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Creating covalent bonds between Cu and C at the interface
of metal/open-ended carbon nanotubes

Vertically aligned carbbon nanotubes (CNTs) are anchored

to copper metal substrates via chemical bonding. Robust
bonding is formed through connecting carbon (C) atoms on
organic linker molecules with copper (Cu) atoms. Theoretical
calculations reveal that C atom on each linker establishes

a bridge like covalent bonds with two adjacent Cu atoms

on (100) and (110) substrates, while forming a weaker

linear bond on the (111) substrate. Experimental validation
involves immersing CNTs bonded to copper in a solution and
subjecting to sonication to showcase the robustness of the
bonding.
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The unique electrical properties of carbon nanotubes (CNTs) are highly desired in many technological
applications. Unfortunately, in practice, the electrical conductivity of most CNTs and their assemblies has
fallen short of expectations. One reason for this poor performance is that electrical resistance develops
at the interface between carbon nanomaterials and metal surfaces when traditional metal-metal type
contacts are employed. Here, a method for overcoming this resistance using covalent bond formation
between open-ended CNTs and Cu surfaces is investigated experimentally and supported by theoretical
calculations. The open-ended CNTs are vertically oriented compared to the substrate and have
carboxylic functional groups that react with aminophenyl groups (linkers) grafted on metal surfaces. The
covalent bond formation, crosslinking carboxylic and amine, via amide bond formation occurs at 120 °C.
The covalent bonding nature of the aminophenyl linker is demonstrated theoretically using (100), (110),
and (111) Cu surfaces, and bridge-like bond formation between carbon and two adjacent Cu atoms is
revealed. The electrical conductivity calculated for a single intramolecular-type junction supports
covalent bond formation between Cu and CNTs. Experimentally, the robustness of the covalent bonding
between vertically oriented CNTs is tested by exposing CNTs on Cu to sonication, which reveals that
CNTs remain fixed to the Cu supports. Since bonding CNTs to metals was performed at low
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1. Introduction

Electronic devices play essential roles in our daily life, and the
development of smaller, faster electronics is critical for the
advancement of human civilization. However, conventional
electrically conductive materials have reached their operational
limits for the miniaturization of electronics." Owing to their
excellent physical and chemical properties, carbon nanotubes
(CNTs) are considered a potential alternative to existing metallic
conductors and Si-based semiconductors for the development
of future electronics.>™* Individual CNTs are cylindrical mole-
cules with extremely small atomic diameters and have struc-
tures similar to rolled-up graphene sheets.®* Experimental
measurements have revealed that the resistivity of multiwalled
CNTs is as low as 5.1 x 10°® Q cm.® This low resistivity
combined with excellent mechanical properties and low density
endow CNTs with potential as next-generation conductive
materials. In addition, some CNTs show ballistic conductivity at
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of CNTs in multiple fields, including electronics.

room temperature, which is also advantageous for conductive
materials.® CNTs have been employed as a superior material to
conventional metals and semiconductors for the development
of conductive wires,” transistors,® wearable devices,” energy
storage devices," and sensors.'* However, various challenges
have delayed the widespread utilization of CNTs in commercial
applications. For instance, the controlled synthesis of CNTs is
challenging, with particular difficulties associated with regu-
lating the diameter, type, and chirality of CNTs during synthesis
processes.” Furthermore, CNTs must be firmly connected to
metals for use in thermal and electrically conductive applica-
tions, but the formation of such stable connections remains
elusive.”'* Thus, the formation of mechanically strong bonds
between metals and CNTs with decreased interface resistance is
crucial for the development of CNT-based electronic
applications.

The formation of bonds between metals and CNTs is chal-
lenging owing to the chemically inert nature of the CNT struc-
ture. Furthermore, because there are significant differences in
the surface energies of CNTs and metals, some metals cannot
wet the CNT surface to form strong interactions. Despite these
challenges, significant theoretical and experimental efforts by
various research groups over the past two decades have focused
on enhancing CNT-metal bonding. Two types of CNT-metal
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interactions are possible depending on the orientation of the
CNT relative to the metal surface, namely, end contact and side
contact.* In side contact, a CNT side wall interacts with a bulk
metal surface, whereas in end contact, a CNT tip interacts with
a metal surface. Side contact can be realized via direct metal
deposition on CNT side walls. For CNT-metal deposits
produced by electron-beam evaporation, the type of interaction
depends on the metal. In particular, Ti, Ni, and Pd form
continuous decorations on CNTs, whereas Au, Al, and Cu form
isolated discrete particles.'® The formation of continuous
deposits indicates that the interactions between CNTs and
metals such as Ti and Ni are strong, which is directly related to
the electron densities of these metals. Furthermore, these
observations have been supported by density functional theory
(DFT) calculations, which predict that strong interactions will
result in interfaces with low interfacial electrical resistance.™

