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Anomalous magnetic behaviour induced by a
structural phase transition with anisotropic
thermal expansion in a spirodiradicaly

{ '.) Check for updates ‘

Cite this: Org. Chem. Front., 2024,
11, 6495

Takuya Kanetomo, (2 * Daigo Matsunaga, Shinichi Ogawa and Masaya Enomoto (2 *

The compound 2,2',7,7 -tetra(tert-butyl)-9,9'(10H,10'H)spirobigermaacridine-10,10"-dioxyl (1-Ge) exhibits a
decrease in the magnetic moment at 252 K; its magnetic moment decreases upon heating, contrary to the
expected entropy gain. Structural analyses revealed anisotropic thermal expansion, with negative thermal
expansion along the b-axis, and a structural phase transition occurring at the same temperature as that for
the observed specific magnetic behaviour. This structural phase transition enables a dimer, comprising two

Received 19th June 2024, acridine moieties, to shift toward the overlap of the two N-O sites. Although their slight misalignment
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suggests ferromagnetic coupling, contrary to the theoretical results, 1-Ge exhibited an abrupt magnetic
decrease across a low- to high-temperature boundary. This finding indicates the presence of a neatly over-

rsc.li/frontiers-organic lapping configuration with strong antiferromagnetic coupling as a metastable phase in the crystal.
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Introduction

Organic radicals, characterized by organic compounds with
unpaired electrons, are widely employed in spin trapping,’
spin labeling,”> dynamic nuclear polarization,® organic cata-
lysts* and photochromic materials.” They have also attracted
considerable attention in molecular magnetic materials such
as ferromagnets,® paramagnetic ligands’ and spin transition
(ST) materials.®*** In particular, the ST phenomenon is of sig-
nificant interest for the application of magnetic materials
based on pure organic substances, as it occurs around room
temperature and/or involves a thermal hysteresis loop; for
example, 1,3,5-trithia-2,4,6-triazapentalenyl,* 3’-methyl-
biphenyl-3,5-diyl bis(tert-butyl nitroxide)®* and 2-azaadaman-
tane N-oxyl,”” as shown in Scheme 1a-c, respectively. This ST
behaviour is mainly driven by the equilibrium between dimeri-
zation and dissociation, and its manifestation in the solid
state requires thermal bistability. Most studies indicate that
the radical dimers dissociate into radical monomers upon
heating owing to entropy gain, and this shift in the equili-
brium leads to an increase in the magnetic moment.

Despite the typically unfavourable entropy, studies have
reported a decrease in the magnetic moment upon heating,
known as a reverse spin transition (rST). The rST behaviour is
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observed in several metal complexes with Co®>" and Fe** ions as
a metal centre.'>"® Many cases of rST in metal complexes are
attributed to changes in the angular momentum induced by
first-order phase transitions, such as order-disorder transitions
in the ligands. In contrast, organic radicals have negligible
angular-momentum contributions compared to metal ions; as
a result, there have been no reports of rST behaviour based on
the mechanism known for metal complexes. In organic
radicals, a decrease in magnetization with increasing tempera-
ture has been observed in examples such as the Blatter radical
cationic salt (Scheme 1d)'* and charge-transfer complexes
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Scheme 1 (a—c) Normal and (d and e) reverse ST materials. Note that
(e) is shown in the neutral state.
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based on the benzenetriimide derivative (Scheme 1e)."> In
these cases, the mechanism involves a change in exchange
coupling from ferromagnetic (FM) to antiferromagnetic (AFM),
triggered by first-order phase transitions. The normal ST in
organic radicals involves a simple separation between the adja-
cent radical sites on heating, namely, the transition from a
magnetically coupled state to a magnetically isolated state.
Based on this, the manifestation of rST in organic radicals
would necessitate a transition from a magnetically isolated
state to a magnetically coupled state as the underlying
mechanism.

