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ABSTRACT: Stabilization of ferromagnetic ordering in graphene-based systems up to room
temperature remains an important challenge owing to huge scope for applications in electronics,
spintronics, biomedicine, and separation technologies. To date, several strategies have been
proposed, including edge engineering, introduction of defects and dopants, and covalent
functionalization. However, these techniques are usually hampered by limited temperature
sustainability of ferromagnetic ordering. Here, we describe a method for the well-controlled sp’
functionalization of graphene to synthesize zig-zag conjugated sp* carbon chains that can act as
communication pathways among radical motifs. Zig-zag sp*/sp* patterns in the basal plane were
clearly observed by high-resolution scanning transmission electron microscopy and provided a
suitable matrix for stabilization of ferromagnetic ordering up to room temperature due to combined
contributions of itinerant s-electrons and superexchange interactions. The results highlight the
principal role of sp*/sp: ratio and super-organization of radical motifs in graphene for generating

room temperature non-metallic magnets.
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Graphene, a two-dimensional (2D) layer of sp>-bonded carbon atoms arranged in hexagons, has
attracted continuous attention of the scientific community over the past decade owing to its
exceptional mechanical, electric, transport, and optical properties, which stem from its peculiar
atomic organization and electronic structure.” It has been successfully tested in or proposed for a
broad spectrum of applications’ in various fields, such as electronics,’ generation and storage of
energy,” optics, medicine, printing technologies, treatment of the environment,* and mechanical
reinforcements.” However, despite its unique physical features, several drawbacks have been
identified that hamper its use for specific processes and utilization. They include its high
hydrophobicity, zero bandgap, and lack of magnetic response. In many cases, functionalization
has been shown to be an effective strategy for overcoming these drawbacks.” For instance, it has
been used to synthetize a number of graphene derivatives, such as graphene oxide,* graphane,*
fluorographene** and other halogenated graphenes,” thiographene,* cyanographene,” graphene
acidv» and hydroxographene,” significantly extending the application potential of graphene-based

materials and providing attractive/competitive alternatives in fields where pristine graphene fails.

More than two decades ago, it was theoretically suggested that in a single layer of graphite,
intrinsically diamagnetic, localized magnetic moments may emerge if an sp*-type defect is formed
in the hexagonal carbon lattice. Since the first isolation of graphene in 2004, the introduction of
defects has become accepted as a promising way to endow graphene with magnetic properties it
lacks.»» In general, defects formed or introduced in the graphene lattice are of diverse nature, e.g.,
they can emerge due to (i) structural/topological disorders, such as point and line defects (i.e.,
vacancies, interstitial atoms, periodically repeating pentagonal-heptagonal or pentagonal-
octagonal motifs) and Thrower-Stone-Wales defects,** (ii) substitutional non-carbon atoms (i.e.,

nitrogen, boron, sulphur),*~ (iii) adatoms (i.e., light atoms such as hydrogen, fluorine, etc.),*> (iv)



functionalizing groups,** and (v) special edge architectures and related confinement effects.”* The
presence of defects substantially modifies the electronic structure of graphene, resulting in
evolution of mid-gap states or flat bands appearing at or in close proximity to the Fermi level.
Most importantly, these new band features are spin polarized, implying they are associated with
increased magnetic moments due to defect-promoted formation of unpaired electrons that no

longer participate in bonding.

As graphene can be regarded as a bipartite system with two interpenetrating triangular lattices, the
relative positions of the magnetic moments determine the type of the magnetic ground state
according to the Lieb’s theorem.” The generated magnetic moments, alternatively termed
paramagnetic centers, may interact with each other once a communication medium is available.
As a result, ferromagnetic and/or antiferromagnetic ordering can develop with sustainability
against thermal fluctuations up to a finite temperature determined by the strength of the magnetic
interactions among the defect-induced magnetic moments. Originally, the conductive s-electron
system of graphene was proposed as a mediator of magnetic coupling with attributes resembling
those of the Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction.”» Thus, the concept of the
Stoner magnetism is sometimes adopted to account for magnetic ordering in graphene mediated
by itinerant si-electrons occupying narrow bands at the Fermi level. However, it has often been
argued, from both theoretical and experimental standpoints, that the s-electron system of graphene
is generally too weak for maintaining the magnetic coupling over the whole structure at elevated
temperatures.”* It has also been shown that in the case of doping, the magnetic ordering can resist
thermal disruption to some extent depending on the chemical nature of the dopant, its electronic
features (i.e., n-/p-type), its concentration and configurations of foreign atoms in the graphene

lattice.»~ In such cases, the magnetic transition temperatures can be up to 100 K. In cases where



room temperature magnetic ordering has been observed, it has been heavily questioned due to the
highly probable or lately confirmed presence of impurities of d-block elements stemming from the

synthesis itself or sample handling.»«

Recently, sp* functionalization of a graphene sheet has been identified as an effective approach to
induce huge magnetic moments at low temperatures. In addition, suitable sp> functionalization
promotes the formation of a new type of the magnetic centers in graphene, known as diradical
motifs, as demonstrated very recently by Tucek et al.,» whereas previous concepts have heavily
relied on monoradical-(defect-)induced magnetism. These diradical motifs are believed to emerge
only above the site percolation limit of the graphene lattice, i.e., when the number of sp:-carbon
atoms 1is sufficient to encage the remaining sp-conjugated islands. In other words, sp’
functionalization must reach a defined level for both the generation of diradical motifs and
suppression of lateral diffusion of adatoms that ruin the periodic pattern of sp> magnetic islands
over the graphene sheet. Most importantly, apart from acting as sources of magnetic moments, the
functionalizing groups enable bridging among the diradical motifs, eventually mediating
interaction among them and stabilizing the magnetic order throughout the whole graphene lattice

up to high temperatures.

In particular, hydroxofluorographenes with an appropriate F/OH ratio are examples of such sp:-
functionalized graphene platforms where —OH groups act as a driving force for establishing
diradical motifs by supporting their stabilization and allowing communication via superexchange
interactions.” Although these systems show a ferromagnetic ground state, they undergo transition
to an antiferromagnetic regime upon heating, which is stable up to room temperature. In other
words, superexchange interactions seem to be much stronger than the s-electron system of

graphene at maintaining the magnetic ordering to exceptionally high temperatures. Thus,



development of the functionalization approach to generate ferromagnetic ordering sustainable up
to room temperature via strengthening the role of itinerant si-electrons and, at the same time,

synergistic effect of other magnetic exchange mechanisms remains a challenging task.

In this work, we report a simple synthetic strategy based on the chemistry of fluorographene to
prepare hydroxyl- and fluoro-functionalized 2D graphenes with super-organization of zig-zag sp
carbon chains/paths inside an otherwise sp-bonded lattice. The prepared graphene derivative
exhibited room temperature ferromagnetic ordering stemming from the synergistic interplay
between itinerant z-electrons and superexchange interactions mediated by —OH groups. The
synthesis of a ferromagnetic non-metallic carbon-based material could stimulate an interest in
exploiting such 2D systems for advanced applications in various fields of electronics, biomedicine,

spintronic, targeted delivery, and separation processes.

