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Figure 1. Chemical structure of the conjugated phenoxyl-nitroxides 
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Scheme 1. The synthetic route for hybrid radical 1e with reagents and conditions: (i) BF3×Et2O, 100 °C, 40 
min (ii) Br2, Et2O/dioxane, room temperature (rt), 90 min; (iii) NH2OH×HCl, MeONa, MeOH, 65 °C, 8 h; 

(iv) HClconc., Δ, 15 min; then K2CO3/H2O; (v) NH4OAc, MeOH, Δ, 3 h; then Cu(OAc)2×2H2O, NH3aq, O2, 
rt, 4h; (vi) PbO2, CHCl3, rt, 30 min. 
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Figure 2. The CW X-band ESR spectra (in black) observed for diluted (10-4 M) and oxygen-free toluene 
solutions at 295 K of (a) 1a, (b) 1b, (c) 1c, (d) 1d, and (e) 1e. The microwave frequencies used were 

9.8748, 9.8749, 9.8748, 9.8750 and 9.8754 GHz for (a), (b), (c), (d) and (e), respectively. The simulated 
ESR spectra are denoted in red, and the spin Hamiltonian parameters used for the simulation are given in 

Table 2. 
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Figure 3. The Mulliken atomic spin populations for 1a-e calculated at the UB3LYP/cc-PVDZ level of theory. 
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Figure 4. 1H-ENDOR and TRIPLE spectra of 1a in toluene observed at 298 K. (a) A 1H ENDOR spectrum 
observed with the static magnetic field at 338.6275 mT; (b) and (c) TRIPLE spectra obtained by pumping 
the ENDOR transitions by the second radio frequency (RF) irradiation. An asterisk indicates the second RF 

irradiation for the pumping. The pumping frequencies in (b) and (c) are 13.124 and 15.734 MHz, 
respectively. In (b), when the second RF pumps (*) at the ENDOR line of 13.124 MHz, the intensity of the 

corresponding H3-5 ENDOR line appearing at 15.7734 MHz increases in comparison with the intensity 
without the irradiation (see Fig. 4(a)). On the other hand, the intensities of the ENDOR lines denoted by H1 

and H2 decrease in comparison with those without the irradiation. In (c), the situations are inverse when the 
line at 15.774 MHz is pumped. Thus, the relative sign of the hfcc’s for H1 (and H2) is opposite to that of H3-

5. 
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Figure 5. 1H-ENDOR and TRIPLE spectra of 1e in toluene observed at 298 K. (a) A 1H ENDOR spectrum 
observed with the static magnetic field at 338.6212 mT; (b) and (c) TRIPLE spectra obtained by pumping 
the ENDOR transitions by the second radio frequency (RF) irradiation. An asterisk indicates the second RF 

irradiation for the pumping. The pumping frequencies in (b) and (c) are 12.176 and 16.719 MHz, 
respectively. In (b), when the second RF pumps (*) at the ENDOR line of 12.176 MHz, the intensity of the 

corresponding H3Th ENDOR line appearing at 14.86 MHz increases in comparison with the intensity without 
the irradiation (see Fig. 5 (a)) . The intensities of the ENDOR lines denoted by H1 and H2 around 16.7 MHz 
also increase in the same way. In (c), the situations are inverse when the line at 16.719 MHz is pumped. 

Thus, the relative sign of the hfcc for H3Th is the same as those of H1 and H2. 
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Figure 6. Relationship between the theoretical g tensors and molecular structures in the hybrid radicals, 1a-
e. 
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Figure 7. The SQUID magnetometry of the polycrystalline (solid) radicals 1a-e: (a), (b) and (c) χparaT vs. T 
χpara vs. T plots for (a) 1a (black);, 1b (red); 1d (blue); (b) 1c; (c) and (d) 1e. The dotted curves denote 
the experimental values and the solid curves the calculated Curie-Weiss curves in (a),(b) or Bleany-Bowers 

curve (J/kB = -25.6 K + Curie curve in (c) and (d). 
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Figure 8. The short contacts in the single crystals of (a) 1c and (b) 1e. The blue arrows represent contacts in 
the ferromagnetic head-over-tail chains and the red ones - contacts in the antiferromagnetic head-to-tail 

dimers. 
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ABSTRACT A series of stable and genuinely organic open-shell systems, π-conjugated 

phenoxyl-nitroxide free radicals (hybrid phenoxyl-nitroxide radicals) have been synthesized and 

their magnetic properties in the crystalline state investigated, revealing their usefulness of new 

building blocks for molecular magnetic materials. The salient electronic structure of the hybrid 

phenoxyl-nitroxide radicals is extended π-spin delocalization from the nitroxide moiety, 

mediating the localization effect intrinsic to nitroxide radicals. Five representative hybrid 

radicals containing an aliphatic, aromatic and heteroaromatic substituent in the side part of the 

compact hybrid radical centers were synthesized, and their molecular/crystal structures in the 

crystalline state were determined by X-Ray diffraction analyses. CW X-band ESR, 1H-ENDOR 

spectroscopy and DFT calculations for the hybrid radicals confirmed that an unpaired spin 

delocalizes over the whole molecular frame including the non-conjugated fragments, suggesting 

the possibility of tuning their electronic properties through substituent effects in the crystalline 

state. Significant influence of the phenoxyl moiety on the electronic structure was analyzed in 

terms of the g-tensor calculations. The SQUID magnetization measurements revealed that the 

nitroxides bearing alkyl or aromatic substituents behave as 3D Curie-Weiss paramagnets with 

weak antiferromagnetic (AFM) (Θ = -1÷-2.6 K) or ferromagnetic (FM) (Θ = +0.33 K) spin-spin 

exchange interactions. On the other hand, heteroaromatically substituted hybrid phenoxyl-

nitroxide showed significant AFM interactions with J/kB = -25.6 K. The analysis of the bulk 

magnetic properties based on the crystallographic data and DFT calculations revealed 

competition between the intermolecular AFM and FM interactions which originate from the C-

Page 11 of 38

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 3

O(phenoxyl)...Me(nitroxide) or (N)O-C(arom) infinite 1D head-to-tail chains and the C(arom)-

C(arom) head-over-tail dimers forming 3D networks in their crystal lattices.  

