JJOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

Delocalization-to-Localization Charge Transition in Diferrocenyl-
Oligothienylene-Vinylene Molecular Wires as a Function of the Size

by Raman Spectroscopy

Sandra Rodriguez Gonzilez,” M. Carmen Ruiz Delgado,Jr Rubén Caballero,* Pilar De la Cruz,*
Fernando Langa,*’;t Juan T. Lopez Navarrete,*" and Juan Casado®"

"Department of Physical Chemistry, University of Malaga, Campus de Teatinos s/n, Malaga 29071, Spain
*Instituto de Nanociencia, Nanotecnologia y Materiales Moleculares (INAMOL), University of Castilla-La Mancha,

Campus de la Fabrica de Armas, 45072-Toledo, Spain

© Supporting Information

ABSTRACT: In going from short to large size thienylene-
vinylene diferrocenyl cations, the transition from a charge
delocalized to a localized state is addressed by resonance Raman
spectroscopy and supported by theoretical model chemistry.
The shorter members, dimer and tetramer, display conjugated
structures near the cyanine limit of bond length equalization as a
result of the strong interferrocene charge resonance, producing
a full charge delocalized mixed valence system. In the longest
octamer, charge resonance vanishes and the cation is localized
at the bridge center (the mixed valence property disappears).
The hexamer is at the delocalized-to-localized turning point.
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Solvent and variable-temperature Raman measurements highlight this borderline property. A detailed structure—property
correlation of bond length alternation data and Raman frequencies is proposed to account for the whole set of spectroscopic
properties, with emphasis on the changes observed with the size of the molecular wire.

I. INTRODUCTION

Organic 7—conjugated molecules are of tremendous interest
due to their applications as semiconducting elements in the field
of plastic electronics." The understanding of the mechanisms of
charge transport in these semiconductors, at any scale (molecular
wire, nanoscopic, or mesoscopic), is therefore of prime impor-
tance. Organic molecules of the type M—B—M, where two equal
redox centers (M) of a molecule in different oxidation states
compete for the charge via a mediating molecular bridge (B),
are interesting charge transfer models, or mixed valence systems
(MV).> Many studies of M—B—M-type molecules have focused
on determining electron transfer rates either by NMR® or ESR,*
by IR for metal-centered molecules,” by means of the reorga-
nization energies and electronic coupling by analyzing optical
transitions,6 etc.

An important aspect of symmetric M—B—M systems is the
extent of the delocalization of the charge along the molecular
wire. In this regard, M—B—M molecules in their singly oxidized
state can be catalogued in two main types (Robin—Day classifica-
tion of mixed valence systems’): localized systems characterized
by the placement of the total charge in one of the donor groups
(class II, *M—B—M or M—B—M?*; see Scheme 1) and delo-
calized species where the charge excess fully spreads out between
the two redox centers over the bridge (class III, *"M—B**—M®*
in Scheme 1). The case of M—B*—M represents the disap-
pearance of mixed valence property and constitutes the possibility
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of the charge being exclusively localized in the bridge. The
transformation or interconversion of these classes of species, in
essence the localization-to-delocalization of the charge, mimics
the intramolecular charge displacement, which is the paradigmatic
event in the transport of the charge along a given molecular wire.*

Oligothiophenes represent an eminent family of organic mole-
cules, broadly applied as bulk semiconductors and as molecular
wires.” The stabilization of the charge in oligothiophenes is
conducted by a cooperative transformation of the successive
conjugated C=C/C—C bonds which accordingly modify their
bond length alternation pattern (BLA, or average difference
between the consecutive C=C double and C—C single bonds
of the conjugated path'®). Vibrational normal modes moving
the conjugated path (i.e,, C=C/C—C stretches) are thus infor-
mative of the transformation of the conjugated skeleton, and
their associated bands, especially active in the Raman spectrum,
are a fingerprint of the placement of the charge within the mole-
cule, that is, of its localized or delocalized character.!' These
skeletal C=C/C—C modes are very visible in the Raman
experiment because of (i) highly efficient electron—phonon
coupling along these vibrational modes in conjugated molecules
and (ii) resonance Raman effects when excitation is provided
with a laser of the same energy of the new intragap electronic
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Scheme 1. Representation of the Three Interconverting Localized-to-Delocalized Forms in a Single Charged B—M—B Molecular
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Scheme 2. Series of Fc—mTV—Fc and mTV Compounds with n =1, 3, 5,and 7 and m = n + 1 (i.e., for n = 1, Fc—2TV—Fc and
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Scheme 3. Synthesis of Fc—mTV—Fc Compounds
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states created in the oxidized charged species (i.e., by doping).
Resonance Raman spectroscopy is very valuable for chemical
detection since allows one to record spectra of species at the
level of traces.”