RESULTS AND DISCUSSION

To prepare a magnetically ordered graphene derivative, we synthetized graphene containing zig-
zag sp* motifs embedded in an otherwise sp* lattice with a suitable functional group that enabled
magnetic interaction among the individual zig-zag motifs.© We employed a fluorographene
chemistry, which allowed tailored functionalization of graphene and preparation of a wide
portfolio of graphene derivatives.#= We chose —OH groups as a functionality for establishing
efficient magnetic interaction among magnetic centers embedded in the graphene lattice.» We
reacted fluorographene with KOH in ethanol at an elevated temperature (see Figure 1a and Figure

S1 in the Supporting Information) to prepare hydroxofluorographene (denoted thereafter as



G(OH)F) and found that it exhibited ferromagnetic ordering sustainable up to room temperature

(see below).

X-ray photoelectron spectroscopy (XPS) analyses performed on as-formed G(OH)F revealed the
presence of only carbon, fluorine, and oxygen, as can be seen in the XPS survey spectrum in the
inset of Figure 1b. The content of these elements was 65.8%, 21.9%, and 12.3%, respectively,
giving a total chemical composition of C,(OH)..F,. The high proportion of oxygen in the material
was also reflected in the ratio between the C—OH and various C-F bonds in high-resolution C 1s
XPS (see Figure 1b) pattern. The high-resolution O 1s XPS pattern also showed that oxygen in the
sample was mostly present as hydroxyl groups (see Figure S2a in the Supporting Information).
The low amount of oxygen as carbonyl/carboxyl groups was probably due to the harsh reaction
conditions. Quantification of various metals as potential magnetic contaminants was carried out
by inductively coupled plasma mass spectrometry (ICP-MS) technique (see Table S1 in the
Supporting Information). The ICP-MS analysis confirmed that the mass amounts of Fe, Ni, and
Co were below 15 ppm. If the determined mass amounts of Fe, Ni, and Co and the magnitudes of
their magnetic moments were considered, the total mass magnetic susceptibility (¥...) of these d-
block elements was estimated to be of the order of 10+ emu gOe- at 0 K under a 1 kOe field. Since
the measured y... values for the G(OH)F sample were of the order of 10+ to 10« emu g'Oe" under
a 1 kOe field (see below), the contribution of Fe, Ni, and Co to the sample’s ¥... was assumed

negligible and not responsible for the observed magnetic phenomena.

The Raman spectrum of G(OH)F (see Figure S2b in the Supporting Information) exhibited typical
features of functionalized graphenes, i.e., a D-band at 1323 cm, G-band at 1608 cm, and an /,/1,
intensity ratio of 1.22. The Fourier-transform infrared (FT-IR) spectrum of G(OH)F (see Figure

1c) showed dominant peaks at 1105 and 1044 cm- typical of a C—C-O asymmetric stretching mode



and also a peak at 1385 cm assigned to O—H bending. Finally, characteristic peaks of a C—F bond
at 1200 cm and aromatic C=C bond at 1596 cm were observed along with minor signs of a C=0

bond at 1725 cm in accordance with the XPS results.

High-resolution transmission electron microscopy (HRTEM) images demonstrated the existence
of relatively large sheets of G(OH)F with length and widths exceeding 1 um (see Figure 1d).
Moreover, the sheets were observed to have a few-layered character as also confirmed by atomic
force microscopy (AFM) topology and AFM height profile evidencing for a sheets' thickness of ~
1.1 nm (see Figure S3 in Supporting Information). In the energy-dispersive X-ray spectroscopy
(EDS) pattern, only peaks belonging to carbon, oxygen, and fluorine were detected (see inset in
Figure 1d). No traces of other elements were observed, in agreement with the XPS analysis. More
importantly, from aberration-corrected scanning transmission electron microscopy (STEM)
imaging, a periodic pattern could be seen with an appearance closely resembling the expected zig-
zag motifs (see Figure le). Thus, it seems that at such an F/OH ratio, a peculiar organization of —
OH groups and —F adatoms favors formation of sp* zig-zag chains separated by sp’ strips (see
scheme in Figure 1e). This was found to be crucial not only for the emergence of magnetic ordering
in G(OH)F but also for its sustainability at exceptionally high temperatures, as we shall discuss

below.



(a) F1s 5

1. Ultrasound

- T T T T T T T T T 1
1000 800 600 400 200
Binding energy (eV)

AV 2. EtOH, KOH
“|!* 40 °C, 3 days 4

Intensity (a.u.)

o Data 7
Fit !
C-F

-----

Fluorinated graphite Hydroxofluorographene
(C:F=1:1) G(OH)F

296 294 292 290 288 286 284
Binding enery (eV)

c -
() C=0 C-O-H 3|k
2 O F
2]
3| OH B
3 | — I'lllllllllllll
® 0.20.30.40.50.60.70.80.91.0
Q k
c
£
£
[7/]
c
g
[
/L
LI L L L L L L

3500 3000 1800 1600 1400 1200 1000 800
Wavenumber (cm™)

STEM/HAADF

Figure 1. Physicochemical characterization of the G(OH)F system. (a) Schematic of the

synthetic protocol for preparing G(OH)F. (b) High-resolution C 1s XPS pattern of G(OH)F with

bonds indicated. The inset shows the survey XPS pattern of G(OH)F with element peaks indicated.



(c) FT-IR spectrum of G(OH)F with bands corresponding to the significant bonds marked. (d)
Representative HRTEM image of a G(OH) sheet. The inset shows the EDS pattern, which
confirms that only carbon, fluorine, and oxygen were present in the system. (e) Scanning
transmission electron microscopy/high-angle annular dark-field imaging (STEM/HAADF) image
(right) of a thin region near the edge of a G(OH)F aggregate, with evident zig-zag patterning in

agreement with the model representation of zig-zag routes in the structure of G(OH)F (left).

To assess the magnetic features of the G(OH)F system, its y... as a function of temperature was
first measured (see Figure 2a). It is well known that when defects, of whatever nature, are
introduced into graphene, unpaired spins emerge with evolution of localized magnetic moments
that can communicate with each other via charge carriers (s-electrons, holes) and/or exchange

interactions. y...of the defected graphene can then be expressed by (Equation 1)

where ¥..... 1S @ diamagnetic term involving orbital, Landau and core diamagnetic contributions,
Ymssw 18 @ paramagnetic term including a Curie-like response of non-interacting (isolated) defect-
induced paramagnetic centers, paramagnetic Pauli contribution from the conduction electrons and
paramagnetic van Vleck contribution, and ... represents the ferromagnetic/antiferromagnetic
term appearing only when the interaction among the defect-induced paramagnetic centers becomes
feasible. As shown in Figure 2a, ... exhibited complex temperature-dependent behavior with a
dramatic drop in values above ~375 K, indicating the onset of a magnetic transition. From the

second derivative of y..., an inflection point (7.,) was identified at a temperature of ~383 K, which
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is a characteristic signature of ferromagnetic materials when passing from a ferromagnetic state to

a paramagnetic regime upon warming.

