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ABSTRACT: Open-shell singlet biradicaloids are short-lived
intermediates, but they exhibit fascinating properties for spin-
based devices. Therefore, understanding the nature of their
electronic structure and stability is critical for harnessing them in
optoelectronic or spintronic devices. Toward this goal, we have
synthesized a series of diketopyrrolopyrrole-based quinoidal
molecules to investigate the contribution and relative importance
of the biradical form on the ground-state electronic structure and
distribution of spin density. Possibility of crossover from a closed-
shell to an open-shell structure with increase in the C=C/C—-C
conjugation length was investigated. The ground-state properties
were systematically investigated by nuclear magnetic resonance
(NMR) spectroscopy, single-crystal X-ray diffraction, and electrochemical studies. Furthermore, n-doping has been carried out in
solution at ambient conditions to understand the nature of doped species and demonstrate air stability. Doped species were
probed by UV—visible and electron spin resonance (ESR) spectroscopy to unambiguously establish the generation of anionic
species in solution. Experimental results are complemented by theoretical calculations to provide insight into the trend toward

biradicaloid spin states with increasing conjugation length.

1. INTRODUCTION

m-Conjugated quinoidal molecules have emerged as promising
materials because of their air stable n-channel electron transport
in organic field-effect transistors,'® near-infrared (NIR)
absorption,”™"* and nonlinear optical properties.'”~'* Recent
studies have also revealed the existence of open-shell biradical
character for a series of donor—acceptor-based 7-conjugated
quinoidal molecules.">~"® Considering the inherent chemical
reactivity of open-shell biradicals at ambient atmosphere, such
properties are quite unusual.”> In these molecular systems, the
contorted quinoidal forms with closed-shell singlet electronic
ground states are strongly stabilized by z-electron delocaliza-
tion along the oligoene-like inter-ring C=C/C—C alternating
pattern."” Contributions from closed-shell and open-shell forms
through quinoid-aromatic resonance impart biradical character
to these systems.'® In general, closed-shell singlet systems have
electronic ground states with a large HOMO—-LUMO gap. In
quinoidal conjugated systems, small energy gaps allow mixing
of the HOMO and LUMO, which results in biradical character
of the ground states.'> The driving force for the emergence of
an energetically stable open-shell biradical state is the regaining
of the aromaticity of the quinoidal units because of their
intrinsic preference for aromatic structures.'”*° A key point to
consider is that the generation of biradical aromatic-like
structures results in the dissociation of a z-bond of the
corresponding quinoidal form, reducing 7z-conjugation. The
energy required for the dissociation of the z-bond must be
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compensated by the gained aromatic resonance energy in the
generation of Kekule biradicals.”’ Accretion of nonaromatic
quinoidal units leads to further lowering of the band gap as well
as additional aromatic resonance energy, which ultimately
drives the crossover from the closed-shell (for short oligomeric
chains) to the open-shell form (for extended systems)."
Hence, the biradical contribution to the ground-state electronic
structure would be determined by the relative weight of
aromatic and nonaromatic forms and increase with chain
length.

