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Abstract:

We report high-spin aminyl triradicals with near-planar triphenylene backbones. Near planarity of the
fused aminyl radicals and the 2,6,10-triphenylene ferromagnetic coupling unit (FCU), magnetically
equivalent to three fused 3,4’-biphenyl FCUs, assures an effective 2p—2p» overlap within the cross-
conjugated m-system, leading to an § = 3/2 (quartet) ground state that is well separated from low spin
excited doublet states. Thermal populations of the low-spin (S = 2) excited states are detectable both by
SQUID magnetometry and EPR spectroscopy, providing doublet-quartet energy gaps, AEpq,
corresponding to 85+% population of the quartet ground states at room temperature. Notably, EPR-based
determination of AEpq relies on direct detection of the quartet ground state and doublet excited state. The
AEpq values are 1.0 — 1.1 kcal mol!, with the more sterically shielded triradical having the larger value.
Half-life of the more sterically shielded triradical in 2-methyltetrahydrofuran (2-MeTHF) is about 6 h at
room temperature. The less sterically shielded triradical in 2-MeTHF decomposes at 158 K with a half-
life of about 4 h, while at 195 K, the half-life is still about 2 h. The dominant products of decay of
triradicals are the corresponding triamines, suggesting the hydrogen atom abstraction from the solvent as
the primary mechanism. This study expands the frontier of the open-shell PAHs/nanographenes, of which
the unique electronic, nonlinear optical, and magnetic properties could be useful in the development of

novel organic electronics, photonics, and spintronics.
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INTRODUCTION

Organic radicals with high-spin ground states (total spin quantum number S > 1) and large energy gap
(AE) between the high-spin ground state and low-spin excited state are promising building blocks for
organic magnets,'”’ as well as multitude of emerging advanced materials based on spin chemistry.®!7 Spin
alignment in high-spin radicals is antithetical to the ubiquitous spin pairing in chemical bonds,'!%!° thus
the design and synthesis of such radicals is of fundamental interest in chemistry and physics. To take
advantage of the enhanced paramagnetic properties, which are scaled with factor S(S + 1), the high-spin
radicals should be persistent at room temperature and their high-spin ground states must be nearly
exclusively populated. Consequently, the energy gap, AE, should be significantly greater than the thermal
energy (RT) at 298 K, i.e., AE >> 0.6 kcal mol™!. Such diradicals and polyradicals are uncommon and,
especially those with S > 1 are challenging to attain.?’-°

Polycyclic aromatic hydrocarbons (PAHs) have attracted great attention as building blocks for
nanographenes. Our focus is on the PAH incorporating high-spin aminyl radicals with very strong
ferromagnetic coupling between electron spins and with adequate stability at room temperature that would
ultimately permit for isolation. The challenge is the design of PAHs as effective, strong ferromagnetic
couplers.

We reported azaacene based aminyl diradicals 1 and 2, and tetraradical 3 that possess triplet and quintet
ground states with large singlet triplet (AEst) and triplet quintet (AETq) energy gaps of 1.7 — 5.5 kcal mol
13133 a5 predicted by the state-of-the-art dedicated difference configuration interaction (DDCI)
calculations by Barone and coworkers (Figure 1).>* In these structures, co-planarity of the aminyl radical
and m-phenylene moieties facilitates the delocalization of spin density into the m-phenylene moiety, and
thus large values of AEst or AErq.!!333¢ The DDCI calculations on the nitroxide (RoNOs) diradicals
structurally related to 1 and 2 predict the AEst values that are lower by one order of magnitude,®*

comparable to AEst > 0.6 kcal mol! measured by SQUID magnetometry for the related planar

diazapentacene-based nitroxide diradical.>’** Analogously, we note one order of magnitude (factor of 20)



decrease in doublet-quartet energy gap, AEpq, from about 14 kcal mol! estimated for planar 1,3,5-
phenylene-based aminyl triradical®® to AEpg = 0.7 kcal mol™! for resonance stabilized aminyl triradical
4.* The decreased energy gaps may be associated with diminished delocalization of spin density into the
1,3- or 1,3,5-phenylene ferromagnetic coupling unit, as observed in nitroxides and other organic radicals

1341 including triradical 4.*° The resonance stabilization has been effectively

stabilized by resonance,
utilized in the design of Blatter-based radicals with robust stability, such as the triplet ground state nitronyl
nitroxide-Blatter, Blatter-Blatter diradicals (AEst = 0.4—1.7 kcal mol™!) and the quartet ground state
triradical (AEpq = 0.2-0.3 kcal mol ™). Notably, the onset of thermal decomposition of these radicals was
detected at temperatures between 160 and 264 °C.*** Likewise, analogous nitronyl nitroxide-

oxoverdazyl radicals were reported but they possessed much lower AEst= 0.29-0.39 kcal mol! and AEpq

= 0.05 kcal mol™! 4647
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Figure 1. Persistent, high-spin ground state aminyl diradicals 1 and 2, tetraradical 3, and triradical 4. Half-life at
room temperature; singlet-triplet, AEst (for 1 and 2), triplet-quintet, AErq (for 3), and doublet-quartet, AEpq (for 4)
energy gaps are determined experimentally by SQUID magnetometry and computationally by BS-DFT and DDCI.

Here we describe the synthesis and characterization of high-spin triphenylene based aminyl radicals,
triradicals 5 and 6 (Figure 2), to explore and lay the groundwork for the design and synthesis of high-spin
PAHs or nanographene. This study expands the frontier of the open-shell PAHs/nanographenes,
predominantly based on the singlet (S = 0) ground state carbon-centered diradicals, which have been
shown to possess unique electronic, nonlinear optical, and magnetic properties, that could be useful in the

development of novel organic electronics, photonics, and spintronics.*®



Ar = H, 4-tert-alkylphenyl
R = CHj3, n-CgH47 R

Figure 2. High-spin aminyl triradicals 5 and 6 with a 2,6,10-triphenylene ferromagnetic coupling unit. Spin
densities are computed at the UB3LYP/6-31G(d) level of theory for an S = 3/2 state of Csn-symmetric triradical 7
(Ar = H, R = CH3); small and large spin densities correspond to ranges of 0.18-0.21 and 0.26-0.28 electrons,
respectively (Tables S14 and S15, SI).

There are multiple reports of on-surface syntheses of various nanographene-like di- and polyradicals,
however, these studies lack substantive evidence for their ground states and the underlying energy gaps.*"
57 Analogous reports on the syntheses and experimentally well-characterized high-spin ground states in
solution/matrix or solid state are limited to the diradicals, such as the sterically protected triangulene and
aza-triangulene cation.’®> We also note the recent report on “nitrogen-doped graphene” that displays

ferromagnetic property at the C/N ratio less than 20.%°



Triradicals S and 6, possessing 3 nitrogen atoms within 10 fused 6-membered rings, are simple and
constitute a practical framework for exploring the feasibility of truly high-spin nanographene materials.*3
Near planarity of the fused aminyl radicals and the ferromagnetic coupling unit (FCU), 2,6,10-
triphenylene, assures an effective 2p—2px overlap within the cross-conjugated m-system, leading to an S
= 3/2 (quartet) ground state that is well separated from low spin excited doublet states. A large doublet-
quartet energy gap, AEpq, is predicted to be on the order of 3.5 kcal mol! by the BS-DFT computation.

