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ABSTRACT: Here we present the formation of predominantly sp>-coordinate
carbon with magnetic- and heteroatom-induced structural defects in a graphene
lattice by a stoichiometric dehalogenation of perchlorinated (hetero)aromatic
precursors [hexachlorobenzene, C4Cl; (HCB), and pentachloropyridine,
NCCl; (PCP)] with transition metals such as copper in a combustion
synthesis. This route allows the build-up of a carbon lattice by a chemistry free
of hydrogen and oxygen compared to other pyrolytic approaches and yields
either nitrogen-doped or -undoped graphene domains depending on the
precursor. The resulting carbon was characterized by scanning electron
microscopy (SEM), transmission electron microscopy (TEM), Raman
spectroscopy, photoelectron spectroscopy (XPS), and SQUID magnetometry
to gain information on its morphological, chemical, and electronic structure and
on the location of the nitrogen atoms within the carbon lattice. A significant
lowering of the magnetization was observed for the nitrogen-doped carbon
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obtained by this method, which exhibits less ordered graphene domains in the range of approximately 10—30 nm as per TEM
analysis compared to the nondoped carbon resulting from the reaction of HCB with larger graphene domains as per TEM and
the presence of a 2D mode in the Raman spectra. The decrease of the magnetization by nitrogen doping within the sp>
coordinate carbon lattice can be attributed to an increase in pyrrole-type defects along with a reduction in radical defects
originating from five-membered carbon ring structures as well as changes in the z-electron density of edge states.

B INTRODUCTION

Pure, blended, or functionally modified allotropes of carbon,
especially those based on graphene," which is formed from a
hexagonal 2D array of sp’-coordinate carbon atoms, are
considered for a manifold of new applications in organic
electronics, catalysis, and electrochemistry due to its out-
standing physical, chemical, and technological properties.
Moreover, graphene-based, nitrogen-doped forms of sp*
coordinate carbon, with the heteroatom placed in defined
lattice positions, become increasingly important for applications
in conductive films, catalysts, fuel cells,>™* lithium batteries,
biosensors,® field-effect transistors,” capacitors,10 and electro-
chemical sensors.'’ Therefore, an understanding of the
influence of the structural imperfections on the magnetic and
electronic properties is necessary. Such lattice defects can be
either nonhexagonal atomic arrays or heteroatoms within the
graphene lattice with optional charges. The N 1s XPS signal is
generally used to identify the nature of the specific bonding of
nitrogen atoms within a carbon lattice. The description used
here is the current terminology found in the literature and XPS
database references. The terminology is derived either from
molecular structures (e.g., “pyridinic, pyrrolic”) or resembles
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the substitution of atoms in the lattice (e.g.“substitutional,
graphenic, graphitic’). In the literature, the nitrogen lattice
positions within an sp*-coordinate graphene domain are usually
categorized as pyridinic, graphitic (graphenic), pyrrolic, and
aromatic sites, although a manifold of other structures is
feasible and characterized by photoelectron spectroscopy
(graphenic 398.1 eV, pyridinic 397.9 eV, pyrrolic 400.3 eV,
graphitic: 400.5/401 eV, aromatic 399.3 eV, also including five-
membered heteroaromatic structures with one or more
nitrogen atoms).">™*® Thus, nitrogen can be considered as a
chameleon within a sp*-coordinate carbon lattice due to the
manifold options of its positioning and bonding."” Some of
these possibilities are illustrated in Figure 1. The replacement of
nitrogen atoms in the graphene lattice results in changes in the
electronic density of states (DOS),** and graphitic nitrogen can
provide z-electrons close to the Fermi level of graphene in
contrast to pyridinic and pyrrolic nitrogen atoms.*' Whereas
the electronic properties of carbon materials are widely
investigated in the literature,”>*> there are only a few reports
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Figure 1. (a) Schematic illustration of the transition metal-assisted dehalogenation of perhalogenated (hetero)aromatic precursors upon pyrolysis;
(b) potential active nitrogen sites in graphene; (c) formal valence bond interpretation, structures, and source of the origin for the observed magnetic
properties from a chemical point of view indicated by the nitrogen electron lone pair.