This work presents the preparation of a series of medium to
large size oligothiophene-vinylene oligomers (Scheme 3 and
Supporting Information) in which the delocalized/localized
property is introduced in the radical cation state by two end-
capping ferrocenes," thus mimicking the M—B—M structural
formula. For comparisons, the same oligothiophenes-vinylene
oligomers without ferrocenes are also studied (Scheme 2). Our
Raman study proposes (i) the analysis of the ground electronic
state Raman frequencies of the selectively enhanced C=C/C—C
Raman modes, (ii) their evolution as a function of the molec-
ular length, (iii) the discussion in terms of localization or
delocalization of the charge, and (iv) the use of theoretical
chemistry input and electrochemistry to corroborate the Raman
spectroscopic results.

Il. EXPERIMENTAL AND THEORETICAL DETAILS

1. Synthesis. Preparation of the samples in Scheme 3 follows by
McMurry cross-coupling between OHC—mTV—CHO and ferrocene-
carboxaldehyde (see additional details in Supporting Information).'*
Oxidation of the samples was achieved by stepwise addition of FeCl;
in dichloromethane followed by UV—vis—NIR absorption spectros-
copy (see Supporting Information).

2. Raman Spectroscopy. All the spectra presented in this work
are taken with the 1064 nm Raman excitation, corresponding to re-
sonance Raman signatures of the radical cations as have been obtained
by exciting the NIR absorption bands at 1000—1200 nm (see Figure 3
below), and 1064 nm FT—Raman spectra were measured using an
FT—Raman accessory kit (FRA/106-S) of a Bruker Equinox 55 FT—IR
interferometer. A continuous—wave Nd—YAG laser working at 1064 nm
was employed for excitation. A germanium detector operating at liquid
nitrogen temperature was used. Raman scattering radiation was collected
in a back-scattering configuration with a standard spectral resolution of
4 cm™, and 1000—3000 scans were averaged for each spectrum. Tem-
perature-variable FT-Raman measurements were performed using a
variable-temperature cell Specac P/N 2100. This cell consists of a
surrounding vacuum jacket (0.5 Torr), which is combined with a
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refrigerant Dewar and a heating block as the sample holder, allowing
temperatures between —170 and 250 °C to be achieved. A Graseby
Specac automatic temperature controller was employed. Samples were
inserted into the Dewar/cell holder, and the spectra were recorder
after waiting for thermal equilibrium of the sample.

3. UV-Vis—NIR Spectroscopy. 190—3000 nm absorption spectra
were recorded with a Lambda 19 spectrophotometer from Perkin-
Elmer.

4. Electrochemistry. Electrochemical experiments have been con-
ducted in 0-DCB/acetonitrile (4:1) at room temperature by using
0.1 M tetrabutyl ammonium perchlorate (Bu,NCIO,) as the supporting
electrolyte. A glassy carbon was used as the working electrode and a Pt
wire as the auxiliary electrode against a pseudoreference electrode of
Ag/0.001 M AgNO;, 0.1 M Bu,NCIO,. All redox potentials provided
are referred to the Fc/Fc' pair.

