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/Abstract: Hybridizing graphene and molecules possess a
high potential for developing materials for new applications.
However, new methods to characterize such hybrids must
be developed. Herein, the wet-chemical non-covalent func-
tionalization of graphene with cationic st-systems is present-
ed and the interaction between graphene and the molecules
is characterized in detail. A series of tricationic benzimidazo-
lium salts with various steric demand and counterions was
synthesized, characterized and used for the fabrication of
graphene hybrids. Subsequently, the doping effects were
studied. The molecules are adsorbed onto graphene and

studied by Raman spectroscopy, XPS as well as ToF-SIMS.\

The charged m-systems show a p-doping effect on the un-
derlying graphene. Consequently, the tricationic molecules
are reduced through a partial electron transfer process from
graphene, a process which is accompanied by the loss of
counterions. DFT calculations support this hypothesis and
the strong p-doping could be confirmed in fabricated mono-
layer graphene/hybrid FET devices. The results are the basis
to develop sensor applications, which are based on analyte/
molecule interactions and effects on doping.

/

Introduction

Graphene is part of growing interdisciplinary research, bridging
natural sciences and material sciences.” In a graphite crystal,
several sheets of graphene are stacked on top of each other
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with an interlayer distance of 3.35 A% Single graphene sheets,
a two-dimensional (2D) material, can be exfoliated from graph-
ite. In analogy, other 2D materials can be produced by exfolia-
tion. Up to now, graphene is the best studied 2D material.””
Graphene is characterized by its unique properties such as me-
chanical strength,” electrical,” optical and magnetic proper-
ties, which are linked to the symmetry of its crystal lattice. Its
broad spectrum of properties allows graphene to be used in a
series of applications, including amongst others high-frequen-
cy transistors,’” high-performance capacitors'” transparent
electrodes,” the field of sensors” and energy applications."”
Moreover, 2D materials can form van der Waals heterostruc-
tures, by stacking different 2D materials on top of each other
by single layer flake transfer."”! These artificially assembled lay-
ered structures form systems analogous to pristine layered 2D
materials.'” The resulting properties of stacks differ from those
of the individual 2D materials. By using molecules, which are
non-covalently bound to 2D materials, the horizon of van der
Waals heterostructures broadens,™ because the individual
design of molecules leads to materials with desired electronic,
optical and magnetic properties. The non-covalent modifica-
tion of graphene with aromatic molecules leading to either n-
or p-doping has been previously studied, however without fo-
cusing on the characterization of deposited molecules on the
surface." Molecules affect the electronic properties of the 2D
materials strongly," in contrast to adsorbed molecules on for
example, graphite, where molecules change the interface
properties, but not the bulk properties of graphite. The inter-
face between the 2D materials and the molecules plays an im-
portant role in the performance of an electronic device.
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Although a plethora of 2D materials are currently in the
focus of research and many more can be imagined to exist,"
the number of accessible molecules is orders of magnitude
larger. The field of graphene organic hybrid electronics is
growing,"” albeit not fully developed, and the materials pro-
duced are not extensively characterized. Here, we report the
wet-chemical non-covalent functionalization of graphene using
star-shaped cationic N-hetero-m-systems (Figure 1). These aro-
matic conjugated systems form a stable molecular layer on
graphene. A partial electron transfer from graphene to the mo-
lecular layer results in p-doping of the graphene. The results
are confirmed by DFT calculations, AFM, XPS, ToF-SIMS, cyclic
voltammetry and electrical transport measurements.

Figure 1. Optimized structure for tricationic molecule 6 (without counter-
ions) non-covalently bound to a 9x9 supercell of graphene in top-view.

Results and Discussion

Star-shaped cationic N-hetero-m-systems were synthesized with
different counterions, namely 1,3,5-tris-benzimidazolium ben-
zene derivatives with |-, BF,” and OTf ", respectively.

As depicted in Scheme 1A and described in the literature,!
trimesic acid 1 was condensed with either o-phenyldiamine 2
or N-methyl phenyldiamine 3 in phosphoric acid to yield 1,3,5-
tris(benzimidazolyl) benzene 4 or 1,3,5-tris(N-methyl-benzimi-
dazolyl) benzene 5, respectively. Both compounds were con-
verted into trications 6% through N-quaternization using alky-
lation agents to introduce various substituents and counter-
ions (Scheme 1B).

The synthetic protocols and the characterization of all com-
pounds shown in Scheme 1, and NMR and MS analyses are
summarized in the Supporting Information (Figure S1-523,
Supporting Information). The obtained molecules (7°T-1337,
Scheme 1) were used to non-covalently functionalize gra-
phene. Both graphene prepared by CVD (chemical vapor depo-
sition) method"? and graphene prepared by chemical reduc-
tion of oxo-functionalized graphene (r-oxo-G) samples were
used to enable reliable and complementary analyses. We intro-
duced oxo-G in recent years and the material differs from
common graphene oxide by a more defined surface chemistry
with oxo-functional groups, such as epoxy-, hydroxyl, carbonyl-
, carboxyl-groups®® and by a controlled density of in-plane lat-
tice defects, by minimized over-oxidation. The here used r-oxo-
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Scheme 1. A) Synthesis of cationic molecules 6>T-133* from either 1,3,5-tris
(benzimidazolyl)benzene 4 or 1,3,5-tris(N-methyl benzimidazolyl)benzene 5
in the presence of various a) alkylation agents (3.3 equiv), acetonitrile, 24 h,
room temperature. B) Alkylation agents to introduce methyl, ethyl, and octyl
substituents with either iodide, tetrafluoroborate or triflate counterions.

G is graphene with a density of lattice defects of about 0.5-
0.8%, according to statistical Raman spectroscopy.”” CVD gra-
phene neither suffers from in-plane vacancy defects nor oxo-
functional groups on the basal plane, although grain bounda-
ries are present.””? Here we exploit the benefits of r-oxo-G and
CVD graphene for analyses. Whereas oxo-G is used for AFM,
ToF-SIMS (contrast by the shape of flakes) and the electrical
transport measurements (ease of device fabrication), CVD gra-
phene was used for Raman spectroscopy and XPS (complete
coverage of the surface).