Recently, we reported on the spiro-centre dependent intra-
molecular spin-spin interactions in spiro-based diradicals
(Fig. 1a; 1-X, X = C, Si and Ge).">"” While 1-C and 1-Si exhibited
only magnetic behaviour based on spin-spin interactions below
300 K, 1-Ge showed not only the above interaction behaviour
below 100 K but also a sharp decrease in y,,,T at 252 K (Fig. 1b).
This decrease process is reproducible (Fig. 1b), and there is no
thermal hysteresis loop. Previous studies have noted only the
occurrence of unique magnetic behaviour.'” Therefore, in this
study, to elucidate the mechanism underlying the magnetic
behaviour, we conducted variable-temperature single-crystal
X-ray diffraction (VI-SCXRD), electron spin resonance (VI-ESR)
spectroscopy and thermal analysis of the polycrystalline sample
1-Ge. Furthermore, we employed theoretical calculations based
on density functional theory (DFT). Through these analyses, we
have proposed the mechanism for the anomalous magnetic
behaviour observed in 1-Ge. The abrupt magnetic decrease
across the low- to high-temperature boundary occurs as magneti-
cally isolated spirodiradical molecules undergo the structural
phase transition, resulting in a partially magnetically coupled
state with strong AFM contributions.

Experimental
Materials and methods

Compound 1-Ge was prepared following a reported pro-
cedure.'”” The magnetic measurements (Fig. 1b) have been
reported in our previous study.’” For reference, the measure-
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Fig. 1 (a) Molecular structure of 1-X (X = C, Si and Ge). (b) Temperature
dependence of y,,T for 1-Ge. Red, blue and green represent the 1st
heating, 1st cooling and 2nd heating processes, respectively.'”
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ment conditions are provided. The magnetic susceptibilities
were measured under a static field of 0.5 T on a Quantum
Design MPMS-XL7AC SQUID magnetometer equipped with a 7
T coil. The temperature scan rate was ca. 2 K min™" in a temp-
erature range of 2-300 K (1% heating) and 160-300 K (1%
cooling and 2™ heating). VT-ESR spectra were recorded on a
Bruker EMXnano X-band (9.6 GHz) spectrometer. The temp-
erature scan rate was ca. 5 K min~" in the range of 230-270 K.
Differential scanning calorimetry (DSC) was carried out using
a Bruker DSC3500. The temperature scan rate was 5 K min™"
in the range of 230-275 K.

Single-crystal X-ray diffraction

The X-ray diffraction data of 1-Ge at 220, 250 and 280 K were
collected on a Bruker D8 QUEST diffractometer (Mo Ko radi-
ation: 4 = 0.71073 A). X-ray data analyses were carried out
using the SHELXT'® and SHELXL' programs operated with
the Olex2 interface.”® All the hydrogen atoms were refined as
“riding”. The thermal displacement parameters of the non-
hydrogen atoms were refined anisotropically. The occupancy
(occ) factor was optimized to be 0.75/0.25 and 0.72/0.28 for
major/minor components at 250 and 280 K, respectively, of the
C14/C15/C16 atoms in the tert-butyl group. In addition, the
occ factor was also optimized to be 0.68/0.32 and 0.76/0.24 for
major/minor components at 250 and 280 K, respectively, of the
C39 atom in the tert-butyl group. The CCDC numbers of 1-Ge
at 220, 250 and 280 K are 2348900-2348902,f respectively.
Furthermore, we performed measurements, only to confirm
the cell parameters, in the range of 90-300 K. The results are
summarized in Table S1.f The coefficients of thermal expan-
sion (CTE; a; and ay) were calculated from the data provided in
Table S17 and Fig. 3.

Theoretical calculations

The DFT calculations were performed using the Gaussian09
program.”’ The energies of the triplet (T) and broken-sym-
metry singlet (BS) states were calculated at the UB3LYP/6-
311+G(2d,p) level. The structural parameters were obtained
from the crystallographic data. Notably, when calculating the
intermolecular contact, the dihydroacridine moiety, which is
not involved in the contacts, and the tert-butyl groups were
replaced by methyl groups, to reduce computational costs. In
addition, the magnetic interactions through the inter-
molecular H-bonding (C-H---O) were carried out not only with
UB3LYP but also with UM06-2X, the latter to account for the
effects of H-bonding. Intermolecular interaction constants
dependent on the parallel shift between the NO dimers were
calculated at the UB3LYP/6-31+G(d,p) level to reduce the com-
putational cost.