Over the years, numerous open-shell singlet biradicaloids
based on quinoidal m-conjugated molecules have been
developed, including but not limited to quinoidal oligothio-
phenes,"®**~** thienoacenes,”'"'****>?° and polycyclic hydro-
carbons.'®'”?*773% These molecules with biradical character
have many prospective applications in organic elec-
tronics,'~**”~** photonics,”~'** and spintronics devices."*™*’
The biradical character index (y,) and singlet—triplet energy
gap (AEg_p) correlate with third-order nonlinear optical
(NLO) responses and magnetic properties of open-shell singlet
biradicals.'”***’ However, extended 7 systems possessing large
biradical character are generally unstable, which poses a
profound challenge for the development of synthetic routes
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to access extended quinoidal oligomers. Several synthetic
approaches have been developed to access such oligomers.
For example, Tschitschibabin®>>' and Thiele’*’ developed
synthetic routes to attach phenyl groups to the terminal
methylene of reactive p-quinodimethanes (p-QDM) and
extended p-QDMs, resulting in stabilization via resonance
effect. Introduction of strong electron-withdrawing groups such
as cyano groups at terminal positions leading to a pull—pull (or
A-7-A) type structure is another approach that can stabilize the
reactive biradicals e.g, 7,7,8,8-tetracyanoquinodimethane
(TCNQ).>** Alternatively, incorporation of heterocyclic
moieties with lower aromatic resonance energy than benzene,
like thiophene, into the oligomeric arrangement results in stable
quinoidal oligothiophenes and thienoacenes with distinctive
biradical character.”® End-capping of oligothiophene with
dicyanomethylene, increasing its electron-withdrawing ability
and lowering the LUMO energy level, has proven to be an
efficient way of stabilizing biradicaloid structures. In this regard,
tetracyanothienoquinodimethane systems have been recognized
as potential materials for n-channel organic semiconduc-
tors """ with reported field-effect electron mobility as
high as 0.9 cm? V7' s71* Thus, biradicaloid character in
quinoidal molecules influences their chemical reactivity,
stability, and physical properties. It is therefore worthwhile to
explore the molecular underpinning of chemical reactivity and
physical properties of 7-conjugated quinoidal oligothiophenes.
Here, we systematically address the underlying questions
regarding the contribution and relative importance of a
biradical character in the ground-state electronic structure of
quinoidal molecules. We have also investigated possible
crossover from a closed-shell to an open-shell structure with
an increase in the effective conjugation length of quinoidal
oligothiophenes.

A careful scrutiny of recent literature reveals that
diketopyrrolopyrrole-incorporated thio- and thienothio-quinoi-
dal compounds with low-lying LUMO have been reported to
show superlor n-channel mobility (0.72 and 0.22 cm® V™' 57,
respectively).”” However, exploration of their blradlcalmd
character is yet to be addressed. Therefore, the central aim of
the present study is to (1) develop a facile synthetic method for
quinoidal DPP, (2) conduct a systematic investigation of their
geometries and electronic ground states, (3) investigate
conjugation length-dependent evolution of biradicaloid charac-
ter, and (4) characterize the nature of anionic species after n-
type doping, through a combination of theoretical and
experimental approaches.

2. THEORETICAL METHODS

Density functional theory (DFT) and time-dependent density
functional theory (TDDFT) calculations on compounds 1—3
(Figure 1) were carried out with the Gaussian 09 program.”
The alkane chains of the synthesized molecules were replaced
by methyl groups. As anions and dianions are involved, the
calculations were done with the 6-31+G™ basis set with diffuse
functions. Test calculations for anions and dianions with the 6-
311++G* basis set did not lead to significant changes. Solvent
effects were taken into account with the polarized continuum
model (PCM) as implemented in Gaussian 09. Charges were
calculated with natural population analysis (NPA).

Assessing the amount of biradical character is a difficult
problem for large systems because the number of 7-electrons
excludes application of complete active space second
perturbation theory (CASPT2). We therefore tested the
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Figure 1. Structures of the synthesized dicyanomethylene-end-capped
quinoidal diketopyrrolopyrrole derivatives.

biradical character index (y,),'" which is based on the
unrestricted Hartree—Fock method. We obtained symmetry
breaking for all systems, but the wave functions are highly spin
contaminated. Upon removal of the first spin contaminant,
expectation values of the spin operator increased from 2.68 to
over 10. The correct value for biradicaloids is between 0
(strongly interacting electrons) and 1 (noninteracting elec-
trons, 50:50 mixture of degenerate opposite and parallel spin
states). A detailed evaluation of spin contamination and spin-
projection methods for biradicals was carried out by Davidson
and Clark with the conclusion that for large systems, projected
UHF and Yamaguchi’s method®” fail and that broken symmetry
DFT remains the most consistent choice.”*

We tested three density functionals with an increasing
amount of exact exchange, B3LYP (20%), B3P86—30% (30%),
and wB97X-D (range-separated functional with 22% of short-
range and 100% of long-range exact exchange). As the tendency
for symmetry breaking increases with the amount of exact
exchange, these calculations alone cannot decide whether
systems have closed-shell or biradical ground states. Our final
conclusions are therefore based on previous experience with the
different density functionals®® and the comparison of structural
parameters and theoretically predicted spectra with observed
spectra.