The 2,6,10-triphenylene FCU is magnetically equivalent to three fused 3,4’-biphenyl FCUs; that is,
pairwise radical-radical interactions are within 3,4’-biphenyl units.®!"®* The carbon and nitrogen atoms
with significant spin densities are sterically shielded to enhance persistence of triradicals but without
significantly perturbing the co-planarity of aminyl radicals with 2,6,10-triphenylene (Figure 2).

The most sterically shielded triradical 6 with six 4-fert-butyphenyl pendants has a half-life of 6.4 h in
2-methyltetrahydrofuran (2-MeTHF) at room temperature. The analogous triradical 5 in 2-MeTHF,
nonetheless, decomposes even at —115 °C (158 K) with a half-life of 3.9 h, and at 195 K, with a half-life
smaller by a factor of only 2, which may imply the possible involvement of quantum mechanical
tunneling. %46
RESULTS AND DISCUSSION

Synthesis of Fused Triphenylene Triamines. Synthesis of the fused triamines 14 and 17 — 19 starts
with oxidation of 2,6,10-tribromo-3,7,11-trimethyltriphenylene (8)%® to the corresponding tribromo
tricarboxylic acid 9 (Scheme 1). Subsequent esterification of 9 gives triester 10, which is then reacted
with an excess of methylmagnesium bromide to provide triol 11. Dehydration of 11 yields 2,6,10-
tribromo-3,7,11-triisopropenyltriphenylene (12). Palladium-catalyzed C—N coupling reaction of 11 with
4-(1,1-dimethylnonyl)aniline produces triamine 13, which is then subjected to Friedel-Crafts-like
threefold annelation forming six-membered rings,®’° to give fused triamine 14.

To convert triamine 14 to hexa- and tri-bromo derivatives 15 and 16, we apply our previously reported

bromination method,* developed for ladder oligo(m-anilines) and rely on the similarity of oxidation

potentials of bromine (Bra, E7° ~ 0.5 V vs. SCE)’! and annelated diaryl amines (E7° ~ 0.5 V).® This



method, in which the electrophilic aminium radical cation (or triradical trication) intermediate is trapped
with an excess of bromide under strictly anhydrous conditions at low temperature, gives 15 and 16 in

good-to-excellent isolated yields.

Scheme 1. Synthesis of annelated triamines 17 — 19.
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Using our standard conditions for the synthesis of hindered ladder oligo(m-anilines),*>"* the Suzuki
coupling of the hexabromo triamine 15 with pinacol 4-tert-undecylphenylboronate®? does not provide
detectable amounts of the target hexa-pendant substituted triamine, but rather the tri-pendant substituted

triamine 17 is isolated in good yields. This suggests that the inner, more sterically hindered aryl-Br



moieties are reduced to the corresponding aryl-H moieties. Likewise, triamine 17 is the product of the
Suzuki coupling of tribromo triamine 16 with pinacol 4-ter-undecylphenylboronate. The target triamine
18 is obtained in a good yield by Suzuki coupling with 4-fert-butylphenylboronic acid, using 2 M
potassium carbonate in tetrahydrofuran (THF).”? In addition to triamine 18, smaller amounts of penta-

pendant substituted triamine 19 are isolated.

Structure of Fused Triamines. The X-ray structure of triamine 18 shows that the triphenylene moiety
is slightly distorted from planarity, with absolute values of torsional angles in the range of 6 — 25° for the
three bay areas, as illustrated by the torsional angles: C2-C1-C39-C38 =-25.1(4)°, C25-C26-C27-C28 =
24.6(4) °, C12-C13-C14-C15 = 5.7(4)° (Figure 3, top). Because the annelated aniline and triphenylene
moieties are nearly co-planar, the annelated backbone of 18 appears to be approximately planar (Figure
3, middle). The amine (NH) moieties appear in a very congested environment, snuggled in-between the
twisted 4-tert-butylphenyl pendant groups (Figure 3, bottom). The inner pendant groups are overcrowded
as suggested by the outward bend of the C-C bond axes, which connect the pendant benzene rings to the
annelated backbone, with angles in the 165 — 173° range; torsion angles for the pendant benzene rings to
the annelated backbone are in the 58 — 68° range. The outer pendant groups are less overcrowded with
their bend and torsion angles in the 172 — 176° and 42 — 59° ranges, respectively (Table S2, SI).

To gain better insight into the structures of these sterically hindered triamines with m-systems of
angularly and collinearly fused six-membered rings, we carried out computational modeling. The
simplified structures of 14, 17, and 18, in which the tert-undecyl groups are replaced with fert-butyl
groups (14a, 17a, and 18a), are studied at the B3LYP/6-31G(d,p) (or B3LYP/6-31G(d)) level of
theory.”>’¢ Full geometry optimizations of these structures, 14a and 17a, with planar or twisted
triphenylene conformations provide similar minimum energies — within about 1 kcal mol™!. The lowest
energy conformation for 18a, which we were able to locate, belongs to the C point group and it is obtained

by starting the geometry optimization with the conformation corresponding to the X-ray structure of 18.



The DFT-optimized geometry of the triphenylene in the lowest energy conformation of 18a is similar to

the X-ray structure of 18, as indicated by the selected angles and torsional angles (Table S2, SI).

Figure 3. Molecular structure and conformation for triamine 18, with disorder and a molecule of co-crystallized
acetone omitted for clarity. Top: Ortep plot — top view of 18 with hydrogen atoms omitted; carbon and nitrogen
atoms are depicted with thermal ellipsoids at 50% probability. Middle: Mercury-generated’ side view of 18 with
hydrogen atoms omitted, showing near co-planarity of annelated backbone, i.e., arylamine and 2,6,10-triphenylene
moieties. Bottom: Space-filling plot of 18. Further details are reported in Tables S1 and S2, and Figures S1-S3 in
the SI.
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Structures of the annelated triamine 14 and pendant-substituted triamines 17 and 18 are confirmed by
the assignment of their experimental 'H and '*C NMR spectra, using standard 2D NMR spectroscopy,
including '"H-!*C HSQC, 'H-!*C HMBC, 'H-'H NOESY, and 'H-'"N HSQC (Figs. S53-S70, SI).