End contact involving the formation of bonds between CNT
open ends and metal is more relevant for electronic applica-
tions because this configuration facilitates electron and load
transfer at the interface.**'”*® In fact, theoretical calculations
revealed that the resistance in Cu/CNT was more than double
for side contact compared to end contact.”” Such open-ended
CNT-metal covalent bonding has been observed theoretically
for CNT synthesis'*?* and experimentally,”*** where nano-
scale metal particles employed in the CNT growth process
remain attached to the CNT tip. Unfortunately, covalent bond
formation during CNT synthesis cannot be achieved with all
metals because the CNT growth process is highly dependent on
the type of metallic nanoparticle. In addition, there are a few
challenges associated with growing CNTs on Cu, including the
poor catalytic activity of Cu for CNT growth. Furthermore, Cu as
a support material can poison other deposited metal catalysts,
and therefore requires additional Al,O; buffer layers.>* There-
fore, the formation of strong bonds between CNTs and metals
such as Cu requires innovative bonding techniques after CNT
synthesis.*

Multiple studies have focused on the formation of such
metal-CNT end contacts. Milowska et al. have shown improved
electrical conductivity of Cu-CNT composites upon sputtering
of carefully selected metallic combination followed by heat
treatment to form a Cu-M-CNT type interaction.”® Electron
beam and heat treatments have been applied to overcome the
energy barrier between CNTs and metals, but these techniques
require extreme reaction conditions that might not be suitable
for CNT-metal bonding in electronic industry.*>*”*® Cu metal
has long been used as a conductive material for electronics
owing to its superior conductivity and abundance.! Among
open-ended CNT-metal interactions, CNT-Cu bonds with low
interfacial resistance are particularly relevant for practical
applications. Nevertheless, minimal attention has been dedi-
cated to bonding between bulk Cu metal and CNTs. Direct CNT-
Cu attachment leads to the formation of weak interfacial bonds
with high resistance.’ According to DFT simulations, proper
CNT functionalization® or connecting CNTs to the metal
surface via a short linker molecule is more conducive to
achieving low-resistance Cu-CNT interfacial interactions than
direct CNT-metal bonding.** Furthermore, linker molecules
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have been used for bonding CNT tips to Al and Au.**"** The bond
between the metal and the linker molecule is critical for
utilizing linkers as intermediates for CNT-metal bonding. Most
previous approaches have relied on the formation of self-
assembled monolayers (SAMs) on metal surfaces for linker
immobilization. However, the bonds between SAMs and metals
involve physisorption rather than chemisorption.***® Further-
more, SAM formation is metal specific and is not suitable for
Cu. Pinson and co-workers have demonstrated an interesting
reaction pathway based on diazonium salts for bond formation
between aryl rings and various metal substrates, including Cu.
Experimental and DFT simulation results have shown the
formation of strong bonds between metals and diazonium
salts.>’~*' Jiang et al. investigated the chemical nature of the
bond between aryl groups and various metal surfaces using DFT
simulations.”” Similarly, DFT studies have shown that phenyl
radicals interact with Cu surfaces.*® Previously, our team re-
ported the successful chemical connection of Pt and Cu to open-
ended CNTs, but progress was limited by challenges associated
with experimental characterization at the nanoscale.**

In this study, we used an aminophenyl linker to form cova-
lent bonds between Cu and open-ended CNTs (Fig. 1). The Cu
metal surface was functionalized with aminophenyl groups via
a spontaneous reaction with a suitable diazonium salt. Subse-
quent bond formation between the aminophenyl linkers and
carboxyl-functionalized vertically aligned carbon nanotubes
(VA-CNTs) resulted in successful covalent bonding between Cu
surfaces and open-ended CNTs. For the first time, to the best of
our knowledge, the covalent bond formation mechanism was
validated by DFT calculations and detailed computational
experiments, including Bader charge analysis on different Cu
crystal lattices. Furthermore, the energy change for each step of
the proposed mechanism was validated theoretically. X-ray
photoelectron spectroscopy (XPS) and infrared (IR) spectros-
copy, with the support of theoretical predictions, were
employed to quantify and evaluate the presence of organic
groups on the Cu surface. Finally, the bonding strength was
evaluated using a series of ultrasonication studies.