All systems were calculated with unrestricted DFT and with
mixing of the HOMO and LUMO in the initial guess to allow
for symmetry breaking. Complete symmetry breaking was
observed only with the @wB97X-D functional for the neutral
form of TTDPP-CN4, the largest of the investigated molecules.
The expectation value of the spin operator is 0.97, and the
singlet biradical is 1.37 kcal/mol more stable than the closed-
shell form. The triplet state lies 7.12 kcal/mol above the
biradical. A stability check of the wave function (stable = opt
keyword in GO09) at the B3P86—30%/6-31+G* level in DCM
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produced a broken symmetry solution that is 0.07 kcal/mol
more stable than the closed shell form and has an expectation
value of the spin operator of 0.18. The small energy difference
and small expectation value of the spin operator is an indication
that the ground state is closed-shell singlet at this level of
theory. The TTDPP-CN4 dianion calculated with wB97X-D at
the geometry of the neutral form breaks the symmetry, but has
a very small expectation value of the spin operator (0.35).
Upon structure optimization it returns to closed-shell. A
stability check confirmed that the dianion is a closed-shell
singlet at this level of theory. No symmetry breaking was
observed with B3LYP and B3P86—30% functionals for any of
the other species.

Comparison of bond length alternation of closed-shell and
open-shell TTDPP-CN4 (Table S1, Supporting Information
(SI)) reveals that the open-shell form has significantly less bond
length alternation (BLA) than the closed-shell singlet.
Unfortunately, TTDPP-CN4 could not be crystallized, so
that experimental BLA is not available for comparison.
However, the absorption spectra of the closed-shell and
biradical forms (Figure S1) differ significantly. Comparison
with experiment reveals major discrepancies between theory
and experiment for the biradical but good agreement for the
closed-shell singlet. On the basis of these findings, it is
concluded that the range-separated @wB97X-D functional with
100% of long-range exact exchange exaggerates the biradical
character of TTDPP-CN4 and that the observed species is the
closed-shell form as predicted with the global hybrids. For
TDPP-CN4 and SeDPP-CN4, B3P86—30% and wB97X-D
closed-shell calculations match the experiment very well, and
B3LYP underestimates BLA. The match of calculated and
experimental structures confirms the closed-shell nature of
these molecules.

The tendency toward symmetry breaking with wB97X-D
indicates that the neutral form and the dianion of TTDPP-CN4
are borderline between closed-shell and biradicaloid, but are
not true biradicals. As TTDPP-CN4 with two additional
double bonds compared to TDPP-CN4 and SeDPP-CN4 is
close to become a biradical, we replaced the thiophene rings in
TDPP-CN4 with bithiophenes. The new compound with only
two more double bonds than TTDPP-CN4 breaks the
symmetry already with the B3P86—30% global hybrid func-
tional and is therefore a biradical.

On the basis of the above considerations, we choose the
B3P86—30% global hybrid functional for most of the following
theoretical analysis, and the reported results are obtained on
closed-shell species. Only for ionization energies (IE)s and
electron affinities (EA)s we choose to employ @wB97X-D
because our previous studies’ showed that B3P86—30% tends
to overestimate IPs and EAs.

