
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Se

pt
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 7

/2
0/

20
25

 4
:3

2:
31

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Close-packed nit
aSchool of Materials Science and Chemica

Hefei 230601, China. E-mail: wangdi@ahjz
bAnhui Province Key Laboratory of Condens

Hefei Institutes of Physical Science, Chinese A

China

† Electronic supplementary informa
https://doi.org/10.1039/d4ra04506h

Cite this: RSC Adv., 2024, 14, 27789

Received 20th June 2024
Accepted 26th August 2024

DOI: 10.1039/d4ra04506h

rsc.li/rsc-advances

© 2024 The Author(s). Published by
ronyl nitroxide radicals by Au–S
self-assembly: strong ferromagnetic coupling†

Zhipeng Xu,a Yongliang Qin,b Dongdong Wei,a Jie Jin, a Long Zheng,a Jie Xu,a

Hui Liu,a Ranran Chena and Di Wang *a

The study of the magnetism of tightly arranged nitronyl nitroxide (NN) radicals via Au–S self-assembly is

interesting. In this study, a series of radicals (S-NN, D-NN, BS-NN, BD-NN) along with two types of

nanomaterials (S-NPs, D-NPs) were synthesized. NN was chosen for the magnetic units. Their structures

have been successfully synthesized and analyzed. The spin magnetic properties were characterized by

electron paramagnetic resonance (EPR) and superconducting quantum interference device (SQUID)

measurement. The analysis revealed that the self-assembled NN formed via Au–S bonds exhibits high

packing density. Furthermore, it was gratifying to observe that the AuNPs exhibit ferromagnetism after

the surface modification by NN. This results in strong ferromagnetic exchange interactions of S-NPs and

D-NPs : JS-NPs = +279.715 K and JD-NPs = +254.913 K, respectively.
Introduction

In recent years, organic magnetic hybrid materials have attrac-
ted a lot of interest from scientists. These materials combine
the predictable low density, ease of processing,1,2 structural
tunability and diversity of organic materials with the magnetic
functionality found in magnetic materials. An important task in
the design of these organic magnetic hybrid materials is the
integration of organic structure with magnetic properties. Many
studies have focused on organic–inorganic hybrid magnets,
which integrate inorganic components with organic molecules
within a unied structure, have been synthesized to control the
magnetic properties of materials.3–5 However, the magnetic
properties of such materials rely on the inorganic components,
thereby somewhat limiting the combination of organic struc-
ture with magnetic properties. Organic intrinsic magnets6 are
a class of organic magnetic materials in which the aggregation
of unpaired electrons7 within organic structures leads to the
emergence of magnetic properties.8 Current research on organic
intrinsic magnets predominantly focuses on the eld of mole-
cules. Different stable radicals, such as TEMPO,9 NN,10–12 PTM,13

etc., were used in the research. For single radicals, their crystal
arrangement, and magnetic characteristics have been exten-
sively characterized and investigated by introducing hydrogen
bonds, ligand groups or diverse bridging structures. Some
l Engineering, Anhui Jianzhu University,

u.edu.cn

ed Matter Physics at Extreme Conditions,

cademy of Sciences, Hefei, Anhui 230031,

tion (ESI) available. See DOI:

the Royal Society of Chemistry
progress has been made in studying the structural properties
and functionalization of organic intrinsic magnets. However,
compared to traditional iron–cobalt–nickel series magnets,14,15

the aggregated state magnetism of organic intrinsic magnets is
relatively weak. Therefore, it is desirable to employ the self-
assembly strategy to design organic magnetic hybrid materials
with good aggregated state magnetism.

NN, a stable neutral organic radical with good spin delocal-
ization properties and large value of spin polarization at room
temperature16–21 has been extensively studied for its excellent
spin magnetic properties and serves as a promising candidate
for magnetic units. Self-assembly13,22–25 is a technique wherein
fundamental units spontaneously organize into an ordered and
dense structure. Gold nanoparticles26–28 possess advantages of
adjustable shape and size, large specic surface area, facile
synthesis, surface modication capabilities, and excellent
biocompatibility, which have attracted more and more atten-
tion. The technology of functionalization on the surface of gold
nanoparticles by Au–S self-assembly has been quite mature.