5. Theoretical Details. The molecular geometries of the neutral
and radical cation states were calculated at the Density functional
theory (DFT) level using the B3LYP functional'® as implemented
in the Gaussian 09 program.'” For the open-shell cations, the un-
restricted method, UB3LYP, was used. The 6-31G** basis set'®%°
was chosen as a good compromise between accuracy and applicability
to large molecules. The bond length alternation (BLA'®) parameters
for the thienyl rings were calculated as the difference between the
length of the (C4—Cjy) bond and the average of the (C,—Cg) and
(C,—C4) bonds. For the vinylene goups, the BLA’s were calculated as
the average of the difference of the single bond distances minus the
double bond ones. On the basis of the resulting ground-state opti-
mized geometries, harmonic vibrational frequencies and Raman
intensities were calculated. The final frequencies were scaled by a
uniform factor of 0.96 as recommend by Scott and Radom.”’ The
ionization potentials (IPs) were calculated directly from the relevant
points on the potential energy surfaces using the standard procedure
detailed in the literature.”* Specifically, adiabatic IPs were evaluated as
the energy difference between the relaxed cation and the neutral molecule.

lll. RESULTS AND DISCUSSION

1. Nature of the Conjugational Vibrational Mode in
the Raman Spectrum. The Raman frequency of the C=C
vinylene stretching mode, 1y;,,(C=C), is central to our dis-
cussion, as it represents the vibrational Raman probe of molec-
ular C=C/C—C conjugation. This appears as a strong Raman
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Figure 1. Experimental (top in black) and DFT/(U)B3LYP/6-31G** (bottom in blue) spectra of neutral (solid line) Fc—4TV—Fc and of its radical
cation (dotted line) species together with the vibrational modes associated with the vvim/l(C=C) bands in both redox species.
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Figure 2. (Left) vvinyl(CzC) frequency behavior of Fc—mTV—Fc (neutral and radical cations) with the reciprocal of the chain length. (Right) FT-
Raman spectra of the neutral (top) and radical cation (middle) of Fc—4TV—Fc and of the cation species of dimethyl quaterthiophene (bottom) as a
representative case of pure thienyl cation. Bands in red highlight the cyanine-like vinylenic pattern.

intensity band in the 1570—1590 cm™" region of the neutral
Fc—mTV—Fc compounds: for example, in Figure 1, at 1577
cm ™! in neutral Fc—4TV—Fc associated with the DFT/B3LYP/
6-31G** theoretical band at 1568 cm™" which corresponds to a
symmetric vibration mostly of the vinylene C=C stretches
with an appreciable contribution of the thiophenic C=C
stretches as well (Figure 1).

After one-electron extraction, the theoretical neutral
l/vmyl(C=C) band moves toward lower frequencies by 40 cm™
and to a similar extent, by 30 cm™, in the experimental spectrum
from Fc—4TV—Fc to [Fc—4TV—Fc]*". The thiophenic bands
around 1400 cm™ in both redox species move similarly in the
theoretical and experimental spectra (Figure 1). Interestingly,
the most intense band of the cationic species is measured and
predicted in the same 1200—1250 cm™' interval and due to
vinylenic vibrational modes (see asterisks in Figures 1 and S13,
Supporting Information). In general, the coincidence between
the experimental and theoretical quantities is extraordinary good
taking into account the rather large molecular size and number of
atoms of Fc—4TV—Fc. We will assume that this good correlation
warrants the use of the theoretical molecular parameters to
discuss the spectroscopic properties. In the radical cation, the
vibrational normal mode of the theoretical band at 1528 cm™
(experimentally at 1548 cm™") also highlights a strong vibrational
mixing between the 4;,)(C=C) and e i(C=C) modes,
significantly larger than the neutrals. This reinforces further
that in order to account for the size frequency behavior of
these conjugational Raman bands, either in the neutrals or in
the cations, it is required to invoke its dual l/vinyl(CZC) +
l/thienyl(CZC) nature in connection with the C=C/C-C

BLA’s of vinylene, of thiophenes, and of the two together.

2. FT-Raman Spectra of Neutrals and Cations: Insights
on the Delocalized-to-Localized Property. In Figure 2 the
frequency behavior of the y,;(C=C) Raman band around
1540—1590 cm™" is represented for the neutral and for the
generated radical cation species.

