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1. Introduction

Reactivity of fluorographene is triggered by point
defects: beyond the perfect 2D world+

Miroslav Medved, (2 *2 Giorgio Zoppellaro, €2 Juri Ugolotti, Dagmar Matochova,?
Petr Lazar,® Tomas Pospisil,” Aristides Bakandritsos,? Jifi Tucek, (22 Radek Zbofil &2
and Michal Otyepka @ *2

Preparation of graphene derivatives using fluorographene (FG) as a precursor has become a key strategy
for the large-scale synthesis of new 2-D materials (e.g. graphene acid, cyanographene, allyl-graphene)
with tailored physicochemical properties. However, to gain full control over the derivatization process, it
is essential to understand the reaction mechanisms and accompanying processes that affect the compo-
sition and structure of the final products. Despite the strength of C—F bonds and high chemical stability of
perfluorinated hydrocarbons, FG is surprisingly susceptible to reactions under ambient conditions. There
is clear evidence that nucleophilic substitution on FG is accompanied by spontaneous defluorination, and
solvent-induced defluorination can occur even in the absence of any nucleophilic agent. Here, we show
that distributed radical centers (fluorine vacancies) on the FG surface need to be taken into account in
order to rationalize the defluorination mechanism. Depending on the environment, these radical centers
can react as electron acceptors, electrophilic sites and/or cause homolytic bond cleavages. We also
propose a new radical mechanism of FG defluorination in the presence of N,N'-dimethylformamide
(DMF) solvent. Spin-trap experiments as well as °F NMR measurements unambiguously confirmed for-
mation of N,N'-dimethylformyl radicals and also showed that N,N'-dimethylcarbamoyl fluoride plays a key
role in the proposed mechanism. These findings imply that point defects in 2D materials should be con-
sidered as key factor determining their chemical properties and reactivity.

netic properties by graphene derivatization provide an auspi-
cious base for future technological advancements, including

The discovery of graphene' in 2004 opened a route to a new
class of carbon-based 2D materials with unique chemical, elec-
tronic and magnetic properties. Whereas graphene itself is
chemically a low reactive semimetal with high electron con-
ductivity, even dilute concentrations of chemisorbed impuri-
ties can dramatically change its band structure and induce
local magnetic moments.> Increasing the adsorbate concen-
tration can further disrupt the n-conjugated network, trans-
forming the conducting material to an insulator through a
variety of intermediate states.>* Possibilities for tuning the
band gap characteristics and associated electronic and mag-
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development of batteries,”” biosensoring,® gas sensing on sur-
faces® and solar cell technologies.'® Nevertheless, selective and
controllable covalent graphene functionalization remains a
challenging task due to the limited reactivity of graphene.'™"?
Many proposed direct derivatization strategies suffer from a
low degree of functionalization'*™® or require harsh reaction
conditions that strongly affect the final stoichiometry and
chemical structure of the resulting graphene derivative.'”*®
Fluorographene (FG)' " offers a promising alternative for
graphene derivatization because (i) chemisorption of mono-
valent fluorine atoms prevents formation of complex (non-stoi-
chiometric) structures; (ii) the material is thermally stable up
to 400 K; (iii) the pristine 3D material, graphite fluoride, is
available in large-scale as an industrial lubricant; and (iv) FG
reacts readily as an electrophile under mild conditions.**™°
Owing to these features, FG has recently been used as a precur-
sor for the synthesis of several graphene derivatives, including
amino-graphenes,”*°  cyanographene,®  carboxygraphene
(graphene acid),®® sulfur-linked derivatives®>*> and alkylated
graphenes.®® During the chemical transformation of FG, sub-
stitution of fluorine atoms proceeds simultaneously with

This journal is © The Royal Society of Chemistry 2018
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reductive defluorination. It has been suggested that bimolecu-
lar nucleophilic substitution Sy2 is the preferred mechanism
of substitution of the fluorine atoms.>* Also important is the
role of the solvent, which can significantly affect the whole
process, not only by the common (de)stabilization solvation
effects but also by triggering and/or enhancing the defluorina-
tion process. Wang et al.** has shown that FG spontaneously
defluorinates in the presence of highly nucleophilic (dipolar)
solvents, such as N,N-dimethylformamide (DMF), dimethyl-
acetamide (DMAc) and N-methyl-2-pyrrolidone (NMP). The
authors rationalized the defluorination effect of these solvents
in terms of strong dipolar-dipolar interactions of the solvent
molecules with the electron-deficient carbon atom of the C-F
bond. All these findings indicate that unusual chemistry drives
the reactivity of FG, and its intricacies need to be deciphered
in order to rationalize the process of graphene derivatization
using FG.

In our work, we present a description of the mechanism of
the reactivity of FG obtained by combining electron paramag-
netic resonance (EPR) and '°F NMR experiments with theo-
retical calculations. We focus on FG in DMF, which is a widely
used solvent for FG exfoliation and chemical treatment. EPR
experiments confirmed the presence of radical centers (fluo-
rine vacancies) in FG and allowed their distribution and time-
evolution to be studied. We observed defluorination in DMF,
despite the fact that it is not a sufficiently strong reducing
agent for FG. Based on theoretical calculations, we suggest a
new mechanism involving N,N-dimethylformyl radicals
(DMF"), formation of which was evidenced by a series of spin-
trap experiments. In addition, '°F NMR measurements unam-
biguously confirmed formation of N,N-dimethylcarbamoyl
fluoride, which plays a key role in the proposed mechanism.
These findings show that defects present in FG determine the
chemical behavior of this 2D material and make it susceptible
to defluorination and subsequent substitution and addition
reactions. Such defects may be important in determining the
reactivity of other 2D materials because they may initiate reac-
tions which then propagate on the surface of 2D materials.