V. Loveras et al. proposed a one-pot reaction method for
obtaining monodisperse22 gold nanoparticles, which can be
utilized to synthesize organic radical-functionalized gold
nanoparticles with controllable size, uniform morphology, and
stable properties. However, this study did not conduct qualita-
tive and quantitative analysis of the aggregated magnetic
properties of the synthesised magnetic materials.

Herein, we present the synthesis and characterization of
several novel self-assembled agglomerated organic materials.
NN was selected as the magnetic unit, and the Au–S self-
assembly strategy was employed to enhance the close packing
of organic spin units. The synthesis of NN section is based on
the previously reported reference, combined with the general
RSC Adv., 2024, 14, 27789–27798 | 27789
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synthesis steps18 developed by our group. Long exible organic
chains were chosen for self-assembly on the gold surface to
facilitate vertical alignment and dense packing.24,29 The specic
synthesis pathway is shown in Fig. 1a. Subsequently, mono-
disperse gold nanoparticles (AuNPs) with uniform particle size
were selected and synthesized according to reported proce-
dures. At room temperature, the synthesized bi-single nitronyl
nitroxide (BS-NN) and bi-double nitronyl nitroxide (BD-NN) are
Fig. 1 (a) Synthesis flow chart of S-NN, BS-NN, D-NN and BD-NN; (b) c
trioctylamine stabilized gold nanoparticles.

27790 | RSC Adv., 2024, 14, 27789–27798
added to the nanoparticles. Based on the Au–S interaction, the
disulde bonds were broken, and self-assembled on the surface
of the AuNPs. Single radical self-assembled gold nanoparticles
(S-NPs) and double radical self-assembled gold nanoparticles
(D-NPs) were obtained, respectively. The synthesis diagram is
shown in Fig. 1b. The products were characterized and analyzed
through UV-vis, IR, CV, TEM, SEM, EDS, DLS measurements.
Furthermore, RT-EPR, VT-EPR and SQUID measurements
omposite concept diagram of S-NPs and D-NPs. The red ball refers to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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revealed the strong ferromagnetic interactions in both S-NPs
and D-NPs, and DFT calculations were performed to collect
information about the electronic structure of them (Fig. S9†).
Experimental
Materials

All products used were purchased from aladdin and have not
been further puried unless otherwise specied. The
compound 2,3-bis(hydroxy-amino)-2,3-dimethylbutane (BHA)19

was synthesized as described in the literature. All reaction units
were dried in a blast dryer and synthesized in a dry argon
atmosphere.
Fig. 2 (a) UV spectra of BS-NN and BD-NN; (b) UV spectra of AuNPs,
S-NPs and D-NPs. Tests were performed at the same concentration.
General considerations

Unless otherwise noted, CW X-band EPR spectra are recorded in
toluene diluted and oxygen-free solutions at concentrations of
10−4 moles. G-factor correction using 2,2-diphenyl-1-
picrohydrazine (g = 2.00370) as standard, equipped with
a frequency counter and liquid helium ow temperature
control, simulated with WINEPR SimFonia soware. All elec-
trochemical measurements were performed using CHI760E
(Shanghai Chenhua, China). Elemental analysis was performed
by scanning electron microscopy (SEM JSM-7500F) and
mapping. The phase structure of the samples was ascertained
by X-ray diffraction (XRD, Bruker, D8-ADVANCE) and Raman
spectra (Renishaw InVia Raman spectrometer). The organic
structure was veried using the liquid-mass spectrometer
(Waters xevo TQD). Transmission electron microscope (Hitachi
HITACHI-HT7700) was used to observe the morphology of the
sample, and the average particle size of the sample was calcu-
lated by imageJ. The particle size of the sample was analyzed
using a particle size analyzer (Malvern Instr, UK). Fourier
transform infrared spectroscopy (Nicolet6700) was used to
determine the functional groups of the samples. The UV-vis
absorption spectra were recorded with Shanghai Jingke L7
spectrophotometer at room temperature. The spectroscopic
experiments were carried out in toluene as solvent at room
temperature. VT and VM susceptibility were measured using the
Quantum Design MPS-XL-7 SQUID magnetization meter. The
sample was wrapped with about 10 mg of Teon tape and
measured in a measuring tube, minus the background signal
and diamagnetic correction of the gold nanoparticle sample.
Results and discussion
Optical properties