The correlation between the DFT-calculated (Sprr) and experimental (8expt) 'H and '*C NMR chemical
shifts provides additional structural evidence for triamines 14, 17, and 18. In particular, the linear
regressions of Sprr vs. Sexpt (Figs. S49-S52, SI) give correlation coefficients, R* = 0.9883 — 0.9955 and
0.9968 —0.9988, for 'H and '>*C NMR chemical shifts, respectively; for 14a and 17a, the values of R? are
higher for conformations with twisted vs. planar triphenylene moieties (Table S24, SI). The correlation
between computed chemical shifts and Jexp 1s further illustrated by the difference plots of the scaled and
experimental NMR chemical shifts (Oscaled — Oexpt) for all carbon or hydrogen atoms in the triamines (Figs.
S49-S52, SI). These plots confirm our structure assignments by the low values of statistical error
parameters for 1°C and 'H (with the NH groups excluded) NMR chemical shifts (Table S24, SI).”7"

Aminyl triradicals: oxidation of triamines. Triamine 17 or 18 (Equation 1) is subjected to the
analogous oxidation reaction conditions to that implemented for the generation of high-spin aminyl
radicals at low temperatures. A slight excess of #n-BuLi over the stoichiometric amount of 3 equivalents
is added to the triamine, and then the resultant trianion is oxidized by iodine, which is added by vacuum
transfer in small portions (Equation 1).31337289 In each case, the reaction mixture shows the expected
half-field (|Ams| = 2) transition, while the |Ams| = 1 EPR spectral pattern, consisting of a center peak and
multiple side bands, is distinct for the mixture from oxidation of 17 vs 18 (Figures 4 and 5).

Equation 1.

1. n-BuLi (3+ equiv)
THF/hexane

5o0r6
17 or 18 2. 15, -115 or -130 °C or (M)

2-MeTHF

EPR spectroscopy and computational modeling. We were astonished that the oxidation product from

triamine 17 shows an EPR spectrum in the |[Ams| = 1 region (Figure 4) that could not be fit to either
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Figure 4. Top: Structures of diradical 20 and monoradical 21 — intermediate products of decay of S = 3/2
triradical § in 2-MeTHF, and their simplified computational models 20a and 21a. In the decay of 6, analogous
intermediate diradical 22 and monoradical 23 may be identified (Fig. S25, SI). Bottom: EPR (X-Band, v = 9.6441
GHz, |Ams| = 1; v=9.6463 GHz, |Ams| = 2) spectrum of 0.93 mM 5 at 117 K (obtained by oxidation of 17, eq. 1);
|Ams| = 2 spectrum (inset plot) was obtained using 8.9 mM 5 (prior to dilution). Simulation of the |Ams| = 1 region
(rmsd = 0.004976) using four components with §=3/2, §=1, §= ", and S = 42* excited state (relative content of
1.000 : 1.105 : 0.345 : 0.0282) provides an average 7 = 1.26 emu K mol! vs. 7= 1.18 emu K mol"!, obtained

according to spin counting. Additional information for this sample may be found in Table S5 and Fig. S12, SI.

S =3/2 or S =1 single species.’! To solve this puzzle, we first attempt to measure the product (y7) of
magnetic susceptibility, y, and temperature, 7, by quantitative EPR spectroscopy, which requires multiple
measurements at 117 K, alternating between the sample and the reference.*’>%? In between those
measurements, the sample is stored in a solid/liquid ethanol bath (7'=-115 °C = 158 K), which is at the

identical temperature to that used in the final step of the typical sample preparation. We notice that our
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yT-values, which start at 7 ~ 1.2 emu K mol™! — well below the theoretical value of ¥7 = 1.875 emu K
mol™! for a 100% population of S = 3/2 state — are decreasing significantly during the measurement of ¥7;
in fact, the fit to the first-order rate equation, —In(y7) vs time, gives the half-life, o =10+ 1 hat 156 K
(Fig. S13, SI). Since the values of y7 are measured at constant 7= 117 K, they are related to values of y
and of double integrated EPR intensity (DI). Notably, the peak height (PH) for the outermost bands do
slightly increase, while the PH for the inner and the center bands shows a significant decrease during the
annealing of the sample for 5 or 7 h at 156 K. This suggests the presence of a mixture of paramagnetic
species with considerably different half-lives.

After measuring the decay of the EPR signal for the crude reaction mixture at —78 °C and then at room
temperature (Figure 4), we observe that the 'H NMR spectroscopic and ESI MS analyses of resultant
products show nearly pure starting triamine 17 (see: Tables S29 and S30, Figs. S72 and S73, SI), with the
degree of purity of 17 obtained in the crude mixture varying from sample-to-sample (SI). These results
suggest that the oxidation of 17 yields a mixture of paramagnetic and diamagnetic compounds. We
postulate that product mixture consists of radical intermediates, such as S'= 3/2 triradical 5, S = 1 diradical
20, S = 1/2 monoradical 21, and, perhaps, diamagnetic triamine 17, as well as § = /2* excited state of §
(Figure 4). We then rely on computational modeling to aid the analysis of the products.

We use ORCA® to compute the D-, A('*N)-, and g-tensors for the model radicals, S = 3/2 triradicals 7
(Figure 2 and Table 3) and 5a (Table 3), S = 1 diradical 20a (Figure 4), and S = 1/2 monoradical 21a
(Figure 4), to reveal the expected orientations of the D-tensors for the triradicals and the diradical.®*>* For
the triradicals and the diradical, the largest components, Dzz, are oriented parallel to the 2px orbital axes
and perpendicular to the 2pr orbital axes (and approximately parallel to the N---N axis connecting aminyl
radicals), respectively (Tables S21 and S22, SI). This implies that the largest components of N A-tensor,
which must be oriented parallel to the 2p=(N) orbital axes,® are A7z and Ayy for S = 3/2 triradicals and S
= 1 diradical 20a, respectively. The computed values of D-parameters are overestimated, as anticipated

from our observations on aminyl radicals in the triplet or quintet ground states.’*’>*° Accordingly, the
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experimental EPR spectral width for 5 is 4|D| <250 MHz, while the computed D-tensor for the model, S
= 3/2 triradical 5a gives 4|D| of about 720 MHz. However, we anticipate that the computed values of Azz
and Avy, scaled by a factor of 1/25, i.e., 472/25 = 18.84, 19.53, and 59.40 MHz for 5a, 7, and monoradical
21a (Figure 4), as well as 4yy/2S = 29.5 MHz (for 20a) will be close to the experimental values. Based
on computations, we discern the smallest components of g-tensor are gzz for triradicals and monoradical
21 and gyy for diradical 20.3>%

The spectral simulation of the |Ams| = 1 region of EPR spectra is carried out using four components: S
=3/2,§=1,85=1/2, and § = »*, with the § = 2* component, corresponding to the excited state of
triradical 5.8! The results obtained from thoroughly optimized simulations of 22 spectra for triradical 5 at
110-117 K (Tables S3, S5, and S6, SI) are summarized in Table 1. Rewardingly, the tensor orientations
and the values of Ayy/2S and Azz/2S for all four radical components are in accordance with either
computations or the “back-of-envelope” predictions for S = '42*; that is, for S = /2%, 477 is anticipated to
be the largest component of the N A-tensor with the observed values on the order of Azz/3, because of
the presence of three '“N over which spin density is delocalized. Thus, the effective seven-line spectral
pattern S = '52* is quite distinct from the three-line spectrum with a much larger (factor of 3) Azz coupling
constant for S = 1/2 monoradical 21 (Fig. S19, SI). The average |D| = 70.7 MHz for diradical 20 (Table
1) is similar to |D| = 75 MHz (|D/hc| = 0.0025 cm™) reported for the analogous triarylmethyl diradical,

which is also based on 3,4’-biphenyl FCU.*! Most importantly, the relative fraction of S = 3/2 ground

state vs S = »* excited state provides an estimate of doublet-quartet energy gap, 3J/k=479 + 10 K (n =