3. RESULTS AND DISCUSSION

3.1. Synthesis. Derivatives of quinoidal diketopyrrolopyr-
role as shown in Figure 1 have been named as TDPP-CN4,
SeDPP-CN4, TTDPP-CN4, TDPP-HEX-CN4, and SeDPP-
HEX-CN4. The synthetic route is shown in Scheme 1. They
were synthesized according to the literature-reported procedure
with necessary modifications from the corresponding dibro-
mosubstituted DPP precursors using malononitrile and sodium
hydride through a Pd-catalyzed Takahashi coupling reaction in
anhydrous tetrahydrofuran.””>* The detailed synthetic proce-
dures for the preparation of these quinoidal molecules are
described in the SI. We obtained satisfactory yields by aerial

Scheme 1. Synthesis of Dicyanomethylene-End-Capped
Quinoidal Diketopyrrolopyrrole Derivatives
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oxidation of the corresponding dihydro compounds instead of
using saturated bromine water as the oxidizing reagent as was
reported previously in the literature.®® As a result, the
brominated side products have been avoided.

The chemical structures of these molecules were established
by 'H and *C NMR and ESI-MS (SI). Furthermore, we have
grown single crystals of TDPP-HEX-CN4 and SeDPP-HEX-
CN4 to investigate the quinoidal nature of these molecules.

3.2. Electrochemical and Optical Properties. As is
evident from the cyclic voltammetric analysis (CV) in dry
dichloromethane (DCM) (Figure 2), all of the compounds
show reversible two-electron reduction waves, while anodic
sweeping shows no oxidation waves. wB97X-D/6-31+G*/
DCM calculations predict vertical ASCF IEs of 625 eV
(TDPP-CN4), 6.23 eV (SeDPP-CN4), and 5.81 eV (TTDPP-

——TDPP-CN4

! e SeDPP-CN4

Relative Current (a. u.)
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06 04 02 00 02 04
Potential Vs. Ag/AgCl (V)

Figure 2. Cyclic voltammograms of three quinoidal DPP derivatives
with varied donor units.
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Table 1. Summary of the Electrochemical and Photophysical Data of TDPP-CN4, SeDPP-CN4, and TTDPP-CN4

electrochemical properties”

optical properties

molecules Eoredl V) Eored 2 (V) (Eoredl)_(EOredl)
TDPP-CN4 -0.19 —0.40 0.21
SeDPP-CN4 —0.16 —-0.41 0.25
TTDPP-CN4 -0.09 —0.28 0.19

Eromo’ (eV) EAI€ (eV) AES (V) £ (V)
—4.47 4.46 1.72 1.97
—4.50 442 171 1.95
—4.53 447 1.41 1.66

“Cyclic voltammetric analyses were carried out with reference to the Ag/AgCl electrode and ferrocene/ferrocenium (Fc/Fc+) couple as standard.

*LUMO energy levels were calculated using
calculated at @B97X-D/6-31+G* in DCM.
peak maxima, not onset of absorption.

the onset of reduction according to the formula: E 0 = —(E,q + 4.5) V. “EAl are vertical EAs
Theoretical excitation energies are calculated at TDB3P86—30%/6-31+G*in DCM and correspond to

CN4). These high IEs rationalize the absence of oxidation
waves in electrochemical studies.

Table 1 compares the half-wave reduction potentials and
“LUMO energy levels” determined from the onset of the first
reduction wave of all compounds. Upon sweeping down to
—0.7 V, TDPP-CN4 demonstrates reversible two-electron
reduction waves with half-wave potentials at —0.19 and —0.40
V vs Ag/AgCl. SeDPP-CN4 shows similar behavior with half-
wave potentials at —0.16 and —0.41 V.

