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a b s t r a c t

2-(10-Pyrenyl)-4,4,5,5-tetramethyl-4,5-dihydro-1H-imidazole-3-oxide-1-oxyl (PyrNN) and 2-(10-pyre-
nyl)-4,4,5,5-tetramethyl-4,5-dihydro-1H-imidazole-1-oxyl (PyrIN) form pentacoordinate metal–radical
complexes with Cu(hfac)2: [Cu(hfac)2PyrNN] and [Cu(hfac)2PyrIN], 1 and 2, respectively. In 1, one ami-
noxyl unit of PyrNN coordinates to Cu(II) in a distorted square pyramidal environment. In 2, an unusual
example of monodentate Cu–N coordination of the imino nitroxide, PyrIN, gives an environment interme-
diate between square pyramidal and trigonal bipyramid. Both complexes show novel close contacts of the
pyrene p-electron cloud with the Cu(II) ion. Compound 1 has a particularly short Cu–O(N) bond of
1.948 Å, giving strong intramolecular antiferromagnetic (AFM) spin-pairing and an absence of significant
paramagnetic susceptibility response. The magnetic behavior of compound 2 indicates copper–radical
intramolecular ferromagnetic exchange of 2J = 151 cm�1, and intermolecular AFM spin pairing of
2J = �220 cm�1 due to close antiparallel contacts between non-coordinated N–O units. EPR spectra for
both complexes are silent at 293 and 77 K. UB97D/6-31G(d) computations find strong antiferromagnetic
(2J = �213 cm�1) and ferromagnetic (2J = 610 cm�1) intramolecular metal–radical exchange in 1 and 2,
respectively in agreement with experimental results.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Metal–radical complexes have been subjected to intense scru-
tiny for over 30 years [1–6]. Part of the incentive for these studies
is to understand their fundamental electronic behavior and mag-
netic properties, and to probe their possible technological use.
Such molecule-based magnetic materials can be made using mild
condition synthetic protocols, and they have much potential for
combining multiple properties in one material, such as magnetic
detectability and tunability, photo-switchability, and low-temper-
ature processibility.

The synthetic strategies developed for making metal–radical
complexes are strongly based on transition metal cation affinities
for specific heteroatom coordination, including direct coordination
of radical ligand (L) sites with high spin density, as in aminoxyl
[1,5,6], verdazyls [7,8], thiazyls [9], triazinyl [10,11], nindigo [12],
TCNE [13] and semiquinone radicals [14,15]. We have been inter-
ested in the additional role played by size-exclusion and steric
effects on both primary structure of metal–radical materials, and
on intermolecular packing effects that are so crucial to bulk
magnetic behavior in molecule-based systems.

Recently, some of us (with others) reported [16–17] the
synthesis and magnetostructural characterization of metal–radical
complexes made with nitronyl nitroxide (NN) radicals bearing
polycyclic aromatic hydrocarbon (PAH) substituents. Examples
of this novel use of PAH-bearing NNs include both ML2 cluster
and (ML)n helical chain complexes of 2-(10-pyrenyl)-4,4,5,
5-tetramethyl-4,5-dihydro-1H-imidazole-3-oxide-1-oxyl (PyrNN)
(Scheme 1). Such PAH’s act as sterically substantial, rigid rotor
units, but also influence intermolecular packing through motifs
such as PAH p-stacking and formation of C–H to p-cloud interac-
tions. In addition, PAH’s offer rich possibilities for additional prop-
erty incorporation, such as tunable light absorption and other
interactions with their large, polarizable p-clouds. Most notably,
the Co(hfac)2 (ML)n helical-chain materials exhibit slow relaxation
of magnetization of a strongly exchange coupled, single-chain
magnet (SCM) material having high coercive field and high
blocking temperatures [17,18].

