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ABSTRACT

Intensive studies are published for graphene-based molecular magnets due to their remarkable electric, thermal, and mechanical properties.
However, to date, most of all produced molecular magnets are ligand based and subject to challenges regarding the stability of the ligand(s).
The lack of long-range coupling limits high operating temperature and leads to a short-range magnetic order. Herein, we introduce an
aminoferrocene-based graphene system with room temperature superparamagnetic behavior in the long-range magnetic order that exhibits
colossal magnetocrystalline anisotropy of 8 x 10> and 3 x 10” J/m> in aminoferrocene and graphene-based aminoferrocene, respectively.
These values are comparable to and even two orders of magnitude larger than pure iron metal. Aminoferrocene [C,oH;,FeN]" is synthesized
by an electrophilic substitution reaction. It was then reacted with graphene oxide that was prepared by the modified Hammers method. The
phase structure and functionalization of surface groups were characterized and confirmed by XRD, FT-IR, and Raman spectroscopy. To
model the behavior of the aminoferrocene between two sheets of hydroxylated graphene, we have used density functional theory by placing
the aminoferrocene molecule between two highly ordered hydroxylated sheets and allowing the structure to relax. The strong bowing of the
isolated graphene sheets suggests that the charge transfer and resulting magnetization could be strongly influenced by pressure effects. In
contrast to strategies based on ligands surface attachment, our present work that uses interlayer intercalated aminoferrocene opens routes for

future molecular magnets as well as the design of qubit arrays and quantum systems.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0153212

Since the discovery of molecular magnets (MMs),"” there has
been growing interest in developing molecular materials that can
exhibit cooperative magnetic interactions at room temperature.
Molecular magnets (MMs) are classes of magnetic materials, in which
molecular moieties bearing unpaired spin density interact electroni-
cally and magnetically.” Because of their quantum size effects,
lightweight, mechanical flexibility, tunable color or transparency, low-
temperature processing, solubility, and compatibility with polymers
and other classes of molecular materials, MMs have great advantages
and unique properties compared to conventional magnets in high-
density data storage. Furthermore, the use of MMs in spintronic and
qubits for quantum computing has the potential to become a disrup-
tive technology, since organic materials can enhance preservation of
electron spin orientation lifetime relative to inorganic conductors due
to their inherently weak spin-orbit coupling. However, producing
room temperature molecular magnets was and still is a challenge.

There is only the work done by Manriquez et al,* where it was shown
that the reaction ring of bis(benzene)vanadium with tetracyanoethy-
lene (TCNE) affords an insoluble amorphous black solid that exhibits
ferromagnetism at room temperature. The origin of the magnetic
behavior was based on three-dimensional antiferromagnetic exchange
of the donor and acceptor spins resulting in ferromagnetic behavior.
Then, this work has been continued to include other 3d metals, such
as Mn.” Since then, scientists have been focusing on the development
of molecular magnets that operate near room temperature with the
goal of enabling spintronic applications. Recently, a MM system has
been discovered by Guo et al.® that contains dysprosium metallocene
with magnetic hysteresis observed up to 70 K. Such behavior originates
from spin-phonon coupling regimes. Since the discovery of graphitic
carbon in 1991 by Ijima,” there has been working on developing mag-
netic graphene or graphene based molecular magnets that might show
a room temperature ferromagnetic behavior.” ' In addition, ligand
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based molecular magnets suffer from tunneling at zero field, a major
cause for their inefficiency for information storage."' '® Even though
graphene sheets lack magnetic property, structural change due to oxida-
tion to graphene oxide and structural defects might introduce ferromag-
netism.'>"” In both graphene oxide and reduced graphene oxide,
Diamantopoulou ef al."” and Sarkar et al."” reported weak magnetism at
room temperature. Epoxide functional group composites are responsible
for magnetic susceptibility of graphene oxide,"* creating unpaired spins
on the carbon radicals."”'° In a recent study, attachment of electron
withdrawing substituted ligands to the graphene enhanced the charge
transfer revealing magnetic and electronic properties.'”

