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ABSTRACT: Galvinoxyl, as one of the most extensively studied organic stable free radicals, exhibits a notable phase transition 
from a ferromagnetic (FM) high-temperature (HT) phase to an antiferromagnetic (AFM) low-temperature (LT) phase at 85 
K. Despite significant research efforts, the crystal structure of the AFM LT phase has remained elusive. This study successfully 
elucidates the crystal structure of the LT phase, which belongs to the 𝑃1̅ space group. The crystal structure of the LT phase is 
found to consist of a distorted dimer, wherein the distortion arises from the formation of short intermolecular distances be-
tween anti-node carbons in the singly-occupied molecular orbital (SOMO). Starting from the structure of the LT phase, wave 
function calculations show that the AFM coupling 2J/kB varies significantly from −1069 K to −54 K due to a parallel shift of the 

molecular planes within the dimer. 

Stable organic radicals have garnered significant attention 
in a range of research fields, encompassing biology, chemis-
try, and physics, due to their exceptional reactivity and 
physical properties arising from their open-shell electronic 
structures. Among the diverse array of organic radicals,1 
galvinoxyl (4-[[3,5-Bis(1,1-dimethylethyl)-4-oxo-2,5-cyclo-
hexadien-1-ylidene]methyl]-2,6-bis(1,1-di-
methylethyl)phenoxy, see Scheme 1), a phenoxyl radical 
synthesized in 1957,2,3 stands out as an extraordinarily 
unique case. While most stable radicals, such as nitroxyl 
radicals, possess a localized unpaired electron on a specific 
functional group, galvinoxyl exhibits a captivating charac-
teristic: the unpaired electron is extensively delocalized 
along an odd alternating π conjugation, and the nodes of the 
singly-occupied molecular orbital (SOMO) alternately ap-
pear on the molecular skeleton (Scheme 1). Galvinoxyl has 

a rich research history, initially serving as an excellent sam-
ple for magnetic resonance research in solution. Electron 
paramagnetic resonance (EPR) spectroscopy revealed a 
substantial spin polarization on the molecular skeleton of 
galvinoxyl,4,5 and the first successful electron nuclear dou-
ble resonance (ENDOR) measurements were conducted on 
this molecule.4 Subsequently, galvinoxyl has found utility in 
various applications, including as a target molecule for rad-
ical scavengers in food chemistry,7,8 an additive material in 
organic solar cells,9,10 and a redox-active material in re-
chargeable batteries.11 Notably, galvinoxyl's most remarka-
ble features lie in its magnetic intermolecular interactions 
and pronounced phase transition. At room temperature, 
galvinoxyl exhibits ferromagnetic (FM) intermolecular in-
teraction,12-14 distinguishing it from the majority of organic 
radicals that display antiferromagnetic (AFM) interactions 



 

in their solids. Additionally, galvinoxyl undergoes a first-or-
der structural phase transition below 85 K,12-14 resulting in 
a change of the intermolecular magnetic coupling to AFM. 
Although switchable FM/AFM coupling has been observed 
in intermolecular systems,15,16 it is quite unique of gal-
vinoxyl that FM and AFM intermolecular couplings switch 
across the phase transition. The crystal structure of the 
high-temperature (HT) phase was determined in 1969.17 
However, the crystal structure of the low-temperature (LT) 
phase still eludes resolution. Pioneering efforts in single-
crystal X-ray analysis faltered due to crystal disintegration 
during the phase transition.18 In contrast, EPR measure-
ments indicated the formation of an AFM dimer (S=0) in 
conjunction with a thermally accessible S=1 state in the LT 
phase.19 Given its historical significance, it is crucial to un-
cover the hidden aspects of galvinoxyl's dual nature, partic-
ularly its molecular and crystal structures in the LT phase. 
Understanding these aspects is essential for comprehend-
ing the distinct properties and reactivity exhibited by gal-
vinoxyl. 

 

 

 

Scheme 1. Molecular structure of galvinoxyl and its SOMO 
calculated from a doublet CASSCF calculation.  

 

In the present investigation, our aim was to determine the 
crystal structure of the LT phase of galvinoxyl. Through the 
diligent resolution of various technical challenges, we ulti-
mately achieved success in the structural analysis. The re-
sults obtained settled a long-standing unresolved issue of 
more than 30 years, unveiling a radical dimer structure that 
is formed by intermolecular, interatomic contacts among 
the anti-node carbons. 