UV. We performed UV-vis measurements on materials. The
characteristic UV peaks of NN appeared at 600 nm (Fig. 2a). The
characteristic UV peaks of AuNPs appeared at 525 nm (Fig. 2b).
Both the prepared S-NPs and D-NPs exhibited distinct absorp-
tion peaks corresponding AuNPs, with the intensity of NN
characteristic peaks of D-NPs was higher at the same molar
concentration of AuNPs, which suggests that a larger density of
NN packing was achieved by D-NPs. By comparing the charac-
teristic peaks ofNPs andNN at the samemolar concentration of
© 2024 The Author(s). Published by the Royal Society of Chemistry
AuNPs, the proportion of B-radicals graed onto AuNPs in
relation to the radicals introduced into the reaction can be
calculated semi-quantitatively. According to the analysis of S-
NPs and D-NPs signal strength with equal concentration of gold
nanoparticle signal deducted, the gra proportion of BS-NN is
determined to be 19%, while that of BD-NN is 31%.

IR. Infrared spectroscopy (IR) testing enables the character-
ization of functional groups present in materials. Therefore, we
conducted IR spectroscopy analysis on all samples. Fig. 3a
illustrates that S-NN and D-NN exhibited a broad and strong
stretching vibrational peak of hydroxyl group at 3300 cm−1. BS-
NN and BD-NN showed a stretching vibrational peak of C]O at
1720 cm−1, and a stretching vibrational peak of C–O–C at
1200 cm−1. The appearance of the characteristic vibrational
peak of S–S, indicating the successful synthesis of the ester
bond. As shown in Fig. 3b, the characteristic peaks of ester bond
were retained near 1720 cm−1 and 1200 cm−1 for S-NPs and D-
NPs. Additionally, the characteristic peaks of S–S disappeared
between 500–600 cm−1, signifying the successful synthesis of
NPs based on gold–sulfur self-assembly, where the disulde
bond had been broken and self-assembly with gold had
occurred.

Raman spectrum and XRD. In order to further verify the
successful conduct of self-assembly, Raman spectroscopy and
XRD tests were performed on substances (BS-NN, BD-NN, S-NPs
RSC Adv., 2024, 14, 27789–27798 | 27791
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Fig. 3 (a) IR spectrum of S-NN, D-NN, BS-NN and BD-NN; (b) IR spectrum of S-NPs and D-NPs.
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and D-NPs) before and aer self-assembly (Fig. 4). We found
that NPs aer self-assembly peaks near 280 cm−1, indicating
that Au–S bonds are formed during self-assembly.30 We con-
ducted XRD tests on polystyrene xed samples. However, no
obvious peaks ascribed to Au can be observed via XRD, indi-
cating that the nanoparticles we prepared are very small and
well dispersed.31,32 This is in accordance with the TEM and z

particle size characterizations.
Electrochemical studies. Cyclic voltammetry (CV) was

employed to qualitatively detect nitronyl nitroxide. Fig. 5
summarizes the resulting test data. The appropriate test voltage
range was selected, and the wider voltage test data can be found
in Fig. S1.† The spectrum of BS-NN have been previously re-
ported.22 The spectrum of BD-NN exhibited a reversible redox
Fig. 4 Raman spectrum of BS-NN, BD-NN, S-NPs and D-NPs.

