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Abstract: A new solid-state 1°F magic-angle spinning NMR signal at an isotropic '°F chemical shift
of —53 ppm is measured from graphite fluoride synthesized by reaction of graphite with F; at
temperatures above 750 K with no catalyst. Two-dimensional NMR suggests the —53 ppm F NMR
signal originates from covalent fluoromethanetriyl groups belonging to ordered (CyF),, bulk domains
composited with the major (CF), domains. Quantitative F and 13C NMR find y = 4.32+0.64.
DEFT calculations of NMR chemical shifts for unsaturated fluorographene models show that a (C4F),
phase with fluorine bound covalently to a single side of the carbon layer best explains the observed
NMR chemical shifts. We assign the new phase to this (C4F); structure, which constitutes up to
15% of the carbon in our graphite fluoride composites. The (C4F), content of the composite affects
bulk electrochemical properties in a manner similar to graphite fluorides produced by conventional,
catalyzed fluorination processes.

Keywords: poly(tetracarbon monoflouride); poly(carbon monoflouride); graphite fluoride; carbon
fluoride; solid-state NMR

1. Introduction

Carbon fluorides, often labeled CF,, are a class of materials in which fluorine is bound
to carbon frameworks in a composition with average F:C atomic ratio x. The earliest known
and most important subclass of CFy are the graphite fluorides (GFs), where graphite is
the carbon source. Covalent and lamellar intercalation of fluorine into graphite can be
achieved. Covalent GFs are synthesized in F, atmosphere by holding graphite at tempera-
tures between roughly 650 K and 900 K [1-3]. This produces poly(dicarbon monofluoride),
(C2F);, and poly(carbon monofluoride), (CF),, with higher temperatures favoring the
latter [3,4]. Lamellar graphite fluorides, often called fluorine graphite intercalation com-
pounds (F-GICs), are based upon the intercalation of ionic F~ with limited covalent C-F
bond formation and are synthesized in F, atmosphere at temperatures usually less than
400 K in the presence of a fluorine-containing Lewis acid catalyst [5-8]. Well-defined
F-GIC compositions ranging from stage-1 Cq1F to stage-4 Ci4F and higher have been
reported [7-9], with variables such as graphite morphology (natural, HOPG, etc.) and
catalyst formulation influencing F-GIC composition and structure. The versatility of F-GIC
chemistry was expanded further with the emergence of “post-fluorination” strategies,
permitting partial or full conversion of an F-GIC into a covalent GF [10,11].

Canonical GF structural models were introduced in 1947 by Riidorff and Riidorff,
using (CF),; and poly(tetracarbon monofluoride), (C4F);, as archetypes for the covalent [12]
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and lamellar F-GICs [5], respectively. (CF),, was described as an infinite network of fused
cyclohexane chairs with fluorine atoms occupying axial positions yielding a hexagonal
crystal structure involving sp> hybridized carbon. (C4F),, was described as stage-1 inter-
calation compound with interleaved hexagonal arrays of fluoride each bound to single
carbon atoms across planar, sp? hybridized graphene layers. Such C(sp?)-F bonds were
later referred to as “semi-ionic” [13,14]. The Rudorff (C4F), model of F-GIC structure was
refined to account for the intercalation of truly ionic F~ and the wide range of observed
intercalant staging [15-17], but the semi-ionic bond concept was eventually recognized as
deficient when evidence accumulated revealing that C-F bonds in many stage-1 and stage-2
F-GICs possessed essentially sp® carbon hybridization [18-23]. Hyperconjugation with
nearest neighbor sp? hybridized carbon nonetheless fundamentally modifies the covalent
C(sp®)-F bond character, which is elongated and weakened in F-GICs compared to fully
covalent GFs [22,23]. Complicating structural interpretation further is the nontrivial role
played by intercalated catalyst species with regard to promoting a particular balance of
ionic and covalent bonding motifs [24].

Compared to F-GICs, the structure of covalent GFs is considered well-understood.
By 1980, the year Watanabe introduced the presently accepted diamane model of covalent
(C2F), [25], debate over framework polymorphism in (CF), was settling in favor of the
hexagonal Riidorff structure [3]. Even recent work from our laboratories describing how
(CF);, polymorphism manifests as disorder of the carbon framework in real carbon fluoride
samples does not invalidate the hexagonal Riidorff structure as the quintessential (CF),
polymorph [26].

This brings us to our present discovery. Our laboratories have developed an interest
in mechanisms controlling the discharge of lithium electrochemical cells using CFy as
the active cathode material [27,28]. When evaluating (CF), formation in covalent GFs by
high-resolution solid-state '°F magic-angle spinning (MAS) NMR during the course of
this work, we observed a minor but significant new 'F NMR signal with an isotropic
chemical shift of —53 ppm. What follows are results from a multidimensional '°F and
13C solid-state NMR investigation into the structural origin of this new F GF NMR
signal at —53 ppm, bolstered by density functional theory (DFT) calculations of NMR
chemical shifts. From experimental NMR we infer that the new GF signal originates from
fluorine-deficient GF domains with a C:F ratio roughly between 3:1 and 6:1. The C-F
bonding character within these domains is unmistakably covalent. NMR chemical shifts
calculated for a (C4F), structure where all fluorine is covalently bound to a single side of
the graphene layer are in good agreement experimentally measured °F and '3C chemical
shifts, leading us to propose that our GFs are composites of (CF), layers interspersed
with (C4F), layers expressing single-sided fluorination. Although we refer to these (C4F),
domains as covalent, C-F bonds are significantly elongated by hyperconjugation to nearest
neighbor sp? carbon, just as with non-ionic F in F-GICs. After briefly examining the bulk
electrochemical properties of these covalent GF composites, we close by discussing the
significance of the single-sided attachment of fluorine in the new covalent (C4F), phase
we identify.

2. Results
2.1. Fluorine-19 MAS NMR: A New Spectral Signature from Graphite Fluorides

Figure 1 shows solid-state '°F centerband MAS NMR spectra for four carbon flu-
oride samples. Three of the spectra are from graphite fluorides (GFs) synthesized in a
fluorination furnace at high temperature from high purity crystalline graphite. GF-1h773
(purple) was fluorinated at 773 K (500 °C) for one hour; GF-2h773 (red), at 773 K for two
hours; GF-1h873 (orange), at 873 K (600 °C) for one hour. The spectrum of commercial
poly(carbon monofluoride) made using petroleum coke as a carbon source, labeled here
as (CF);-PC, is shown as a reference. An ordered, crystalline sample of hexagonal (CF),
should give a single peak at a '°F chemical shift near —187 ppm originating from chemically
equivalent fluoromethanetriyl (>CF) functional groups [29]. Such a 1F NMR signal is the
dominant feature in all carbon fluoride spectra shown in Figure 1, but a prominent wing
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extending up to roughly —130 ppm protrudes from this dominant peak. While carbon
fluoride F NMR signals in this region are usually assigned to >CF deshielded by adjacent
sp? hybridized (bare) carbon atoms [30,31], we recently reported that this batch of (CF),,-PC
material contains no bare carbon. With the support of multidimensional NMR and DFT cal-
culations, we assigned this wing to framework disorder in the vicinity of >CF groups [26].
The F deshielding effect due to framework disorder broadly correlates with the num-
ber of neighboring >CF that are mutually aligned with the central >CF group (crudely,
+25 ppm/aligned C-F bond), as illustrated by the models of disordered >CF shown in
Figure 1. The wing is about twice as intense for (CF),,-PC compared to the GF samples, sug-
gesting that the crystallinity of the graphite source (see XRD, Figure S1) leads to a greater
degree of framework order in the GFs. The degree of disorder in GF-1h873, synthesized at
the highest temperature, is especially low. These results regarding disorder are consistent
with the findings of previous studies [3,32]. We also observe '°F NMR signals from difluo-
romethylene (>CF;) functional groups, appearing in the region between —150 ppm and
—95 ppm, indicating that the fluorinated edges of carbon layers are saturated [29]. About
10% of the 'F NMR signal originates from >CF, for all GF samples, indicating that, just
as for (CF),;-PC, the characteristic size of a fluorinated carbon layer in our GF samples is
just a few nanometers across [33]. A small cluster of narrow peaks between —85 ppm and
—65 ppm show that a small number of trifluoromethyl (-CF3) groups are present in all
samples.

