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Abstract

A recent paper on solid-state '*C nuclear magnetic resonance in graphitic materials
reports on the difficulties with the interpretation of the spectra and presents alterna-
tive methods to obtain informative experimental data. Therein, special emphasis is
placed on the role of dipole—dipole interactions in the case of *C-enriched samples
and on the assignment of the 'C spectral components beyond the common “gra-
phitic range”. Here, we show that the consideration of the experimental conditions,
namely, the speed of magic angle spinning, plays a more important role in the data
interpretation. Further, we provide the experimental and theoretical evidences that
the appearance of the '3C resonances shifted upfield from the typical sp>-hybridized
carbon range is not surprising, but rather exhibits a characteristic feature of the gra-
phitic materials with specific morphology. Finally, we show that analysis of the ani-
sotropy of the chemical shift tensor is informative even in the case of very broad '*C
spectra and supports the microscopy observations.

A recent paper by Freitas reports on difficulties with the interpretation of solid-state
13C nuclear magnetic resonance (NMR) spectra in graphitic materials with special
emphasis on the case of '*C-enriched samples [1]. The author doubts the fitting
models used in our recent publication [2], where we reported the '*C magic angle
spinning (MAS) NMR spectra of fine-grained graphitic materials in order to under-
stand the effect of hot pressing on the structural properties of the materials. That
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work is one of the series of our publications on the studies of thermal [2, 3], chemi-
cal [4, 5] and electrochemical [6] treatments of graphitic materials with natural and
enriched '>C isotope abundance. In these works, we applied solid-state NMR in
order to observe changes in local atomic environments and in the structural proper-
ties of the materials. In most cases, except for fluorinated graphtes [4] and lithium-
intercalated graphitic electrodes [6], '°C MAS NMR spectra demonstrated a broad
asymmetric upfield-shifted signal. In order to extract the spectral parameters from
the '3C NMR spectra, we applied a fitting model based on chemical shift anisotropy
(CSA) interactions. In Ref. [1] Freitas suggests that dipole—dipole interactions play
a more important role in fitting the 3C MAS NMR spectra than CSA interactions,
particularly, when one deals with a higher concentration of NMR active spins upon
13C isotope enrichment. Moreover, the author criticizes [1] the assignment of the
upfield spectral components in our works on '*C enriched graphitic materials [2,
3], which appear apart of the common “graphitic range”. We fully disagree with his
statements and herein summarize the points of discussion as follows:

1. For fitting >*C MAS NMR spectra, dipole—-dipole interactions can be taken in
consideration only at certain circumstances;

2. The upfield '*C NMR signal can arise from graphitic carbon, as shown by some
theoretical and experimental works;

3. CSA MAS fitting model is best suited to describe the '*C MAS NMR spectra of
13C enriched graphitic materials in our works and even plays a crucial role for
data interpretation.

1 Role of 13C-"3C Homonuclear Dipolar Interactions in Fitting the '3C
MAS NMR Spectra

In Ref. [1] Freitas states that “the '*C—~'3C homonuclear dipolar coupling also starts
to contribute to the broadening (which can be difficult to overcome completely by
MAS, depending on the spinning rate), to an extent that also increases with the
enrichment factor”. A fast MAS NMR technique is known to average out the homo-
nuclear dipolar coupling and narrow the line width. A simple calculation of the
strength of dipolar interaction of a '3C—'3C spin pair in a graphene sheet with a dis-
tance of 1.42 A between nearest neighbors renders a value of ca. 4 kHz. It is evident
that the contribution from the homonuclear dipolar interaction is fully averaged out
in the 1°C MAS NMR spectra measured with a spinning speed of 20 kHz, as used
in our work [2]. In the case of a high '*C isotope enrichment of a graphitic material,
where the occurrence of 3C—'3C spin pairs is more frequent, we need to consider
a cluster consisting of sp>-hybridized '3C atom, connected to three others carbons.
When this cluster contains in average two '*C—'2C spin pairs (that corresponds to
13C_enrichment of 65% as in our materials), MAS speed of 20 kHz is sufficient to
average the homonuclear dipolar coupling.
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An experimental evidence against the consideration of the homonuclear dipolar
interactions for the >C line shape has been provided in our recent publications [3,
4, 6]. In these works, we demonstrated that introduction of adatoms to 13C_enriched
graphitic materials by a chemical or electrochemical way results in a drastic nar-
rowing of the experimental >*C MAS NMR spectra. In Table 1, we summarize the
line width parameters, when the graphitic materials are modified with heteroatoms.
The results show that the addition into graphitic space of heteroatoms in small con-
centrations causes the significant decrease of the line width. This seems surprising,
particularly considering the facts that the systems become more complex (heteroge-
neous) after modification and that all heteroatoms have NMR-active isotopes ("’Br,
1%, 7Li and »*Na) with a relatively large y and a high natural abundance.