2. Experimental setup &
computational details
2.1 Chemicals

All chemicals and reagents were used as obtained from the
suppliers without further purification. Graphite fluoride (GrF,
CyF; 1), anhydrous DMF (99.8%, CAS number: 68-12-2), a-4-
pyridyl-1-oxide-N-tert-butylnitrone (POBN, 99%, CAS number:
66893-81-0) and dry benzene (99.8%, CAS number: 71-43-2)
were provided by Sigma-Aldrich. Fluorographene used for the
experiments described in section 3.6 was obtained by exfolia-
tion of GrF in DMF.*>® N,N-Dimethylcarbamoyl fluoride
(F-DMF) was obtained by fluorination of the corresponding
N,N'-dimethylcarbamoyl chloride (Sigma-Aldrich) with KF/
CaF, (Sigma-Aldrich) in acetonitrile (Penta), following a pro-
cedure reported in the literature.*®
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2.2 Characterization

EPR spectra were recorded on a JEOL JES-X320 electron spin
resonance spectrometer operating at the X-band frequency
(~9.16-9.17 GHz) and equipped with variable temperature
control ES 13060DVT5 apparatus. The cavity Q quality factor
was kept above 6000 in all measurements and signal saturation
was avoided by working at low-applied microwave powers.
Concentrated suspensions of GrF (15 mg GrF per mL solvent,
DMF or benzene) thoroughly degassed under N, were
mechanically stirred at 40 °C without sonication and kept in
airtight and oxygen-free vials, and EPR spectra of the resulting
dense suspensions were recorded during a 10 day time-frame.
Use of very concentrated suspensions of GrF was necessary for
successful spin-trapping experiments with POBN (see ESI for
details, section 1.21). Generally, 0.1 mL of GrF suspension was
loaded into the EPR tubes by using airtight syringes. In the
case of GrF powder, 10 mg were used. For the spin-trap experi-
ments, the reaction mixtures (GrF/solvent/POBN reacted
together at RT for 40 min) were centrifuged prior to loading
0.1 mL of the supernatants into the EPR tubes. Discussion on
the use of GrF instead of FG for the EPR studies and radical
formation on the carbon lattice is available in the ESILf
Highly-pure quartz tubes were employed (Suprasil, Wilmad,
<0.5 OD). Simulation of the EPR resonances were carried out
using the WInEPR SimFonia software (V.1.25, Dr Ralph
T. Weber. EPR Division. Bruker Instruments, Inc. Billerica, MA
USA) with second-order perturbation theory. The frequency
unit can be converted into magnetic fields units through the
following relation: 0.1 mT equals to 2.8025 MHz. Nuclear mag-
netic resonance ('°F) spectra were obtained with a JEOL
ECA-500 NMR spectrometer (*°F frequency 470 MHz, CFCl; =
0 ppm). Further experimental details can be found in the ESL.}

2.3 Computational details

The ground state (GS) structures of all the investigated species
were optimized by the ®B97X-D method®” using 6-31+G(d) and
6-31++G(d,p) basis sets.*® Solvent effects were included by
using the universal continuum solvation model based on
solute electron density (SMD).>*> Whereas the structures of
small and medium size systems (F, F~, HF, DMF, F-DMF, etc.)
were fully relaxed in geometry optimizations, to mimic the
semilocal flexibility of FG sheets, FG-like structures were
obtained by constrained geometry optimizations, keeping the
edge carbon atoms frozen. All calculations were performed
with the Gaussian09 program.*®

3. Results and discussion
3.1 EPR spectra of GrF in benzene and DMF

The stability of GrF dispersed in two model solvents (benzene
and DMF) was probed using electron paramagnetic resonance
(EPR) spectroscopy by monitoring the variation of the respect-
ive EPR envelopes over time. Fig. 1a shows the frozen matrix
(T = 123 K) X-band EPR envelope recorded for the freshly pre-
pared GrF/benzene suspension. Although the overall reso-
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Fig. 1 Low temperature (T = 123 K) frozen matrix X-band EPR spectra of GrF dispersed in benzene or DMF recorded at various times. (a) GrF freshly
dispersed in benzene (green line, Exp) and its EPR simulation (black line, Sim). (b) Overview of the diverse spin components encoded in the EPR
envelope shown in (a, Sim); the labels Ty, T, and Ts indicate triplet (S = 1) species, whereas D,, D, and D3 indicate doublet (S = 1/2) species. The rela-
tive weights were as follows: T, (4.3%), T, (8.4%), T3 (16.9%), D, (31.0%), D, (22.5%), D3 (16.9%). (c) GrF freshly dispersed in DMF. (d) GrF/DMF solution
after 6 h. (€) GrF/DMF solution after 7 days. (f) GrF/DMF solution after 10 days. Experimental parameters: 9.14-9.16 GHz frequency, 100 kHz modu-
lation frequency, 30 ms time constant, 0.5-0.8 mT modulation width, 0.4—-0.6 mW applied microwave power. In (a) and (c—f), the solid black line
corresponds to the resolution enhanced EPR resonance line (Savitzky—Golay, denoise algorithm).

