Electronic Supplementary Material (ESI) for Dalton Transactions.
This journal is © The Royal Society of Chemistry 2023

Supplementary Information

X-ray crystallographic analysis of the antiferromagnetic low-temperature phase of

galvinoxyl: Investigating magnetic duality in organic radicals

Rie Suizu, Yoshiaki Shuku, Vincent Robert, Pablo Roseiro, Nadia Ben Amor, Zain

Khawar, Neil Robertson, and Kunio Awaga



1. Magnetic susceptibility

Magnetic susceptibility measurements for galvinoxyl were conducted on
polycrystalline samples using an MPMS-XL Quantum Design magnetometer, to confirm
the presence of the phase transition and the high sample purity. A plastic straw was
employed as the sample holder during the measurements. The measurements were carried
out at temperatures ranging from 2 to 300 K under a magnetic field of 0.5 T. To determine
the temperature dependence of the paramagnetic susceptibility y,, the experimentally
obtained diamagnetic susceptibility yaia of —=5.31 x 10* cm?® mol™! was utilized, assuming
that y, follows the Curie-Weiss law (eq. 1) in the high-temperature phase.

C
Xm = Xp ¥ Xdia = 7 — g T Xaia
The results are shown in Fig. S1, where the green curves indicate the theoretical best fit
of the Curie-Weiss law in temperature range of 86-300 K with the Curie constant C of
0.374 ¢cm® mol ™! K and the Weiss constant 6 of 12.2 K for the HT phase.
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Figure S1. Temperature dependence of y, (a) and y, ! (b) for galvinoxyl, prepared in this
study.



2. Crystal structure analysis

The X-ray diffraction data for single crystal structure analysis were collected on
a Rigaku AFC-10 instrument equipped with a MicroMax-007 microfocus rotating anode
X-ray generator by using graphite-monochromated Mo Ko, radiation (A= 0.71073 A) and
a HyPix6000 hybrid photon counting detector under a cold nitrogen stream installed in
Chemical Instrumentation Facility, Research Center for Materials Science, Nagoya
University for the high temperature phase, and under a cold helium stream installed in
Instrument Center of Institute for Molecular Science, Japan for the low temperature phase.
The frame data were integrated and corrected for absorption with the Rigaku Oxford
Diffraction CrysAlisPro package.’! The crystal structure was solved using intrinsic
phasing methods (SHELXT-2018/2)%? and standard difference map techniques and
refined by full-matrix least-square procedures on F? (SHELXL-2018/3).5% All non-
hydrogen atoms were refined anisotropically. All hydrogen atoms were placed at
calculated positions and refined using a riding model. All calculations were performed
using the OlexSys Olex2 crystallographic software package.5* Details of the crystal data
and a summary of the intensity data collection parameters of X-ray crystallography are
listed in Table S1, and the selected bond lengths and angles are summarized in Table S2.



Table S1. Crystallographic Data for galvinoxyl radical.

HT phase LT phase®
formula C29H4102
fw 421.62
T (K) 123(2) 50(2)
2 (A) 0.71073
cryst system monoclinic triclinic
space group 2/a (#15) P-1(#2)
a(A) 10.5123(3) 10.3090(15)
b(A) 10.6991(3) 12.8561(13)
c(A) 22.8903(7) 20.165(2)
o (degree) 90 77.953(9)
S (degree) 99.837(3) 81.876(11)
y (degree) 90 74.138(11)
V(A3 2536.67(13) 2504.0(6)
VA 4 4
Deate (g / cm®) 1.104 1.118
u (mm™) 0.067 0.068
F(000) 924 924
cryst size (mm) 0.3 x 0.06 x 0.04 0.30 x 0.10 x 0.03
6 range (deg) 3.312-29.129 2.062-29.925
reflns collected 19035 27511
indep reflns/Rint 3364/ 0.0306 27511/0.154
params 147 584
GOF on F* 1.058 0.930
Ri%, wRa' [I>20(1)] 0.0463, 0.1289 0.1160, 0.2111
Ri%, wR>” (all data) 0.0516, 0.1333 0.2909, 0.3362

“ Ry = Z||Fo| = |Fl|/Z|Fo|.

¢ 8 =[Z{W(F? = F2)*Y/ (Nret-Npar)]

¢ Two components twin (BASF 0.4017(19))

bWRy = [Z{W(F 2 — FA)M /Ew(F)?] V2,



Table S2. Selected bond lengths and angles

HT phase LT phase
A B
Intramolecular bond lengths
01-C1 1.2341(13) 1.253(6) 1.243(6)
02-C13 1.237(6) 1.244(6)
C1-C2 1.4860(13) 1.463(8) 1.466(8)
C1-C3 1.4812(13) 1.488(8) 1.497(7)
C2-C4 1.3606(13) 1.362(7) 1.369(7)
C3-C5 1.3578(13) 1.367(7) 1.366(7)
C4-Co6 1.4332(13) 1.434(7) 1.430(7)
Cs-Cé6 1.4340(12) 1.424(8) 1.425(8)
Ce6-C7 1.4067(10) 1.416(7) 1.408(7)
C7-C8 1.406(7) 1.403(7)
C8-C9 1.437(8) 1.437(8)
C8-C10 1.426(8) 1.428(8)
C9-C11 1.365(7) 1.360(7)
C10-C12 1.369(7) 1.362(7)
Cl11-C13 1.478(8) 1.479(8)
C12-C13 1.486(8) 1.477(7)
Intramolecular angles
C6-C7-C6” 132.98(12)
C6-C7-C8 133.3(6) 130.7(6)
Intermolecular bond lengths
C6-C6° 3.903
C6A-C6B 3.249
C8A-C8B° 4.464

“1/2-x, y, 1-z, ’1-x, 1-y, 1-z, “~14x, y, z



Figure S2. Molecular arrangements in HT phase (a) and LT phase (b).



