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SUMMARY

A fundamental understanding of the inherent electronic and mag-
netic properties of open-shell diradicaloids is essential so that these
properties can be modified to create molecules that meet the poten-
tial needs of industry. However, there have been very few attempts to
date to systematically accomplish this in diradicaloid compounds.
Here, we present the synthetic, spectroscopic, and computational
investigation of a series of molecules based on the diindeno[1,2-
b:1',2'-glanthracene framework. Calculations suggest that by altering
the transfer integral term, t,,, we are able to manipulate the diradical
character and, thus, AEst within this series of molecules. Experimen-
tally determined values by superconducting quantum interference
device (SQUID) magnetometry show that we can effectively "tune”
AEgt of the five derivatives within a narrow 1.6 kcal mol ™" range.

INTRODUCTION

Interest in polycyclic aromatic hydrocarbons (PAHs) possessing diradical character
has undergone a strong resurgence in recent years. The increase in reports of car-
bon-based diradicaloids has been fueled by both the inherent novelty of these mol-
ecules as well as their promise as organic electronic and magnetic materials.’
Because of the different magnetic states that these molecules can possess, diradica-
loid hydrocarbons have been posited to be useful in applications, such as molecular
electronics and spintronics,” lithium-ion batteries,® nonlinear optics,*”” and singlet
fission.?'” To date, however, their application still remains to be realized, though
there have been some preliminary attempts.”'""'? Since the first reports of car-
bon-centered diradicaloids, namely Thiele's hydrocarbon (1, Figure 1A) in 19043
and Tschitschibabin’s hydrocarbon (2) in 1907, the study of this broad class of
compounds has offered new insights on the fundamental nature of the = bond, as
well as on unusual electronic and magnetic properties in m-expanded systems.'®
The desire to explore this chemical space and fully understand these molecules
has led to the synthesis of many classes of organic diradicaloids (Figure 1B),
including but not limited to bisphenalenyls (3),"°"” extended quinodimethanes
(4),°°°?? indenofluorenes®>?° and related diindenoacenes (5),°°° zethrenes
(6),°*% anthenes (7),°**? and higher-order acenes (8).*°"*? Arguably the biggest
challenge in discovering new diradicaloid PAHs, and thereby limiting our under-
standing of this class of compounds, is that the diradical character that makes these
systems potentially interesting also makes their synthesis demanding. As shown in
Figure 1B, strategic placement of large steric protecting groups near the areas of
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The Bigger Picture

The study of diradicaloid (open-
shell) molecules offers new
insights into the fundamental
nature of the m-electron bond as
well as new avenues of research
regarding chemical reactivity and
unusual electronic and/or
magnetic properties in -
expanded systems. Although
literature has recently seen an
increase in the number of new
diradicaloids, there are a few
cases in which structural
modification is made to the
original scaffold to modify these
properties. If the posited
materials applications for organic
diradicaloids are to come to
fruition, the ability to
incrementally and rationally
change molecule properties while
maintaining stability will be
essential. Here, we show how to
design new diradicaloids by
tuning the transfer integral term,
tab. This series of compounds
maintain the same 2,6-anthraceno
T-conjugation of the quinoidal-
diradical core, with only minor
alteration to the molecular
geometry, thus following an
approach based on structure
refinement.
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(A) The first two reported carbon-centered diradicaloids in the literature, Theile's (1) and Tschitschibabin’s (2) hydrocarbons, drawn in the closed-shell

resonance form.

(B) Representative examples of recently reported diradicaloids (3-8), drawn in the closed-shell resonance form (Mes, 2,4,6-trimethylphenyl).

high radical density permits more stable derivatives to be characterized successfully.
Diradicaloid molecules exhibit a number of less common properties,”**° such as a
narrow highest occupied molecular orbital-lowest occupied molecular orbital
(HOMO-LUMO) energy gap,' low-energy electronic absorptions attributable to a

low-lying doubly excited electronic configuration,*®*’ e

19,2

multicenter bonding,

8 electron spin resonance (ESR) signal(s), and peak broad-
48

redox amphoterism,
ening in the proton NMR spectrum.