nance line of the system in benzene was rather broad (~30 mT
field-spread), it exhibited several small resonances that devel-
oped symmetrically with respect to an intense narrow central
line, a signature of overlapped contributions of triplet and
doublet spin-states. The observed g-averaged (ga.) value was
estimated to be 2.000 and validated by recording the spectrum
together with the Mn(1)MgO standard (JEOL internal reference
standard, Mn(u), gegs = 2.00101 + 0.00005, ESI, Fig. S5 and S67).
A comparable EPR spectrum was observed for the neat GrF
powder (ESI, Fig. Sla and S3t). Similar EPR spectra have been
previously reported around the g = 2 region (~280-380 mT) by
Panich and co-authors*' on polycrystalline graphite fluoride
(CF),, obtained by fluorination of petroleum coke as well as by
Giraudet and co-authors in a later report (~310-380 mT
region).”> However, we noticed that by recording the EPR
signal of the GrF powder in a broader magnetic-sweep range
(50-550 mT), a broad tail emerged in the high field region
(360-550 mT) together with a broad resonance signal in the
low field region (around g = 4) (ESI, Fig. S31). These features
became strongly weakened in the diluted systems (GrF/
benzene and GrF/DMF). The ESI provides additional EPR
spectra for GrF, including the EPR power-saturation behavior
(Fig. S1a, S2-S47). Panich and co-authors suggested that the
fine structure observed around g = 2.00 in GrF was due to
resolved hyperfine components (Ag) with ~5 mT of splitting
value, originating from the interaction of an unpaired spin
(S = 1/2) with six neighboring fluorine nuclei. The authors also
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found that these hyperfine lines were rather broad (AH = 30 G
by simulation), a factor that pointed towards the joint effect of
dipole-dipole and exchange interactions between paramag-
netic centers. In the later work, Giraudet and co-authors took
the similar approach in the simulation of the observed EPR
envelope for GrF, but with the addition of two broad resonance
lines. The simulation of the signal was obtained by adding the
hyperfine contribution of six fluorine nuclei (A = 45 + 2 G, line
width of 36 + 2 G, and g factor of 2.003 + 0.001). As stated by
the authors, and similar to the Panich’s work, “the large line
width is interpreted by the joint effect of dipole-dipole and
exchange interactions between paramagnetic centers”. In the
case of the GrF/benzene frozen matrix sample, we therefore
tried to disentangle these effects previously anticipated by ref.
41 and 42 and carried out an EPR simulation of the resonance
signal in the g = 2.0 region under the assumption of an over-
lapped contribution of different spin components (Fig. 1a,
black line, Sim, and Fig. 1b showing the individual spin com-
ponents with their relative weights). The observed EPR signal
of GrF/benzene shown in Fig. 1a (Exp) can be interpreted as a
superposition of three effective triplet states (S = 1) and three
sets of spin-doublets (S = 1/2), i.e., in GrF exists a distribution
of spin-carrying defects, some close enough (through-space
distance) to show signatures of high-spin systems and others
behaving as isolated S = 1/2 defects. This hypothesis is sup-
ported by the observation that the low field signal around g =
4.0 observed in neat GrF can still be observed in the dilute