In this study, we aimed to solve two major technical impediments
for use and delivery of graphene-based molecular magnets (G-MMs).
The first is the challenge to synthesize molecular magnets that can
operate at room temperature. The second is to increase magnetic order
stability by attempting to locate the ligand inside the layers and rely
upon slight metallic behavior to increase the onsite magnetic anisot-
ropy and strongly couple neighboring magnetic intercalants. For this
reason, we select aminoferrocene for its efficacy to participate in elec-
tron transfer’’ " to be intercalated within the graphene oxide layers.
Herein, two graphene oxide-based aminoferrocene molecular magnets
are used GO-MM1 and GO-MM2. They are both molecular magnets
with the same type, amount, and composition of reactants but differ-
ent synthesis procedures. GO-MML1 is synthesized in a two-step reac-
tion. The first step was synthesis of charged aminoferrocene as in the
following procedure.

To obtain the required compound, i.e., charged aminoferrocene,
ferrocene is reacted with conc. H,SO, in conc. HNO; [both acids gen-
erate an electrophile called nigronium ion known as nigronium ion
(NO*")] that breaks the delocalization in the cyclopentadiene ring
and nitro-ferrocene. Then, by adding Sn in conc. HCI, heat will be
reduced from the nitro group to amino group. Finally, sulfate byprod-
uct will neutralize the positive charge on nitrogen by proton abstrac-
tion. The resultant sulfuric acid will give a proton and abstract a
hydrogen ion from the iron (Fig. S1). GO-MM2 is prepared in one pot
synthesis, that is, all reactants including ferrocene were added simulta-
neously and resulted in a non-magnetic system. We believe that the
charged aminoferrocene failed to form; hence, the source of spin for
the entire molecular magnet is missing.

The crystal structure was characterized using XRD as shown in
Fig. 1. A sharp peak at a range of 10° is a good signifier of graphene
oxide formation.” Qur calculation of the interlayer spacing using the
Bragg law [order of reflection (n) x wavelength (1) =2 x interplanar
spacing (d) x sin0, where JA—wavelength of incident x ray,
theta(0)) = peak position in radians] also indicated that GO layers have
wider spacing (dgo; = 1.0365nm) than the repeatedly reported d-
spacing, which is less than 1nm.” ** This spacing will be filled with
aminoferrocene sandwiched between the layers.” In addition to the
weak van der Waals interaction existed between the double conjuga-
tion of the graphene oxide and the diene in ferrocene,” the hydrogen
bonding within the amino-group of ferrocene and oxygen of the GO-
layer might have contributed to the stabilization of the interaction.
The strongest interaction is expected to be coulombic due to charge
transfer between the aminoferrocene and the bilayer. In addition, as
seen in Fig. 1, the XRD peaks confirm the presence of the aminoferro-
cene and the Go-aminoferrocene molecular magnets and no presence
for any related iron oxide phase structure.
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FIG. 1. XRD spectra of GO-MM2, GO-MM1, aminoferrocene [C1oHq;FeN]", and
graphene oxide.

To verify the presence of the functional groups, FT-IR studies
were performed under vacuum in the transmission mode. For easier
comparison and vibrational line assignments, in addition to the IR
spectra of GO-MMI1 and GO-MM2 samples, the aminoferrocene
spectrum is also presented in Fig. 2. The spectrum shows dominant
vibrational lines at 520 (ring-Fe-ring stretching), 968 (CH bending),
1120 (anti-symmetric cyclopentadienyl ring breathing mode), 1384
(CC stretching), 1530 (CC stretching), 1658 (CO, CC, and the amino
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FIG. 2. FT-IR spectra of aminoferrocene [C1oH11FeN]"(blue line), GO-MM1(red
line), and GO-MM2 (black line).
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group stretching), 2162 (CO and CC stretching), 3230 (CH and OH
stretching), and 3394 cm™ ! (OH stretching).’“ All these aminoferro-
cene vibrational lines exhibit shifts of ~35cm ™" on average from the
vibrational frequencies’ characteristic to ferrocene.”" A quick compari-
son between the IR spectra of GO-MM1 and GO-MM2 samples with
the spectrum of aminoferrocene reveals a much stronger presence of
aminoferrocene in the GO-MM1 sample, presence almost absent in
the case of the GO-MM2 sample. This remark is based on the similar-
ity of vibrational lines observed in both the GO-MMI1 and the amino-
ferrocene spectra. However, a closer look at these two spectra
demonstrates that there are some vibrational differences, such as the
decreases in the intensities of the 968 and 1384 cm ™' bands and the
disappearances of the 1530 and 2162 cm ™' vibrations in the GO-MM1
spectrum. While these observations suggest a potential interaction
between GO and aminoferrocene, it also masks the visualization of the
characteristic GO vibrational modes, which can be depicted only by
the weak vibrations at 2932 (sp2 CH stretching) and 3230 cm~ ! (OH
stretching).””*® GO contains epoxide and hydroxyl functional on its
basal plane, as well as carboxyl moieties at its edges, these two IR vibra-
tions could be also associated with produced defects on the graphene
network.” The IR spectrum of GO-MM2 shows the absence of the
aminoferrocene absorptions at 520, 968, 1384, and 2162 cm ™, upshift-
ing of the aminoferrocene lines at 1120 and 1530 cm ™' to 1198 and
1565 cm ™, respectively. It also shows a slightly more visible presence
of GO, with characteristics vibrations at 1630 (CC stretching) and
1730cm "' (C=O stretching), besides those already observed in the
GO-MMI1 spectrum at 2932 and 3230cm . The absence of
2162cm™ ' feature in both spectra of GO-MM samples, vibrational
lines that could also be assigned to —N=C=O groups, implies a
potential intercalation/absorption of aminoferrocene between GO
layers or at its edges. It also could imply a complete reaction of the
organic material with the hydroxyl groups of GO.