Figure 1. Solid-state 1°F centerband MAS NMR spectra of commercial poly(carbon monofluoride)
made from petroleum coke ((CF),-PC) and the three graphite fluorides (GF) synthesized for this
work. The new graphite fluoride NMR signal is indicated near —53 ppm by the brown axis shading.
Grayscale bars near the molecular models indicate approximate chemical shift ranges for the fluorine
atoms depicted in yellow of the associated models; these atoms are also numerically labeled by a
representative 19F chemical shift value. Black atoms, C; bluish-white atoms, other F. Chemical shifts
represented by faded parts of the bar are achieved only in cases of extreme chemical disorder.

The broad similarities between the ’F NMR spectra of (CF),,-PC and our GF samples
confirms that poly(carbon monofluoride) is the primary constituent of each material, with
(CF);, in the GF samples being rather more crystalline than (CF),, in the sample derived
from petroleum coke. Nevertheless, we also observe a significant 1°F NMR signal, near
—53 ppm, that is entirely unique to the GFs. The intensity of this new GF NMR signal
follows the trend GF-1h773 > GF-2h773 > GF-1h873. To the best of our knowledge, this is
the first observation of a chemically distinct signal near —53 ppm in the high-resolution °F
MAS NMR spectrum of any carbon fluoride.



Solids 2022, 3

240

Our goal is to determine the structural origin of this new °F GF NMR signal at —53 ppm.

2.2. Carbon-13 CP MAS NMR: Evidence for a Fluorine-Deficient Graphite Fluoride Composition

Figure 2 shows {1°F}13C cross-polarization (CP) CPMG MAS NMR spectra of (CF),-PC
and our GF samples. CP both selects for and enhances the sensitivity of 13C nuclei in the
vicinity of F nuclei, yielding high-resolution 3C MAS NMR signals from fluorinated
phases. Since both samples are mainly (CF),, the >CF peak at +90 ppm dominates [29].
The framework disorder responsible for the >CF wing in the 1°F spectra causes a similar
downfield extension of the >CF *C NMR signal from (CF),-PC as compared to the >CF
peak from the relatively crystalline GF-1h773 [26]. Carbon-13 NMR signals from >CF,
groups, near +115 ppm, are also observed from both samples. Discernible contributions
from -CF3 groups, near +123 ppm, are lacking. Importantly, the 1>C CP NMR spectra of the
GF samples exhibit signals near +141 ppm and +50 ppm, both of which are lacking from
the 1*C CP NMR spectrum of (CF),,-PC. The very weak signals near +50 ppm indicates
quaternary, diamond-like sp® hybridized carbon that occur in association with covalent
C-C bonds that bridge adjacent carbon sheets [34]. The resulting fluorodiamane cages
yield the archetypical poly(dicarbon monofluoride) structure, (CoF),;, which is ordinarily
produced from crystalline graphite at temperatures around 650 K [3,25].

Figure 2. Reconstructed solid-state {1°F}13C CP CPMG MAS NMR spectra of (CF),,-PC and the three
GF samples. Spectra are scaled to the same maximum. Grayscale bars near the molecular models
indicate approximate chemical shift ranges for the carbon atoms depicted in yellow of the associated
models; these atoms are also numerically labeled by a representative '3C chemical shift value. Black
atoms, other C; bluish-white atoms, F.

The 3C CP NMR signal near +141 ppm indicates sp? hybridized bare carbon species
within fluorinated domains. Such '3C species have been observed by {°F}!3C CP NMR
near +141 ppm in partially unfluorinated covalent GFs synthesized from post-fluorinated
F-GICs or graphitized carbon nanofibers [35,36]. Close inspection also shows a small 3C CP
NMR signal at +79 ppm in the GFs, appearing near the base of the dominant covalent >CF
peak at +90 ppm. The intensity of the +79 ppm and +141 ppm features follow the trend
GF-1h773 > GF-2h773 > GF-1h873, the same intensity trend observed for the —53 ppm GF
19F NMR signal, suggesting meaningful associations between them.

2.3. Two-Dimensional {*Ff'3C CP HETCOR CPMG NMR: Indication of Covalent C—F Bonds

A firmer insight into the relationship between carbon and the new —53 ppm GF '°F
NMR signal is obtained using 2D {1F}!3C cross-polarization heteronuclear correlation
(CP HETCOR) NMR [37]. CP HETCOR produces NMR signals that correlate the NMR
frequencies of spatially proximate °F and '3C nuclei in rigid solids. Figure 3 shows a
2D {¥F}'3C CP HETCOR NMR spectrum of GF-1h773, acquired at a CP contact time of
1250 ps. The dominant NMR signal in this CP HETCOR experiment occurs at a (3C,!°F)
shift of (+90,—184) ppm, corresponding to a one-bond chemical shift correlation within
the >CF groups of crystalline (CF),. Significant correlation between the °F spectral wing
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from —170 ppm to —140 ppm and 3C shifts near +91 ppm suggests disordered >CF in
(CF),. The 2D CP HETCOR of (CF),-PC was reported in previous work; here, the 1°F
spectral wing correlated to '3C shifts near +93.5 ppm [26], again consistent with the greater
degree of framework disorder in (CF),-PC relative to our GF samples. One- and two-bond
correlations of °F in rigid >CF, groups appear near (}3C,1F) shifts of (+113,—115) ppm
and (+88,—115) ppm ('3C of an adjacent >CF group), respectively. CP HETCOR signals
from flexible >CF; segments, consisting of chains of consecutive >CF, at convex sheet
edges, are suppressed on account of additional motional degrees of freedom available to
these chains [26].

Figure 3. Solid-state 2D {!°F}!3C CP HETCOR CPMG MAS NMR spectrum of GF-1h773, acquired
using a CP contact time of 1250 pus. Contours drawn from 5.5¢ noise level up to 12.5% of the 2D
signal maximum. Signal integrals over the shaded bands ‘a” through ‘e’ shown on the 2D spectrum
lead to the 1D '3C correlation profiles shown on the right, which include correlation profiles from a
second CP HETCOR experiment at a shorter contact time of 125 ps, scaled to the same maximum
intensity as the long contact time profile. “(Nx)” indicates additional zoom to baseline by factor N.
“ssb” = spinning sideband.