Results and discussion
VT-ESR spectroscopy

To validate the anomalous magnetic behaviour observed in the
xmT vs. T plot (Fig. 1b), VT-ESR spectroscopy was conducted

This journal is © the Partner Organisations 2024
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Fig. 2 (a) VT-ESR spectroscopy results within the range of 230-270 K
and (b) temperature dependence of the maximum intensity (/ax)-

on polycrystalline 1-Ge within the range of 230-270 K (Fig. 2a).
The signals can be observed across all temperatures, with no
variation in g-values and the peak-to-peak line width. The
signal intensity (I) increased upon cooling. Fig. 2b shows a
plot of the maximum signal intensity (I;yax) vs. T, which shows
an abrupt change at 252 K. This behaviour supports the anom-
alous magnetic behaviour observed in the y,,T vs. T plot.

Temperature dependence of crystal structures

The crystal structure of 1-Ge has been reported in a previous
study (93 K)."” In this study, SCXRD was performed at 220, 250
and 280 K (Fig. S1}). The temperature-dependent cell para-
meters (a, b, ¢,  and V) are listed in Table 1. The crystal struc-
tures at all the measured temperatures were isomorphous
(monoclinic, P2,/n). Notably, the temperature-dependent cell
parameters (Table S1t and Fig. 3 and S27) revealed two signifi-
cant findings: (i) a discontinuous change and (ii) negative
thermal expansion (NTE). The former was clearly observed at
about 250 K for parameters a and b. The DSC plot exhibits
thermal peaks at 255 (upon heating) and 252 K (upon cooling),
indicating that the discontinuous change corresponds to a
structural phase transition (Fig. S31). In addition, there is a
gap of 3 K between the critical temperatures for cooling and
heating processes, indicating a thermal hysteresis loop.
However, this hysteresis is not observed in the y,,T vs. T plots
(Fig. 1b). This finding may be due to the difference in the
sweep rate between the DSC (5 K min™") and y;,T (2 K min™?)
measurements. This transition temperature corresponds to the
critical temperature (252 K), suggesting a relationship between
these phenomena. NTE was observed only for parameter b,
whereas a, ¢ and V exhibited positive thermal expansion (PTE).
To evaluate the anisotropic thermal expansion, the coefficient
of thermal expansion (CTE) values of the length (a; I = a, b
and ¢) and volume (ay) were estimated. In Fig. 3, the blue and
red lines represent the fitting results before and after the struc-
tural phase transition, respectively. In the LTP (90-220 K), the
CTE values of «a,, a3, . and ay were estimated to be +130, —26,
+56 and +160 x 107® K, respectively. In contrast, the CTE
values in the HTP (250-300 K) were +150, —6.0, +130 and +280
x 107° K", The a,, a, and ay of both the LTP and HTP exhibit
the typical PTE behaviour of molecular materials.>> However,
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Table 1 Selected crystallographic data for 1-Ge at 93,7 220, 250 and
280 K

T/K 93¢ 220 250 280
Formula C40H,43GeN, 0O,

Fy 661.39

Crystal system Monoclinic

Space group P2,/n

alA 12.3869(3) 12.6135(4)  13.1487(6) 13.2143(6)
b/A 25.3893(5) 25.2804(8)  24.5633(11) 24.5170(11)
c/A 11.2881(3) 11.3788(3)  11.5008(5) 11.5348(5)
pl° 105.385(3)  105.3610(10) 106.667(2) 106.632(2)
VIA® 3422.83(15) 3498.79(18) 3558.4(3)  3580.6(3)
VA 4

dealealg cm™ 1.283 1.256 1.235 1.227
#(Mo Ka)/mm™ 0.932 0.912 0.896 0.891
R(F)’ (I>20(I))  0.0308 0.0415 0.0439 0.0449
Ry(F*)° (all data) 0.0834 0.0925 0.0919 0.0961
Goodness-of-fit  1.037 1.032 1.014 1.018
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Fig. 3 Temperature dependence of cell parameters a, b, ¢ and V (black
open circles). The red and blue lines represent the fitting lines before
and after the structural phase transition, respectively.

