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Reversible Dimerization and Polymerization of a Janus Diradical To
Produce Labile C—C Bonds and Large Chromic Effects
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Peiia Alvarez, Juan T. Lopez Navarrete, Carlos J. Gomez-Garcia, Miklos Kertesz,

Kazuo Takimiya,* and Juan Casado*

Abstract: Conducting polymers can be synthesized by irrever-
sible diradical monomer polymerization. A reversible version
of this reaction consisting of the formation/dissociation of o-
dimers and o-polymers from a stable quinonoidal diradical
precursor is described. The reaction reversibility is made by
a quinonoidal molecule which changes its structure to an
aromatic species by forming weak and long intermolecular
C—C single bonds. The reaction provokes a giant chromic
effect of about 2.5 eV. The two opposite but complementary
quinonoidal and aromatic tautomers provide the Janus faces of
the reactants and products which produces the observed
chromic effect. A reaction mechanism is proposed to explain
the variety of final products starting with structurally very
similar reactants. These reversible reactions, covering an
unusual regime of weak covalent supramolecular bonding,
yield products which might be envisaged as novel molecular
and polymeric soft matter phases.

I mportant conducting polymers,! such as poly(parapheny-
lene-vinylene),? are prepared by a diradical polymerization
using monomers able to generate highly reactive quinonodi-
methane diradical intermediates,”) which form strong
chemically irreversible intermonomer C—C single bonds
(Scheme 1). The reversible version of this polymerization
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mechanism is the subject of this work. Reversibly-made
polymers might broaden the material versatility since one can
move back and forth in the monomer/polymer equilibrium by
mild external physical and environmental stimuli. The key
aspect that differentiates the reversible and irreversible paths
is the stability of the diradical intermediate. Therefore, a clear
structure—property relationship is established: the more
versatile molecular and polymeric reversibly-made materials
should be based on highly stable diradical precursors.™

Chromism is a valuable property for functional materi-
als,” and sometimes emerges as a manifestation of new
underlying chemical phenomena. Some neutral monoradicals
(imidazolyl® and phenalenyl” derivatives) and diradicals
(diphenalenyls®) have been reported to show chromism by
the formation of staircase m-stacking oligomers and polymers.
Another related example is a tetrafluorobisimidazol quino-
noidal compound which shows green to pale chromism
promoted by a photochemical diradical dimerization (see
Scheme S1 in the Supporting Information).”’ Nonetheless, the
mediation of unpaired electrons is common in all these
chromic reactions. Radical centers are capable of forming
either multicenter delocalized pancake m-bonds or localized
o-bonds, the latter giving rise to unusually long fluxional C—C
bonds.""M In fact, 0- and m-products represent two competitive
routes along the intermolecular dimerization/polymerization
reaction pathway.'*l The result of the distinctive molecular
reorganization after m- or o-bonding provokes different
chromic effects and is the subject of the present research.

Recently, tetracyanoquinonoidal oligothiophenes
(Scheme 2) were intensively studied.'*' For those with
a small number of thiophenes, the ground electronic state
has a singlet closed-shell quinonoidal structure, whereas in
the medium-sized members, the quinonoidal structure con-
verts into a singlet open-shell diradical (Scheme 2).

We present here the reversible diradical o-dimerization/
o-polymerization of the quinonoidal oligothiophene
1 (Schemes 1 and 2) triggered by mild stimuli (concentration,
temperature, and pressure). The reaction is accompanied by
a 2.5eV chromic effect which originates from the trans-
formation of its quinonoidal core in the monomer into an
aromatic structure in the reaction products, a manifestation of
the two-faced (Janus) nature of 1. None of these changes have
been detected for 2 (see Scheme 2).