The non-covalent modification of graphene was accom-
plished by incubating a silicon wafer with deposited graphene,
either CVD graphene or r-oxo-G, in a 12 mm methanol solution
of the respective tricationic molecule for 2 hours at 4°C. After
incubation, the functionalized graphene wafer was removed
from the incubation solution and rinsed with methanol to
remove excess of the tricationic molecules. An overview of dif-
ferent sample preparations is summarized in the Supporting
Information. To determine the topology of the functionalized
graphene samples, AFM studies were performed (Figure 2).
Before functionalization, the thickness of flakes of r-oxo-G is
about 2.5 nm (Figure 2 A). After non-covalent functionalization,
the thickness of the r-oxo-G/hybrid increases to about 5 nm, as
shown in the height-profile of Figure 2B. We note that the ref-
erence experiment using the uncharged compound 4 for non-
covalent functionalization of r-oxo-G also results in an increase

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. AFM image from r-oxo-G flake A) before and B) after functionaliza-
tion with 8**. Height profiles along grey lines are shown below the AFM
images.

of thickness from 2.5 nm to about 3.5 nm (Figure S41). Due to
the polar nature of the benzimidazole moiety and hydrogen-
bond acceptor function, it seems likely that water or methanol
molecules can be adsorbed under ambient conditions. Al-
though some contaminants are visible on the surface of the
flakes of the r-oxo-G/hybrid the roughness and measured
height is overall homogeneous after functionalization. Thus,
the AFM results indicate that molecules form indeed films and
do not cluster to aggregates.

The existence of the tricationic molecules on the surface of
r-oxo-G/hybrid was further studied by time-of-flight secondary
ion mass spectrometry (ToF-SIMS) analysis. The adsorbed trica-
tionic molecules can be identified by ToF-SIMS analysis. An
area of 150 um x 150 um of a film of flakes of r-oxo-G/8** (no-
tation: material on bottom and molecules on top) was scanned
in positive mode. The most prominent signal observed was m/
z 811.16, which can be related to 8** through the loss of one
of its counterions. As shown in Figure 3A (red color), the flake-
like pattern is revealed. The appearance of the m/z signal all
over the flake with almost constant intensity confirms the ho-
mogeneous non-covalent functionalization of the r-oxo-G. In
addition, no signal is found on the bare SiO, surface, indicating
that molecules are only adsorbed on the r-oxo-G flake.

Thus, these observations corroborate the height profiles ob-
tained by AFM measurements. Also, although with lower
signal intensity, signals were observed at m/z 662.73 and m/z
513.28 corresponding to the mass of the trication without 2
and 3 counterions, respectively, (Figure S32-536). In addition,
ToF-SIMS was conducted in negative ion mode to detect the
triflate counterion with m/z 148.95. The map of Figure 3B de-
picts also that triflate ions are located on the r-oxo-G flakes
(red color). Reference experiments with CVD graphene as sub-
strate show the non-covalent functionalization of the complete
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A) - Positiveion‘mode B) ' Negative ion mode

m/z = 811.16

mi/z = 148.95

Figure 3. A) ToF-SIMS image in positive ion mode showing the once reduced
8%* on reduced oxo-G on silicon substrate in a flake-like pattern. Red: m/z
811.16, green: Si+. B) ToF-SIMS image in negative mode showing the triflate
anion from 8** on reduced oxo-G on silicon substrate in a flake-like pattern.
Red: m/z 148.95, green: Si—.

sample area (Figure S37). However, experiments with a blank
Si/SiO, wafer as substrate reveals that the tricationic molecules
are not adhering to the SiO, surface (Figure S38). A Si/SiO,
wafer incubated in methanol also did not show signals from
the trication molecules (Figure S39). An optical image of a
functionalized r-oxo-G sample is included in the Supporting In-
formation (Figure S40).

Raman spectra were recorded to monitor signatures of the
molecules on SiO, surface and on graphene surface.”” The
Raman spectra of 1,3,5-tris(N-methylbenzimidazolyl) benzene
83" on SiO, substrate (Figure 4A) show aromatic C—H bond vi-
brations in the region between 2980-3020 cm—1, C=N bond
vibrations between 1610-1680 cm™' and aromatic ring vibra-

A) 8%* on silicon
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Figure 4. Raman spectra of A) tricationic molecule 82+, B) CVD graphene
and Q) trication molecule 83+ on CVD graphene. As substrate for all samples
silicon wafer (300 nm of SiO, on surface) were used showing at

x' =520 cm™" the signal for crystalline silicon and at x>=900-1000 cm™"' the
signal for amorphous silicon dioxide on the silicon surface.”® The signal in-
tensities from x' are not fully shown.
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tions between 1450-1610 cm™'. The bond vibrational signals
at 1170-1410 cm™' and between 670-780 cm™' stem from the
C—F and C-S bonds, respectively, in the triflate counterions.””
Neat graphene shows two distinct Raman peaks, the G peak at
about 1584 cm™' and the 2D peak at around 2700 cm™' (Fig-
ure 4B, Figure 524).2”