ap shows NTE in both the HTP and LTP, with the value in the
HTP being small, similar to inorganic materials.”*

The intramolecular structural parameters measured at 220,
250 and 280 K are summarized in Table S2.1 Although minor
changes in the spiro-skeleton and N-O and Ge-C bonds were
detected with increasing temperature, no discontinuous
changes were observed. In contrast, the two tert-butyl (‘Bu)
groups (including C13 and C37 atoms) changed from an
ordered state in the LTP to a disordered state in the HTP. This
order-disorder change can be attributed to an increase in the
void space upon heating. Compound 1-Ge exhibits two types of
dimeric motif: (i) an assembly of two planar acridine units
through =n---n and electrostatic interactions (Fig. 4a-d and $4,
Table S31) and (ii) an assembly of the curved acridine and ‘Bu
moiety through CH---n interactions (Fig. S5 and Table S47).
Based on these two dimeric motifs, 1-Ge forms a non-covalent

Org. Chem. Front, 2024, 1, 6495-6502 | 6497
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1-D chain structure along the g-axis (Fig. S6). In the crystal
structure at 220 K, the three remaining ‘Bu groups (C13, C17
and C37), which do not participate in dimer (ii), engage in
interchain contacts (Table S5f). Among them, two ‘Bu groups
(C17 and C37) exhibit intermolecular CH---x and ‘Bu---‘Bu
interactions, whereas the ‘Bu group (C13) only exhibits inter-
molecular ‘Bu---‘Bu interactions. These findings suggest that
the observed order-disorder change is due to the increase in
the void space around the ‘Bu groups (C13) upon heating.
Dimer (i) plays a key role in the structural phase transition
and NTE. This dimer can be formed by aligning the planar
acridine moiety on the ab plane, with two acridines stacked
along the c-axis. In the LTP (220 K; Fig. 4a and b), the confor-
mation of the two N2-02 sites is off-centre, with one N2-02
site positioned above the neighbouring C21 atom (Table S37).
Furthermore, the 02---C8* distance of 3.132(4) A (Fig. 5a) is
smaller than the sum of van der Waals (vdW) radii (C/O:
3.22 A),” indicating strong electrostatic interaction
(H-bonding formation). In contrast, the two N-O sites in the
HTP (280 K) almost overlap (Fig. 4c, d and Table S3t). The
02---C8* distance is 3.080(4) A (Fig. 5b), enhancing the electro-
static interaction. The electrostatic interactions can be
explained based on the polarized structure of the two N-O
sites. The N-O dimer can form from resonance structures
(Scheme 2a), leading to the ground singlet state (Scheme 2b).°
The dimeric motif at 280 K exhibited the arrangement shown
in Scheme 1c. The N2---02* distance of 3.270(6) A is close to
the sum of vdW radii (N/O: 3.07 A),*® suggesting weak electro-
static interactions between the two N2-O2 sites. Dimer (i) in
the HTP exhibits strong and weak electrostatic interactions
(the O2---C8* contact and N-O dimer). Namely, during the
structural phase transition, these interactions become more
pronounced, leading to a slipping motion toward the overlap
of the N2-O2 sites. Locally, this slipping motion results in con-

b) b 4——?\
) i@

a

Fig. 4 (a—d) Dimer structures at (a and b) 220 K and (c and d) 280 K.
For clarity, the 'Bu groups, H atoms, and acridine units (including N1) are
omitted. The (a and c) top- and (b and d) side-views of the dimer. The
symmetric code of * is 2 — x, 1 — y, 1 — z. The purple supplementary
dashed lines indicate the linking of two N-O sites.
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Fig. 5 The intermolecular C---O contacts of dimer (i) at (a) 220 and (b)
280 K. The symmetric code of *is 2 — x, 1 —y, 1 — z. H atoms are
omitted.
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Scheme 2 (a) Resonance structures of the through-space dimerization

between two N-O sites. (b and c) Two types of conformations for the
N-O dimers, leading to the (b) singlet and (c) triplet states.