dealing with their magnetic behavior. For example, edge states
located at zigzag structures were identified by theory”*** and
experiments’®~>® to contribute to the magnetism of graphene
layers. There are still remaining key questions, e.g., how the
magnetic properties of carbon materials are influenced by the
introduction of dopants such as nitrogen atoms, or if other
structural motifs, such as radicals?®* ™! are responsible for the
magnetism. Doped carbon materials can be prepared by
pyrolysis,>> by chemical vapor deposition,>® by combustion
synthesis from halogenated hydrocarbons,** ™7 and by reactive
etching from carbides.*®

According to an approach dating back to Henry Moissan,
it is possible to treat perhalogenated aliphatic or (hetero)-
aromatic molecular precursors in a stoichiometric reaction with
reactive metals to form carbonaceous materials. Because
pyridinic structural elements are discussed to effect electronic
changes in the graphene lattice, pyridines and perhalogenated
pyridines can especially be considered as suitable precursors to
enhance these structural motifs in the resulting network of 3-
fold-coordinate carbon atoms. Here we present a synthesis of
graphene-based, nitrogen-doped carbonaceous materials by
reacting perhalogenated molecular precursors (pentachloropyr-
idine and hexachlorobenzene as a reference) with transition
metals such as Cu, Nij, Fe, etc., in a stoichiometric ratio instead
of using the more reactive alkaline and alkaline earth metals
(cf, refs 5—8 and Figure 1). This route differs from either a
strongly exothermic, stoichiometric combustion synthesis or a
catalytic Ullmann-type reaction on surfaces*' or in solutions
and enables the scalable synthesis of hydrogen- and oxygen-free
doped bulk carbons. A generalized equation of the reaction is
given by

39,40

CxHaly +M->C,_,+MC, + Ml_aHaly

Here C,Hal, represents the perhalogenated precursor molecule,
C,_, the amount of the newly formed carbon material, M,C, a
potentially formed metal carbide, and M,_,Hal, the corre-
sponding metal halide.

We describe in particular the reaction of copper with
pentachloropyridine (C;CI;N), because this transition metal is
not showing a pronounced carbide formation or a high carbon
solubility. The analogous nondoped carbon materials were
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prepared in a similar manner from hexachlorobenzene (C4Cly)
for reference.

The morphological and Raman spectroscopic features,
magnetic properties, and electron core level analysis of the
obtained carbons are presented, and the influence of the
synthesis parameters on the precursor decay and thermal
stability of the doped lattice sites is discussed in view of kinetic
and thermodynamic aspects.

B RESULTS AND DISCUSSION

Pentachloropyridine (PCP) and hexachlorobenzene (HCB)
were dehalogenated with copper (cf, Figure 1), and the
recovered carbon samples were used for further character-
ization. The dehalogenation of pentachloropyridine (PCP) was
performed according to eq 1 at 600 °C, 800 °C, and 1000 °C in
an equimolar ratio of copper to chlorine to enable a
stoichiometric formation of CuCl and post-treated with
hydrochloric acid, and the resulting carbons were labeled as
PCP600—HCI] to PCP1000—HCI, respectively. The acidic
quenching of the reaction products allows removal of copper
residues and halide byproducts and separation of the sources
and nature of the magnetic contributions.

C,CIN + 5Cu — 5CuCl + CN (1)

To obtain nitrogen-free reference materials, the following
reactions were additionally performed: (i) dehalogenation of
pentachloropyridine at 1000 °C with a 1:2 molar ratio of
copper to chlorine to enable the formation of CuCl, and
workup in hydrochloric acid (PCP1000—HCl—halfCu); (ii)
neat pyrolysis of pentachloropyridine at 1000 °C without
copper and without acidic workup (PCP1000—nonHC); (iii)
synthesis of a nitrogen-free sample from hexachlorobenzene
(HCB) at 1000 °C with a 1:1 molar ratio of Cu/CI to enable
stoichiometric CuCl formation followed by an acidic workup
(HCB1000—HCI); (iv) neat pyrolysis of hexachlorobenzene at
1000 °C without hydrochloric acid workup (HCB1000—
nonHCl). The resulting carbons were recovered as described
in Experimental Section.