 

1. INTRODUCTION  

Resonance stabilized hybrid organic free radicals, in which π-conjugation extending to 

nitroxide is topologically controlled, seem to be good candidates as building blocks for designing 

advanced organic magnetic materials due to their highly delocalized unpaired spin and, as a 

result, increasing the possibilities of magnetic coupling through numerous pathways, 

consequently leading to a chance for bulk magnetic ordering in the crystalline state.1-3 A variety 

of crystalline organic molecule-based ferro- or ferri-magnets4-15 have been documented since the 

first organic ferromagnet appeared in 1991.4 

Among efforts to acquire advanced molecule–based magnetic materials, rational molecular 

designs of component organic open shell entities have been crucial, and important attempts have 

been made16-25. Moreover, the more extensive the unpaired spin delocalization is, the larger will 

be the impact of substituent effects on the tuning of molecular electronic properties, underlain by 

exchange interactions in the crystalline state.26, 27 Recently, conjugated heavy atom heterocyclic 

radicals have been shown to be applicable as advanced conductive and magnetic materials as a 

consequence of easily tunable spin distributions and the ability to modify their crystal packing.26, 

28, 29 We note, however, that due to the persistence of such radicals and complicated synthetic 

procedures to obtain them, to date the diversity of the hybrid organic radicals is rather poor. In 

this work, we have synthesized a series of stable all-organic hybrid nitroxides 1 (Fig. 1), in 

which phenoxyl is compactly π-conjugated, as new potential building blocks of advanced 
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 4

organic magnetic materials. Built as a hybrid of two well-known classes of organic free radicals: 

nitroxides and phenoxyls, these molecules represent a family of paramagnetic compounds where 

the unpaired electron delocalizes over both the NO site and the phenoxyl ring due to the 

connectivity (topological symmetry) of the π-electron network. 

 

Figure 1. Chemical structure of the conjugated phenoxyl-nitroxides  

Importantly, the stability of phenoxyl-nitroxides arises from both the steric hindrance induced 

by bulky tert-butyl groups near the phenoxyl site and the efficient delocalization of the unpaired 

electron over the molecular frame.30 It should be noted that the union of a sterically hindered 

phenol with the strong acceptor 4H-imidazole 3-oxide moiety gives sufficient stabilization for 

the hybrid paramagnetic molecule, while the presence of other heterocyclic substituents at the C-

4 of the phenol ring does not lead to significant radical stabilization.31 It is essential that the 

presence of the tert-butyl groups changes the geometry of the hybrid radicals making them non-

planar which influences their crystal packing mode and destroys the symmetry of the head-over-

tail π-π-dimers typically formed by flat conjugated compounds in the crystalline state.32 The 

subtle geometrical changes significantly influence the macroscopic magnetic properties, 

controlled not only by the absolute values of spin density on contacted atoms but also by the 

distances between them and the numbers of such contacts in the pair of radicals. 

Despite the fact that the first representatives of hybrid phenoxyl nitroxides were recently 

announced by us,33 there has been no attempt to study their magnetic properties thoroughly. 

Thus, the purpose of this work is to identify the salient electronic features of compactly π-
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 5

conjugated hybrid radicals and to understand how the spin distribution and crystal packing mode 

occurring in the crystals of hybrid phenoxyl-nitroxides influence their bulk magnetic properties 

in order to guide the use of this class of paramagnetic compounds as building blocks for 

genuinely organic magnetic materials. 

2. EXPERIMENTAL 

General. Analytical and spectroscopic studies were performed in the Multi-Access Chemical 

Research Center SB RAS for spectral and analytical measurements. Analytical-grade reagents 

and solvents were purchased from Acros Organics or Alfa-Aesar. Column chromatography and 

TLC were performed using Acros silica gel 60A (0.035–0.070 mm) and Sorbfil PTLC-AF-UV 

254 (Russia), respectively. 1H NMR and 13C NMR spectra were recorded on Bruker AV-400 and 

DRX-500 spectrometers at 400/500 and 100/125 MHz, respectively, for 1–5% solutions of 

compounds in CDCl3. Fourier transform infrared (FT-IR) spectra were acquired in KBr pellets 

on a Bruker Vector-22. The UV-Vis spectra were obtained for EtOH solutions using a Hewlett-

Packard HP 8453 spectrophotometer. Elemental analyses were performed on an automatic CNS 

analyzer Euro EA 3000. The melting points were determined on a Mettler Toledo FP 81 HT 

instrument. 

Synthesis.As an example, we present here a complete synthesis of hybrid radical 1e, which 

was obtained in seven stages, based on commercially available 2-bromothiophene (Scheme 1). 

Acylation of the latter with iso-butyric acid anhydride in the presence of boron trifluoride 

etherate afforded corresponding ketone, 1-(5-bromothiophen-2-yl)-2-methylpropan-1-one 6. 