This band shows a continuous frequency downshift on chain
lengthening for the neutrals® which perfectly adjusts with the
reciprocal of the chain length. This behavior is in agreement
with (i) the well-known large conjugation length of nTV
arrays'* (i.e, much larger than in homogeneous thiophene
oligomers), which indicates that our octamer conjugation is still
below the conjugation length limit, and (i) this frequency
downshift being a particular feature of the thienylene-vinylene
moiety with marginal involvement of the ferrocene caps. On
passing from the neutral to the radical cations, a large 30—40 cm™"
frequency downshift is observed that is justified by the bond-
ing nature of the C=C bonds in the HOMO orbital of the
neutral systems (see Figure S12, Supporting Information)
that is decreased with oxidation provoking the C=C bond
weakening and consequently the Raman v;,,(C=C) fre-
quency downshift.** The Raman spectrum of [Fc—4TV—Fc]**
presents a particular profile with two stronger bands around
1550 and 1240 cm™" with major contents of vinylene modes
Vying(C=C) and in-plane f,;,;(C—H), respectively (see Figure
S13, Supporting Information), or, in other words, a spectral
profile dictated by the oligoene-like character imparted by the
vinylene bridges.

In contrast to the neutrals, the main finding in the oxidized
compounds is the frequency constancy of the l/vinyl(CZC)

Scheme 4. Representation of the Cyanine Limit (full delocalized state) in a Streptocyanine
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Figure 3. (Left) FT-Raman spectra of [Fc—mTV—Fc]** and [mTV]** in
dichloromethane. (Right) NIR absorption spectra of [Fc—mTV—Fc]**
samples highlighting the laser wavelength of the Raman experiment.

band, an effect now necessarily ascribed to the ferrocene caps
in the context of competition for the charge through the nTV
wire. Due to symmetry reasons, a possible mechanism to equally
share the positive charge between the ferrocene donors would
be the charge in resonance through the conjugated bridge. This
description is similar to the case of molecules in the cyanine
limit in which donor—acceptor competition produces bond
length equalization and, in the ultimate case, the vanishing of
the BLA pattern of the C=C/C—C conjugated path (see
Scheme 4). The first consequence of this cyanine-like structural
property in our cationic molecules would be the large reduc-
tion of the BLA pattern, eventually approaching bond length
equalization. This structural property might certainly justify
the near independence of the Vvinyl(C=C) frequency with
the chain length, since small BLA’s would give rise to small

frequency differences. Merocyanine chromophores with struc-
tures near the cyanine limit also possessing vinylene bridges,
which display resonant Raman spectra, have been described in
the literature, the most intense bands being around 1550 and
1230 cm™! in analogy with our cases.”> In the last section, we
will provide structural insights of the cyanine-like BLA values of
our diferrocenyl oligomers in connection with their associated
Raman frequencies.

3. The Role of the Ferrocenes. To scrutinize in more
detail the interesting resonance effect between the two ferro-
cene caps, the FT-Raman spectra of the Fc—mTV—Fc and
mTV cations (ie., with a without ferrocenes) in Figure 3 are
compared.

The first noticeable result is that the spectra of [Fc—8TV—Fc]**
and [8TV]** display identical vayl(czc) Raman profiles, mean-
ing that the longest diferrocenyl cation does not feature
interferrocene charge exchange, but conversely, it is a pure
bridge localized species (M—B*—M in Scheme 1). In contrast,
the Raman spectra of the [Fc—2TV—Fc]**/[2TV]*", [Fc—
4TV—Fc]**/[4TV]**, and [Fc—6TV—Fc]**/[6TV]** pairs
differ by 10, 8, and 2 cm™’, respectively, highlighting the role
of the ferrocenes. For the three shorter diferrocenyl compounds,
these Raman data are consistent with the completely delocalized
picture deduced by the cyanine-like behavior but revealing the
decreasing role of the iron centers with the enlargement of the
chain; in fact, in [Fc—6TV—Fc]** the small frequency difference
already advertises the weak strength of the interferrocene charge
resonance. Clearly, however, [Fc—6TV—Fc]** is the turning
point of this behavior and in [Fc—8TV—Fc]** the charge entirely
falls in the bridge. This behavior is also interpretable in terms of
mixed valence theory, as it stands that for short systems full
resonance and fully delocalized systems are mostly expected.

