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Experimental and Theoretical Study of the n-Doped
Successive Polyanions of Oligocruciform Molecular
Wires: Up to Five Units of Charge

Abdelaziz Al Ouahabi,' Paul Baxter,' Claude Mathis,” Maxime Bernard,” Bertrand Vileno,”
Jean-Paul Gisselbrecht,” Philippe Turek,” Jean-Marie Mouesca,*™ and Sylvie Choua*™

The electronic structure of polyanions of sterically encumbered
triisopropylsilyl-substituted linear and cyclic oligo(phenylene-
ethynylene)s (Monomer, Trimer, Pentamer, and Triangle) is in-
vestigated by electron paramagnetic resonance (EPR), electron
nuclear double resonance (ENDOR), and UV/Vis-near-infrared
(NIR) spectroscopies, cyclic voltammetry, and theoretical calcu-
lations (DFT). Increasing anion orders are generated sequential-
ly in vacuo at room temperature by chemical reaction with po-
tassium metal up to the pentaanion. The relevance of these
compounds acting as electron reservoirs is thus demonstrated.
Even-order anions are EPR silent, whereas the odd species ex-
hibit different signatures, which are identified after comparison
of the measured hyperfine couplings by ENDOR spectroscopy

1. Introduction

Since the discovery of semiconducting polymers,”’ molecular
electronics has been stimulated by both academia and indus-
try. In this context, numerous experimental and theoretical ef-
forts have been focused on m-conjugated organic polymers.
These are finding practical applications in organic electronic
devices, although they are better considered as prototypes for
their commercial use, such as in light-emitting diodes, solar
cells, and field-effect transistors. The rapidly growing area of
flexible electronics is thus being currently explored.” Accord-
ingly, conjugated oligomers and polymers based on m-molecu-
lar monomer units, such as pyrrole, phenylene, thiophene, p-
phenylenevinylene, and phenyleneethynylene (PE), have been
studied extensively because of their optical, electronic, and
mechanical properties of interest for molecular electronics.™
Notably, most studies have been devoted to the neutral state
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with those predicted by DFT calculations. With increasing size
of the oligomers the electron spin density is first distributed
over the backbone carbon atoms for the monoanions, and
then further localized at the outer phenyl rings for the trianion
species. Examination of the UV/Vis-NIR spectra indicates that
the monoanions (T, P™) exhibit two transitions in the Vis-NIR
region, whereas a strong absorption in the IR region is solely
observed for higher reduced states. Electronic transitions of
the neutral monoanions and trianions are redshifted with in-
creasing oligomer size, whereas for a given oligomer a blueshift
is observed upon increasing the charge, which suggests a local-
ization of the spin density.

or p-doping of conjugated derivatives whereas n-doped mate-
rials have been less investigated. The desired development of
reliable and efficient devices has shown the need for a basic
understanding of charge transport and its relationship to mo-
lecular conformation. Nevertheless, a complete understanding
of the electrical properties so as to permit the elaboration of
operating devices has not yet been achieved. Therefore, the
study of the changes of the electronic structure of model com-
pounds upon doping is still of interest. Note that finite-length
oligomers are clearly simpler models to be considered for
basic investigations rather than polymers. The emergence of
nanoscience and nanotechnology has brought forth an interest
in poly(phenyleneethynylene) (PPE) and oligo(phenyleneethy-
nylene) (OPE) derivatives, since these are actually appropriate
model systems of molecular conducting wires, both experi-
mentally and theoretically.®"'” This interest is motivated by the
expected rigid-rod behavior of the conjugated backbone,
which preserves m conjugation promoting charge delocaliza-
tion. However, the low barrier to rotation about the phenyl-
ethynyl bridge may induce twisted conformations especially in
fluid solution, which may affect the wire conductance and
electronic transitions. OPEs have also been studied extensively
with respect to their photophysical properties."®>" However,
due to the ease of aggregation by m—m stacking®®*¥ and the
resulting complex synthetic strategies to overcome it, little
work has been devoted to the experimental study of doped
OPEs and especially of highly charged species with more than
one added electron. Creating electrical charges upon doping is



the main way to improve the poor conducting properties of
the pristine m-conjugated materials. Basic concepts peculiar to
molecular conductors have been elaborated to understand the
nature of charge carriers in more or less extended m-conjugat-
ed materials, such as polarons and bipolarons.2*3"

Chemical n-doping or p-doping to obtain highly charged
species may be performed through various pathways. In the
case of n-doping a powerful reducing agent is required and an
anionic complex consisting of negatively charged oligomer
and counter cations is formed. Of interest are the combined
spectroscopic, e.g. UV/Vis-near-infrared (NIR) and electron
paramagnetic resonance (EPR), and theoretical (DFT) investiga-
tions of n- and/or p-doped species.?**' Although scarce, such
studies are expected to offer a detailed survey of the electronic
processes involved through doping.“

As previously mentioned, to discard aggregation and to im-
prove solubility requires synthetic efforts to produce model
OPE compounds with bulky side and/or terminal alkyl or silyl
groups. The synthesis of a series of OPEs with side triisopropyl-
silyl (TIPS) and end trimethylsilyl (TMS) substituents was recent-
ly reported.*”’ TIPS substituents are expected to increase the
solubility of the oligomers and they are bulky protecting
groups that may stabilize charged oligomers.

Herein, we report the combined EPR/electron nuclear
double resonance (ENDOR) spectroscopy, UV/Vis-NIR spectro-
scopy, and cyclic voltammetry studies of charged species ob-
tained by multiple reduction of some of these sterically en-
cumbered TIPS-oligo[n]cruciforms (Scheme 1). TIPS-dehydrotri-
benzo[12]annulene (Tr, Scheme 1) was also investigated to
compare encumbrance on the cyclic analogue.
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Scheme 1. Molecular scheme of the studied oligocruciforms M, T, P, and Tr.

Molecular orbital (MO) calculations were performed with
DFT to investigate the electronic structure of these n-anions
with n=1-5 on moving from the monomer to the pentamer,
that is, as many electrons (and even n+1 in some cases) could
be accommodated as the number of TIPS-PE monomer units.
Notably, similar but less encumbered oligomers were previous-
ly investigated with the aim of probing the efficiency of the
through-bond magnetic exchange interaction between spin
carriers located at the 1,4-termini*®>" Given 1) the required
computational time and the computational difficulties to
manage such encumbered molecules of increasing size, and
2) the quite rare collection of the complementary ENDOR and
EPR data of highly negatively charged species, the computa-
tion of the EPR parameters has been focused on, that is, hyper-
fine coupling constants (HFCCs). UV/Vis-NIR spectroscopic in-
vestigations were conducted mostly to monitor the achieve-
ment of the successive polyanions.