The product distribution of the resulting carbon structures
strongly depends on parameters such as stoichiometry, onset
temperature of the precursor decomposition and halide
formation, tendency of carbide formation, and stability of the
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Figure 2. SEM images of nitrogen-containing carbon materials obtained from the reaction of PCP with an equilmolar amount of Cu and CI (a) at
1000 °C (b) at 800 °C, and (c) at 600 °C, (d) with 0.5 equiv of Cu and Cl at 1000 °C, and (e) without any Cu at 1000 °C. SEM images of
graphene-containing carbon materials from HCB as a reference (without nitrogen): (f) from pyrolysis with an equimolar amount of Cu and Cl at

1000 °C and (g) from the neat decay without any Cu at 1000 °C.

corresponding metal halides, as well as the final annealing
temperature. For example, the reaction of perhalogenated
precursor molecules with alkali and alkaline earth metals, earth
metals, or early transition metals can lead to the corresponding
metal carbides and metal halides, whereas the reaction with late
transition metals can end up in the formation of the
corresponding halides and carbonaceous materials due to a
reduced tendency of carbide formation.* Here copper was
chosen for the dehalogenation reaction to avoid carbide
formation, and in addition, the resulting copper compounds
are either nonmagnetic or paramagnetic and their contribution
to the magnetic measurements can be subtracted.

The morphology of the carbon materials obtained from the
dehalogenation of PCP and HCB was characterized by SEM
(Figure 2) and TEM (Figure 3). The formation of distinct
plate-like structures is observed in the SEM images of the
recovered carbon obtained from dehalogenation of PCP. These
structural features start to occur at 600 °C in samples prepared
from an equimolar copper/chlorine ratio and become more
dominant at higher temperatures (cf, Figure 2a: individual
plates of approximately 100 nm diameter at 1000 °C; Figure
2b: dense flakes or platelet-like aggregates at 800 °C; Figure 2c:
dense platelet aggregates at 600 °C). In samples from a
stoichiometry of a copper/chlorine ratio of 1:2, which allows
formally the intermediate formation of copper(Il) chloride
(CuCl,), these platelets were also observed (Figure 2d). The
structures are more regular for a Cu/Cl ratio of 1:1 than for a
Cu/Cl ratio of 1:2. The applied heat treatment will lead to a
thermally induced decomposition of CuCl, to CuCl and
chlorine due to the limited stability of CuCl,,** which enables a
different reaction mechanism during the carbon formation and
thus affects the resulting morphology. These differences are
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Figure 3. TEM images of nitrogen-containing samples [(a)
PCP1000—HC], (b) PCP1000—nonHCl] and nitrogen-free samples
[(¢) HCB1000—HCI, (d) HCB1000—nonHCI]. Insets for the
nonHCl treatment indicate the lattice spacing. FFT images [insets
in b and d] demonstrate a randomly orientated graphene lattice or
more ordered graphene lattice, respectively, formed from HCB.

obvious by comparing Figure 2a [PCP1000—HCI] and Figure
2d [PCP1000—halfCul.
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Figure 4. N 1s core level spectra for (a) PCP1000—HC], (b), PCP800—HC], and (c) PCP-600—HCI. The contributions of pyridinic nitrogen (at
398.6 eV) and pyrrolic-graphitic nitrogen (401 eV), as well as shakeup and potential oxidic nitrogen species at higher binding energy, according to

the fitting routine, are included in the graphs.

The morphologies of the nitrogen- and non-nitrogen-
containing carbons obtained from PCP [Figure 2a—d] and
HCB [Figure 2fg] indicate a different appearance irrespective
of the presence of copper. A comparison of the product
morphology resulting from the reaction of PCP with or without
copper showed that the neat decomposition of PCP at 1000 °C
[Figure 2e, PCP1000—nonHClI] displays a more regular plate-
like appearance than the sample recovered from the reaction of
a 1:2 Cu/Cl ratio at 1000 °C [Figure 2d, PCP1000—HCl—
halfCu]. This is an indication that reactions with PCP generally
have led to a more platelet-like growth morphology, which is
not the case for HCB. The neat decomposition of HCB at 1000
°C produces an irregular, submicron structured carbon material
with a rough surface (Figure 2g), whereas the dehalogenation
of HCB with a Cu/Cl ratio of 1:1 at 1000 °C results in a more
regular structure with holes up to 1 ym (Figure 2f).