22 spectra) (Table 1), which is in excellent agreement with the 3J/k = 480 + 30 K, obtained from SQUID

magnetometry (Table 2).4486
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Table 1. Summary of Analyses of EPR Spectra for Aminyl Diradical 2, Tetraradical 3, and Triradicals 5

and 6 in 2-MeTHF at 110 - 117 K.2

S |D| |E| |[Avy|/2S |4z2)/28 gXX gvy g7z g 3J/k (K)
(MHz) | (MHz) (MHz) (MHz) [n]
Diradical 2 1 260 57.7 - 29.7 2.0030 |2.0043 |2.0019 | 2.0031 -
Tetraradical 3 | 2 154 48.0 15.0 - 2.0020 | 2.0016 | 2.0041 | 2.0026 -
3/2136.5+£0.2| 0.000 - 19.0+0.1 | 2.0037 |2.0037 |2.0017 | 2.0030
Triradical 5 Vot - - - 20.2+£0.04 | 2.0045 |2.0045|2.0021 | 2.0037 | 479 + 10
1 170.7+£0.4{2.8+0.7| 25.6+0.2 - 2.0033 |2.0018 | 2.0045 | 2.0032 [22]
1/2 - - - 62.7+0.3 | 2.0060 |2.0034|2.0021|2.0038
3/2135.9+£0.2| 0.000 - 17.3+0.1 | 2.0038 |2.0038 |2.0025 | 2.0034
3/21314+0.3](7.2+40.1 - 174 +£0.1 | 2.0039 [2.0038 | 2.0025 | 2.0034 53845
Triradical 6 | /5* - - - 18.5+0.1 | 2.0034 |2.0037|2.0025|2.0032 [19_]
1 160.8+1.4|6.0+0.8] 252+0.6 - 2.0031 |2.0018 2.0038 | 2.0029
1/2 - - - 56.6£0.2 | 2.0050 |2.0031|2.0022 | 2.0034

“ Data for diradical 2 and tetraradical 3 were obtained at 132 — 133 K.3233 ® For triradical 5, values of 3J/k and parameters are
given as average or average = SE based on 18 — 22 independent, 4-component fits (for 18 — 22 samples) with S = 3/2 (triradical),
S = Y%* (excited state, triradical), S = 1 (diradical 20), and S = 1/2 (monoradical 21) listed in Tables S3, S5, and S6, SI. ° For
triradical 6, values of 3J/k and parameters are given as average or average = SE based on 11 — 21 independent, 4- or 5-
component fits with S = 3/2 (triradical, C3-symmetry), S = 3/2 (triradical, Ci-symmetry), S = 2* (excited state, triradical), S =
1 (hexa-pendant substituted diradical 22, Fig. S25, SI), or S = 1/2 (hexa-pendant substituted monoradical 23, Fig. S25, SI)
listed in Tables S4, S7, and S8, SI. ¢ g~ (gx + gv+ g2)/3.

The product from triamine 18 oxidation shows a much more complex EPR spectrum in the |Ams| = 1
region (Figure 5), compared to that from triamine 17. We postulate that the mixture consists of Ci- and
Cs-symmetric conformations of S = 3/2 triradical, of which the Ci-symmetric S = 3/2 state is dominant.
This is in qualitative agreement with DFT computations predicting that the lowest energy Cs-symmetric
quartet state of triradical 6a is about 1.8 kcal mol™! above the corresponding Ci-symmetric conformation
(Table 4, footnote b). Also, EPR spectra of the Ci-symmetric S = 3/2 state are considerably more complex
than that of the Cs-symmetric counterpart.

We carry out the simulations of the EPR spectra with these two conformations as the initial structures
and employ only one § = 2* excited state (C1-symmetric), to minimize the parameter dependence of the
fits. We also add the 4™ component, a hexa-pendant substituted S = 1 diradical 22 (Fig. S25, SI, this
structure analogous to the tri-pendant substituted diradical 20 in Figure 4), which is a minor component

(about 15%) in the freshly prepared samples of 6. Diradical 22 may originate from the incomplete reaction
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of triamine 18 with n-BuLi (Equation 1). The simulated EPR spectra provide the D-, 4(**N)-, and g-tensor
orientations (Table 1), as expected. Notably, both the values of D and |47z|/2S for 6 are smaller than those
for 5 (Table 1). This relationship agrees with the computed values of the '“A-tensor for Ci- and Cs-
symmetric 6a (average 4zz/25 = 17.9 MHz) and Sa (4z2/2S = 18.8 MHz) (Tables S22 and S23, SI).
Based on the EPR spectra, the products appear to be persistent at 7=—115 °C (158 K). The yT obtained
by quantitative EPR spectroscopy, y7 = 1.72 £ 0.02 emu K mol ! at 117 K, agrees with that obtained from
the EPR spectrum simulation, 37 = 1.72 (Figure 5). These values of yT are somewhat below the value of
2T =1.875 emu K mol™! for 100% populated S = 3/2 state, because of the admixture of the S = 1 diradical

22 and the presence of the thermally populated S = '2* excited state of triradical 6. Notably, the relative

fraction of Cs- and Ci-symmetric S = 3/2 ground states vs S = %4* excited state provides an estimate of the

doublet-quartet energy gap, 3J/k =538 £ 5 K (n =19 spectra) (Table 1), which is in excellent agreement

with the 3J/k = 540 + 30 and 570 + 40 K, obtained from SQUID magnetometry (Table 2).**%¢ These

results unequivocally verify the high-spin (S = 3/2) ground state for triradical 6.

|Ams| = 2

0.91mM, 117K

|Amg| =1

162 172 182

— Experiment
— Simulation:

rmsd = 0.004070

334 344 354

Figure 5. EPR (X-Band, v=9.6421 GHz, |Ams| = 1; v=9.6488 GHz, |Ams| = 2) spectrum of 0.91 mM 6 at 117 K;
|Ams| = 2 spectrum (inset plot) was obtained using 9.7 mM 6 (prior to dilution). Simulation of the |Ams| = 1 region
(rmsd = 0.004070) using four components with S = 3/2 (triradical, C3-symmetry), S = 3/2 (triradical, C,-symmetry),
S = 14* (excited state, triradical), S = 1 (hexa-pendant substituted diradical 22, Fig. S25, SI) with relative content
of 1.000 : 6.485 : 0.0637 : 1.483) provides an average 7= 1.72 emu K mol™! vs. y7=1.72 £ 0.02 (n = 6) emu K
mol!, obtained by quantitative EPR spectroscopy (spin counting), using Tempone as reference. Additional

information on this sample may be found in Table S7 and Fig. S26, SI.
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Magnetic characterization of triradicals: EPR spectroscopy followed by SQUID magnetometry.
Custom made flame-sealable quartz tubes that allow for monitoring of the reaction mixture by EPR
spectroscopy are used for preparation of the triradicals and the consecutive EPR/SQUID/EPR
measurements.>>*” Notably, a one order-of-magnitude increased concentration of radicals is required for
SQUID magnetometry, compared to that for EPR spectroscopy. Thus, the samples of concentrated bright
green solutions of triradicals 5 and 6 in 2-MeTHF at 110 K, show broadened EPR spectra in the |Ams| =
1 region (Figures 6 and 7), compared to those in Figures 4 and 5.