For this study, CVD graphene was used because its Raman
peaks are sharper compared to the peaks for r-oxo-G. Thus,
the choice of CVD graphene reduced the interfering overlap
with other peaks in the subsequent analysis. Raman spectra
from non-covalently functionalized graphene show the pres-
ence of broad and overlapping signals between 1200-
1600 cm ™' which stem from molecule 8** (Figure 4C). We pro-
pose that the broadening of the molecular peaks is a conse-
quence of the interaction with graphene. Raman spectra for
the systems composed of trication 8** (without counterions)
or the reduced form 827, (dicationic species, without counter
ions) on graphene computed on the density functional theory
(DFT) level of theory support this interpretation (Figure S44).
Reference Raman measurements on r-oxo-G/8%" indicate, in
agreement with the ToF-SIMS results, that molecules are only
adsorbed on the graphene flakes and not on the bare SiO,.
Raman spectra recorded on CVD graphene and CVD graphene/
8%+ reveals that 8** is adsorbed on graphene. Analysis of the
shift of the position of the G peak, which is sensitive to
doping,”” is not reliable due to overlapping signals. Instead,
the 2D peak is analyzed statistically for CVD graphene and
CVD graphene/8®", respectively (Figure S26). The influence of
the solvent methanol on CVD graphene was investigated and
did not show any significant influence on the G and 2D band
(Figure S27). XPS was used to analyze the composition of the
surface of r-oxo-G/hybrid materials.”® In accordance with the
fact that the graphene lattice contains only chemically equiva-
lent carbon (C), the XPS spectrum of pristine graphene on sili-
con substrate shows a C1s peak centered at 284.6 eV (Fig-
ure 528).”" The observed binding energy is consistent with the
sp>-hybridized character of the carbon present in graphene, to-
gether with minor contribution from certain oxidized states
that cannot be completely avoided during the prepara-
tion =% Other observed signals correspond to silicon (Si) and
oxygen (0), at 104 eV and 533 eV, respectively,®" originating
from the SiO,-intersurface in between the graphene layer and
silicon substrate. The nitrogen (N) signal observed at 400 eV,®"
likely corresponding to adsorbed molecular nitrogen, is very
weak in the case of silicon substrate and is expected to give
negligible effects on the latter molecular analysis (Figure S29).
Still, this element is of interest for the analysis of those gra-
phene hybrids (i.e., the molecular adsorbates) that contain ni-
trogen. Depending on the kind of counterion, the adsorbed
materials also contain either iodine (l), (i.e., 7>*), oxygen (O)
and sulfur (S), (i.e., 8T, 11°%) or boron (B) and fluorine (F) (i.e.,
9%+, 123+). Comparison among the XPS spectra of pristine gra-
phene, functionalized graphene and the neat molecules on sili-
con confirms the non-covalent adsorption of the molecular
systems on graphene. XPS samples with the neat molecules on
substrates were prepared by drop casting a methanol solution
of the respective tricationic molecule on a silicon wafer. The
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preparation of non-covalently modified graphene was de-
scribed previously.

The XPS spectrum of the neat neutral molecule 4 on silicon
shows two binding energies for nitrogen at 398.6 eV and
400.5 eV (Figure 5A), respectively. This corresponds to the two
chemically different nitrogen atoms in this molecule, that is, an
imine type of nitrogen (R,C=NR) and a secondary amine type
of nitrogen atom (R,-NH). The binding energies for these two
nitrogen atoms increase slightly to 399.0 eV and 401.0 eV, re-
spectively, when the molecule 4 is adsorbed on graphene (Fig-
ure 5B). This implies that the electron density on the neutral
molecule is less when adsorbed on CVD graphene as com-
pared to when it is adsorbed on the silicon wafer. This leads to
a stronger electron attraction within the molecule chemisor-
bed on CVD graphene. The corresponding carbon peak posi-
tion has also increased from 284.7 eV to 285.1 eV when the
substrate is CVD graphene (Figure S29). The tricationic mole-
cule 8% however shows a different behavior when non-cova-
lently bound to graphene. Due to quaternization, only one
N 1s signal is expected, that is, all six nitrogen atoms are chem-
ically equivalent. The XPS data recorded for the tricationic mol-
ecule 8* on silicon agrees with this picture (Figure 6A). It
shows one major peak at the binding energy 402.1 eV, consis-
tent with imidazolium nitrogen atoms.*? A second peak of
much lower intensity at 400.1 eV is also observed but so far
unaccounted for.

As this minor peak is also present in the XPS spectra of trica-
tionic molecules 72 and 11** on silicon, it could possibly cor-

A) 4 on silicon

Intensity (a.u.)
Nis (400.7 eV, 53 %)
Nis (398.6 eV, 46 %)

405 404 403 402 401 400 399 398 397 396 395
Binding energy (eV)

B) 4 on CVD graphene

Intensity (a.u.)
N1s (401.1 eV, 53 %)
N1s (399.0 eV, 47 %)

405 404 403 402 401 400 399 398 397 396 395
Binding energy (eV)

Figure 5. High resolution scan at the N 1s region for A) neutral 4 on CVD
graphene substrate and B) 4 on silicon substrate.
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A) 83* on silicon
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B) 83* on CVD graphene

Intensity (a.u.)

N1s (401.7 eV (48 %)
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Figure 6. High resolution scan at the N 1s region for A) 8** on silicon sub-
strate and B) 8°** on CVD graphene substrate.

respond to an ensemble of tricationic molecules binding to
the silicon surface in a distinctly different mode compared to
the vast majority. On the other hand, the XPS spectrum ob-
tained for the sample with the tricationic molecule 8** on CVD
graphene shows one very broad signal that can be fitted by
two components of equal intensity (Figure 6B) what is consis-
tent with the presence of two sets of nitrogen atoms. XPS
analysis of the N 1s components reveals two species. Accord-
ingly, the signal at around 399.7 eV corresponds to an iminium
type state and the other component located around 401.7 eV
agrees with the expected value for an imidazolium nitrogen
state.

As will be discussed later, the two components may corre-
spond to two various nitrogen atoms either facing or pointing
away from the graphene. The change in the ratio of the N 1s
signals also gives information about the doping of graphene
by non-covalently bound molecules. Both p-®¥ and n-
doping® of non-covalently bound molecules on graphene has
been shown previously with XPS studies. Doping or charge
transfer from graphene to the molecule results in an expanded
delocalization of the positive charge into the valence band of
graphene and reduced charge density on the molecule. This
decreases the coulomb attraction between the anionic coun-
terions and the cationic molecules, which potentially could be
observed as an increase in trication to counterion ratio. Thus,
we determined the ratios between the trications (i.e., N) and
counterions (i.e., I, O, S, B and F) in the samples. The XPS spec-
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trum recorded for trication 8** on silicon gives a ratio among
fluorine, nitrogen and sulfur (F/N/S) of 3:2:1. This is in agree-
ment with an assembly of one trication and three counterions,
which corresponds to the molecular formula CsH;3FgNgO,S;.
After non-covalent binding of 8* to graphene, this ratio
changes to 1:3:0. The signal for the sulfur atoms is below the
detection limit. The decrease of fluorine and sulfur, which origi-
nate from the triflate counterion, indicates that the triflate
counterions become more exchangeable and possibly even su-
perfluous.