The —53 ppm “F GF NMR signal yields two significant correlations to *C, one
near a (**C,1%F) shift of (+141,—52) ppm and the other near (+78,—51) ppm, confirming
an association between these fluorine and carbon species on a molecular level. From
experimental studies of covalent C-F bonds in F-GICs, it is known that hyperconjugation
with neighboring sp? hybridized carbon atoms isotropically shields the '3C nucleus of the
detected >CF group, in addition to the aforementioned isotropic °F deshielding effect.
For such F-GICs, 13C shifts as low as +82 ppm are reported, along with '°F shifts near
—145 ppm [38—41]. Considering the corresponding shifts of ordinary covalent >CF groups
in the (CF),, phase, these 13C shielding/!°F deshielding trends are of the right sign to assign
the (**C,'F) HETCOR NMR signal at (+78,—51) ppm to elongated C-F bonds from >CF
groups, which is supported by the strong correlation between —53 ppm fluorine to bare
carbon. The anomalous magnitude of 13C shielding (12 ppm, relative to ordinary covalent
>CF) and F deshielding (133 ppm) we observe here, when compared to 4-8 ppm (1*C
shielding) and 30-60 ppm ('°F deshielding) for typical cases of C-F hyperconjugation [31],
suggests that the degree of hyperconjugation experienced by these >CF groups is extreme.
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This assignment to extremely hyperconjugated, covalent >CF is validated by a second
CP CPMG HETCOR experiment using a shorter CP contact time of 125 ps (contour plot
shown in Figure S2), which enhances the contrast of one-bond *C and '°F correlations. The
comparison between the short and long contact times for 13C correlations to the —53 ppm
19F GF NMR signal is shown in Figure 3 in the right-hand column along the 1D profile ‘a’.
Whereas the correlation to the 3C NMR signal at +141 ppm is stronger than the correlation
to +78 ppm at 1250 us (red), the opposite is observed in the experiment using the 125 ps
contact time (blue). We infer that the 2D HETCOR NMR signal at a (13C,YF) shift of
(+78,—51) ppm encodes a one-bond C/F correlation, whereas the signal at (+141,—52) ppm
encodes (2+)-bond C/F correlations. This strengthens our confidence in the assignment to
covalent >CF, in spite of the extreme shielding values.

It is worth remarking upon other structural details that can be discerned by the
comparison between the short and long contact time CP HETCOR experiments. Profile ‘b’
affirms the one- and two-bond associations previously mentioned for rigid >CF, groups.
Profile ‘c’ reveals that a weak correlation builds in at the longer contact time between °F
NMR signals near -170 ppm and interlayer bridging '3C NMR signals at +49 ppm, close to
recently reported 'F shifts of -176 ppm for axial F on diamane cages in (C;F), [42]. Profile
‘d’ shows a very weak correlation between bare carbon and >CF in (CF), at a (13C,'9F)
shift of (+141,—184) ppm that is only visible at the longer CP contact time. The scantness
of this correlation is remarkable considering that the vast majority of the GF sample is
composed of >CF groups within the (CF),, phase. Finally, profile ‘e’ shows correlations to
19F at chemical shifts near —200 ppm. Here we see not only correlations to '3C shifts near
+90 ppm but also a form of disordered carbon producing 3C chemical shifts upfield to
+65 ppm. The latter correlation corresponds to a ridge that emerges from the primary >CF
peak in the 2D spectrum (dashed line segment, Figure 3). The vertical >CF edge groups
of diamane sheets in (C,F),, are known to produce F NMR signals below —200 ppm in
carbon fluorides, which are expected to correlate to '>C shifts around +90 ppm (Figure S3).
This matches the narrow feature shown in profile ‘e’ but not the broader upfield feature. At
present, we cannot explain the structural origin of the latter correlation.

2.4. Additional 'F NMR Characterization: Evidence for Distinct yet Well-Mixed Graphite
Fluoride Phases

The absence of a significant (**C,!°F) correlation signal near (+90,—53) ppm in the 2D
CP HETCOR experiment along with the nearly exclusive association of bare carbon to the
>CF site associated with the —53 ppm °F GF NMR signal suggests that these hyperconju-
gated >CF groups are part of a distinct, generally fluorine deficient GF phase. To support
this assessment, we analyzed '°F longitudinal (T;) relaxation. Because F is an abundant
nucleus with a relatively high magnetic dipole moment, °F nuclei comprising the same
material domain form a coupled network within which efficient spin diffusion occurs. This
leads to approximately exponential longitudinal 'F relaxation with recovery parameters
that in many circumstances are the same for each °F site within the domain. Fluorine-19
nuclei that exist within another distinct and separate domain, however, commonly exhibit
different relaxation properties compared to '°F within the first domain [43]. Consistent
with this description, Figure 4A shows the recovery of '°F NMR signal after elimination
of F Zeeman order by a saturation pulse train for different parts of the 1’F NMR line
shape. For the chemically distinct sites associated with the primary (CF),, phase (circles),
the signal recovery trajectories cluster together well. The extremely hyperconjugated >CF
site (squares), however, traces a distinctly different trajectory during the initial stages of
relaxation when 1,4 < 1s, supporting its assignment to a distinct material phase.

There is evidence that this new phase is not wholly magnetically isolated from the
(CF),, component of the GF, however. In addition to the (very weak) (13C,19F) correlation
near (+141,—184) ppm shown in the 2D CP HETCOR of Figure 3 at long CP contact time,
there are cross peaks corresponding to the exchange of magnetization between '°F pos-
sessing chemical shifts of —53 ppm and —184 ppm that can be observed by 2D {°F}'°F
exchange NMR spectroscopy (EXSY), as indicated by the boxed regions of Figure 4B.
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Broadening of the main diagonal peak at (—53,—53) ppm is also observed in this 2D EXSY
spectrum, consistent with the expected exchange of magnetization between hyperconju-
gated >CF groups having slightly different 1°F chemical shifts within the new GF phase.
Altogether, our data suggest that the GF phase hosting the new type of hyperconjugated
>CF comprises distinct domains, but that these domains are in contact with the primary
(CF);; component.

Figure 4. (A) Recovery of ’F NMR signal from GF-1h773 as a function of delay 7,4 after saturation of
9F nuclear magnetization. Data points give the normalized intensity of NMR signal, S, for selected
sites across the 1°F centerband line shape (inset spectrum). The sites correspond to ordered >CF in
(CF);, (red circles), disordered >CF in (CF), (yellow circles), >CF; (green circles), the low intensity
region near -95 ppm (cyan circles), and hyperconjugated >CF (blue squares). Error bars are plotted
to the 20 level of spectral noise but usually remain smaller than the data markers. Curves are best fits
of the data series to the stretched exponential recovery function S(7q)/Seq = 1 — exp [— (ta/ T)ﬁ] .
The inset table gives parameters and asymptotic standard error from the best fit to S(7,q ) for each data
series. (B) Two-dimensional {!°F}!1°F EXSY spectrum from GF-1h773 using a longitudinal storage
interval of 40 ms. Contours drawn from 8¢ noise level up to 12.5% of the 2D signal maximum.
Diagonal grid lines mark secondary diagonals where spinning sidebands may contribute spectral
intensity (“ssb”).

2.5. Stoichiometric Analysis of the New Graphite Fluoride Domain by Quantitative NMR

Having identified that the —53 ppm 'F NMR and +141 ppm '3C NMR signals orig-
inate from a distinct GF phase, we use the intrinsically quantitative capabilities of NMR
to determine the stoichiometric composition of this phase. Quantitative data from both
19F NMR and '3C NMR are required for this. The centerband '°F NMR spectra shown in
Figure 1 qualify on one end. Conventional {!F}!3C CP NMR spectra do not qualify, so
for 13C NMR, we use our recently published quantitative method using direct 13C exci-
tation and FID acquisition under high power °F decoupling, followed by a long CPMG
acquisition without '°F decoupling [44]. The FID contains a conventional, high-resolution
quantitative 13C MAS NMR spectrum, whereas the CPMG train yields sensitivity enhanced
13C NMR signal from unfluorinated carbon domains. The sensitivity enhancement can be
estimated, allowing the extent of unfluorinated carbon to be quantified with a high degree
of accuracy. Unfortunately, the °F nuclei of the hyperconjugated >CF groups prevent the
13C MAS NMR signals from the new GF phase from being enhanced by the CPMG train.