Subsequent halogenation of this compound followed by interaction of bromoketone 7 with a 

fivefold excess of hydroxylamine, and hydrolysis of the intermediate 2-hydroxylamine oxime 8 

by boiling with concentrated hydrochloric acid lead to 2-(hydroxylamino)ketone hydrochloride. 
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 6

We have found that the condensation of its free base ketone 2e with aldehyde 3 in the presence 

of ammonium acetate leads to an inseparable mixture of 2,5-dihydroimidazole 4e and acyclic 

ketonitrone, which was converted with a high yield into the target 4H-imidazole 3-oxide 5e by 

one-pot oxidation of the resulting mixture with oxygen in the presence of copper acetate. Hybrid 

phenoxyl nitroxyl radical 1e was formed with a yield of more than 90% when imidazole 5e was 

treated with a six fold excess of PbO2. Synthetic procedures for hybrid radicals 1a-c and 

intermediates 2e, 4a-c, 5c, 5e, 6, 7 are presented in Supplementary Information. Compound 1d 

was prepared and characterized previously.33 

 

Scheme 1. The synthetic route for hybrid radical 1e with reagents and conditions: (i) BF3×Et2O, 

100 °C, 40 min (ii) Br2, Et2O/dioxane, room temperature (rt), 90 min; (iii) NH2OH×HCl, 

MeONa, MeOH, 65 °C, 8 h; (iv) HClconc., , 15 min; then K2CO3/H2O; (v) NH4OAc, MeOH, , 

3 h; then Cu(OAc)2×2H2O, NH3aq, O2, rt, 4h; (vi) PbO2, CHCl3, rt, 30 min. 

Crystallographic study. Single crystals of 1a-c, e were obtained by slow cooling of their 

diluted solutions in acetonitrile. The X-ray diffraction study revealed that 1a-e have almost flat 

molecular structures and the dihedral angles between the nitroxide and phenoxide planes are 

within the interval of 2.3° (1e) – 7.7° (1c). In crystals of 1a and 1b the molecules are located on a 

C2 axis passing through C=O bonds and, as a result, disordered. The bond lengths in 1a-c, e are 
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 7

close to the corresponding bond lengths in 1d,33 except those in the disordered fragments. The 

crystallographic data on 1a-c, e are given in Table 1. 

Table 1. The crystallographic data for 1a-c, e  

Parameters 1a 1b 1c 1e 

Formula C20H29N2O2 C21H31N2O2 C25H31N2O2 C23H28BrN2O2S 

Formula Weight, 
F(000) 

329.45,   1432 343.48,  1496 391.52, 844 476.44, 1976 

Crystal System Orthorhombic Orthorhombic Orthorhombic Monoclinic 

Space group Fdd2 Fdd2 Pna21 C2/c 

Temperature/K 296(2) 296(2) 200(2) 296(2) 

a/ Å, b/Å c/Å 16.3593(17), 
21.004(3), 
11.7496(17) 

21.6081(16), 
16.5776(9), 
11.8413(7) 

11.292(2), 
10.4647(14), 
18.345(3) 

20.2830(16), 
11.8216(7), 
20.3949(16) 

β/deg, volume/Å3 90, 4037.2(10) 90, 4241.7(5) 90, 2167.8(6) 101.691(3), 
4788.8(6) 

Z, density/g/cm3 8, 1.084 8, 1.076 4, 1.200 8, 1.322 

µ/mm-1, θmax/deg 0.070, 25.2 0.069, 25.1 0.076, 26.0 1.824, 27.2 

h,k,l max 19, 24, 14 24, 19,14 13, 11, 22 26, 15, 26 

Reflections all, 
unique 

15849, 1798 16790, 1896 6501, 3881 25891, 5306 

Rint, observed I>2σ 0.0222, 1220 0.0427, 1316 0.0397, 3100 0.0613, 3829 

Npar, wR2 (all) 147, 0.1582 138, 0.3046 271, 0.0777 270, 0.1057 

R ( I>2σ), S 0.0510, 1.130 0.0767, 1.188 0.0345, 0.941 0.0437, 0.961 

CCDC 1953101 1953102 1953103 1953104 

 

X-ray diffraction measurements. The diffraction data were collected on a Bruker KAPPA 

APEX II CCD area-detector diffractometer equipped with a graphite monochromated Mo-Kα 
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 8

radiation (λ = 0.71073 Å). The unit cell parameters were determined from a least-squares 

refinement of the setting angles. The structure was solved by direct methods and refined on F2 by 

the full-matrix least-squares methods with SHELXS-97. The refinement was carried out by full-

matrix least squares method on the positional and anisotropic temperature parameters of the non-

hydrogen atoms using SHELXL-97. All H atoms were placed in the idealized positions and 

constrained to ride on their parent atoms. Geometrical restrictions were applied for disordered 

part of 1a, b molecules. Crystallographic data for compounds 1a-c, e were deposited at CCDC 

center and can be obtained free of charge from The Cambridge Crystallographic Data Centre via 

www.ccdc.cam.ac.uk/ data_request/ cif.  

ESR and 1H-ENDOR/TRIPLE measurements. CW X-band ESR spectra were obtained in 

diluted and oxygen free toluene solutions at 295 K at the concentrations of ~10-4 M on a Bruker 

X Band (9 GHz) spectrometer Elexys E 540. Experimental CW ESR settings were as follows: 

microwave power, 2.0 mW; modulation frequency, 100 kHz; modulation amplitude, 0.02-0.03 

mT; time constant, 300 ms; sweep time, 300 s; number of points, 1024; number of scans, 1. For 

determining the isotropic g-values (giso), we recorded X-band CW ESR spectra of mixtures of the 

investigated radical with Finland trityl. Then the known giso of Finland trityl was used for the 

spectrum simulation, and the target giso value was determined. The simulations of the solution 

ESR lines were carried out in the software package EasySpin which is available at 

www.easypin.org 1H-ENDOR/TRIPLE (Electron-Nuclear-DOuble-Resonance/ electron-nuclear-

nuclear TRIPLE resonance) spectra of 1a and 1e, as representative hybrid radicals, in toluene 

were observed at 298 K on a Bruker ESP300/350 spectrometer. 