If line width was determined by dipolar interactions, this would induce an addi-
tional broadening mechanism, which could result in a remarkable line broadening.
However, our experimental data show the opposite trend suggesting another origin
of line broadening in pristine materials, which is discussed below.

2 Upfield '*C NMR Signals in '*C Enriched Fine-Grained Graphitic
Materials

In our studies [2, 3, 6] we reported an occurrence of the '3C spectral components in
the ranges of 60-77 ppm and 27-37 ppm and assigned them to sp>-hybridized car-
bons undergone to specific interactions. In Ref. [1] Freitas questions whether “these
spectral components are indeed true NMR signals or if they are artifacts resulting
from the use of an inappropriate fitting model”. In addition, the author claims that
“there is again no support from either previous experimental or computational stud-
ies to explain such an enormous isotropic shift of the resonance lines from the usual
shift range expected from sp? carbons (~ 100—130 ppm)”.

The spectral components found in our works indeed find little support in litera-
ture, because the available literature is poor and controversial particularly for the
high-field region. The spectra are poorly resolved even at high MAS speed and
diverse strongly depending on graphite precursor, synthesis conditions and the

Table 1 'C line width parameters of graphitic materials before (A,) and after (A, modification with het-
eroatoms using chemical (C) or electrochemical (EC) treatment

Starting material A, ppm  Heteroatom, Treatment A, ppm References
concentration
(at%)
13C fine-grained graphitic materials 86 Br, 2.4% C 55 [3]
F, 24.9% C 13 [3]
Electrode materials composed of 3C 100 Li, 2% EC 60 [6]
fine-grained graphitic materials Li, 3% EC 10 [6]
110 Na, 0.5% EC 72 [6]
Na, 0.75% EC 28 [6]
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presence of defects. However, such “enormous isotropic shifts” have been encoun-
tered in the previous publications, for example, in the work reported by Freitas et al.
some time ago [7]. The *C shift of ca. 60 ppm was found for unmilled graphite and
attributed to the effects of magnetic susceptibility. The changes of the shift and line
width were found to correlate with the average crystallite sizes for milled graphites,
where the decrease of the density of ring currents is expected. Moreover, a low sur-
face area and the oxidation temperature of 610 °C in the unmilled graphite in Ref.
[7] were similar to the parameters reported for our '*C graphites in Ref. [3].

In Ref. [1] Freitas claims that “previous reports have attributed signals at this
chemical shift range to sp> carbons in structurally disordered regions” citing the
paper by Golzan et al. [8]. However, the author ignores for some reason the exten-
sion of the discussion, where Golzan et al. suggest that “The existence of a fraction
of atoms, which have the compressed graphite configuration, is also consistent with
the observation of a 66 ppm shift. Such configuration would have shifts intermediate
between those of graphite and diamond with a spread of shifts...”.

The component at 27-37 ppm (even higher-field shifted) has been found only in
thermally treated '*C graphitic materials [2, 3]. To increase the credibility of fit, we
provided an additional two-step justification of the presence of the high-field peak
(see Fig. 1). In Fig. 1a, we applied fit using a single component consisting of a cen-
tral line and two spinning side bands (ssb) due to MAS denoted by asterisks. It is
obviously that this fit is not satisfactory and one needs at least one more compo-
nent upfield shifted, which can better describe the experimentally observed ssb. The
second justification is based on a difference spectrum as shown in Fig. 1b, which
represents a subtraction of the spectra of starting and treated '*C-samples scaled

Fig. 1 a Fit (grey) of the '3C
MAS NMR spectrum of treated (a)

13C-sample (black) with a single

CSA line showing a mismatch

of the experimental and simu- N\
lated spinning side-bands (ssb).