2. Results
Electrochemistry

Electrochemical investigations of the monomer M, trimerT,
pentamer P, and [12]annulene species Tr were carried out by
cyclic voltammetry in THF+40.1m Bu,NPF, under vacuum.
Some of the results for M (compound 10 in ref. [47]), T (com-
pound 1 in ref. [47]), and Tr (compound 5 in ref. [47]) were pre-
viously reported in CH,Cl, dilute solutions. As the present
study of multiple anions was performed in THF dilute solu-
tions, the former studies have been completed upon adding
the properties of the pentamer P species. Therefore, all data
are reported in THF dilute solution. The species undergo sever-
al electron transfers, which are shown in Figure S1 in the Sup-
porting Information and summarized in Table 1. At a scan rate
of 0.1 Vs™', the monomer M undergoes one reversible electron

Table 1. Electrochemical data observed by cyclic voltammetry (CV; scan
rate v=0.1Vs™") in THF+0.1m Bu,NPF,. All potentials are given versus
ferrocene, used as internal standard and uncorrected from ohmic drop.

Species CV[0.1Vs™]
EP Ve ed AE,® [mV] 9 Ve e
M —2.27 180
—2.87
-3.12
T -1.93 85
—2.12 80
72.76[(1]
P —1.81 60
—-1.90 60
—2.13 60
72.40[61
Tr —1.84 80
-2.13

[a] E°=(E,+Epa)/2, where E,. and E,, correspond to the cathodic and
anodic peak potentials, respectively. [b] AE,=E,,—E,. [c] E,=irreversible
peak potential. [d] Reversible behavior at scan rate >20Vs' (E°=
—2.63V vs Fc*/Fc). [e] At scan rate >50Vs™' two reversible electron
transfers at —2.30 and —2.77 V versus Fc*/Fc could be observed.




transfer, at —2.27 V versus Fc*/Fc, followed by two irreversible
electron transfers. For the latter, no reversible behavior could
be observed for reduction steps two and three by increasing
the scan rate. The trimer T undergoes two reversible one-elec-
tron transfers at —1.93 and —2.12V versus Fc*/Fc as well as
a third irreversible electron transfer. It has to be mentioned
here that the latter became reversible at scan rates higher
than 20 Vs™'. The pentamer P gives three reversible one-elec-
tron transfers at —1.81, —1.90, and —2.13 V versus Fc*/Fc fol-
lowed by irreversible electron transfers. For scan rates higher
than 10Vs™', the fourth electron transfer became reversible
(E°=-2.63V), whereas at scan rates higher than 50Vs™',
a fifth reversible one-electron transfer could be observed at
E°=—-277 V. The investigations show clearly that, under our
experimental conditions, the reductions occurring at a potential
more negative than —2.3V were irreversible due to a fast
follow-up chemical reaction (electrochemical-chemical elec-
tron-transfer mechanism).

It has not been excluded that the generated species at neg-
ative potentials, which are strong bases, react for example
with residual water or even undergo proton abstraction from
the tetraalkylammonium salt (Hofmann elimination) and there-
fore undergo protonation.®" By increasing the scan rate it was
possible, for the trimer T and the pentamer P, to reach reversi-
bility for these electron transfers. The reduction of Tr occurred
in two reversible one-electron steps (see Figure S1) at —1.84
and —2.13V, respectively. At the timescale of cyclic voltamme-
try the electrogenerated species are stable. Due to the high re-
activity of the electrogenerated species at potentials more
negative than —2.3V, electrolysis cannot be used to generate
reduced species for EPR measurements. Therefore chemical re-
ductions were carried out in more drastically dried media in
the absence of proton donors.

EPR/ENDOR and UV/Vis-NIR Spectroscopic Studies
Monomer, M

Upon successive short contacts with a potassium mirror, a grad-
ual change to green was observed and monitored step by step
with UV-visible spectroscopy. Figure S2 shows the chronologi-
cal spectral evolution with the appearance and growth of new
absorption bands with a main peak at 2.07 eV (600 nm) and
additional bands at 2.73 eV (454 nm) and 2.89 eV (429 nm),
which correspond to the monoanion. Such monitoring allowed
selection of the different anions in large excess relative to the
previous and next state. Figure 1 shows the UV/Vis-NIR optical
spectrum of the Q=0,—1,—2 charged states of this monomer.
New low-energy bands are clearly observed upon electron ad-
dition.

The first reduced state is a radical anion, for which the EPR
spectrum shows three main lines (1:2:1) centered at g=2.006
(Figure 2a). These are ascribed to the coupling of the unpaired
electron with two equivalent 'H nuclei. Additional lines in the
wings are attributed to the coupling of %°Si nuclei (nuclear spin
I="/,, natural abundance 4.67 %). The corresponding 'H HFCCs
are also clearly resolved in the ENDOR spectrum in Figure 2b
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Figure 1. UV/Vis-NIR optical spectrum of neutral M and its successive anions,
radical monoanion M~ and dianion M?", recorded in THF solution. The verti-
cal dashed-dotted line shows the optical bandgap of the neutral species.*”!
HLG =HOMO-LUMO energy gap.
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Figure 2. a) EPR spectrum of M~ in THF solvent at room temperature.

b) "H ENDOR and *Si ENDOR spectra of M~ at room temperature. The num-
bers under the signals are the a('H) values in MHz. ¢) Simulation with the
coupling constants ay extracted from 'H ENDOR spectrum.

(2.47 MHz) with one additional 'H HFCC (0.29 MHz). Note that
such weak splitting is beyond the magnetic field resolution of
EPR spectroscopy (Table 2). Narrowing the ENDOR frequency
range allowed the detection of smaller 'H HFCCs (0.06 MHz,
Figure S3). Si ENDOR resonance is also observed at half of the
hyperfine coupling of #°Si (inset of Figure 2b).