We assume the new GF phase is a carbon fluoride polymer of bulk composition (C,F),,
with the C:F atomic ratio y to be determined by our quantitative analysis. Our fit of the
quantitative '°F centerband NMR spectra is expressed in terms of the relative proportions
of C,F, CF3, CF,, and CF units, as shown in Figure 5A for sample GF-1h773. We label these
mole fractions f, f3, f2, and f1, respectively. Likewise, we fit the quantitative 13C NMR
spectra in terms of the relative proportions of bare C (sp?), CF,, CF, bridging C (sp®) units,
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and wholly unfluorinated domains, which are respectively labeled g, g2, 1, g0, and g,. The
fit is shown in Figure 5B for all three GF samples. The poor S/N ratios of the quantitative
13C MAS NMR spectra are obvious, with only the >CF peak (g1) presenting prominently
above noise. For this reason, the Gaussian functions used to fit the spectrum for the minor
peaks g, g2, and gp were constrained by fixed shift and width parameters, using information
derived from 3C CP MAS NMR. Importantly, the integrated deviations from baseline are
positive where these peaks are expected to emerge (except for go from GF-1h873, so is
omitted), and g (C,F) is statistically different from zero for both GF-1h773 and GF-2h773.
To provide the utmost justification for fitting the quantitative 13C spectra in spite of low
S/N ratios, we subject the spectral region in the vicinity of the crucial C,F signal to the
Anderson-Darling normality test [45]. The null hypothesis being tested is that quantitative
13C NMR spectral intensity near +141 ppm in each of the three GF spectra is generated by
white spectral (Gaussian) noise. At an 85% level of confidence, we find for each of the GF
samples that this null hypothesis is rejected; for GF-1h773, the significance level exceeds
99.99% [46]. An adjacent signal-free region was also analyzed by the Anderson-Darling
test as a control for each quantitative 1>*C NMR spectrum; the null hypothesis cannot be
rejected for these noise regions at the 85% level of confidence. A detailed overview of the
Anderson-Darling test results are described in Figure S4 and its caption.

Figure 5. Quantitative analysis of NMR spectra. (A) Fit of 1D °F centerband NMR spectrum of
GF-1h773 into components assigned to C,F (f), CF3 (f3), CF> (f2), and CF (f;) units. (B) Fit of
quantitative 1D 13C MAS NMR spectra into components assigned to CyF (g), CF; (g2), CF (g1),
bridging C (go), and unfluorinated carbon (g,). The matched reconstructed CPMG echo (MRE) is
analyzed jointly with the free induction decay (FID) NMR signal to determine the g;, fraction. The
table inset into panel (A) shows the values of y determined by the joint analysis of °F and '3C spectra.

Precise mole fractions from the spectral fitting for each sample are given in Table 1 for
quantitative ’F NMR (f fractions) and Table 2 for quantitative '>*C NMR (g fractions). To
solve for y, we note that f fractions sum to unity, as do the g fractions. Since the atomic
ratio of C:F for each f site is given, we renormalize the f fraction sum with respect to the
carbon mole fraction,
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D:f1+%f2+yfr 1)

where D is the mol F — mol C renormalization constant. We omit the tiny contribution of
(1/3) f5 for model consistency as we cannot ascertain a contribution from -CFj3 in the 13C
NMR spectra in Figure 5B. The intensity fraction f can be related to g, keeping in mind that
while the (C,F), phase is the sole contributor to the —53 ppm 'F GF NMR signal (peak
f), it contributes 1/y units of spectral intensity to ¢; and (y — 1) /y units of intensity to g
per CyF formula unit. Since the contribution from (C,F), to the well-resolved peak g is
exclusive, we equate the renormalized f intensity fraction to (y — 1) /y units from g to find

1
— gu g‘
The (1 — gu) ! factor is included because regardless of quantity, unfluorinated car-
bon domains make no intensity contribution whatsoever to the 1°F NMR spectrum, forc-
ing renormalization of the g factors with the contribution from g, omitted. Defining

¢ =g/(1—gu)and s = f; + f»/2 for convenience, we solve for y in Equation (2) with
the result:

L2f =1 @

f+g's

TRy ©
Values of i determined for each GF sample by this analysis are displayed in the table
contained within Figure 5A. Scatter in y is large, with nearest integer y values of 5, 6, and
2 found for GF-1h773, GF-2h773, and GF-1h873, respectively. The relatively large error
reported on y, about 2 at a 95% confidence level, is inherited mostly from the large error
on g, itself due to the very low S/N ratio of the 1>*C NMR signal at +141 ppm. Given the
consistent manifestation of the NMR signals we attribute to (C, F), across the three samples,
is reasonable to treat the analyses as three independent, unbiased determinations of the
same fixed quantity. Thus, we present the average the three y values for each sample as the
final result of our quantitative NMR analysis, giving (C432+0.64F)» as the bulk composition

of the new GF phase.

Table 1. Quantitative analysis of 1F MAS centerband NMR spectra.

Sample f/mol% (C,F)  f;/mol% (CF3)  f,/mol% (CFy)  f,/mol% (CF)
GF-1h773 4.0540.11 0.33 & 0.04 11.74 +0.36 83.88 + 0.38
GF-2h773 2.0540.10 0.57 4 0.04 13.02 +0.21 84.36 4 0.24
GF-1h873 1.98 +0.12 0.10 +0.05 14.38 +0.21 83.54 4 0.24

Table 2. Quantitative analysis of 3C MAS NMR spectra.

g/mol% 8, /mol% §1/mol% 8o/mol% o
Sample (Csp?) (CF) (CP) (Csp®) 8,/mol% (C)
GF-1h773 14.7 £3.7 85+3.8 704 +£6.6 51+£39 1.31+£0.11
GF-2h773 94+21 71+£21 759 +3.6 74+21 0.16 £0.01
GF-1h873 25+20 63+19 90.7 £ 2.8 0.44 £+ 0.06

We acknowledge several sources of small systematic errors in this quantitative analysis.
First, thermal equilibrium of the 19F nuclei was not attained as the interscan delay 74
in these 'F experiments was just 2 s. Figure 4A shows equilibrium is established for
T4 > 10 s and suggests the intensity of f is biased a few percent too low for 1,4 = 2s.
Post hoc adjustment of f by +5% lowers y by a similar amount, to 4.86, 5.47, and 2.17 for
GF-1h773, GF-2h773, and GF-1h873, respectively. Second, small contributions from OE
spinning sidebands are dropped, but this affects different sites to similar degrees, affecting
results to only about the 1% level. Third, we note a broad shelf of 1°F spectral intensity
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between —100 ppm and —60 ppm, unique to our GF samples. We speculate this shelf
results from sp? hybridized >CF edge groups and assign this intensity to f; (F:C = 1), but
this could be misattributed. Its contribution to the total 1°F signal never exceeds 7%, with a
contribution to error y of the same order. If this shelf is due to >CF; groups, the true value
of y becomes higher than our determined values. Finally, we recognize that our model of
peak g1 has negligible intensity at +78 ppm, where hyperconjugated >CF contributes. The
actual 3C NMR spectral intensity at +78 ppm is barely perceptible even in the high S/N
CP spectra shown in Figure 2; including this contribution would raise g1 by a few percent
at most, consequently lowering ¢ and y on the order of 1%.