This journal is © The Royal Society of Chemistry 2018
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GrF/benzene suspension through signal accumulation (ESI,
Fig. 1b,T GrF/benzene system, 133 K, 4 mW, 40 scan accumu-
lated and averaged) and may represent the half-field transition
(Amg = 2) of these high spin (S = 1) components. The triplet
signatures (Fig. 1b, marked Ty, T,, and T;, with g-tensor (x,y,z)
of 2.000, 2.000, 2.000) gave from simulation the following axial
values (D): one large with |D| of 701 MHz (marked as T;) and
negligible '°F hyperfine contribution, one intermediate
(marked as T,) with |D| of 462 MHz and with line broadening
by hyperfine terms (four '°F nuclei, Ay, of 56.0, 14.0,
14.0 MHz), and one much smaller (marked as T3) with |D| of
202 MHz, with similarly broadened resonances (two *°F nuclei,
Ay, of 38.0,12.0, 12.0 MHz). From the point-dipole-approach,
these triplet configurations (and D values) indicate a spread of
through-space distances among the spin-carrying centers that
are effectively magnetically coupled together, with S;,-S1/,
through-space distances that lie within 4.8-7.3 A. These dis-
tances are an estimate, assuming dominant 1/r* dependence
on the D value and a dominant spin-spin (SS) contribution.*®
The biquadratic zero-field-splitting (ZFS) D-tensor comprised
two contributions: (i) a first order term arising from direct
magnetic dipoles SS interaction, and (ii) a second-order contri-
bution arising from spin-orbit coupling (SOC). In organic
based magnets, the first term usually dominates. It is known
that the point-dipole approach gives rather poor estimation of
inter-center radical distances (compared to X-ray radical dis-
tances) if the radical units interact via n-bond pathways. In
contrast, when the interacting radicals are connected through
an array of o-bonds, which tends to hamper spin delocaliza-
tion, the point dipole approach gives fairly accurate distances,
comparable to those obtained by X-ray.***® The other types of
spin active species are shown by the three sets of § = 1/2
signals in Fig. 1b, marked as D;, D, and D3;. One doublet (D4,
line-width tensor Ly, of 28.0, 28.0, 56.0 MHz) corresponded to
the relatively sharp and slightly asymmetric central signal at
Zetr = 2.000. This fingerprint indicates that the § = 1/2 spins
experienced the strong exchange regime, i.e., the exchange
energy (H) of the spin packet was much larger than Hg;, (the
dipolar interaction component), which in turn was greater
than Hys (the hyperfine component). Considering the upper
limit of the strongest triplet obtained by simulation
(701 MHz), this indicates that the exchange term (J) associated
to these spins was stronger than 0.02 cm™". Since the applied
microwave power was kept low and under non-saturating con-
ditions («1 mW), this sharp central line could not have arisen
from a double-quantum transition and very unlikely originated
from a quartet spin state (S = 3/2). The second broad doublet
(D3, Fig. 1b) belonged to an ensemble of S = 1/2 spins that
experienced weak dipolar interaction (<100 MHz) but still
larger than '°F hyperfine (Hqip, > Hy¢). This effect resulted in a
very broad line-width (L,,,) of 250.0, 196.0, 196.0 MHz encoded
in the electronic transition. The third doublet (D,, Fig. 1b) cor-
responded to S = 1/2 spins that experienced an intermediate
regime with Hg;,~Hyp¢ and a relatively narrow line-width tensor
in the frozen matrix (L) of 98.0, 98.0, 98.0 MHz. Overall, our
observations support the earlier description of Grigorieva and
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co-authors on the dominant spin-half paramagnetism for GrF-
based materials.”” Following GrF aging in benzene solution,
we did not observe severe changes in the overall EPR reso-
nance line, which remained after 6 days and 10 days similar to
that shown at the beginning of the process (ESI, Fig. S8%).
Thus, benzene can be considered a “nearly inert” solvent for
GrF which does not induce substantial degradation of the
paramagnetic centers. Chemical stability of GrF in benzene
was also confirmed by measurement of the XPS spectrum for a
10-days aged GrF sample in benzene (Fig. S25 in ESIf). After
dispersion of GrF in DMEF, the freshly prepared suspension
showed the same EPR fingerprints in a frozen matrix (Fig. 1c)
as witnessed for GrF/benzene (Fig. 1a). Additional EPR spectra
for GrF/DMF are given in the ESI} (power saturation behavior
of the entire resonance line, from 50 to 550 mT, Fig. S9a-c¥).
The concentration of spin centers on the GrF surface at this
stage was estimated to be 23.2 x 10'® spin per g, which corres-
ponds to ca. 1 center per area of 5 nm x 5 nm (see ESI, section
1.2%). This value closely resembles the estimated spin concen-
tration found to near stoichiometric C/F ratios in GrF
(C/Fy.9-1.0) by Grigorieva and co-authors, which were obtained
from in-depth analysis of bulk magnetic susceptibility experi-
ments (~22-17 x 10® spin per g).*” However, already after 6 h
stirring at 40 °C, the GrF/DMF suspension darkened consider-
ably. The X-band EPR spectrum (7 = 123 K) observed after 6 h
revealed some changes in the overall resonance line (Fig. 1d)
compared to the initial spectrum. The doublet component (S =
1/2, D; in the simulation shown in Fig. 1b) appeared to
increase strongly in intensity (relative increase) at the expense
of the Ty, T, and Tj; triplet components (see S =1 components,
Fig. 1b and ESI, Fig. S107) and the doublet component D,.
After 7 days of stirring, the EPR spectrum of FG/DMF showed
more significant changes (Fig. 1e). Besides still being centered
at gegr = 2.000, the doublet components D; and D, became
dominant, several resonances appeared throughout the spec-
trum and a novel but very minor triplet emerged. The spin-
Hamiltonian simulation of this species was very tentative
(shown by the dotted red-line in Fig. 1e). This system should
exhibit a large axial value (|D| of 1345 MHz, |E/D| of 0.04). In
this case, the inter-spin (through-space) distance of the triplet
configuration (S = 1, arising from two interacting S = 1/2) was
estimated from the point-dipole approach to fall short, at
about 3.87 A. This value corresponded well with the minimum
through-space spin-spin distance of the spin carrying defects
estimated by theory (vide infra, Fig. 4b). It is important to note
that at such later stage of the GrF aging process, an alternative
explanation for the appearance of the large triplet signal
reported above can be put forward. Namely, it may arise from
voids in the GrF sheets, especially in the areas corresponding
to sp® islands that are formed upon extended defluorination.
As discussed by Palacios and co-authors,*® the presence of
voids, such as type A3B, can lead to non-vanishing local mag-
netic moments. Consequently, S = 1 signatures can arise in the
EPR spectrum from the presence of these sublattice imbal-
ances (Ny = Ny — Ng). When the Hubbard repulsion is active,
Lieb’s theorem grants the S = 1 spin state to such defect struc-
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tures.*®*® Further aging, and after 10 days of stirring, the
dense GrF DMF solution became very dark brownish and the
EPR spectrum revealed signatures of only S = 1/2 species
(Fig. 1f and ESI, Fig. S11f), with no clear indications of
remaining higher spin-states. The spin concentration
decreased to 5.4 x 10'® spin per g, i.e. to 23% of the initial
value. These results clearly indicate that, unlike benzene, DMF
cannot be considered an inert solvent for GrF but rather a reac-
tant for GrF, capable of inducing degradation of the spin carry-
ing defects present in GrF.

3.2 Origin of radical centers

The experimental evidence of radical centers in FG raises ques-
tions concerning their origin. Let us first assume a perfect per-
fluorinated graphene structure corresponding to an un-
perturbed domain on the FG surface and consider creation of
radical centers on such an ideal structure. In spite of the out-
standing stability of perfluorocarbons (PFCs) related to the
high strength of C-F bonds,>® it was observed that defluorina-
tion of PFCs can be achieved by using strong reducing agents,
such as metals (metal surfaces, amalgams or transition metal
complexes as catalysts), electron rich organic donors (e.g:,
organic radical anions, thiolates, sulfonates)**™> or photo-
chemically.>® The partial sensitivity of PFCs to reduction is often
explained in terms of enhanced reactivity of the most electron-
deficient tertiary C-F bonds, which are therefore sometimes
termed the “Achilles heel” of PFCs.**> Referring to works by
Borden,*® which discuss that various phenomena of fluoro-
carbon chemistry can be explained by the ability of C-F o*
orbitals to act as electron acceptors, Sandford®” suggested that
the defluorination of PFCs (e.g., perfluorodecalin) is initiated
by transfer of an electron to the ¢* orbital of a tertiary C-F
bond to give a radical anion. To obtain a more detailed picture
about the role of the C-F o* orbitals and ability to accept an
electron by larger PFC structures, we computed gas phase verti-
cal (VEA) and adiabatic (AEA) electron affinities and the
HOMO-LUMO gap at the ®B97X-D/6-31++G(d,p) level of theory
for a series of medium-sized model fluorinated polycyclic
hydrocarbons and their radical counterparts (see Table S1 in
ESIT). We found that for the parent closed-shell systems, the
VEA values were negative and even AEAs, taking into account
geometry relaxation of the corresponding radical anions, were
very small. Although the VEA values increased with increasing
size of the fluorinated PHC systems, due to a possibility of
larger delocalization of the negative charge, it can be expected
that even for larger (perfect) FG structures, the electron affinity
(EA) will be small, in line with the relatively large theoretically
predicted band gap of FG varying from 3.1 to 7.5 eV (depend-
ing on the approach).’®>® variation of the VEA values with the
system size was in line with the qualitative picture provided by
the HOMO/LUMO analysis. The positive LUMO energies and
rather large HOMO-LUMO gap in closed-shell systems were
consistent with their low electron acceptor strength. As antici-
pated by Sandford and others,”” the LUMO was predicted to
have o* character and was mainly located on the central ter-
tiary carbon atom (Fig. S27 in ESIf). In line with our results on
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EA, the extent of its delocalization increased with the system
size. To sum up, although the energetically low-lying C-F c*
orbital doubtlessly plays an important role in fluorine chem-
istry (e.g., through orbital mixing, as explained by Borden
applying the second-order perturbation theory®®), it is improb-
able that mild reducing agents could initiate a radical cascade
process of defluorination by direct electron transfer to the C-F
c* orbital.