To verify the presence of the aminoferrocene and graphene in
the samples, Raman spectra of the GO-MMI1 and GO-MM2 samples
together with the aminoferrocene spectrum have been measured and
are presented in Fig. 3. It is conventional to investigate the quality of a
carbon-based sample by employing the intensity and broadness of the
characteristic GO Raman features, the D and G bands, with the D
mode known to correspond to the disordered carbon line and the
related symmetry lowering or finite-size effects in GO, and the G
mode related to the graphitic sample properties.”” "’ The observed D
and G peaks in Fig. 5 at 1336 and at 1598 cm ™, respectively, as well as
the 2D bands at 2678 and 2935 cm™ " are in good agreement with their
reported literature values.”” *” A comparison between the Raman
spectra of the GO-MM1 and GO-MM2 samples reveals an enhance-
ment of the G peak in the spectrum of the former sample. This
increase in the ratio of the intensity of the D peak to that of the G
peak, ID/IG, from a 1.1 to 1.4 value for the GO-MM1 and GO-MM2
samples, respectively, is an indicative of a recovery of sp> domains in
the GO and a reduction of its surface. This observation corroborates
with the information obtained from other techniques used to analyze
the samples, such as XRD and FT-IR. A slight increase is also observed
in the intensities of 2D bands in the case of GO-MM2 sample, being
attributed to the restoration of C-C interatomic distances and angles
characteristic to GO. Also, the absence of the intense ferrocene vibra-
tional lines at 307 (ring-Fe-ring stretching), 391 (ring-Fe-ring
stretching), 1108 (symmetric ring breathing mode), and 3100 cm ™"
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FIG. 3. Raman spectra of aminoferrocene (blue line), GO-MM1 (red line), and GO-
MM2 (black line).

(symmetric CH stretching)* in the spectra of the two GO-MM sam-
ples again indicates a potential interaction between the organic mate-
rial with the GO, in agreement with our FT-IR analysis. Moreover, the
Raman spectra of GO in GO-MMI are a single layer (2678 cm™"),
whereas in GO-MM2, it is three-layer (2701 cm ™).

To determine the magnetic range order of the prepared systems,
magnetic measurements were carried out by using the vibrating sam-
ple magnetometer (VSM) in the magnetic field range of -3 to 3T and
the temperature range from 50 to 400 K. The measurements include
hysteresis loop at room temperature (300 K), 50K, and 350K and the
magnetization dependence on temperature at a constant magnetic
field of 200 Oe.

