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ABSTRACT

Synthesis of 2,7-disubstituted tetramethoxypyrene-based neutral biradical donors is reported. The biradicals were characterized by EPR, UV�vis,
CV, SQUID, and single-crystal X-ray diffraction, and their optical, electrochemical, and structural properties were compared and discussed. The
experimental results are well supported by DFT calculations. Systematic tuning of magnetic exchange interactions was achieved by varying the
radical moieties.

In the past decade, the attachment of the stable radical
moieties to polyaromatic hydrocarbons has attracted great
attention because of their potential for applications in
organic field effect transistors (OFETs),1 sensors,2magneto-
conducting materials,3 photoexcited spin systems,4

quantum magnets,5 and batteries.6 They also have been
used as ligands to form metal�organic complexes with
transition-metal ions, where ferromagnetism or ferrimag-
netism was observed.7 However, these properties are highly
dependent on the type of radical moieties and their posi-
tions at the polyaromatic core.8

To the best of our knowledge, onlyC1-substitutedpyrene-
based (Scheme 1) neutral monoradicals are known; none-
theless, no pyrene-based biradical has been reported9 to
date. Pyrene is a unique example of polyaromatic hydro-
carbons with a nodal plane passing through the 2,7
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positions.10 Attachment of a radical moiety to the 2,7-
postions of pyrene involves a synthetic challenge because
the negative electron density at these positions does not
allow halogenation. Thus, an alternative synthetic route
must be followed to substitute radical moieties at these
positions.
Here, we report three 2,7-disubstituted 4,5,9,10-tetra-

methoxypyrene-based neutral biradical systems with tun-
able magnetic exchange interactions by varying the radical
moieties at the same positions. The 2,7-disubstituted
bis(nitronyl nitroxide) (NN) biradical1, bis(iminonitroxide)
(IN) biradical 2, and biradical 3, which possess both NN
and IN radical moieties, were synthesized and character-
ized by UV�vis, EPR, SQUID, cyclic voltammetry (CV),
and single-crystal X-ray diffraction methods. Additionally,
the experimental results were verified by DFT calculations.

As shown in Scheme 1, the 2 and 7 positions of pyrene
can be activated by oxidizing pyrene to pyrene-4,5,9,
10-tetraone, which can undergo efficient halogenation at
positions 2 and 7.11 Further reduction of 5 gave the desired
2,7-diiodotetramethoxypyrene. The precursor for the
synthesis of nitronyl or imino nitroxide radical is dialde-
hyde 8 which was prepared in 71% yield by lithiation of 6
with n-BuLi and subsequent addition of DMF at�78 �C.
Condensationof7withbis(hydroxylamino)dimethylbutane

(BHA) to obtain 8 was performed in benzene at 85 �C.
Depending on the oxidizing conditions, biradicals 1�3

were obtained by oxidation of 8.Upon oxidation of 8with
2 equiv ofNaIO4 inDCM/H2O a two-phasemixture in an
ice bath 1 was obtained, while with 3 equiv of NaIO4

biradical 3 was synthesized. Biradical 2 was prepared by
oxidation of 8 with NaNO2/HCl at room temperature.

The UV�vis spectrum of neutral radicals gives clear
insight of the corresponding radical moieties. TheUV�vis
spectra of the biradicals 1�3 measured in toluene showed
characteristic λmax due to the n�π* transitionof the radical
moiety in the visible range (Figure 1). While the blue
biradical 1 carrying two NN moieties absorbs at λmax =
601 nm (ε = 460 cm�1 M�1) and λmax = 641 nm (ε =
450 cm�1 M�1), the orange biradical 2 carrying two IN
moieties absorbs at λmax = 520 nm (ε = 551 cm�1 M�1).
The gray biradical 3 ,which possesses both NN and IN
moieties simultaneously, showed characteristic absorption
at λmax= 599 nm (ε=389 cm�1M�1) and λmax= 642 nm
(ε = 368 cm�1 M�1) due to the NN moiety and λmax =
524nm (ε=393 cm�1M�1) stemming fromthe INmoiety.
Therefore, the UV�vis spectra indicate the presence of
both radical moieties NN and IN simultaneously in bi-
radical 3.