The platelet-like appearance of the carbon recovered from
PCP by neat decomposition and by dehalogenation with
copper can be attributed to the decay chemistry of this
precursor. Here the carbon formation takes place within the
ternary system C—CI—N or quaternary system C—Cl—Cu—N,
avoiding any hydrogen or oxygen functionalities during the
build-up of the carbon structure.

Figure 3 shows the TEM images of carbon materials
recovered after pyrolysis of PCP and HCB at 1000 °C [neat
decomposition and from an equimolar Cu:Cl ratio], and in
both cases, the presence of carbon-containing individual
graphene sheets was detected [Figure 3a—d]. The lattice
reflections of the PCP samples [Figure 3b] reveal a disordered
structure as indicated by a Debye—Scherrer ring, whereas the
HBC sample has a more regularly ordered structure with a
diffraction pattern of 6-fold symmetry [Figure 3d]. This
analysis clearly demonstrates that the decomposition of HCB
results in a carbon material containing high quality graphene
layers. The reason for the higher degree of disorder observed
for PCP must be attributed to the presence of nitrogen, which
is randomly incorporated into the graphene lattice and
therefore results in a breakdown of the symmetry.

An XRD powder diffraction pattern helped to identify the
nature of the resulting copper halide (Figure S1, Supporting
Information).**** Before treatment with hydrochloric acid, the
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presence of CuCl as a major product is obvious, together with
traces for reflections originating from CuCl,. The copper halide
peaks have disappeared after the acid treatment.

The nature of binding states of nitrogen atoms incorporated
into the carbon lattice was confirmed by XPS. The carbon
materials were obtained as powders and embedded in indium
foil (containing carbon and oxygen impurities); therefore, only
the N 1Is results of the samples are discussed. Figure 4 shows
the N 1s core level spectra of the samples made from PCP at
different temperatures and recovered by acidic workup
[PCP600—HCI, PCP800—HCI, and PCP1000—HCI]. All
samples were measured under comparable conditions in indium
foil and indicate the presence of nitrogen. The highest relative
N Is intensity is observed for the sample from the lowest
preparation temperature (cf, Figure 4). References for N 1s
binding energies are given for 397.9 eV for pyridine-type
nitrogen, 398.1 eV for graphene-type nitrogen, and 400.3 eV for
pyrrole-type nitrogen in carbon materials. The highest total
nitrogen concentration as per signal intensity and the atomic
concentration of pyridinic/graphene nitrogen to pyrrole/
substitutional nitrogen changes from 1:5.6 [Figure 4a] to
1:3.3 [Figure 4b] to 1:2.3 [Figure 4c], which indicates a
temperature-dependent selectivity for the formation of
graphene-type nitrogen and pyridine-type nitrogen at lower
temperatures. At higher temperatures, nitrogen is expelled from
the carbon lattice (e.g, as CN radicals) and the residual
nitrogen is resting predominantly at heteroaromatic sites at
higher binding energy. Those heteroaromatic sites reveal the
same shifts as pyrrole-type structures. Furthermore, it has to be
noted that even a pyridine precursor needs to undergo a full
ring opening and rearrangement to form a (nitrogen-
substituted) graphene lattice, and thus also the generation of
five-membered heteroaromatic ring structures is feasible. This
also implies a structural rearrangement of the nitrogen sites
during heat treatment and supports the chamaeleon-like
behavior of nitrogen atoms in a sp*-hybridized carbon atom
network. A self-consistent fitting routine was performed, and
the two major contributions were assigned to pyridinic nitrogen
(maxima at 398.6 eV) and pyrrolic nitrogen. Pyrrolic-type
nitrogen could not be well separated from other heteroaromatic
types of nitrogen structures (both centered at approximately
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401 eV) due to small differences in the binding energy of ca. 0.6
eV and were fitted as a single component.***’

