
between the β-HOSO and β-LUSO and has negligible effect
(Figure 2, Table S1, Table S2). On the other hand, the β-
HOSO and β-LUSO of [5’]+ have non-zero amplitudes at
position 2 (ortho to both ethynyl fragments). However, in
the case of the 2-OMe substituted complex [7’]+ the
magnitude of the perturbation is negligible, because due to
steric hindrance of the OMe group at this position, the π-
system of the OMe group is orthogonal to, and therefore
decoupled from, the π-system of the central ring (Fig-
ure 2).[14] Therefore the presence of the 2-OMe group has
negligible effect on the electronic structure and optical
properties of [7’]+, which are similar to those of [5’]+

(Table S1, Table S2). Only the introduction of the OMe
group at position 4, as in [8’]+, satisfies both of the above
conditions (a) and (b) and induces a stronger mixing of the
β-HOSO and β-LUSO in [8’]+ than in [5’]+, [6’]+ or [7’]+. In
turn, this leads to a more intense β-HOSO!β-LUSO
electronic transition in the 4-OMe substituted complex
(Figure 2, Figure 3, Table S1, Table S2).

Intriguingly, the increased ground-state electronic inter-
action between Ru(1) and Ru(2) brought about by the
introduction of the 4-OMe group in mixed-valence [8’]+

compared with [5’–7’]+ and associated increases in IVCT
band intensity follow the substituent induced trends in
molecular conductance reported earlier, i.e. 4-OMe func-
tionalized 4 displays a higher single-molecule conductance
than the parent, 2-OMe and 5-OMe derivatives 1–3
(Scheme 1).[14] Beyond the analogies of the stronger elec-
tronic coupling in mixed-valence [8’]+ and the more efficient
electron transport properties of 4, further parallels can be
found in the phases of the frontier molecular orbitals that
underpin the quantum interference effects noted above.
According to the “orbital product rule”,[9] a qualitative
indication of the mid-gap electron transport probability (i.e.
conductance) through a molecule weakly coupled to two
electrodes can be obtained from the phase and amplitude of
the HOMO and LUMO at the points of molecule-electrode
contact (Figure 1).[21] Provided there is significant orbital
amplitude at the site of electron injection (r) and collection
(s), when the sign of the product of the MO coefficients at
atoms r and s in the HOMO is opposite to the sign of the
product of the coefficients of those atoms in the LUMO
then conductance is enhanced by CQI. Conversely, if the
product of the MO coefficients at r and s are the same in
both the HOMO and LUMO then conductance is reduced
by DQI.[14]

Although a discrete mixed-valence complex would not
be described in the same terms as a molecular junction, the
primary analysis underpinning the orbital product rule treats
the Green’s functions of the metal electrodes and molecule
separately, with the product rule arising from the matrix
elements of the zeroth Green’s function of only the
molecular part. In the case of [8’]+, the β-HOSO has the
same phase at both the ruthenium centers whilst the β-
LUSO has opposite phase at the metal atoms (Figure 2),
which follows the orbital product rule for enhanced con-
ductance. The role substituents groups such as the OMe

moiety in the compounds and complexes of Scheme 1 play
in promoting amplitude of the appropriate phase at various
points in the frontier orbitals may therefore be suggested as
the critical factor controlling both the electrical properties of
molecular junctions and the electronic character of mixed-
valence complexes.

To verify these suggestions concerning chemical struc-
ture—electronic property effects, mixed-valence complexes
derived from one-electron oxidation of the experimental
systems 5–8 (Scheme 1) were chosen for study by UV/Vis-
NIR and IR spectroelectrochemical methods, complement-
ing and extending studies of the parent complex 5 reported
earlier.[18a] The structures of each of 5–8 have been
determined crystallographically (Figure S2, Table S3,
Table S4).[22]

In CH2Cl2 solution containing 0.1 M NBu4PF6 as sup-
porting electrolyte, each complex 5–8 undergoes two
sequential one-electron oxidation processes at a platinum
working electrode (Figure S3, Table S4). The first oxidation
process of the 4-OMe substituted complex 8 is 70–170 mV
more favorable than other members of the series, reflecting
the mutual influence of the linearly conjugated, para-
disposed OMe and Ru(1) half-sandwich metal fragments.
The enhanced stability of [8]+ towards disproportionation is
reflected in the greater separation of the two redox
potentials (ΔE1-2) than found for other members of the series
(Figure S3, Table S4). Given that similar solvation energies,
ion-pairing interactions, electrostatic and magnetic interac-
tions and reorganization energies are expected to be
associated with the redox processes of 5–8, the larger ΔE1-2

offered by 8 (290 mV, c.f. 5–7 210–230 mV) points to greater
resonance stabilization energy in [8]+ than in the other
members of the series.[23] However, partitioning that addi-
tional stabilization between the resonance effects arising
from the OMe group and those arising from the greater
delocalization between the metal fragments is rather
challenging.