27792 | RSC Adv., 2024, 14, 27789–27798
wave with E1/2 = 370 mV (Fig. 5a). At a scanning rate of 100 mV
s−1, the oxidation potential occurred at 456 mV and the
reduction potential appeared at 292 mV, respectively, with
a difference of DE = 164 mV. This electrochemical quasi-
reversible process arises from the nitroxide–nitroxide radical
molecule. Cyclic voltammetry of S-NPs exhibited a reversible
redox wave with E1/2 = 430 mV (Fig. 5b). The oxidation potential
occurred at 494 mV and the reduction potential appeared at
364 mV at the scan rate of 100 mV s−1. The redox peak was
attributed to nitronyl nitroxides on the surface of theNPs. A pair
of weaker redox peaks near 820 mV may be attributed to the
radical spatial interactions resulting from the tight aggregation
of radicals on the surface of AuNPs. The oxidation potential of
D-NPs were 479 mV and 815 mV, while the reduction potential
were 364 mV and 733 mV (Fig. 5c). The voltage difference
between the anodic peaks and the cathodic peaks (DE = 99 mV)
was 64 mV smaller than that of BD-NN in solution (DE = 163
mV), which is due to the adsorption of electroactive molecules
on the surface of AuNPs. This phenomenon indicates a fast
diffusion process. This splitting of the redox peak can be
explained by the interaction between the radical components.
The rst redox peak exhibited higher intensity compared to the
second redox peak, which may be attributed to a small error in
the testing performed with ferrocene as a reference electrode. It
has been reported that a second redox peak occurs with higher
radical packing density, and two pairs of redox peaks were
observed for S-NPs and D-NPs, with the second redox peak
being more prominent for D-NPs, supporting the achievement
of a greater radical packing density achieved by D-NPs.

In addition, an increase in the scanning rate led to higher
peak intensities, as observed from the CV data. This result can
be attributed to surface-restricted electroactive substances,
further conrming the successful preparation of radical-graed
nanoparticles. Furthermore, multiple groups of tests under the
same conditions yielded nearly identical redox waves and
current intensities, enhancing the accuracy of this dataset.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) CV spectrum of BD-NN; (b) CV spectrum of S-NPs; (c) CV
spectrum of D-NPs. Each set of tests adopts 50 mV s−1, 100 mV s−1,
150 mV s−1, and 200 mV s−1 sweep speeds. The CVs were all tested in
CH3CN with 0.02 M tetrabutylammonium hexafluorophosphate as
electrolyte and Pt as working electrode.

Fig. 6 (a) TEM spectrum of S-NPs; (b) statistical graph of particle size
of S-NPs; (c) TEM spectrum of D-NPs; (d) statistical graph of particle
size of D-NPs.

Table 1 SEM mapping test data of AuNPs and S-NPs, D-NPs

Product Element Line type Weight% Atomic%

AuNPs Au M series 97.38 72.58
N K series 2.62 27.42

S-NPs Au M series 81.77 27.70
S K series 3.67 7.65
N K series 6.59 31.41
O K series 7.97 33.24

D-NPs Au M series 55.91 10.39
S K series 13.08 14.94
N K series 11.42 29.85
O K series 19.58 44.82
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Discussion of radicals packing density

TEM. We conducted transmission electron microscopy (TEM)
analysis to examine the samples. The test results (Fig. 6a and c)
© 2024 The Author(s). Published by the Royal Society of Chemistry
revealed that the S-NPs exhibited excellent dispersion, and
nearly all of them appeared spherical in shape. The sample data
were statistically analyzed using ImageJ soware (Fig. 6b and d),
which calculated the average particle size of S-NPs was 2.57 nm,
primarily distributed within the range of 1.5–3 nm. Similarly,
the average particle size ofD-NPswas determined to be 2.54 nm,
mainly distributed within the range of 1.5–2.5 nm. Particle size
was also validated by DLS data (Fig. S6†).

The slightly smaller particle size ofD-NPs compared to S-NPs
can be attributed to the structural characteristics of the radicals
involved. Firstly, the linear structure of the double radicals is
not as long as that of the single radicals. Secondly, the linear
structure of the double radicals is not as bulky as that of the
single radicals. These factors contribute to the smaller size of D-
NPs. The stereo-hindrance effect leads to an increase in the
packing density of the NN moiety but a decrease in the packing
density of the exible chain moiety. Consequently, the organic
portion's content is reduced, resulting in smaller particle size
for D-NPs.