To date, two basic strategies have been used in diradicaloid PAHs to modify the
diradical character index (y) and its closely related observable property, the
singlet-triplet energy gap (AEst):' (1) altering the length of the m-conjugated
21,30,34.38,43 51 (2) varying the orientation of the radical centers attached to the

core.?*72%3447 Although logical series of diradicaloid scaffolds have been reported

core

that rely on one of these two strategies to modulate such properties, the observed
variations were often large in magnitude and did not lead to the ability to fine-tune
AEstandyin a precise way. The study closest to accomplishing a fine-tuning of AEst
was an elegant series of oligorylene ribbons, reported by Wu in 2017 with four de-
rivatives within a 2.0 kcal mol~" range;*” however, the work did not provide insight
as to what electronic factors were being affected, and there was only modest
agreement between the experimental AEst and the calculated values along with
limited stability of the longer oligomers. Although concepts such as aromaticity re-
covery and number of Clar sextets as well as molecule twisting and nonplanarity pro-
vide a straightforward way to qualitatively interpret open-shell structures, a funda-
mental quantitative knowledge of how to manipulate the underlying physical
properties that affect diradical character is lacking. To that end, we sought to ratio-
nally design molecules with finely tuned diradical character y on the basis of the two
fundamental quantum chemical quantities that control it,>' namely, an electron-
electron repulsion term (U) and an energy resonance term or transfer integral (tap)
that gives account of the electron delocalization. As noted in a recent publication,
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Figure 2. Diradicaloid Molecules Based on the Diindeno[1,2-b:1',2'-g]lanthracene Scaffold
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(A) Target DIAn compounds 9-13 illustrate how incremental changes to the diradical scaffold can result in significant changes to the overall magnetic

properties of each molecule.

(B) Closed-shell (left), open-shell singlet (center), and open-shell triplet (right) forms of a DIAn derivative with generic fused aryl groups; the 2,6-

anthraceno conjugation of the two radical centers is shown by the bolded bonds.

"The ability to tune the S-T gap would provide materials based on diradicaloid hy-
drocarbons with accessible bulk magnetic moments and therefore plays a central

role in design of materials with conducting and magnetic properties.”*

Although the global analysis of the electronic structure of diradicals is contained in
the U versus t,;, balance, an experimental local parameter directly connected with
the diradical character is the bond order (BO) of the outer rings fused to the indacene
core. In 2016, we reported a series of indeno[1,2-b]fluorenes, where the change of
BO dramatically affected the strength of the paratropicity within the indacene
core.’? Whereas benzothiophene fusion (BO = 2) afforded compounds that were
nearly as antiaromatic as s-indacene itself,?” linear fusion of anthracene (BO =
1.25) quenched indacene paratropicity.*” Given the known relationship between
antiaromaticity and diradical character,>>* we hypothesize that using the same
BO alteration strategy within the diindenol[1,2-b:1",2'-glanthracene scaffold (DIAn,
9; Figure 2A), a stable molecule with significant diradicaloid character,?” would allow
us to craft a series of structurally similar molecules (10-13; Figure 2A). This “structure
refinement approach,” based on subtle alteration of molecular geometry yet
with retention of the same 2,6-anthraceno m-conjugated quinoidal-diradical core
(Figure 2B), would enable a systematic, quantitative study examining incremental
change in the diradical character y, the AEst energy gap, and the overall electronic
properties of a closely related series of stable diradicaloids. We recently reported
that thiophene isomerism in derivatives of 5 permits rational modification of the
repulsion term U and, thus, a ~1 kcal mol~’ change in AEst.>* Herein, we disclose
the preparation of DIAn derivatives 10-13 as well as a new synthesis of 9 and
examine the trend of systematically increasing diradical behavior by variable
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Table 1. Theoretical Calculations and Physical Parameters for the Model Compounds 9'-13’

Compound® 9 10 1 12/ 13
Experimental AEsy [kecal mol~"] —4.2 —4.8 -3.8 -3.2 -3.4
Adiabatic AEg (+ZPVE) [kcal mol~"] ® —4.71 —5.09 —4.16 —3.45 —3.41
y (PUHF) [-I° 0.623 0.638 0.686 0.711 0.815
y (CASCI) [ ¢ 0.213 0.198 0.235 0.250 0.298
[tap] [eV] © 0.916 0.905 0.818 0.781 0.774
U/2 = KMeV] © 1.435 1.348 1.378 1.377 1.572
(Ur2)fsrly) [eV] © -0.891 0909  -0762 0706  -0.635
2K [6V] ¢ 1.435 0.041 0.087 0.096 1.572

?For computational efficiency, SiMe3 used in place of Sii-Pr3.

bCalculated by using the spin-flip non-collinear time-dependent density functional theory (SF-NC-
TDDFT) with the PBE50 functional and 6-311G* basis set. Geometry optimization followed by the fre-
quency analysis and the zero-point vibrational energy (ZPVE) estimation for the singlet and triplet states
were performed at the R and UB3LYP/6-311G* level, respectively.