2. Experimental section/methods
2.1 Materials

A 6 nm thick Al,O; layer was deposited on a silicon oxide (silica)
substrate as a catalyst support layer. Subsequently, 0.7 nm thick
Co and 0.7 nm Fe layers were deposited on the Al,O; layer as
catalysts for CNT growth. Arrays of CNTs with few walls were
grown on the catalyst-deposited Si substrate by chemical vapor
deposition (CVD) using ethylene and hydrogen as precursor
gases in a FirstNano CVD system (CVD Equipment Corporation,
Islip, NY, USA). The CNTs are ~200 pm long and there are about
10" CNTs cm 2 A detailed description of the CNT growth
process has been published elsewhere by our group.*>*® Catalyst
particles at the base of the CNT array were oxidized during the
CNT growth process to separate the CNTs from the Si wafer. The
CNT arrays consisted of vertically aligned individual, orthog-
onal CNTs held together by weak van der Waals forces between
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Fig. 1 Schematic of covalent bond formation between open-ended CNTs and a crystalline Cu metal surface. Nitrogen (blue), carbon (green),

hydrogen (white), oxygen (red), and copper (orange).

their side walls to form a fragile film with CNT open ends at the
top and bottom (Fig. S11).

Sodium nitrite (NaNO,, 99.4%) was obtained from Chem-
Impex International Inc. Acetic acid (CH;COOH, 99.0%) was
purchased from Fisher Scientific. Nitric acid (HNOj;, 95%),
hydrochloric acid (HCI, 37%), acetone (99.7%), ethanol (99.8%),
and p-phenylenediamine (98%) were purchased from Sigma-
Aldrich. All reagents were used as received. Mirror-like multi-
purpose 110 Cu sheets (McMaster-Carr) were used as the Cu
substrate.

2.2 Computational details

Organic group binding to Cu is critical for CNT-Cu bonding via
organic linker molecules. To identify the nature of the bonds
between Cu and aminophenyl linkers, Cu slab, aminophenyl/Cu
slab, and CNT/aminophenyl/Cu slab configurations were opti-
mized for three different Cu planes (100), (110), and (111) using
the Born-Oppenheimer approximation and DFT within the
projector-augmented wave (PAW) approach to solve the elec-
tronic Schrodinger equation with the Perdew-Burke-Ernzerhof
(PBE) functional.*”»*® During optimization, a plane-wave energy
cutoff of 50 Ry (wavelength A = 0.4 A) was used. All self-
consistent field (SCF) calculations were performed using the
Quantum Espresso program.*’

Additionally, DFT calculations were performed using
Gaussian 16°° with the B3PW91 functional®** and the 6-
311++G(d,p) basis set.**** The structure of a Cu cluster attached
to a CNT through an aminophenyl group was optimized. Water
solvation effects were included implicitly via the SMD** method
by adding short-range energy contributions to the polarizable
continuum model (PCM)***” using the integral equation
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formalism variant (IEFPCM).*® During optimization, the bond
lengths, bond angles, molecular charges, vibrational frequen-
cies and intensities of IR and Raman bands were computed for
various CNT-aminophenyl-Cu configurations. The CNTs
employed in the simulations are semiconducting single walled
CNTs (8,0) and have a length of 15 A.

Periodic slab calculations can describe the band structure of
a metal and its interaction with an attached molecule, thus
providing accurate information about the charge transfer, bond
structure, and vibrational modes.* First, structural optimiza-
tion was performed to determine the equilibrium geometry of
the aminophenyl groups on (100), (110), and (111) Cu surfaces.
Then, the vibrational modes of the entire structure were
obtained.

2.2.1 Bader charge analysis. Charge transfer between Cu
metal, aminophenyl groups, and CNTs was studied using Bader
charge analysis.®>®* The Bader charge method involves calcu-
lating the total electronic charge of an atom enclosed within
a surface of minimum charge density, which is called the Bader
volume. In Bader charge analysis, charge densities are
described using point charges, which allowed a direct
accounting of charge transfer between the different compo-
nents in the CNT/aminophenyl/Cu slab configuration.

Bader charge distributions for different CNT-metal contacts
along the CNT axis were used to indicate if electron accumu-
lation occurred at the interface, which would induce a dipole at
the CNT-metal contact.®* Similarly, electron transport along
different CNTs was studied by Ketolainen et al.®® using Bader
charge analysis as an indicator of charge transfer.