The two-electron-reduction process involves reduction of the
7-system to a radical anion followed by a dianion, stabilized by
the electron-withdrawing terminal dicyanomethylene groups.
The potential separation between the two reduction peaks of
020 V (for TDPP-CN4) and 0.25 V (for SeDPP-CN4)
suggests two successive one-electron reductions and indicates
high stability of anionic species in solution at room temper-
ature. It is obvious that extension of the molecular size leads to
the lowering of the LUMO energy level in TTDPP-CN4
compared to TDPP-CN4 and SeDPP-CN4 (Table 1). These
findings are confirmed by DFT calculations. All three species
have large first- and second-electron affinities (EAs) according
to the wB97X-D/6-31+G* ASCF calculations in DCM. The
vertical first EAs (EAl) are included in Table 1. The values
differ only by less than 0.08 eV from experiment. The adiabatic
EAI and EA2 values are 4.71 and 4.31 eV (TDPP-CN4), 4.67
and 4.29 eV (SeDPP-CN4), and 4.74 and 4.49 eV (TTDPP-
CN4). The differences between first and second EAs are greater
than those between the two reduction potentials, but the
exceptional stability of anions and dianions is clearly
reproduced. The first EAs of TDPP-CN4, SeDPP-CN4, and
TTDPP-CN4 are very similar, but like found in experiment,
EA2 of TTDPP-CN4 is ~0.2 eV greater than those of the other
two molecules. The higher second EA of TTDPP-CN4 can be
attributed to greater delocalization of injected negative charge
in the larger oligomer and alleviation of the on-site Coulombic
interaction among the two electrons as the oligomer size grows
10nger.4’60 The high EAs meet the criteria for facile electron
injection and charge transport in ambient conditions similar to
those for other quinoidal thieno derivatives.

Analysis of the charge distributions with NPA reveals that the
additional electrons acquired during the two reduction steps are
distributed over the entire molecules. For example, in SeDPP-
CN4 during the first reduction step, DPP accepts 0.31 e, each
selenophene accepts 0.19 e, and each dicyanomethylene unit
accepts 0.15 e. The second reduction step distributes the
charges even more evenly with DPP receiving 0.27 e,
selenophene receiving 0.18 e, and dicyanomethylene receiving
0.19 e. Thus, the dicyanomethylene units increase the EAs by
participating in the charge accommodation, but the charges are
not localized at the terminal groups.

16091

Optical properties of TDPP-CN4, SeDPP-CN4, and
TTDPP-CN4 have been investigated by UV—visible spectros-
copy and TDDFT calculations. The neutral molecules show
intense and structured electronic bands at around 649, 651, and
773 nm respectively, with shoulders at 606, 607, and 703 nm
(Figure 3a). The low-energy vibronic features can be attributed
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Figure 3. Comparison of UV—visible/NIR spectrum of TDPP-CN4,
SeDPP-CN4, and TTDPP-CN4; (a) experimental and (b) theoret-
ically predicted.

to rigid heteroquinoid arrangement of the chromophores.*’
The bands are red-shifted in comparison with the electronic
transitions of aromatic oligothiophenes of similar size.’”
TDB3P86—30% calculations in the presence of DCM
reproduce the spectra with errors of under 25 nm (<0.06
eV). All three systems have additional weak higher energy
transitions at around 400—450 nm with oscillator strengths of
about 0.7. In contrast to the spectra shown in Figure 3a, where
TDPP-CN4 absorbs with lower intensity than SeDPP-CN4,
theory predicts similar oscillator strengths (f) for TDPP-CN4
(f=2.02) and SeDPP-CN4 (f = 1.96) but stronger absorption
for TTDPP-CN4 (f = 2.78). The transitions are dominated by
promotion of one electron from the HOMO to the LUMO, but
the HOMO—-LUMO transitions account only for 74—78% of
the change between the ground and excited state. This indicates
that many additional orbital replacements with small individual
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contributions that represent electronic relaxation effects are
important for the SO to S1 transition.