As part of expanding the scope of PAH based radicals in metal–
radical systems, we now report the synthesis and characterization
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Scheme 1. Polycyclic aromatic hydrocarbon (PAH) substituted radical units used in this work, and previous examples of their coordination complexes. In the middle
structures, arcs represent hfac coordination, L = PyrNN.
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of complexes formed by Cu(hfac)2 with PyrNN and 2-(10-pyrenyl)-
4,4,5,5-tetramethyl-4,5-dihydro-1H-imidazole-1-oxyl (PyrIN).
Two new molecular compounds [Cu(hfac)2PyrNN], 1, and [Cu
(hfac)2PyrIN], 2, are pentacoordinated metal–radical complexes.
Evidence is presented that the bulky pyrene unit plays an impor-
tant role in determining both the molecular ligand spheres for
these compounds, and in their intermolecular packing in the solid
state.
2. Experimental

2.1. General methods

All reagents and solvents were purchased from commercial
sources and used without further purification. Elemental analyses
were performed by Micro-analysis, Inc. Infrared (IR) spectra were
recorded using a Bruker Alpha FTIR spectrophotometer with
attenuated total reflectance (ATR) accessory. The radicals PyrNN
and PyrIN were synthesized according to previously described
procedures [19]. Reflectance spectra were obtained using an Ocean
Optics USB2000+VIS–NIR spectrometer. Powder X-band electron
paramagnetic resonance (EPR) spectra were obtained in quartz
4 mm O.D. tubes both at room temperature and at 77 K with a
quartz finger dewar, using a Bruker Elexsys E500 spectrometer
operating at m0 = 9.6 GHz, 100 kHz frequency modulation, 4 G
modulation amplitude.
2.2. Synthesis of [Cu(hfac)2(PyrNN)] (1)

To a solution of 0.03 g (6.00 � 10�5 mol) of [Cu(hfac)2]�H2O
dissolved in 17 mL of boiling anhydrous n-heptane, 0.021 g
(6.00 � 10�5 mol) of PyrNN was added with stirring. The reaction
was stirred for 2 min, then allowed to cool to room temperature.
Black crystals were obtained by keeping the solution at �20 �C
for 24 h (0.013 g, 26%). Anal. Calc. for C33H23CuF12N2O6: C, 47.46;
H, 2.78; N, 3.35. Found: C, 47.46; H, 2.63; N, 3.34%. IR (cm�1):
3142(w), 3133(w), 3052(w), 3005(w), 2988(w), 2959(w), 2931
(w), 2872(w), 2860(w), 1654(m), 1640(s), 1603(m), 1596(m),



Table 1
Crystal data and structure refinement for 1 and 2.

Identification (1) (2)

Formula C33H23CuF12N2O6 C33H23CuF12N2O5

Fw (g mol�1) 835.07 819.08
T (K) 293(2) 293(2)
k (Å) 0.71073 0.71073
Crystal system triclinic triclinic
Space group P�1 P�1
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1551(m), 1527(m), 1477(m), 1456(m), 1394(m), 1385(w), 1374
(w), 1350(w), 1333(m), 1320(w), 1310(w), 1254(s), 1197(s), 1181
(s), 1142(s), 1105(s), 1088(s), 973(w), 955(w), 945(w), 906(w),
889(w), 878(w), 848(s), 817(m), 810(m), 797(s), 763(s), 744(m),
736(m), 714(m), 693(m), 676(s), 667(s), 649(m), 622(m), 589(s),
576(s), 561(w), 548(m), 528(m), 507(w), 483(m), 473(m), 456
(m), 426(m), 415(w), 405(w), 394(w). A solid powder reflectance
spectrum is given in Supporting material Fig. S1.
a (Å) 10.7249(2) 10.3248(2)
b (Å) 11.9776(2) 12.5418(2)
c (Å) 15.7412(3) 14.3044(3)
a (�) 95.5380(10) 79.8270(11)
b (�) 96.5920(10) 74.7940(10)
c (�) 116.5360(10) 86.0140(10)
V (Å3) 1772.09(6) 1758.82(6)
Z 2 2
qcalc (Mg m�3) 1.565 1.547
l (mm�1) 0.725 0.727
F(000) 840 824
h range (�) 2.63–27.58 2.40–27.58
Index ranges �13 6 h 6 13 �13 6 h 6 13