Although formation of radical centers on an ideal C;F,
layer was expected to be hampered by the low EA, the experi-
mental evidence of observable spin concentrations in C;F;
structures clearly proves the presence of isolated sp® carbon
sites. The origin of such centers depends largely on the prepa-
ration process. Recent experimental surface imaging tech-
niques have shown that fluorination of CVD graphene with
XeF, leads to formation of highly ordered sizable (150 nm) CF,
C,F chair and unfluorinated domains,®® whereas fluorination
with CF, plasma gives rise to inhomogeneous and disordered
microscopic configurations.®" From a radical center formation
point of view, in the former case, the carbon atoms at the
boundary between these domains can remain unfluorinated as
the attachment of fluorine on such sites would lead to a cis
configurations, which would be energetically unfavorable.®*
On the other hand, the inhomogeneous spatial distribution of
fluorine on CVD graphene treated with CF, plasma is
accompanied by formation of multilayer islands and structural
features such as folds, wrinkles, and ripples that are less
fluorinated, which consequently increases the probability of
spin center emergence.

3.3 Electron affinities of radical centers

The presence of radical centers (even in very low concen-
trations) can obviously dramatically change the behavior of FG
in the presence of reducing agents or nucleophilic species. As
shown in Table S1 (see ESIt), the electron affinities of radical
species derived from parent perfluorinated model systems are
very high. For instance, AEA of a fluorinated coronene radical
is 80.6 kcal mol™?, i.e., it is even larger than that of a fluorine
atom (78.4 kcal mol™"). These extremely large values of EA of
perfluorinated radicals are mainly due to the electron-with-
drawing effect of highly electronegative fluorine atoms bound
to the nearest carbon atoms but also increased delocalization
of the negative charge with increasing size of the system. This
delocalization is closely related to the presence of the already
discussed C-F o* orbitals on neighboring carbons, which can
stabilize the SOMO orbital in a pyramidal configuration of the
radical center by mutual orbital mixing.’®®* The extraordinary
oxidizing power of highly fluorinated organic radicals can
initiate the defluorination process in the presence of even
mild reducing agents. Therefore, we probed a possible scen-
ario of initial phases of the cascade reduction of FG in which
defluorination spreads outwards from a radical center (Fig. 2).
Although the total reaction enthalpies of the reduction
steps depend on the strength of reducing agent as well as sol-
vation enthalpies of the involved species, it can be seen that,
in general, they are energetically favorable and polar solvents

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Possible scenario for the initial phases of reduction of FG (the F
atoms in green, the C atoms in grey/black, newly formed C=C bonds in
orange). The reaction energies are given in kcal mol™ (blue in gas phase
and red in DMF).

stabilize the charged intermediates. As expected, the oxidizing
power of the radical species is much higher (by about a factor
of 2) than that of closed-shell systems occurring in the
reduction process. However, even for the latter, the EA is
rather high as a consequence of the effect of highly polar C-F
bonds on the neighboring carbon atoms. Note that EA of the
final structure 1-IX, which is fully n-conjugated, is significantly
lower than that of the other structures. It is therefore possible
that depending on the power of the reducing agent, the
cascade defluorination process may cease after formation of
larger m-conjugated domains. Finally, let us consider possible
formation of fluorine radicals by charge transfer from fluoride
anions to the radical center. Although the gas phase value of
the EA of 1-1 is slightly larger than that of an F atom, the stabi-
lity of a small fluoride anion is significantly increased in polar
solvents (much more than 1-II), and therefore formation of F
radicals by this mechanism would be unfavorable. Let us also
underline that our results for model systems well reproduce
those obtained for larger systems and are also in good corre-
spondence with periodic calculations (see section 2.5 in ESIT).

3.4 Radical defluorination mechanism in DMF

We have shown that radical centers on FG act as efficient elec-
tron acceptors. Although such electron transfer can be a
trigger for cascade defluorination, in the case of a sufficiently
strong reducing agent, it does not explain the defluorination
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of FG observed in solvents with ionization potential in the
liquid phase significantly higher than the EA of FG point
defects. An example of such a solvent is DMF (discussed in
section 3.1), which has an ionization potential in the liquid
phase of 149 kcal mol™, compared to the EA of a radical
center 1-I of 117 kcal mol™" in the same solvent. Let us recall
that electron affinities of the subsequent species are even
smaller. Clearly, DMF can hardly be considered a direct reduc-
tant of FG in the sense of direct electron transfer to such
radical centers.