SQUID Magnetometry. Magnetic studies of 5 and 6 in 2-MeTHF by SQUID magnetometry
unequivocally confirm their quartet ground states, as evidenced by the approximate S = 3/2 paramagnetic
behavior in both the magnetization (M) vs. magnetic field (H), and the product (y7) of magnetic
susceptibility (y) and temperature (7) vs. T plots (Figures 6 and 7, and Table 2). We found that it is
essential to allow for long equilibration times at each measurement temperature (up to 20 min) and to
remove thoroughly traces of hexanes (solvent for n-BuLi), to preclude artificial hystereses at low
temperatures (e.g., Fig. S11, SI).

The M/M;sa vs. H/(T — 6) plots for 5 and 6 at 1.8 — 5 K approximately follow that of the S = 3/2 Brillouin
function. The curvature of the plots, which does not depend on the radical concentration or the amount of
sample, indicates a major contribution from the S = 3/2 ground state. A mean-field parameter, with a
typical value, 8= —0.1 K, accounts for weak intermolecular antiferromagnetic interactions between the
radicals. The magnetization at saturation, Msa, measures the spin concentration of the sample, as discussed

below.
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Figure 6. EPR/SQUID magnetic characterization of 11 mM tripendant triradical 5. Top: EPR (X-Band) spectrum
in 2-MeTHF at 110 K prior to the SQUID magnetic studies. Inset plot: |[Ams| = 2 region. Simulation of the |Ams|
=1 region (rmsd = 0.002071) using four components with §=3/2, S=1, S=1/2, and § = 2* excited state (relative
content of 1.000 : 0.523 : 1.254 : 0.00798) provides an average y7 = 1.03 emu K mol™ vs. 7= 1.08 emu K mol”,
obtained using SQUID magnetometry on the identical sample. Bottom: Main plot: the magnetization at 1.8, 3, and
5 K is plotted as M/Msa vs. H/(T — ) with Brillouin functions for S = 1/2, 1, 3/2, and 2. Inset plot: the magnetic
susceptibility at 30000 Oe and 5000 Oe is plotted as y7 vs. T together with the numerical fit (solid line) to
Heisenberg Hamiltonian for S = 3/2 triradical (Eq. 2). Selected fitting parameters for the main and inset plots are

summarized in Table 2. For additional information, see: Tables S3 and S12, and Figs. S4 and S5, SL.

The plots of 7 vs T in the 7= 1.8 — 10 K range show a drop-off at lower temperatures, due to weak
intermolecular interactions and paramagnetic saturation; at / = 30000 Oe, the drop-off is much larger
because of paramagnetic saturation effects associated with a larger magnetic field. The plots of y7 vs T
in the 7= 10 — 150 K range show a slight drop-off at higher temperatures, thus suggesting a thermal

21,86

population of low-spin excited states. Numerical fits to Equation give a doublet-quartet energy gap,
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3J/k, for § and 6, as summarized in Table 2. These values are in good agreement with 3J/k, obtained by
EPR spectroscopy (Table 1). Surprisingly, the doublet-quartet energy gap, AEpg = 1.0 kcal mol™, for less
sterically hindered 5 is slightly smaller than AEpqg = 1.1 kcal mol™! for 6.

Equation 2.

xT = (1.1187/H)N32[Nom/Denom] (2)
where
Nom = 1.5sinh(1.5a) + 0.5sinh(0.5a) + 2*[sinh(0.5a)]*exp((-3J/k)/T)
Denom = cosh(1.5a) + cosh(0.5a) + 2*[cosh(0.5a)]*exp((—3J/k)/T)

a=1.345(H/T - 6)

The fitted values of weight factor, N3» = 0.58-0.59, in the y7 vs. T plots for triradical 5 are significantly
lower than those for triradical 6, N3» = 0.72—0.73 (Table S12, SI). A similar trend is observed for the
values of M. expressed in g, corresponding to the fraction of unpaired electron per aminyl radical site,
1.e., spin concentration. Values of M.t = 0.63 ps for 5 and M. = 0.73-0.78 ps for 6 suggest significantly
higher spin concentrations for 6 vs 5 (Table 2). Both N32 and Msa for S and 6 are obtained based on the
amount of the corresponding triamines used for the sample preparation. These trends are in line with the
fits to EPR spectra, showing a significantly greater content of S'= 3/2 triradical for samples of 6, compared
to those of 5 (Figures 6 and 7, Tables S3 and S4, SI). When the measured value of y7max = 1.08 — 1.35
emu K mol™! is corrected by the spin concentration (Mss expressed in pg), the value of yTmax/Msa = 1.70
—1.74 emu K mol!, which is below the theoretical value of 1.875 emu K mol™!, is as expected for an § =
3/2 triradical with an admixture of lower spin species (and a non-negligible population of S = 1/2* excited

state).

19



[Aamg| = 1
T=110K
Before SQUID

- Experiment

— Simulation:
rmsd = 0.001915
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Figure 7. EPR/SQUID magnetic characterization of 17 mM 6 in 2-MeTHF. Top: EPR (X-Band) spectrum in 2-
MeTHF at 110 K prior to the SQUID magnetic studies. Inset plot: |Ams| = 2 region. Simulation of the |[Amsg| = 1
region (rmsd = 0.001915) is carried out using four components S = 3/2 (Cs-symmetric 6), S = 3/2 (Ci-symmetric
6), S = 42* excited state of 6, and S = 1 diradical (hexa-pendant substituted diradical 22, Fig. S25, SI) with relative
content of 1.000 : 1.694 : 0.0234 : 1.0398. The fit provides an average 7 = 1.62 emu K mol™! vs. yT/M = 1.74
emu K mol”! at 110 K, obtained using SQUID magnetometry on the identical sample. Bottom: Main plot: the
magnetization at 1.8, 2, 3, and 5 K is plotted as M/M. vs. H/(T — 6) with Brillouin functions for S§=1/2, 1, 3/2, and
2. Inset plot: the magnetic susceptibility at 30000 Oe and 5000 Oe is plotted as y7 vs. T together with the numerical
fit (solid line) to Heisenberg Hamiltonian for S = 3/2 triradical (Equation 2). Selected fitting parameters for the
main and inset plots are summarized in Table 2. Additional information, including the EPR spectra after SQUID
magnetometry and complete set of EPR simulation parameters, may be found in the SI: Tables S4 and S12, and

Figs. S6-S11.
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Table 2. Summary of Magnetic Data and Numerical Fits for Triradicals 5 and 6 in 2-MeTHF.