traction along the b-axis and elongation along the a-axis
(Fig. 4a and c). Furthermore, the interface distance between
the two acridine rings in the dimer along the c-axis decreased
from 3.442 A (220 K, LTP) to 3.371 A (280 K, HTP). These local
changes suggest NTE along the b- and c-axes and PTE along
the a-axis. The crystal structure is predominantly governed by
CH---n and ‘Bu---‘Bu interactions, which typically exhibit PTE.
Owing to the competition with these factors, 1-Ge demon-
strates NTE only along the b-axis.

Theoretical calculations

DFT calculations of the HTP for 1-Ge were conducted using
crystallographic data (280 K, HTP). The intramolecular inter-
actions were evaluated, and the T and BS energy states are
listed in Table S6.f The exchange coupling constant 2]/kg,
defined by H = —2]S,-Sg, of 1-Ge at 280 K was determined to be
+13.23 K using Yamaguchi’s equation,”® which is slightly

This journal is © the Partner Organisations 2024
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smaller than the value at 93 K (2//kg = +13.81 K)."” This
suggests that no significant alteration occurred in the intra-
molecular interactions associated with the structural phase
transition. Subsequently, the intermolecular interactions
associated with dimer (i) were calculated. The calculated spin
density maps and energy states of the T and BS states at 280 K
are shown in Fig. S7 and Table S7.1 At 93 K (LTP), the inter-
molecular exchange coupling (2]'/kg) exhibited AFM coupling
with —4.62 K,'” while at 280 K (HTP), it showed FM coupling
with +50.78 K. The difference in these interactions can be
attributed to the arrangement of singly occupied molecular
orbitals (SOMOs) in each acridine ring. In the LTP, the N2-02
site was positioned over the C21 atom of the adjacent molecule
(Fig. 4a). The C21 atom has small negative spin density based
on the spin polarization,® and it is positioned above the
centre of the N-O site (Scheme 3a). On the other hand, in the
HTP, the two N2-0O2 sites overlapped (Fig. 4b and Scheme 2c).
This arrangement positioned the SOMO of one N-O site above
the node at the other N-O site, resulting in no overlap between
the two SOMOs (Fig. S8T). These configurations show the
orthogonal state, resulting in an FM interaction (Scheme 3b).>®
Consequently, the intermolecular spin-spin couplings in the
LTP and HTP are the AFM and FM interactions, respectively.

Mechanism of the manifestation for the anomalous magnetic
behaviour

The causes of the anomalous magnetic behaviour observed in
1-Ge are discussed on the basis of (i) intramolecular magnetic
interactions, (ii) the g-value and (iii) intermolecular magnetic
interactions.

First, regarding (i) intramolecular interactions, a qualitative
explanation can be given by the changes from FM to AFM
interactions or from strong FM to weak FM interactions before
and after the structural phase transition. However, theoretical
calculations negate the former. As for the latter, the difference

a) b)
}’fGe}i v 44 ?A‘Ge}i v 44
C—N—0 C—N—0
CLIo e Lo e
X 0=N—C ; O=N-=C
vV Vo LI I
LTP (1-Ge) ~ AFM HTP (1-Ge)  FM
c)
Zel vo4 o
@[]@ C—N—0
NTe . H
-0l P
O—N—C
¢ L 2
2-C AFM

Scheme 3 Spin arrangement corresponding to the dimeric motif in (a)
the LTP and (b) HTP of 1-Ge and (c) 2-C. Arrows on the structural
formula denote the spin polarization mechanism. The tert-butyl groups
are omitted for clarity in (a) and (b).
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in the interactions is small, with +13.81 K for the LTP and
+13.23 K for the HTP. When these interactions were applied to
a simple two spin-1/2 system to compare the differences in
xmT, the experimental value was not reproduced (Fig. S9t). The
difference in y,, T between the LTP and HTP near the structural
transition temperature is about 0.04 cm® K mol™, and repro-
ducing this difference using only intramolecular interactions
would require a change in the 2J/kz of more than 30 K. In 1-
Ge, strengthening the LTP side is the only option, but this
would lead to inconsistencies in the magnetic behaviour at low
temperature. It is therefore not appropriate to explain the mag-
netic behaviour of 1-Ge in terms of intramolecular
interactions.