The XPS data recorded for 7>+ and 113** on CVD graphene
show similar trends (Figures S30 and S31). Charge transfer
from graphene to the non-covalently bound molecules could
explain this observation. Due to the weaker Coulomb attrac-
tion, some of the counter ions could potentially be removed
by rinsing the sample with methanol during the sample prepa-
ration, or exchanged by some negatively charged species in
the methanol solvent, for example, methoxide ions. A summa-
ry of all tested molecules is depicted in Scheme 1 (on silicon
and on graphene) with their respective binding energies and
the elemental content of certain elements is shown in Table 1.
For all tested tricationic molecules, the elements which are
present in the counterions are decreased when adsorbed on
CVD graphene. The redox properties of 9°* and 123+ were in-
vestigated by cyclic voltammetry in acetonitrile (Figure S45,
S46). Both compounds show several reduction events. The first
one-electron reduction of 123* corresponds to a reversible
one-electron transfer at E.q,;=—1.65V (Figure 7A). These re-
sults show that the tricationic molecules are stable after receiv-
ing one electron. To support these observations, in situ UV/Vis-
NIR spectroelectrochemistry with 12** in acetonitrile was per-
formed. The native form of 123* displays its main absorption
bands in the UV region. On one-electron reduction several
long wavelength bands in the visible and the NIR region
appear (Figure S47). Such long wavelength bands are usually a
sign for the generation of radical species. Figure 7B shows
both, the absorption spectrum for the native 123t and for the
reoxidized species of 123T. The uniform overlap of both spec-
tra indicates that the same species was analyzed and that the
first reduction event is reversible.

For the purpose of rationalizing the experimental observa-
tions, computational quantum mechanical modelling was per-
formed to gain insight into the interaction between tricationic
molecules and graphene. A single molecule of 8** (without
counterions) on top of a 9x9 supercell of graphene served as
the unit cell in our model system. Density functional theory
with periodic boundary calculations was used to study the
overall electron distribution in the system. The optimized ge-
ometry of 8% alone at the same level of sophistication is pro-
peller shaped, characterized by an average dihedral angle of
53.2° (44.7°, 55.9°, 59.02°) between the central benzene ring
and the appended benzimidazolium moieties (Figure 8A).
These dihedral angles are reduced markedly, to 24.4° (19.35°,
24.17°, 29.64°), when one additional electron is added to the
trication, in its LUMO, reducing the molecular charge from +3
to + 2. The optimized geometry of the 8" species is consider-
ably more planar and has a larger resemblance to the opti-
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Table 1. Overview of binding energies of the N 1s peaks from all with XPS studied neutral and tricationic molecules and their graphene/hybrids.
Sample Nitrogen Relative intensity [%] Atomic ratio
on substrate content [at. %]
Binding energy [eV]
398.5-399.0 399.5-400.0 400.5-401.0 401.5-402.0
Imine® Iminium Secondary amine® Imidazolium ™
4
Si 13.5 45 - 55 - (na.)
CcvD 10.5 47 - 53 - (n.a)
72+ N/I
Si 5.2 - 12 - 88 5:4
CcvD 22 - 41 - 59 7:1
8 F/N/S
Si 6.5 - 9 - 91 3:2:1
CcvD 3.0 - 52 - 48 1:3:0
113+ F/N/S
Si 8.2 - 4 - 9 3:2:1
CcvD 42 - 63 - 37 1:3:0
[a] Ref. [32].
To identify the effect of electron transfer, calculations were
20 8 performed with different overall charges (neutral, 8'*, 82* and
10 86 8%%) of the unit cell (Table 2). For the overall 8** charged unit
5::: 0 g 4 cell the calculations show that graphene donates substantial
g 10 § 9 electron density, approximately corresponding to half an elec-
< — tron, into the LUMO of the tricationic molecule. The LUMO or-
20 : bital of the trication is mainly localized on the central benzene
0 14 16 -1.8 500 1000 1500 ring and it is bonding between this ring and (two of the three)
E (V) vs FcH (FcH+) A (nm)

Figure 7. A) Cyclic voltammogram of first reduction peak from 12°* at
E,eq:=—1.65 V) (different scan rates 25-1000 mVs ") in ACN with 0.1m
(BuyNPFg) vs. FcH/FcH ™. B) UV/Vis-NIR spectroelectrochemistry of 123% in
ACN showing both, the absorption spectrum of the native species of 12>+
(blue) and of the reoxidized species of 12+3 (grey).

A) 83+

B) 8%* on Graphene

Figure 8. Optimized geometry of A) tricationic 8°* (without counterions)
and B) 8*" non-covalent bound to graphene.

mized molecular geometry obtained for the trication-graphene
unit cell (Figure 8B) than that of the trication itself (Figure 8 A).
This indicates that binding of the trication to the graphene sur-
face may be accompanied by transfer of some electron density
from graphene to the trication.
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the peripheral benzimidazolium moieties. From a stabilizing
point of view the effect of this partial electron transfer is two-
fold. First, the increased electron density at the central ben-
zene ring decreases the coulombic repulsion between the cat-
ionic benzimidazolium moieties via a screening effect. Second,
the bonding traits of the LUMO results in a planarization of the
overall molecular structure when electron density is fed into
the orbital. The later contributes favorably to the bonding in-
teraction by allowing for a shorter bonding distance and an in-
crease in the surface area exposed to graphene by the trica-
tion. The denser deposition of molecules in the physical sam-
ples compared to the unit cell explored in the calculations
may disturb the system causing some molecules on the gra-
phene surface to possess more 8% character and others to be
more like 8**. This could explain why the adsorbed molecules
display broad/overlapping nitrogen signals in XPS. Another

Table 2. Supercell starting charge and overall electron distribution of
molecule 8** (without counterions), when non-covalently bound to gra-
phene.