The new quinonoidal compound 1 is prepared with two
thiophenes fused to a naphthalene and bearing cyano-
alkyloxycarbonyl-methylene functionalities at the outermost
positions (see Scheme S2). In comparison with its dicyano-
methylene counterpart 2, the molecular optical properties, are
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Scheme 1. Irreversible and reversible polymerizations in this study.
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Scheme 2. From top to bottom: tetracyano quinonoidal oligothio-
phenes displaying sizeable diradical character and formation reactions
of 0-(1,), 7-(2,), 0-(1+2), and m-(1+2).

barely modified (Figure 1a)."' In fact, both 1 (A=
635nm) and 2 (4,,,=625nm) display very intense blue
color in dichloromethane (CH,Cl,) solutions.

The unexpected result is that when 1 was deposited from
solution by drop-casting as a thin solid film, it became
completely colorless (see Movie S1), and fully recovers the
blue color upon re-dissolution. Figure 1b displays the UV/Vis
absorption spectra of the thin film of 1 with main bands
around A =270-330 nm. The same chromic phenomenon is
reproduced by starting with a dilute 10~°M solution of 1 in
CH,Cl, and lowering the temperature (Figure1d; see
Movie S2), thus observing again strong absorptions at 1=
270-330 nm. In both cases, the emergence of these new
bands was accompanied by the disappearance of the main
absorption at A =635 nm. When the frozen colorless solution
was heated back to room temperature, the original blue band
was fully re-established (Figure 1d). The thermochromic
cycle is reproduced in methylcyclohexane (C;H;,) and in
methyltetrahydrofurane (Me-THF). Heating the colorless
thin film from room temperature allowed progressive recov-
ery of the visible blue band at temperatures higher than 400 K
(Figure 1b). Finally, at room temperature similar UV/Vis
spectral changes are observed when starting with a dilute
solution of 1 and then increasing the concentration (Fig-
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at A=270-330 nm increase to the detri-
ment of the blue band. Compound 2 does
not show any of these changes (see Fig-
ure S1).

Temperature-dependent experiments
with dilute solutions allowed us, by assum-
ing a dimerization process, to derive the
thermodynamic parameters from the equi-
librium constant K(7) and by means of
a van’t Hoff plot [K(T)—1/T]. The varia-
tion of dimerization reaction enthalpy
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Figure 1. UV/Vis absorption characterization of the dimerizations: a) 1
and 2 at 300 K in 107> m solutions of CH,Cl,. b) 1 as a solid drop-cast
thin film at 300 K (gray solid line) and after heating at 423 K for

90 minutes (blue solid line). c) Spectral evolution of a 107*m solution
of 1 at room temperature (blue solid line) in CH,Cl, with an increase
on the concentration of up to 107 m (gray solid line). d) 107°m
solution of 1 in CH,Cl, by cooling. e) 10~ m solution of 2 in CH,Cl, by
cooling from 285 K (blue line) to 190 K (pink line). f) 107 m equimolar
solution of 142 by cooling from 300 K to 190 K (after 90 minutes at
190 K).

(AH®) is obtained (Figure S2): —14.81 kcalmol ' (CH,Cl,),
—10.59 kcalmol ' (C;H,,), and —8.57 kcalmol™' in (Me-
THF). In addition, at 273 K the variation of the dimerization
entropy, AS°, is calculated: —0.048 kcal K 'mol ! in CH,Cl,,
—0.065 kcal K 'mol ™! in C¢H,,, and —0.058 kcal K 'mol ' in
Me-THF. These data indicate that the exothermic character
provides the driving force for the reaction.

The energetics of the dimerizations from quantum
chemical calculations are summarized in Figure 21" (see
Figures S3-S11 and Tables S1-S3). For the dimeric stacking
configurations, we considered the syn and anti orientations
with respect to the positions of the sulfur atoms, with the anti
being more stable (except where indicated otherwise). We
address two major anti isomers, o- and m-dimers, for which
several conformations have been modeled in Figure 2:
1) open or extended conformation [i.e., 0-(1,)-op or 7-(1,)-
op] with only one connection between the two monomers,
2) fully-closed conformation with face-to-face coupling [i.e.,
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Figure 2. Calculated free-energy changes along the dimerization reaction (see the Supporting Information for details). Top: Relative Gibbs free
energies (AG=Ggimer—2 Gonomer) Of €ach dimerization reaction of 1 (left) and 2 (right) in CH,Cl,. Lines are provided to guide the eye. All
structures are local minima except the transition structures. Chemical structures represent the optimized geometries for 1 (structures for 2 are
similar and not shown). TS (black squares) indicate the transition structures between the o and = sides according to either the closed path
(maroon line; TS1) or through an open route (purple line; TS2). Bottom: equilibria for o-dimerizations and o-polymerizations starting from -

dimerizations.