Asterisks denote the experimen-

tal ssb, grey dashed arrows point

out to simulation. An arrow

points to a kink originating from

a minor line at 120 ppm. b Dif- (b)
ference spectrum (black line) of
starting and treated '3C-samples
scaled to have the same integral
area. Sum of fit components
shows a very good agreement
with the experimental differ-
ence spectrum. Reprinted with
permission from Koroteev et al.
Carbon 161, 124 (2017). Copy-
right Elsevier © 2017
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to have the same integral area. This shows a meaningful difference with a negative
intensity at 30 ppm and positive intensities at 70 ppm and 122 ppm. This unambigu-
ously demonstrates the appearance of a new component at 30 ppm and decreasing
the other signals, respectively, after temperature treatment.

Further, Freitas states that “there are many examples of the previous works deal-
ing with the calculation of NMR-shielding parameters using density functional
theory (DFT) in carbon materials exhibiting structural distortions and defects; none
of them predicts the existence of NMR signals associated with sp? carbons having
chemical shifts around 30-70 ppm”. First, we would like to emphasize that the DFT
calculations of NMR parameters in graphitic materials have to be considered with
extreme care, because “important macroscopic fields—the de-magnetizing field and
the Lorentz internal field—yield strong shifts of the shift tensor component over
hundreds of ppm, depending on the sample shape” as stated in a review paper by
Goze-Bac et al. [9]. However, similar ab initio calculations of the magnetic shield-
ing inside and outside carbon nanotubes originating from electronic current densi-
ties induced by the application of an external magnetic field have been performed a
decade ago [10, 11]. In Ref. [10] it has been shown that magnetic screening effect
experienced by guest molecules inside the tubes can be quite large resulting in the
nucleus-independent chemical shift (NICS) values of 30 to —60 ppm with larger
tubes yielding more negative values. Further, a diamagnetic shift of 21 ppm has
been predicted for the inner tube due to the outer one in a double-wall nanotube
system [10]. This value coincided with the '*C shift measured directly on the '*C
isotope enriched inner tube [12]. Moreover, it has been reported in Ref. [10] that in
a double-wall nanotube, the NICS value inside the innermost tube is the sum of the
two single-wall nanotube values, thus manifesting the superposition principle.

All these findings give us the full confidence that the upfield shifts observed in
our work arise from graphitic carbon atoms, which experience a screening of the
externally applied magnetic fields when located in a host superstructure. When we
indeed look at the HRTEM images of graphitic particles presented in Fig. 2, we find
curved/folded particles, which consist of several graphitic layers indicated by red
lines (Fig. 2a). These particles can be imagined as few-wall carbon nanotubes of
a large diameter, in those the inner tubes experience a magnetic screening causing
the strong upfield '*C shift. In the thermally treated sample (Fig. 2b), morphology
changes demonstrating closed conical-like tips, indicated by a yellow line, and more
walls in the tubular system. Thus, the superposition principle mentioned above can
be applied to this system to explain the signals in the range of 27-37 ppm. Thus,
“the hypothesis of strong shielding caused by structural distortions in sp> carbons
even in the case of the well-graphitized samples annealed at 1500 °C—which is
quite odd” on the opinion of the author of Ref. [1] has found a solid support in ear-
lier theoretical studies [10, 11].