3.3. Doping Studies. The reversible two-stage reduction
steps observed during CV can also be produced with chemical
doping through gradual addition of air stable n-dopant
tetrabutylammoniumborohydride (TBABH,) in degassed
anhydrous chlorobenzene. The doping process has been
monitored by absorption and electron spin resonance spec-
troscopy (ESR). During the course of titration of a solution of
TDPP-CN4 in chlorobenzene with TBABH,, the color of the
solution gradually changed from blue to green. This change of
color was accompanied by the gradual emergence of three new
peaks at 878, 366, and 980 nm for the radical anion and
diminution of the peak at 649 nm of the neutral species (Figure
4). The formation of the odd-electron radical anion is
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Figure 4. UV—visible spectrum of neutral, radical anion, and dianion
of TDPP-CN4 during doping; (a) experimental (ratios are given in
equivalents) and (b) theoretically predicted at B3P86—30%/6-31+G*
(black: neutral, blue: anion, green: dianion).

confirmed by observation of a strong EPR signal without fine
structure. Further addition of TBABH, resulted in the
emergence of dianion absorption peaks at 710 and 346 nm
with simultaneous reduction of radical anion peaks. The color
of the solution changed to bluish green upon addition of two or
more equiv of TBABH, because of the exclusive formation of
dianionic species, which are silent in EPR. In particular, the
EPR measurement was performed on five different solutions of
TDPP-CN4 with varying proportions of the TBABH, dopant
(0.5, 1.0, 1.5, 1.9, and 2.0 equiv, respectively), and the results
are shown in Figure S. From the EPR data, it is obvious that
EPR intensity reaches a maximum when 1.0 equiv of dopant is
added, indicating the maximum concentration of radical anion.
On addition of 1.5 equiv of TBABH,, the signal intensity
decreases due to the formation of dianion and reduction in the
concentration of radical anion. There was no observable EPR
signal when 2.0 or more equiv of TBABH, were added because
of formation of the even-electron dianion species. The

4x10°-
====0.5 eqv dopant
3x10°+ 1.0 eqv dopant
o 1.5 eqv dopant
2x10° 1.9 eqv dopant
1x10°
-y
% 04
£ -1x10°
-2x10°4
-3x10°
-4x10° r r : T T
3290 3300 3310 3320 3330 3340 3350

Field (G)

Figure S. EPR spectrum of TDPP-CN4 after doping with varying
concentrations of TBABH,,.

proposed structural changes upon two successive electron
injections leading to radical anion and dianion are depicted in
Scheme 2. TBABH, acts as a one-electron reducing agent in

Scheme 2. Proposed Structural Changes in TDPP-CN4 on
Reduction to Radical Anion and Dianion
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organic solvents. The remarkable ambient stability of both of
the anionic species makes it possible to further examine their
optical properties.

Theoretically predicted spectra (Figure 4b) for anions and
dianions reproduce the observed spectra very well. The largest
deviation is obtained for the anion peak that is predicted at 772
nm but observed at 878 nm. This error of 106 nm corresponds
to 0.20 eV, which is normal and acceptable for TDDFT
calculations. The two low energy peaks of the anion are almost
pure HOMO—LUMO transitions of a- and f-electrons (1042
and 772 nm, respectively). The dianion peak is a pure
HOMO-LUMO transition as well.

3.4. X-ray Single Crystal and Theoretical Analysis. X-
ray single-crystal diffraction study unveils valuable information
about the molecular organization and interactions in the solid
state. Unfortunately, we failed to grow single crystals for the
molecules with long branched dove-tailed like alkyl chains (e.g.,
TDPP-CN4, SeDPP-CN4, and TTDPP-CN4) and could not
establish the nature of intermolecular interactions. However, we
have grown single crystals for compounds with shorter alkyl
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Figure 6. Slipped face-to-face 7—7 stacking pattern: (a) TDPP-HEX-CN4 and (b) SeDPP-HEX-CN4. Lamellar packing patterns viewed along b-

axis: (c) TDPP-HEX-CN4 and (d) SeDPP-HEX-CN4.

(hexyl) chains, e.g., TDPP-HEX-CN4 and SeDPP-HEX-CN4.
Notably, for TTDPP-CN4, a long branched alkyl chain was
indispensable to ensure sufficient solubility in organic solvents
because of its rigid planar z-conjugated backbone. The hexyl
analogue of TTDPP-CN4 was found to be insoluble in organic
solvents, which precludes its physical characterization by NMR
spectroscopy and X-ray single-crystal analysis.