To rationalize the observed spontaneous defluorination of
FG in DMF, we suggest a mechanism initiated by hydrogen
atom transfer from DMF to the FG radical center (Fig. 3). In

1 L S [l
,(_ P ~+DMF/-DMF* (16) ] Gas: 4105

&= _HF | DMF: +13.9

B, e e
Wk o W
SN .
QY
FJ/ F[} ij DMF: -2.3

(2a)

B —
— F-DMF
Gas: -72.2
DMF: -73.3

(2b)
_—

Gas: -24.1
DMF: -18.1

(2¢)
—_—
—F-DMF
Gas: -33.0
DMF: -34.0

(2d)

— F-DMF
Gas: -17.0
DMF: -17.3

Fig. 3 Radical mechanism of defluorination of FG in DMF. (1a—c) Initial
phases of defluorination. (2a—d) Re-creation of FG radical center. The
reaction energies are given in kcal mol™.
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this mechanism, the energetically favorable initiation step (1a)
involves hydrogenation of a radical center and formation of a
DMF" radical. In principle, a cis isomer of 2-II can also be
formed, but the trans isomer is much more stable (by ca.
36 kcal mol™"). In the next step, a HF molecule can possibly be
released forming a double bond in 2-IIT by reaction (1b),
although this step is energetically less favorable and may
require some activation energy.

Nevertheless, the defluorinated structure 2-III can be
formed via reaction (2a) of a DMF" radical with another FG
radical, leading to formation of N,N'-dimethylcarbamoyl fluo-
ride (F-DMF), which appears to be a significantly more favor-
able process than recombination of FG* and DMF" radicals by
reaction (2b). Reactions (2c) and (2d) show possible ways of re-
creating radical centers, the former leading to a cascade
(radical) defluorination process. Note that subtraction of fluo-
rine atoms from the FG surface by organic radicals (namely
2,2,6,6-tetramethylpiperidine-1-oxyl) triggering the defluorina-
tion process, which is in line with the proposed steps, has very
recently been observed by Lai et al.®* Since it can be expected
that the hydrogen atom in 2-II is moderately acidic due to the
electron-withdrawing effect of fluorine atoms bound to the
nearest carbons, we also considered the possibility of proton
transfer to a DMF molecule (1c). Although the charged pro-
ducts are significantly stabilized in a polar environment com-
pared to the gas phase, the reaction energy appears to be too
large to accept this channel as a direct source of FG anions.
However, taking into account the energetically advantageous
release of the fluoride anion from 2-IV (c¢f step 2 in Fig. 2),
concerted transformation of 2-II to 2-III cannot be excluded
under harsher conditions. Let us also underline that our
model systems with fluorine atoms in the trans configuration
represent the most stable (i.e. the least reactive) radical struc-
tures® and less stable structures (e.g. radical centers on
deformed domains or edges) can enhance the defluorination
process by providing even more favorable thermodynamic and
kinetic conditions.

As the EPR spectra of FG in DMF confirmed the presence of
biradical centers (besides monoradical sites) on the FG
surface, we also studied a radical mechanism of defluorination
starting from structure 3-I (Fig. 4), for which the theoretical
distance between the spin centers (3.91 A) was in reasonable

=== ="}
Theor: R=5.91A Theor: R = 3.91A
Exp: R=4.8-7.3A Exp: R=3.87 A

Fig. 4 Structure of biradical sites on FG surface: typical biradical
present on the FG surface (A); biradical 3-1 observed in the later phases
of the defluorination process (B). The experimental distances were esti-
mated from the analysis of EPR spectra (see section 3.1).
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agreement with the experimentally derived value (3.87 A). The
energetics of the key reaction steps were very similar to those
predicted for the monoradical case (see ESI, Fig. S29%). An
important feature of this mechanism, which is in line with the
experimental observations discussed in section 3.1, is the suc-
cessive annihilation of the biradical centers. A critical step in
this context appears to be reaction of 3-III with a DMF" radical,
which could potentially lead to regeneration of biradicals
(Fig. S29bt). Although such regeneration is energetically
allowed, it is much less favorable than the formation of
n-conjugated motifs (Fig. 5).

3.5 Evidence of DMF’ radical entrapment

To validate the presence and chemical nature of the radical
species (besides those residing on GrF) developing during the
aging process of GrF in DMF, we employed the EPR technique
in conjunction with spin-trapping experiments using o-4-
pyridyl-1-oxide-N-tert-butylnitrone (POBN) as a chemical trap-
ping agent (Fig. 6a). After addition of solid POBN to the GrF/
DMF suspension, followed by incubation of these components
at RT for 40 min, a large number of radical species were
detected by EPR in the supernatant collected after centrifu-
gation. The recorded solution EPR spectrum is shown in
Fig. 6¢ and its frozen matrix in Fig. 6d. Additional EPR spectra
are provided in the ESI (Fig. S14, S16 and S197). The observed
three-lines pattern (with ~1:1:1 intensity) shown in Fig. 6c is
characteristic for nitroxide-radicals.”*®” The observed reso-
nance envelope is here found very similar to that shown by
TEMPO free radical (2,2,6,6-tetramethyl-piperidine 1-oxyl
radical, ESI, Fig. S177), and strongly suggests that the formed
POBN radical adduct originated from entrapment of a tertiary-
carbon radical, possibly the carbamoyl DMF" radical, with
structure shown in Fig. 6b. Simulation of the EPR envelopes
(Fig. 6¢c and d, red-line simulated spectra) with the WinEPR
SimFonia software gave the following spin-Hamiltonian para-
meters: giso = 2.0049, 14y = 1.340 mT (37.55 MHz), 14y =
0.172 mT (4.82 MHz), L,, = 0.210 mT (5.88 MHz), Lorentzian/
Gaussian ratio = 0.20 (Fig. 6c, red-line) and g, = 2.0066, g, =
2.0059, gz; = 2.0022, A(N),, = 0.40 mT (11.21 MHz), A(N),,
0.50 mT (14.01 MHz), A(N),; = 3.15 mT (88.28 MHz), Ly(xyz) =
0.70, 1.10, 0.80 mT (19.6, 30.83, 22.42 MHz), Lorentzian/
Gaussian ratio = 0.63 (spherical integration using theta, phi of
200 200, Fig. 6d, red-line).