�15 6 k 6 15 �16 6 k 6 16
�20 6 l 6 20 �18 6 l 6 18

Data collected 53971 43812
Independent reflections 8172 8086
Rint 0.0259 0.0245
Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 8172/144/507 8086/206/508
Goodness-of-fit (GOF) on F2 1.083 1.033
R1, wR2 [I > 2r(I)] 0.0495, 0.1451 0.0494, 0.1440
2.3. Synthesis of [Cu(hfac)2(PyrIN)] (2)

To a solution of 0.050 g (1.00 � 10�4 mol) of [Cu(hfac)2].H2O
dissolved in 10 mL of boiling anhydrous n-heptane, 0.034 g
(1.00 � 10�4 mol) of PyrIN was added with stirring. The reaction
was stirred for 2 min, then allowed to cool to room temperature.
Black crystals were obtained by keeping the solution at �20 �C
for 20 days (0.029 g, 35%). Anal. Calc. for C33H23CuF12N2O5: C,
48.39; H, 2.83; N, 3.42. Found: C, 48.42; H, 2.61; N, 3.42%. IR
(cm�1): 3133(w), 3049(w), 2995(w), 2982(w), 2937(w), 2871(w),
1646(s), 1605(w), 1598(w), 1588(w), 1551(m), 1525(m), 1497
(m), 1474(m, br), 1449(m), 1419(w), 1399(w), 1391(w), 1375(w),
1344(w), 1323(w), 1252(s), 1194(s), 1136(s), 1092(s), 1050(w),
999(w), 946(w), 892(w), 846(s), 827(m), 794(s), 761(m), 742(m),
718(m), 688(m), 663(s), 626(w), 581(s), 527(m), 513(w), 473(w),
457(w), 445(w), 421(w), 402(w), 382(w). A solid powder reflec-
tance spectrum is given in Supporting material Fig. S2.
R1, wR2 (all) 0.0603, 0.1611 0.0592, 0.1561
Dqmax, Dqmin (e Å�3) 0.656, �0.555 0.576, �0.552

Table 2
Selected bond lengths (Å), bond angles (�), and selected intermolecular contacts (Å)
for 1 and 2.

1 2

Bond lengths
Cu1–O1 1.9477(16) Cu1–O2 1.997(2)
Cu1–O3 1.9529(18) Cu1–O3 1.934(2)
Cu1–O4 1.9400(17) Cu1–O4 2.151(2)
Cu1–O5 2.225(2) Cu1–O5 1.941(2)
2.4. Magnetic measurements

Dc-magnetic susceptibility measurements (v = magnetization/
field =M/H = cm3 mol�1) were carried out using a Quantum Design
PPMS. Powder samples were placed in gelatin capsules for analysis
and held in place with a plug of cotton. Magnetic data were cor-
rected for contribution of the sample holder; sample diamagnetism
corrections were estimated using Pascal’s constants [20,21]. The
magnetic data were fitted using the MagProp routine in the DAVE
software suite [22].
Cu1–O6 1.9445(17) Cu1–N1 2.006(2)

Bond angles
O1–Cu1–O3 157.76(8) O2–Cu1–N1 146.89(10)
O4–Cu1–O1 88.31(7) O3–Cu1–N1 92.28(9)
O1–Cu1–O5 111.05(8) N1–Cu1–O4 116.42(9)
O6–Cu1–O1 92.88(7) O5–Cu1–N1 89.03(10)
O4–Cu1–O3 92.02(7) O3–Cu1–O2 91.75(9)
O3–Cu1–O5 91.19(8) O2–Cu1–O4 96.52(10)
O6–Cu1–O3 88.49(8) O5–Cu1–O2 88.30(10)
O4–Cu1–O5 88.57(8) O3–Cu1–O4 88.44(9)
O4–Cu1–O6 175.56(8) O3–Cu1–O5 177.52(9)
O6–Cu1–O5 87.01(7) O5–Cu1–O4 89.09(9)

