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ABSTRACT

The synthesis and characterization of a new nanoscopic diradical species with a long radical-to-radical distance of 3.2 nm, are reported.
Intramolecular electron-transfer phenomena in the radical anion derived from the partial reduction of such diradical are studied by optical and
ESR spectroscopies. These experiments showed a very small or negligible electronic coupling between the two terminal redox sites due to
strong localization effects associated to the excellent electron acceptor ability of polychlorotriphenylmethyl radicals.

The possibility of integrating molecular-scale wires in intervalence transition bands are homo and heteronuclear
conventional circuits may drive an impressive advance of metallic complexe§,in which the two metal atoms with
microelectronics and computation. As pointed out by Tour different oxidation states are connected through an organic
et al.l the interest in and technical advantages of such bridging ligand. In contrast, purely organic mixed-valence
integrated molecular-scale devices are notable because otompounds have so far received only limited attention,
their reduced sizes and faster intramolecular electron transferprobably due to their high instability, even though their
(IET) rates, when compared to conventional microchip significant interest because of the high flexibility and
componentd.Recently, different groups have demonstrated tunability of organic synthesis.

the existence Qf direct electronic conductiqn through s_ingle Polychlorotriphenylmethyl radicals show an astonishing
molecules; which leads us to expect practical applications  thermal and chemical stability, due to the presence of bulky
for this type of molecular systems in the future. However, if hiorine atoms at theortho and para positions of the

a truly molecular computational device is to be achieved, yjphenyimethyl radical Moreover, such radicals are elec-
new systematic studies of simple models that allow us 10 44¢tive species giving rise, either chemically or electro-
obtain the limits and rules for the prediction and control of chemically, to the corresponding anions and cations that are
the electron propagation in molecular witeare highly 5155 quite stable speci@sAs a consequence, it seemed
necessary. interesting to obtain and study symmetrical molecules

Mixed-valence compounds are excellent candidates for .,jsting of two of these electrophoric radicals linked with
such studies because IET phenomena can be easily Characdifferent types of bridges. These diradicals could be con-

terized by the effective electronic coupling between the verted by a partial reduction to the corresponding radical-

_T_Iﬁctrtalphoreg Iocatelq at .the termina(ljsti)teimof the Compound'anions, and the resulting mixed-valence species therefore may
'S € ectronic coupiing Is measured by T parameter, display interesting long-range electron-transfer phenomena.
which has the_dlmen5|on of energy (inchp This pa_\r_ame_ter In our group, we have already shown the convenience of
Ci‘n be gxp_edrlﬂwer;t?kllly Qettermllned frtom tht? pogmo(;], 'fnttin' using mixed-valence systems derived from polychlorinated
Sity, and wi of the intervaience transition band ot the triarylmethyl polyradicals to obtain pure organic compounds
electron_lc abso_rpt|on of the .compound,_ which generally exhibiting long-range IET phenomeiaere, we report the
?nﬁiggs\;glézievféﬂe IZ;::?;;?frr]Z:/eedbreegf)mz?/\tmoic:r:;hibitneW diradical specie& consisting of two polychlorinated
P triphenylmethyl units connected by a 1,4-bis(1-ethynylphen-

*To whom correspondence should be addressed. E-mail: vecianaj@ yl) t_)enzene b_”dge'_ with a S|gn|f|cantly la'_'ge throth'Space
icmab.es radical-to-radical distance of 3.2 nm. This spacer not only
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ensures a high degree of rigidity but it has already been
shown to have a suitable electronic structure to promote
strong electronic coupling between chain ends separated by
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a large distancé
The synthetic route for preparing diradichls based on

two main steps. The first step is the synthesis of the bis-

(triphenylmethane by a bisWittig reaction, whereas the

second step is the generation of the corresponding dicarbanfigure 1. AM1 semiempirical optimized structure of diradichl

ion by an acid-base reaction followed by the subsequent
oxidation of such dicarbanion to the corresponding diradical
(see Scheme 1). Initially, compourdwas obtained by a

Scheme 1
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palladium catalyzed coupling pfdiethynylbenzene and two
equivalents of 4-bromobenzaldehyde. Once compdunes
synthesized, it was coupled with two equivalents of the
phosphonium bromide derivative® by a Wittig reaction

to give the corresponding bis(triphenylmetharg) the
precursor of diradical. Finally, the synthesis of diradical