To mathematically analyze the ... profile recorded for the G(OH)F system, several assumptions
were adopted to relate the temperature evolution of the individual contributions to the sample’s
%= On a phenomenological level, y.....was well described by the Curie law (i.e., C/T, where C is
the Curie constant and 7 is the temperature), whereas j..... was temperature-independent with a
constant negative value over the entire temperature range of the measurement. Moreover, above
the inflection point, y... was expected to obey well the Curie-Weiss law (i.e., C/(T — 0), where C is
the Curie-Weiss constant, T is the temperature and 6 is the Weiss temperature). Assuming that
Y tended to zero at high temperatures, only the Curie-Weiss law with the y..... term was used
for fitting y... above 385 K. The analysis yielded 0 = 380 K and ¥.... = — 9.3 x 10« emu/gOe (see
inset in Figure 2a). The profile of y..... was derived (see inset in Figure 2a) after subtracting y.....
and assuming that the ferromagnetic contribution showed a saturation tendency at low
temperatures. The temperature behavior of y...... was obtained by subtraction of y...... and ¥..... from

the y... data (see inset in Figure 2a).

The measured y... profile confirmed the existence of a magnetically ordered fraction within the
G(OH)F sheets. The positive value of 6 implies that magnetic moments, induced by partial -OH
substitution of —F in fluorographene, interacted ferromagnetically among each other. Since the
values of T,, and 6 were, within the experimental error, nearly identical, T,, was ascribed to the
Curie temperature (7.) at which transition from a ferromagnetic to paramagnetic state occurs. Thus,
C.(OH)..F, behaved in a ferromagnetic manner at room temperature. Note that the existence of a
ferromagnetic ground state in hydroxofluorographene systems is due to the presence and peculiar

organization of diradical-based motifs. Importantly, no transition from a ferromagnetic to

11



antiferromagnetic state was observed for the studied C.(OH)..F, system with zig-zag architecture,
playing a crucial role in preservation of the ferromagnetic ground state up to high temperatures, as

shown by theoretical calculations below.

The temperature sustainability of the ferromagnetic behavior was further evidenced from
measuring and analyzing hysteresis loops for the G(OH)F system recorded over the temperature
range from 5 to 400 K (see Figure 2b-d and Figure S4 in the Supporting Information). At 5 K, the
magnetization vs. field curve showed a complex profile with a diamagnetic profile dominating at
high applied magnetic fields and hysteresis trend at low external magnetic fields. After subtracting
the diamagnetic component, the isothermal magnetization curve featured contributions from both
the paramagnetic and ferromagnetic fraction in the G(OH)F sheets (see inset in Figure 2b). Note
the relatively high value of coercivity amounting to ~320 Oe (see inset in Figure 2b), which implies
that the magnetic anisotropy within the G(OH)F structure holding the magnetic moments in
preferential orientations is favored by the 2D character of the G(OH)F sheet, organization of

magnetic motifs and interactions between them.

Upon increasing the temperature, the hysteresis profile of the isothermal magnetization curves
persisted (see Figure 2c,d and Figure S4 in the Supporting Information). However, although the
coercivity of the ferromagnetic fraction gradually decreased (see inset in Figure 2d), it did not
strictly follow the function valid for the expected magnetic response from defect-induced localized
magnetic moments. This signifies a different nature of the magnetic moments, i.e., similar to
diradical-based motifs, as previously proposed for hydroxofluorographene systems with an sp*/(sp?
+ sp’) ratio over the percolation limit,” and complex temperature behavior of magnetic anisotropy
associated with the magnetically-active patterns. Most importantly, the hysteresis was observed

even at 300 K (see Figure 2b) with a coercivity value of ~105 Oe, further confirming the stability
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of the ferromagnetic fraction up to room temperature. The hysteresis was lost between 375 and
400 K, implying transition to a paramagnetic regime, in accordance with the y... data; at 400 K,
the isothermal magnetization curve exhibited only the diamagnetic and paramagnetic profiles (see
Figure 2d and Figure S4 in the Supporting Information). The hysteresis loops collected for
C..(OH)..F, in the temperature range from 5 to 400 K displayed a notable diamagnetic contribution.
Such a feature can be explained by the presence of a significant number of itinerant sr-electrons in
C..(OH)..F,, which orbit around the benzene rings in the lattice similarly to those in ideal, defect-
free graphene. This suggests that the itinerant s-electrons might assist in the interaction mechanism
with superexchange interactions, encouraging the persistence of a ferromagnetic ground state

against the temperature.
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Figure 2. Magnetization measurements of the G(OH)F system. (a) Temperature evolution of
the mass magnetic susceptibility (y...) recorded for the C,(OH).F, sample under an external
magnetic field (H..) of 1 kOe. The insets show the profile of the diamagnetic (¥.....), paramagnetic
() msoe) » and ferromagnetic (y.......) contribution to the total ... obtained from analysis of the ¥.... plot.
T, and T. correspond to the temperature of the inflection point and Curie temperature, respectively,

and indicate transition from a ferromagnetic state to paramagnetic regime upon warming the
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sample in the chamber of the magnetometer. (b) Hysteresis loops (M vs. H curves) of the
C.(OH)..F, sample measured at a temperature of 5 and 300 K. The lower inset shows the behavior
of the isothermal magnetization curves around the origin, providing evidence for non-zero values
of the coercivity and remanent magnetization. The upper inset displays hysteresis loops after
subtraction of the diamagnetic part (M...,.. denotes the magnetization of the ferromagnetic and
paramagnetic fraction together). (c) Hysteresis loops (M vs. H curves) of the C,(OH)..F, sample at
a temperature of 25 and 200 K. The lower inset shows the behavior of the isothermal magnetization
curves around the origin, providing evidence for non-zero values of the coercivity and remanent
magnetization. (d) Hysteresis loops (M vs. H curves) of the C,(OH)..F, sample measured at
temperatures from 225 and 400 K. The lower inset shows the behavior of the isothermal
magnetization curves around the origin, providing evidence for non-zero values of the coercivity
and remanent magnetization. The upper inset displays the temperature dependence of the

coercivity (H.), derived from the respective hysteresis loops.

Electron paramagnetic resonance (EPR) spectroscopy was used as a complement to the bulk mass
magnetic susceptibility analysis and allowed further probing of the nature and dynamics of the
spin species in the high temperature region (100-300 K) where the anomalous y... behavior was
evident (see Figure 3 and related Figures S5-S23 in the Supporting Information). The X-band EPR
spectrum of powder C,(OH)..F, recorded at 113 K is shown in Figure 3a. This material exhibited
a resonance signature consistent with an organic based radical very different from the EPR
spectrum of the commercial fluorographene (C.F.,) precursor (see Figure 3c). The observed signal
for C,(OH)..F, did not show g-anisotropy nor “F and 'H-hyperfine splitting associated with soluble

OH residues from the starting potassium hydroxide. Instead, it exhibited only a narrow EPR signal
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(AB, =0.482 mT) centered at g, = 1.9971(1) (validated against Mn'"MgO standard) (see Figure S6
and Figures S9—17 in the Supporting Information). Resonance signals ascribable to other soluble
paramagnetic species/contaminants were not detected in the broad range (see Figure S5 in the
Supporting Information). The absence of Dysonian-shaped signals,*# which are known to be
associated to itinerant spins, in conduction electron spin resonance (CESR) spectroscopy indicated
that the spins were localized in C,(OH)..F.. The integrated C,(OH)..F, resonance signal was well
described by the Voigt shape function (see Figure S7 in the Supporting Information), similar to
the findings of Rao e al.* in ultra-small double-walled carbon nanotubes embedded in zeolite, but
with dominant Lorentzian character (W,, Gaussian-weight of 2.33 x 10~ and W,, Lorentzian-weight

equal to 0.90).