“Calculated at the PUHF/6-311G* level.

dEstimated at the CASCI(2,2)/6-311G* level by using the Kohn-Sham orbitals at the tuned-LC-RBLYP/6—
311G* where the range-separating parameter was tuned for each system by using the “IP-tuning”
scheme.

temperature NMR and Raman spectroscopy, electronic absorbance spectroscopy,
and bond length analysis of their solid-state structures. Additionally, in our
continuing efforts toward fine-tuning the AEst energy gap in new diradicaloids
and in the interest of full understanding of the molecular and electronic-based rea-
sons of such a tuning, we probe AEst experimentally utilizing superconducting quan-
tum interference device (SQUID) magnetometry. In conjunction, quantum chemical
calculations are used to rationalize the key electronic factors that lead to such mod-
ulation, i.e., the transfer integral t,p.

RESULTS AND DISCUSSION

Calculations

To corroborate the “local” BO hypothesis as well as the “global” U versus t,, fine
balance in the definition of the diradical properties, quantum chemical calculations
on model structures 9'-13" were performed, both without (Table S1) and with the two
(trialkylsilyl)ethynyl groups (Table S2). The relevant theoretical diradical index values
(y, that takes values of "0” or pure closed-shell molecules and “1"” for pure diradicals)
calculated at the spin-projected (P)UHF/6-311G* level, together with the AEst gaps
at the spin-flip time-dependent density functional theory (SF-TDDFT)>°° level are
given in Table 1, along with the experimental AEst values (see also Figures S23
and S24). A nice correspondence between the experimental and theoretical AEgy
gaps is observed, which allows us to use the 2 electrons in the 2-site model of dirad-
icals to obtain the main physical parameters (also shown in Table 1) dictating their
unique diradical structures at the CASCI(2,2)/6-311G* level using the tuned-LC-
RBLYP Kohn-Sham orbitals.”’-*® Note that even though the y and AEgy values by
the two-electron model tend to under- and over-estimate the results at the spin-pro-
jected unrestricted Hartree-Fock (PUHF) and SF-TDDFT levels, respectively, the
trends of the results by benzo-fusion are well reproduced. These values are all
condensed in Equations 1 and 2 of this model:

1 1
y=1- =1- (Equation 1)

1+ (4r) 2 - (L)Z
4tap
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Figure 3. Odd Electron Density Maps and NICS(1) Values of Models 9'-13’

Odd electron densities were calculated at the tuned-LC-RBLYP CASCI(2,2)/6-311G* level. Magnetic response calculations were performed at the LC-
UBLYP/6-311G* level where the same range-separating parameters as those for the estimation of physical parameters were employed (for details, see
Supplemental Information). Yellow surface of odd electron density map represents the isosurface with the contour value of 0.0005 a.u. NICS(1) values

are in ppm.

2 -y)

Here, K,p, indicates a direct exchange integral. The increase of the chain length from
DIAn (9) to dibenzoDIAns (10’, 11/, and 12') always decreases t,, (i.e., enhances
delocalization over the terminal parts), which is seen by the appearance of odd-elec-

U 1 U .
AEst = 2Kop + (1 - )/(27) =2Kap +§fsr(y) (Equation 2)

tron density partially delocalized into the terminal rings (i.e., arrows next to E rings in
Figure 3; see Figure S35 for structural depiction of the possible resonance forms).
The rationale for this is that the aromatic character of the outer benzenes in DIAn
(rings D in Figure 3) is slightly stronger than in the equivalent benzenes in the
angular-fused dibenzoDIAn derivatives, which is confirmed by the reduced ampli-
tudes of the nucleus-independent chemical shift (NICS(1)) values in 11" and 12" in
Figures 3 and S27. On the other hand, the NICS(1) value on ring D of 10’ is slightly
larger than that in 9', which accounts for the smaller change in t,, on 9 — 10

Chem 6, 1353-1368, June 11, 2020 1357



¢? CellPress

thanin 9’ — 11" and 12. From Equation 1, we see that smaller t,p, such as in the case
of dibenzoDIAns compared with DIAn, increases the diradical character in Table 1
because the change in U is relatively small (see the Supplemental Information for
further discussion of integrals U and t). Finally, the evolution of the t,, in the diben-
zoDIAn series is also in agreement with the overall shift of the low-energy absorption
bands of the UV-vis-NIR spectra of 9 — 10'/11'/12’ (vide infra).