Little is known about the nature of XPS signals of
carbonaceous groups containing nitrogen atoms in the energy
region above 404 eV. Peaks at binding energies higher than 401
eV (Figure 4c, 406 eV) can be either due to shakeup processes
(their relative intensities depend on the applied photon
energies; complementary XPS experiments using synchrotron
radiation for excitation were performed) or contain contribu-
tions from oxidized nitrogen species, or charged or coordinated
nitrogen atoms of donor-type character. A weak intensity at the
lower binding energy side of the pyridinic signal is due to
spurious contribution from the molybdenum sample holder
(control experiments did not show any spectral features below
398.6 V).

Raman spectra (cf,, Figure S; Supporting Information Table
1) provided additional structural information on the carbon

__
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Figure S. Raman spectra of the reaction products obtained from
transition metal dehalogenation of (nitrogen-containing) perhalo-
genated PAHs.

materials. The pyrolysis temperature dependence reveals less
defective graphitic structures for the PCP samples with a
decrease of the fwhm (Supporting Information Tablel) as the
preparation temperature increases. The direct formation of
graphene domains from HCP is obvious by the presence of the
2D mode.

A comparison of the samples derived from PCP and HCB
indicates a more graphitic structure for HCB due to the
presence of the 2D Raman mode and thus correlates well to the
TEM images in Figure 3. Moreover, the Cu-free samples show
a higher degree of ordering due to a reduced line width and
higher L/I; ratios. Magnetic measurements were performed
by using a SQUID magnetometry setup to characterize the
nitrogen doping effects. Figure 6 shows the magnetization
curves at 2 K together with the corresponding Brillouin
functions with different spin (S) fitted for all samples. The
analysis of the carbon material obtained from a neat HCB
decomposition (HCB1000—nonHCI) indicates a magnetic
interaction resulting from S = 3/2. Because the point defect
in graphene® leads to S = 1/2, this sample must contain
magnetic clusters. Comparable magnetic clusters with § = 2 to
5/2 are reported for exfoliated HOPG.** Such a material reveals
highly graphitic structures, and the magnetism is considered to
result from zigzag edge structures.””*” Moreover, the Raman
spectra show a considerable defect band intensity which can be
attributed to a disordered lattice containing radical-type five-
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Figure 6. Magnetization curves of graphitic carbon materials with/
without nitrogen obtained from different reaction conditions. Solid
lines show the Brillouin function for different spins.

ring structures derived from a corannulene-type connectivity.>’
Therefore, similar magnetic clusters [cf,, Figure 1] might also
be present. The dependence of the magnetization on the
preparation temperature is depicted for an applied magnetic
field of 1 T in Figure S2, Supporting Information, which all
follow the Curie—Weiss law with negative Weiss temperatures.
The detailed values of magnetization at 5 T, S, spin
concentration (N;), temperature independent susceptibility
(%0), and Weiss temperature (K) were calculated from the fitted
Brillouin functions and the Curie—Weiss law and are
summarized in Table 1.

Table 1. Magnetic Properties of the Recovered Carbon
Materials with or without Nitrogen [magnetic saturation
moment (M), temperature independent susceptibility (x,),
spin concentration (N,), and Weiss temperature (K)]

(emu/ X0 (1077 N, (10" Weiss
g) emu/g) spin/g) temperature (K)
HCB1000—HCI 2.6 —-5.8 30 =2.1
(S=1/2)
HCB1000— 3.6 =21 13 =27
nonHCl (§=13/2)
PCP1000—HCl 0.67 =7.0 7.7 -1.0
(§=1/2)
PCP800—HCl 0.30 —4.2 1.1 -0.9
(§=13/2)
PCP600—HCI 0.58 -8.7 32(8=1) -12
PCP1000— 0.99 —-6.9 11(s=1 2.2
nonHCl /2)
PCP1000—HCI 0.078 —5.4 09(S=1 -6.2
half Cu /2)
nanographene - -7.3 42 -2.5

A comparison of the magnetic properties of the materials
from the neat pyrolysis of HCB and PCP surprisingly reveals a
significantly higher magnetization for the non-nitrogen-
containing carbon sample. The higher magnetization observed
for the material from HCB most likely results from more
abundant radical centers, which can be linked to unpaired
electronic states, such as radical-type five-membered ring
defects incorporated into the hexagonal graphene lattice.

