Conducting High-Spin (S = 1) Organic Diradical with Robust Stability
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ABSTRACT: Triplet ground-state organic molecules are of interest with respect to several emerging technologies but usually show
limited stability, especially, as thin films. We report an organic diradical, based entirely on two Blatter radicals, that possesses triplet
ground state (2J/k = 220 K, AEst = 0.4 kcal mol™) and robust stability, with onset of decomposition above 264 °C (TGA). Polycrys-
talline diradical is a good electrical conductor with conductivity comparable to the out-of-plane conductivity in highly oriented pyro-
lytic graphite (HOPG). The diradical is evaporated under ultra-high vacuum to form thin films, which are stable on air for at least 18

and 48 h, as demonstrated by X-ray photoelectron and electron paramagnetic resonance (EPR) spectroscopies, respectively.

The recently reported high spin organic diradicals 1 and 2
have attracted a great interest due to their remarkable thermal
stability that permits vapor-based growth of thin films under
high- or ultra-high vacuum (UHV).!? The design of the diradi-
cals is based on the 1,2,4-benzotriazinyl (Blatter) radical sub-
stituted with a nitronyl nitroxide (NN) radical, taking ad-
vantage of the Blatter monoradical’s high thermal stability and
the NN low molecular weights to facilitate evaporation. How-
ever, 1 and 2 possess limited stability with onset of decompo-
sition <180 °C (thermogravimetric analysis, TGA), and conse-
quently, the diradical thin films, in particular of 2, undergo
rapid decomposition in air.?

We consider a diradical based entirely on the Blatter radical
building block, to fully take advantage of its excellent thermal
stability.>* A huge challenge is in the design and synthesis of
such diradicals. There are a few molecules that formally incor-
porate two Blatter radicals reported to date, e.g., zwitterionic
TetraPhenylHexaazaAnthracene (TPHA), ortho-DiBlatterTri-
methylenemethane (o-DBT) or Chichibabin-type diradicaloid
3.3 These molecules exclusively possess low-spin (S = 0)
ground states. This is not surprising. According to the Ovchin-
nikov parity models, TPHA, 3, and its biphenyl isomers are
predicted to possess S = 0 ground states, because of the ab-
sence of significant spin sign alternation at the atoms connect-
ing two radicals.”® Although the alternating spin connectivity
in 0-DBT predicts the S = 1 ground state, severe out-of-plane
twisting is well-known to lead to an S = 0 ground state.’

Examination of the parity models and spin density distribution
in the parent Blatter radical leads us to note that a connection
at the C3 and C7 position would provide a high-spin diradical
(Figure 1). We design the di-Blatter diradical 4 by taking ad-
vantage of the negative spin density at C3 within the Blatter
radical moiety (green dot, Figure 1). A tert-butyl group at the
site of the largest spin density in the annelated benzene ring!
would enhance stability and solubility of the diradical.

58 oo
X(j,a“&@ i ﬁh @NNﬁ

[TGA: 160 °C]

1
[TGA: ~175 °C]

Ve =0 0
© ?‘S ’ “-

o-DBT
[TGA: ~240 °C]

[TGA 200 250 °C]

Figure 1. Blatter-based diradicals: TGA onset of decomposition
~ 1% mass loss. Blatter radical and its spin density map at the
UB3LYP/6-31G(d,p) level of theory; positive (blue) and negative
(green) spin densities are shown at the isodensity level of 0.002
electron/Bohr.

We set out to explore the synthesis of di-Blatter diradical and
faced a tremendous challenge with various unsuccessful con-
vergent synthetic approaches. The breakthrough was achieved
after extensive attempts using a divergent route, in which two
benzotriazinyl rings are formed in one synthetic step (Scheme
1).