In consequence, we can formulate the following description
as sketched in Scheme 5: (i) For the shorter members, oxidation
produces full charge delocalized systems with cyanine-like

Scheme S. Representation of Our Hypothesis about the Delocalized-to-Localized States of [Fc—mTV—Fc]**

STRONG
INTER-FERROCENE
COUPLING

MEDIUM

o INTER-FERROCENE
i COUPLING
CeHis CeHia CeHis }

. WEAK
1 INTER-FERROCENE

___________________________________ 4+ COUPLING

INTER-FERROCENE
COUPLING

dx.doi.org/10.1021/ja3005607 | J. Am. Chem. Soc. 2012, 134, 5675—-5681



Journal of the American Chemical Society

' ‘|, ...................
N
\ "\‘\.
-
S s ,\ ~— o

400 500 600 700 800
800

absorbance

wavelength

absorbance

~

wavelength / nm

1200 1600 2000 2400 2800 3200 3600 4000

raman intensity

1400 1200 1000

raman shift / cm™

1600 800

Figure 4. Vis—NIR (left) and 1064 nm Raman (right) spectra of Fc—6TV—Fc as radical cation (maroon), dication (blue), and radical trication
(green). Oxidations were done with FeCl; in CH,Cl, at room temperature. The inset corresponds to the UV—vis spectrum of the neutral.

properties in the vinylene and thiophene bridges. (ii) With the
enlargement of the wire, the charge increasingly invades the
bridge with less residence in the terminal ferrocenes. (iii) Fc—
6TV—Fc is the last member where the ferrocenes take part in
the stabilization of the cation. In other words, [Fc—6TV—Fc]**
represents the transit from a delocalized species (*M—B**—M " in
Scheme 1) to a localized one (M—B*—M in Scheme 1).

4. FT-Raman Spectra of Higher Oxidation States.
Additional insights of the particular electronic structure of the
largest system experiencing through bridge interferrocene inter-
action, [Fc—6TV—Fc]**, come from their multiple cationic oxida-
tion states. Figure 4 shows the FT-Raman spectra of Fc—6TV—Fc
in its three stable oxidized states, also identified by UV—vis—NIR
spectroscopy.

Posterior oxidations of the radical cation, to the dication and
trication, produce the progressive disappearance of the typical
two intense band pattern of the cyanine-like radical cation. Simul-
taneously, the thiophenic Raman bands around 1400 cm™ get
stronger and change their frequency in accordance with the
alteration of the thienylene-vinylene structure to accommodate
an increasing number of charges.24

5. Solvato- and Thermodependence of the Spectra.
Also for [Fc—6TV—Fc]** we have conducted Raman solvato-
chromic and thermospectroscopic studies (Figure S). In the
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Figure S. FT-Raman spectra of [Fc—6TV—Fc]** (left) at various tem-
peratures and (right) in CH,Cl,:CH;CN mixtures at room temperature.

Raman spectrum of [Fc—6TV—Fc]**, the increasing of the polar
character of the solvent produces the appearance of a new peak at
1566 cm™, which resembles that of the shorter Fe—mTV—Fc
cations [i.e., the Vvinyl(C=C) at higher frequencies], characterized
by a large content of ferrocene in the resonance species.
Conversely, if this new band would belong to a bridge localized
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state (as [Fc—8TV—Fc]**), then the new Raman band of
[Fc—6TV—Fc]** would resemble that of [6TV]**, and that is
not the case either.

The way to conciliate these data is by supposing that the fully
delocalized interferrocene species is in equilibrium with a species
that localizes the charge in one of the ferrocenes ("M—B—M)
or localized ferrocenium species, delineating the collapse of the
interferrocene coupling due to the already weak interaction in
the delocalized [Fc—6TV—Fc]**. Nonetheless, the two peaks
simultaneously appear in the spectrum in the polar solvent
emphasizing the equilibrium between the ferrocenium localized
and the fully delocalized forms, such as represented in Scheme 6.
In essence, this is highlighting a molecule able to convert between
localized and delocalized states or borderline class II/class III in
the context of the mixed valence theory.

On the other hand, cooling [Fc—6TV—Fc]** to —170 °C
also produces the resolution of a high-energy component at
1572 cm™'. These changes are also interpretable in similar
terms as those in polar media although the displacement of the
localized/delocalized equilibrium is only moderate.