The donor ability of biradicals was investigated by CV.
The CV of 1 showed reversible redox waves (Figure S1,
Supporting Information) at Eox = 0.95 V and Ered =
�0.485 V versus Ag/Agþ, the former can be assigned to
resonance delocalization of oxoammonium cation while

Scheme 1. Synthesis of 1�3

Figure 1. Characteristic n�π* transition of biradicals 1�3 in
toluene (c = 10�4 M).

Scheme 2. Expected Reversible Redox Mechanism
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the latter is due to delocalization of aminoxy anion as
shown in Scheme 2.12 The biradical 2 showed nonrever-
sible oxidation13 wave at Eox = 1.238 V and reversible
reductionwave atEred=�0.603V. Interestingly, biradical
3 displayed similar redox behavior as 1 with an additional
nonreversible oxidation wave. This nonreversible wave
can be assigned to oxidation of the IN radical moiety.
As shown in Table 1, the electrochemical band gap is in
accordance with the optical band gap. The higher SOMO
level of biradicals shows their ability as donor molecule
to form charge-transfer complexes.
As magnetic interactions are highly dependent on the

geometry and packing of molecules in the crystal lattice,14

the single crystals of biradicals 1�3, obtained by slow
diffusion of hexane to the solution of biradicals in DCM,
were investigated with single-crystal X-ray diffraction.
Crystal structure analysis revealed that molecules 1�3

crystallize in the monoclinic P21/n space group with
similar unit cell parameters (Table S3, Supporting Infor-
mation). Furthermore, they also possess a similar arrange-
ment of molecules in a herringbone pattern (Figure S5,
Supporting Information). Thus, it is considered that
biradical 1�3 are isomorphous. However, interestingly a
significant difference was observed in interplanar spacing.
Namely, the shortest π�π stacking distance was observed
in biradical 1 (3.730 Å) followed by biradical 3 (4.258 Å)
and 2 (4.367 Å) (Figure S4, Supporting Information).
These differences can be attributed to the influence of
the radical moiety on the pyrene core. The torsion
angles between the NN moiety and the pyrene ring in
1 are 15� (C3�C4�C11�N1) and 14.8� (C5�C4�
C11�N2). The INmoiety in biradical 2 is nearly coplanar
with the pyrene ring with a smaller torsion angle of 3.9�
(C3�C4�C11�N1). The intermediate torsion angles are
observed in biradical 3, 5.4� (C3�C4�C9�N1) and 4.7�
(C5�C4�C9�N2).

The X-band ESR spectra were recorded in oxygen-free
toluene at room temperature. The typical ESR spectrumof
1 (Figure S2, Supporting Information) consisted of nine
well-resolved lines due to hyperfine coupling (hfc) of two
electron spins with four equivalent nitrogen atoms. The
experimental spectrumof 1 showed a good agreementwith
a simulated spectrum considering nitrogen hfc (aN/2) value
0.373 mT (which is half of the hfc observed for mononi-
tronyl nitroxide aN=0.748mT) at g=2.0066.The 13-line
spectrum of biradical 2 (Figure S2, Supporting Informa-
tion) was reproduced with hfc values aN1/2 = 0.225 and
aN2/2 = 0.440 at g = 2.0059. However, to simulate the
nonsymmetric ESR spectra of biradical 3 (Figure 2), three
different types of N nuclei and thus hfc values were taken
into account: two equivalent N nuclei for the NN unit
(withhfcaN1) and two inequivalentNnuclei for the INunit
(with hfc aN2 and aN3). The best fitting hfc values were
aN1/2 = 0.374 mT for the NN moiety and aN2/2 = 0.200
and aN3/2 = 0.460 for the IN moiety with a giso value of
2.0062.TheESRspectra for all biradicals demonstrate that
the exchange interactions (J) between the radical moieties
are much larger than the hyperfine coupling (J . aN).

To gain insight into the magnetic exchange interactions,
magnetic susceptibilities and magnetizations of polycrys-
talline samples were measured in the temperature range of

Table 1. Optical, Electrochemical, and Magnetic Properties of Biradicals 1�3

λmax

(nm)

ε
(cm�1 M�1)