SQUID measurements. The magnetic susceptibility was measured for randomly oriented 

polycrystalline samples on a Quantum Design SQUID magnetometer MPMS-XL at magnetic 
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 9

field of 0.1 T up to 1.5 T, depending on the compounds. The linearity of magnetization M vs. 

magnetic field B at the specific field has been checked prior to temperature variation 

measurements. 

DFT calculations. The geometries of 1a-e were optimized at the UB3LYP/cc-pVDZ level of 

theory. Starting geometries for 1a-e were their solid state structures. The solvent effect was 

modeled by the CPCM method (solvent – toluene). The calculations were executed with the 

Gaussian 09 program package.34 Spin density distribution maps and orbital’s visualizations were 

acquired by means of Chemcraft program. 

Broken-symmetry DFT calculations were performed to compute parameters J of the exchange 

interactions (𝑯෡ = −𝟐𝑱𝑺𝟏
ሬሬሬሬ⃑෢𝑺𝟐

ሬሬሬሬ⃑෢) between the radicals with close contacts in the crystals lattices of 

1a-e. The calculations were performed using Orca software package35 with the unrestricted 

B3LYP functional and the def2-TZVP basis sets. The mutual orientations of the radicals and 

their geometries were extracted from their single crystal X-ray diffraction data and used without 

any further optimizations. 

3. RESULTS AND DISCUSSION  

3.1. Spin density distribution in 1a-e by CW ESR, 1H-ENDOR spectroscopy and DFT 

calculations 

CW X-band ESR spectra measured for diluted and oxygen-free toluene solutions of 1a-e at 

room temperature are shown in Fig. 2; the observed and simulated spectra given in black and red, 

respectively. The observed signals consist of complex multiplets with giso = 2.0056, which can be 

well reproduced using a model based on hyperfine structures due to two distinct 14N and many 

1H nuclei. In the case of 1a, b the 1H nuclei of the side methyl and ethyl group also should be 

taken into account for the spectral simulations. The experimental hyperfine coupling constants 
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 10

(hfcc’s) for the 14N (aN) and 1H nuclei (aH) derived on the basis of the ESR hyperfine spectral 

simulations are listed in Table 2. 

349,5 350,0 350,5 351,0 351,5 349,5 350,0 350,5 351,0 351,5

(e)

(d)

(b)

(a) (c)

Magnetic field/mTMagnetic field/mT

 

Figure 2. The CW X-band ESR spectra (in black) observed for diluted (10-4M) and oxygen-free 

toluene solutions at 295K of (a) 1a, (b) 1b, (c) 1c, (d) 1d, and (e) 1e. The microwave frequencies 

used were 9.8748, 9.8749, 9.8748, 9.8750 and 9.8754 GHz for (a), (b), (c), (d) and (e), 

respectively. The simulated ESR spectra are denoted in red, and the spin Hamiltonian parameters 

used for the simulation are given in Table 2. 

Table 2. The experimentally determined spin Hamiltonian parameters for 1a-e from their ESR 

spectra simulations and the calculated ones (UB3LYP/cc-PVDZ). Note that we determined the 
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 11

isotropic 1H-hyperfine coupling parameters of 1a from its 1H-ENDOR/TRIPLE spectra; aH1 = 

4.178 MHz (a’ = a/gβ = 0.149 mT), aH2 = 4.531 MHz ( 0.161 mT), aH3,4,5 = -2.621 MHz (0.093 

mT), and |a(others)| ≤ 0.3 MHz (0.010 mT). The relative signs of the experimental hyperfine 

coupling constants were determined by the TRIPLE spectroscopy. 

Compound giso aN1/mT aN2/mT aH1/mT aH2/mT aH3,4,(5)/mT Linewidth 
(peak-to-
peak)/mT 

1a  Exp. 

Calcd.  

2.0056 

2.0062 

0.560 

0.598 

0.053 

0.109 

0.151 

0.188 

0.167 

0.204 

0.090 

-0.181 

0.042 

1b   Exp. 

Calcd. 

2.0056 

2.0062 

0.558 

0.598 

0.054 

0.106 

0.152 

0.187 

0.171 

0.203 

0.097 

-0.247 

0.047 

1c   Exp. 

Calcd. 

2.0056 

2.0063 

0.551 

0.607 

0.062 

0.137 

0.156 

090 

0.160 

0.206 

- 0.075 

1d  Exp. 

Calcd. 

2.0056 

2.0064 

0.553 

0.611 

0.062 

0.170 

0.156 

0.188 

0.157 

0.204 

- 0.072 

1e  Exp. 

Calcd. 

2.0056 

2.0060 

0.548 

0.623 

0.065 

0.105 

0.152 

0.189 

0.154 

0.205 

- 0.076 

 

For the better understanding of the spin density distributions in the hybrid radicals 1a-e, DFT 

calculations of the magnetic properties at the UB3LYP/cc-pVDZ level of theory were performed 

using the single crystal geometries of 1a-e as starting points for molecular structural 

optimizations. The calculated values of the hfcc’s are listed also in Table 2. Note that H1 and H2 

are assigned to the two phenoxyl ring protons and three protons denoted by H3,4,5 assigned to 

the methyl protons of the imidazole moiety, and the numbering for the protons is for 

convenience. We have attempted to experimentally determine the relative signs of the hfcc’s of 

the protons by using CW X-band 1H ENDOR/TRIPLE (Electron-Nuclear-DOuble 
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 12

Resonance)/Electron-Nuclear-Nuclear TRIPLE resonance) spectroscopy, as discussed below. 