Upon further reduction from M~ to M*  the absorption
band at 2.07 eV (600 nm) drastically decreases and a new ab-
sorption band appears at 2.41 eV (514 nm) accompanied by
a color change of the solution from green to red (Figure S2).
The dianion is EPR silent, probably due to strong spin pairing
of the added electrons. Notably, a weak and broad signal is
solely observed, which is testimony of an unresolved signal of
M~ as revealed by the slight color change of the upper top of
the solution 1 h after the beginning of the reduction process.

Trimer, T

The study of trimer T with the generation of its successive
anions was performed as for M (Figure S2). The absorption
spectrum of neutral T shows an intense band at 4.48 eV



Table 2. Experimental HFCCs [MHz] in THF determined from ENDOR spectra and DFT HFCCs calculated at the B3LYP/6-31+ G(d) level for monoanions, tri-
anions, and pentaanions.
H,, H, Hs g H,8 "Hg 10 2Sj g value
Exp. Calc. Exp. Calc. Exp. Calc. Exp. Calc. Exp. Calc. Exp. Exp.
T 1.42 0.42 2.15 -1.0 3.02 1.25 2.006
0.43 0.27
P~ - 0.03 0.92(x2) —0.31 0.52(x2) 0.13 1.25(x2) -0.73 1.25(x2) 0.71 2.006
- 0.06 0.92(x2) 0.40
Exp. Calc. Exp. Calc. Exp. Calc.
M- 2.47(x2) 3.55 - - - - - - - - 10.5(x1) 2.006
L 2.04(x2) 3.52 1.3(x2) 3.14 1.0(x2) 1.55 - - - - 8.4(x1) 2.006
pP3 0.60(x2) 1.4 1.27(x2) 2.34 1.6(x2) —2.98 1.6(x2) 3.26 1.27(x2) 243 2.006
P~ 3.08(x2) 3.1 17.0(x1)
HW 2.3 H4,5,6 H 789
T 4.54(x3) —5.46 0.17(x3) 0.26 0.34 - - - - 2.006
0.34 0.22
0.47 0.21
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Figure 3. UV/Vis-NIR optical spectra of neutral T and its successive anions,
monoanion T*, dianion T?, and trianion T*~, recorded in THF solution. The
intense absorption peak at 4.48 eV (277 nm) is saturated for Tand T to
obtain the details of the low-energy transitions. The vertical dashed-dotted
line shows the optical bandgap of the neutral species.””

(277 nm; Figure 3). As the reduction proceeds, two new ab-
sorption bands appear at low energy at 0.66 eV (1885 nm) and
2.03 eV (611 nm), thus indicating the formation of the radical
anion T. Upon further contact with the potassium mirror the
transformation of T~ to the dark blue dianion T?" is indicated
by a peak at 0.83 eV (1495 nm). The trianion T3~ is character-
ized by a main peak at approximately 1.5 eV (840 nm). Note
that a fourth reduction step was achieved but the resulting T*~
species was not as stable as its precursory states.

A seven-line EPR spectrum is observed at room temperature
for the radical anion T (Figure S4a). The 'H ENDOR spectrum
depends markedly on temperature, due probably to conforma-
tional mobility of the phenyl ring connected to the triple
bond. ENDOR spectroscopy was performed at lower tempera-
ture (a190-200 K) to enhance the resolution of small HFCCs
to obtain a(‘H)=3.02, 2.15, 1.42, 043, 0.22 MHz (Figure 4),
whereas only three HFCCs could be extracted at room temper-
ature: a('H) =3.0, 1.96, 1.46 MHz (Figure S4b).

1215 14 15 16 17
Frequency / MHz

Figure 4. 'H ENDOR spectrum of T~ at 190 K. The numbers above and
under the signals are the a('H) values in MHz.

Simulation of the central part of the EPR spectrum of T is
not fully achieved if considering different sets of two protons
or one proton. The interpretation of the EPR spectrum is com-
plicated by the probable coexistence of two rapidly averaging
conformations. This is suggested by DFT calculations as later
discussed. Additional lines in the wings of the EPR spectrum
were attributed to *Si nuclei. Further reduction of T~ leads to
the EPR-silent dianion T~ in a similar way to that reported for
M?~. The peak of maximum absorption in the low-energy
region of the optical absorption spectrum of T2~ (Figure 3) is
blueshifted with respect to T~ (0.83 €V/1495 nm vs 0.66 eV/
1885 nm).

The stable trianion radical T3~ was isolated upon further re-
duction, and showed a blueshift of the low-energy absorption
peak (Figure 3) with respect to the mono- and dianion
(1.48 eV/840 nm). The EPR spectrum of this species exhibits
a well-defined hyperfine pattern centered at g=2.006 (Fig-
ure 5a). It is characterized by seven principal lines and a nar-
rower spectral width than T'~. Four 'H HFCCs are given by the
ENDOR spectrum (2.04, 1.30, 1.0, 0.15 MHz; Figure 5b) leading
to a consistent simulation of the EPR spectrum (Figure 5c). Ex-
ternal lines on the EPR spectrum were attributed to *Si nuclei.
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Figure 5. a) EPR spectrum of T2~ in THF solvent recorded at room tempera-
ture. b) "H ENDOR spectrum of T? recorded at room temperature. The
numbers above the signals are the values of a('H) in MHz. c) Simulation with
the use of the coupling constants a('H) extracted from the 'H ENDOR spec-
trum.

This has been implemented in the simulation of the EPR spec-
trum (Table 2).

Pentamer, P

Similarly, the successive anions of pentamer P were investigat-
ed by EPR and UV/Vis optical absorption spectroscopy (Fig-
ure S2) up to the pentaanion P*~. The corresponding UV/Vis-
NIR spectra are displayed in Figure 6. The overall features of
the UV/Vis-NIR absorption spectra are similar to those ob-
served for the trimer up to the trianion P?~, that is, narrow
low-energy transitions are observed for the successive anions.
The main absorption peaks are blueshifted from 0.54 eV
(2240 nm) for P~ to 0.63 eV (1975 nm) for P>~ and to 0.76 eV
(1630 nm) for P~ Notice that P~ shows two low-energy tran-
sitions, as does T~. Successive transformations could not be
monitored from P?~ to P*®~ as precisely as from P~ to P?",
since isosbestic points are not well defined (Figure S2). This
suggests the probable simultaneous presence of the next and/
or previous anion in the corresponding solutions.
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Figure 6. UV/Vis-NIR optical spectra of neutral P and its successive anions,
monoanion P, dianion P?~, trianion P*", tetraanion P*~, and pentaanion
P*~, recorded in THF solution. The vertical dashed-dotted line shows the op-
tical bandgap of the neutral species.””