The narrow peak-to-peak line width indicates that the unpaired electrons collectively experience
the fast exchange regime, known as the exchange narrowing effect. Such a phenomenon stems
from the occurrence of exchange interactions among unpaired electrons (H.) with strength large
enough to yield a random frequency modulation. When H., >> H,,, where H,, corresponds to dipolar
interactions arising from radical centers in close space proximities, the effect on the spin system
due to frequency modulation is to average out the dipolar interactions. Hence, the resonance line
associated with the entire spin packets approaches that of the isolated, non-interacting electron
spin moment. The observation of an electronic transition at half-field (around g = 4; see Figure S8
in the Supporting Information) further indicates that the radical system description is under a

strong exchange regime.

Theoretically, the effect of exchange narrowing has been elucidated by van Vleck, Kubo and
Tomita, and by Andersson.»» From the EPR spectrum shown in Figure 3a, the spin-spin relaxation

time (7.) was estimated using the relation (Equation 2)
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T.=1/yAv,, ()

where Av, = (2/V3)AB, and AB, corresponds tothe peak-to-peak field width (in magnetic units) of
the unsaturated Lorentzian line. The calculated 7, value was 1.36 x 10+ s for C,(OH), F.. This value
is much smaller than that estimated for neat fluorographene (7. of 2.6 + 10+ s) by Panich et al.»
The temperature dependence of the EPR signals of C.,(OH)..F, recorded in the range of 113-253 K
did not show changes from the Voight-shape resonance profile, appreciable changes in the peak-
to-peak width (AB,) or any spread in g.. (see Figures S8—16 in the Supporting Information). Figure
3d presents experimental values determined for g.. vs. T (lower panel) and AB,, vs. T (upper panel)
from linear fitting analysis (red-line; AB, = 4.82 + 0.01 Gauss, slope equals to 8.3 x 10+; g, =

1.9970 £ 0.0001, slope equals to 1.69 x 10~).

The variation of the spin-population of C.(OH)..F, recorded as a function of the temperature is
shown in Figure 3b () x T vs. T, with T from 113 to 253 K), where the term [Jdy... represents the
double integrated EPR signal intensity recorded at a fixed microwave power (0.1 mW). The
observed increase of the spin-population shows a clear departure from Curie-like behavior. Hence,
the trend is not consistent with that expected for paramagnetic species. This is consistent with the
abovementioned y... data. The clear increase of the y.. x T product shows that the unpaired
electrons must be correlated together via exchange interactions and the correlation is ferromagnetic
in nature. To gain further understanding of the system spin dynamics, power saturation
experiments were performed at four selected temperatures. The saturation results are shown in
Figure 3f. Figure 3e shows, as an example, the evolution of the C.,(OH)..F, EPR signals recorded
at 133 K as a function of increasing microwave power (from 0.05 mW to 32 mW, drawn as a

simple superimposition) to investigate the possible effect of itinerant electrons on the magnetic
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regime. Results from other experiments at various temperatures and microwave powers are shown

in Figures S18-23 in the Supporting Information.

To analyze the saturation trends, first-derivative EPR spectra recorded at different microwave

powers (P), were fitted using Portis and Castner’s theory (Equation (3)):**

“‘S:[ kx\/ﬁ

1+(PrR P

3)

where the term [J§ indicates the double integrated signal intensity, P is the applied microwave
power, b is the relaxation factor (b = 1 for inhomogeneous line broadening (Gaussian line) and b
= 3 for homogeneous line broadening (Lorentzian line)), P.. is the power at which the signal is
half-saturated, and & is an experimental constant associated to the instrument. From global fitting
analysis, a (spin correlated) b value of 0.62 + 0.01 was obtained for all the microwave powers and
temperatures examined. The P, value, which was oc 1/ T\T., showed a strong dependence on the
sample temperature. In the high temperature regime (7 = 253 K), P..was rather large, with a half-
saturation value of 2.283 +0.102 mW. At lower temperatures, there was a sudden drop in the half-
saturation value, which became nearly temperature independent (P,.of 0.544 + 0.061 mW at 213
K; P,of 0427 +0.124 mW at 173 K; P,,of 0.317 + 0.030 mW at 133 K). Since the relaxation
factor b converges to less than 1, laying outside the region of uncorrelated spins, a fast exchange

regime of the collective spin system in C,(OH)..F. is therefore validated.

Taking together the results from bulk y.. and the EPR analyses, the present findings can be
interpreted as follows. The mechanism for the appearance of magnetism in carbon based materials

is widely accepted to involve C-based defects (non-bonding localized states, dangling-bonds,
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states localized on edge carbon atoms), giving rise to spin-polarized s-electrons of carbon.
However, taken together, the results from the bulk y... and EPR analyses indicate that in the case
of C,(OH)..F,, the observed ferromagnetic interaction and power saturation trends of the fast
exchange regime cannot simply be explained by strong correlation between localized spins. Spin-
spin interactions in organic based materials containing strongly correlated localized spins usually
show saturation values that are much larger than those observed here.* Furthermore, from Portis
and Castner’s theory, the P,, value cannot remain nearly constant, as observed here in the 133-213
K regime. Systems that express a CESR signal are expected the show an emergence of (T
independent) Pauli-type spin susceptibility that translates into a strong dependence of the signal
width in response to cooling, and a substantial g..-shift from that of the free electron value (g.. >
2.00232) due to spin-orbit coupling.” Since these effects were not observed, the recorded EPR
envelope for C,(OH)..F,, together with its saturation and magnetic behavior, cannot be exclusively
ascribed to conduction electrons. On the other hand, it has been reported that the occurrence of
Heisenberg (S = 1/2) chain-type interaction between localized spins mediated by itinerant spins
can produce ferromagnetism in proton irradiated graphite (i.e., activated carbon fibers)."
Therefore, we suggest that a similar scenario may occur in C,(OH)..F,, i.e., the observed magnetic
behavior results from exchange interaction among localized spins mediated by itinerant s
electrons. In other words, the presence of itinerant ;z-electrons, witnessed from the magnetization
and EPR measurements, implied the existence of sp>-conductive pathways organized within the
C..(OH)..F, structure. Formation of a similar si-electron-based conductive network was previously
reported for less-fluorinated regions of fluorographene prepared by fluorination of graphene grown
by chemical vapor deposition technique.» A highly inhomogeneous fluorine coverage was found

to produce multilayer islands, folds, wrinkles, and ripples, all containing a lower content of
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fluorine, consequently forming a conductive superstructure through which the charge transport,

mediated by itinerant ;r-electrons, occurred preferentially .«
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Figure 3. EPR measurements and analyses of the G(OH)F system. (a) X-band (9.17 GHz) EPR

spectrum of C.(OH).F,, recorded at 113 K with 100 kHz modulation frequency, 0.2 mT
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modulation width, 100 uW microwave power, 4 min sweep time and 0.03 s time constant, 4 scan
accumulated and averaged. (b) Temperature dependence of the spin population obtained for
C.(OH), F, (circles) plotted in the form of [[.. x T vs. T. (¢) X-band (9.17 GHz) EPR spectrum of
commercial fluorographene (CF.,), recorded at 113 K with 100 kHz modulation frequency, 0.2
mT modulation width, 100 pW microwave power, 4 min sweep time and 0.03 s time constant, 4
scan accumulated and averaged. (d) Variation of g, and peak-to-peak line width (AB,) for
C..(OH)..F, recorded as a function of the sample temperature. (¢) EPR power-saturation resonance
signals (from 0.05 mW to 32 mW) recorded at 133 K for C,(OH)..F.. (f) Power saturation plots
with values normalized to the non-saturating condition. The fitting analysis (solid-lines) results

were obtained from Portis and Castner’s saturation equation.