Triradical ~ Sample Mass?

number (mg)

5 1 1.92
1 3.36

6 242
3 1.57

Conc.b
(mM)

11
20

17
9

S

1.3

1.5
1.4
1.4

~0(K)

0.1

0.7¢
0.1
0.1

M satc

(pB)
0.63

0.73
0.77
0.78

}[T maxCl
(emu K mol ™)

1.08

1.24
1.35
1.35

X Tinax/Msat

1.71

1.70
1.74
1.72

3J/k
X)
480 + 30

e

540 + 30
570 + 40

¢ Mass of triamine 17 or 18. ® Concentration based on the mass of triamine and the volume of solvent. ¢ Msat per mol of “monoamine moieties”,

i.e., aminyl radical site. ¢y7Tmax per mol of triamine measured at 30000 or 5000 Oe. © For this sample, residual hexanes may not have been

removed as thoroughly as for other samples leading to increased value of the mean-field parameter —@ and artefacts in the 7 vs T plots.

In summary, SQUID magnetometry establishes unequivocally that triradicals 5 and 6 in 2-MeTHF

possess quartet ground states with the nearest electronic excited state (doublet) about 1.0 and 1.1 kcal

mol ! higher in energy (AEpg = 1.0 and 1.1 kcal mol™), respectively. These values of AEpq are in excellent

agreement with those obtained from EPR spectroscopy, based on relative fractions of § = 3/2 ground and

S = 1/2 excited states, as obtained from spectral simulations.

Decay Kinetics of Aminyl Triradicals. The persistence of aminyl triradicals, tri-pendant 5, hexa-

pendant 6, and penta-pendant substituted 24 (Chart 1), in 2-MeTHF is investigated by EPR spectroscopy.

(Triradical 24 was prepared based on the procedure for 5 shown in equation 1, with the final (oxidation)

step carried out at —130 °C, i.e., 143 K.)

Chart 1. Penta-pendant substituted triradical 24, derived from triamine 19.

As observed earlier, tri-pendant substituted triradical 5 is undergoing decay even at —115 °C (158 K).
The center peak height (PH) decays the fastest, with a half-life, 71, = 5.8 + 0.2 h, based on —In(PH) vs

time linear regression (Fig. S13, SI). Because the S = 3/2 triradical is a major contributor to the intensity

of the center peak, with the S = /2 monoradical having minor contribution (Fig. S19, SI), this 712 should
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be viewed as the upper bound, i.e., the actual half-life of §=3/2 5 at 158 K is less than 5.8 h. Indeed, the
linear regression of the —In(x) vs time (R%.q4j= 0.9948), where x is the corrected molar fraction of triradical
(8= 3/2 and S = '4* states, vide infra), obtained from numerical fits to EPR spectra (Table S5, SI), gives
7in,=13.84 £ 0.14 h for 5 at 158 K (Figure 8, Table 3).

For 5, the decay of yT at 195 K is faster by a factor of about two, compared to that at 158 K; that is,
linear regression of —In(y7) vs time give 712=5.3£ 0.3 hat 195K and 71,=10£ 1 h at 158 K (Figs. S13
and S17, SI). Based on the linear regressions —In(PH) vs time at 195 K, the center peak decays the fastest
with 712,=3.00 £ 0.37 h at the initial stages, =0 — 75 min, but then slowing down to 712,=11.00 £ 0.87
h at the later stage, f = 135 — 495 min (Fig. S17, SI). This phenomenon may imply a shift from the
dominant triradical decay to the decay of the monoradical.

To elucidate more rigorously the decay kinetics of 5, we examine three consecutive first order
irreversible reactions, starting with triradical (4) and ending with triamine (D) (Table 3). Molar fractions
x of triradical (S = 3/2 and § = '2* states), diradical (B, S = 1 state) and monoradical (C, S = ' state) are
obtained from the fits of EPR spectra. However, in the later stages of the decay, there is a significant
amount of diamagnetic triamine product, which is not detected by EPR spectroscopy. Therefore,
quantitative EPR spectra are obtained at each time point, using Tempone in 2-MeTHF, as a spin counting
reference,’” to provide the actual values of molar fractions in the presence of triamine. The resultant yTrpr
values are then matched to the y7co(fit), based on the spectral fits plus a contribution from diamagnetic
triamine (Table S9, SI). The resultant corrected molar fractions, A(¢), B(t), and C(¢) for the triradical,
diradical, and monoradical, respectively, are then fit to the integrated kinetic equations S1 — S3, SI.3%88
To minimize parameter dependence in each fit, we use only two variable parameters, the starting molar

fraction and the rate constant (Figure 8, Table 3, Table S11, SI). As expected, k1 > k> > k3 is obtained.
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Figure 8. Decay kinetics of tri-pendant triradical 5 in 2-MeTHF at 158 and 195 K. At time = 0 min at 158 K, this
sample was kept at approximately 158 K for about 8 h. A: decay at 158 K: linear regression —In x vs ¢ (eq. S1, SI)
where x is the corrected molar fraction of triradical (A(¢)). B: decay at 158 K: nonlinear regression, x vs ¢, where x
is the corrected molar fraction of diradical 22 (B(¢)), using eq. S2, SI. Analogous fits to the decay of monoradical
23 (C(¢)), using eq. S3, SI, are unreliable (values of k3 with P > 0.05). C: decay at 195 K: linear regression —In x vs
t (eq. S1, SI) where x is the corrected molar fraction of triradical (4(¢)). D: decay at 195 K: nonlinear regressions,
x vs t, where x is the corrected molar fraction of diradical 22 (B(¢)) or monoradical 23 (C(¢)), using egs. S2 and S3,

SI. More details may be found in Table 3 and the SI: Tables S9 and S11, Figs. S14 and S18.
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Table 3. Kinetics of Decay of Aminyl Triradicals S and 6 in 2-MeTHF at 156 — 295 K.*

ki ko ks
A—>B —>C ——D
Triradical r ity Rea i) Rou Lleny Roug ksl ko / ki
X (a2 (b)] [SEE] [z (h)] [SEE] (a2 ()] [SEE]
158 2.98+0.09 x 102 | 0.9952 |1.52+0.10 x 1073 0.52 b b na:0.51:
s [3.88£0.12] |[0.0274]| [7.61+0.48] |[0.0130] 1.00
195 6.44+037 %103 | 0.9808 | 3.20+0.18x1073 0.9664 | 2.25+0.09 x 103 | 0.8278 | 0.35:0.50:
[1.79+0.10] |[0.0930]| [3.61+020] |[0.0200]| [5.14+020] |[0.0147]| 1.00
6 295 1.82+0.056 x 103 | 0.9924 | 9.04+0.28 x 10* | 0.9908 | 6.33+0.27 x 10 | 0.9443 | 0.35:0.50:
[6.35+0.20] [0.0843] [12.77% 0.40] [0.0191] [18.26 £ 0.78] [0.0324] 1.00

® Values of k; are obtained from linear regression and values of &, and k3 from nonlinear regression, using eqs. S1
— 83, SI; SEE = standard error of estimate (eq. S5, SI). ® Values of k3 at 158 K are unreliable (P > 0.05), because
the concentration of monoradical is still increasing in the investigated time frame, i.e., about 8 — 13 h at 158 K (Fig.