All known contributions from systematic error are smaller than that contributed by
random error on g, and do not necessarily have the same sign. Therefore, our determination
of y is accurate, if imprecise.

2.6. Calculation of NMR Chemical Shifts: Support for Layers with Single-Sided Fluorination

Our determination of a (C4 3p40.64F)» bulk composition for the new GF phase is most
consistent with a stoichiometric covalent graphite fluoride phase poly(tetracarbon monoflu-
oride), (C4F);, but other stoichiometric phases such as (C3F), cannot be excluded given
the size of the error on the C:F ratio determined by our quantitative analysis. To screen
other candidate compositions, we created molecular models of unsaturated fluorographene
(Figure S5) whose central cores possess atomic arrangements of F that, upon tessellation
of the specified core pattern, yields the extended 2D structure of a well-ordered, fluorine-
deficient covalent GF polymorph. For each model, F and '3C NMR chemical shift values
were calculated by density functional theory (DFT), which are compared with the experi-
mental NMR chemical shifts we have assigned to the new GF phase: —53 ppm (*°F, >CF),
+79 ppm (1¥C, >CF), and +141 ppm (*C, C(sp?)). It must be noted that such gas phase
molecular models cannot capture the effects of layer stacking. While stacking has only a
small effect (a few ppm) on calculated chemical shifts relative to gas phase calculations [47],
it plays an important role in stabilizing a planar carbon framework [48]. Consistent with
this, we found that the gas phase models shown in Figure S5 buckled or curled to varying
degrees during unconstrained DFT geometry optimization. This problem was overcome by
multiple stages of constrained optimization, as described in the Methods section.

Dozens of patterns of covalently bound C-F among bare carbon have been proposed
as structural models for various carbon fluorides, but we can exclude most of them imme-
diately by imposing two rules upon the candidates:

1. The structure contains only “isolated” >CF groups, i.e., >CF whose three framework
bonds are all to bare, sp? hybridized framework carbon.
2. All valence electrons are paired.

The first rule is derived from the results of the joint DFT and NMR study of C-F
bonding in F-GICs by Vyalikh et al. [40], who considered multiple categories of fluorine
patterns as forms of disorder in (CyF),, 2 2 v 2 4. They calculated that 19F deshielding is
greatest for isolated >CF groups and suggested that the '°F chemical shifts of such groups
could reach —56 ppm. All other configurations they considered, involving >CF groups
bonded to one or more other >CF groups, had calculated '°F chemical shifts that did not
exceed —73 ppm. We also do not observe significant correlation between such F species
and bare carbon in our CP HETCOR spectra, further justifying that adjacent >CF groups
do not need to be included in our models of the new GF phase.

The first rule eliminates all known ordered (CyF), and (C25F),, compositions, as well
a proposed ortho-(C3F),, composition [3,14,36,49]. The second rule eliminates the densest
possible packing of isolated >CF, which is achieved in the hypothetical (C,F), structure
generated by eliminating all mutually aligned F from one side of hexagonal (CF),, [50];
in this configuration, every bare carbon hosts an unpaired valence electron. (Adjacent
radical-dense (C;F), sheets are a logical precursor to the diamane model of (C;F), and
the experimentally observed (if limited) bridging C—C bond formation in our GF samples).
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The second rule also eliminates a proposed meta-(C3F),, composition [23], which features
four-center diradical framework units that are isoelectronic with trimethylenemethane.

Imposition of the two rules leads us to consider the eight fluorine patterns shown
in Figure 6A. The three (C3F), models presented in Figure 6A are new and represent the
densest possible packing of isolated >CF in manner that satisfies the valence requirement
stated in Rule 2 for every bare carbon atom. The polymorph (C3F),-t was constructed by
defluorinating hexagonal (CF), pairwise over framework bonds. We also consider the
polymorph (C3F),,-d, in which one >CF group within each triangular element is aligned
opposite to the other two; and (C3F),;-s, where the fluorination is single-sided over the
entire layer. Four models of (C4F), polymorphs are considered. The alternating double-
sided hexagonal configuration (C4F),-d resembles the structure originally proposed by the
Riuidorffs except with covalent bonding, a structural refinement originally introduced by
Mitkin [21]. (C4F);,-s, the single-sided analog of (C4F),;-d, resembles structures proposed
by Nakajima and coworkers [15,16] except with covalent bonding, as first introduced by
Ewels et al. in work on nanotube fluorination [51]. Other, closely related hexagonal patterns
of double-sided coverage were not considered [48]. There are also two polymorphs with
rectangular repeat units: (C4F),-m, the model favored by Mitkin [21]; and (C4F),-n, its
single-sided analogue. We also include a model of (CgF),;, a member of the class of F-GICs
where covalent C-F bonding becomes less favorable than ionic bonding [52].

The double-sided patterns we consider attempt to maximize the number of alternating
nearest-neighbor C-F orientations, whereas single-sided attachment represents the other
extreme: zero alternating nearest-neighbor C-F orientations. This is expected to capture
the largest degree of chemical shift variation due to conformational subpatterns. Other
polymorphs in compliance with our two rules can be constructed by applying some pattern
of C-F bond inversion to the patterns in Figure 6A, with randomized inversion patterns and
point vacancies representing forms of chemical disorder. Such patterns are intermediate to
the conformational extremes we consider here and need not be considered for this work.

Figure 6B shows the calculated 'F chemical shifts for isolated >CF groups from the
cores of the fluorographene models corresponding to the patterns in Figure 6A. Consis-
tent with the findings of Vyalikh et al. [40], the isolated >CF groups experience large
9F deshielding relative to >CF in hexagonal (CF),—greater than 100 ppm in all cases.
Unexpectedly, there is a very large dispersion of calculated F chemical shifts for isolated
>CF groups among our fluorographene models. The F chemical shifts for the single-
sided fluorinated patterns (C3F),-s and (C4F);-s cluster between —46 ppm and —62 ppm,
while those of the centermost three >CF of the (CgF);-s model appear at +41 ppm. This
range of 103 ppm greatly exceeds the 23 ppm range for isolated >CF groups reported by
Vyalikh and coworkers. Except for (CgF),-s, we observe a general tendency for the single-
sided polymorphs (C3F),;-s, (C4F),;-s, and (C4F),;-n to yield 19F chemical shifts that cluster
near -50 ppm, around the experimentally observed new °F GF NMR signal. Additional
downfield shifts for double-sided arrangements (CsF);-t, (C3F),-d, (C4F),-m, and (C4F),,-d
are substantial, with every !°F shift calculated for the lattermost structure landing near
+13 ppm, 66 ppm downfield from the new GF NMR signal—and totaling a remarkable
200 ppm downfield from ordinary covalent >CF in (CF),,.