In spite of two close reduction waves in cyclic voltammetry
(Table 1), P~ could be isolated by chemical reduction as indi-
cated by the optical absorption spectra and by EPR spectrosco-
py. The spectrum consists of a broad line with poorly defined
shoulders (Figure 7a) extending over a narrower field range
than that observed for T'~. The lack of structure in the EPR line
is explained by the increasing number of interacting nuclei
and the extended delocalization of the unpaired electron, thus
building an envelope for a large number of small HFCCs. A
'H ENDOR spectrum is recorded at room temperature (Fig-
ure 7b) with three pairs of 'H lines (1.25, 0.92, 0.52 MHz) and
one collapsing line at the pump position v,, which are used
for simulating the EPR spectrum (Figure 7 c).

. ) 0.15 | )
13 14 15 16
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v
(b) v
l:" 1.6
J 0.60
1.27
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Figure 7. EPR spectrum in THF solvent at 300 K of a) P"~ and a’) P*". Simula-
tion of the EPR spectrum of ¢) P~ and ¢) P~ with the use of the a('H) cou-
pling constants extracted from the 'H ENDOR spectrum at 200 K of b) P*
and b’) P*~. The numbers above and under the signals are the a('H) values
in MHz.

Further reduction leads to the stable dianion P?>~, which is
EPR silent as observed for the M*~ and T?~ dianions. As the
contact with the K mirror further proceeds, trianion P>~ is ob-
tained with an EPR spectrum (Figure 7a’) similar to that of the
monoanion although more structured. The 'H ENDOR spec-
trum (Figure 7b’) is different from that of the monoanion with
four "H HFCCs, which allowed simulation of the EPR spectrum
(Figure 7c’ and Table 2). The stable tetraanion P*" is the next
stable state, which is EPR silent. The pentaanion P*~ could be
isolated and it shows an EPR spectrum with a central triplet
due to the coupling of two equivalent protons (Figure S5). As



for other radical anions, addi-
tional satellite lines are attribut-
ed to **Si nuclei.

Table 3. Relevant structural parameters of the studied OPEs (ADF-BP/TZP). d is the interatomic distance; a« and
3 are dihedral angles between successive phenyl rings: a=(1',2"); f=(1',3").

dIAl M M- T T T3 P P p3- Tr T

, C1-C2 1388 1387 1387 1398 1400 1393 1397 1399 1216 1224

TIPS-Dehydrotribenzo[12]annu- C2-Cc3 138 1391 138 1382 1385 1390 138 138 1403 1391

lene, Tr C3-C4 1414 1446 1420 1430 1444 1418 1426 1436 1417 1434
o ) C4-C7 1405 1394 1395 1385 1383 1400 1396 1388 - -
On placing into contact with |7 cg 1221 1231 1217 1225 1232 1219 1225 1230 - -
a potassium mirror, a THF solu- C8-C9 - - 1.401 1.386 1.383 1.400 1.397 1.388 - -
tion of the cyclic compound Tr | @[] - - 3.5 36 3.1 59 07 03 - -
turns into an intense green color ol - - - - 24 24 0.0 - -

indicating the monoanion Tr~.

The optical absorption spectrum

of Tr~ is drastically modified relative to the neutral species
(Figure S6). The complex vibronic structure featuring the peaks
of the neutral species shows a different structure for Tr~ with
enhanced absorption peaks at 3.05 eV (408 nm) and 3.65 eV
(340 nm). Moreover, new low-energy transitions are observed
at 0.88eV (1403 nm) and at 1.8-2.0eV (688-622 nm; Fig-
ure S2).

The EPR-silent dianion Tr*~ is obtained upon further succes-
sive contacts with potassium. The optical absorption spectrum
of Tr*™ is quite similar to that of Tr~ with a blueshift of the
low-energy bands at 1.95 eV (638 nm) and 1.22-1.37 eV (1020-
907 nm), whereas peaks within the “vibronic massif” show up
at 2.96 eV (420 nm) and 3.60 eV (345 nm). Higher anions could
not be isolated, probably due to chemical transformations as
the reduction process is continued. These findings may be at-
tributed to possible internal cyclization.*?

The EPR spectrum of the radical anion Tr'~ shows a detailed
hyperfine pattern (Figure S7), which is understood on consider-
ing two sets of three 'H nuclei (4.54, 0.17 MHz) as supported
by the "H ENDOR results (Figure S7b and Table 2).

Additional lines are observed in the wings of the signal.
These correspond to the coupling of #°Si and/or *C nuclei. A
satisfying simulation of the experimental spectrum is not at
hand as different sets of '>C nuclei lead to equivalent patterns.

DFT Calculations

Theoretical investigations were performed at the DFT level to
rationalize the experimental results. The calculations started
from the optimized neutral structures of the entire molecules
for all anions. The structures of all of the studied polyanions
were further optimized (see Figure S8). Given the large size of
the molecules only the conformation of the lowest energy was
considered in each case.

Due to the observed slow convergence for P°~, the optimi-
zation was stopped at a given step to perform a single-point
calculation of the EPR properties. Optimized distances and
angles computed for neutral and charged species are present-
ed in Table 3, with the atom numbering system given in
Scheme 2.

Before listing the main theoretical results for each system, it
is worth mentioning from the start that, taken as a whole, the
resulting HFCCs calculated at the DFT/B3LYP/6-31+ G(d) level
correctly correlate with the corresponding experimental values

2L Sip(CHals

Scheme 2. Atom labeling system for the linear oligomers and Tr.

as long as one considers two subclasses of systems. These
classes are easily defined and discussed in the light of Figure 8.
The first subclass A contains systems with lower spin density in
the singly occupied molecular orbital (SOMO). These are the
spatially extended monoanions of the longer oligomers T~ and
P~. In both cases, the electron spin is delocalized along the
central carbon chain (see Figure 9). It can be seen in Figure 8
(trace A, bottom) that the correlation between experimental
and DFT-computed HFCCs is linear with an intercept value
close to zero. The slope is less than 1, thus pointing to an un-
derestimate of the calculated values with respect to the experi-
mental ones.