Additional fusion of a six-membered ring onto the bay region of rings C-D-E of 12
gives rise to the known bisphenalenyl-fused anthracene derivative'® (BPLA, its struc-
ture and computational data are given in Figure 528 and Table S3). Results for BPLA
show a much smaller t,, than 12’ (0.467 eV in BPLA versus 0.781 eV in 12') and a
larger diradical character y (0.883 in BPLA versus 0.711 in 12" at the PUHF level),
highlighting the effect of greater delocalization of the odd-electron density (Figures
S29-S32) in the terminal rings and reduced aromaticity in the common benzenes in
BPLA (—5.30/—7.65 ppm in BPLA versus —7.09/—10.01 ppm in 12').

The inter-site repulsion term U, the other key electronic factor, decreases from 9’ —
10'/11'/12', but the magnitude of this change is smaller than that in t,p,, which results
in the increase of y as explained above. However, U, conversely to t,p, increases on
10" — 11'/12', which might indicate a better repulsion screening in the terminal moi-
ety of 10". Even though there is a balance between the U/2 and fly) in AEst, the
reduction of Uand t,, for 9" — 10’ results in a slight increase of the AEst as observed
experimentally and predicted by calculations. Results of U/2 for 10’, 11/, and 12/
(1.348, 1.378, and 1.377 €V, respectively) are close to that of phenalenyl analog
BPLA (1.385 eV), illustrating that the major change in the diradical features between
the dibenzoDIAns and BPLA primarily comes from the role of t,p.

For the PAHs under study, the t,, term shows a greater variaiton from compound to
compound than the U term, meaning that the two unpaired electrons are progres-
sively less coupled or less bonded (indicating a larger degree of delocalization) on
10" — 11'/12" and is what primarily determines the variation of y and of the AEst
gaps, although the results are determined by the subtle balance of several terms.
Conversely, we have recently shown that y /AEst can be modulated by considering
suitable chemical structures that mainly modify U keeping t,, almost constant, for
instance, by introducing sulfur atoms within the full PAH structure.**** As a part of
this study, compound 13 with a common anthracene core and terminal benzothio-
phene-based moieties is also reported. The molecule is isostructural with dibenzo-
DIAn 12, where the (CH=CH) motif opposite the apical carbon has been replaced
with an isoelectronic S atom. In this case t,, only slightly changes from 12’ (0.781
eV) to 13’ (0.774 eV), whereas U/2 significantly increases from 1.377 eV in 12’ to
1.572 eV in 13’ and, thus, justifies the larger diradical character (0.711 in 12’ and
0.815 in 13) in spite of a similar AEst (calculated as —3.45 kcal mol™" in 12/
and —3.41 kcal mol~" in 13'), which is primarily due to the reduction of U/2 term.>*

Synthesis

To prepare a family of modified DIAn derivatives, we sought a more modular syn-
thetic route. As with the original preparation of 9, steric protection at the sites of
high radical density with mesityl (2,4,6-trimethylphenyl) groups will kinetically shield
the reactive sites, and the large mesityl and (triisopropylsilyl)ethynyl ((TIPS)ethynyl)
groups should provide resistance to degradation pathways and enhance solubility.
Starting from known dibromoanthracene 14°7 (Scheme 1A), selective deprotonation
atthe 3- and 7-positions by using lithium tetramethylpiperidide (LiTMP), followed by
careful addition of gaseous CO,, and then protonation with dilute aqueous acid
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Scheme 1. Synthesis of Diindeno[1,2-b: 1,2 -glanthracenes 9-13
(A) Friedel-Crafts acylation route to prepare 9, 12, and 13, which has been successfully executed with the cross-coupling partners on the bottom left of