The same trapped radical species by POBN was obtained
when the GrF/DMF solution was aged for a longer time (1 day,
7 days), whereas negative results were consistently found for a

3-I 3-V-a

A oo
v -F-DMF (=i
Gas: -78.5

) ) -
oA DV g

Fig. 5 Reaction of 3-1ll with a DMF" radical. For alternative (less favor-
able) reactions see Fig. S13b in ESL}
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Fig. 6 (a) Scheme for the reaction of a-4-pyridyl-1-oxide-N-tert-butyl-

nitrone (POBN) with free radicals to generate the corresponding spin-
trapped nitroxide radical. (b) Chemical structure of a DMF" radical
trapped by POBN. (c) X-band EPR spectra obtained from spin-trap
(POBN) experiments carried out on the supernatant from a GrF/DMF/
POBN mixture (T = 253 K) together with its EPR simulation (red-trace),
and (d) corresponding spectrum obtained in a frozen matrix (T = 133 K)
compared with simulation (red-trace). Experimental parameters:
9.16-9.17 GHz frequency, 100 kHz modulation frequency, 30 ms time
constant, 0.2 mT (c) or 0.8 mT (d) modulation width, 0.3 mW (d) or
4.0 mW (c) applied microwave power. Simulation parameters are given
in the text.

GrF/benzene solution aged in the presence of POBN (see ESI,
section 1.3, Fig. S137). These findings suggest that DMF reacts
with GrF via a radical mechanism. It is important to note that
there is no clear report in literature of direct trapping of carba-
moyl radical derived from DMF. However, in the recent study
of cross-benzoin and Stetter-type reactions mediated by
KOtBu-DMF by Massi et al., the authors observed generation of
a weak EPR signal of difficult interpretation in the solution of
KOtBu-DMF in presence of spin-trap agent PBN, signal that
became well resolved into a doublet of triplet upon addition of
diaryl a-diketone.’® The EPR signal encoded hyperfine split-
ting coupling constants similar to those observed here for the
GrF/DMF/POBN trapped radical species, with Ay = 1.33 mT
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Fig. 7 (a) Possible pathway of the trapped benzyl anion radical by PBN
during the cross-benzoin like reaction as adapted from ref. 68. (b) The
trifluoromethyl-PBN radical adduct from ref. 69.

and Ay = 0.177 mT, which the authors attributed to the suc-
cessful entrapment of benzil anion radical by PBN (Fig. 7a,
trapped radical species). Furthermore, Aggarwal et al.®® recently
reported the successful entrapment of a trifluoromethyl
radical by PBN in DMF at 298 K (Fig. 7b), which exhibited g =
2.0044, Ay = 1.411 mT, Ay = 0.1664 mT, A = 0.1781 mT, hence,
similar giso, Ax and Ay as found for the GrF/DMF/POBN
trapped radical system. Thus, because our system contains
only GrF, and the POBN radical adducts can be trapped in
DMF but not in benzene, the generation of the carbamoyl-
radical trapped by POBN (POBN-DMF radical) as shown in
Fig. 6b, is plausible.

The use of other experimental setups, e.g., GrF sonication,
as often employed for its fast dispersion in organic solvents,
leads to generation of an admixture of radical species due to
the fast temperature gradients induced in the solution. Due to
the number of other experimental variables to dissect (e.g
sonication time, power applied) such study will be devoted for
future work. As an example of other EPR signatures detected
following the sequence of a specific sonication-time/applied
power conditions (30 min, 40 kHz applied power) for the GrF/
DMF/POBN mixture is given in the ESI (Fig. S20-S24f).
However, the present findings wish to stress the notion that
radical defluorination reactions of GrF occurs even under mild
conditions in DMF.

3.6 Evidence of N,N'-dimethylcarbamoyl fluoride

As can be seen in Fig. 3, N,N-dimethylcarbamoyl fluoride
(F-DMF) plays a key role in the proposed mechanism since its
formation leads directly to defluorination and also generation
of new radical centers. To confirm formation of F-DMF, we per-
formed a series of '’F NMR measurements on FG/DMF
samples treated in different ways (see details in ESI{). The first
sample was sonicated for 2 hours at room temperature and
stirred overnight. The day after, the suspension was still pale-
grey, the color of the starting suspension. '°F NMR analysis of
the supernatant solution did not show the presence of any
F-containing compounds. A second sample of FG/DMF was
treated at 120 °C for 5 hours and then left stirring overnight at
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room temperature. This time, the suspension appeared black,
indicating that defluorination of FG had taken place. Using '°F
NMR, the supernatant liquid showed the presence of one peak
at —26 ppm, which was attributed to F-DMF (Fig. 8a). Two
more peaks, at —138 and —152 ppm, were also visible, which
could be attributed to some soluble FG fragments (cf,
—135.85, -162.45 ppm for 1,2,3-trifluorobenzene, and
—139.93, —157.07 ppm for 1,2,3,4-tetrafluorobenzene’®) or to a
product of reaction of fluoride ions with borosilicate glass (cf,,
—152.2 ppm for BF,” (ref. 71)). The peak at —26 ppm was con-
firmed to be due to the F-DMF compound by separately pre-
paring F-DMF,**”*> whose '°F NMR spectrum in DMF also con-
sisted of a peak at —26 ppm (Fig. 8b). The stability of F-DMF
under the experimental conditions was also assessed by
adding an aliquot of the compound to a FG/DMF suspension
heated at 120 °C for 5 hours and then stirred overnight. In this
case, the supernatant liquid showed again the presence of the
compound peak at —26 ppm (see ESI, Fig. S26%). Although it
cannot be fully excluded that F-DMF can be produced by
recombining DMF" and F" radicals (possibly formed during
sonication process), the presence of the F-DMF peak in '°F
NMR spectrum supports our hypothesis that defluorination of
FG in DMF results from the direct reaction between DMF" and
FG. The requirement of higher temperature indicates that
steps (2a, 2c, 2d) in the proposed mechanism require some
activation energy.