EDS. In order to determine the elemental distribution of the
samples, EDS tests were carried out on several synthesized
RSC Adv., 2024, 14, 27789–27798 | 27793
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Table 2 Relevant data calculated based on SEM and EDS/mapping test data

Product Particle diameter (nm) AuNPs area (Å2) The average number of NN per AuNP Maximum packing density S0 (Å
2)

S-NPs 2.57 2075 157 13.2
D-NPs 2.54 2027 728 2.8
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samples, respectively (Fig. S2–S5†). The test spectra are pre-
sented in Fig. S2–S5.† The data were averaged over the four
groups tested and statistically presented in Table 1, and the
counting calculation data are shown in Table 2. The calculation
reveal that the self-assembled density of S-NPs is 13.2 Å2, which
is different from the previous reports. This discrepancy can be
attributed to the following three reasons: (i) different elements
selected for counting radicals; (ii) variances in the radii of
prepared nanoparticles; (iii) variations in specic surface area.
The self-assembled density of D-NPs is 2.8 Å2, indicating
a signicant increase in the packing density compared to S-NPs.

Both S-NPs and D-NPs were synthesized from the same batch
of AuNPs, the inuence of the AuNPs size can be excluded. The
radical packing density of D-NPs is approximately 4.75 times
higher than that of S-NPs, which can be attributed to three
factors: (i) the BD-NN structure contains twice as many NN as
BS-NN; (ii) interactions between the two radical groups in them-
phenylene diradical on the D-NPs may reduce the steric
hindrance between the radical groups, thus contributing to
a more ordered arrangement of the radicals on the AuNPs; (iii)
the strong magnetic interactions between the radicals on the
gold surface may facilitate their close packing. In summary, it
Fig. 7 (a) EPR spectrum of S-NN; (b) EPR spectrum of D-NN; (c) EPR spe
NPs; (f) EPR spectrum ofD-NPs. The black curves are experimental data a
in DCM and (e), (f) were obtained by testing in toluene. All spectra were

27794 | RSC Adv., 2024, 14, 27789–27798
can be concluded that self-assembly using multi-radicals is
indeed an effective strategy for enhancing the compact packing
of radicals.

Magnetic properties study

EPR. The EPR spectra of all radical-containing samples were
tested at room temperature and tted (Fig. 7) to obtain the
relevant parameters (Table 3). Different gold-radical ratios were
selected for the self-assembly of the samples (Fig. S7†), and the
products were tested by EPR.

The packing molar ratio (HAuCl4 : B-NN = 5 : 1) was
selected,22 and the gradient test plots are shown in Fig. S7 and
S8.† According to the previous reports,33 at room temperature,
the single radical of NN are ve-line spectra, whereas the well-
coupled double radicals present nine-line spectra. Fig. 7a
illustrates S-NN, which shows a standard ve-line spectra. The
tting results yields a g value of 2.00650 and aN = 7.5 G,
consistent with previous reports, which is consistent with
typical NN-type single radical hyperne splitting features.

Due to the exible nature of the bi-radical skeleton in BS-NN,
the coupling between the bi-radicals is primarily spatial, and
the coupling strength is weak. As a result, the spectra differ
ctrum of BS-NN; (d) EPR spectrum of BD-NN; (e) EPR spectrum of S-
nd the red curves are fitted data. (a), (b), (c), (d) were obtained by testing
obtained at room temperature.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 EPR fits were performed to obtain g and aN/2 values for all
samples containing radicals

Sample l (nm) 3 (cm−1 M−1) g aN/2 (G) jD/hcj (cm−1) r (Å)

S-NN — — 2.00650 7.50 — —
D-NN — — 2.00675 3.55 — —
BS-NN 578 619 3 6853 744 2.00685 7.50 — —
BD-NN 581 634 20 061 822 2.00690 3.65 0.00541 7.88
S-NPs 623 — 2.00690 3.70 0.00531 7.93
D-NPs 628 — 2.00690 3.55 0.00550 7.84

Fig. 8 (a) IT-T fitted images of S-NPs; (b) IT-T fitted images of D-NPs;
(c) EPR spectra of S-NPs measured over a temperature gradient; (d)
EPR spectra of D-NPs measured over a temperature gradient. All
samples are solved in DCM for test.