Here we report the synthesis, characterization and thin-film
preparation of di-Blatter diradical 4. The diradical possesses a
triplet ground state and robust thermal stability, with an onset
of decomposition above 264 °C — the highest temperature
among high-spin diradicals studied by TGA. Remarkably,



crystalline 4 exhibits electrical conductivity, with an outstand-
ing = 0.01 Scm™! at room temperature and o~ 10 S cm'in
the 77=294 —110 K range, as measured by a two-probe
method and estimated by EPR spectroscopy, respectively. This
value of o may be compared to typical neutral n-radicals that
are insulators with < 1071 S cm™ or to recent reports of ni-
troxide-based glassy polymer with o= 0.3 S cm™!, or bis(thia-
zolyl)-related radicals with o= 0.04 S cm™!, or bis(phenalenyl)
radicals with o= 0.3 S cm!.!%!! The diradical can be evapo-
rated under UHV to obtain thin films of 4 on silicon sub-
strates, which remain unchanged after exposure to air for at
least 18 — 48 h.

The synthesis of 4 starts with the copper-catalyzed C-N bond
coupling reaction of 5 with methyl 4-amino-3-iodo-benzoate
to produce 6. The ester group in 6 is hydrolyzed and the result-
ant carboxylic acid 7 is activated with 1,1'-carbonyldiimidaz-
ole (CDI), followed by the reaction with phenylhydrazine. The
resultant synthetic intermediate 8 is subjected to a C-N bond
coupling reaction with 4-tert-butyl-2-iodo-aniline to provide
compound 9. Acid-catalyzed double cyclization of 9 is fol-
lowed by air oxidation under basic conditions to produce
diradical 4 in about 50% isolated yield. Notably, when the cy-
clization step is carried out for 24 h, instead of 2 h, an approxi-
mately equimolar mixture of diradical 4 and by-product mono-
radical 10 is isolated (Scheme 1).!?

Scheme 1. Synthesis of diradical 4 and monoradical 10.
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Structures of 4 and 10 are confirmed by X-ray crystallography
(Figure 2 and SI). In diradical 4, two fused-ring Blatter radical
moieties are nearly coplanar, as indicated by the mean devia-
tion from plane of 0.0719 A for the plane defined by the N1-
N6 and C1-C20 atoms. Also, the dihedral angle along the C4-
C5 bond is 8.20 (0.12)°."3 Thus, the conformation adopted by
4 in the crystal is near optimum for attaining both strong ferro-
magnetic coupling and electrical conductivity. Molecules of 4
form one-dimensional (1-D) n-stacks along the crystallo-
graphic a-axis, which coincides with the longest dimension of
the single crystal plate/needle (Figure 2C), with average plane-
to-plane distance of 3.482 A (planes defined by the N1-N6 and
C1-C20 atoms). In addition to a short C10---C12=3.381 A
contact within the 1-D m-stack, there are multiple C--C and
N--C contacts within the sum of van der Waals radii plus 0.1
A distances (Figs. S1 and S3, SI). Because most of these con-
tacts involve atoms with positive spin densities, relatively
strong intermolecular antiferromagnetic interactions, as well

as electrical conductivity, are anticipated in crystalline diradi-
cal 42"

Figure 2. Single crystal X-ray structure of diradical 4 at 100 K,
with carbon and nitrogen atoms depicted using thermal ellipsoids
set at the 50% probability level (A and B). BFDH crystal
morphoplogy (C). Additional data, e.g., for radical 10, can be
found in the SI: Figs. S1-S6 and Tables S1-S6.

EPR spectra of diradical 4 in a frozen glass at 110 K indicate a
significant population of the triplet state. The forbidden |Am|
= 2 transition is relatively intense, which is consistent with a
large spectral width (2D = 782 MHz) of the |Am,| = 1 region
(Figure 3 and Table 1). D- and g-tensor orientations for 1, 2,
and 4 are similar and the absolute values are well reproduced
by DFT-computations for two major conformers, 4A and 4B,
of 4, except for the inherently difficult to compute parameter
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Figure 3. EPR (110 K, v =9.3269 GHz) spectrum for 0.54 mM
diradical 4 in toluene/chloroform, 3:1 glass; a small center peak
corresponds to monoradical impurity (ca. 5 — 7%). Inset: the |Am;|
= 2 transition. Spectral simulation of the |Ams| = 1 region (rmsd =
0.0197, see: Table 1 and Fig. S15, SL.