To analyze the structural conformation of diradidal
semiempirical AM1 calculations were carried out. The
resulting minimized geometry is shown in Figure 1. The
AM1 optimized structure of diradical has an extended
profile that results in a significantly large through-space
distance between the two electron active sites of 3.2 nm and
a molecular end-to-end distance of 4.1 nm. As far as
intramolecular electron-transfer phenomena are concerned,
the main distance to be considered is the through-bond
distance between the two electron active sites, that is, the
sum of bond lengths corresponding to the conjugated
pathway. Such distance, measured from the two radical alpha
carbon atoms is 40.5 A. Although the central aromatic rings
are slightly twisted, the three aryl rings do not differ
considerably from coplanarity. This is a feature previously
observeéf in the crystalline structure of the moleculgf)-
HSGH,C=CCsH,=CCsHs, which would facilitate the elec-
tron transmission through the—delocalizing conjugated
bridge connecting the two radical units.

Electrochemical studies in GBl,, with nBus;NPFs (0.1
M) as a supporting electrolyte (vs SCE) and using a Pt wire
as a working electrode, were done at room temperature. The
cyclic voltammogram (CV) of diradical shows only one
reversible reduction process at a constant potential of
approximately—0.13 V (vs SCE), despite the presence of
two electronically active triphenylmethyl units. The two
standard redox potentials expected for this diradical, due to
the conjugation of the bridge, must be very close and as a
consequence, a single two-electron wave, with minor dif-
ferences in shape with respect to a true bielectronic process,
is observed.

X-band ESR spectra were obtained at different tempera-
tures (from 180 to 293 K) in CkCl,/toluene. The spectrum
at room temperature shows three overlapped lines corre-
sponding to the coupling of the unpaired electrons with two
equivalent'H nuclei (one hydrogen atom of each ethylene
unit of the molecule), along with other satellite lines due to
the coupling with the different nuclei with nonzero magnetic
moments, that is, the naturally abund&a nuclei. Computer
simulation gave the isotropig-value @) and hyperfine
coupling constants(). The experimental and simulated ESR
spectra of diradical are compared in Figure 2 (left). The
Oiso Value is 2.0028, and the values of the coupling constants

was undertaken by treatment of the corresponding precursorare a(*H) ~ 0.88 G (2H),a(*3C,) ~ 13.0 G,a(**Cpriagd ~

with an excess ofiBus;NTOH™ and subsequent oxidation of
the resulting dicarbanion witp-chloranil!? This diradical
is completely stable in air both in the solid state and in dilute

6.3 G, anda(**Cuino) ~ 5.1 G. At this point, it is important
to emphasize that the resulting coupling constants are approx-
imately half the value of those found for related polychloro-

solutions. Despite the recurrent use of different crystallization triphenylmethyl monoradical speciés For instance, the
techniques, obtaining crystals suitable to determine the X-ray ESR spectrum of radic&lat 300 K displays two main sym-

structure ofl remained elusive.
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metrical lines’ which are originated by the hyperfine coup-
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Figure 2. Experimental (top) and simulated (bottom) isotropic solution EPR spectra of dirdd(teft) and radical aniori— (right).

ling of the unpaired electron with one hydrogen atom of the spectra, regularly recorded during the reduction process for

ethylene moiety with a coupling constant valuea¢fH) ~ different values of the average numbey ¢f electrons added,
1.80 G (1H). This spectrum also shows satellite lines with where 0< n < 2. These studies evidenced the lack of any
a(*Cy) ~ 29.5 G, a(**Curiagd ~ 13.0 G, anda(**Cortne) intervalence band transition originated by the presence of