Relative to °F, there is much less dispersion in the calculated 13C chemical shifts,
shown in Figure 6C. Carbon-13 chemical shifts of isolated >CF groups land in the range
(+80 £ 3) ppm for every model we calculate. Given the likelihood of a few ppm of
systematic error, we infer that these shifts only distinguish between ordinary and isolated
>CF and not between different types of isolated >CF. Calculated '>C chemical shifts for
bare C are found to be more discriminating. Now (C3F);;-s and (C4F),;-s give the most
downfield shifts, +136 ppm or higher, with (C3F),-t, (C3F);-d, and (C4F),-d generally
within a few ppm of +133 ppm. The (C4F);,-m, (C4F);-n, and (CgF),,-s models possess many
chemically inequivalent bare C leading to a large distribution of *C shifts, especially for
(CgF);;-s, which ranges over 40 ppm. Even our (C3F),, unit cells have two types of bare C,
aromatic and olefinic, present in a 1:1 ratio. Consequently, our (C3F),;-s model is calculated
to yield two peaks, with 1*C chemical shifts of +137 ppm (aromatic) and +142 ppm (olefinic).
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In contrast, (C4F);;-s only contains equivalent aromatic bare C, calculated to yield one peak
at +138 ppm. We do not observe any well-defined multiple peak structure in the bare C
region of our '*C CP NMR spectra. On this basis, we prefer (C4F),-s as a model of our
fluorine-deficient GF phase over every other model we have considered.

Figure 6. Overview of calculated chemical shifts for fluorographene models of distinct atomic arrange-
ments of isolated >CF groups. (A) Eight fluorine patterns consistent with our experimental inferences.
(B) Histograms of '°F chemical shifts calculated for molecular models incorporating the atomic ar-
rangements of panel A overlaid on the experimental °F centerband NMR spectrum of GF-1h773.
(C) Histograms of calculated '3C chemical shifts overlaid on the experimental reconstructed 3C CP
CPMG MAS NMR spectrum of GF-1h773. Colored bars match to results corresponding to fluorine
patterns in panel (A) as indicated. Black bars plot the calculated chemical shifts of hexagonal (CF),
(pattern not shown). Brown axis shading guides the eye to chemical shifts assigned to the new GF
phase.

2.7. Structural Model: (C4F),/(CF),, Graphite Fluoride Composites

Taking the results of the quantitative NMR analysis finding (C4 3740.64F), with the
DFT calculations of chemical shifts suggesting single-sided fluorination of carbon lay-
ers, we hypothesize that the new graphite fluoride NMR signals originate from layers
of poly(tetracarbon monofluoride), represented by the configuration (C4F),-s shown in
Figure 6A. A single-sided poly(tricarbon monofluoride) phase cannot be ruled out with
certainty, however, nor do we completely rule out admixtures of well-ordered single-sided
patterns (e.g., local (C4F),-n configurations within (C4F),-s domains) as a minor form of
configurational disorder present in the real samples.

As Figure 4B reveals, the (C4F),, component of our samples is not isolated from the
(CF);, component. A structural model for graphite fluorides as a (C4F),, /(CF),, composite
is presented in Figure 7. This model is conceived as a consequence of kinetic limitations
which prevent F; molecules from fluorinating specific layers of the graphite source material
during the high temperature fluorination reaction. The resultant covalent intercalation is
intermediate between stage-1 and stage-2. This may occur when structural factors such as
covalent C-C bridging between layers restricts penetration of F, into the graphite galleries,
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or when specific galleries are free of sites promoting the dissociation of F, into neutral
atomic F, the species reportedly involved in activated complex formation with graphite
during the direct fluorination process [53].

Figure 7. Proposed model of graphite fluoride structure under conditions where some graphite
galleries resist fluorination. Black atoms, C; bluish-white atoms, F.

2.8. Electrochemical Properties of Cathodes Made from (C4F),/(CF),, Graphite Fluoride Composites

Quantitative 1°F NMR results from Table 1 indicate the bulk (C4F), contents of
GF-1h773, GF-2h773, and GF-1h873 are (15.3 4 0.3)%, (8.3 £0.4)%, and (8.0 £ 0.4)% by
mol C, respectively, assuming y = 4. This minor yet significant fraction should have a
perceptible effect on bulk properties. Indeed, the (C4F), fraction may be responsible for
the orange hue of our GF samples (Figure S6), compared to disordered (CF), samples
containing residual graphite, which are colorless. We now briefly consider electrochemical
properties of lithium primary cells made using these GF samples as the active cathode mate-
rial. This analysis is qualitative as only single trials were carried out, and we acknowledge
that the differences we observe between cells may be in part due to cell-to-cell variability.

By analogy to cathodes produced from carbon fluorides where the dominant mode
of C-F bonding is elongated covalent (due to hyperconjugation), the (C4F),, phase should
proportionally raise the maximum discharge voltage Vimax, due to weakened binding of
F and improved cathode depolarization, but lower the specific capacity Q, due to lower
overall fluorination [54-56]. Our GF samples are faithful to these trends at the quasi-
equilibrium (slow) discharge rate of C/80, shown in the galvanostatic discharge curves at
left in Figure 8. The GF-1h773 cell possesses both the highest maximum discharge voltage
and lowest specific capacity, whereas the GF-1h873 cell possesses the opposite. In fact,
the GF-1h873 cell exceeds the capacity of a reference cell made from fully fluorinated,
disordered “battery-grade” (CF),-PC (0% (C4F),), although the gravimetric energy density
of the former is slightly inferior (integrated curve; 1999 vs. 2052 W-h/kg, respectively). The
disordered (CF), domains may be raising the maximum discharge voltage of (CF),-PC
compared to what would be expected of purely hexagonal (CF),, material, as framework
disorder weakens C-F bonds even in the absence of sp? hybridized C [26].

When the cells are discharged sixteen times faster, at C/5 (Figure 8, right), the GF
materials become preferable to (CF),-PC in most respects. The (CF),-PC reference cell
suffers by far the greatest voltage and capacity retention penalties upon going from C/80
to C/5 (AVmax = —0.34 V, AQ = —293 mA-h/g), indicating that the GF cells are relatively
resilient at faster discharge rates. This resilience may be attributed to lower electrical
resistivity of (C4F), and its unsaturated carbon framework compared to (CF), [54]; this
is exemplified best by the GF-2h773 cell, whose gravimetric energy density at C/5 was
1796 W-h/kg, 56% greater than that of the cell made from the “battery-grade” (CF),-PC
reference material at C/5, just 1150 W-h/kg.
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Figure 8. Galvanostatic discharge curves at C/80 (80 h discharge, left) and C/5 (5 h discharge, right)
for Li/GF cells using the (C4F),;/(CF),, composite GFs as the active cathode material. Each curve
is labeled with the fraction of (C4F), in each sample (per mole C) as derived from our quantitative
NMR analysis. “0%” corresponds to a reference Li/(CF),, cell.

3. Discussion

We have shown that fluorine-deficient, covalent GF layers with a well-defined (C4F);
composition can form during high temperature, uncatalyzed fluorination of graphite. It is
curious that such a structurally distinct component of graphite fluorides has escaped notice
until now. Vyalikh et al. identified a weak °F NMR signal near —53 ppm and assigned it
to isolated >CF, but compared to our new °F NMR signal at —53 ppm, their —53 ppm
signal is an order of magnitude broader, very poorly resolved, and was not identified as
belonging to an ordered (C4F), composition. We offer four reasons for why the (C4F),
component in covalent GFs has eluded previous characterization work.