Other interatomic contacts
Cu1� � �C8* 3.067(3) Cu1� � �C8* 3.279(3)

Cu1� � �C20* 3.271(3)
Cu1� � �C21* 3.370(3)

pyrene� � �pyrenea 3.49 pyrene� � �pyreneb 3.34
(plane-to-plane) (plane-to-plane)

N2–O1� � �O1b 3.099(4)

* Intramolecular metal–pyrene distance.
a 2 � x, 1 � y, �z; intermolecular contact.
b �x, �y, 1�z; intermolecular contact.
2.5. Crystallographic studies

Single crystal X-ray diffraction data for 1–2 were collected on a
Bruker Kappa-CCD using graphite-monochromated Mo Ka radia-
tion (k = 0.71073 Å). The unit cell parameters were based on the fit-
ting of the positions of all reflections using HKL Scalepack [23].
Data integration and scaling of the reflections were performed
with HKL Denzo and Scalepack [23]. Empirical multi-scan absorp-
tion corrections using equivalent reflections were performed with
the SADABS program [24]. The structures of the compounds were
solved by direct methods using the SHELXS program, and refinement
was performed using SHELXL based on F2 through the full-matrix
least-squares routine [25]. All non-hydrogen atoms were refined
with anisotropic displacement parameters. Hydrogen atoms were
placed in calculated positions and refined isotropically using a rid-
ing model [26]. The CF3 groups are disordered over two positions,
and fluorine atom occupancies were allowed to be refined freely.
Due to large conformational disorder and to thermal motion pre-
sent in CF3, large thermal displacement parameters were found
for fluorine atoms. The C–F bond length and F. . .F separations were
restrained to be equivalent using SADI command. The displace-
ment parameters of disordered fluorine atoms were constrained
to be the same using the EADP constraint. Details of data collection
and structure refinement for 1–2 are summarized in Table 1.
Table 2 shows selected bond lengths and angles in each complex,
as well as important intermolecular contact parameters.
3. Results and discussion

For L = PyrNN and PyrIN, reaction with Cu(hfac)2 yields
[M(hfac)2L] complexes 1 and 2, respectively, as the only isolated
crystalline products, even when a substantial excess of radical
ligand is used, relative to the amount of Cu(hfac)2. Microanalysis
indicates very good purity of the final products, without significant
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extra radical incorporation or other stoichiometry products. This is
quite different from reactions of PyrNN with [Mn(hfac)2] or
[Co(hfac)2], both of which can yield either [M(hfac)2L2] cluster com-
plexes or [M(hfac)2L]n chains depending on reactant ratio [16–17].
Copper(II) gives shorter Cu–O bond lengths (�1.9 Å for equatorial
ligands) compared to cobalt(II) (�2.0 Å) and manganese(II)
(�2.1–2.2 Å) [27]. The shorter bonds make it harder to accommodate
bulky ligands. The large steric requirements of PyrNN and PyrIN in 1
and 2 are therefore better accommodated in pentacoordinate instead
of hexacoordinate ligand spheres. Also, as described below, pentaco-
ordinate copper(II) in 1 or 2 forms additional novel, intramolecular
close contacts with the pyrene p-electron cloud. Since conforma-
tional rotation of the radicals is expected in the solution phase dur-
ing synthesis, the pyrene unit would sterically block approach of a
second radical ligand that could give hexacoordinate copper(II). By
comparison, Luneau, Rey, and coworkers found that reaction of Cu
(tfac)2 (tfac = trifluoroacetate) with a simple phenyl-substituted NN
or IN (PhIN) radical gives CuL2-type hexacoordinate octahedral
complexes, with the radical units anti to one another [28]; here, both
PhIN radicals were Cu–N coordinated.