the scheme.
(B) Friedel-Crafts alkylation route to prepare 10 and 11.
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afforded diacid 15 as the key intermediate to which a variety of aryl groups could be
attached via Suzuki-Miyaura cross-coupling. Using DIAn itself as a test case, cross-
coupling 15 with phenylboronic acid provided diaryldiacid 16 in 96% yield, which
was subjected to Friedel-Crafts acylation conditions to form the heptacyclic core
of DIAn-dione 17 in a very good yield (confirmed by X-ray analysis; see Figure S18).
Nucleophilic attack on 17 by mesityllithium afforded the intermediate diol (not
shown), which was then treated with SnCl, and catalytic trifluoroacetic acid (TFA)
to furnish the fully conjugated core of DIAn 9, whose spectral data were identical
with those previously reported.?’ Repetition of this synthetic sequence using 2-
naphthylboronic acid and benzothiophene 2-boronpinacolate ester®® gave diacids
18 and 20, respectively, that were converted into diones 19 and 21, then ultimately
into new DIAn derivatives 12 and 13 isolated as blue and blue-black solids,
respectively.

Given the propensity of naphthalene to undergo electrophilic aromatic substitution
at the 1/4/5/8-positions, the preparation of the syn and linear dibenzoDIAn deriva-
tives required a return to the original DIAn synthetic route. Starting again from 14,
Pd-mediated double Miyaura borylation with B,pin, afforded bis(boronate ester)
22 (Scheme 1B). Cross-coupling this molecule with two equivalents of iodoaldehyde
23 (see the Supplemental Information for its preparation) gave dialdehyde 24,
which was then reacted with excess MesLi followed by Friedel-Crafts alkylation using
BF3:OEt; to furnish dihydroDIAn 25. Oxidation with 2,3-Dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ) provided the linear dibenzoDIAn 10 as an emerald green solid
in good overall yield. Repetition of this sequence using bromoaldehyde 26 gave dial
27, which was turned into dihydro intermediate 28 and then syn dibenzoDIAn 11
(army green solid) in an analogous manner. As with the original synthesis of 9, selec-
tive ring closure occurs exclusively at the C3 and C7 positions of the anthracene
core as a result of the steric clash between the bulky mesityl and TIPS groups. Careful
handling and storage of all the diarenoDIAn derivatives is required once synthesized
as these molecules begin to degrade at room temperature if exposed to air for
extended periods of time. Unlike the parent system 9, which has a half-life in solution
of 64 days,?’ the half-lives of the diarenoDIAns in solution range from ~20 days for
10 to as little as 4.5 days for 13 (Figures S12-S15); therefore, as the diradicaloid
character of a molecule increases, its stability correspondingly decreases.

NMR Spectroscopy

To gather more evidence of the diradical nature of these compounds, variable tem-
perature (VT) "H NMR spectroscopy was performed with each derivative. Typical of
molecules with pronounced open-shell character, the aromatic region of the "H NMR
spectra of 11-13 at room temperature showed either broad, unresolved peaks or a
completely flat baseline, as illustrated for 12 in Figure 4 (see also Figures S1 and S4—
S7). Cooling of the samples in the spectrometer did result in the appearance of
discernable peaks around —15°C to —30°C with the peaks continuing to grow until
the experimental cutoff of —55°C, where the aromatic signals never gain full resolu-
tion. Importantly, when the instrument was warmed back to room temperature, the
new spectrum resembles the original room temperature spectrum, confirming that
11-13 do not undergo a reaction and/or decomposition during the VT NMR exper-
iments. Attempts to obtain fully resolved spectra of a sample of 12 dissolved in THF-
dg and cooled to —100°C were only modestly successful (Figures S2 and S3) as com-
pound 12 was also less soluble in THF-dg than in CDCl3.°" Nonetheless, this exper-
iment suggests that a thermally accessible, magnetically active species is respon-
sible for broadening the aromatic signals and that even at —100°C the magnetic
species is still somewhat populated, justifying the lack of full resolution.

1360 Chem 6, 1353-1368, June 11, 2020
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Figure 4. Variable Temperature NMR Spectroscopy Studies of 12
VT "H NMR spectra of the aromatic region of anti-dibenzoDIAn 12 in CDCl showing thermal
depopulation of the paramagnetic triplet state at low temperatures.

In contrast to 11-13, the VT "H NMR spectra collected for linear dibenzoDIAn 10 ex-
hibited very little to no peak broadening. At room temperature the aromatic region
displayed relatively well-defined aromatic signals and cooling to —55°C resulted in
full resolution of the aromatic signals, suggesting that the magnetic species was
minimally populated at room temperature and below (Figures S8 and S9). Upon
heating a (CDCI,); solution of 10 to 140°C, thermal broadening of the aromatic sig-
nals only began to occur at the experimental cutoff (Figures S10 and S11). The
behavior of 10 in the high-temperature NMR experiments matches more closely to
that of DIANn 9 (onset of broadening at 50°C),%” with a higher onset point, indicative
of the larger singlet-triplet energy gap that 10 possesses.