0-(1;) with two o-bonding sites or m-(1,) with pancake
bonding], and 3) closed conformations [i.e., 0-(1,)-cl or -
(1,)-cl)] which are intermediate between the open and fully
closed cases. Transition states have been also calculated
between o and m sides for 1 and 2.

The relative Gibbs free energies (AG; Figure2 and
Table S3) have been calculated for each dimerization reaction
and they are always negative for the formation of o-dimers of
1, thus revealing the spontaneous nature of the dimerization
reactions. Among these reactions, the formation of o-(1,)-op
is the most favorable. This favorability is in contrast to the
endergonic character of the m-dimerizations of 1 (except for
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7t-(1,)-cl). For 2, the formation of 0- and wt-dimers is computed
to be endergonic at 298 K, however, one would expect that
a decrease of the temperature would promote their formation
(exothermic reactions). The free-energy barriers towards the
transition state for the o« interconversion for 1 and 2 have
been also evaluated and found that the smaller one is for the
conversion from 7t-(1,)-cl into 0-(1,)-op, thus the solely stable
n-dimer of 1 is certainly labile towards conversion into o-
bonded isomers. This reaction from - to o-dimers of 1 can go
through two different mechanisms: an open or step-by-step
route (maroon line in Figure 2) which first breaks the
symmetry of the starting s-dimer [rn-(1,)] by forming
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a singly m-bonded diradical [rm-(1,)-cl] and then via TS1
(Figure S10) is converted into the equivalent o0-(1,)-cl; and
a concerted path (purple line in Figure 2; see Figure S10), via
TS2, which maintains the symmetry between the fragments
during the reaction. Although the transition barrier via TS1 is
smaller than via TS2 both mechanisms might be operative for
the permanent fueling of o-dimers. What is important is that
dimers of 1 always form first and the labile m-dimers then
evolve into o-dimers through one or another path. For 2, these
barriers are larger and once m-dimers are formed they would
be more persistent.

Calculations for monomers of 1 and 2 show significant
diradical character (see Table S1), and it is enhanced and
modulated by intermolecular interactions along the dimeri-
zation reaction coordinate, thus giving rise to dimer radicaloid
species, such as 0-(1,)-op, and from this closed-shell cyclo-
phane dimers, such as 0-(1,), are formed. For instance, 1 has
a m-spin density of —0.4 e on the sp® carbon atoms adjacent to
the CN groups (Tables S1 and S2) and they are cancelled in 0-
(1,) in the formation of long highly strained C—C single o-
bonds with computed lengths of 1.676 A (see Figure $4).2” In
0-(1,)-op only one strained bond (1.623 A; see Figure S6) is
formed, thus leaving two unpaired electrons at the extrem-
ities. The structures of 0-(1,) and o-(1,)-op feature aromatic
substructures for the naphthalene and thiophene rings. For o-
(1,), this central aromatic core is slightly bulging out (see
Figure S4) to minimize steric repulsions. TD-DFT excited-
state calculations for 1 and 2 and their dimers (see Figure S12)
nicely reproduce the UV/Vis spectra in Figure 1, thus
confirming that in 1 the dominant final product is o0-(1,),
while 2 is the trapped 7-(2,) species.