Graphene final Molecule final

Supercell start- Charge transferred

ing charge charge [e] charge [e] from graphene [e]
8° —1.93 +1.72 ~-1.18
g't+ —0.94 +2.02 ~—1.02
: -0.32 +2.21 ~—0.74
g3t +0.61 +2.48 ~—0.55
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reason could be that the strong binding in combination with
the propeller shaped molecular structure results in two chemi-
cally distinctly different sets of nitrogen: the set of three nitro-
gen atoms close to the graphene surface and the set of those
on the molecular face opposite to the graphene surface. All six
nitrogen atoms in the free cation are chemically equivalent
and should, as observed for the pristine silicon/silicate sub-
strate, only give one peak in XPS. The single main peak may in
fact indicate that the interaction between the trication and the
silicon/silicate surface is so weak that it does not significantly
disturb the molecular properties.

The same LUMO orbital, responsible for the stabilization
effect discussed for the 83* charged unit cell, is the one ac-
cepting a substantial amount of the charge density of the ad-
ditional electron in the 8** charged unit cell (it can be pic-
tured as a unit cell assembled from a trication and a monoa-
nionic supercell of graphene, Figure 9, Figure S43). The com-
puted electron densities show that the charge of graphene is
only slightly negative and that the charge of the molecule is
close to 82T, Further decrease of overall charge of the unit cell
in the calculations shows consistently a charge density on the
molecule approximately corresponding to a 82F species. The
charge density corresponding to the additional electron in-
stead builds up on graphene (Table 2). Charge transfer from
graphene to the trication and the formation of a highly delo-
calized positive charge could rationalize the decrease in the
amount of counterions observed in XPS. To better understand
the nature of the charge transfer we have, moreover, calculat-
ed the electron affinity of tricationic 8+ (—4.1 eV) and the ion-
ization potential of graphene (exptl. 7.20-7.30 eV). The mis-
match between the two values justifies the partial transfer of
charge (not a full electron) between graphene and trication in
case of the 8** unit cell.

To better investigate the p-doping effect of 8** on gra-
phene, r-oxo-G was used to fabricate a monolayer field-effect
transistor device (FET) (Figure 10A). In recent investigations,
we evaluated the transport properties of reduced oxo-G with
different densities of defects and the effect of the sub-
strate.?"**) Here, the FET device was tested before and after

Figure 9. Partial charge density of HOMO for optimized geometry of 83+
charged graphene-trication unit cell. It shows a large charge density local-
ized on the central benzene ring of the 8+ trication (without counterions).
The charge density localized on the molecule corresponds to the LUMO or-
bital for the isolated trication.
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Figure 10. Transport measurements of monolayer r-oxo-G-based FET. A) Op-
tical image of the fabricated graphene device. A channel width of 20 um
and length of 3 pm between electrode 1 and 2. B) Transfer characteristics of
the monolayer graphene before and after doping with 8**. Transport meas-
urements of monolayer r-oxo-G-based FET. V=10 mV. C) Optical image of
the fabricated r-oxo-G device. A channel width of 10 um and length of

4.5 um between electrode 1 and 2. D) Transfer characteristics of the mono-
layer r-oxo-G before and after doping with 4. V4, =10 mV.

non-covalent modification. The electrical transport measure-
ments were performed in a two-probe configuration at ambi-
ent conditions. The Si/300 nm SiO, substrate was used as back
gate and source-drain voltage (V,) was constant at 10 mV.
Transfer curves (l4-V,) with unipolar character are shown in
Figure 10B. The hysteresis effect of the monolayer r-oxo-G on
SiO, is observed after sweeping continuously from —50 to 50 V
and then back to —50 V. From the dashed lines (on black curve
in Figure 10B), a hole mobility (u,) of 28.6 cm?V~"""! is ob-
tained at ambient conditions, calculated by Equation (1):

u=(L/W) x (1/(CoxVigs)) x (dlgs/dVyg) (M

in which C,,=1.15x 1078 F/cm™ After doping r-oxo-G with 837
1~V curves still keep the unipolar character, but these curves
lean to a higher p-doped direction. The hole mobility de-
creased to 20.7 cm?V~"*"", In addition, we found that the hys-
teresis effect increased indicating that more carriers were
trapped between r-oxo-G and the SiO, interfaces. The resist-
ance of monolayer r-oxo-G device (with length 3 um) before
and after doping varies only slightly from 6.0 to 5.8 kQ with a
channel width of 20 pm and length of 3 um. To investigate the
influence of the hysteresis on the carrier mobilities deeper, we
calculated the carrier mobilities at different slopes for r-oxo-G
and r-oxo-G/8", respectively, (Figure S48).

We note that the reference experiment using the uncharged
compound 4 for non-covalent functionalization of r-oxo-G also
results in p-doping of the underlying graphene (Figure 10C).
Transfer curves (I,-V,) in Figure 10D show a Dirac point at
20V, which indicates that r-oxo-G itself possessing p-doping
feature, which can stem from both oxygen and water present
under ambient conditions. We also observe a negligible hyste-

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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resis effects from the measurements with 4, compared with
the measurements from 83, After doping with 4, the transfer
curves become unipolar, suggesting a stronger p-doping char-
acter of r-oxo-G. Hole mobility (u,) of the r-oxo-G before and
after doping decreases from 20.4 cm?V~'s™' to 189 cm?V's™".
The corresponding resistance of the r-oxo-G before and after
doping decreases from 27.2 to 18.9 kQ2 at V=10 mV, V,,=0V
with a channel width of 10 um and length of 4.5 um. Compar-
ing both FET devices with each other, a stronger decrease in
hole mobility can be observed for 8**. This can be explained
by a stronger interaction between 8°* and r-oxo-G compared
with 4 and r-oxo-G, which leads simultaneously to a stronger
p-doping effect on the underlying graphene for 8+,