The second subclass B comprises systems with higher spin
density. These are the shortest monoanions (M~, Tr™), and the
higher charged states of longer oligomeric trianions (T3, P*")
together with the pentaanion P”~. As shown by the SOMO
spin density, the charges localize at both ends of these mole-
cules. A linear plot yields a slope of 1.09 but with an intercept
value of 0.93. Alternatively, a quadratic plot is proposed as
a best fit (equation in the legend of Figure 8) with an intercept
close to 0. The assignments of subclasses A and B to given
nuclei on the molecules will be discussed below for each
anion specifically. These are proposed according to both the
magnitudes and the numbers of equivalent atoms.



DFT computed HFCC / MHz

Experimental HFCC / MHz

Figure 8. Experimental HFCCs versus DFT-computed HFCCs. A) T, P*;

a linear plot yields the following equation: HFCC(DFT)=0.424 HFCC-

(exp) +0.021 (R*=0.879); B) M-, Tr—, T2, P*~, and P®"; a quadratic plot
yields the following equation: HFCC(DFT) = —0.205 HFCC(exp)® +2.097 HFCC-
(exp) +0.116 (R*=0.959).

Subclass A

Geometry optimization of T was performed without any sym-
metry constraint and the calculated structure does not show
significant alteration compared to that of the neutral species T,
although slight changes in bond lengths are observed (see
Table 3). The spatial distribution of the SOMO of the monoan-

HOMO

ion T is reported in Figure 9. The calculated spin density dis-
tribution is extended over the larger conjugated backbone of
this oligomer. All DFT-predicted 'H HFCCs for T*~ of the planar
conformation are smaller than the experimental ones even
with extended basis sets (see Table S1; see also Figure 8A).
Values for the protons H, and H, are not equivalent (Table 2).
The largest HFCCs are mainly due to the protons at positions
Hs, and Hsg. The electronic structure of the trimer derivatives
with and without side substituents has been shown to be sen-
sitive to the degree of torsion within various conform-
ers.B 11929 syhsequently, this is investigated in this work (see
below).

The hierarchy of the computed 'H HFCCs is of valuable help
for the assignment of the experimental values, hence guiding
the simulation of the EPR spectra of P*~ (Table 2 and Figure 7).
The value of 1.25MHz for P~ was attributed to the H,zq,0
nuclei, whereas the values of 0.92 and 0.52 MHz were assigned
to the protons Hs,s¢ and H, ,, respectively. The spatial distribu-
tion of the SOMO is similar to that of T (Figure 9) with the
charge delocalized along the conjugated backbone.

Subclass B

In the case of M'~, high mt-spin density is calculated at the cen-
tral carbon atoms of the phenyl ring (C3, C4, and C6, see

SOMO

Figure 9. Spatial distribution of the HOMO (left column) for the neutral structure and SOMO (right column) for polyanions.



ring 1" in Scheme 2) and external carbon atoms (C8 and C4’
bonded to TIPS and TMS, respectively; see Table 4).

The resulting HFCCs calculated at the DFT/B3LYP/6-31+ G(d)
level (see Table 2) put M~ in subclass B (see Figure 8, trace B).
The two protons H, and H, bonded to C2 and C5, respectively,
have the same DFT HFCC, that is, 3.55 MHz. They reproduce
the central part of the EPR spectrum whereas 'H HFCCs of indi-
vidual hydrogen atoms on the TMS and TIPS substituents are
distributed in a broad range from 0.02 to 3.01 MHz. It is then
inferred that the small HFCC in the ENDOR spectrum indicates
a rapid rotation of the CH; group and leads to the observed
average of 'H HFCC.

Further information concerning the spin density distribution
may be obtained upon examination of the satellites in the EPR
spectrum, which are attributed to the #Si nuclei. The DFT/
B3LYP/6-31+G(d) calculations show that the four DFT
2Si HFCCs (5.23 and 5.60 MHz) are in the same range but are
rather underestimated by a rough factor of 2 on comparison
with the experimental values (10.50 MHz). DFT calculations
were also carried out with other hybrid functionals and differ-
ent basis sets (see Table S1).

Increasing the basis set to include diffuse functions results in
a better agreement of 'H HFCCs for H, and H, with the experi-
mental values, although leaving 2°Si HFCC underestimated.

No significant geometrical changes are observed on going
from T~ to T~ (see Table 3). DFT calculations were again help-
ful to assign the measured HFCCs to given 'H nuclei on this
molecule. The smallest experimental coupling at 1.0 MHz must
be attributed to Hss (DFT: 1.55 MHz) whereas the remaining
two experimental HFCCs at 1.3 and 2.0 MHz correspond to the
four nuclei at H,,;, with possible attribution of the largest
value to the outer H;, atoms (DFT: 3.14 and 3.52, respectively).
The spatial distribution of the SOMO of T2~ is quite different
from that of T. Although it is quite equally distributed over
the conjugated backbone within T, it is localized on the ex-
ternal phenyl rings for T~ (Figure 9).

Compared with T the spin density strongly increases on
C7, €9, and C11 and the remaining fraction is equally distribut-
ed over the carbon backbone until C16 with an extension on
the side TIPS arms (Table 4).

In contrast to P*~ and as previously noticed for T, DFT calcu-
lations of the HFCCs for P2~ are greatly overestimated relative
to experimental values. The set of protons Hs,g10, Hsgss and
H,, is ascribed to the HFCC values 1.27, 1.6, and 0.6 MHz, re-
spectively. The calculated structure of Tr'~ does not show sig-
nificant differences compared to that of the neutral species Tr.
The SOMO of Tr~ is spread out over the central ring and on
external carbon atoms on the phenyl ring and TIPS (see