Compound 1 crystallizes in the P�1 space group with one inde-
pendent [Cu(hfac)2(PyrNN)] per unit cell. The copper(II) ion is pen-
tacoordinated to four oxygen atoms from two hfac� groups (O3,
O4, O5 and O6), with the other position occupied by an aminoxyl
oxygen atom (O1) of PyrNN (Fig. 1); the other aminoxyl oxygen,
O2, is not coordinated. In pentacoordinate compounds, the metal
environment can be described on a continuum structure between
square-pyramidal (SP) and trigonal–bipyramidal (TBP) extremes.
The parameter s has been used to describe the degree of structural
distortion from the SP geometry (s = 0) to the TBP geometry (s = 1)
[29]. For 1, s = 0.30, indicating a distorted square pyramidal geom-
etry for copper(II). The axial capping position is occupied by an
hfac O5 atom, while the basal plane is formed by O1, O3, O4 and
O6 atoms, with the copper(II) ion is 0.151 Å out of the basal plane.
As shown in Table 2, the capping Cu1–O5 bond length in 1 is long-
est by 0.15 Å, compared to the basal plane Cu–O bonds. The coor-
dinated PyrNN aminoxyl N1–O1 bond is a substantial, 0.044 Å
longer than the non-coordinated N2–O2 bond. Luneau and Rey
reported analogous lengthening in the phenyl nitronyl nitroxide
complex with Cu(tfac)2, and noted that greater lengthening of
the coordinated N–O bond is associated with stronger metal–radi-
cal magnetic exchange [28].
Fig. 1. ORTEP view (30% probability) of the asymmetric unit of 1. Hydrogen and
fluorine atoms were omitted for the sake of clarity.
The five-atom nitronyl nitroxide unit O1–N1–C1–N2–O2 is
essentially planar, allowing good spin delocalization among these
atoms: this plane of the nitronyl nitroxide spin system is substan-
tially twisted by 56.9� relative to the pyrene ring. This amount of
torsion is similar to that seen in the hexacoordinate 1:2 triad clus-
ters and 1:1 chain complexes of PyrNN with [Mn(hfac)2] and [Co
(hfac)2] [16,17]. In all of these, as well as in 1 (and 2, below), the
‘‘hinge” pyrene unit conformation Cu(II)–NN–Pyr always puts the
metal ion and pyrene syn around the NN, so the pyrene unit is close
to the metal ion, rather than extending away from the coordination
sphere.

But, in 1 (and 2, below), the syn-type metal to pyrene contact is
especially and unusually close. The pyrene unit in 1 is folded directly
under and nearly parallel to the basal plane formed by Cu1 with O1/
O3/O4/O6. This could be an electrophilic effect of the copper(II) ion
interacting with the pyrene p-electron cloud, and/or a crystallo-
graphic density-optimizing effect putting the large pyrene unit in
a sterically-accommodating region below the basal plane. The
intramolecular metal to pyrene nonbonded contact distance
Cu1� � �C8 is only 3.067(3) Å, essentially in van der Waals contact.
So, although 1 is a distorted SP structure based only onmetal to het-
eroatom coordination, the pyrene unit acts as a second capping site
trans to the Cu1–O5 cap. The Cu1–O5 bond is the longest in the cop-
per(II) coordination sphere at 2.225(2) Å, so one can consider the
pyrene as being pseudo-axial as well. The basal-coordinated PyrNN
radical units can then be considered to be coordinated in a pseudo-
equatorial environment. This is a useful viewpoint to consider mag-
netic behavior of the complexes, as described below.