Density functional theory (DFT) calculations using C.(OH).F, as a model (see Supporting
Information for further details and respective Figure S24 and Figure S25 in the Supporting
Information) with stoichiometry very close to the experimental one identified a structural motif
(see Figure 4a) possibly responsible for the room temperature ferromagnetism of the C.,(OH)..F,
system. The motif consisted of sp*-conjugated zig-zag chains passing through sp* domains with
radical centers that were isolated in the sp* region and attached as a side part of the si-chain, as also
evidenced by further STEM and electron energy loss spectroscopy (EELS) experiments (see
below). The spontaneous formation of zig-zag motifs during synthesis of G(OH)F is supported by
bond dissociation energies (BDEs) of fluorine atoms favoring defluorination along the motif (see
Figure S26 in the Supporting Information). A transition temperature of 440 K estimated for

C.,(OH).F, by using the Ising model on the honeycomb lattice* (see Methods Section below for
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details) indicated that the ferromagnetically ordered state was stable up to temperatures exceeding
300 K, in good agreement with the experimentally derived T.. The electronic structure displayed
as density of states (DOS) of the C,(OH).F, model provided insights into the magnetic exchange
mechanism in the G(OH)F system (see Figure 4b). The DOS of C.,(OH).F, in the ferromagnetic
state exhibited a continuum of states at the Fermi level (E,) predominantly composed of sr-chain
states. Importantly, the electronic states of the radicals, -OH groups and —F adatoms contributed
significantly to the DOS at E.. A complex exchange mechanism can therefore be anticipated for
the ferromagnetic G(OH)F system, with both superexchange coupling of the radicals to the sp* zig-
zag chains and the s-electron system transferring the coupling between sp- strips, in line with both
the magnetization and EPR measurements. Theoretical calculations for close stoichiometries, i.e.,
C.(OH)F, and C,(OH).F,, showed the same features. Thus, similar types of magnetism arise from
similar structural and electronic features, demonstrating the robustness of the model in explaining
the observed magnetism (see Supporting Information for further details and respective Figure S27
and Figure S28 in the Supporting Information). In summary, the theoretical calculations indicated
that the magnetic ordering sustainable up to very high temperatures exceeding room temperature
originated from complex-organization of radical motifs and zig-zag conjugated sp? carbon chains
embedded in sp® functionalized graphene lattice allowing for combined contributions of
superexchange interactions mediated through the F/OH functionalization and indirect exchange

via itinerant z-electrons.
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Figure 4. Theoretical calculations performed for the G(OH)F system. (a) Top view of the
prototypical ferromagnetic Ci3(OH)4F¢ structure (the same structure as shown in Figure 1e) with
spin densities (positive shown in red and negative in green) plotted for isosurfaces at 5 x 103 e A~
3. (b) Corresponding atom resolved spin-polarized DOS plot. The plot is zeroed at Er. (¢, d)
Schematic of DOS of the two parallel-aligned magnetic moments with a ferromagnetic
superexchange interaction (panel (c)) and itinerant electron magnetism, the interaction of magnetic

spins mediated by conduction electrons (panel (d)).
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The validity of the computational structural models was further demonstrated by STEM imaging
(see Figure 5 and Supporting Information for further details), which revealed a repeating linear
contrast with a periodicity close to 0.29 nm (see Figure 5c,f). Although the repeating linear contrast
of the theoretical monolayer structures of G(OH)F does not directly match the experimental images
(see Figure S29 in the Supporting Information), considering that the imaged area contains several
layers, we simulated STEM images of bilayer G(OH)F material, which yields an apparent feature
separation in a very good agreement with the experimental data (see Figure S30 in the Supporting
Information). Furthermore, EELS mapping of the O K edge revealed the presence of oxygen, with
a lineshape characteristic of —OH groups (see Figure 5e,g). Importantly, theoretical calculations
showed that layering of G(OH)F does not significantly affect its electronic and magnetic features
compared to single free-standing sheets (see Figure S30e in the Supporting Information),

regardless of the stacking sequence of the sheets.
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Figure 5. STEM/EELS characterization of the G(OH)F system. (a) STEM/MAADF image of
an aggregate dispersed on a holey carbon support film. MAADF stands for medium-angle annular
dark-field imaging. (b) Close-up of the region indicated by the green open square in panel (a). (c)
STEM/HAADF image of a region near the left edge of that shown in panel (b). The green rectangle
is overlaid on the repeating linear features and indicates the location of the line profile plotted in
panel (f). (d) STEM/HAADF image recorded during a spectrum map of a region near the center
of panel (c). (e) Mapped intensity of the background-subtracted EELS signal integrated over the
O K-edge. All panels are colored with the Imagel lookup table “Fire”. (f) Line profile
perpendicular to the linear features in panel (c), with a period of 0.29 nm. (g) Background-
subtracted EELS O K-edge spectrum integrated over panel (e), which is highly consistent with —

OH chemical groups.
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CONCLUSION

In summary, we exploited the concept of functionalization for preparation of a graphene derivative
showing a ferromagnetic behavior sustainable at room temperature. In particular, we focused on
hydroxofluorographenes and experimentally found a member with a robust ferromagnetic ground
state. It was demonstrated that for a suitable F/OH coverage of a graphene sheet, functionalization-
promoted magnetic motifs — sources of magnetic moments — strongly interacted with each other
to retain ferromagnetic properties up to an exceptionally high temperature of ~383 K when the
paramagnetic state became established. Theoretical calculations showed that at such an F/OH ratio,
sophisticated organization of magnetic motifs emerged, consisting of sp-conjugated zig-zag
chains passing through sp* domains with radical centers either isolated in the sp’ region or attached
as a side part of the s-chain. The predicted in-plane distance between the zig-zag chains was
experimentally observed by high-resolution scanning transmission electron microscopy. The
structural configuration in hydroxofluorographene was found to be influenced not only by the
thermodynamic stability of the individual structures but also the kinetics and random organization
of defects over the surface of the starting fluorographene. The favored arrangement of
magnetically-active motifs strengthened interaction pathways among them via itinerant s
electrons, as demonstrated by analyses of magnetization measurements and EPR data. Such a
scenario was further verified and explained by theoretical calculations, which suggested that the
ferromagnetic state is maintained by a synergistic interplay between the superexchange coupling
the radicals to the sp> zig-zag chains and the 7m-electron system transferring the coupling between
sp* strips. In addition, while nucleophilic substitution promotes formation of radical centers and

emergence of superexchange interactions, defluorination pathways lead to the formation of the sp
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zig-zag motif with strengthening the role of itinerant sr-electrons as confirmed by theoretical

computations.