Figure 9). The calculated HFCCs
are in accordance with experi-

Table 4. Selected computed Mulliken atomic spin densities at the B3LYP/6-31 4 G(d) level. m.ental values. The highest cou-
pling at 4.54 MHz can be as-
M- T ™ P P2 P T signed to the protons H,;
1 0.194 0.082 —0.08 0.044 —0.064 0.077 0008 | whereas the value of 0.17 MHz
&) —0.08 —0.014 0.046 0.041 —0.069 0.082 0061 | was attributed to the H,s, or
E; 0.179 0.070 —0.063 —0.006 0.032 —0.040 0042 | 1y nuclei. For P, the spatial
4 0.186 0.080 —0.080 0.050 ~0.082 0.090 0108 | distribution is mainly delocalized
4’ on the central ring and the two
() —0.076 —-0.012 0.048 0.037 —0.054 0.069 0.007 external rings. If we refer to
6 0172 0.068 —0.06 —0.002 0.018 —0.037 0062 | Figure 8, the place of P~ is in
c7 —0.058 0.012 0.103 0.020 0.048 —0.072 0.042 b class B
cs 0.142 0.054 ~0.108 0.028 ~0.078 0.082 ~0.02 subclass b.
<) - 0.030 0.138 0.036 0.056 —0.068 0.042
c10 - 0.010 —0.062 0.047 —0.052 ~0.009 0.083 . .
i - 0018 0.142 ~0.009 0.045 0014 _0014| 3. Discussion
c12 - 0.098 0.084 0.052 —0.060 ~0.017 0015 | ous] iced .
13 - ~0.032 ~0.033 0.032 0.052 ~0.063 0.038 s previously noticed, geometri-
Cl4 - 0.085 0.090 0.001 ~0.040 0.039 - cal parameters and HFCCs deter-
C15 - —0.030 —0.021 0.000 0.110 0.038 - mined from DFT calculations
c16 - 0.067 0.074 0.040 —0.070 —0.045 - allow the identification of the
c17 - - - 0.011 0.123 0.062 - EPR si for all reduced
18 ~ ~ i 0043 0137 0042 _ signatures for all reduce
c19 _ _ - —0.017 —0.050 —0.027 - species. For the studied series,
20 - - - 0.051 0.144 0.047 - nearly identical bond lengths are
@ - - - 0.005 0.116 0.049 - found for neutral molecules,
22 - - - 0.008 —0.058 0.00 - . d o
a3 ~ _ _ 0019 0046 0011 _ monoanions,  an trianions.
24 _ _ _ 0.040 0.117 0.039 - Table 3 reports only significant
Si1 0.017 0.003 0.028 0.002 0.021 0.125 0004 | variations of bond length and/or
si2 0.020 0.003 0.028 0.002 0.033 0.19 0004 | (olecular conformation along
si3 0.049 0.007 —0.021 0.002 —0.008 ~0.042 0.006 he PE main chai
si4 0.031 0.007 ~0.021 0.004 ~0.012 ~0.040 - the PE main chain.
Si5 _ 0.002 0.08 0.000 0.000 —0.008 - Successive additions of elec-
Si7 - - 0.058 0.004 0.000 —0.008 - trons on T leave unchanged the
5f9 - - - 0.004 0.033 —0.008 - dihedral angle between phenyl
Sin - - - 0.000 0.030 ~1.10 - A , ,
rings 1" and 2/, whereas P be-




comes planar upon being charged (5.9° to 0°). Therefore,
a better & conjugation is expected as the size of the oligomer
is extended. Notably, such molecules have a nearly planar
ladder skeleton in spite of the presence of bulky TIPS substitu-
ents. Moreover, the molecular conformation is not at all or
only slightly affected as the number of added electrons in-
creases. The shortest bond lengths are found for the ethynyl
connection, as expected for a triple bond. The computed
changes in distances for the monoanions can be rationalized
upon examination of the properties of the frontier MOs.

The LUMOs show a bonding character between C7 and C8,
whereas the phenyl rings are essentially aromatic. Adding one
electron leads to an antibonding character with lengthening of
the C7—C8 bond (1.225 vs 1.217 A for T; 1.225 vs 1.219 A for P)
and the phenyl ring becomes quinoid-like. It is expected
beyond a better m conjugation between the phenyl units. The
shapes of the frontier orbitals are quite similar for the neutral
M, T, and P. For a given oligomer, successive reductions may
be roughly considered as adding electrons to the LUMO and
LUMO + 1 orbitals of the neutral species. This is exemplified in
Figure S9, in which the SOMO of the trianionic radical species
T3~ resembles the corresponding LUMO of the dianionic dia-
magnetic species T>". Accordingly, the SOMO of T~ looks like
the LUMO of the neutral T. Examination of the frontier MOs of
higher charged species M~ and P~ shows that these SOMOs
are predominantly localized in the external part of the mole-
cules whereas the SOMO—1 MOs have a shape similar to that
of the SOMOs of the corresponding radical anions. We have
previously mentioned the possible mixture of two conformers
to account for the indetermination in the EPR/ENDOR spectra
of T". This assumes their coexistence at or close to room tem-
perature. The effects of molecular conformation on the elec-
tronic properties have been much investigated, mostly
through DFT for T and P OPEs with various side and terminal
substituents with respect to photophysical properties®** or
single-molecule conductance.*' As a summary, the conjuga-
tion/electronic delocalization over the OPE is broken with the
molecular twist around the principal axis of these linear OPEs.
To check this point, the conformational energies of neutral T
and charged T~ were computed at the ADF DFT level for vari-
ous dihedral angles 6 corresponding to rotation about the
C8—C9 bond (see Scheme 2 for the numbering system), where-
as the central phenyl ring and its neighboring triple bond
were kept coplanar (see Figure S10).

As the dihedral angle increases by about 30° a maximum
energy is obtained due to the loss of the m-electron delocaliza-
tion. More stable conformations are computed for a dihedral
angle close to 0° and 60°, the energy barrier being approxi-
mately 10 kcalmol™'. The corresponding E(6) curve of T'
shows a similar variation to that of the neutral species. In con-
trast to the present results, the rotation barrier of OPEs is usu-
ally considered to be low, of the order of 1kcalmol™" or
less."2331 The high rotation barrier found for TIPS-protected
OPEs probably results from steric hindrance between neigh-
boring bulky TIPS substituents. It is shown that two distinct ro-
tational conformers may coexist on both sides of the rotational
barrier. It is suggested that this is the explanation for the ap-

parent mismatch between ENDOR and EPR for the radical
anion T. The thermal equilibrium builds up a conformational
average of all of the accessible rotational conformers. The stat-
istical average is expected to be energetically closer to the real
system than that computed for the trimer of lowest energy.
This is why the resulting EPR spectrum of the P~ radical anion
does not show a detailed structure. These have been most
probably smeared out through conformational averaging. The
literature also mentioned the possibility of ion-pair formation
in THF solvent,®¥ but in our case we did not observe splitting
by potassium in dilute solution.