At this point, we would like to comment the erroneous understanding of the
author of Ref. [1] of the effects of magnetic susceptibility on '*C spectra. Freitas
claims that “these magnetic susceptibility effects are expected to increase with the
improvement in structural order in the graphitic lattice” [1] and exemplifies this
statement through his study of milled graphites [7]. It is well known that mag-
netic susceptibility is a complex quantity determined by the contributions of the
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Fig.2 HRTEM images of a starting (*C) and b hot pressing treated (1*C-1200) graphitic materials. Red
lines denote graphitic fragments, which can be imagined as multi-wall carbon nanotubes with a very
large diameter d. Yellow line labels graphitic fragment, which can correspond to the upfield shifted
spectral component, where magnetic screening is the strongest due to superposition principle. ¢ Sketch of
the structure and morphology of main kinds of graphitic particles present in *C and *C-1200. Adopted
with permission from Koroteev et al. Carbon 161, 124 (2017). Copyright Elsevier © 2017 (color figure
online)

atomic-core diamagnetism, the Pauli paramagnetism and Landau diamagnetism of
conduction electrons, the orbital diamagnetism, the Curie paramagnetism, and the
orbital paramagnetic van Vleck contribution [13]. In milled graphites reported in
[7], the diamagnetic susceptibility of graphene planes of a finite size was primar-
ily controlled by the charge-carrier concentration related to the plane sizes (Landau
diamagnetism). The contribution of ring currents has been found to be small or neg-
ligible (< 10 ppm) as long as a single plane is considered [9]. In contrast, in nano-
sized graphites or quasi-2D-graphites the other contributions have to be taken into
account, which are governed by edge geometry (armchair or zigzag), stacking order
and structural defects. It is clear that these contributions have different magnitudes
and signs, and thus the total value is determined by addition or mutual compensa-
tion of the individual susceptibility components. Therefore, unambiguous correla-
tion of the magnetic effects with structural ordering of graphites is only possible
for a set of similarly prepared samples, as done in Ref. [7], and is not applicable
for 13C fine-grained graphitic materials those structure and morphology are strongly
affected as a result of thermal and chemical treatments [2, 3, 6]. However, the strong
effects of locally anisotropic magnetic susceptibility have been indeed demonstrated
in our materials, where the largest part of '*C spins located in well-ordered regions
is quenched upon the action of demagnetizing fields. This part becomes visible if the
diamagnetism is destroyed when lithium ions are intercalated into graphitic space
and gradually disappears when diamagnetism is restored upon deintercalation [6].
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3 Fitting Model for '3C MAS NMR Spectra

The next critic point raised by Freitas in Ref. [1] relates to the model we used to fit
the NMR spectra in our work [2]. He asks whether “the >*C MAS NMR spectra of
the '3C-enriched graphitic materials discussed in [2] perhaps could be fitted with
components with more complex lineshapes (other than Gaussian/Lorentzian peaks),
taking into account the existence of several combined contributions to the line
broadening (e.g., distribution of isotropic chemical shifts, locally anisotropic mag-
netic susceptibility effects and residual '*C—'*C homonuclear dipolar couplings)?”.

First of all, it would be interesting to understand what is the author’s meaning
of “residual '*C—13C homonuclear dipolar couplings?”. It is well known that such
effects are inherent to the strongly coupled spins, that is, with high y and high
isotope abundance, and can be applied to such nuclei as 'H, '°F and 3'P. Taking
into account that y contributes to the strength of the dipolar interaction to a power
of 2, the homonuclear dipolar coupling between '3C spins is 16 times weaker than
between 'H, 14 times that between '°F, and almost three times than between >'P
spins, without consideration of the 100% abundance of the latter.

In the following we discuss the contributions to the line broadening in our quite
specific 1*C graphitic materials and the choice of fitting model. It is well known
in NMR spectroscopy that line broadening in solids arises from both homogene-
ous and inhomogeneous processes. Whereas the former is usually associated with
dipolar broadening and can be narrowed by fast MAS, the latter arises from multi-
ple structural sources producing different chemical shifts, and can be refocused in
a spin-echo experiment. Indeed, for starting '*C fine-grained graphitic material, an
inhomogeneous broadening mechanism has been revealed from slow decrease of the
Hahn-echo intensity [6]. Most common sources for the latter are known to be inho-
mogeneity in the static field, a variation in bulk magnetic susceptibility within the
sample, a distribution of isotropic chemical shifts, and a residual CSA resulting from
incomplete motional narrowing. Indeed, macroscopic or microscopic non-homoge-
neities within the sample associated with structural irregularities, different phases
and interfaces may introduce differences in the bulk magnetic susceptibility result-
ing in a slight line broadening. The detailed physical consideration of the effects of
anisotropic bulk magnetic susceptibility for glassy and polycrystalline materials pre-
dicts the presence of the distributions of chemical shifts and hence line broadening,
which is not spun out completely by MAS [14]. Moreover, in aromatic substances
this effect is even stronger due to the large magnetic anisotropy of aromatic rings.