Compound 2 has similar structure to 1, with one independent
[Cu(hfac)2(PyrIN)] per unit cell. The copper(II) ion is pentacoordi-
nated with four oxygen atoms from two hfac� groups (O3, O2,
O5 and O4), and the nitrogen atom (N1) of the PyrIN radical
(Fig. 2). This structure is one of the fairly rare examples of mon-
odentate imino nitroxide aza-coordination on copper(II) [28,30–
35]; most copper(II) imino nitroxide complexes involve bidentate
radicals. The few monodentate imino nitroxide copper(II) com-
plexes typically are part of chains or clusters[30–35], with the ear-
lier-mentioned Cu(PhIN)2 complex[28] being one of the
structurally simplest. Thus, complex 2 appears to be the first 1:1,
Cu(II)-L type complex of an imino nitroxide. The calculated param-
eter s = 0.51 [29] indicates the copper(II) environment to be inter-
mediate between idealized SP and TBP geometries. Similarly to 1, 2
has its pyrene unit conformationally rotated to lie roughly below
the pseudo-trigonal basal unit formed by Cu1 with O2 and O3;
Fig. 2. ORTEP view (30% probability) of the asymmetric unit of 2. Hydrogen and
fluorine atoms were omitted for the sake of clarity.
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unlike the case in 1, this basal unit and the pyrene form a more
open bite angle in 2, due to a lack of ‘‘hinge” flexibility for the
Cu1–N1 coordination compared to the Cu1–O1–N1 coordination
in 1. The closest non-bonding metal to pyrene contacts in 2 are
from Cu1 to C8, C20, and C21, at 3.279(3), 3.271(3), and 3.370
(3) Å, respectively. These are all somewhat longer than in 1, in a
canted geometry relative to the basal plane that gives less favor-
able contact of copper(II) with the pyrene p-electron cloud. Still,
the similar geometries of 1 and 2 suggest similar non-bonding
interactions.

Regarding intermolecular contacts in the crystal lattices, both 1
and 2 form solid state dyads through cofacial pyrene–pyrene p-
stacking about a site of inversion symmetry, with the rest of the
copper(II) coordination spheres on opposite faces (Fig. 3). For 1,
the pyrene rings are coplanar at an averaged plane–plane distance
of 3.49 Å (all pyrene carbon atoms averaged to form the plane). The
average centroid-to-centroid distance is 3.96 Å: the angle between
the vector normal to the pyrene and the vector for the centroid–
centroid distance is 28.3�, giving a 1.88 Å ring slippage. For 2, the
pyrenes are also coplanar at a averaged plane–plane distance of
3.34 Å but substantially slip-stacked and offset, such that the
H–C bonds of one pyrene are above the p-cloud of the other pyrene
in the dyad (Fig. 3c). The closest C. . .C contacts between pyrene
units in 2 are �3.5 Å, with a centroid-to-centroid distance of
4.10 Å. Overall, the pyrene units provide an important organiza-
tional influence on crystal packing in 1–2, by forming dyad inter-
pyrene contacts.

The pyrene p-stacking here is not expected to influence mag-
netic behavior directly, since the radical nitroxide spin density is
not significantly delocalized onto the pyrene ring in PyrNN or
PyrIN [19], and is not expected to do so in 1 or 2. This stacking
clearly is an important crystal organization tendency here. Some
analogy may be considered to multi-center, solid state inter-radical
interactions that include so-called pancake bonding [36–38],
Fig. 3. (a) Crystal packing showing pyrene–pyrene p-stacked dyads of 1; (b) view alon
stacking for 1; (c) view analogous to (b) for 2; (d) crystal packing of 2 showing slipped p
groups. (Color online.)
interaction between oligoviologens radical [39,40] and also long
bonds [41,42], which have drawn increasing scrutiny at the bound-
ary between non-bonding and bonded. However, the pyrene-stack
contacts in 1–2 do not involve sites of significant unpaired spin
density, and so do not provide effective electronic mechanisms
for such long-bond type interactions.

Complex 1 has no contacts of <5 Å between major spin density
sites of the nitronyl nitroxide unit, although the uncoordinated
N–O unit forms close contacts with C–H bonds of a neighboring
pyrene unit. Since the pyrene fragment is expected to lack spin sig-
nificant spin density as mentioned earlier, no strong inter-complex
exchange is expected. But, in complex 2 the uncomplexed
N–O units form dyad pairs related by inversion symmetry, giving
close contact between aminoxyl oxygen atoms (Fig. 3d) with r
(N–O1� � �iiO1–N) = 3.099(4) Å. These N–O� � �O–N contacts are in a
geometry to give excellent end-to-end SOMO–SOMO (Singly-
Occupied Molecular Orbital) overlap between high spin density
sites (Scheme 2), appropriate to favor strong spin-pairing
intermolecular exchange.