Temperature-dependent 'H NMR data of 1 in a dilute
solution are shown in Figure 3a. At room temperature two
main peaks are assigned to the protons of the thiophene (0 =
7.19 ppm) and of the naphthalene (6 ="7.66 ppm) featuring
quinonoidal structures (monomer 1). These signals progres-
sively disappear upon cooling to give rise to multiple signals,
which are mainly downfield, and are in-line with the
formation of aromatic structures (see Figure S13). To char-
acterize the open-shell structures, we have also carried out
electron paramagnetic resonance (EPR) studies. The EPR
spectrum of the dilute solution of 1 does not give any
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Figure 3. Variable-temperature '"H NMR (a,c) in CD,Cl, and EPR (b,d)
in CH,Cl, studies. a,b) For a 107> m solution of 1. ¢,d) For a 10 m
solution of 1. Temperature is indicated in K.
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resolvable signal at any temperature (Figure 3b; see Fig-
ure S14). In contrast, the '"H NMR spectrum of the 10°m
concentrated solution of 1 at room temperature is shown in
Figure 3¢, and it is also characterized by two peaks, which are
similarly placed downfield relative to the signals of the
monomer 1 as a result of core aromatization. When this
concentrated solution is analyzed by EPR spectroscopy, the
room-temperature spectrum shows a well-resolved band with
up to 15 lines (Figure 3d) resulting from the hyperfine
coupling of the unpaired electrons with the thiophene and
naphthalene H and N atoms (see Figure S15 and Table S4).
The intensity of this signal progressively decreases as the
temperature is lowered. This 'H NMR/EPR behavior is
consistent with the formation of an open-shell aromatic
species such as 0-(1,)-op in the concentrated solution. This
species, upon cooling, can trap more monomers at the two
termini, thus giving way to a propagation step towards the
formation of long o-oligomers or o-polymers. In the dilute
solution, 0-(1,)-op might be also initially formed but it cannot
react intermolecularly. However it reacts intramolecularly by
reorienting the fragments to make a second strained single C—
C bond in 0-(1,), which is an EPR silent aromatic cyclophane
species.

The EPR study has also been carried out for the drop-cast
thin solid film of 1. At room temperature, it gives rise to
a well-resolved doublet EPR signal®! (see Figures S16 and
S17) which increases in intensity by heating to 400 K, and it
then progressively disappears when cooling to about 280 K in
correspondence with the reversible formation (see Fig-
ure S18) of either a o-oligomer or polymer at room temper-
ature, and it is then destroyed by heating. This colorless thin
solid film has also been analyzed by means of FTMS ICP mass
spectrometry (see Figure S19) and found the strongest peaks
resulting from oligomers of 1.

An identical cooling process was carried out for a dilute
solution of 2 and monitored by UV/Vis absorption (Fig-
ure 1e). At low temperatures, the main absorption band of
the monomer develops a single new band at A =570 nm which
gives a rosy-blush color to the cold solution. This A =570 nm
band at low temperatures is predicted by TD-DFT calcula-
tions to be at =587 nm for its m-dimer, 7-(2,) (see Fig-
ure S21) with no traces of 0-(2,) in the spectra. In spite of the
structural similarity, while 1 forms o-(1,), 2 forms m-(2,),
a behavior accounted for by the exoergic character of 1<0-
(1) [220-(2,) is endergonic], whereas 2«m-(2,) is quickly
formed and kinetically trapped by large isomerization bar-
riers. It seems that the occurrence in 1 of more soft vibrational
modes might be at the origin of the different entropy
contributions to the free energies resulting from the
cyano—acyl replacement.

The formation of the o-dimers of 1 and mt-dimers of 2,
besides their chemical similarity, gives a good account of the
delicate balance of forces intervening in these dimerizations.
Therefore the question arises: would 1+ 2 form 1-2 o-mixed
dimers or alternatively 1-2 t-mixed dimers? Figure 1 f shows
the UV/Vis absorption spectra of an equimolar dilute mixture
of 1 and 2 as the temperature is lowered (see Figure S21). We
detect two regimes: 1) from 250 to 190 K where the intensities
of the 1 and 2 monomer bands decrease, and two new bands
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appear at 1 =274 nm and 287 nm. These values are close to
those of 0-(1,) but the slight difference likely reveals the
formation of either a new species or the mixed o-dimer o-(1+
2). 2) At 190K, o-(1+2) is seemingly unstable and its
spectrum spontaneously evolves with time into a broad
band at 4=577 nm, which is within the range for bands
of m-dimers, but again the slight difference from that assigned
in 1-(2,), thus suggesting either a new m-dimer or mt-(1+2).
TD-DFT excited-state calculations in Figure S21 further
corroborate the formation of these o-(1+2) and m-(1+2)
species.