For the '>C graphitic materials, we suggest that the main contribution to line
broadening is chemical shift dispersion. Heterogeneities in molecular pack-
ing, which are clearly visible in microscopy data, cause variations in the spatial
arrangement of local molecular sources of magnetic susceptibility anisotropy giv-
ing rise to the distribution of chemical shifts. It is worth mentioning that well-
ordered large graphitic particles are not visible in the spectra due to the effects of
demagnetizing fields as discussed above and reported in our recent paper [6].

CSA MAS fitting model as implemented in DMFit software [15] includes all
necessary parameters to describe the spectral lines, such as chemical shift, line
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width and the spectral area. While the line width comprises the information on
inhomogeneous line broadening of ever origin, anisotropy of chemical shift can
be characterized by fitting the ssb. The '3C MAS NMR spectra of '*C-enriched
graphitic materials presented in [2] consist of two ssb and the inhomogeneously
broadened central line, those asymmetric line shape allows to deconvolute the
spectrum with several spectral components. We are confident that anisotropy is
difficult to determine based on two ssb only. Therefore, it is clear that apparent
trend as a function of the annealing temperature in [2] may lie within fit uncer-
tainty. However, in following we summarized the anisotropy of the chemical shift
tensor (8,,,;) values for all spectral components of the '3C spectra reported in [2].

For the lines resonating at around 118, 70 and 30 ppm, the values of ,,; are found
to be 85420, — 160420 and — 255 +45 ppm, respectively. Such large values allow
us to conclude about sp>-hybridization state for all carbons and prove in addition that
the line at 30 ppm has the largest §,,; and therefore cannot be assigned to sp* carbon.
Moreover, an obvious correlation of the parameters of chemical shift tensor, 6;,, and
Oani» helped us to additionally support our interpretation. Thus, the lowest value of
85 +20 ppm arises from graphitic nanoparticles observed in HRTEM (Fig. 2). Due
to limited size (< 10 nm) they are not undergone to the strong effects of locally ani-
sotropic magnetic susceptibility and therefore resonate in the chemical shift range
expected for sp? carbon (at 114 ppm). The value of 160420 ppm is typical for gra-
phitic materials [9]. We attribute it to larger curved/folded particles, consisting of
several graphitic layers, those inner layers experience a magnetic screening effects.
Finally, 6,,; of 255+45 ppm, which is higher than that reported for graphites [9], is
observed for the peak at ca. 30 ppm. This observation supports our suggestion that
this component originates from strong bending of graphitic sheets after hot pressing
(in other words, adjusting layers are coupled or fused as visible in HRTEM), which
is marked by a yellow line in Fig. 2b.

It is important to state that the available NMR data does not allow to give a defin-
itive “all-is-resolved” answer to the structural question under study. This appeals to
the typical problem of solid-state NMR spectroscopy of “unfriendly” compounds,
when the signals are so broad that it is impossible to validate the correctness of any
interpretation from the NMR results alone. Credibility of our claims could in princi-
ple be cross-checked by an independent experiment, in which NMR sonde molecules
confined in these closed graphene loops experience the same shift offset (50 ppm,
100 ppm). Our published results on (de-)lithiated 'C graphitic materials demon-
strate a high-field "Li shift of 10 ppm attributed to entrapped Li after delithiation [6]
and provide proof of our interpretation. Considerably smaller "Li shift than observed
in 13C data can be due to less effective screening in those entrapment regions. Cur-
rently we have no ready-made solution how to inject guest semi-mobile molecules
specifically into the regions, which undergone to maximal screening effects. Taking
in consideration these difficulties, in our works on '3C graphites the NMR results
have been interpreted in conjunction with the other characterization methods in
order to get the comprehensive picture on these materials. Additional independent
experiments for supporting our claims could be SIMPSON simulations addressing
the influence of homonuclear '*C—'3C interactions upon MAS spectra and field-
dependent and/or spinning-speed dependent spectra accompanied by simulations for
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improved determination of CSA parameters and distributions of isotropic chemical
shift components. Such experiments are however beyond the scope of the present
comment and will be presented in future work.