Although the absolute values of the calculated hfcc’s are slightly overestimated in comparison 

with the corresponding experimental ones, the main feature of the spin density distribution is 

reproduced well. Note that the overestimation is related to the functional (see SI for the details). 

The calculated SOMO orbitals and spin density distribution maps for 1a-e are depicted on Fig. 3, 

and Figs. S14 and S15 (See SI part), correspondingly. It is clear from Figs. S14 and S15 that the 

spin density is distributed over the whole molecular frame. The main part of an unpaired electron 

population is distributed toward the conjugated nitroxide-phenoxyl fragment so as the spin 

densities on the heteroatoms have positive signs, leading to the comparable hfcc’s in the absolute 

values for the 14N nuclei (See Fig. 3). The electronic structure of the hybrid radicals, in which the 

heteroatoms also are included in the π-conjugation, is mainly governed by the topological 

symmetry of the π-electron network.1, 36 The minor part of the unpaired electron population also 

extends over the non-conjugated fragment of 1a-e. Here, depending on the substituent, aliphatic 

or aromatic, the spin density is localized on the CH2 group or delocalized over the aromatic ring 

(the spin network is π-topologically controlled). More specifically, in 1d the electron spin is 

delocalized on the biphenyl ring bonded to the imidazole moiety, and in 1e the spin density on 

the sulphur atom is negative in sign and negligible. 
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Figure 3. The Mulliken atomic spin populations for 1a-e calculated at the UB3LYP/cc-PVDZ 

level of theory. 

The observed 1H-ENDOR and TRIPLE spectra of the representative hybrid radical 1a in 

toluene at room temperature are shown in Fig. 4. The 1H-hyperfine splitting due to H1, H2 

(phenoxyl ring), and H3-5 (methyl) protons were distinctly observed. The strong 1H-ENDOR 

signals observed near the free-proton NMR frequency n (= 14.442 MHz) are attributed to the 

other weakly coupled protons. The TRIPLE spectra in Figs. 4(b) and (c) clearly show that the 

sign of the hfcc’s of H3-5 is opposite to those of H1 and H2. The isotropic hfcc’s for the protons 

of 1a determined from the ENDOR/TRIPLE spectra are as follows; aH1 = +4.178 MHz (a’ = 

a/gβ= +0.149 mT), aH2 = +4.531 MHz (+0.161 mT), aH3-5 = -2.621 MHz (-0.093 mT), and 

|a(others)| ≤ 0.3 MHz (0.01 mT).  
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Figure 4.1H-ENDOR and TRIPLE spectra of 

spectrum observed with the static magnetic field at 338.6275 mT; (b) and (c) TRIPLE spectra 

obtained by pumping the ENDOR 

asterisk indicates the second RF irradiation for the pumping. The pumping frequencies in (b) and 

(c) are 13.124 and 15.734 MHz, respectively. In (b), when the second RF pumps (*) at the 

ENDOR line of 13.124 MHz, the intensity of the corresponding H3

15.7734 MHz increases in comparison with the intensity without the irradiation (see Fig. 

4(a)).On the other hand, the intensities of the ENDOR lines denoted by H1 and H2 dec

comparison with those without the irradiation. In (c), the situations are inverse when the line at 

15.774 MHz is pumped. Thus, the relative sign of the hfcc’s for H1 (and H2) is opposite to that 

of H3-5. 

The observed 1H-ENDOR and TRIPLE spectra of the hybrid radical 

addition to the 1H-hyperfine splittings due to H1, H2 (phenoxyl ring protons), the splitting due to 

 

ENDOR and TRIPLE spectra of 1a in toluene observed at 298 K. (a) A 

spectrum observed with the static magnetic field at 338.6275 mT; (b) and (c) TRIPLE spectra 

obtained by pumping the ENDOR transitions by the second radio frequency (RF) irradiation. An 

asterisk indicates the second RF irradiation for the pumping. The pumping frequencies in (b) and 

(c) are 13.124 and 15.734 MHz, respectively. In (b), when the second RF pumps (*) at the 

ine of 13.124 MHz, the intensity of the corresponding H3-5 ENDOR line appearing at 

15.7734 MHz increases in comparison with the intensity without the irradiation (see Fig. 

4(a)).On the other hand, the intensities of the ENDOR lines denoted by H1 and H2 dec

comparison with those without the irradiation. In (c), the situations are inverse when the line at 

15.774 MHz is pumped. Thus, the relative sign of the hfcc’s for H1 (and H2) is opposite to that 

and TRIPLE spectra of the hybrid radical 1e were given in Fig. 5. In 

hyperfine splittings due to H1, H2 (phenoxyl ring protons), the splitting due to 

14

in toluene observed at 298 K. (a) A 1H ENDOR 

spectrum observed with the static magnetic field at 338.6275 mT; (b) and (c) TRIPLE spectra 

transitions by the second radio frequency (RF) irradiation. An 

asterisk indicates the second RF irradiation for the pumping. The pumping frequencies in (b) and 

(c) are 13.124 and 15.734 MHz, respectively. In (b), when the second RF pumps (*) at the 