 

Results and discussion 
Crystal structure of HT phase 

The galvinoxyl radical was prepared employing the proce-
dure described in the literature,2,3 and its needle-shaped 
crystals were obtained via recrystallization from solutions 
in 4:1 methanol/diethyl ether mixed solvent at −20 °C. Fig-
ure S1 illustrates the temperature dependence of the para-
magnetic susceptibility χp, which is in agreement with pre-
viously reported data.12-14 Specifically, in the HT phase, χp 

conforms to the Curie-Weiss law with a Curie constant of 
0.374 emu K mol−1 and a Weiss constant of 12.2 K. In con-
trast, in the LT phase, χp is substantially diminished.  

 

 

Figure 1. Comparison between the molecular structures of 
galvinoxyl in the HT (a) and LT (b) phases. While half of the 
molecule is crystallographically independent in the HT 
phase, two molecules are crystallographically independent 
in the LT phase. 

 

 

Figure 2. 1D stacking of galvinoxyl in the HT (a) and LT (b) 
phases. 

 

We conducted a reexamination of the crystal structure in 
the HT phase at 123 K for the purpose of comparison with 
the LT phase. The results were consistent with the reported 
ones.17,18 The lattice parameters for the HT phase are listed 
in Table S1. This phase belongs to the monoclinic I2/a space 
group. Figure 1a depicts the molecular structure in this 
phase, where a C2 axis is present, making half of this unit 
crystallographically independent. The selected bond dis-
tances are listed in Table S2. The π molecular plane displays 
notable planarity, while the phenoxyl ring manifests bond 



 

alternation akin to that observed in benzoquinone. Notably, 
within the three methyl groups of the t-butyl moiety, two 
form intramolecular hydrogen bonds with the oxygen atom, 
while the C-C bond in the remaining methyl group lies co-
planar with the phenoxyl ring. This characteristic is also ev-
ident in the molecular structures of mono-, di-, and tri-sub-
stituted t-butylbenzenes (refer to Fig. S3), suggesting a 
probable steric effect arising from the hydrogen atoms in 
the methyl group and the hydrogen atoms on the phenoxyl 
ring. In Fig. 2a, the presence of a one-dimensional (1D) π-
stacking chain in the HT phase is apparent, featuring inter-
molecular and interatomic distance of 0.3903 nm for C6 and 
C6 (red dotted line). Fig. 3a depicts the intermolecular ar-
rangement within the 1D chain of the HT phase. The discus-
sion regarding the magneto-structural correlation will be 
presented subsequently. 
Space-filling views of the intermolecular arrangement in the 
HT phase are provided in Figure 4. It is likely that the inter-
molecular arrangement in the HT phase is determined to 
avoid  steric hindrance between the bulky t-butyl groups. 
This suggests that the intermolecular arrangement in the 
HT phase is not caused by the FM interaction in this phase, 
but rather is obtained accidentally due to the steric hin-
drance between the t-butyl groups. This is supported by the 
fact that galvinoxyl can form isostructural mixed crystals 
with its corresponding closed-shell compound, hydrogal-
vinoxyl.18 

 

 

 

Figure 4. Space-filling views for the intermolecular arrange-
ments in the HT phase. 

 

Crystal structure of LT phase 

We conducted X-ray crystallographic analysis of the LT 
phase of galvinoxyl at 50 K using an X-ray diffractometer 
equipped with a He-gas open-flow cryostat. Initially, we 
opted for large single crystals for the experiments. How-

ever, during the cooling and/or at the phase transition, mi-
crocrystals detached from the parent crystal and remained 
on the crystal surface, compromising the diffraction data. To 
address this issue, we selected flake-shaped crystals, which 
resulted in the detachment of split microcrystals from the 
parent crystal. Consequently, we obtained diffraction data 
exclusively from the parent crystal. Twinning of the crystals 
due to the phase transition also posed a challenge. Nonethe-
less, we successfully tackled this obstacle by employing 
structural analysis that considered twinning. Through these 
approaches, we achieved the resolution and refinement of 
the crystal structure of the LT phase.  