Before summing up, we would like to point out some discrepancies attracted our
attention in Ref. [1]. First, Freitas mentions that “the XPS results presented in [2]
show the occurrence of contributions that are not completely consistent with the
NMR results”. Indeed, deconvolution of a broad unresolved NMR line with sev-
eral minor peaks is not unambiguous. Therefore it was reasonable to apply in [2]
a so-called “chemical modeling”—a common approach to fit the spectra based on
the information available from other methods. In our paper [2] we clearly state that
“The low intensity peaks at 100 and 68 ppm are attributed according to our XPS
data to oxygenated carbon, mainly to lactone and epoxy groups, respectively”’, and
in addition highlight these peaks in Fig. 6 and list their parameters in Table 3 of Ref.
[2]. Thus, such approach provides by definition that the NMR data are completely
consistent with the XPS results.

Finally, Freitas demonstrates [1] the comparison of spectral simulations apply-
ing CSA MAS model to fit the experimental *C MAS NMR spectrum of milled
graphite measured at the MAS speed of 14 kHz that is smaller than in our work.
The author aims to show that (1) “the interactions other than CSA (e.g., the 1*C-13C
dipolar coupling) play an important role in the formation of the spinning sidebands
manifold in the spectra of [2]”, and (2) “the differences in the intensities of the first-
order spinning sidebands are quite small for a large variation” in J,,;

The much weaker intensity of ssb in Ref. [1] can be an indication of whatever,
but definitely no argument for the presence of the interactions other than CSA in the
spectra of [2]. The main reason is that the samples reported in our study [2] are fine
grained graphitic materials consisting of the folded particles of various sizes, and
therefore, cannot be directly compared to common graphites. On the other hand, the
values of —80 to — 120 ppm used by Freitas to fit the spectrum in [1] are far below
the anisotropy value of — 163 +5 ppm reported in [9] that points out to the fact that
milled graphite is not a reference system to compare the ssb intensities.

Our next critic point relates to the way of visual presentation of the spectral simu-
lation in [1], where the author places fit and the spectrum one above each other to
demonstrate “a subtle change in the intensity of the spinning sidebands” for a large
variation in J,,; However, our careful examination and overlaying of the experimen-
tal and simulated spectra reported in Ref. [1] showed a poor matching of both inten-
sity and line width in the region of the central component and evidenced inappropri-
ateness of such approach.

In conclusion, we demonstrated that criticism raised in Ref. [1] in respect to the fit
model of *C MAS NMR spectra of the '*C-enriched graphitic materials discussed
in [2] is completely inappropriate. We showed that the experimental conditions used
in [2] allow us to rule out the consideration of the '*C—'*C homonuclear dipolar
couplings in fitting the data. The presence of the spectral components beyond the
typical graphitic range reported in Ref. [2] is not surprising and can be supported
by the experimental and theoretical studies. While criticizing “such an enormous
isotropic shift of the resonance lines from the usual shift range expected from sp?
carbons”, the author of [1] reported some time ago the '*C signals at 60 ppm for
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unmilled graphites [7]. Moreover, for ab initio calculations of NMR parameters in
graphitic materials, the effects of the magnetic shielding originating from electronic
current densities induced by the application of an external magnetic field must be
taken into account. The observed in our spectra spinning sidebands originate from
the CSA interactions, and therefore the CSA MAS model is most appropriate to fit
the 13C spectra reported in [2]. Moreover, the CSA fit parameters deliver the impor-
tant information for the interpretation of the results. Finally, simulation of the Bc
MAS NMR spectrum in [1] is very confusing and misleads the readership into
believing that the values reported in our work [2] are inaccurate and therefore mean-
ingless. To sum up, none critical point in Ref. [1] is able to disprove the claims of
our work reported in Ref. [2].
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