Aminoferrocene and GO-MMI displayed closed hysteresis loops
at room temperature with coercivity (Hc) close to zero of 0.34 and
12.820e [Fig. 4(a) inset], respectively, revealing superparamagnetic
behavior with magnetization (Ms) of 3.06 and 2.762 emu/g and GO-
MM2 showed paramagnetic behavior [Fig. 4(a)]. The M x T data were
recorded by the ZFC/FC measurements at 200 Oe, which show the
long-range magnetic order up to 400 K and confirm the superparamag-
netic behavior of the aminoferrocene and GO-MM1 samples with
blocking temperature (Tg) of 75 and 95K, respectively [Fig. 4(b)]. There
are two steps in the red curves, which are due to the presence of gra-
phene to confirm the presence of two magnetic phases in the GO-MM1
sample. The GO-MM2 shows zero magnetization with no magnetic
range order. The M x H data at 50 and 350 K show superparamagnetic
behavior, which confirm the long-range magnetic order of the amino-
ferrocene and GO-MMI1 samples, and show paramagnetic behavior for
the GO-MM2 sample [Figs. 4(c) and 4(d)]. Since the samples have
superparamagnetic behavior, the magnetocrystalline anisotropy was
determined using Neel-Brown equation.”” The aminoferrocene and
GO-MMI samples show colossal magnetocrystalline anisotropy with
3% 107 and 8 x 10° J/m’, respectively. These values are comparable
with pure iron metal for graphene-based aminoferrocene (GO-MM1)
and two order of magnitude larger than pure iron and one order of
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FIG. 4. Hysteresis loop at 300K (a), magnetization at zero-field-cooled (ZFC) and field-cooled (FC) at 200 Oe (b), and magnetization dependence of external magnetic field at

50 (c) and 350K (d).

magnitude larger than CoFeC permanent magnet for aminoferrocene
molecular magnets.””"* Since the charged aminoferrocene persists, the
reason for magnetization is due to electron withdrawing and deactivat-
ing effect of the charged nitrogen that is more electronegative than
neighboring atoms. This decreases the m—electron density, while
increasing the o—electron density, in ortho and para positions of the
ring creating a paramagnetic coupling, and de-shielding was resulted
between the occupied ¢ with the unoccupied 7 orbitals and the unoccu-
pied " orbitals with the occupied o orbitals.”” The interaction between
n-orbitals in the sp2-bonded carbon atoms of graphene oxide
sheets”*** and aminoferrocene contributes to the magnetization of
the graphene oxide assembly.”” Furthermore, the magnetic de-shielding
effect of charged amino group facilitates magnetic field stream between
each of these two agents.”” This interaction is further stabilized by
hydrogen bond, stronger intermolecular interaction between the amino
group, and the nearby oxygen layers of the hydroxide or epoxide groups
if aminoferrocene locates at the C-axis (center) of the layer. If the

aminoferrocene is at the edges, its interaction with OH of the carboxyl
group will lead to different arguments, which also make electron transfer
very difficult. In a separate experiment, we changed the synthesis into a
one-step mechanism where all the ingredients are added at once, includ-
ing the separate procedure for preparation of aminoferrocene. The
product (GO-MM2) was non-magnetic at room temperature. Clearly,
aminoferrocene should not be formed in this assembly because the
nitration and reduction process should be done separately.

In order to understand the reason for the observed magnetic
properties in the aminoferrocene and GO-MMI, we have done theo-
retical studies using density of function theory (DFT) to verify the
energy stability for the aminoferrocene to persist in between the layers.
This interaction is exhibited constant energy with that bridge posi-
tions. In this case, aminoferrocene is situated perpendicular to both
the layers. It was also found out that this bind energy is comparable
to that of calculated benzene adsorption on graphene.”” Within
the generalized-gradient approximation for the aminoferrocene,
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FIG. 5. Gas-phase structure of aminoferrocene (a) and the unrelaxed (b) and
relaxed (c) [Cs4(OH)71,@ Fe[CsHsCsHsNH,] system.

CsHsFeC,H,NH,, the neutral molecule resides in a singlet state and as
expected from its iso-electronic counterpart, ferrocene, it has a large
HOMO/LUMO gap. However, if two electrons are removed, the dica-
tion converts to an S=1 state with two unpaired d-electrons on the
Fe'? center. The system has a HOMO/LUMO gap of 0.62¢€V in the
gas phase, the dication has a magnetic anisotropy of 9.1 K, and it is pri-
marily easy axis albeit with an appreciable transverse anisotropy due
to the presence of the amine group. For the gas-phase dication, there is
significant departure from parallel pentacene planes in the gas phase
as shown in Fig. 5. To model the behavior of the aminoferrocene
between two sheets of hydroxylated graphene, we placed the molecule
between two highly ordered hydroxylated sheets and allowed the
structure to relax. For the overall neutral structures, several structural
effects are observed. First, the OH radicals migrate away from the inte-
rior of the parallel sheets and bind to dangling bonds on the graphene
sheets those have been identified in previous work.”® ** Second, there
is a significant internal pressure induced by the presence of the amino-
ferrocene Island, which leads to the isolated graphene sheets taking on
a spherical shape. Third, the OH radicals at the center of the parallel
sheets steal some electrons from the aminoferrocene, which causes a
moment to form on the aminoferrocene. Based on numerical analyses
of charge near the Fe ion, it appears that full charge transfer of two
electrons to the two OH radicals does not appear (Table S1). The dis-
tortion of the aminoferrocene, found in the gas-phase dication, also
does not occur as dramatically, which is in accord with an incom-
pletely ionized island. The strong bowing of the isolated graphene
sheets suggests that the charge transfer and resulting magnetization
could be strongly influenced by pressure effects.