A comparison between the calculated HFCC values for mon-
oanions suggests that the spin density is delocalized along the
carbon backbone as the molecule grows. As a matter of fact,
calculated HFCCs for the monoanions at position H, , decrease
from M~ to P, the same trend being observed for H;, and
Hse This is consistent with the experimental 'H HFCCs mea-
sured in ENDOR spectra. It points to a fully delocalized spin
species for the monoanions, as already observed for oligoperi-
naphthalenes.***

Dianion derivatives may exist as triplet or singlet ground
states. The singlet state has been computed as an open-shell
derivative and it is found to be lower in energy than the triplet
state for the three species M, T, and P. This is in line with EPR
spectroscopy in which the evenly charged species are silent
suggesting the S=0 ground state. It is suggested that the spin
state S, for n electrons is given by simple arithmetic: S,=0 for
even n, and S,="/, for odd n. Therefore, the odd number of
electrons results in a radical anion with a doublet spin multi-
plicity, whereas even-numbered anions are in a singlet S=0
state, which is EPR silent. To support this scheme for the evolu-
tion of the electronic structure of the successive anions of T,
the intensity of the EPR signal (double integral of the first de-
rivative of the absorption line) was assessed for two solutions
of T~ and T*>~ of known concentration deduced from UV/Vis
spectroscopy. This is proportional to the spin susceptibility,
and hence to the spin concentration for paramagnetic species
according to the Curie law. The absolute spin concentration
within the solutions could not be calibrated accurately. Howev-
er, the relative value between the two solutions is quite accu-
rate. It is found that the number of spins per molecule is the
same in both samples. It means that the trianion should be
viewed as a single S="/, spin. Moreover, to ascertain this pro-
posal the temperature dependence of the EPR susceptibility
was recorded in the 4-100 K temperature range. It shows
a pure Curie law (Figure S11) as expected for an isolated S="/,
spin.

The "H ENDOR spectra of trianions indicate spin density re-
distribution. Given the observed smaller number of 'H HFCCs,
the simulation of the EPR spectra of T3~ and P?" is more
straightforward than for the corresponding monoanions. DFT
calculations show that, in contrast to the monoanions, the cal-
culated spin density is mainly located on the outer PE unit for
the trianions. For instance, the spin density on C24 is three
times greater for P~ than P*~. Consequently, the addition of
a third electron probably drives the system to a more coplanar
conformation. This trend is also corroborated by the NIR ab-



sorption band, which is blueshifted at increasing charge, thus
suggesting that for a given oligomer electrons are more local-
ized as the charge increases. Note also that pentaanion P~ is
characterized by an EPR spectrum similar in shape to that of
M~ with a triplet 1-2-1 and a close '"H HFCC (2.47 vs 3.08 MHz
for M~ and P®"). The spatial distribution of the SOMO is in ac-
cordance with the assignment of subclass B.

Spectroscopic properties (optical and EPR) of the unsubsti-
tuted Tr were described earlier">*® The addition of the TIPS
substituent was considered as an inductive effect. Indeed,
a redshift is observed on UV/Vis spectra. Unfortunately, the im-
possibility of obtaining a higher anion than the divalent one
discards the appealing possibility of comparing the electron/
spin density distribution over the linear T?~ and triangular
Tr~ trianion with respect to the corresponding monoanions.
Considering the neutral Tr and the anionic Tr'~ structures, DFT
computations show appreciable changes in individual bond
lengths. Upon one-electron reduction the C1—-C2 and C3-C4
distances increase greatly (1.216 vs 1224 A and 1417 vs
1.434 R). This probably results from intramolecular oligocycliza-
tion upon further electron addition, thus corroborating experi-
mental failures to obtain higher stable anions.’>*”

Frontier orbitals of neutral and monoanionic species of Tr
and T are similar (Figure 9). The electron density in each HOMO
is delocalized on the phenyl ring and on the ethynyl bond,
whereas the LUMO is regularly distributed along the backbone
for T and over the ring for Tr. This inner-ring electronic distribu-
tion for Tr is appealing for metal inclusion compounds.

The UV/Vis-NIR spectra of the series of neutral oligomers
have been previously discussed.”” The present discussion will
thus consider the previous experimental data and conclusions
in the light of DFT calculations (HOMO-LUMO energy gap:
HLG). As expected, a bathochromic shift has been reported
previously for neutral compounds as the size of the oligomer
increases. This indicates the increasing electronic delocalization
length usually related to m conjugation. The pentamer appears
as the precursor to an infinitely conjugated chain, that is, the
polymer. It was suggested™” that the electron-donating nature
of TIPS groups may lower the HLG relative to unsubstituted or
other side alkyl-substituted OPEs. As a matter of fact the UV/
Vis main absorption band of OPEs is usually found between
approximately 3.1 and 4.1 eV.® The T, P, and M compounds
show the UV/Vis main absorption peak below 3.1 eV. Table 5
summarizes the optical absorption spectroscopic data for neu-
tral T, P, and M and their successive anions.

The plot of the energy of the experimental main absorption
peaks of neutral, monoanionic, dianionic, and trianionic M, T,
and P versus 1/n, in which n is the number of PE units (n=1,
3, 5 for M, T, P, respectively), shows the expected linear de-
crease, that is, a redshift for all transitions upon increasing the
conjugation length (see Figure S12A). Notably, this redshift is
more pronounced for the dianions and trianions than for the
neutral species and the monoanions. The extrapolation of the
line to the infinite chain (1/n=0) yields an estimation of the
HLG at the limiting effective conjugation length.”®%? These
features, although underestimated relative to the experimental
data, are still quite well reproduced by DFT computations,
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Table 5. UV/Vis-NIR peak positions [eV] of neutral species (N), monoan-

ion radical (RA), dianions (DA), trianions (TRA), tetraanions (TTA), and pen-

taanions (PA). High- and low-energy absorptions are labeled 1 and 2, re-

spectively, and the higher-intensity absorption is given in bold characters.
M T P Tr

N1 4.51 4.48 4.31 3.90

N2 4.01 3.52 3.28

RA1 2.89;2.73 4.40 3.65;3.04

RA2 2.07;1.85 2.03;1.38 1.95 1.99;1.80

RA3 0.84,0.81;0.65 0.55 0.88

DA1 4.56;3.62;2.88 4.34;3.31 4.38 3.60;2.95

DA2 2.41;1.84 1.35;1.00;0.83 2.25;0.63 1.94;1.37;1.21

TRA1 - 3.31 4.36

TRA2 - 1.48;0.98 0.76

TTA1 - - 3.60

TTA2 - - 1.33

PA1 - - 2.92

which yield a linear correlation for the plot of the HLG of the
neutral species versus 1/n (see Figures S12B and S13).