5 ENDOR line appearing at 

15.7734 MHz increases in comparison with the intensity without the irradiation (see Fig. 

4(a)).On the other hand, the intensities of the ENDOR lines denoted by H1 and H2 decrease in 

comparison with those without the irradiation. In (c), the situations are inverse when the line at 

15.774 MHz is pumped. Thus, the relative sign of the hfcc’s for H1 (and H2) is opposite to that 

were given in Fig. 5. In 

hyperfine splittings due to H1, H2 (phenoxyl ring protons), the splitting due to 
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the proton (H3Th, 3-H Th) in the thiophene ring was observed, which was not resolved in

CWESR spectrum. The hfcc’s for the protons of 

MHz (+0.150 mT), aH2 = +4.548 MHz (+0.162 mT), 

|a(others) | ≤ 0.3 MHz (0.01 mT). As shown in Figs.

all the protons (H1, H2, and H3Th) ha

Figure 5. 1H-ENDOR and TRIPLE spectra of 

spectrum observed with the static magnetic field at 338.6212 mT; (b) and (c) TR

obtained by pumping the ENDOR transitions by the second radio frequency (RF) irradiation. An 

asterisk indicates the second RF irradiation for the pumping. The pumping frequencies in (b) and 

(c) are 12.176 and 16.719 MHz, respectively. In (b), 

ENDOR line of 12.176 MHz, the intensity of the corresponding H3Th ENDOR line appearing at 

14.86 MHz increases in comparison with the intensity wi

The intensities of the ENDOR lines

H Th) in the thiophene ring was observed, which was not resolved in

ESR spectrum. The hfcc’s for the protons of 1e were determined as follows:

= +4.548 MHz (+0.162 mT), aH3Th = +0.817 MHz (+0.029 mT), and 

Hz (0.01 mT). As shown in Figs. 5(b) and (c), the TRIPLE s

all the protons (H1, H2, and H3Th) have the same sign of the hfcc’s. 

 

ENDOR and TRIPLE spectra of 1e in toluene observed at 298 K. (a) A 

spectrum observed with the static magnetic field at 338.6212 mT; (b) and (c) TR

obtained by pumping the ENDOR transitions by the second radio frequency (RF) irradiation. An 

asterisk indicates the second RF irradiation for the pumping. The pumping frequencies in (b) and 

(c) are 12.176 and 16.719 MHz, respectively. In (b), when the second RF pumps (*) at the 

ENDOR line of 12.176 MHz, the intensity of the corresponding H3Th ENDOR line appearing at 

14.86 MHz increases in comparison with the intensity without the irradiation (see Fig.

The intensities of the ENDOR lines denoted by H1 and H2 around 16.7 MHz also increase in the 

15

H Th) in the thiophene ring was observed, which was not resolved in the 

were determined as follows: aH1 = +4.199 

= +0.817 MHz (+0.029 mT), and 

(b) and (c), the TRIPLE spectra show that 

in toluene observed at 298 K. (a) A 1H ENDOR 

spectrum observed with the static magnetic field at 338.6212 mT; (b) and (c) TRIPLE spectra 

obtained by pumping the ENDOR transitions by the second radio frequency (RF) irradiation. An 

asterisk indicates the second RF irradiation for the pumping. The pumping frequencies in (b) and 

when the second RF pumps (*) at the 

ENDOR line of 12.176 MHz, the intensity of the corresponding H3Th ENDOR line appearing at 

thout the irradiation (see Fig. 5 (a)) . 

denoted by H1 and H2 around 16.7 MHz also increase in the 
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same way. In (c), the situations are inverse when the line at 16.719 MHz is pumped. Thus, the 

relative sign of the hfcc for H3Th is the same as those of H1 and H2. 

We emphasize that the 1H ENDOR/TRIPLE spectroscopy is capable of giving unambiguous 

identification of key hfcc’s for protons, enabling us to discuss the electronic structures of 

complex radicals in a straightforward manner with the aid of theoretical considerations. 

3.2. Salient features of hybrid radicals, phenoxyl-nitroxides 1a-e as derived from the 

observed isotropic g-values and their theoretical analysis 

To reveal the salient features of the electronic structures of 1a-e in more detail, the g tensor 

calculations were performed at the UB3LYP/cc-pVDZ level using ORCA (Version 4.0.1.2) 

software.35 The theoretical g tensors of 1a-e are summarized in Table 3, and relationship between 

the principal axes of the theoretical g tensors and molecular structures are illustrated in Fig. 6. 

The isotropic g values are also listed in Table 2 for comparison with the experimental values. 

The optimization for the molecular structures was carried out, where the initial structures were 

taken from those given in Fig. S14 (See SI part).  

 

Figure 6. Relationship between the theoretical g tensors and molecular structures in the hybrid 

radicals, 1a-e. 
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Table 3. The theoretical g tensors of 1a-e calculated at the UB3LYP/cc-pVDZ level. 

Molecule gxx gyy gzz g(iso) 

1a 2.0086 2.0077 2.0023 2.0062 

1b 2.0086 2.0077 2.0023 2.0062 

1c 2.0085 2.0079 2.0023 2.0063 

1d 2.0086 2.0082 2.0024 2.0064 

1e 2.0079 2.0076 2.0026 2.0060 

 

The theoretical isotropic g-values of 1a-e range from 2.0060 to 2.0064, are overestimated 

compared with the experimental ones. As pointed out above, the overestimation of the isotropic 

g-values similarly is functional-dependent. B3LYP tends to overestimate the isotropic g-values, 

while B97-D reproduces the experimental ones (see SI for the details). There is no significant 

solvent (toluene) effect on the g-tensors. The direction of the largest principal g-value denoted by 

gXX in Fig. 6 and Table 3 for each phenoxyl-nitroxide is nearly parallel to that of the N-O bond, 

indicating that the spin-orbit interaction due to the NO site is predominant and the electronic 

excitation to SOMO from the in-plane 2p lone pair located at the oxygen atom of the NO site 

significantly contributes to the deviation from the free electron g-value of 2.0023 (g shift). 