First, the concentration of the (C4F), component is unlikely to approach that of the
majority (CF), component. We justify this statement by noting that (CF),, layers featur-
ing double-sided fluorination (chair conformation) are more stable per C—F bond than
(C4F);, layers, with a previous DFT study reporting formation energies of 2.04 eV /atom
F and 1.44 eV /atom F for fluorographene structures analogous to (CF),, and (C4F);-s, re-
spectively [57]. Thus, (CF), is the global minimum of the graphite fluorination reaction
coordinate, and (C4F),; can be thought of as a stable yet transient intermediate phase that
forms due to kinetic limitations of the fluorination reaction, similar to how the existence of
(C2F),, phases have been justified in covalent GFs [58].

The second reason is an extension of the first: the formation of (C4F), is sensitive to
reaction conditions. Such sensitivity is demonstrated by our GF samples; compared to
1 h fluorination at 773 K (15.3% (C4F);)), we see that fluorination at higher temperature
(1h@873K, 8.0% (C4F);;) and longer reaction times (2 h @ 773 K, 8.3% (C4F),) both favor
higher concentrations of the globally stable (CF), phase. Moreover, high-resolution '°F
centerband NMR spectra of (CF),, from disordered carbon sources show no trace of the
—53 ppm (C4F); NMR signal [26], suggesting that crystalline carbon sources are required
to allow significant quantities of the transient (C4F), phases to build up. Once again, there
is precedent set by the case of covalent (C,F),, formation, which is similarly sensitive to
reaction temperature and crystallinity of the carbon source [4].

Third, catalyzed fluorination reactions producing F-GICs, which have received the
vast majority of GF research in recent decades, seem to bypass covalent (C4F);-s formation.
Instead, patterns of covalent bonding consisting of chains and islands of fluoromethanetriyl
groups tend to be observed for C,F, y ~ 4 [40,59]. We speculate that this is because the
molecular catalysts render atomic F accessible to the entirety of the carbon matrix, favoring
double-sided fluorination of all graphite sheets.

The fourth and final reason is simply because it is hard to achieve molecular-level
characterization of fluorographite composites. Despite many examples of successful char-
acterization by 1°F MAS NMR in recent decades, sample spinning rates below 25 kHz
were common until the early-2010s, obscuring possible isotropic '’F MAS NMR signal
near —53 ppm due to overlap with spinning sidebands from >CF and >CF, groups. Even
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at our sample spinning rate of 33 1/3 kHz at a magnetic field of 9.4 T, sideband separa-
tion techniques using frequency swept pulses are crucial for obtaining the unambiguous
sideband-free ’F MAS NMR spectra presented in Figure 1 [60,61]. At present, such experi-
ments remain outside the conventional solid-state NMR repertoire.

Our discovery of (C4F), layers has a significant bearing on a mechanistic understand-
ing of graphite fluorination. In an impressive DFT study, Han et al. calculated energies of
numerous (C, F),, polymorphs and concluded that the most energetically favorable pathway
for the reaction (C),, (graphite) + F+ — (CF),, involves sequential fluorination of graphene
layers [58]. In this mechanism, fluorination of one graphene layer by neutral atomic F
proceeds to completion before fluorination of the next layer begins. Han et al. noted that in
kinetically limited circumstances, e.g., the reaction of diatomic F,, alternative pathways
such as those leading to the formation of diamane-like (C,F), are plausible. (C4F),-d layers
in graphite were deemed energetically unfavorable in their work, but (C4F),-s layers were
overlooked. Implicitly, Han et al. incorporated the assumption that fluorine was capable
of accessing all parts of the crystal structure without restriction during fluorination, thus
biasing their graphene layers toward double-sided fluorine attachment. To the contrary,
we suggest by our model in Figure 7 that unencumbered accessibility of graphite galleries
should not be taken as a mechanistic assumption, thus exposing a new path along which
our mechanistic understanding of graphite fluorination should be refined.

The key structural feature behind Figure 7 is our finding that the (C4F), layers feature
fluorine which is covalently attached to a single side of the underlying graphene frame-
work. That this attachment property of (C4F), best explains our NMR data is likely no
accident, as 25% F per C emerges as the coverage limit for narrow single wall carbon
nanotubes fluorinated below 500 K [62,63] and for single layer graphene attached to a
substrate [64]—situations where fluorine cannot access one side of the carbon framework.
Though detailed analysis of electronic structure is beyond the scope of this work, it is worth
emphasizing that special stability of the (C4F),-s layer configuration relative to single-sided
compositions having other C:F ratios is known [65]. On one hand, DFT calculations have
found that the meta configuration of two fluorine on the same side of a six-membered
framework ring is about 1 eV less favorable than the ortho or para configurations [51],
representing a significant barrier to dense packing of F (which can be overcome by allowing
fluorine to attach to both sides of the carbon layer [66]). On the other hand, there is an
effective attraction between widely separated isolated >CF groups, as fluorine binding
energy for same-sided attachment is greatest when para configurations are maximized, i.e.,
for (C4F);;-s [67]. Although double-sided arrangements of the hexagonal (C4F), pattern
such as (C4F),;-d have been analyzed as globally more stable than (C4F),;-s [48], we find that
the DFT energy of our (C4F),-s model is about 0.9 eV lower than that of the (C4F),-d model
(Table S1), supporting the special stability of same-sided para contacts. In contrast, we find
that the molecule bearing a (C3F);-s core, with many same-sided meta F contacts, is the
least stable (C3F),; analogue. We note that the (C3F),-t core is slightly more stable than the
(C3F),-d core, despite many more same-sided meta contacts in the former— evidence that
the meta-avoidance rule does not apply when double-sided fluorine coverage is allowed.

Recently, a bulk (C4F),;-s structure has emerged in the graphite fluoride literature [68-70].
Unlike our proposed intermediate stage composite structure (Figure 7), (C4F),,-s was proposed
in these works to form the covalent framework of a fully stage-1 F-GIC [68]. Confusingly, this
“(C4F),,” F-GIC is synthesized identically to a material originally referred to as (C; 5F),,, where
it was characterized as a CF 39 graphite fluoride in which roughly 80% of the bonds to F are
(elongated) covalent (>CF) and 20% are ionic (F~) [36]. Extensive NMR characterization of
(C25F), was reported in the original work by Giraudet et al., with the material generating
19F MAS NMR signals at —147 ppm (>CF) and a relatively narrow signal at —190 ppm
(intercalated F~). The —147 ppm '°F signal correlated to well-resolved 3C MAS NMR
signals at +82 ppm (>CF) and +128 ppm (bare C) in CP-WISE experiments, whereas no
correlations of the —190 ppm F signal to '3C could be discerned. Giraudet et al. thus
convincingly established the 80/20 breakdown of covalent/ionic bonding of F in CFg39. By
these same NMR measurements, however, the assignment to a (C4F);;-s covalent framework
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is shown to be false: no NMR signals with chemical shifts at —53 ppm (°F, >CF), +79 ppm
(3C, >CF), or +141 ppm (3C, C(sp?)) were recorded from CF 39. The originally proposed
(Ca5F),, framework, featuring long chains of adjacent >CF groups, is more consistent with
the -147 ppm >CF shift according to the NMR chemical shift analysis of Vyalikh et al. [40],
as well as with morphologies inferred from AFM imagery acquired for stage-1 F-GICs that
generate the same type of !F NMR signal (near —140 ppm) as CFg 39 [59]. The move to
the “(C4F),,” name seems motivated by the stoichiometry when ionic F~ is excluded, with
later assignment to the (C4F);;-s structure following from this stoichiometry and not by
any particular advance in molecular-level understanding. Thus, as far as we know, the
graphite fluorides analyzed here are the first materials where a covalent (C4F),, phase has
been synthesized by a method that does not guarantee single-sided fluorination.