(a) 1,4-Di-t-butylbenzene (BUTBNZ01: CCDC 869185)
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(b) 1,3,5-Tri-t-butylbenzene (TTBUBZ01: CCDC 1525484)
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Figure S3. Molecular structures of di- and tri-substituted z-butylbenzenes.3>

Figure S4. Steric effects of the bulky #-butyl groups.



3. Theoretical consideration using allyl radical

The magneto-structural correlations of galvinoxyl in the HT and LT phases can
qualitatively be explained using a model compound, the allyl radical. It is known that the
node of the SOMO of this molecule appears on the central carbon, and its anti-nodes of
different phases appear on the terminal carbons (See Fig. S4). Figure S5 shows two types
of intermolecular overlap for the allyl radical, namely Type-A and Type-B. In the Type-A
arrangement, the node and anti-node carbons are facing each other, so that two SOMOs
are nearly orthogonal. Therefore, we can expect a FM intermolecular interaction
following Hund's rule. In contrast, the Type-B arrangement includes a short distance
between the anti-node carbons, indicating a significant overlap between the SOMOs. This
should result in a strong AFM coupling. The present structural analysis concludes that the
intermolecular arrangement of galvinoxyl in the HT and LT phases corresponds to Type-

A and Type-B arrangements, respectively.
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Figure S5. Molecular orbitals of allyl radical.
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Figure S6. Two kinds of intermolecular overlaps of allyl radical.



4. Theoretical calculations

To get a better insight into the LT and HT magnetic behaviors, quantum
chemistry calculations were carried out on pairs of radicals, assuming the Hamiltonian,
H =-2J 81°8>. The presence of multiple open-shells invites the use of a wavefunction-
based method, such as the complete active space self-consistent field (CASSCF) method.
To reduce the computational time, the four #-butyl groups of the galvinoxyl radical were
substituted by methyl groups without any further geometry optimization by fixing the C-
C and C-H bond distances to 1.54 and 1.09 A, respectively. The minimal active space
includes two electrons in two orbitals to generate CAS[2,2] molecular orbitals (MOs). All
CASSCEF calculations were performed on the simplified LT and HT X-ray structures using
the MolCAS 7.8.57 The methyl groups were described with small basis sets (i.e., 2s1p and
2s for C and H atoms, respectively). More extended basis sets 3s2pld were used for all
other C and O atoms. The dynamical correlation and polarization effects were included
following the Difference Dedicated Configuration Interaction (DDCI) method®S® as
implemented in the CASDI code.®® This variational method that follows a step-by-step
construction of the wavefunction has produced a wealth of interpretations and
rationalizations in particular in the field of molecular magnetism involving organic radical
ligands.5!%-12 The methodology relies on the construction of wavefunctions on the basis
of a unique MOs basis set. Depending on the class of determinants involved in the CI
expansion, one gives rise to CAS+S and CAS+DDCI3 singlet-triplet 4st = E(S=0) —
E(S=1) energy differences in the LT and HT phases. Based on the triplet MOs generated
from CASJ[2,2]SCF calculations in the LT and the HT phases, CAS+S and CAS+DDCI3
calculations allowed us to identify the nature of the magnetic interactions and evaluate
their amplitudes. As summarized in Table S3, the nature of the interaction changes from
strong antiferromagnetic (LT) to weak ferromagnetic (HT) along the transition. Our

calculations confirm the significant modifications of the magnetic behavior upon heating.

Table S3. Singlet-triplet 4st (in K) energy differences calculated at CAS[2,2]+S and
CAS[2,2]+DDCI3 levels for the simplified dimers extracted from the LT and HT phases.

dst/ K CAS+S | CAS+DDCI3
LT phase -822 -1069
HT phase 31 36
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We computed 4st 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). To reduce
the computational cost of this qualitative inspection, calculations were performed at the
CAS+DDCI2 level. The results are shown in Table S4, where the structure at § = 0 A
represents the LT phase. For this particular structure, the computed 4st value changes by
less than 6% between CAS+DDCI2 (Table S4) and CAS+DDCI3 (Table S3). Let us stress
that Ast is not affected by slippages along the perpendicular direction.

Table S4. Singlet-triplet Ast (in K) energy differences calculated at CAS[2,2]+DDCI2
level for hypothetical dimer structures. The inset shows the geometry for the calculation,
where the molecule A (magenta) of the dimer was incrementally shifted in parallel along

the arrow direction.

o/ A 0 0.185 0.370 0.555
Ast/ K -1015 —743 —455 —54

5/A
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