Conclusions

Through a concise synthetic strategy, we synthesized a series
of cationic N-hetero-mt-systems, which were used to non-cova-
lently functionalize graphene forming graphene/molecular
hybrid structures. The cationic molecules form a stable molecu-
lar layer and interact strongly with graphene. This results in a
reversible one-electron transfer between the molecules and
the underlying graphene, which leads to p-doping of the gra-
phene. The functionalization of graphene and the one-electron
transfer was studied by AFM, XPS, ToF-SIMS and Raman spec-
troscopy. The performed measurements did not show any in-
fluence of the various counterions. DFT-calculations confirmed
the observed effects from the performed experiments. With
the reported wet-chemical method of graphene functionaliza-
tion, we were able to fabricate monolayer graphene FET devi-
ces. Comparing both FET devices with each other, a stronger
decrease in hole mobility can be observed for the tricationic
molecules 8*% compared to the neutral precursor 4. This can
be explained by a stronger interaction between 8% and r-oxo-
G compared with 4 and r-oxo-G, which leads simultaneously to
a stronger p-doping effect on the underlying graphene for tri-
cation 8%,

Both the novel series of compounds as well as the described
method help to understand the non-covalent functionalization
of graphene in more detail. In the future, novel sensors based
on FET devices can be fabricated for selective sensing, if the
analyte interacts with the cationic molecules adsorbed to the
surface.

Acknowledgements

This research is supported by the China Scholarship Council
(CSC), the Deutsche Forschungsgemeinschaft (DFG, German
Research Foundation), project number 392444269, and Chalm-
ers University of Technology Foundation. We want to thank
the Chalmers Mass Spectrometry Infrastructure (CMSI) from
Chalmers University for their support with the HR-MS measure-
ments.

Chem. Eur. J. 2020, 26, 6694 - 6702 www.chemeurj.org

6701

Conflict of interest

The authors declare no conflict of interest.

Keywords: doping - functionalization - graphene - sensors -
trication

[1] a) K. S. Novoselov, A. K. Geim, S. V. Morozoy, D. Jiang, Y. Zhang, S. V. Du-
bonos, I. V. Grigorieva, A. A. Firsov, Science 2004, 306, 666-669; b) M. J.
Allen, V. C. Tung, R. B. Kaner, Chem. Rev. 2010, 110, 132-145.

[2] D.D. L. Chung, J. Mater. Sci. 2002, 37, 1475-1489.

[3] K. S. Novoseloy, D. Jiang, F. Schedin, T.J. Booth, V. V. Khotkevich, S. V.
Morozov, A. K. Geim, Proc. Natl. Acad. Sci. USA 2005, 102, 10451 -10453.

[4] C. Lee, X. D. Wei, J. W. Kysar, J. Hone, Science 2008, 321, 385-388.

[5] 1. Meric, M. Y. Han, A.F. Young, B. Ozyilmaz, P. Kim, K. L. Shepard, Nat.
Nanotechnol. 2008, 3, 654 -659.

6] D. Neumaier, H. Zirath, 2D Mater. 2015, 2, 030203.

71 J. Bae, O.S. Kwon, C.S. Lee, Recent Pat. Nanotechnol. 2017, 11, 93-100.

8] Y. H. Xu, J. Q. Liu, Small 2016, 12, 1400-1419.

9] a) D. Chen, H.B. Feng, J. H. Li, Chem. Rev. 2012, 112, 6027-6053; b) Z. G.
Zhu, L. Garcia-Gancedo, A.J. Flewitt, H. Q. Xie, F. Moussy, W.I. Milne,
Sensors 2012, 12, 5996-6022; c) F. Schedin, A. K. Geim, S.V. Morozov,
E. W. Hill, P. Blake, M. I. Katsnelson, K. S. Novoselov, Nat. Mater. 2007, 6,
652-655.

[10] a)L. M. Dai, Acc. Chem. Res. 2016, 46, 31-42; b)S.H. Hur, J.N. Park,
Asia-Pac. Chem. 2013, 8, 218-233; ¢) B. Luo, S. M. Liu, L. J. Zhi, Small
2012, 8, 630-646.

[11] P.J. Zomer, S. P. Dash, N. Tombros, B. J. van Wees, Appl. Phys. Lett. 2011,
99, 232104.

[12] J.Q. Liu, J. G. Tang, J.J. Gooding, J. Mater. Chem. 2012, 22, 12435-
12452.

[13] M. Gobbi, E. Orgiu, P. Samori, Adv. Mater. 2018, 30, 1706103.

[14] X.C. Dong, D. L. Fu, W.J. Fang, Y. M. Shi, P. Chen, L. J. Li, Small 2009, 5,
1422 -1426.

[15] a) C.R. Dean, L. Wang, P. Maher, C. Forsythe, F. Ghahari, Y. Gao, J.
Katoch, M. Ishigami, P. Moon, M. Koshino, T. Taniguchi, K. Watanabe,
K. L. Shepard, J. Hone, P. Kim, Nature 2013, 497, 598-602; b) L. A. Pono-
marenko, R. V. Gorbachey, G. L. Yu, D. C. Elias, R. Jalil, A. A. Patel, A. Mis-
hchenko, A.S. Mayorov, C. R. Woods, J. R. Wallbank, M. Mucha-Kruczyn-
ski, B. A. Piot, M. Potemski, I. V. Grigorieva, K. S. Novoseloy, F. Guinea,
V. 1. Fal'ko, A. K. Geim, Nature 2013, 497, 594-597; c) B. Hunt, J. D. San-
chez-Yamagishi, A. F. Young, M. Yankowitz, B.J. LeRoy, K. Watanabe, T.
Taniguchi, P. Moon, M. Koshino, P. Jarillo-Herrero, R. C. Ashoori, Science
2013, 340, 1427 -1430.

[16] M. Ashton, J. Paul, S.B. Sinnott, R. G. Hennig, Phys. Rev. Lett. 2017, 118,
106101.

[17] C. H. Kim, I. Kymissis, J. Mater. Chem. C 2017, 5, 4598-4613.