We employ EPR spectroscopy to determine the triplet ground
state of 4 in toluene/chloroform (4:1) by measurement of 7,

Table 1. EPR parameters for triplet states of diradicals.

L. D E . a
Diradicals (MHz) |(MHz) ox gy Jods Giso

1 69.6 4.2 | 2.0069 |2.0010] 2.0052 |2.0044
2 242 | 35.1 | 2.0072 |{2.0026| 2.0052 {2.0050
3 ca.75| na na na na na
0-DBT 126 39 na na na na
4 391 35.9 | 2.0042 [2.0027 | 2.0041 (2.0037

4A° 406 71 | 2.0043 |2.0023| 2.0041 |2.0036
4B 410 60 | 2.0042 |2.0022 | 2.0042 2.0036

2 giso = (gx + gy + g2)/3. ® Computed with ORCA, SI, Table S9.'4




the product of paramagnetic susceptibility (y) and temperature
(7), in the T=110 — 331 K range. The spectra are acquired at
each T at least in triplicate and Tempone in the same solvent is
used as a spin counting reference. The numerical fit of y7 vs. T
to the modified Bleaney-Bowers-like equation (eq. S2, SI)*!3
suggests the presence of two equilibrating conformations 4A
and 4B with singlet-triplet energy gaps 2Jx/k =220 £ 70 K and
2Jplk=-340 £ 37 K i.e., AEst = 0.4 kcal mol™! for the major
conformation 4A (Figure 4).

Similarly, we study EPR double integrated intensities (DI) vs
T for polycrystalline 4. Notably, a curved plot is obtained in
the 7= 110 — 280 K range, with a broad maximum slightly
above 200 K, rather than the usual DI ~ 1/T paramagnetic be-
havior. In conjunction with the X-ray-determined crystal pack-
ing of 4, suggesting formation of S = 1 antiferromagnetic 7-
stacked 1-D chains of diradicals, the DI vs T data are fitto a 1-
D chain model (SI, eq. S3A)*!¢ with two variable parameters,
exchange coupling constant, J/k =—-157 £ 3 K (mean + SE),
and conversion factor, N, of DI to molar paramagnetic suscep-
tibility y. Because of the Dysonian line shape for solid 4 (Fig-
ure 4),'7% J'/k = —157 + 3 K should be viewed as an order of
magnitude estimate. A similar Dysonian line shape is obtained
for a crystalline plate of 4 (5 x 2.5 x 0.13 mm®) with angle-de-
pendent 4/B =1.6-1.8 at T=294 K and polycrystalline 4 (par-
ticle size of <75 um) with 4A/B=1.5-1.9 at T=110-279 K.
These results suggest that at 9 GHz, the skin depth, &, of solid
4 is of the order of 0.1 mm, which would imply comparable
conductivity to o= 8.8 S cm™! for HOPG plates (4 x 0.4 x 0.2
mm?®) with & = 0.19 mm and 4/B =~ 1.8.'™

Two-probe conductivity measurements, which due to contact
resistance, may be viewed as lower bounds for actual o, give &
=1x10*and 0.01 S cm! for 4 in spin-coated film and single
crystals, respectively.
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Figure 4. Top left: EPR spectroscopy of diradical 4: plot and
numerical fit of y7 vs T in toluene/chloroform (4:1) and DI vs T
for polycrystalline 4. Top right: representative EPR spectra with
Dysonian line shape for solid 4. Further details are reported in the
SI: Table S7, Figs. S13-S26, Eqgs. S2 and S3A. Bottom: Spin
density plots for triplet states of conformations 4A and 4B.