6. Electrochemical Properties in the Delocalized/
Localized Context. It is now pertinent to understand the elec-
trochemical properties of the samples, summarized in Table 1,
in the light of the previous Raman spectroscopic results. Oxida-
tion of the diferrocenyl samples appears at lower potentials,
compared with the unsubstituted analogues, as a result of the
ferrocene resonance stabilization. On the other hand, oxidation
potentials decrease with the enlargement of the bridge due to
the increasing participation of the bridge in the charge re-
sonance. For the same reason the oxidations potentials of mTV
and Fc—mTV—Fc get more similar for the largest compounds.
The shorter compounds display simultaneous two-electron
extractions, indicating that the divalent species are more stable
than the radical cations that could be a consequence of the
highly polar properties of the electrochemical medium (i,
note that the polarity of the medium provokes the localization
of the charge in one ferrocene).

The estimated ionization 6potentials (IPs) calculated at both
Koopman’s theorem (KT)* and self-consistent field (ASCF)
levels are also collected in Table 1. It is found that HOMO
destabilizes from the dimer to the hexamer, and smaller IP
values are found, while the values are nearly constant from the
hexamer to the octamer. In agreement with the higher oxida-
tion potentials obtained for the unsubstituted mTV molecules,
larger IPs and more stabilized HOMOs are found for these in
comparison with their diferrocenyl anologues. The HOMO
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Scheme 6. Delocalized to Localized Equilibrium in [Fc—6TV—Fc]**
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Table 1. Redox Potentials (versus Fc/Fc*) of the Studied a lowering of the BLA values in the two classes of alternating
Compounds in 0-DCB/Acetonitrile (4:1) with 0.1 M moieties with the increment of TV units at the origin of the
Bu,NCIO,” downshift of the ry;,,(C=C) frequency and in line with the
well-known close relationship between increased conjuga-
caled values tion and BLA contraction.”” It must be noted that it is the
E'., B, B,  Koopmans?  IPg. simultaneous decrease of the vinylene and of the thienylene
Fe—2TV—Fe 0.05" 041 0.80 447 529 BLA’s (and therefore of its average value) that provokes the
Fe—d4TV—Fc 0.03% 0.16 0.40 430 499 1570—1580 cm™' Raman frequency downshift due to its dual
Fc—6TV-Fc  003* 009 020 422 483 and collective 144, )(C=C) + Uypjeny(C=C) character.
Fc—8TV—Fc 0.05° 031 0.64 420 472 For both vinylene and thiophene groups, oxidation sig-
2TV 028 0.59 493 6.26 nificantly diminishes their BLA values, in agreement with the
4TV 0.15 0.33 4.43 532 large ~30—40 cm™' Raman frequency downshift observed in
STV 0.04¢ 0.34 423 481 the spectra from the neutral to the radical cations. The magni-
“Working electrode, carbon glassy disk; counter electrode, Pt wire; tude of the BLA contraction decreases with the enlargement
pseudoreference, Ag/0.001 M AgNO,, 0.1 M Bu,NCIO, “Two- of the chain length, which is directly related with the reduction
electron oxidation process. “Four-electron oxidation process. Nalues of the difference of the l/viny1(C=C) frequencies between the
according to the Koopsman theorem in ref 26. “Calculated first neutrals and cations with the chain length (for instance, 38 cm™
ionization potentials (IPs) for isolated Fc—mTV—Fc and mTV in Fc=2TV—Fc and 27 cm™' in Fc—8TV—Fc). It is observed in
molecules obtained from ASCF at the B3LYP/6-31G** level. “Data Figure 6 that for the radical cations of the two shorter members,
from ref 14b. the overall BLA’s are clearly lower; in particular, for the thio-
phenes their BLA’s are just in the cyanine limit border while for
wave functions are completely delocalized between the the vin.ylenes these are larger, resulting'in a .ov.erall stru'ctural B ]_“A
ferrocenes through the TV bridge in line with the formation that shghtly. Sep ara?es from Fhe cyamne Jimit b'ut still remains