Next, regarding (ii) the g-value, both qualitative and quanti-
tative explanations are possible if the HTP has a lower g-value
than the LTP due to the structural phase transition. Referring
to the difference in y;,T (0.04 cm® K mol™') around the tran-
sition temperature, if the g-value of the LTP is assumed to be
2.0 (0.750 cm® K mol ™), then the g-value of the HTP would
need to decrease to about 1.95 (0.713 cm® K mol ™) to repro-
duce this. However, the ESR results did not show such a sig-
nificant change in the g-value (Fig. 2). Therefore, changes in
the g-value cannot account for the decrease in the magnetic
moment observed in 1-Ge.

Finally, regarding (iii) intermolecular interactions, similar
to intramolecular interactions, the magnetic behaviour of 1-Ge
can be explained if a change from AFM to FM interactions is
observed. However, theoretical results suggest a change in
interactions from AFM (LTP) to FM (HTP) due to the slipping
motion associated with the structural phase transition. This
implies an increase in magnetic moments, which does not
reproduce the experimental results. In addition, since the
CH---O contact is significant in the HTP, as shown in Fig. 5,
theoretical calculations were carried out to investigate the
spin-spin interaction mediated by this contact, resulting in
2J'lkg = —0.865 K (Fig. S10 and Table S8t). This result was
found to be too small to explain the anomalous magnetic
behaviour observed in 1-Ge. Therefore, intermolecular inter-
actions should also be considered unsuitable for explaining
the unique magnetic behaviour of 1-Ge. Nevertheless, there is
a possibility that AFM contributions could arise in the HTP
based on the relationship between the stacking form and the
spin-spin interactions in the N-O dimer (Scheme 2b and c). It
has already been shown that the HTP has the intermolecular
FM contribution. Here, if the stacking in the HTP is slightly
glided to the configuration where the N-O sites overlap
(Scheme 2b), it shows the AFM contribution. In fact, unsubsti-
tuted 9,9'(10H,10'H)spirobiacridine-10,10"-dioxyl (2-C) has an
N-O dimer structure (Scheme 3c) and exhibits the inter-
molecular AFM interaction of —40.76 K derived from the DFT
calculations.?””*® Here, using the model from the ‘theoretical
calculations’ for intermolecular interactions, we calculated the
interactions 2J' when the configuration between the N-O
dimers is glided in parallel. The results are shown in Fig. 6
and Table S9.1 In Fig. 6, the negative direction of d indicates
that the molecules are approaching each other in parallel,

Org. Chem. Front, 2024, 1, 6495-6502 | 6499
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parallel shift between the NO dimers.

while the positive direction indicates that they are moving
apart in parallel. Although not explicitly shown in the calcu-
lations, the former direction corresponds to an increase in the
electrostatic interaction between CH---O as shown in Fig. 5b,
and the latter direction corresponds to a decrease in this inter-
action. From Fig. 6, it can be seen that parallel glides in either
direction result in head-to-tail (positive shift) or tail-to-tail
(negative shift) alignments, leading to AFM contributions. The
magnitude of these contributions can be significant, for
example, a displacement of about —0.4 A resulting in the AFM
interaction of about —150 K. In practice, the increase in AFM
contributions is expected to shorten the distance between the
N-O dimers. The AFM interactions from the overlap of SOMOs
are strongly dependent on the distance between the two N-O
sites.?? For confirmation, we also calculated the intermolecular
exchange coupling (2/') with varying interplanar distances (d')
based on the HTP structure (Table S10 and Fig. S117). As a
result, the vertical shift can play an important role in deter-
mining the magnitude of the interaction, although it does not
cause the interaction to change from FM to AFM.