Single crystals of both TDPP-HEX-CN4 (CCDC 1520840)
and SeDPP-HEX-CN4 (CCDC 1520841) were obtained by
slow solvent evaporation from a fairly concentrated CHCl,
solution. Both of the molecules crystallize in a monoclinic
lattice system with space group P21/c. These m-conjugated
quinoidal systems present high planarity with very small
interplanar twist angles. For TDPP-HEX-CN4, the angle
between the planes containing the DPP moiety and the
thiophene ring is 8°, whereas the same for SeDPP-HEX-CN4 is
measured to be 10°. The two hexyl groups are oriented above
and below the molecular plane owing to the sp® hybridization.
In the context of solid-state packing arrangement, it is pertinent
to mention that the ratio between carbon and hydrogen is a
critical factor in determining the solid-state packing pattern in
arenes and chalcogenoarenes.”® Low C/H ratios facilitate the
C—H/x molecular interactions, which result in herringbone-
type packing in the solid state.”” On the contrary, high C/H
ratios assist 77— stack1'ng,68 associated with the different
degrees of slippage along the stacking axis to decrease
electrostatic repulsion in the solid state.””® These dicyano-
methylene-end-capped DPP quinoidal molecules have a higher
C/H ratio compared to their parent aromatic analogues. The
aforementioned quinoidal structures exhibit slipped face-to-face
m—m stacking with very large slippage, unlike classical
herringbone-type edge-to-face packing shown by corresponding
parent aromatic forms of DPP (Figure 6).°” For both TDPP-
HEX-CN4 and SeDPP-HEX-CN4, a lamella-like layered
structure with interdigitation of the hexyl substituents on the
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DPP ring is observed when viewed along the b axis (Figure 6).
Along the long molecular axis direction, the molecules are 7-
stacked in two nonequivalent stacks in a slipped face-to-face
arrangement with a fairly large slip.

Steric repulsion between the hexyl substituents of the central
DPP ring prohibits the perfect face-to-face overlap, thereby
imposing a large slippage within the stacks. In both cases, the
stacks are packed in alternating columns (Figure S3). The 7—x
distances in TDPP-HEX-CN4 and SeDPP-HEX-CN4 are 3.65
and 3.37 A, respectively. For SeDPP-HEX-CN4, the two stacks
are twisted by 30.0°. Inspection of the packed structure
demonstrates additional intermolecular noncovalent interac-
tions, namely, hydrogen bonding between the f-hydrogens of
the thiophene/selenophene ring and the nitrogen on the
dicyanomethylene end group (C—H--N, 2.643 A for TDPP-
HEX-CN4 and 2.625 A for SeDPP-HEX-CN4), which holds
the two stacks together to give a 3D structure. This stacking
pattern can be ascribed to the presence of 7/x, S/S or Se/Se,
C—H/rn, and C—H/N interactions. This unusual n-stacked
motif is of particular interest for organic field-effect transistors.
Thus, the large deviation from perfect alignment can, in
principle, still confer on materials with significantly improved
mobilities.”®’®”" In brief, the intermolecular nonbonded
interactions and strong 7—n stacking act as a major factor
responsible for efficient charge transport properties in these
quinoidal systems.”””?

Structure optimizations of individual molecules with all three
density functionals agree that the neutral species are quinoidal
as indicated by inversion of short and long bonds compared to
aromatic systems. Bond lengths at different levels of theory
compared to experimental values are available in SI (Table 1).
Frequency analysis confirms that all species are planar. These
theoretical predictions are in good agreement with X-ray
structures of TDPP-HEX-CN4 and SeDPP-HEX-CN4 with
twist angles of less than 10°. Upon reduction, bond length
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Figure 7. (a) Neutral, (b) anionic, and (c) dianionic forms of TDPP-CN4; (d) calculated frontier molecular orbitals at the B3P86—30%/6-31+G*

level in DCM.

alternation decreases and switches to an aromatic pattern
during the second reduction step (Figure 7). In comparison to
aromatic thiophene oligomers, the HOMO and LUMO of the
neutral form are switched as shown in Figure 7 d for TDPP-
CN4. Orbital diagrams are very similar for all systems and are
available in theSI (Figure S7—S10).