The decrease of the magnetization for N-doped samples can
be explained by different models. One could attribute this effect
to the disappearance of radical-type edge states in six-
membered heteroatomar ring structures. For states in proximity
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to zigzag edges regarding pyridinic and graphitic nitrogen
positions, first principle calculations on the gartial electron
density of states (DOS) have been performed.”"

In this model, the additional electron density supplied by
nitrogen atoms on pyridinic and graphitic positions leads to
typical diamagnetic features and a disappearance of magnetic
edge states (cf,, closed shell, illustrated in Figure 1), which can
be explained more simply as chemical resonance effects. In
addition, the higher electronegativity of the nitrogen atom in
comparison to carbon results in a more localized electron
density at the nitrogen positions, too, and thus also affects the
DOS. Both effects imply that the magnetism of nitrogen-doped
carbons will become smaller considering edge states only.

Because the bulk incorporation of nitrogen atoms out-
numbers the amount of rather reactive and unstable edge states,
it is also necessary to consider the stability influence of such
bonding states (graphitic nitrogen vs pyrrole-type nitrogen in
comparison to a radical-type five-membered carbon ring
defect). It is in principle feasible that in nitrogen-doped carbon
structures, an incorporation of nitrogen into five-membered
ring structures leads to stable, nonradical type, electron-precise
pyrrole-type lattice defects (cf., Figure 1c).

To investigate the observed decrease in magnetization by
nitrogen incorporation experimentally, hydrochloric acid was
used to quench any magnetic anionic-type radical defects (e.g.,
5—7 defects, anionic radical defects, point defects).52 The
experimental results depicted in Figure 6 indicate lower values
for the magnetization of the HCl-treated carbons obtained from
PCP (cf, PCP1000—HCl/nonHCl and HCB1000—HCI/
nonHCI). Therefore, the total number of radical defects
decreases upon HCI treatment, while some magnetic
contributions survive the HCI treatment. The magnetization
of a sample derived from pentachloropyridine (PCP1000—
HCl) is still lower after the HCI treatment compared to a
sample obtained from hexachlorobenzene (HCB1000—HCI).
The total number of five-membered radical defects is thus
lower for nitrogen-doped samples. When nitrogen is replacing a
carbon atom within a five-membered radical defect, it will
become electron-precise by the additional electron from the
nitrogen atom, which can contribute to the z-system of the
carbon atom network.

Because the magnetization of PCP samples is smaller for
lower reaction temperatures (these samples have a higher gross
nitrogen content with additional pyridinic/graphitic nitrogen
atoms besides pyrrolic nitrogen atoms as per XPS) and the
magnetization increases with the reaction temperature (with a
reduced gross nitrogen content in favor of pyrrolic sites), higher
reaction temperatures lead to an expulsion of nitrogen from the
carbon lattice (e.g, by stable CN radicals) and thus to an
increase of the magnetization by generation of radical defects
(cf, Supporting Information Figure 3). Thus, the chemical
doping by nitrogen incorporation into the graphene lattice
allows a reduction of the magnetic response if pyrrole-type
positions are formed. This enables a tuning of the electronic
density of states as well as the magnetic properties of such
materials based on sp*-coordinate carbon.

B CONCLUSION

The presented synthetic route based on a stoichiometric
dehalogenation of perhalogenated arene and pyridine pre-
cursors by a transition metal enables the formation of sp*
coordinate carbon with graphene domains and the option to
incorporate nitrogen especially on pyrrolic bonding sites as
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indicated by XPS. The formation of highly ordered graphene
structures by this approach from HCB was confirmed by TEM
and Debye—Scherrer diffraction and the presence of a 2D
Raman mode. However, more disordered graphene structures
were obtained by the use of an analogous nitrogen-containing
precursor PCP with a pyridinic carbon ring system. The higher
degree of structural imperfection can be attributed to
differences in the precursor decay and incorporation of
nitrogen atoms into the graphene lattice, which become mainly
pyrrolic in nature at higher temperatures as determined by XPS.
SQUID measurements indicate a complex origin of the
magnetism, which is attributed to radical defects of five-
membered ring faults within the graphene lattice.