X-Ray Crystallography

To gain insight into the ground-state molecular structure of diradicaloid PAHSs, single-
crystal X-ray diffraction (XRD) and bond length analysis of the resultant structures
have been used as a rough guideline to compare diradical character experimentally.
Fortuitously, crystals that were suitable for XRD were grown by slow diffusion of
CH3CN into CHCl; for all four new DIAn derivatives and their structures secured (Fig-
ure 5). Similar to 9, DIAns 10-13 are centrosymmetric. Molecules 10, 12, and 13 pack
roughly as 1D stacks, whereas 11 appears like a 2D brickwork pattern (Figures S19—
S22). There are no short CC contacts (<3.8 A) in the structures of 10 or 11. Diben-
zoDIANn 12 contains two close CC contacts (~3.45 A) between ring D and the
same ring of its nearest neighbor. Compound 13 has close CC (3.43 A)and C'S
contacts (3.53 A), also between neighboring D rings. These distances are consider-
ably longer than those for Kubo's related bisphenalenyl-fused arenes (3.1-3.2 A),
which exhibit strong 7-dimer formation in the solid state;'®"” thus, the likelihood
of magnetic interactions between neighboring molecules of 12 and 13 in the solid
state is minimal.

The outer naphthalene units of compounds 10-12 have bond lengths typical of a
naphthalene motif, pointing to the aromatic character of the outer rings (also sup-
ported by the NICS(1) calculations). For benzothiophene-fused 13, there is a distinct
asymmetry in the C-S bond lengths (1.717 and 1.761 A), similar to what was found
for 5 (1.716 and 1.760 A), which is due to the increased conjugation from the linear
arrangement of the anti-fused S atom to the radical center versus a cross-conjuga-
tion arrangement if the thiophene was fused in a syn-fashion.>
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Figure 5. X-Ray Crystallographic Analysis of 9-13

X-ray structures of DIAn derivatives 10-13 with selected bond lengths (A; experimental values in black and calculated values in blue) along with the
previously published data for DIAn 9; ellipsoids drawn at the 50% probability level. Experimental values for 12 and 13 are the average of the bond
lengths found for the three and two symmetrically independent molecules, respectively.

Examination of the quinoidal core of 10-13 shows that the molecules possess bond
lengths similar to those in the core of 9 (as might be expected) that range from 1.352
to 1.471 A, and several of the quinoidal C=C bond lengths are near 1.4 A. In particular,
the bond length from the apical carbon of the five-membered ring carbon to
the anthracene core is of great interest, as this can provide a first approximation of
how open-shell a molecule is. This bond length in structurally analogous mesityl-
substituted indenofluorene isomers can be as short as 1.380 A in the closed-shell
indenol[1,2-blfluorene® and as long as 1.437 A for proven open-shell indeno[2,1-blflu-
orene,”® which in the latter is accredited to the open-shell resonance form contributing
more single bond character to this position as the diradical resonance form gains favor.
In the case of PAHs 9-12, these values run between 1.391-1.412 A and is as large as
1.434 A in 13, suggesting that there are contributions from both the open-shell and
the closed-shell resonance structures, corroborating the open-shell nature of these
compounds. One might expect a trend of increasing bond length as the diradical char-
acter increases (13> 12> 11 > 9 = 10). Although this expectation is supported by the
calculated bond lengths as well as by the experimental values for four of the diareno-
DIAns, isomer 11 is a notable exception, as it is the shortest of them all (1.391 A), yet
is calculated to be longer and more diradical than 9 or 10.°% It should be noted that
the differences in the apical carbon bond lengths between 9-13 are close to the statis-
tical margin of error of the XRD measurements, indicating that although a useful tool to
gauge roughly how diradical a compound might be, this comparison is a “local” marker
of the diradical character that does not consider the effect globally and is likely insuffi-
cient to account for small molecule-to-molecule variations in order to distinguish com-
pounds with very similar diradical characters (e.g., 11 versus 12).
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Figure 6. Spectroscopy and Magnetometry Data of 9-13

(A) Electronic absorption spectra of DIAn derivatives 9-13 in CHCl3 solution at room temperature.