The crystal parameters for the LT phase are presented in 
Table S1. This phase belongs to the triclinic 𝑃1̅ space group, 
featuring two crystallographically independent molecules. 
The structures of these molecules, designated as A and B, 
are illustrated in Fig. 1b. Table S2 provides the selected 
bond distances. In comparison to the molecular structure 
observed in the HT phase, the π skeletons of molecules A 
and B in the LT phase exhibit more pronounced bending. 
However, there are no significant differences in the corre-
sponding bond distances among the molecules A and B in 
the LT phase compared to those in the HT phase. It is worth 
noting, however, that one t-butyl group in molecule B devi-
ates from the coplanar rule. Figure 2b depicts the distinct 
alternation observed in the stacking chain of the LT phase. 

 

 

Figure 3. Nearest neighbor intermolecular arrangements in 
the HT (a) and LT (b) phases. 

 

Figure 3 illustrates a comparison of the nearest neighbor in-
termolecular arrangements observed in the HT and LT 
phases. In the HT one, the intermolecular distance between 
C6 and the midpoint between C4 and C5 (3.809 Å) of the 
neighboring molecule is shorter than that between C6 posi-
tion (3.903 Å) (see Fig. 3a). Since galvinoxyl is an odd-alter-
nant π conjugated compound, the SOMO manifests nodes at 
C1, C4, and C5. Therefore, the short distance between C6 
and C4 or C5 indicates an overlap between the node and 
anti-node carbons (Type-A  in Fig. S6).20 This and absence 
of short distance between anti-node carbon atoms suggests 
a nearly orthogonal relationship between the SOMOs and a 
FM coupling, resulting from the potential exchange interac-



 

tion. In contrast, the nearest-neighbor intermolecular ar-
rangement in the LT phase reveals a short interatomic dis-
tance of 3.248 Å between C6A and C6B (Fig. 3b), implying 
close contact between anti-node carbons, which is expected 
to induce an AFM coupling (Fig. S6). 

Magneto-structural correlation 

While the existence of FM coupling was confirmed by ab in-
itio calculations,21 we performed CAS[2,2]SCF+DDCI3 
wavefunction calculations to estimate the energy differ-
ences between the S=0 and S=1 states ΔST, utilizing simpli-
fied nearest-neighbor dimer geometries in the two phases 
(see SI). This value is correlated to the exchange coupling 
constant J, as ΔST = 2J. For the HT phase, the calculation con-
cluded an S=1 ground state with 2J/kB= 36 K.  This value is 
in reasonably good agreement with the positive Weiss con-
stant, and is slightly larger than the value obtained by the 
EPR measurement (17 ± 8 K).19 On the other hand, the cal-
culations for the LT structure concluded on an S=0 ground 
state with 2J/kB = −1069 K, which is nearly the double of the 
EPR data (−580 K).19 To comprehend this disparity, we com-
puted ΔST for hypothetical dimer structures, wherein one 
molecule of the dimer in the LT phase was incrementally 
shifted in parallel (see the inset in Table S4). The outcomes 
are presented in Table S4, where the structure at δ = 0 Å 
represents the LT phase. Notably, a minor shift of Δδ ≈ 0.06 
Å leads to a substantial 2J/kB alteration by a factor of twenty. 
Taking into account this sensitivity to the structure, experi-
mental errors, and temperature effects,21,22 the current cal-
culations provide a reasonable approximation of the exper-
imental results. Figure 5 illustrates the isoelectronic density 
surfaces of the highest occupied molecular orbital (HOMO), 
representing the bonding orbital between the SOMOs. 

 

 

 

Figure 5. HOMO of the galvinoxyl dimer in the LT phase. 

 

Conclusions  

In conclusion, we have successfully resolved a long-stand-
ing problem related to the extensively studied galvinoxyl 
radical, which had remained unsolved. While it is known 
that this molecule exhibits FM and AFM interactions in the 
HT and LT phases, respectively, we were able to elucidate 
the crystal structure of the AFM LT phase. In contrast to the 
high symmetry of the HT phase, which belongs to the I2/a 
space group, the symmetry of the LT phase dropped to the 
𝑃1̅  space group. Moreover, the FM 1D chains in the HT 
phase underwent noticeable dimerization in the LT phase, 

leading to a distorted geometry in the LT phase dimer. This 
distortion was attributed to the formation of short distances 
between the anti-node carbons in the SOMO. The wavefunc-
tion calculations for the LT phase dimer indicated a strong 
and structural-sensitive AFM coupling 2J/kB that varies by 
more than one order of magnitude by a parallel shift of Δδ ≈ 
0.06 Å. These findings shed light on the unique properties 
and interactions of the galvinoxyl radical in different phases, 
providing valuable insights for further research in this field. 
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