[18] a) N. Chandrashekhar, B. Thomas, V. Gayathri, K. V. Ramanathan, N. M. N.
Gowda, Magn. Reson. Chem. 2008, 46, 769-774; b)H.Y. Lee, J. Park,
M.S. Lah, J.I. Hong, Chem. Commun. 2007, 5013-5015; c) J. F. Xiong,
S.H. Luo, J. P. Huo, J.Y. Liu, S. X. Chen, Z.Y. Wang, J. Org. Chem. 2014,
79, 8366-8373; d)B. Zhang, Y. Gao, J.L. Li, Z. Shi, Chin. Chem. Lett.
2006, 17, 1165-1168.

[19] a) J. H. Zhai, A. Wan, W. B. Wu, Mod. Phys. Lett. B 2015, 29, 1530011; b) Y.
Zhang, L.Y. Zhang, C. W. Zhou, Acc. Chem. Res. 2013, 46, 2329-2339.

[20] a)S. Eigler, M. Enzelberger-Heim, S. Grimm, P. Hofmann, W. Kroener, A.
Geworski, C. Dotzer, M. Rockert, J. Xiao, C. Papp, O. Lytken, H. P. Stein-
rick, P. Muller, A. Hirsch, Adv. Mater. 2013, 25, 3583-3587; b) S. Eigler,
A. Hirsch, Angew. Chem. Int. Ed. 2014, 53, 7720-7738; Angew. Chem.
2014, 126, 7852-7872.

[21] a)S. Eigler, F. Hof, M. Enzelberger-Heim, S. Grimm, P. Maller, A. Hirsch, J.
Phys. Chem. C 2014, 118, 7698-7704; b) M. M. Lucchese, F. Stavale,
E. H. M. Ferreira, C. Vilani, M. V. O. Moutinho, R. B. Capaz, C. A. Achete, A.
Jorio, Carbon 2010, 48, 1592-1597; ¢) L. G. Cancado, A. Jorio, E. H. M.
Ferreira, F. Stavale, C. A. Achete, R. B. Capaz, M. V. O. Moutinho, A. Lom-
bardo, T. S. Kulmala, A. C. Ferrari, Nano Lett. 2011, 11, 3190-3196.

[22] C. Mattevi, H. Kim, M. Chhowalla, J. Mater. Chem. 2011, 21, 3324-3334.

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

European Chemical
Societies Publishing


https://doi.org/10.1126/science.1102896
https://doi.org/10.1126/science.1102896
https://doi.org/10.1126/science.1102896
https://doi.org/10.1021/cr900070d
https://doi.org/10.1021/cr900070d
https://doi.org/10.1021/cr900070d
https://doi.org/10.1023/A:1014915307738
https://doi.org/10.1023/A:1014915307738
https://doi.org/10.1023/A:1014915307738
https://doi.org/10.1073/pnas.0502848102
https://doi.org/10.1073/pnas.0502848102
https://doi.org/10.1073/pnas.0502848102
https://doi.org/10.1126/science.1157996
https://doi.org/10.1126/science.1157996
https://doi.org/10.1126/science.1157996
https://doi.org/10.1038/nnano.2008.268
https://doi.org/10.1038/nnano.2008.268
https://doi.org/10.1038/nnano.2008.268
https://doi.org/10.1038/nnano.2008.268
https://doi.org/10.1088/2053-1583/2/3/030203
https://doi.org/10.1002/smll.201502988
https://doi.org/10.1002/smll.201502988
https://doi.org/10.1002/smll.201502988
https://doi.org/10.1021/cr300115g
https://doi.org/10.1021/cr300115g
https://doi.org/10.1021/cr300115g
https://doi.org/10.3390/s120505996
https://doi.org/10.3390/s120505996
https://doi.org/10.3390/s120505996
https://doi.org/10.1038/nmat1967
https://doi.org/10.1038/nmat1967
https://doi.org/10.1038/nmat1967
https://doi.org/10.1038/nmat1967
https://doi.org/10.1002/apj.1676
https://doi.org/10.1002/apj.1676
https://doi.org/10.1002/apj.1676
https://doi.org/10.1002/smll.201101396
https://doi.org/10.1002/smll.201101396
https://doi.org/10.1002/smll.201101396
https://doi.org/10.1002/smll.201101396
https://doi.org/10.1063/1.3665405
https://doi.org/10.1063/1.3665405
https://doi.org/10.1039/c2jm31218b
https://doi.org/10.1039/c2jm31218b
https://doi.org/10.1039/c2jm31218b
https://doi.org/10.1002/adma.201706103
https://doi.org/10.1002/smll.200801711
https://doi.org/10.1002/smll.200801711
https://doi.org/10.1002/smll.200801711
https://doi.org/10.1002/smll.200801711
https://doi.org/10.1038/nature12186
https://doi.org/10.1038/nature12186
https://doi.org/10.1038/nature12186
https://doi.org/10.1038/nature12187
https://doi.org/10.1038/nature12187
https://doi.org/10.1038/nature12187
https://doi.org/10.1126/science.1237240
https://doi.org/10.1126/science.1237240
https://doi.org/10.1126/science.1237240
https://doi.org/10.1126/science.1237240
https://doi.org/10.1039/C7TC00664K
https://doi.org/10.1039/C7TC00664K
https://doi.org/10.1039/C7TC00664K
https://doi.org/10.1002/mrc.2239
https://doi.org/10.1002/mrc.2239
https://doi.org/10.1002/mrc.2239
https://doi.org/10.1039/b712717k
https://doi.org/10.1039/b712717k
https://doi.org/10.1039/b712717k
https://doi.org/10.1021/jo5016954
https://doi.org/10.1021/jo5016954
https://doi.org/10.1021/jo5016954
https://doi.org/10.1021/jo5016954
https://doi.org/10.1142/S0217984915300112
https://doi.org/10.1021/ar300203n
https://doi.org/10.1021/ar300203n
https://doi.org/10.1021/ar300203n
https://doi.org/10.1002/adma.201300155
https://doi.org/10.1002/adma.201300155
https://doi.org/10.1002/adma.201300155
https://doi.org/10.1002/anie.201402780
https://doi.org/10.1002/anie.201402780
https://doi.org/10.1002/anie.201402780
https://doi.org/10.1002/ange.201402780
https://doi.org/10.1002/ange.201402780
https://doi.org/10.1002/ange.201402780
https://doi.org/10.1002/ange.201402780
https://doi.org/10.1021/jp500580g
https://doi.org/10.1021/jp500580g
https://doi.org/10.1021/jp500580g
https://doi.org/10.1021/jp500580g
https://doi.org/10.1016/j.carbon.2009.12.057
https://doi.org/10.1016/j.carbon.2009.12.057
https://doi.org/10.1016/j.carbon.2009.12.057
https://doi.org/10.1039/C0JM02126A
https://doi.org/10.1039/C0JM02126A
https://doi.org/10.1039/C0JM02126A
http://www.chemeurj.org