Finally, we will briefly comment on recent experimental
work by Wang et al,** in which defluorination of FG in the
presence of selected solvents was studied by various instru-
mental techniques, including XRD, FTIR, TEM, TGA and UV-

[} .4;-4'.-.”,-, g \\"\‘.‘ﬂ‘llﬁ‘(,w i J,,v'ﬂ-‘v,t\%k,"w,‘Mh'ﬂ-.‘fl

(ppm)

Fig. 8 (a) F NMR spectrum (in DMF, 470 MHz) of the supernatant
liquid obtained from a FG/DMF suspension heated at 120 °C for 5 hours
and stirred at room temperature overnight (in the inset, a close-up of
the peak at —26 ppm is shown). (b) **F NMR spectrum (in DMF,
470 MHz) of the separately prepared compound F-DMF (structure
shown in inset). (b) *°F NMR spectrum (in DMF, 470 MHz) of the separ-
ately prepared compound F-DMF (structure shown in inset).
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vis reflectance spectroscopy. They found that highly polar
(dipolar) solvents, including DMF, were able to facilitate the
FG defluorination. They rationalized this capability in terms of
high nucleophilicity, arguing that dipolar solvents can interact
via dipole-dipole interactions with the electron-deficient
carbon atom of a C-F bond, providing sufficient energy to
rupture the C-F bond. To verify this hypothesis, we calculated
the interaction energy of a DMF molecule with an ideal FG
surface by using the implicit SMD model to account for the
polar DMF environment (see ESI, Fig. S317). Although the
interaction energy was indeed found to be relatively high
(4 kcal mol™') compared to ordinary weakly interacting
systems, it was still far below the dissociation energy of a C-F
bond (~100 kecal mol™" for fluorinated coronene). Therefore,
although we agree that the nucleophilicity of the solvent plays
an important role in the later phases of defluorination, we
believe that the proposed radical mechanism supported by the
experimental evidence of the DMF" radical is a more plausible
explanation of the initial steps of the FG defluorination
process occurring in DMF.

3.7 Consequences for the reactivity of FG

We have shown that, depending on the chemical composition
of the sample, the presence of radical centers on FG can
initiate two important processes. On the one hand, direct
reduction of FG (i.e., formation of anionic centers) can occur
in the presence of mild reducing agents. On the other hand, a
radical mechanism initiated by hydrogen atom transfer can
take place provided that species sensitive to homolytic R—H
bond dissociation are present in the environment. In both
cases, a cascade defluorination process can commence,
leading preferentially to compact motifs stabilized by
n-conjugation of C—=C double bonds. It can be expected that
the defluorinated chains of carbons carrying partial positive
charge due to surrounding C-F bonds will be highly sensitive
to nucleophilic substitutions. In fact, the idea of competitive
substitution and reductive defluorination has already been
applied to account for experimental observations during the
covalent functionalization of graphene based on reactions of
FG with various nucleophilic agents, including OH™,>* CN~,*
Grignard reagents® and others. In such reactions, the main
indication of concurrent substitution and defluorination was

2-1

g

Fig. 9 Direct attack of a nucleophilic species (here OH™) on a radical
site is energetically very favorable (energy in kcal mol™ in the gas
phase).
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the composition of the resulting material, which showed only
partial functionalization of graphene (e.g., ca. 15% in the case
of G-CN) with negligible fluorine content. Nevertheless, the
presence of radical centers in FG opens possibilities for direct
attack of nucleophilic species on the radical site (Fig. 9). Such
attacks could play an important role in the initiation of Sy
reactions in solvents that are not able to trigger defluorination
on their own (e.g., methanol, ethanol, chloroform). Our calcu-
lations showed that formation of a radical anion (4-II) is ener-
getically highly favorable (AE = —70.4 kcal mol™" for the gas
phase), which strongly supports the idea that early-phase
defluorination can be caused by direct interaction of a nucleo-
phile with a radical center.

Conclusions

Defluorination of FG is a complex process involving direct
reduction, nucleophilic substitution or radical substitution reac-
tions depending on the reductive and nucleophilic strengths of
the solvent environment and/or presence of dissolved reactive
agents. By combining DFT calculations with spectroscopic (EPR
and NMR) studies, we have shown that it is the imperfectness of
the FG sheets that induces its observed reactivity, distinguishing
this 2D material from unreactive perfluorinated hydrocarbons,
such as Teflon. The low-lying C-F ¢* orbitals in an ideal FG
sheet could, in principle, render the structure susceptible to
defluorination in the presence of strong reductants. However, it
is improbable that mild reducing agents could initiate a
cascade process of defluorination by direct electron transfer to
the o* orbital. On the other hand, FG radical centers recorded
by EPR measurements exhibit much higher electron affinities,
making them ideal reactive sites for mild reducing agents and/
or nucleophilic species. Nevertheless, even the relatively large
electron acceptor strength of FG spin centers does not explain
defluorination of FG in weakly reductive environments, such as
DMF. In such cases, point defects can trigger a radical mecha-
nism, provided that species sensitive to homolytic R-H bond
dissociation are present in the environment. The proposed
mechanism was supported by spin-trap experiments as well as
'F NMR measurements, which suggested formation of DMF’
radicals under mild reaction conditions (room temperature,
simple stirring) and formation of F-DMF (under harsher
conditions such as prolonged heating at 120 °C). To sum up,
it is clear that point defects play a key role in the reactivity of
FG. Understanding relationships between the reductive/nucleo-
philic strengths of the environment, possible formation of
free radicals and point defect redox characteristics seems to
be crucial for achieving full control over the functionalization
of FG.
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