The presented results highlight the importance of considering sp* functionalization when designing
and preparing graphene-based materials possessing sp-driven magnetism that is stable even at
room temperature. Moreover, it provides many degrees of freedom in terms of the diversity of
magnetic motifs, their architecture, combination and organization, allowing formation of
structures with various sp/sp’ ratios differing in electric and magnetic properties targeted toward a
given application. We believe that the presented concept will stimulate further interest and research
in graphene-based organic magnets with features tunable by varying the level of sp’
functionalization. This will enable optimal structures to be identified that guarantee the emergence
and temperature preservation of magnetic ordering, thus extending the application portfolio of

graphene and graphene derivatives for use in spintronics, biomedicine and other related fields.

METHODS

Materials. Fluorinated graphite (CF.,), and potassium hydroxide (KOH) were purchased from
Sigma-Aldrich. The solvents for synthesis and purification were obtained from PENTA, Czech
Republic. Dialysis tubing (12.4 kDa cut off) was purchased from P-lab company (Czech Republic).

All the chemical were used without further purification.

Synthesis. Potassium hydroxide (250 mg) was solubilized in 8 ml of ethanol overnight.
Afterwards, 250 mg of fully fluorinated graphite was added and the solution was sonicated for 2

h. The formed suspension was heated to 40 °C and then stirred at this temperature for 72 h. The
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resulting material was purified (see Figure S1 in the Supporting Information) by washing
sequentially with aliquots of acetone (2x), ethanol (2x), and water (2x) separated by centrifugation
at 20 000 x g. The final pellet after centrifugation of the water suspension was redispersed in
ethanol and centrifuged at 3 000 x g to obtain the most hydrophilic fraction of the prepared material
in the supernatant. The supernatant fraction was afterwards dialyzed against water in the dialysis
tube with a 12.4 kDa cut-off for 3 days to remove residual potassium ions. The material was either

lyophilized or stored as a water suspension. The yield of this very fine fraction was between 2—

3%.

Characterization Methods. XPS measurements were performed on a PHI VersaProbe II
(Physical Electronics) spectrometer fitted with an Al K, source (15 kV, 50 W) and controlled by
MultiPak software (Ulvac-PHI, Inc.). The data were referenced relative to the C 1s peak at 284.80

eV.

FT-IR characterization was conducted on an iS5 Thermo Nicolet Spectrometer utilizing the Smart
Orbit ZnSe ATR technique. A DXR Raman microscope with a 780 nm excitation line of a diode

laser was used for Raman measurements.

An ICP-MS Agilent 7700x device was used for detection of residual metals in the prepared
G(OH)F sample. Prior to the detection, 3 mg of the G(OH)F sample was kept at 100 °C in 10 mL
trace metal basis nitric acid for 2 h. The insoluble residues were afterwards removed by passing
through a 200 nm filter and the solution was diluted with nitric acid to 25 mL in a volumetric flask.

The final solution was used as a blank sample of trace metal basis nitric acid.

A physical property measurement system (PPMS, Quantum Design, U.S.A.) equipped with a

vibrating sample magnetometer (VSM) was employed for collecting magnetization data of the
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G(OH)F sample. The temperature dependence of the G(OH)F sample’s magnetization was
measured upon warming in the temperature interval from 5 to 400 K under an external magnetic
field of 1 kOe after cooling in a field of 1 kOe. Hysteresis loops of the G(OH)F sample were
recorded in an external magnetic field ranging from —50 to +50 kOe and at various temperatures
from 5 to 400 K. Prior to analysis, the magnetization values were corrected by considering the

response of the sample holder, sample capsule and respective Pascal constants.

EPR spectra of the powder G(OH)F sample were recorded on a JEOL JES-X-320 spectrometer
operating at the X-band frequency (~9.14-9.17 GHz) equipped with a variable temperature control
ES 13060DVTS apparatus. The cavity Q quality factor was kept above 6000 in all the
measurements. Highly pure quartz tubes were employed (Suprasil, Wilmad, < 0.5 OD) and

accuracy on g-values was obtained against an Mn/MgO standard (JEOL standard).

HRTEM images were obtained and STEM/HAADF analyses for EDS mapping of elemental
distributions on the G(OH)F sample were performed with a FEI TITAN 60-300 HRTEM device
equipped with an extreme field emission gun (X-FEG) electron source operating at 80 kV. For the
HRTEM, STEM-HAADF and EDS experiments, an aqueous solution of the G(OH)F sample at a
concentration of 0.1 mg mL- was redispersed by ultrasonication for 5 min. A drop of the sonicated
sample was then deposited on a carbon-coated copper grid and slowly dried at laboratory
temperature for 24 h to reduce its content of adsorbed water. The G(OH)F sample for AFM
measurements was prepared following the protocol identical for HRTEM, STEM-HAADF and
EDS experiments; the solution was just deposited on a mica substrate and the AFM measurements

were performed on an NTEGRA Aura instrument.
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The G(OH)F sample was further imaged in an aberration-corrected Nion UltraSTEM100 scanning
transmission electron microscope operated at an acceleration voltage of 60 kV. The beam current
was around 50 pA, the beam convergence semi-angle was 30 mrad and the detector angular ranges
were 60—200 mrad for MAADF option and 80-300 mrad for HAADF option. Images were colored
with the ImagelJ lookup table "Fire" to highlight relevant details. Core-loss EELS was performed
on the same instrument using a Gatan PEELS 666 spectrometer retrofitted with an Andor iXon
897 electron-multiplying charge-coupled device (EMCCD) camera.» The energy dispersion was
0.1 eV/pixel (with an instrumental broadening of 0.4 eV) and the EELS collection semiangle was

35 mrad.

To simulate STEM images, we used the PyQSTEM interface* to the Quantitative TEM/STEM
Simulations (QSTEM) code.* The model structures were first relaxed with density functional
theory, and then MAADF or HAADF images were simulated using our experimental STEM

parameters, with scattering potentials described using the independent atom approximation.«

Computational Methods. Plane-Wave (PW) Density-Functional-Theory (DFT) Calculations
with Periodic Boundary Condition (PBC). DFT-PBC computations were performed using the
Vienna ab initio simulation package (VASP)” employing the Perdew, Burke, and Ernzerhof
(PBE)* exchange and correlation functional and projected augmented wave potentials (PAW)» to
represent atomic cores. The wave functions were expanded in the PW basis set with a cutoff of
500 eV. Brillouin zone integrations were performed with an 11 x 11 x 1 I' point-centered
Monkhorst-Pack k-point mesh” per 3 x 3 graphene supercell (structure and cell optimization). The
electronic density of states (DOS) were calculated using the tetrahedron method with a 21 x 21 x
1 k-point mesh. For each C,(OH).F, (x=3,4;y =35, 6) stoichiometry, at least 100 random structures

were generated and an extensive study of their structural, electronic, and magnetic properties was
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accomplished. Full structural optimization was performed using a quasi-Newton algorithm until
the residual atomic forces were lower than 25 meV A-. Simultaneously, the electronic and

magnetic degrees of freedom were converged to an energy of less than 10~ eV.