Eox

(V)a
Ered

(V)b
ESOMO

(eV)c
ELUMO

(eV)d
Eg

EC

(eV)i
Eg

OP

(eV)e
Θ
(K) f

Jintra (K)g

calcd

Jintra (K)h

exptl

1 604 460 0.950 �0.485 �5.012 �3.578 1.434 1.614 �4.3 �14.5 �14

641 450

2 520 551 1.238 �0.603 �5.600 �3.750 1.850 2.049 �5.7 �3.7 �4.5

3 524 393 0.786 1.246 �0.705 �5.019 �3.526 1.492 1.624 �4.2 �8.0 �9.0

599 389

642 368

a,b 0.1 M of n-Bu4NPF6, in acetonitrile, Pt electrode, scan rate 100 mV s�1. c,dCalculated based on formula ESOMO =�(Eox,onset � E(1/2) Fcþ/Fcþ
4.8) and ELUMO = �(Ered,onset � E(1/2) Fcþ/Fc þ 4.8 eV. eOptical energy gap calculated according to the absorption edge. fWeiss temperature.
gCalculated using BLYP/6-31G(d). hCalculated using isolated dimer model (s = 1/2). iElectrochemical energy gap.

Figure 2. X-bandESRspectraofbiradical3 in toluene (c=10�4M)
at room temperature.
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2 K e T e 300 K using a SQUID magnetometer. As
shown in Figure 3, the molar magnetic susceptibility (χmol)
initially increasedwith theCurie�Weiss behavior at higher
temperature region and decreased at lower temperature
with a broad peak mainly caused by intramolecular anti-
ferromagnetic (AF) interactions. On further lowering the
temperature, χmol decreases close to zero at 2 K which
means the biradicals switch from a thermally populated
magnetic spin triplet state to a nonmagnetic spin singlet
ground state. The intradimer coupling constant Jintra of
R-Py-R0 was then estimated using an isolated dimer
model15 (H = �2JintraSR 3SR0). Among the three biradi-
cals, strongest intramolecule exchange interactions thus
operate between the NN moieties of biradical 1 (Jintra =
�14.0K) andweakest between the INmoieties of biradical
2 (Jintra =�4.5 K) (Figure S3b, Supporting Information).
The intermediate magnetic exchange interactions are ob-
tainedby replacingoneof theNNmoieties in biradical1by
an INmoiety, i.e., biradical 3 (Jintra=�9.0K).Moreover,
the negativeWeiss temperature (Table 1) is observed in all
biradicals indicating existence of AF intra- and intermole-
cular magnetic interactions. The observed effective mag-
netic moment (μeff) values for all biradicals are calculated
from temperature dependence of magnetic susceptibility
under 0.1 T (inset of Figure 3). At room temperature the
magneticmoments are close to the theoretical value 2.45μB
for magnetically uncorrelated spins16 of biradicals.
Moreover, magnetization curves of all biradicals were

measured at 2 K (Figure S3, Supporting Information).
Whereas the biradicals 1 and 3 showed no appliedmagnetic
field dependence up to 5 T, the biracial 2 showed gradual
increase with the increase of the applied magnetic field.
This means the biradicals 1 and 3 demonstrate stronger
antiferromagnetic intramolecular coupling, keeping the
singlet state at 5 T and only the biradical 2 presents a
partial switching from singlet to triplet spin state with the
appliedmagnetic fields owing to the small AF interactions.
The intramolecular exchange interaction energies of the

biradical species 1�3were also estimated from the broken-
symmetry DFT calculations using X-ray geometry; see
Table 1. Good agreement between the latter estimations
and the results of magnetic measurements supports the
suggested structure of magnetic interactions within the
crystalline phase and the experimentally observed trend

in the strength of intramolecular exchange interactions
within the biradical family R-Py-R0: �JNN‑Py‑NN>
�JNN‑Py‑IN> �JIN‑Py‑IN.
In conclusion, we have demonstrated the first example

of 2,7-disubstituted tetramethoxypyrene-based neutral
biradicals with tunable physical and magnetic properties
by changing the radical moieties. The experimental
J values are in accordance with the theoretical ones. This
is the first report of biradicals possessingNNand IN in the
desired 1:1 ratio and not from impurities. We have shown
the EPR spectrum of biradical 3 which can be reproduced
by spectral simulation using suitable parameters explained
in the main text. All three biradicals are very promising
candidates to generate photoexcited high spin states and
utilization inorganic electronics. Suchwork is underway in
our group.
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Figure 3. Molar magnetic susceptibility, χmol (emu mol�1 Oe�1)
as a function of temperature. Inset: effective magnetic moment,
μeff, as a function of temperature under magnetic field 0.1 T.
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