Table 4 Magnetic properties of samples of S-NPs and D-NPs

Radicals Tconv
a/K qb/K Jexp

c/K Jexp
d/K

S-NPs 123 0.2495 +279.715 +66.89
D-NPs 73 0.2897 +254.913 +41.54

a The Tconv refers to the transition temperature of the cmT curve. b q (K)
represents the Weiss temperature. c Obtained from SQUID. d Obtained
from VT-EPR.
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from the standard nine-line spectra of strongly interacting two-
radicals, as veried in Fig. 7c. For D-NN, the t yields the g value
of 2.00675 and aN = 3.55 G, which is about half of the hyperne
splitting in a typical NN single radical. However, the overall
spectral line splitting is poorer (Fig. 7b). This can be attributed
to the close proximity of the interstitial double radical on
benzene, leading to strong intramolecular spin–spin interac-
tions. When esterication is performed to synthesize BD-NN
(Fig. 7d), the radicals within the molecule strongly interact with
each other. Consequently, the uniformity of line splitting is
further compromised. The EPR spectra of both S-NPs (Fig. 7e)
and D-NPs (Fig. 7f) resemble the spectra of their precursor B-
radicals when the AuNPs with maximum packing density are
prepared at the suitable ratio. However, their linewidths closely
approach their aN value, resulting in poorer linewidth unifor-
mity and signal intensity. This can be attributed to the close
packing of radicals on the surface of AuNPs, which further
strengthens the spatial coupling between the radicals.

When radicals are spatially close to the gold surface, spin
conduction and coupling at the gold surface is achieved
through complex spin–spin interactions (including spatial,
chemical bonding, and spin off-domains on gold surface).22

These interactions may contribute to the deterioration of the
ultrane cleavage fraction of EPR signals in the gold-nanoscale
self-assembled samples.

In order to further investigate the magnetic coupling
mechanism between the densely packed radicals on AuNPs, the
cryogenic solution EPR spectra of all the samples in 10–100 K
DCM were recorded, and the J values were obtained from the
tting of IT-T diagrams:18 Fitting the plot of IT versus T gives
DES-T = +130.69 cal mol−1, 2J kB

−1= +66.89 K for S-NPs and DES-
T= +81.16 cal mol−1, 2J kB

−1= +41.54 K forD-NPs (Fig. 8) (Table
4). Among them, BD-NN and D-NPs exhibit clear jDMsj = 2
signals in the half-eld (Fig. S8†). From the test spectra, the
experimental parameter D value can be obtained. In general,
a larger D value implies a closer intramolecular spin–spin
distance. Using the point approximation, 2D = 3g2 mB/r

3, the
dipole–dipole distance can be derived approximately and used
to analyze the distances of neighboring spins within the mole-
cule. The value of D depends on the dipole–dipole interactions
in the spin–spin system and not directly on the exchange
interactions. Consequently, the value of D reects the spatial
distance. Theoretically, the radical portions on S-NPs should be
isolated from each other without intramolecular interactions.
However, the disulde bond-breaking self-assembly is
a dynamically reversible process, and under high-density
© 2024 The Author(s). Published by the Royal Society of Chemistry
packing conditions, it may partially convert back to BS-NN.
On the other hand, it has been reported that the self-assembled
radicals on the gold surface can result in a spin–spin interaction
similar to the intramolecular spin–spin interactions. This
explains the existence of certain intramolecular interactions in
S-NPs. All tested and calculated data are shown in Fig. S8† and
Table 3. The plot of IT vs. T was tted with the transformed
Bleaney–Bowers eqn (1).34 Where BS-NN consistent with previ-
ously reported spectra,22 exhibit a well-dened zero-eld split-
ting (zfs) pattern, this is a typical EPR pattern for mono-radical
phenyl nitronyl nitroxide. BS-NN shows a weak peak at
jDMsj = 2, suggesting very weak dipole interactions within the
molecule, mainly due to the excessive distances along the bond
between the spin units. For S-NPs, jD/hcj= 0.00531 cm−1, which
calculates to an average spin–spin distance of 7.93 Å. For D-NPs,
jD/hcj= 0.00550 cm−1, which calculates to an average spin–spin
distance of 7.84 Å. It can be clearly observed that D-NPs achieve
smaller spin–spin distances relative to S-NPs. This implied that
the D-NPs achieve higher radical packing densities.