of fully delocalized systems for the shorter members of the 'clc():ls.,e to lt’}? ighlighting acyamzlf-hk&:ipattern.A]lm all,.frhese dabta
series while the HOMO of Fc—8TV—Fc is bridge-localized (see indicate  that [FC_,ZT\,]_FC] an [EC,_4TV_F,C] can be
Lo ) ; catalogued as cyanine-like dyes, with similar BLA’s that would
topologies in Figure S12, Supporting Information). for th al 1548 cm-! Ra P in the tw
7. Theoretical Model Chemistry. DFT//(U)B3LYP/6- account for the equ o Tnan BEqUEReY, 1 Hhe Two
) . shorter cations. For the octamer cation, the BLA’s are com-
31G** bond length alternation parameters (i.e, BLA) of the . . . .
_ . i paratively large, possibly revealing a marked difference between
thienyl rings and of vinylene groups of the Fc=mTV—Fc com- the tries of th ieties where the ch ides (molec-
) geometries of the moieties where the charge resides (molec
pounds together with the average value of the two are represented ular center) and the terminal sides of the nTV array that th
P : y that the
in Figure 6. For the neutrals, the enlargement of the chain provokes charge leaves almost unaltered due to the inactivity of the ferro-
cenes. As far as the BLA’s values are concerned, [Fc—6TV—Fc]**
L2 is placed in a transitional stage between fully delocalized cyanine-
like behavior and a bridge-localized situation. The similitude
g 0.08 1 - - B between .the [Fc—6TV—Fc]** an.d [Fc—8TV—Fc]** I/mel(.C=(?)
2 frequencies would result from different effects that contribute in
% e [E—" the same direction, that is, the larger number of #T'V units in [Fc—
@ !.' """ W m 8TV—Fc]** (which favors z—electron delocalization) and the
o o g S interferrocene coupling that extends resonantly charge delo-
:‘:?0-04' 8 o g calization in [Fc—6TV—Fc]**. The lowest l/vinyl(CZC) fre-
e "9 °© L= quency of 1545.5 cm™" for this hexamer could highlight the
§ 0,02 1 é ® ... »: Lonee P larges;1 distancecof ge/lgcal(i:zation of tge c}}lla;ge, whic}; spreads
= o CYANINE-LIKE =y over the entire C= —C conjugated path from one ferrocene
v o] /Q\ to the other. As a last insight of relevance, theoretical results
= [cTA"'NE L e ’ be ; allow us to estimate molecular distances in [Fc—6TV—Fc]**
0 0,1 0,2 0,3 0.4 05 06 0,7 revealing that interferrocene coupling takes place for distances
Reciprocal of the Chain Length (1/n) of about 38 A.
Figure 6. B3LYP/6-31G** BLA’s in angstroms for the vinylene (red
squares) and thiophene (blue squares) moieties and the average value IV. CONCLUSIONS
gigl*e *thoLSEISaci(nqugr::tsr)o:Sr t?:r n:ﬁ;raii;;zg:urgf; ([le)rljliISJ)YP a/r16d We have addressed the analysis of the transition of the positive
thiophene (blue circles) moieties and the average value of the two charge from a localized to a delocalized state in radical cations
(black circles) for the cations. These data are represented versus the of thienylene-vinylene diferrocenyl oligomers of variable length
reciprocal of the number of TV units. by means of the analysis of the frequencies of the resonantly
5680 dx.doi.org/10.1021/ja3005607 | J. Am. Chem. Soc. 2012, 134, 5675—5681
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enhanced ,;,,(C=C) Raman modes. We have shown that the
case of [Fc—6TV—Fc]** is at the turning point between the
two limiting structures, which is corroborated by tuning the
localized-to-delocalized equilibrium with the modification of
the solvent and the temperature. These radical cations feature
cyanine-like delocalized systems due to efficient interferrocene
coupling which, in addition, is modulated by the length of the
bridge. It is concluded from this analysis that thienylene-
vinylene spacers, owing to their outstanding conjugative
properties, are excellent candidates to unimolecularly transport
electronic stimuli between distant electrogenerating centers
(i.e, metallic electrodes or nanoparticles). The performance of
thienylene-vinylene bridges as molecular wires is highlighted by
their ability to transmit the interferrocene coupling over
distances near 40 A, which is an outstanding wirelike feature.
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