4. Materials and Methods
4.1. Synthesis

Graphite fluoride composites were synthesized in a tube furnace where a dilute stream
of Fy gas in an argon carrier was passed over battery-grade crystalline graphite (Sigma-
Aldrich, St. Louis, MO, USA; SKU 496596, Lot MKCH9213) at temperatures up to 873 K.
The average graphite particle size is reportedly 19.89 pm; carbon-13 is present at natural
abundance. For each sample, 0.1 g of graphite was distributed in an alumina boat. The boat
was centered inside a long alumina tube featuring flow control values placed at the ends,
followed by centered placement of the tube inside a cylindrical heating element. The hot
zone created by the heating element spans roughly 25% of the tube length. The graphite
was preheated under continuous argon flow at an initial set point for 30 min before ramping
up to the final temperature (500 °C/773 K or 600 °C/873 K). Ramp rates were 5 K/min.
Once the desired fluorination temperature was reached, the gas stream composition was
transitioned from pure argon to a 98:2 v:v Ar:F, mixture flowing at 125-150 SCCM. After
the chosen run time at the designated reaction temperature, active heating was ceased,
the stream flow was switched back to pure argon, and the sample was allowed to cool to
~350 K before collection.

4.2. Solid-State Nuclear Magnetic Resonance

All NMR experiments were carried out at 9.4 T using a commercial Bruker 2.5 mm
wide-bore CP MAS probe on an Avance III HD spectrometer. The MAS rate was 33 1/3 kHz
for all experiments, stable to within 10 Hz, except for the quantitative '*C CPMG NMR
experiments, for which the MAS rate was 16 2/3 kHz. Spinning sidebands were elimi-
nated from all 1D F centerband MAS NMR spectra presented here using the TOP-aMAT
method [60,61]. All %F hard pulses had rf amplitudes near 140 kHz; tanh/tan and ramped
contact pulse peak amplitudes were near 105 kHz. For CP, 13C contact and hard pulse
amplitudes were 71 kHz and 114 kHz, respectively, and acquired under well-optimized
143 kHz amplitude SPINAL-64 1°F decoupling. CP contact times were 2.5 ms for CP MAS
shown in Figure 2. Carr-Purcell-Meiboom-Gill echo train acquisition (CPMG) during '°F
decoupling was used to collect multiple '>C echoes in addition to the FID [71,72]. Four
echoes were collected in CP MAS and ten echoes were collected for CP HETCOR (limited
by duration of high power decoupling and desired *C chemical shift resolution) improving
the sensitivity of these experiments by factors of roughly two and four, respectively. Even
with CPMG enhancement, good S/N of the weak (C4F), '3C NMR signals from the small
amounts of sample in CP HETCOR required long experiments of 1 wk (1250 us contact
time) or 2 wk (125 ps contact time). Indirect increments for the 2D experiments were 5 us
and 15 ps for CP HETCOR and EXSY, respectively, using States hypercomplex acquisition
for phase sensitive indirect detection of 1°F. Both 13C and '°F shifts are referenced exter-
nally with respect to their standards (tetramethylsilane and CFCl3) using NH4CF;COO
(F @ —72.0 ppm). The sample temperature was stabilized using 1500 L/h auxiliary gas
flow regulated at 300.0 K. The actual sample temperatures are estimated to be near 335 K
during MAS NMR experiments.
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Raw NMR data for the GF samples discussed in this manuscript are provided in the
Supplementary Materials as files adopting the Core Scientific Dataset Format [73]. All data
were processed using the macOS application RMN 2.0 [74].

4.3. Calculation of NMR Chemical Shifts

Molecular models of fluorographene were geometry optimized in the gas phase by
DFT using the B3LYP functional in Gaussian16 (Gaussian Inc., Wallingford, CT, USA).
Except for Cys0Fas, the (CgF),;-s analogue, planar input structures were initially optimized
with all dihedral angles frozen, leading to significant relaxation of framework strain while
maintaining overall planarity, using basis sets up to and ultimately including 4-31G**. At
this stage, the outermost ring of atoms were frozen and the core atoms were optimized
freely using the 6-311G** basis set. For Cy50Fss, the initial structure was optimized through
two stages, alternating optimization with frozen edge and core atoms at each stage, with no
frozen-dihedral steps. NMR shielding tensors were calculated using the gauge-including
atomic orbital method using the 6-311G** basis set. Calculated isotropic chemical shifts
scle were derived from the calculated isotropic NMR shielding values ofsaok according to

1SO
linear relations given in our previous work [26]:

5;a1c<13c> =173.1 ppm — 0.941(7,Calc(13c), 4)

10 180

ocale(19F) = 164.462 ppm — 0.95160521¢ (19F). (5)
Equation (5) differs from the corresponding relation in Ref. [26] slightly, due to a minor
error correction (see Table S2 footnote ‘a’ of Ref. [26]).

4.4. Electrochemistry

GFs were mixed with a fixed quantity of carbon black (Asbury Carbons, Asbury, NJ,
USA), added to a solution of poly(vinylidene fluoride) (PVDF; Kureha, Louisville, KY, USA)
in N-methyl-2-pyrrolidinone (Sigma-Aldrich, St. Louis, MO), and stirred for a minimum
of 1 h to produce an 8:1:1 slurry (GF:conductive carbon:PVDF binder, by weight). For the
reference cell, the carbon fluoride was commercially acquired “battery-grade” Carbofluor-
1000, referred to in this work as (CF),-PC (Advanced Research Chemicals, Catoosa, OK,
USA; lot ARC-5-R-175). Slurries were then doctor bladed on carbon coated aluminum foil
and dried at 70 °C. Cathodes were punched from the foil at diameters of 12 or 16 mm
and transferred into an argon glovebox (<1 ppm O, H,O). Coin cells (CR2032; Hohsen
Corporation, Osaka, Japan) were assembled in the glovebox using a wave spring, 0.7 mm
stainless steel spacer, 750 um Li disk 16 mm in diameter, two pieces of 2400 Celgard
polypropylene separator, 80 pL. 1 M LiBF, in 1:1 v:v propylene carbonate:dimethyl ether
electrolyte, and the punched cathode disk. Galvanostatic discharge was performed at room
temperature on a Maccor Series 4000 or VMP-300 Biologic potentiostat at C/80 or C/5
using a 1.5 V cutoff.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article /10
.3390/s0lids3020017 /s1: a .pdf file containing Figures S1-56, Table S1, and supplementary references;
.csdf files containing raw NMR data; .xyz files of unsaturated fluorographene models; .vesta files of
chemical shift labeled unsaturated fluorographene models; and gnuplot scripts and associated files
for quantitative data analysis.
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Abbreviations

The following abbreviations are used in this manuscript:

GF graphite fluoride

F-GIC fluorine graphite intercalation compound
HOPG highly oriented pyrolytic graphite
MAS magic-angle spinning

NMR nuclear magnetic resonance

DFT density functional theory

PC petroleum coke

XRD X-ray diffraction

CPMG Carr-Purcell-Meiboom-Gill

CP cross-polarization

HETCOR heteronuclear correlation

EXSY exchange spectroscopy

MRE matched reconstructed echo

FID free induction decay

S/N signal-to-noise ratio

WISE wideline separation

AFM atomic force microscopy

SCCM standard cubic centimeters per minute
TOP-aMAT two-dimensional one-pulse adiabatic magic angle turning
SPINAL small phase incremental alternation
PVDF poly(vinylidene fluoride)
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