The direction of the principal value gyy lies in the molecular plane and perpendicular to the N-O 

bond, indicating that the excitation to SOMO from the in-plane 2p lone pair orbital at the oxygen 

atom of the phenoxyl moiety contributes to the g shift. The direction of the principal gzz value is 

perpendicular to the molecular plane. Indeed, the directions of the principal gxx or gyy values 

depend on the substituent R (in Figs. 1 and 6), but only change 10 – 20 degrees in the molecular 

plane for the hybrid radicals under study. This is consistent with the fact that the structures of 

SOMOs of the phenoxyl-nitroxides are very similar each other (Fig.S14). 
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Particularly, we refer to the theoretical gyy values and the overestimation of the isotropic g-

values. The calculated gyy values for the hybrid radicals under study are about 2.0078 and they 

are considerably larger than those of typical nitroxide radicals (gyy ~ 2.006).37 Importantly, the 

larger gyy shift can be explained in terms of the existence of sizable spin–orbit coupling on the 

oxygen atom of the phenoxyl moiety. The theoretical isotropic g-values are slightly 

overestimated from the experimentally determined ones. 

It is known that the B3LYP functional has a tendency to overestimate the spin delocalization 

effects38 and the theoretical hyperfine coupling constant aH for the protons of the phenyl group 

are larger than the corresponding experimental values. Thus, we note that the current calculations 

overestimate the spin delocalization onto the phenoxyl moiety. 

Macroscopic magnetic properties of 1a-e in the crystalline state  

The temperature dependence of paramagnetic susceptibility χparais represented on Fig. 7a-d. 

Theχpara values were determined as a difference between the corresponding χM and temperature-

independent diamagnetic susceptibilities, χdia. Theχdia values were calculated using Pascal`s 

scheme and listed in Table 4. TheχparaT vs. T plots for 1a, b, d can be well fitted using Curie-

Weiss equation (Eqn. 1) in the whole temperature range, suggesting the occurrence of the 

dominance of weak antiferromagnetic interactions in the polycrystalline samples of these 

compounds (Θ = -1÷-2.6 K). The obtained magnetic parameters are listed in Table 4.  

𝜒௣௔௥௔ = 𝐶 (𝑇 − 𝛩)⁄  (1) 

On the other hand, 1c and 1e showed essentially different temperature dependent magnetic 

behavior. Thus, χparaT vs. T plots for 1c can be fitted using Curie-Weiss equation (Eqn. 1) with a 

positive Weiss temperature (Θ  = +0.33 K), suggesting the occurrence of dominance of weak 

ferromagnetic interactions in the temperature range of 3.7- 300 K. In the temperature below 3.7 
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K, a different type of intermolecular magnetic interactions with the negative sign starts 

prevailing. The crystalline state of 1e showed significant antiferromagnetic interactions with a 

χpara maximum at 32 K. The χpara vs. T and χparaT vs. T plots were well reproduced using the 

Bleany-Bowers equation (Eqn.2) (antiferromagnetic dimer model) with J/kB= -26 K taking into 

account the presence of the isolated radicals (0.6%) in the whole temperature range. 

𝜒௣௔௥௔ =  
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ቂ1 + 
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Figure 7. The SQUID magnetometry of the polycrystalline (solid) radicals 1a-e: (a), (b) and (c) 

χparaTvs. T χpara vs. T plots for (a) 1a (black);, 1b (red); 1d (blue); (b) 1c; (c) and (d) 1e. The 

dotted curves denote the experimental values and the solid curves the calculated Curie-Weiss 

curves in (a),(b) or Bleany-Bowers curve (J/kB = -25.6 K + Curie curve in (c) and (d). 
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Table 4. The magnetic parameters for 1a-e obtained from the SQUID measurements 

Compound χdia/emu 
mol-1 

Purity/% Curie 
constant/emu K 
mol-1 

Weiss 
Temperature/K 

J/kB/K 

1a -200×10-6 100 0.378 -2.6 - 

1b -180×10-6 92.8 0.350 -1.2 - 

1c -250×10-6 97.9 0.370 +0.33 - 

1d -280×10-6 100 0.377 -1.0 - 

1e -221×10-6 98.8 - - -25.6 

 

The observed magnetic behavior of 1a-e can be explained on the basis of their crystal 

structures. In fact, the single crystal X-Ray diffraction analysis showed arrays of C-

O(phenoxyl)...Me(nitroxide) (1a, b) or (N)O-C(arom) (1c-e) ferromagnetic 1D chains and 

inverse related C(phenoxyl)...Me(phenoxyl) or N(nitroxide)...Me(phenoxyl) antiferromagnetic 

dimers (1c-e) forming 3D networks throughout the lattices. Differences in the chemical structure 

of the hybrid radicals and, as a consequence, in the spatial arrangements and intermolecular 

interaction schemes lead to variations of the values of the corresponding intermolecular spin-spin 

exchange coupling parameters (Jinter), so as for ferromagnetic or antiferromagnetic coupling to 

emerge in the bulk magnetic properties. Since 1c and 1e showed the most interesting magnetic 

properties, we attempted to analyze their magneto-structural relationships precisely. Figure 8(a) 

and (b) represent head-over-tail dimers (indicated by red arrows) and 1D head-to-tail chains 