We could thus demonstrate how nitrogen doping as induced
by decomposition or dehalogenation of PCP results in a
decrease of the magnetization. Bulk incorporation of nitrogen
outnumbers the rim effects, and therefore the electronic and
magnetic changes induced by lattice doping effects are
considered to significantly contribute to the observed proper-
ties. Nitrogen atoms at pyrrolic positions were identified by
XPS as the most stable sites in a carbon network at high
temperatures and thus affect the structure and magnetic
properties of doped graphene. This type of doping will
influence the reactivity and electronic and magnetic properties
of any kind of carbon material with similar defects. The
multitude of positions and thus chamaeleon-like behavior of
nitrogen atoms within the carbon network combined with their
different influence on the electronic structure and magnetism
indicates the necessity of a controlled tuning of the nitrogen
doping. This can enable the preparation of new materials, e.g,
for conducting films and bulk carbons, electrochemical
applications in supercapacitors and batteries, and metal-
decorated supports for catalytic applications (by either not
removing the transition metals incorporated by the synthesis or
by adding PCP complexes of active transition metals into the
dehalogenation route). Furthermore, the dehalogenation of
perhalogenated precursors by a stoichiometric reaction with
transition metals can be used for a straightforward and scalable
preparation of novel (doped) carbon materials with graphene-
type structural elements and a controlled surface termination in
gram scales, and similar reactions are feasible with other
transition metals (e.g., Fe, Ni, Co, Mn), main group metals, and
intermetallic systems.

B EXPERIMENTAL SECTION

Precursors (0.8 mmol) of pentachloropyridine (PCP, 98%, Aldrich)
and hexachlorobenzene (HCB, 99%, Fluka) were additionally purified
by sublimation and introduced into quartz glass tubes (thickness: 1.5
mm) with Cu grains (99.5%, S equiv, Alfa Aesar), respectively. The
ampules were evacuated for 30 min, sealed by melting, and heated to
600 °C, 800 °C, and 1000 °C for 20 h. Note for safety: The amounts
used were calculated not to cause damage to the quartz ampules. After
the heat treatment, the ampules were carefully opened with
appropriate personal protection considering internal residual pressure
(especially observed without the presence of copper). The recovered
material was washed with hydrochloric acid (HCl, 37% in water) to
remove residual copper byproducts and dried for 12 h at 120 °C. Small
amounts of Cu-free samples were similarly prepared by direct heat
treatment of the precursor. The morphology of the recovered samples
was characterized by scanning electron microscopy (SEM; Zeiss LEO
1530 Gemini;1.0 keV) and transmission electron microscopy (TEM;
FEI Tecnai F20; 200 kV). Samples were sonicated in 2-propanol for 1
h and transferred to a carbon-supported Cu grid, and images were
recorded quickly to minimize electron beam damage. X-ray powder
diffraction (XRD) patterns were measured with a Bruker D8
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diffractometer (Cu Ka). The binding states of nitrogen atoms were
characterized by X-ray photoelectron spectroscopy (XPS) with Al Ka
excitation using a hemispherical electron analyzer (Scienta SES 100).
The carbon materials were pressed onto an indium foil, fixed on a
molybdenum sample holder, and measured in a customized UHV
analysis chamber having a base pressure of 107" mbar. Raman spectra
were measured using a Bruker Senterra spectrophotometer (488 nm).
The temperature and magnetic field (H(T)) dependence of the
magnetization (M(emu/g)) were measured with a Quantum Design
MPMS-XL SQUID magnetometer up to a field of 5 T in a
temperature range between 2 and 300 K. Background signals from
the sample holder and temperature independent contributions were
subtracted.

B ASSOCIATED CONTENT
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Figure S1 (XRD results of graphitic carbon materials obtained
from PCP with/without HCI treatment); Figure S2 (temper-
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