2.2.2 Electron localization function (ELF). The ELF gives
the probability of finding an electron near a reference electron

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(electron pair) in a region of space®**® and is widely used to
describe chemical bonds.*** As a relative measurement of
electron localization, the ELF takes values of 0-1. The ELF
compares the local Pauli repulsion of the analyzed system with
that in a uniform electron gas of the same density.*® A value
close to 1 indicates that a specific region is occupied by an
electron pair for which the local Pauli repulsion is very small.
Generally, when the ELF has a value greater than 0.7, the elec-
trons are highly localized and that specific region corresponds
to a core, bond, or lone electronic pair.*” When the ELF has
values between 0.2 and 0.7, the local Pauli repulsion is more
similar to that of a uniform electron gas, indicating metallic
bonds.*” The ELF has previously been used to elucidate the
nature of the junction between CNTs and metallic surfaces® 7
by describing the atomic hybridization of the C atoms bonded
to metal atoms or determining if 7v- or -bonds are formed. Both
these bonds are types of covalent bonds, with o-bonds being
less reactive and stronger than m-bonds. A c-bond is formed by
the overlap of atomic orbitals along the axis of two atoms,
whereas a m-bond is formed by parallel or lateral overlap.

2.2.3 IR simulations. The vibrational modes of the struc-
tures in this work were assigned using the computed vibrational
modes obtained from the Gaussian program and visualized
using the GaussView program.” Based on the Gaussian results,
the theoretical vibrational spectra were generated by using the
GaussSum program,” which uses Lorentzian curves to convo-
lute the IR spectrum. We used a scaling factor of 1 and a full
width at half maximum (FWHM) of 10 ecm ™', which is a typical
FWHM value for phenyl groups.” The vibrational modes in the
experimental spectra were identified by comparison with these
theoretically predicted IR spectra. We used GaussView to visu-
alize the vibrational modes of the theoretically calculated
structures and correlate them with the peak positions in
experimental spectra. The structures used for the theoretical
calculations were (1) a bare Cu surface composed of a Cu cluster
with 23 atoms, (2) an aminophenyl-grafted Cu surface consist-
ing of one aminophenyl group on top of the Cu cluster, and (3)
solid p-phenylenediamine consisting of one phenylenediamine
molecule (Fig. S21). Before calculating the IR spectra, the
structures were optimized using the B3PW91 functional and the
Popple’s 6-311++G(d,p) basis set.

2.2.4 Energy diagram simulations. The energy changes
between precursors and products were determined using
computational methods to validate the reaction conditions.
Computational simulations utilizing ab initio DFT calculations
were performed to determine the possibility of covalent
bonding in the CNT-phenylenediamine-Cu system. Cu slabs
with phenylenediamine and CNTs were modeled and optimized
to compute the energies of covalent bonding configurations on
(100), (110), and (111) Cu planes. The relative energy (AE) of
each configuration was determined by comparison with the
most stable configuration.

2.2.5 Conductivity calculations. Low interface resistance
between CNTs and metals is crucial for electronic applications.
Thus, the effect of aminophenyl groups as linkers on the
interface resistance between CNTs and Cu was theoretically
predicted. To obtain the current-voltage (I-V) curves, we

© 2024 The Author(s). Published by the Royal Society of Chemistry
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calculated the rate of electrons traveling from Cu metal to CNTs
with and without a phenylenediamine linker when an external
voltage was applied to the molecule-Cu interface through two
gold nanoelectrodes. The I-V calculations required DFT-
optimized structures, quantum mechanical calculations on
the extended linker molecule, and the density of states (DOS) of
each of the nanocontact materials. The Generalized Electron
Nano-Interface Program (GENIP)”*7® was used to calculate the I-
V curves via a combined LCAO DFT and nonequilibrium Green's
function approach. The DOS of the gold nanocontacts was ob-
tained by ab initio DFT calculations of a gold bulk periodic
system using the CRYSTAL program.”

2.3 Organic layer formation on Cu surfaces

A mirror-polished Cu sheet was ultrasonicated in acetone for 1 h
to remove any impurities from the surface. Then, the Cu sheet
was rinsed with deionized water and ethanol, dried, and
immediately placed in a glacial acetic acid solution for 30 s to
remove copper oxides, as suggested by Hurley and McCreery.*
The surface-treated Cu sheet was immediately immersed in the
reaction media for organic grafting. Organic group grafting on
Cu was achieved by diazonium salt reduction on the metal
surface. The desired diazonium salt was prepared in situ by
mixing an appropriate aryl amine and NaNO, in an acidic
medium, and the resulting diazonium cations reacted sponta-
neously with the Cu sheet. Specifically, the aminophenyl dia-
zonium salt was produced in situ by mixing an acidic solution
(0.5 M HCI) of 10 mM p-phenylenediamine with 5 mM sodium
nitrite. The aqueous diazonium salt solution was purged with
nitrogen for 5 min before adding the Cu sheet and purging was
continued until the end of the reaction to avoid the presence of
atmospheric oxygen in the reaction medium.