(indicated by blue arrows) in the single crystals of 1c and1e, respectively. The corresponding 

contact distances, calculated Mulliken atomic spin populations and the values of Jinter’s for each 

considered pair of interacting radicals are summarized in Table 5 and Fig. 8. It can be seen from 

Fig. 8 that the 1e dimers are much more symmetrical and contain more channels for the 
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intermolecular spin-spin exchange than in the case of the 1c dimers. More specifically, the first 

1e dimer has two relatively close N(heteroarom)-C(Me) contacts and the second one contains 

C(heteroarom)-C(arom) contacts so that the contacted atoms possess sizable spin densities. The 

broken symmetry calculations for the dimers revealed that the exchange interactions in the first 

dimer are significantly stronger than in the second one (-25.24 K vs. -2.04 K) and are in good 

agreement with the experimentally obtained value (-25.6 K). In the case of 1c, due to the 

symmetry breaking there are no contacts with considerable amounts of the values of the spin 

density on the interacting atoms. As a result, the corresponding spin-spin interactions are much 

weaker than in 1e (-1.15 K as calculated). Referred to some significant difference between 1c 

and 1e, both of which form ferromagnetically weakly coupled infinity chains, the number of the 

corresponding contacts in the 1c chains are greater than that in the 1e chain, possibly giving 

difference in the macroscopic magnetic properties. The corresponding broken symmetry 

calculations correctly predict the sign of the spin-spin interactions, but their absolute values are 

underestimated. 
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Figure 8. The short contacts in the single crystals of (a) 1c and (b) 1e. The blue arrows represent 

contacts in the ferromagnetic head-over-tail chains and the red ones -contacts in the 

antiferromagnetic head-to-tail dimers. 

Table 5. The short contacts between the atoms with the significant absolute values of Mulliken 

atomic spin populations,*the corresponding distances and the calculated intermolecular spin-spin 

exchange interactions Jinter**in the single crystals of 1c and 1e. 

 

 

Page 31 of 38

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 23

Compound Contacts between the labeled 
atoms and the corresponding 
Milliken atomic spin 
population* 

Distance 
between the 
labeled 
atoms/Å 

Calculated 
intermolecular spin-
spin exchange 
interactions J/kB/K* 

1c    

Antiferromagnetic 
dimer 

C2(-0.1135)-C16(0.0033) 

 

3.478 

 

-1.15 

Ferromagnetic 1D 
chain 

O1(0.3615)-C23(0.0105) 

C5(0.0068)-C17(-0.0199) 

3.310 

3.518 

0.23 

1e    

Antiferromagnetic 
dimer 1 

N1(0.0627)-C21(0.0057) 
N1(0.0627)-H18(0.0007) 

3.440 

2.853 

-25.24 

Antiferromagnetic 
dimer 2 

S1(-0.0042)-C5(-0.1736) 

C1(0.0130)-C6(0.2727) 
C2(-0.0376)-C7(-0.1066) 

3.645 

3.523 

3.469 

-2.04 

Ferromagnetic 1D 
chain 

O1(0.3704)-Br1(-0.0022) 2.809 3.18 

*Mulliken atomic spin populations were calculated at the UB3LYP/cc-PVDZ level of theory.  

**Broken symmetry DFT calculations were performed at the UB3LYP/def2-TZVP level of 
theory. 

4. CONCLUSIONS  

A series of the hybrid radicals, compactly hybridized phenoxyl nitroxides 1a-e were synthesized 

and crystallized intended as useful building blocks in the quest for advanced molecular 

magnetism. Their salient feature is in the sizable π- spin delocalization extended to the phenoxyl 

moiety from the nitroxide moiety, and their electronic structures were thoroughly studied in 

terms of the spin density distributions and magnetic tensors. A significant difference from non-

delocalized nitroxides has been identified in terms of contributions of the spin-orbit interaction 

enhanced via the extended π-conjugation to the phenoxyl group. We note that the theoretical g-
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tensors and hyperfine coupling parameters are functional-dependent and the dependency is less 

for the g-tensors. In this context, among the functionals of B3LYP, BLYP, M06, B97-D, 

wB97XD, and BP86, importantly B97-D reproduces the experimental isotropic g-values and 

hyperfine coupling parameters for the spin delocalized hybrid radicals (SI). Thus, the functional 

B97-D seems a better choice for spin delocalized molecular systems to interpret the magnetic 

properties. 

The hybrid phenoxyl-nitroxides 1a-e revealed significant substituent effects on the 

macroscopic magnetic behavior due to both differences in the spin density distributions and 

molecular arrangements in their own crystals. The observed magnetic properties in the 

crystalline state were explained in terms of the molecular structural contact schemes which are 

based on the single-crystal X-ray diffraction data and the DFT calculations for the evaluation of 

intermolecular exchange interactions between the contacted radicals in the crystal lattice. The 

crystals were found to form the antiferromagnetic head-over-tail dimers and ferromagnetic head-

to-tail chains, and as a result, depending on the hybrid radical and temperature, positive or 

negative exchange interactions dominate in the 3D crystal lattices. The findings suggest that 

hybrid nitroxides having a sizable amount of the extended π-spin delocalization are capable of 

building blocks for advanced molecular magnetic materials. Biradicals based on hybrid 

phenoxyl-nitroxides are designed and their syntheses are underway. 

Supporting information. Synthetic procedures, analytical and spectroscopic data for hybrid 

radicals 1a-c,e and intermediates; the calculated SOMO orbitals and spin density distributions 

for 1a-e; functional dependence of the g-tensors and hyperfine coupling parameters for 1a-e.   
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