The IR spectra of [5–8]n+ (n=0, 1, 2) obtained through
spectroelectrochemical methods provide further indications
of the unique role of the 4-OMe group in tuning ground
state electronic interactions between the metal centers
through the bridging ligand (Figure 4). Upon one-electron
oxidation within the spectroelectrochemical cell, the single
ν(C�C) band of 5 (2060 cm� 1) evolves to a distinct two-band
pattern (2052, 1932 cm� 1) that characterizes the mixed-
valence species [5]+, which is clearly localized on the IR
timescale.[18a] Further oxidation gives the homo-valent
dication [5]2+ which is characterized by a single ν(C�C)
band (1935 cm� 1) (Figure S4). Very similar spectral profiles
are observed for [6]n+ and [7]n+ (n=0, 1, 2; Figure 4,
Figure S4). However, while the ν(C�C) bands in homovalent
8 (2064 cm� 1) and [8]2+ (1929 cm� 1) are comparable with the
spectra of other members of the series, the ν(C�C) bands in
the 4-OMe substituted mixed valence derivative [8]+ are
broadened and fall at significantly lower frequencies (2033,
1905 cm� 1) (Figure 4). We suspect that the broadening of the
IR active ν(C�C) bands in [8]+ arises from the coupling of
the direction of the vibrational (stretching) motion with the
electron-transfer processes leading to the IVCT transition.
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Calculated vibrational frequencies from 5’–8’ and [5’–8’]+

are in broad general agreement with these observations
(Table S5).

The UV/Vis-NIR spectra collected from [5–8] and [5–8]+

by spectroelectrochemical methods (Figure 5) are in close
agreement with the results of TDDFT calculations over a
wide range of wavelengths (Figure S1). In the NIR region,
extremely weak bands at energies below 8000 cm� 1 can be
observed in the spectra of the mixed-valence products [5–
7]+ that are not apparent in the spectra of the neutral or
dicationic analogues (Figure 3, Figure 5, Figure S5). These
weak bands are assigned to the IVCT processes in the
weakly coupled mixed-valence complexes, in agreement
with the results of the TDDFT calculations reported above
(Figure 3, Table S2). Together, the computational studies
with [5’–7’]+ and spectroelectrochemical results of [5–7]+

collectively indicate little influence from the OMe group in

the 5- or conformationally restricted 2-positions on the
electronic structure of the 1,3-diethynyl benzene bridged
mixed-valence complex.

Significantly, a relatively intense, low energy electronic
absorption envelope, unique to the monocation [8]+, and
therefore also assigned to IVCT processes, can also be
observed in the range ca. 8000–2000 cm� 1 (Figure 5, Fig-
ure S5) in good agreement with the TDDFT calculations
from [8’]+ (Figure 3, Table S2). Interestingly, this low energy
region is also modelled extremely well by TDDFT calcua-
tions carried out with the structurally reduced model [8a’]+

(Figure S6) However, as has been discussed widely else-
where, the extraction of the authentic IVCT band-shape
from complex absorption envelopes is complicated by
factors such as the distribution of molecular conformers in
solution,[24] and overlapping electronic transitions of similar
energy but different electronic character (e.g. dd transitions,
LMCT/MLCT bands).[25] These factors make the application
of Hush-style analyses of the IVCT component of the NIR
band envelope, and hence determination of the underlying
electronic coupling parameter, subjective to the deconvolu-
tion conditions employed and correct assignment of the
contributing spectroscopic transitions. The use of DFT
models with an appropriate functional are recognised as
providing a more complete description of the electronic
structures of mixed-valence complexes, even if lacking the
appeal of a single numerical parameter. Here, the DFT
calculations employing a local hybrid functional suggest that
the enhanced electronic interactions between the metal
centers in [8]+ evinced by both the IR and NIR spectra can
be attributed to the unique delocalization and parity of the
β-HOSO and β-LUSO brought about by the 4-OMe
substituent.

Conclusion

The effect of 2-, 4- and 5-OMe substituents on the electronic
coupling in a 1,3-diethynylbenzene-bridged mixed-valence
complex has been explored with DFT calculations using a
local hybrid functional and experimental spectroelectro-
chemical measurements. The correlation of the results with
the predictions made on the basis of the orbital product rule
offers a new avenue for the design and exploration of
mixed-valence complexes and intramolecular charge transfer
processes. The use of a simple, selectively positioned OMe
group to enhance the intramolecular coupling between the
metal centers in the 1,3-diethynyl benzene-bridged mixed-
valence complex provides further scope for tuning MV
characteristics in common frameworks, and also points to
the potential use of MV complexes as probes or predictive
models for DQI effects in molecular junctions.
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