The magnetic properties analyzed by the variable-
temperature EPR test spectra are different from previously re-
ported.22 We believe that this difference is due to the lack of
formula tting and only empirical judgment in previous work.
In fact, the thiol-modied gold nanoparticles are ferromag-
netic,35 and the radicals used for self-assembly are also ferro-
magnetic,36 so the NN modied gold nanoparticles should also
RSC Adv., 2024, 14, 27789–27798 | 27795
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Fig. 9 SQUID magnetometry of solid samples: plots of cmT vs. T at H = 10 000.31543 Oe in the warming mode (blue circle). Inset plots: cm vs. T
in the warming mode and fitting (solid red line) curves of (a) S-NPs; (b) D-NPs. The drawing data is subtracted from the background.
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be ferromagnetic. This was conrmed by subsequent SQUID
analysis as well.

IT ¼ C

3þ exp

�
� 2J

KBT

� (1)

SQUID. The SQUID characterization of the prepared self-
assembled gold nanoparticle solid samples was carried out
(Fig. 9). The aggregated magnetic behavior of the two prepared
samples was determined at different temperatures to identify
the ground state and triplet state of the biradicals involved in
the self-assembly. The diamagnetic susceptibility of all samples
was deducted using Pascal's table,37 considering both the
magnetic properties of radicals and NPs, which differs from
conventional condensed matter.

In order to obtain the relevant parameters of the sample by
tting the test curve, we used the Hamiltonian H = −2JS1S2
(where S1 = S2 = 1/2). The processed data were corrected and
calculated as cm vs. T and cmT vs. T, and tted using the Blea-
ney–Bowers eqn (2).38

cmT ¼ ð1� FÞ 2NAg
2mB

2

kB

1

3þ exp

�
� 2J

kBT

� T

T � q
þ F

NAg
2mB

2

kB

(2)

where, J represents the intramolecular exchange of diradicals; q
represents the generalized mean eld of intermolecular
exchange; NA represents the Avogadro number, g represents the
isotropic g-factor, kB represents the Boltzmann constant, mB

represents the Bohr magneton and F represents the para-
magnetic impurity. J, q and Lande'g factors are tted
parameters.

Measurements were performed over the temperature range
of 2–300 K at a xed eld strength of 10000 Oe. According to the
results tted by eqn (2), both S-NPs and D-NPs exhibit strong
ferromagnetism: JS-NPs = +279.715 K and JD-NPs = +254.913 K,
27796 | RSC Adv., 2024, 14, 27789–27798
the results with the J obtained from VT-EPR were shown in
Table 4. The cmT − T curve of the S-NPs and D-NPs exhibited
temperature dependence during the warming process. At 300 K,
the cmT of S-NPs reaches approximately 0.490 cm3 K mol−1,
which exceeds the theoretical value of 0.375 cm3 K mol−1 for
single radicals. This can be attributed to the strong ferromag-
netic coupling interaction. When the temperature is cooled
down from 300 K to 58 K, the value of cmT decreases slowly and
uniformly. This can be explained to the slightly intermolecular
antiferromagnetic coupling. As the temperature decreases from
58 K to 23 K, the cmT value exhibits a slight increase, illustrating
the ferromagnetism in S-NPs. At 300 K, the cmT of D-NPs rea-
ches approximately 0.770 cm3 K mol−1, which is basically
consistent with the theoretical value of 0.750 cm3 K mol−1 for
the diradical. The cmT gradually decreased during cooling from
300 K to 73 K. This is mainly due to the slightly intermolecular
antiferromagnetic coupling caused by the spatial motion of the
radical-connected so chains in the high-temperature region.
Upon further cooling from 73 K to 25 K, the cmT of D-NPs shows
a relatively obvious increase. This illustrates the ferromagne-
tism in D-NPs.39,40