Notably, even at low temperatures dc magnetic susceptibility
measurements for 1 show only minor paramagnetic susceptibility,
attributable to quite small amounts of impurity spins. This behav-
ior is consistent with very strong intramolecular copper(II)–radical
AFM interaction. In copper(II) complexes with nitroxide-type rad-
icals, either ferromagnetic (FM) or antiferromagnetic (AFM) metal–
radical interaction can be observed depending on the coordination
geometry. FM interactions are usually observed when the radical is
axial coordinated by copper(II) [1–3,43], while strong AFM interac-
tions are observed [44–46] when the radical is equatorial coordi-
nated. Strong AFM intramolecular exchange is consistent with
the observed short Cu1–O1 bond length of 1.95 Å and the different
N–O bond lengths in 1 [1–3,28]. The observed AFM behavior sup-
ports considering the Cu1–O1–(N) coordination as pseudo-equato-
rial, as described earlier.
g the direction normal to the pyrene ring highlighting pyrene-pyrene slipped p-
-stacking and intermolecular contacts between oxygen atoms (red spheres) of N–O



Scheme 2. Intermolecular, end-to-end SOMO-SOMO overlap between non-coordi-
nated aminoxyl units in 2. Imino nitroxide unit geometries from the crystallo-
graphic structure.
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The product of magnetic susceptibility with temperature (vT)
for 2 is 0.71 cm3 mol�1 K at 244 K, smaller than expected
(0.81 cm3 mol�1 K) for a non-interacting system containing cop-
per(II) and one radical with g values equal to 2.15 and 2.00, respec-
tively. Upon cooling, vT decreases to 0.09 cm3 mol�1 K at 2.0 K,
indicating dominant AFM interactions (Fig. 4). We were able to
fit the magnetic susceptibility using a model described by Eq. (1),
having an intramolecular copper(II)–radical magnetic interaction
J1 with intermolecular exchange interaction J2, and SCu1 = SCu2 =
SR1 = SR2 = 1/2. To prevent overparametrization, a single g-value
fixed at 2.1 was used as an appropriate value intermediate
between g-values for copper(II) ion and a radical.

Ĥ ¼ �2J1ð~SCu1 �~SR1 þ~SCu2 �~SR2Þ � 2J2ð~SR1 �~SR2Þ
þ glBB½~SR1 þ~SR2 þ~SCu1 þ~SCu2� ð1Þ

The best fit parameters for 2 obtained from the Fig. 4 data using
this model were 2J1 = 151 cm�1 and 2J2 = �220 cm�1. The
intramolecular FM interaction J1 is in the range observed in similar
systems [28,30–35]. Since no increase of vT occurred as tempera-
ture decreases, multiple fits were attempted while assuming both
J1 and J2 to be AFM; however, these gave no satisfactory result. Pre-
vious work for imino-coordinated copper(II) imino nitroxide com-
plexes attributed the ferromagnetic interactions to orthogonality
between the metal magnetic orbital and the p⁄ magnetic orbital
of the radical [28,47]. And, similarly to our case, vT often does
not increase as temperature decreases for other FM coupled cop-
per(II)-imino nitroxide compounds, due to the occurrence of strong
AFM intermolecular magnetic interactions. Such intermolecular
Fig. 4. Temperature dependence of vT for 2. The solid line represents the best fit
using Eq. (1). Inset: spin topology model used to fit the magnetic data.
spin-pairing occurs through close NO. . .NO contacts giving
SOMO–SOMO interactions [1–2,28], like those in Scheme 2 arising
from the crystallography of 2. Finally, the strong AFM magnetic
interaction found for J2 is also in good agreement with behavior
for PyrIN itself, which can crystallize with short, dimeric spin-
pairing NO. . .NO contacts [19].