S14, SI). More details may be found in Table S11, SI.

These rigorous analyses confirm that the decays of triradical (k1) and diradical (k2) at 195 K are faster
than those at 158 K by a factor of 2 (Table 3). Such a relatively small increase in rate might suggest a
contribution from hydrogen atom tunneling.54-

For triradical 6, the decay of the EPR intensity is nearly undetectable over 60 min at —30 °C (243 K);
the initial decay at that temperature is non-first order, as indicated by R*> = 0.4 for linear regression, —
In(DI) vs time, where DI ~ y corresponds to double-integrated EPR intensity (Fig. S35, SI). However, the
decay is readily detectable at 295 K. At the initial stage, e.g., t = 0 — 60 min, the relatively fast (712~ 2 h),
non-first order decay is most likely associated with the reaction of 6 with an excess of 10dine (Figs. S23,
S36, and S38, SI). After that period, the decay rate wanes, displaying first order kinetics, e.g., linear

regression, —In(DI) vs time, gives 712 = 16.0 + 0.1 h over the period of 40 — 6600 min with R*> = 0.9990

(Fig. S23, SI).
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Figure 9. Decay kinetics of 0.91 mM triradical 6 in 2-MeTHF at 295 K. A: EPR spectra at 117 K after annealing
at 293 K for 0 — 110 h. B: Linear regression —In x vs ¢ (eq. S1, SI) where x is the corrected molar fraction of
triradical (A(¢)). C: Nonlinear regressions, x vs ¢, where x is the corrected molar fraction of diradical 22 (B(¢)) or
monoradical 23 (C(f)), using eqgs. S2 and S3, SI. More details may be found in Table 3 and the SI: Tables S10 and
S11.
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Following the procedure outlined for 5, molar fractions x for 6 are obtained by simulations of EPR
spectra, and then corrected for the presence of triamine. The values of corrected x are then fit to Egs. S1
— S3 (SI),3>® to provide the rate constants, k1 > k> > k3 for 6 (Figure 9, Table 3 and Table S11). The half-
life associated with k3 for the decay of S = 1/2 monoradical 23 (Fig. S25, SI) is 712,=18.3 £ 0.8 h, which
is within the range of half-lives 712, = (18.4 —20.2) = (0.03 — 0.6) h obtained from four linear regressions
of the plots —In(PH) vs ¢, with ¢ being within the range of 1800-6600 min. The peak heights correspond
to the center and the outermost bands that coincide with the spectrum of § = 1/2 monoradical 23 (Figs.
S23, S24, S33, and S34, SI).

Also, we note that the ratios of rate constants, k3/ k2 / ki1, for the decays of 5 at 195 K (and k2/ k1= 1:2
at 158 K) and 6 at 295 K are identical, i.e., (2/3):1:2 (Table 3).

We analyze the decay kinetics of triradical 24 using double-integrated EPR intensities, DI ~ y, obtained
from EPR spectra at 117 K. In contrast to 5, EPR spectra for 24 do not change over 2 h at 158 K, with —
In(DI) vs t showing no discernible correlation (R* = 0.005 = 0.0); also, at 195 K, the decay of DI is very
slow (712~ 30 h) and representing non-first order kinetics (Figs. S39 and S40). In contrast to 6, triradical
24 show appreciable first order decay at 243 K withzio = 12.8 = 1.1 h (R*> = 0.9645), based on linear
regression —In(DJ) vs t in the period 0 — 6 h (Fig. S41, SI). The subsequent decay of 24 at room temperature
(295 K) is according to first order kinetics (R? > 0.99) in the initial stage, 0 — 1 h, 7j2=3.2 £ 0.2 h, and
the subsequent two stages with increasing half-lives: 1.5 — 16 h, 71,=7.5+ 0.3 h, and 21 — 75 h, rip =
19.7 £ 0.3 h (Fig. S42, SI). We assign these three consecutive stages to the decay of triradical, diradical,
and monoradical, respectively. We find ki/k2 = 2, which is similar to the value obtained for 5 and 6,
however, k3 is relatively smaller. In other words, the triradical and diradical derived from 24 are decaying
faster than those from 6, while the monoradicals derived from either 24 or 6 decay at similar rates. Similar
to 5, for which the decay end product is the corresponding triamine, the decay products of 6 and 24 are
predominantly triamines 18 and 19, according to 'H NMR spectra and mass spectrometry of the isolated

crude reaction mixtures (SI).
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These results suggest that the decays of triradicals to triamines in 2-MeTHF proceeds by a hydrogen

abstraction mechanism,5>6-%°

which is analogous to those observed for other high-spin aminyl
radicals.’>*%% We observe that, under the same conditions, i.e. in 2-MeTHF at room temperature, the

half-life of 6, 71> = 6.35 £ 0.20 h, is considerably longer than that of S = 1 diradical 2, 712 = 3 h, or

tetraradical 3, 71 ~ 1 h.3%3

DFT Computation of Doublet-Quartet Energy Gaps. The simplified structures of aminyl triradicals
5 and 6, i.e., Sa, 6a, and 7 (Table 4), as well as diradical 20a (Figure 4), are studied at the UB3LYP/6-
31G(d)+ZPVE or UB3LYP/6-31G(d,p)+ZPVE levels of theory.”>’¢ Full geometry optimizations of 5a
and 7 in the high-spin (S = 3/2) states, starting from either planar or twisted conformations for the fused
ring moieties, lead to energy minima corresponding to planar conformations with Cs and Csi point groups
of symmetry, respectively. Geometry optimization of 6a, starting with a conformation analogous to the
X-ray structure of triamine 18, predicts the lowest energy quartet state with a C point group of symmetry.
The Ci-symmetric conformation is computed to be ca. 1.8 kcal mol! below the lowest energy of a Cs-
symmetric conformation, which we can locate.
The triradicals in the low-spin (S = 2) states are studied using broken-symmetry wave functions (BS-
DFT). The doublet-quartet energy gap (AEpq) may be estimated using the energy gap between the ground

state quartet and the lowest energy broken-symmetry doublet (AEunr), together with the correction for
spin contamination (Equation 3).7%%!

Equation 3.