By relating the energy difference (AE) between the ferromagnetic state and spin singlet with all
electrons paired (typically higher in energy by up to several hundreds of meV depending on both
the stoichiometry and structural features of G(OH)F system) to the Ising model of the honeycomb
lattice, the transition temperature (7.) was estimated.”~ The exact solution for the honeycomb
lattice resulted in k,7/IJ1 = 0.3797, with J = AE/2z for z pairs of spins on radical sites (and k, the
Boltzmann constant). In the Ising model, one usually relates the magnetic coupling constant (J) to
the energy difference between the ferromagnetic and antiferromagnetic spin arrangements.” We
shall note, however, that the G(OH)F system is known to exhibit complex temperature-dependent
behavior.” Moreover, our calculations converged to the ferromagnetic state and the spin-flip led to
solutions with non-zero total magnetic moments, i.e., ferrimagnetic states with spin-flip energy
below 60 meV (see the Supporting Information for details). Therefore, we modelled the
paramagnetic state by a spin singlet with all electrons paired, although the paramagnetic state can
be maintained by thermal effects with local moments pointing in random directions. Thus, our
approach may provide an upper estimate of 7.. However, besides inherent difficulties of DFT in
describing the dynamic magnetic disorder in the paramagnetic state, such local disorder goes
beyond the Ising model and has been shown to provide excellent agreement with the measured

magnetic transition temperature.”

Quantum Mechanical Finite Model Calculations. The initial model structures of partially
fluorinated graphene, i.e., C,F,, and C,(OH)/F, for the kinetic stability study were extracted from

the PW-DFT-PBC, and link hydrogen atoms were added to saturate any dangling bonds. The
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structures were re-optimized at the ®B97X-D/6-31+G(d) level of theory”” (keeping the boundary
carbon atoms frozen) using the Gaussian09 program (Revision D.01).» The size of the model
structures was chosen based on the local chemical environment criterion, i.e., all carbon atoms in
the vicinity of a reaction site were considered. Reaction energies and activation barriers were
obtained by geometry optimizations of the local region containing the two carbon atoms at the
reaction site as well as the closest neighboring atoms with their substituents but keeping the rest

of the structure frozen.
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Supporting Figures

Purification and selection
of the oxygen rich fraction

1: Centrifugation:
2x aceton
2x EtOH
2X water 20000 xg (pellet) t
1x EtOH 3000 xg (supernatant) [

2: Dialysis
of supernatant
against water

Figure S1. Scheme showing purification conditions for the preparation

hydroxofluorographene (G(OH)F) system.
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Figure S2. Physicochemical characterization of the prepared G(OH)F system. (a) High-

resolution O 1s XPS pattern of G(OH)F with identified bonds indicated. (b) Raman spectrum of

G(OH)F with the intensity ratio of the D- and G-band indicated.
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Figure S3. (a) Atomic force microscopy (AFM) topology and (b) AFM height profile of the

G(OH)F system.
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Figure S4. Magnetization measurements of the G(OH)F system. Profiles of the hysteresis loops

of the G(OH)F sample at low applied magnetic fields, measured at various temperatures between

5 to 400 K, with a clear evolution of the coercivity and remanent magnetization with the

temperature.
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Figure S5. X-band EPR spectrum of the G(OH)F system recorded at 7= 113 K. Experimental

parameters are given in the bottom of the spectrum plot.
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Figure S6. Determination of ges-value of the G(OH)F system using the Mn'"MgO standard (g5 =
2.00101 £ 0.00005) at 7= 113 K in the enlarged region between the 3™ and 4" Mn(II) line.
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Figure S7. The integrated X-band EPR spectrum of the G(OH)F system recorded at 7= 113 K.
Experimental conditions: 9.170045 GHz frequency, 100 KHz modulation frequency, 0.03 s time
constant, 0.1 mW microwave power, 0.2 mT modulation width, 4 min sweep time. The red line

corresponds to the resonance signal fitting using the Voigt function (see the table below), i.e.,

2

22w, [~ -t
y=yo+ A= —L/ < S dt

m3/2 ”.g- —oc \/l_').".‘.L_ 2 ; Hr—x
i ( 11..“,6) +(\/4ln..—1—‘-,—51—t.)

Adj. R-Square 0.97462

Value
Integrated Y1 )0 9.48023
Integrated Y1 Xc 328.08256
Integrated Y1 A 844.75122
Integrated Y1 WG 2.33808 x 1073
Integrated Y1 WL 0.90168
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Figure S8. X-band EPR spectrum of the G(OH)F system recorded at 7= 77 K showing the
emergence of the half-field transition (around g = 4.00). Experimental parameters are given in

the bottom of the spectrum plot.
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Figure S9. Determination of ges-value of the G(OH)F system using the Mn'"MgO standard (g5 =
2.00101 £ 0.00005) at 7= 113 K. Experimental acquisition parameters are given in the spectrum
plot.
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Figure S10. Determination of ger-value of the G(OH)F system using the Mn"MgO standard (gs
= 2.00101 £+ 0.00005) at 7 = 133 K. Experimental acquisition parameters are given in the

spectrum plot.
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Figure S11. Determination of ger-value of the G(OH)F system using the Mn'MgO standard (gs
= 2.00101 £+ 0.00005) at 7 = 143 K. Experimental acquisition parameters are given in the

spectrum plot.
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Figure S12. Determination of ger-value of the G(OH)F system using the Mn'MgO standard (gs
= 2.00101 £+ 0.00005) at 7 = 173 K. Experimental acquisition parameters are given in the

spectrum plot.
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Figure S13. Determination of ger-value of the G(OH)F system using the Mn"MgO standard (gs
= 2.00101 £+ 0.00005) at 7 = 203 K. Experimental acquisition parameters are given in the

spectrum plot.
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Figure S14. Determination of ger-value of the G(OH)F system using the Mn"MgO standard (gs
= 2.00101 £+ 0.00005) at 7 = 213 K. Experimental acquisition parameters are given in the

spectrum plot.
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Figure S15. Determination of ger-value of the G(OH)F system using the Mn"MgO standard (gs

= 2.00101 £+ 0.00005) at 7 = 233 K. Experimental acquisition parameters are given in the

spectrum plot.
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Figure S16. Determination of ger-value of the G(OH)F system using the Mn'MgO standard (gs
= 2.00101 £+ 0.00005) at 7 = 243 K. Experimental acquisition parameters are given in the

spectrum plot.
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Figure S17. Determination of ger-value of the G(OH)F system using the Mn'MgO standard (gs
= 2.00101 £+ 0.00005) at 7 = 253 K. Experimental acquisition parameters are given in the

spectrum plot.
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Figure S18. The dependence of the observed EPR resonance signal from the experimental
modulation width used within signal acquisition for the G(OH)F system. The sample temperature
was kept constant in all measurements (7 = 213 K). Parameters: 9.170957 GHz, 100 kHz
modulation frequency, 0.1 mW microwave power, 2 min sweep time, 0.03 s time constant, and +

2.5 mT sweep width.
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Figure S19. The temperature dependence of the observed EPR resonance signal for the G(OH)F
system, showing an increase in the signal upon decreasing the temperature, from 253 K down to
113 K. Parameters: 9.17048 GHz, 100 kHz modulation frequency, 100 uW microwave power, 2

min sweep time, 0.03 s time constant, and 0.35 mT modulation width.
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Figure S20. The X-band (9.17 GHz) EPR saturation spectra of the G(OH)F system, recorded in

function of increasing microwave powers at 7= 133 K (from 0.05 mW to 32 mW).
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Figure S21. The X-band (9.17 GHz) EPR saturation spectra of the G(OH)F system, recorded in

function of increasing microwave powers at 7= 173 K (from 0.05 mW to 32 mW).
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Figure S22. The X-band (9.17 GHz) EPR saturation spectra of the G(OH)F system, recorded in

function of increasing microwave powers at 7= 213 K (from 0.05 mW to 32 mW).
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Figure S23. The X-band (9.17 GHz) EPR saturation spectra of the G(OH)F system, recorded in

function of increasing microwave powers at 7'= 253 K (from 0.200 mW to 64 mW).
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Calculations of G(OH)F Structures