We have calculated the vibrational spectra of the aminoferrocene
in the neutral and +2 charge state (S3). There is a qualitative

—
Y
~

(b)

110100 90 80 4,

Crystal Angular Radius (nm)
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difference in the Raman spectra at 1500 1/cm, which should be a very
clear indicator of the S= 1 aminoferrocene. From the charge transfer
analysis (Table S2), the structural effects suggest that, at least within
Perdew-Burke-Ernzerhof generalized gradient approximation (PBE-
GGA), the capacity for electron withdrawing of the OH radicals from
the aminoferrocene is not, by itself, strong enough to create a dication
with strong anisotropy between the two-graphene sheets. For the OH
case, the calculated moment in charge suggests that a half of an elec-
tron is shared with the two OH radicals. These findings confirm the
experimental observation of the magnetic order in both the aminofer-
rocene and GO-MML1 systems. We note that vdW interactions are not
responsible for the attractions between infinite sheets of graphite or for
attractions between the graphene flakes studied here. In our case, elec-
trostatic interactions, properly included within DFT formulations,
hold the flakes together.

From the above-mentioned findings on the magnetic order with
superparamagnetic behavior of the aminoferrocene and GO-MMI1
samples, the effect of the temperature on the direction and the fluctua-
tion time of the magnetic moment of the angular crystalline radius of
the prepared molecular magnets could be condensed into a single sim-
ple 3D figure (Fig. 6). Figures 6(a) and 6(b) represent the effect of tem-
perature on the rotation of the magnetic moment for the
aminoferrocene and GO-MM], respectively. The color indicates the
change in the temperature range starting from the lower temperatures
(blue regions) up to the very high temperatures (black regions). The
effect of the thermal energy on change of the magnetic moment direc-
tion has been implied from 0° to 12° for the aminoferrocene molecular
magnets [Fig. 6(a)] and from 0° to 80° [Fig. 6(b)] resulting in a mag-
netic moment rotation image of the particle around its easy axis. Such
small effect of the thermal energy on the angle confirms the presence
of the long magnetic range order obtained from the experimental mea-
surements for the aminoferrocene, which is longer and more stable
than the GO-MM1 molecular magnet, which verify the observed
colossal magnetocrystalline anisotropy energy. These findings open
routes of room temperature long-range order molecular magnets and
their potential for quantum computing and data storage applications.

Unlike graphene oxide, aminoferrocene in its ionic form was syn-
thesized to appositely locate it between graphene oxide layers. The as-
synthesized aminoferrocene molecular magnet shows unexpected
colossal magnetocrystalline anisotropy with two order of magnitude
larger than pure iron (Fe) and an order of magnitude larger than
CoFe,C magnet. Such colossal anisotropy leads to thermal stable long-
range superparamagnetic order. The magnetic order originates from

110 100 90 0

70

FIG. 6. Magnetocrystalline moment rotation under applied thermal energy revealing long-range order of (a) aminoferrocene and (b) GO-MM1 molecular magnets.
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electron withdrawing capacity of the electron deficient nitrogen.
Within the layers, this effect will transcend to the layers to enhance
magnetization in addition to interaction of double bond electrons
between each ring. The DFT data predict a metallization of the di-
hydroxylated aminoferrocene system with a total Fe to OH charge
transfer of 0.63 electrons. The DFT calculations confirm the experi-
mental observation of the magnetic order in aminoferrocene and GO-
MMI systems. This outstanding observation opens routes for room
temperature molecular magnets, which will have a great potential in
spintronic and quantum computing devices.

See the supplementary material that includes details of the mate-
rials and methods used to produce the synthesized MMs.
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