Full Paper
Chemistry—A European Journal

doi.org/10.1002/chem.202000488

Chemistry
Europe

European Chemical
Societies Publishing

[23] M.S. Dresselhaus, A. Jorio, R. Saito, nnu. Rev. Conde. Matter Phys. Vol. 1
2010, 7, 89-108.

[24] G. Socrates, Infrared and Raman Characteristic Group Frequencies: Tables
and Charts, 2004, Wiley, ISBN: 978-0-470-09307-8.

[25] A.C. Ferrari, Solid State Commun. 2007, 143, 47 -57.

[26] A. Das, S. Pisana, B. Chakraborty, S. Piscanec, S. K. Saha, U. V. Waghmare,
K. S. Novoseloy, H. R. Krishnamurthy, A. K. Geim, A. C. Ferrari, A. K. Sood,
Nat. Nanotechnol. 2008, 3, 210-215.

[27]1 K. Uchinokura, T. Sekine, E. Matsuura, Solid State Commun. 1972, 11,
47 -49.

[28] M. P. Seah, Vacuum 1984, 34, 463 -478.

[29] C.K. Chua, M. Pumera, Chem. Eur. J. 2013, 19, 2005-2011.

[30] T.I.T. Okpalugo, P. Papakonstantinou, H. Murphy, J. McLaughlin, N. M. D.
Brown, Carbon 2005, 43, 153-161.

[31] W.F.S.J. F. Moulder, P.E. Sobol, K. D. Bomben, Handbook of X-Ray Pho-
toelectron Spectroscopy, Physical Electronics Division, PerkinElmer Corp.,
Norwalk, 1995.

[32] D.Q. Yang, E. Sacher, Surf. Sci. 2003, 531, 185-198.

[33] C. Tengstedt, M. Unge, M. P. de Jong, S. Stafstrom, W.R. Salaneck, M.
Fahlman, Phys. Rev. B 2004, 69, 165208.

[34] a) C. Bellitto, M. Bonamico, V. Fares, P. Imperatori, S. Patrizio, J. Chem.
Soc. Dalton Trans. 1989, 719-727; b) L. Valade, J. Fraxedas, D. de Caro,
J. P. Savy, I. Malfant, C. Faulmann, M. Almeida, J. Low Temp. Phys. 2006,
142, 141 -146.

[35] a) Z. Wang, Q. Yao, S. Eigler, Chem. Eur. J. 2020, https://doi.org/10.1002/
chem.201905252; b) Z. P. Wang, Q. R. Yao, Y.L. Hu, C. Li, M. Hussmann,
B. Weintrub, J.N. Kirchhof, K. Bolotin, T. Taniguchi, K. Watanabe, S.
Eigler, RSC Adv. 2019, 9, 38011 -38016.

Manuscript received: January 29, 2020
Revised manuscript received: March 19, 2020

Accepted manuscript online: March 30, 2020
Version of record online: April 17, 2020

Chem. Eur. J. 2020, 26, 6694 - 6702 www.chemeurj.org

6702

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


https://doi.org/10.1146/annurev-conmatphys-070909-103919
https://doi.org/10.1146/annurev-conmatphys-070909-103919
https://doi.org/10.1146/annurev-conmatphys-070909-103919
https://doi.org/10.1146/annurev-conmatphys-070909-103919
https://doi.org/10.1016/j.ssc.2007.03.052
https://doi.org/10.1016/j.ssc.2007.03.052
https://doi.org/10.1016/j.ssc.2007.03.052
https://doi.org/10.1038/nnano.2008.67
https://doi.org/10.1038/nnano.2008.67
https://doi.org/10.1038/nnano.2008.67
https://doi.org/10.1016/0038-1098(72)91127-1
https://doi.org/10.1016/0038-1098(72)91127-1
https://doi.org/10.1016/0038-1098(72)91127-1
https://doi.org/10.1016/0038-1098(72)91127-1
https://doi.org/10.1016/0042-207X(84)90084-8
https://doi.org/10.1016/0042-207X(84)90084-8
https://doi.org/10.1016/0042-207X(84)90084-8
https://doi.org/10.1002/chem.201204002
https://doi.org/10.1002/chem.201204002
https://doi.org/10.1002/chem.201204002
https://doi.org/10.1016/j.carbon.2004.08.033
https://doi.org/10.1016/j.carbon.2004.08.033
https://doi.org/10.1016/j.carbon.2004.08.033
https://doi.org/10.1016/S0039-6028(03)00492-8
https://doi.org/10.1016/S0039-6028(03)00492-8
https://doi.org/10.1016/S0039-6028(03)00492-8
https://doi.org/10.1039/DT9890000719
https://doi.org/10.1039/DT9890000719
https://doi.org/10.1039/DT9890000719
https://doi.org/10.1039/DT9890000719
https://doi.org/10.1007/BF02679483
https://doi.org/10.1007/BF02679483
https://doi.org/10.1007/BF02679483
https://doi.org/10.1007/BF02679483
https://doi.org/10.1002/chem.201905252
https://doi.org/10.1002/chem.201905252
https://doi.org/10.1039/C9RA09197A
https://doi.org/10.1039/C9RA09197A
https://doi.org/10.1039/C9RA09197A
http://www.chemeurj.org