AEnq= AEunr [((S*Q) — 0.75)/((S*qQ) — (S°Bs-D))] 3)

While this computational approach tends to overestimate the energy gaps for high spin ground

states, °1:92

we obtain a rather small value of AEpq for triradical Sa compared to that for 7 with planar
triphenylene moieties and for 6a with twisted triphenylene moiety (Table 4). These results agree with

the relative values of the experimental AEpq, determined by EPR spectroscopy, for 5, 3J/k =479 £ 10
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K, and for 6, 3J/k =538 + 5 K (Table 1). Although the spin density maps appear to be similar (Figure
10), the spin densities (Mulliken populations) within the triphenylene moieties of Sa and Ci-symmetric
6a are distinguishable, i.e., the sums of positive spin densities at ortho/para positions in relation to the
aminyl radicals is 2.18 and 2.35 electrons, respectively. Based on our empirical rule,'*! AEpq for 5a,
compared to that for Ci-symmetric 6a, is predicted to be smaller by the factor of (2.18/2.35)*~ 0.86 vs

the experimental factor of 0.89.

Table 4. Summary of Doublet-Quartet Energy Gaps (AEpq) for 5a, 6a, 7, and 25a and Singlet-Triplet

Energy Gap (AEst) for 20a by the BS-DFT at the UB3LYP+ZPVE Level.?

5a X =H, Ar = 4-tert-butylphenyl
6a X = Ar = 4-tert-butylphenyl
7 Ar=X=H

Basis set State (5% (kcifﬁ?;l‘l) A(fzgloéﬁﬁsf (J/Kk)

5a | G5 | 6-31G(d,p) ngffglet izjg 2.00 3.07 515

6ab ¢ | 63163 ngffglet ?22‘7‘ 225 3.45 579
G | 6-31G6@) ngffglet ?:ggi 2.46 3.76 631

7 | Cw | 631G(d) ngffglet ?22; 227 3.49 585

20a | C. | 6-31G(d) Bgrsif’r}get ?822 1.12 2.8 574
25a | ¢ | 6-31G(d) ngffglet ? ;gz 0.12 0.19 31

4 Further computational details for 5a, 6a, and related radicals are provided in the SI (Tables S14 — S19). ° The
lowest energy Cs-symmetric quartet state is 1.78 kcal mol™! above the C)-symmetric quartet ground state at the

UB3LYP/6-31G(d)+ZPVE level of theory.
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Figure 10. Spin density maps for the lowest energy quartet states with positive (blue) and negative (green) spin
densities shown at the isodensity level of 0.003 electron/Bohr®. Top: triradical 5a (UB3LYP/6-31G(d,p)). Middle:
triradical 6a (C,-symmetric, UB3LYP/6-31G(d,p)). Bottom: triradical trication 25a (see: Chart 2).
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As expected, according to the well-known tendency of BS-DFT to overestimate the stability of high-
spin states,’’”? the overall computed values of AEpq (and most likely, AEst for 20a) significantly
overestimate the experiment, i.e., by about a factor of three. Interestingly, the computed pairwise exchange
coupling constant for triradicals 6a and 7, and diradical 20a is J/k = 500 — 600 K, thus reflecting similar
exchange coupling through each 3,4’-biphenyl ferromagnetic coupling unit within the triphenylene
moiety. This is also confirmed by similar spin density maps for high spin ground states in triradicals 5a,

6a, and 7, and diradical 20a (Figure 10, Tables S14, S16, S18, and S19, SI).

Chart 2. Structure drawings of triradical trications 25 and 25a.

O%

2% R - 8&?3 SO O

Fukuzaki and Nishide reported triphenylene-based triradical trication 25 (Chart 2) and concluded that
this triradical possesses a nearly 100% population of the quartet state at room temperature and above.”
The conclusion was primarily based on the 'H NMR Evans method”**> and there was no report on actual
EPR spectra. We note that, in a molecule like 25, very little spin density is expected within the
triphenylene moiety, and thus the AEpq is expected to be miniscule, and perhaps even negative. This
would imply a much lower constant value of magnetic moment (or y7), i.e., y7=0.375 * 3 =1.125 emu
K mol! for the three independent (uncoupled) unpaired electrons, compared to ¥7 = 1.875 emu K mol™!
for a 100% populated quartet state.

We carry out the DFT computations on 25a, which is a minimally simplified version of 25 (Chart 2).
Geometry optimization of the quartet state of 25a started with fully co-planar aminium and triphenylene
moieties and with a Cs point group of symmetry constraint. The optimized minimum structure was quite
twisted and possessed very little spin density within triphenylene moiety (Figure 10), with Mulliken

populations suggesting a total of 0.60 electrons for the sum of positive spin densities at ortho/para
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positions with respect to the aminium radical cations. Consequently, the DFT-computed AEpqg = 0.19 kcal
mol™! for 25a (Table 4) is lower by factor of 18, compared to AEpq for Ci-symmetric 6a, which is in a
qualitative agreement with a factor of (2.35/0.60)* = 15, based upon spin densities within the triphenylene
moieties.! Because of the very small value of AEpg = 0.2 kcal mol™!, we may not preclude a possible low-

spin (doublet) ground state for 25a (and 25),* due to an overestimation of the stability the high-spin state

by BS-DFT,?!*2 as illustrated in Tables 1, 2 and 4.

CONCLUSION

We have demonstrated that 2,6,10-triphenylene is an effective PAH ferromagnetic spin coupler. The
near-planarity of the fused aminyl radicals and triphenylene backbone assures an effective 2p—2px
overlap within the cross-conjugated m-system. The S = 3/2 (quartet) high-spin aminyl triradicals with
triphenylene backbones are steppingstones to the high-spin oligo-aza nanographenes. The design,
synthesis and characterization of the high-spin PAHs was challenging, especially the complex magnetic
characterization.

We successfully developed two EPR-based protocols: (1) for determination of AEpq and (2) for
measurement of half-lives of radicals in complex mixtures.

The determination of AEpq protocol relies on a direct detection of the quartet ground states and doublet
excited states by spectral simulation of about 20 independent EPR spectra of radical mixtures. The
simulations provide the relative contents of the ground and excited states, and thus allow for direct
estimates of AEpqg, which are in excellent agreement with the SQUID values.

The protocol for measurement of half-lives of radicals involves recording spectra of the radical mixture
and of the spin counting reference at each time point. The spectral simulations permit identification of S
= 3/2 triradical and the intermediate S = 1 diradicals and S = /2 monoradicals, and thus provide an estimate
of yT(fit) based on the relative content of radicals. To account for the diamagnetic products of the radical

decay, a molar fraction of diamagnetic product in the radical mixture is adjusted until y7cor(fit) = y7TEpr
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(obtained by spin counting), thus providing corrected molar fractions of triradical, diradical and
monoradical that are used to obtain the rate constants.

It is interesting to observe that the relative first-order rate constants for the decay of monoradicals,
diradicals, and triradicals are 0.35 : 0.50 : 1.00, and this ratio does not depend on the degree of steric
shielding in the three-fold symmetric triradicals. Half-life of the most sterically shielded triradical in 2-
MeTHEF is about 6 h at room temperature. The least sterically shielded triradical in 2-MeTHF decomposes

at 158 K with a half-life of about 4 h, while at 195 K, its half-life is still about 2 h.
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