Consequently, we propose that the HTP in 1-Ge includes
the neatly overlapping phase form as a metastable component.
The minor component contributes to the AFM interactions,
leading to the anomalous magnetic decrease across the low- to
high-temperature boundary in 1-Ge. This mixing could poten-
tially manifest as long-period structures; however, the current
data do not provide insight into such phenomena. Further
high-resolution structural analysis is required to provide
experimental evidence.

Spiro-centre dependence of the anomalous magnetic
behaviour

Although 1-X (X = C, Si and Ge) has a similar molecular struc-
ture, the anomalous magnetic behaviour was only observed in
1-Ge. The abrupt magnetic decrease upon heating is triggered
by the structural phase transition with the anisotropic thermal
expansion. It is important to compete with the NTE and PTE
contributions, which are accompanied by the electrostatic
interactions (O2---C8* and two N-O sites) and the dispersion
force (CH---n and ‘Bu---'Bu), respectively. While 1-C does not
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have the arrangement of acridine moieties like that of dimer
(i), 1-Si has a structure similar to 1-Ge. The reason why the Si
derivative did not exhibit the anomalous magnetic behaviour
is the reduction of the strong electrostatic interactions in
dimer (i). The relevant distances in 1-Si at 93 K are 3.241(1)
and 3.444(1) A, which are larger than that of 1-Ge (3.138(2) A at
93 K). The formation of the close dimer (i) is necessary for the
NTE contribution, and therefore it is assumed that the slightly
distant dimer observed in 1-Si does not allow the structural
phase transition to occur. In addition, why the electrostatic
interaction in dimer (i) is weaker in 1-Si compared to 1-Ge can
be understood by the fact that although the Ge atom is a
higher period element than the Si atom, it is less likely to
acquire a positive charge.’® This tendency makes the negative
charge of the surrounding carbons in Ge slightly less than in
Si, which is why 1-Ge stabilizes the strong electrostatic inter-
action in dimer (i).

It has already been mentioned that 2-C forms dimer (i), but
this was not observed in 1-C, where bulky substituents (‘Bu)
were introduced. It has been previously reported that steric
effects due to such substituents can be an important factor in
dimerization.”® Compound 2-C does not show the anomalous
magnetic behaviour. This can be attributed to the absence of
contacts that could compete with the intermolecular inter-
actions responsible for dimer (i) formation. Compound 1-Ge
has not only both dimer (i) and dimer (ii) but also numerous
intermolecular contacts between the ‘Bu groups. In contrast, 2-
C shows primarily dimer (i) with few other contacts. It is there-
fore assumed that 2-C was not able to establish structural bist-
ability and did not undergo the structural phase transition.

Based on these findings, it can be concluded that the
control of intermolecular contacts, influenced by substituents
and the spiro centre, is crucial for the induction of the key
structural phase transition responsible for the abrupt mag-
netic decrease across the low-to-high temperature boundary in
spirodiradicals.

Conclusions

Spirodiradical 1-Ge exhibited a decrease in the magnetic
moment at 252 K, triggered by a structural phase transition
involving anisotropic thermal expansion, with only the b-axis
exhibiting NTE. This structural phase transition can be attribu-
ted to the dimerization of two acridines with two types of
electrostatic interactions: (i) H-bonding between the O2---C8*
atoms and (ii) N-O dimerization. The former contributed sig-
nificantly to the occurrence of the dimerization, while the
latter played a crucial role in determining the spin-spin inter-
actions. Based on the interplay between the decrease in the
magnetic moment and the structural phase transition, we have
proposed the presence of AFM contributions as a metastable
component in the HTP of 1-Ge, leading to the anomalous mag-
netic behaviour. To detect the presence of AFM dimers among
the predominantly FM dimers in the HTP phase, further high-
precision measurements, along with structural organic chem-
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istry approaches through chemical modifications, will be
required. Enhancing our understanding of this unique abrupt
magnetic decrease upon heating, which has been poorly
studied in organic radicals, will significantly contribute to the
development of pure organic magnetic materials.
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