10.7 G. Itis then possible to conclude that the two electrons an IET phenomenon. One possible reason is that the
in diradicall are magnetically interacting with an exchange intervalence transition appears as a very broad tail on the
coupling constant], that fulfills the following condition, edge of a nearby electronic transition or even completely
J>a.. The spectrum of diradicdlin a glassy frozen toluene/  masked. For this reason, variable-temperature ESR spectra
CH.ClI (1:1) mixture did not show either the fine structure of a solution ofl™* were also recorded. The spectrum at low
or the forbiddenAms = +2 transition characteristic of a temperature (200 K) displays two main lines corresponding
triplet species. On the contrary, a single broad line, which to the coupling of the unpaired electron with only ofhé
can be simulated with the zero-field splitting parametBrs along with another satellite lines due to the coupling with
< 3 G and|E'| ~ 0 G, was obtained. The lack of a fine the naturally abundadtC nuclei (Figure 2, right). Computer
structure and thdms = +2 transitions for this species isin  simulation gave ajs, value of 2.0025, which is very close
accordance with the rapid fall down of th®'| value with to that observed for diradical. More interesting is the
the effective distance of the two unpaired electrbns. comparison of the isotropic hyperfine coupling constant
The magnetic susceptibility of a solid sample of radital ~ values of17*, a(*H) ~ 1.6 G (1H), a(**C,) ~ 29.3 G,
was measured in the temperature range of 2 to 200 K. At a(**Curiggd ~ 12.3 G, anda(**Comng ~ 10.2 G, which are
200 K, theyT vs T plot is characterized by aT value of approximately double the value of those found for diradical
0.78 emu.K.mot%, which is very close to the spin-only value 1. This result demonstrates that at low temperatures, the
expected for two radicals exhibiting a very weak exchange unpaired electron of ™ is localized, on the ESR time scale,
interaction. This value is maintained approximately constant only on one-half of the molecule, that is, on one stilbene-
down to 20 K, whereupon it decreases. Because the quantitylike moiety. An increase of the temperature may lead to the
4T is proportional to the population in the triplet state, the presence of a thermally activated electron-transfer phenom-
fact thaty T decreases with decreasing temperature indicatesenon. If this is the case, the ESR spectrd ofwill reflect
that the ground state dfis the singlet state, and the triplet the coupling of the unpaired electron with the titbnuclei
state should be regarded as a thermally accessible excitedf the two stilbene-like moieties and consequently, an ESR
state. A separation of 1.5 K between both states was obtainedspectrum similar to that observed for diradicalshould
from the fitting of the experimental data to the Blearey appear. However, when the temperature of a solutiatrof
Bowers equatioA® The weak antiferromagnetic interaction is increased up to 400 K, no evolution of its corresponding
between the two spins of this compound is in agreement with ESR spectra is observed confirming that, at least in the
the topology-p,p’ connectivity—of this nondisjoint Keku- temperature range studied, the IET does not take place. This
lenic hydrocarbon and with the long effective distance of result, together with the lack of an intervalence band
the two radical sites. transition in the absorption spectra, suggests that there is a
The generation and study of the mixed-valence specieslocalization effect of the extra electron in the radical-anion
1~ was done using a spectroelectrochemical methodology speciesl™.
previously describe#f. Such methodology is based on the Why do we have a localized electronic structure for
coulombimetric reduction of diradicaland the simultaneous  when poly(phenylethynyl) bridges have been shown to be
observation of the corresponding electronic absorption good electronic conductors at the molecular level and the
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topology of the two redox units is the correct one for
enhancing the electronic interaction? Certainly, the use of a
long bridge (3.2 nm) is expected to attenuate the electronic
conductivity through ther-orbitals involved in the electron-
transfer process. However, electron-transfer phenomena are
still effective in systems consisting of ferrocene groups
attached to gold electrodes via oligo(phenylethynyl) bridges
ranging from a few Angstroms to 438 Then, the excellent
electron acceptor ability of polychlorotriphenylmethyl radi-
cals is proposed as the main explanation of the substantial
localization of the extra electron on one of the radical units
of 1.8 Indeed, the extra electron of the mixed-valence
speciesl™ will tend to spend less time on the poly(phenyl-
ethylene) bridge when it is flanked by such excellent electron
acceptor electrophores, increasing the energy barrier associ-
ated with the electron-transfer process. Therefore, in nano-
scopic molecular-scale systems with terminal redox-active
centers, there seems to be a subtle interplay between the
acceptor ability of the electrophore unit and the size and
nature of the bridge that makes feasible or not the long-
range electron-transfer phenomena. One of the possible
approaches that one might follow to improve the electronic
coupling in this type of systems is the intercalation of an
electronic relay?® Such a unit, which should have a strong
acceptor ability as well, is expected to activate the electron
transfer by modulation of the energy of theconjugated
pathway. Future work to synthesize new nanoscopic mol-
ecules bearing terminal redox-active polychlorotriphenyl-
methyl radicals connected through a long rigi¢onjugated
bridge with an electronically active relay unit are currently
underway.
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