Compared with neutral compounds, the spectra of all of the
charged species up to the trianions have been shown to exhib-
it additional low-energy peaks in the NIR region below approx-
imately 2 eV. Radical monoanions T, P*~, and Tr'~ are charac-
terized by two additional and distinct low-energy peaks,
whereas polyanions show only one such low-energy peak. For
a given oligomer these NIR peaks are blueshifted as the charge
increases, thus indicating increasing electronic localization. This
effect is nicely supported by EPR HFCCs and corroborated by
the DFT computations with the increase of the HFCC values on
the central phenyl ring as the anion order increases (Figure 9
and Table 4).

For the radical anions the energy (1.95eV) deduced from
the extrapolation of the line RA2 in Figure S12A is much lower
than the corresponding value for the neutral derivative
(3.16 eV). Moreover, it is close to the value deduced from cyclic
voltammetry (1.72 eV). Indeed, a similar plot to Figure S12C
with the reduction potential E.4 versus 1/n yields linear varia-
tions for the first and the second reduction steps. Such evolu-
tion is frequently observed for conjugated oligomers.*®¢"

4. Conclusions

Detailed studies of the electronic structure of up to five con-
secutive redox states of substituted TIPS-OPEs of increasing
length, from the monomer M, trimer T, up to the pentamer P,
were achieved. A cyclic triangular annulene, Tr, was also inves-
tigated to compare its properties with those of the corre-
sponding linear trimer. The doping of these series of oligomers
was performed on a K mirror. The monitoring of the successive
doping sequences by UV/Vis spectroscopy showed clear iso-
sbestic points on going from the neutral species to the various
charged states. It is shown that the oligomer of order n (n=1,
3, 5) may accommodate in a stable state up to n electrons and
even more in the case of the trimer. The ability of these OPEs
to behave as electron reservoirs is thus demonstrated. Each of



the successive anionic species was generated in a stable state
at room temperature if kept under sealed EPR tubes. EPR/
ENDOR spectra were consequently recorded to investigate
their electronic properties. It is shown that addition of an odd
number of electrons results in a paramagnetic spin doublet
state. On the other hand, the addition of an even number of
electrons does not show any EPR response. This EPR-silent
state is consequently attributed to the strong spin pairing of
electrons resulting in a singlet ground state. DFT calculations
(B3LYP/6-31+(d,p)) helped to assign the HFCCs to the corre-
sponding nuclei for the radical monoanions and trianions. The
resulting HFCCs correlate correctly with the corresponding ex-
perimental values as long as one considers two subclasses of
systems. It is shown that whereas the radical monoanion is
well delocalized over the carbon spine of the oligomers, radical
trianions and pentaanions tend to localize at the phenyl ring
termini. This is qualitatively corroborated by UV/Vis spectrosco-
py, which showed that there is a blueshift of the low-energy
transitions appearing during doping upon going from the
monoanion to the higher charged states. As expected, the con-
jugation length is extended as the oligomer size is increased.
This is indicated by a redshift of the overall optical absorption
bands of the oligomers on going from M to P.

Experimental Section
Compounds

The procedure to synthesize the OPEs (n=1, 3 ,5; respectively M, T
,P) and 44’4 tris(triisopropylsilylethynyl)dehydro-tribenzo[12]an-

nulene (Tr) has been described previously."”

Spectroscopy

Tetrahydrofuran (THF) was used as the solvent for all studies. To
avoid protonation of the charged species, THF free of protonic im-
purities was distilled through a vacuum line directly into the appa-
ratus from a purple solution of the sodium salt of the benzophe-
none dianion. The UV/Vis-NIR spectra were recorded with a Varian
Cary500 spectrophotometer. EPR/ENDOR spectra were recorded on
a Bruker spectrometer ESP 300 equipped with a radio-frequency
amplifier EMI 500. The multiply charged anions were generated by
bringing a solution of the substrate (107*m) in THF into contact
with a potassium mirror in a specially designed glass apparatus
sealed under high vacuum. A quartz optical cell and quartz tubes
attached to the apparatus allowed in situ optical and EPR measure-
ments. Increasing the reduction states of the compounds was ach-
ieved by successive contact of the solution with the potassium.
Progression of the reduction process was monitored by recording
optical absorption and EPR spectra.

Electrochemistry

Cyclic voltammetry at scan rates ranging from 0.1 to 100 Vs™' was
carried out in a homemade cell connected to a vacuum line. The
cell was a classical three-electrode cell: the working electrode was
a platinum disk (1 mm diameter) sealed in glass and polished with
0.5 to 2 um diamond paste. The counter electrode was a platinum
wire and the pseudo reference electrode a silver wire. The right
amount of supporting electrolyte, ferrocene, used as internal stan-
dard, and the species were put in the cell and placed under
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vacuum for 24 h. Afterwards, the THF was transferred to the cell
using deep-freeze techniques. The cell was connected to a compu-
terized multipurpose electrochemical device Autolab PGSTAT 30
(Eco Chemie B.V., The Netherlands), driven by GPES software run-
ning on a personal computer.

DFT Calculations

Ground-state electronic structures were calculated by DFT methods
using the Amsterdam density functional (ADF2003.01)®? and Gaus-
sian 03'* software packages. Calculations for all species were per-
formed without any constrained symmetry. Electron correlation
was treated within the local density approximation in the Vosko-
Wilk-Nusair parameterization.®” Electronic configurations of atoms
were described by a triple-Slater-type orbital basis set. EPR proper-
ties were calculated on a single point of the optimized structure 6-
31+ G(d) for the Gaussian 03 package. Representations of the mo-
lecular structures and orbitals were made using ADF-view v06.
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