The structure of the triplet state of TTDPP-CN4 resembles
that of the open-shell biradical. Figure 8 depicts the comparison
of C—C bond lengths optimized for the T, state with those
calculated for the biradical S, state with the @B97X-D
functional (the only one that produces a biradical). The bond

Figure 8. Cyclic open-shell (a) singlet and (b) triplet at ®B97X-D/6-
31+G* in DCM.

length differences between the open-shell and T, state are as
much as to 0.047 A. In the T| state, the highest Mulliken spin
densities (0.44) are located on the methylene carbons of the =
C(CN), groups and on two C atoms (0.33 and 0.21) of the TT
units. In the biradical, the spin densities on neighboring atoms
alternate and are distributed over the whole molecule. The
reason for these differences is that in the triplet state, one
electron occupies the HOMO and the other one occupies the
LUMO orbital, which are both distributed over the molecule.
In contrast, in the open-shell singlet, the two electrons occupy
linear combinations of HOMO and LUMO with maximum
electron densities at the ends of the molecule.

3.5. NMR Study. Intrigued by the single-crystal X-ray
analysis, the '"H NMR spectra were recorded to confirm the
quinoidal structure of DPP derivatives. Since the development
of quinoid structure reverses the C=C/C—C bond length
alternating pattern, it enhances or diminishes the double bond
character between specific carbon atoms and thereby imposes
distinct changes in proton—proton coupling constants.”” The
coupling constants between thiophene/selenophene f, f’
protons®” in the aromatic bromides (structures 6,7 in Figure
S4) are 4.0 and 4.5 Hz. However, due to double bond character
between the f and ' carbons in the quinoid structure, TDPP-
CN4 and SeDPP-CN4 display enhanced coupling constant
values near 5.6 and 6.0 Hz, respectively. The 'H NMR spectra
rule out any possible E/Z isomerism in these compounds.” This
is confirmed by single-crystal X-ray analysis and theory, which
show that intramolecular H-bonding between thiophene/
selenophene rings and C=0 of DPP (C—H---O, 2.240 A for
TDPP-Hex-CN4 and 2.229 A for SeDPP-Hex-CN4) leads to a
cis conformation around the double bond between the
thiophene/selenophene rings and DPP (Figure S5)." There-
fore, NMR spectroscopy in combination with X-ray crystallo-
graphic analysis reveals that only Z, Z-isomers are present.

The variable temperature (VT) "H NMR studies of TTDPP-
CN4 (Figure S6), show sharp resonance signals of aromatic
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protons that do not shift throughout the temperature range
from 313 to 233 K. Identical NMR spectra in the entire
temperature range imply the existence of only one kind of
species. The results of the VT 'H NMR experiments and of the
theoretical study imply that the ground state of the molecule is
closed-shell singlet and triplet state is not thermally accessible.

4. CONCLUSIONS

Terminal dicyanomethylene substitution switches the structures
of the investigated DPP derivatives from aromatic to quinoid.
This induces a tendency to become biradicaloid, which
increases with chain length. Theoretical analysis indicates that
TTDPP-CN4 species are borderline to the transition from the
closed-shell to biradicaloid ground state. The trend toward
biradical formation upon chain length increase from TDPP-
CN4 to TTDPP-CN4 was confirmed theoretically with the
bithiophene analog of TDPP-CN4, which is a biradical.

The first and second EA of the three molecules are unusually
high for such small molecules. Anions and dianions are shown
to be stable under ambient conditions. Together with the
strong n—7 stacking in the crystal, this indicates that these
molecules have great potential as n-type conductors for organic
electronics. Slightly larger species with biradical ground states
are candidates for singlet fission. Exploration of cutting edge
applications of these systems is currently underway in our
laboratory.
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