To understand the structural, electronic, and magnetic features of the G(OH)F systems, we
performed periodic density functional theory (DFT) calculations on models of Cis(OH).F, (x =3,
4; y =5, 6) with a stoichiometry very close to the experimental one (x = 3.4; y = 6). We
considered at least 100 randomly chosen structural arrangements for each stoichiometry to model
the random nature of fluorographene derivatization, in which both reductive defluorination and
substitution of F by OH take place simultaneously.5!-53

During the synthesis, both reductive defluorination and substitution of —F by an —OH group take
place simultaneously and are initiated at defect sites.5> Whereas the defluorination is largely
driven by thermodynamics, the nucleophilic attack can depend on kinetic factors, site availability
and local topology (see Figure S24 in the Supporting Information). Therefore, various structures
can be formed. Since the migration of functional groups over the graphene surface is
energetically prohibited because of instability of the final state and/or high activation energies
(see Figure S25 in the Supporting Information), the created motifs remain stable. The final
structural organization of G(OH)F systems was thus not only dictated by the thermodynamic
stability of the individual structures but also the kinetics and random arrangement of defects over
the surface of the starting fluorographene. We focused on identification of structural motifs that

can imprint room temperature ferromagnetism into the G(OH)F system.

Figure S24. Reaction energies (in kcal/mol) for the nucleophilic attack of OH™ anion on partially
fluorinated graphene (CisFio) calculated at the ®B97X-D/6-31+G(d) level of theory. Blue/red

values correspond to the formation of singlet/triplet states.
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Figure S25. Kinetic stability of a typical ferromagnetic structure of Ci3(OH)4Fs assessed at the
©B97X-D/6-31+G(d) level of theory. Blue/red values (in kcal/mol) correspond to the formation
of singlet/triplet states by a migration of a fluorine atom or a hydroxyl group either to a
neighboring radical carbon site (right) or to a carbon located on the conjugated chain (left). The

barriers for possible channels are given in brackets.
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Figure S26. Bond dissociation energies (BDEs) of fluorine atoms of fluorographene indicating

zigzag motif formation. BDEs (in eV, see

2

preferential defluorination pathways leading to the sp

12).

color code) were calculated by DFT-PBC on CisF, (n = 18—
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Figure S27. Theoretical calculations for the G(OH)F systems. (a, b) Prototypical G(OH)F
structures with a stoichiometry of Cis(OH)sFs (see panel (a)) and Cis(OH)4Fs (see panel (b))
typically consisting of sp?-conjugated zigzag chains passing through an sp? domain and radical
centers (both motifs are highlighted in blue) both isolated in the sp? domain and attached as a
side part of the z-chain. (c, d) The corresponding atom resolved spin-polarized density of states
(DOS) plots, cf. Figure 4 in the main text, which indicate on a synergistic interplay between the
superexchange coupling the radicals to the sp? zigzag chains and the n-electron system

transferring the coupling between sp? strips.
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Figure S28. Theoretical calculations for the G(OH)F systems: (a, b) Cis(OH)3Fs, (c, d)
Ci3(OH)4Fs, and (e, f) Cis(OH)4F¢. The calculations converged to ferromagnetic structures and
the spin-flip led to solutions with non-zero total magnetic moments, i.e., ferrimagnetic states
with the spin-flip energy below 60 meV. The spin density distribution in ferrimagnetic and
ferromagnetic G(OH)F structures are shown in panels (a), (c), (¢) and panels (b), (d), (f),
respectively. The red and green hypersurfaces show contours of positive and negative

magnetization density, respectively.
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Scanning Transmission Electron Microscopy Measurements and Simulations

To obtain insights into the atomic structure of ferromagnetic G(OH)F systems, we used scanning
transmission electron microscopy (STEM). Although covalently bound functional groups are not
expected to be stable against electron irradiation,5* and the loss of sp? hybridization can enhance
otherwise negligible ionization damage, in multilayered structures, both effects may be
mitigated. After dispersing the synthesized material on holey carbon support films, we detected
aggregates that were at places thin enough to distinguish near-atomic contrast.

Figure 5a in the main text shows a typical example of one such aggregate. Closer inspection of a
thin region (see Figure 5b in the main text) revealed repeating linear contrast visible in the
thinner regions. An even closer view (see Figure 5c in the main text) allowed us to measure the
periodicity of the contrast as ~0.29 nm (line profile shown in Figure 5f in the main text). To
ascertain the chemical identity of the imaged regions, we performed electron energy loss
spectroscopy (EELS). Spectrum images recorded over a transition between a thinner and thicker
region (see Figure 5d,e in the main text) clearly demonstrated the presence of oxygen in the
sample. The high-resolution EELS spectrum shown in Figure 5g in the main text is characteristic
of —OH groups.5

To understand the source of the repeating linear contrast, we created several candidate structures
and simulated their STEM/MAADF images (MAADF stands for medium-angle annular dark-
field imaging option). The contrast of monolayer structures did not directly match the
experimental images (see Figure S29 in the Supporting Information), although the two lines of
functional groups in CigF5(OH)4 had the correct separation. However, these lines overlapped in a
projected view of a relaxed bilayer of this structure (see Figure S30a,b in the Supporting
Information), with apparent separation very close to our experimental images. The image
simulation shown in Figure S30c in the Supporting Information has the correct single
periodicity, although as seen from the line profile plotted in Figure S30d in the Supporting
Information, the intensities of the peaks alternate. Likely our experimental image corresponds to

multiple layers, averaging out this alternation.
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C1s"5(OH)3 C1s"5(0OH)4 C1s6(OH)4

DFT model

STEM simulation

Figure S29. Comparison on simulated STEM/MAADF images (bottom, colored with ImageJ
lookup table “Fire” to enhance contrast) for the three candidate monolayer structures relaxed by

DFT (top, C atoms shown in grey, O red, F pink, and H white). The scale bars in both cases are
0.29 nm.
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Figure S30. Identification of repeating linear features. (a) Top view of the candidate DFT model
supercell of CisFs(OH)4 bilayer relaxed using an empirical vdW correction (C atoms shown in
grey, O red, F pink, and H white). (b) Side view. (c) Quantitative STEM image simulation of the
structure, with a Gaussian blur of a radius of 0.5 A applied, and colored with the ImageJ lookup
table “Fire”. (d) Line profile of the area overlaid in green in panel (c), indicating a repeating
intensity variation with a period of 0.32 nm. (e) Spin and layer-resolved DOS of the Cis(OH)4F5
bilayer. DOS’s of different layers are discriminated by solid/broken lines.
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Supporting Table

Table S1. Content of various selected metals in the synthesized G(OH)F sample, determined

from the inductively coupled plasma mass spectrometry (ICP-MS) technique.

Ti (ppm) Cr (ppm) Fe (ppm) Co (ppm) Ni(ppm) Cu (ppm) Zn (ppm)
0.3 <0.1 14.9 0.2 8.9 <0.1 20.3
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