The rst striking feature to be observed in the M-H magne-
tization reversal loops is the presence of hysteresis and
a remnant magnetization, all indicative of ferromagnetic
behavior (Fig. 10) at both room temperature 1.9 K and 300 K.
The M value is higher than that of the previously reported alkyl
mercaptan modied gold nanoparticles,35 indicating the pres-
ence of better ferromagnetism. Among them, the M of D-NPs is
higher than S-NPs, which is consistent with magnetic analysis
from cmT vs. T and VT-EPR.

We compared the magnetic properties of S-NPs with D-NPs.
The J value of S-NPs is slightly larger than D-NPs. The two NN
groups which are meta-connected on the benzene have an
intramolecular ferromagnetism of 23 K.36 The intramolecular
interactions are present in D-NPs while absent in S-NPs.
Besides, intermolecular spin interactions through space are
generally antiferromagnetic.41 The radical packing density of D-
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Magnetization reversal loops measured at (a) 1.9 K and (b) 300 K.
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NPs is 4.75 times higher than S-NPs, resulting in a stronger
intermolecular antiferromagnetism through space directly. The
combined effect of intramolecular interactions and spin inter-
actions through space results in the J value of S-NPs being
slightly larger than D-NPs. The occurrence of ferromagnetism at
Au–S interfaces has been observed, and the ferromagnetism has
been associated with Au 5d localized holes that are the result of
charge transfer from the Au surface atoms to the S atoms of the
organic ligands when forming the Au–S bonds.35,42 There are
A–S bond on Au surface in both S-NPs and D-NPs, and we refer
to the resulting ferromagnetism as spin interactions through
the gold surface. It can be deduced that the considerable
ferromagnetism in S-NPs and D-NPs should be attributed to the
spin interactions through Au surface primarily. This analysis
also suggests that the strategy of achieving close-packing
through Au–S self-assembly to obtain a material with strong
magnetic coupling is a feasible approach.
Conclusions

Herein, a series of self-assembled organic spin hybrid samples
were prepared based on the AuNPs by utilizing the binding of
Au–S bonds and innovatively choosing NN-type double radicals.
The accuracy of the structural synthesis of the samples was
veried by UV, IR, MS, Raman spectrum and CV tests. The
morphology and radical packing density of the samples were
discussed by TEM and EDS. The magnetic properties of the
samples were investigated and analyzed by use EPR and SQUID.
The results of packing density analysis indicate that the self-
assembled strategy employing two radicals achieved higher
packing densities on the gold surface and that the D-NPs ach-
ieved higher packing densities on the AuNPs surface than those
previously reported for NN type radicals. Magnetic analysis
showed that S-NPs and D-NPs exhibited a higher ferromagne-
tism than previously reported alkyl mercaptan modied gold
nanoparticles and most of NN type organic radicals, which is
the superposition of the ferromagnetism due to the Au 5d
© 2024 The Author(s). Published by the Royal Society of Chemistry
localized holes on the gold surface and the spin magnetism of
NN. Besides, it shows that the use of the radical self-assembly
strategy on the gold surface is a promising approach for
synthesizing macroscopic ferromagnets in the aggregated state.
In addition, AuNPs with magnetic properties have a wide range
of applications in the biomaterials, such as drug targeting,
magnetic imaging. This study provides a valuable strategy for
the preparation of organic magnetic hybrid magnets with
tightly ordered organic spin structures.
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