Mechanochromism resulting from structural changes
resulting from external pressure stimuli is a novel and
valuable property of soft materials capable of forming
aggregates. Raman spectroscopy is a very appropriate tool
for pressure-dependent studies as it provides the molecular
structural fingerprint under pressure. The Raman spectrum of
the blue monomer of 1 in Figure 4a.1 is typical of a quinonoid
structure with a strong band around 1407 cm ™ resulting from

Raman intensity

Raman intensity
. g
=
Raman intensity

(= &
;|
1431
140
UIEETE SUEEETEETTRR o
1431722 s S mm o oo S - s
398- 72 - cesreeitE
o

Raman intensity

c.1

T T T T T T T
17001600150014001300 17001600150014001300 17001600150014001300 17001600150014001300
Raman shift /cm” Raman shift/cm™ Raman shift/ cm” Raman shift / cm™

Figure 4. Solid-state Raman spectra of 1 and 2. a) Powder of 1 (a.1),
colorless drop-cast thin film from solution (a.2), the above thin film
heated at 400 K (a.3), re-dissolved and re-deposited as a drop-cast film
(a.4). b) Powder of 1 at different pressures (b.1), 1 GPa (b.2), 3 GPa
(b.3), 5 GPa (b.4), 6 GPa (b.5), pressure release (b.6). c) The same as
(a) for 2. d) The same as (b) for 2. Raman spectra in (a)/(c) are taken
with the 2 =532 nm laser excitation and (b)/(d) with the 1 =785 nm
one.

the quinonoidal thiophene C=C stretching modes, v(C=C).*
In the colorless drop-cast thin solid film resulting from the o-
polymer, the Raman spectrum completely changes and new
bands at 1507/1614 cm™" appear, and are typical of v(C=C)
from aromatic thiophenes and naphthalenes, respectively (see
Figure S22). Variable-pressure Raman experiments have
been conducted for 1 and 2 (Figure 4b,d). 1 under about
6 GPa showed new Raman bands at 1510/20-1620 cm™,
similar to those of the drop-cast o-polymer, whereas in 2 no
new bands are present in this pressure range. We address
these Raman findings by assuming that under mechanical
stress neighboring molecules of 1 are pushed closer, thus
promoting the generation of the radicaloid o-(1,)-op inter-
mediate which by o reaction could produce an aromatic solid-
state o-polymer responsible for the high-pressure Raman
spectrum. This behavior is not observed for 2 when exposed to
pressure because of the instability of its o-polymer.
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In summary, we have reported the chemically reversible
formation of o-aggregates in solution and in the solid state for
a stable quinonoidal molecule, a dimerization/polymerization
reaction which provokes a shift of more than 2.5 eV of the
electronic absorption bands and takes place upon exposure to
thermal, concentration, and pressure stimuli. These quino-
noidal naphthodithiophenes are able to form a variety of
dimers: 0-(1,) in the case of the cyanoester derivative, m-(2,)
for the dicyano case and, unexpectedly, both types for the
mixed dimers, 0-(1+2) and n-(1+2). The two structural
antagonistic faces of the quinonoidal(reactants) versus
aromatic(products) transformation discloses an example of
Janus-type molecules. The diradical o-(1,)-op dimer is the key
intermediate which is formed first from unstable s-dimer
intermediates and is able either to intramolecularly form
a closed-shell 0-(1,) cyclophane, or represent the first step of
the propagation mechanism of the oligomerization/polymer-
ization reaction. Thus, we have described a novel reaction to
prepare reversibly-made chromic dimers and polymers, and
propose a mechanism which aids in understanding the
fundamental properties of the diverse aggregation modes of
n-conjugated molecules. These soft materials can be envis-
aged for applications as novel molecular and polymeric soft
matter phases.
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