(B) Raman spectra of 9-12 and comparison with the dihydroDIAn precursors 25 and 28.

(C) Raman spectra of 13 and comparison with 9 and the naphthalene core analog 5.

(D) SQUID data of 9-13 in the solid state (empty circles) along with the corresponding Bleaney-Bowers fits (solid lines).

Electronic Absorption Spectroscopy

The diarenoDIAn derivatives 10-13 exhibit UV-vis-NIR electronic absorption
spectra very similar to other related quinoidal polycyclic hydrocarbons and to
the parent DIAn 9 (Figures 6A and S16). In addition, these spectra were recorded
at low temperature (i.e., 80 K) in order to deal with those of the singlet ground
electronic states, clean from triplet interference at 300 K (Figure S17 shows
side-by-side comparison). Each spectrum displays characteristic absorptions of
anthracene-based compounds showing electronic absorption in the range of
340-470 nm. Interestingly, in the low-energy region linear-10 displays a slight
blue-shifted absorption (700 nm) when compared with DIAn 9 (711 nm); however,
there is a marked redshift on going from 10 to syn-11 (803 nm), anti-12 (839 nm),
and 13 (955 nm), which is in agreement with the rather small change of the t,, term
on 9 — 10 and with the pronounced decrease of t,, on going from 10 to 11/12
(see Table 1 and discussion thereof). The rich blue-green colors of 10-13 can be
accredited to these low-energy absorptions that tail off into the near IR region
(850-1,050 nm), because of the narrow HOMO-LUMO gap of these derivatives
and are indicative of the large diradical contribution to the ground state. In addi-
tion, at lower energies, well-defined bands are recorded at 791 nm in 9, 759 nm in
10, 892 nmin 11, 902 nm in 12, and 1,044 nm in 13, which behave in parallel to the
main ones and that are explained as electronic absorptions arising from a low-lying
doubly excited electronic configuration (Figure S$17).%4*® Interestingly, these
bands, which usually appear as shoulders at room temperature, are clearly distin-
guished at 80 K. For completeness of the study, Figure S36 and Table S4 disclose
the cyclic voltammetry electrochemical data also in comparison with that reported
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for DIAN (9), which reveal very good agreement between the optically and electro-
chemically determined HOMO-LUMO energy gaps (1.13-1.41 eV) of 9-13.

Raman Spectroscopy

To further track the changes in the molecule structure from the closed-shell to the
open-shell resonance structures, Raman spectroscopy (Figure 6B) was performed
on the three dibenzoDIAn derivatives and compared with the parent 9. In regard
of the interpretation of the significant variation of t,, in this diradical series related
with the tuned bonding of the two unpaired electrons through the central common
anthracene spacer, the Raman spectra provide evidence of the vibrational structure
of this central anthracene core. In the 1,550-1,600 cm ™" vibrational region in partic-
ular, the Raman bands associated with the collective C=C stretches of these central
anthracene moieties appear, i.e., vann(C=C). In Figures S37 and S38, theoretical
Raman spectra are discussed, whereas Figure S39 shows the vibrational normal
modes on which the assignment of the main Raman bands is based (see additional
discussion in Section 10 of the Supplemental Information). In Figure 6B, we also
show the Raman spectra of the dihydrogenated precursors of 10 and 11, com-
pounds 25 and 28, respectively, which undoubtedly possess complete aromatic
character in their anthracenes. On 25 — 10 and 28 — 11, we observe downshifts
of the vann(C=C) wave number in agreement with the effect of partial quinoidiza-
tion of these anthracenes (quinoidization always produces wave number down-
shifts).?° According to this, the change between 28 and 11 (Av = 9 ecm™") is smaller
than between 25 and 10 (Av = 18 cm™") as a result of the larger diradical character
(i.e., smaller quinoidal character) in 11. For the series of diradical compounds under
analysis, we observe that: (1) the v,,(C=C) wave number values of these bands
differ from molecule to molecule and simultaneously, all these differ from that of
DIAn 9. (2) Among 10/11/12, 10 appears at 1,581 cm™", the lowest wave number,
revealing that of the three, this molecule keeps the larger degree of quinoidal char-
acter (i.e., consistent with the larger AEst). (3) From 11 to 12, the difference of
12 cm™" from 1,589 to 1,601 cm™" is seemingly large but qualitatively consistent
with AEst(11) > AEst(12). At the same time, this result is in agreement with the
smaller v,,n(C=C) differences between 28 and 11, highlighting that the degree
of aromaticity in the central anthracene in 12 is the largest among the three isomers
and further corroborated by the smallest AEst found (vide infra).