As suggested by the EPR-derived y7 vs. T data and illustrated
by spin density plots (Figure 4), the diradical 4 may exist in
two major conformations 4A and 4B. Conformation 4A corre-
sponds to the one found in crystalline 4 (Figure 2). DFT com-
putations at the UB3LYP/6-31G(d,p)+ZPVE level'® suggest
that triplet states of 4A and 4B are approximately isoenergetic.
AEst values for 4A and 4B are surprisingly different, 1.37 and

0.34 kcal mol, respectively; in addition, J 7k =100 K is
computed in the m-dimer at the X-ray geometry (SI, Tables S8
and S10). Because this level of theory is well-known to over-
estimate the stability of high-spin states,'“>!?it is possible that
actual AEsr for 4B is negative, as determined experimentally
(Figure 4).

TGA, with parallel IR spectroscopy, of diradical 4 indicates
that the onset of decomposition is at 7> 264 °C, which is
more than ~100 °C higher than recently studied S = 1 diradical
2 (Figure 5).% Relying on this result, we deposit thin films of
diradical 4 on SiO,/Si(111) wafers by controlled evaporation
under ultra-high vacuum (UHV). Following a well-established
method,** we use X-ray photoelectron spectroscopy (XPS)
together with a best fit procedure to assess the intactness and
the stability of the diradical in the thin films. The XPS investi-
gation indicate that the films have the expected stoichiometry
(Figure 5), i.e., the evaporation of intact radicals was success-
fully achieved. This is further supported by the direct compari-
son with the XPS spectra of the powder that did not undergo
evaporation and EPR spectroscopy (SI). The films grow fol-
lowing a strong island mode, as seen by atomic force micros-
copy (AFM, see: SI), indicating a strong interaction between
molecules, and very weak interaction with the substrate.

100 0.6
— 2: %weight
— 4; %weight 04 &
z — 4: -d(weight)/d(T) -
o 50 =0
@ = &
= 02 g
S El
1
0+ ¥ T T T + 0
0 200 400 800 800 1000
Temperature (°C)
c1 & N 1s c1 a N1s
_ ans g! __|Film é é% _ . 2 . Powderg
3 g3 3| ge89e | 3 ge | 3
< ge < %c0 8 | & 5 | & 5 g
z §s |z 5% 8 | 2 72|z gW e
5 s |3 ¢ |8 § |3 8
£ £ 8 £ £ § -
: e “am
291 288 285 282 404 400 396 291 288 285 282 404 400 396

Binding Energy (eV) Binding Energy (eV) Binding Energy (eV) Binding Energy (eV) 324 mT 244

Figure 5. Top: Thermogravimetric analysis with IR spectra of
diradicals 2 and 4 under Na;? heating rate = 5 °C min™'. For further
details, including IR spectra, see: SI, Figs. S7 and S8. Bottom four
left panels: C 1s and N 1s core level XPS spectra of a multilayer of
4 deposited on SiO2/Si(111) substrate, compared to the powder
spectra. Bottom right: preliminary EPR difference spectrum for
thin film of 4 at 294 K showing Voigtian line shape with Lorentzian
and Gaussian peak-to-peak linewidth of 0.6 and 1.3 mT, respec-
tively. For further details, see: SI, Figs. S27-S37.

The EPR spectrum of nm-thick film of 4 shows a single iso-
tropic peak with a line-shape intermediate between Gaussian
and Lorentzian, thus suggesting conductance or exchange cou-
pling in 1-D.!7¢?!

In conclusion, we have prepared the first high-spin (S= 1)
diradical, based entirely on two Blatter radical moieties, to at-
tain the robust thermal stability. The crystalline diradical 4 dis-
plays good electrical conductivity, observed for the first time
in a high-spin diradical. The diradical is evaporated under
UHYV to form thin films on silicon, which are relatively stable
under vacuum (many days) or under air (at least 18 h).
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