The powder X-band electron paramagnetic resonance (EPR)
spectra for both 1–2 at 293 and 77 K show only symmetric, very
weak signals with g = 2.006 and linewidth � 16 G that are attribu-
table to small radical paramagnetic impurities. There are no
detectable copper(II) EPR transitions at either temperature. The
lack of an EPR signal in 1 is attributable to a singlet ground state
due to strong antiferromagnetic metal–radical spin-pairing, consis-
tent with its short 1.95 Å Cu1–O1(N1) bond and the large differ-
ence between its coordinated and non-coordinated aminoxyl
bond lengths. The spin-pairing must be intramolecular, due to
the lack of intermolecular contacts between significant spin
density sites in 1.

By comparison, numerous EPR spectra have been reported for
copper(II) imino nitroxide complexes, with widely variable line-
shapes due to wide variation in metal radical exchange. Some of
them exhibit weak or no copper-related features in powder [30–
31] or solution [48] EPR spectrum at room temperature. Such
EPR silence has been attributed to unfavorable electron spin relax-
ation (solid) or large anisotropy in the molecules (solution) [30,31].
Presuming FM exchange in 2 from the magnetic studies, similar
reasons would explain its lack of an observed EPR signal.

UB97D/6-31G⁄ computations [49] were carried out using Gaus-
sian 09 [50] for singlet and triplet states using the crystallographic
geometries of 1 and 2 to probe further their metal–radical
exchange coupling and electronic structure. All CF3 groups were
replaced by CH3, and radical CH3 groups replaced by hydrogen
atoms. Singlet-state computations were carried out using broken
symmetry wavefunctions. Yamaguchi’s correction [51] was applied
to the final energies, to adjust for spin-contamination effects.

For 1, the computed triplet-singlet energy gap was
2J = –213 cm�1, indicating significant antiferromagnetic exchange.
For 2, the analogous calculation gave ferromagnetic exchange with
2J = 610 cm�1. The computed exchange behaviors are consistent
with the observed crystallographic and magnetic results; although
calculated and experimental metal–radical interactions for 2 differ
quantitatively, they agree about the interaction being strong and
FM in nature.

The calculated frontier molecular orbitals of 1–2 and their
ground state Wiberg [52–54] bond order matrices were also exam-
ined. For both complexes, the bond orders between copper(II) and
the closest contact carbon atoms in the pyrene units were not
notably high at our level of theory. Both the frontier orbitals of sin-
glet 1 and the singly-occupied molecular orbitals (SOMOs) of tri-
plet 2 show small atomic orbital coefficients on all of the pyrene
carbon atoms, with slight increases on those that are in closer
proximity to the copper(II) ion. So, the metal to pyrene close con-
tacts do not appear to arise from significant bonding interactions,
and are probably best attributed to efficient space filling of the
crystal lattice and/or favorable (though broadly distributed)
Coulombic interactions between the copper(II) ion and the pyrene
p-cloud.
4. Conclusion

Two new copper(II) compounds were synthesized, with penta-
coordination involving nitronyl nitroxide and imino nitroxide rad-
icals that bear a sterically substantial pyrene polycyclic aromatic
hydrocarbon (PAH) pendant ring. Mononuclear copper(II) imino
nitroxide complexes like 2, coordinated in monodentate fashion
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by the imino nitrogen atom, are unusual with few reported exam-
ples. Both complexes showed close nonbonded interactions
between the copper(II) center and a conformationally syn-folded
pyrene p-electron cloud. This is a novel interaction for metal–rad-
ical systems, since so few coordinated radical ligands incorporate a
large PAH. Strong intramolecular copper(II)–radical AFM and FM
exchange interaction was observed for 1 and 2, respectively. In
addition, the pyrene units cause the molecular complexes to form
dyads through PAH stacking in the solid state, an important con-
trolling factor for solid state self-assembly. Both of the new com-
plexes have uncomplexed radical unit sites, so they may be able
in future work to serve as building blocks for extended solids
through further coordination.
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