Figure 6C also displays the Raman spectra of 13 compared with that of DIAn 9 and
with the analogous benzothiophene-fused compound with a central naphthalene,
i.e., molecule 5. An upshift from 5 to 13 of the Raman band associated with the cen-
tral moieties is detected, showing the larger overall aromaticity gained on the
anthracene unit. On the other hand, comparing 13 and 9, we observe the same
Vanth(C=C) wave number bands at 1,592 cm™’, despite y (9) # y (13), which is ac-
counted by the particular U increasing role of the sulfur atoms, an electronic effect
that in 9/13 does not essentially alter neither the bond length alternation pattern
nor the vibrational pattern of the corresponding anthracenes.

Superconducting Quantum Interference Device Magnetometry

To experimentally examine the magnetic properties of this family of molecules with
different computed singlet-triplet energy gaps, SQUID magnetometry was carried
out. The magnetic behaviors up to 400 K were measured and the signals were sub-
jected to a Bleaney-Bowers fitting®® (Figure 6D) that only considers a dimer (low spin
and high spin states) model. From these adjustments the AEst gaps were obtained
and can be compared with the theoretically determined gaps in Table 1. The mag-
netic measurement is fully reversible, and the same curve can be reproduced in the
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cooling direction back to room temperature (changes smaller than 5% of the total
molar magnetic susceptibility before and after one cycle of heating-cooling), indic-
ative of thermally resilient molecules. The absence of hysteresis in the heating and
cooling curves shows that the routes for the population and depopulation of the
high spin state do not differ. The resulting data also indicate that the ground elec-
tronic state is a singlet and the thermally excited state is a triplet, typical of molecules
in which the diradical character is expressed by the correlation between the quinoi-
dal and aromatic resonance forms. All of the newly determined AEst gaps are <10%
variance from their calculated values. For example, the largest and smallest energy
gaps are correctly measured and calculated for 10 (AEst(exp) = —4.8, AEst(cale) =
—5.09 kcal mol™") and 12 (AEst(exp) = —3.2, AEsT(calc) = —3.45 kcal mol™"), respec-
tively. Compounds 9, 11, and 13 also show very good agreement (Table 1). This nar-
row range of 1.6 kcal mol™" for the experimental AEst values of the five molecules
clearly supports our hypothesis of “fine-tuning” magnetic properties using a “struc-
ture refinement approach.”

In conclusion, a new set of diradicaloid molecules based on the diindeno[1,2-b:1',2'-
glanthracene motif has been prepared. A complete study addressing their spectro-
scopic and magnetic characterization together with model quantum chemical calcu-
lations has been carried out. Based on the 2 electron in 2 sites model, the diradical
character is dictated by two electronic parameters, the repulsion term U and the
transfer integral, t,,. Here, we have shown how to design new diradicaloids based
on the fine-tuning of the transfer integral term using structure refinement (altering
external rings D and E in Figure 3) of a series of molecules containing a common
2,6-anthraceno conjugation of the two radical centers. Most notably, by making
what might seem to be minor changes to the fusion “BO" of the outer rings, we
were able to incrementally and rationally tune the singlet-triplet energy gap of the
diarenoDIAn series over a narrow 1.6 kcal mol™ range. As demonstrated by this
study, we are aiming to produce real, synthesizable compounds illustrating how to
exploit electronic structure concepts, such as U and t,. These structure-property
connections and their complete understanding are mandatory for the rational
design of diradicaloid molecules, i.e., diradicals with tailored singlet-triplet energy
gaps for specific organic electronic applications.

EXPERIMENTAL PROCEDURES

Full experimental procedures are provided in the Supplemental Information.

DATA AND CODE AVAILABILITY

Crystallographic data have been deposited in the Cambridge Crystallographic
Data Center (CCDC) under accession numbers CCDC: 1949611 (17), 1949612
(11), 1949613 (10), 1949614 (12), and 1964314 (13). These data can be obtained
free of charge from the CCDC at http://www.ccdc.cam.ac.uk/data_request/cif.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.chempr.
2020.02.010.
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