2.4 Cu metal surface characterization after organic group
grafting

2.4.1 XPS analysis. XPS analysis of the Cu surface after the
organic grafting reaction was carried out to identify the chem-
ical nature of the grafted organic layer. The XPS spectra of the
Cu surfaces were recorded using a Thermo Scientific K-Alpha X-
ray photoelectron spectrometer (Waltham, MA, USA) with an Al
Ka micro-focused monochromator, a 180° double-focusing
hemispherical analyzer, and a 128 channel detector. The data
were collected using a spot size of 150 um at room temperature,
and the operating pressure in the analysis chamber was below
10~° Torr. For the survey scan, the step size was 5.0 eV and the
dwell time was 100 ms; 10 cycles were used to record C, O, and
Cu core-level spectra, whereas 20 cycles were used for N core-
level spectra. The XPS spectra of the aminophenyl-grafted Cu
surfaces were recorded after ultrasonication in acetone for
2 min to remove any physisorbed molecules on the metal
surface. The CNT array surface was analyzed after plasma
functionalization to identify the nature of the functional groups
formed on the CNT surface.

2.4.2 1R spectroscopy analysis. FT-IR spectra were collected
using a Nicolet 6700 FT-IR instrument (Thermo Fisher Scien-
tific, Waltham, MA, USA) with a Smart Orbit diamond ATR
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module to evaluate the organic layers grafted on the metal
surface. Furthermore, the FT-IR spectra of the aminophenyl-
grafted Cu surface were recorded after ultrasonication for
extended time intervals to assess whether the grafting reaction
resulted in chemisorption.

2.5 Functionalization of CNT open ends

The VA-CNT arrays were carefully detached from the silica
substrate as self-standing thin 3D films. VA-CNT array func-
tionalization was performed using a Plasma Prep III solid-state
air plasma cleaner (SPI Supplies, West Chester, PA, USA). In the
plasma chamber, the top of the CNT array was exposed to
plasma for 1 min at an RF of 100 W.

2.6 CNT bonding to Cu surfaces

To achieve CNT-Cu bonding, the aminophenyl-grafted Cu
surface and the plasma-functionalized VA-CNT array were
clamped together and heated for 1 h at 120 °C to promote the
covalent bonding. Control samples with nonfunctionalized
surfaces were prepared under similar conditions (control 1:
functionalized CNTs with a bare Cu surface and control 2:
a pristine CNT array with aminophenyl-grafted Cu).

2.7 Characterization of CNT-Cu interactions

To visualize the CNTs on the Cu surface, scanning electron
microscopy (SEM) micrographs were recorded using an FEI
Apreo scanning electron microscope (Thermo Fisher Scientific,
Waltham, MA, USA) at acceleration voltages of 5-15 kV,
a current of 0.2 nA, and a working distance of ~10 mm. Before
SEM imaging, ultrasonication was utilized to remove any
physisorbed CNTs from the Cu metal surface. Energy-dispersive
X-ray analysis (EDAX) of the elemental composition was per-
formed using the same instrument. The Raman spectra of CNTs
attached to the Cu surface were collected using an inVia
confocal Raman microscope (Renishaw, Wotton-under-Edge,
UK) with a 633 nm laser as the excitation source.

2.8 Electrical resistance measurements

A metallic probe (diameter ~684 pm and surface area of the tip
of the probe 339150 um?) was lowered onto the CNT array
surface carefully to make a stable connection between the CNT
array and the probe but without punching the fragile CNT array.
(Fig. S31). The CNT array attached Cu metal substrate and
metallic probe were connected to a multimeter to record the
resistance.

3. Results and discussion

Compared with conventional materials, CNTs have impressive
electrical and chemical properties. However, these properties
are highly dependent on the cylindrical structure of CNTs.
Therefore, to utilize their full capability, CNTs need to be firmly
connected to a metal surface and the vertical orientation of the
CNTs must be preserved during bond formation. CNT tip
functionalization and the attachment of CNT tips to a metal

432 | Nanoscale Adv, 2024, 6, 428-442
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have a few advantages: (1) direct covalent bond formation
between CNTs and Cu surfaces can reduce electrical resistance
by simulating intramolecular-type electron transport under an
applied potential and (2) the connection of CNT tips to a metal
allows effective load transfer to the metal surface, with more
robust mechanical interfaces resulting from the covalent bond
formation. The mechanism for covalent bond formation
between metal and CNTs proposed in the literature was
confirmed through theoretical calculations, and experimental
evidence supported the strong nature of the bonding. XPS and
IR surface characterization was utilized to verify the chemical
functionalization of the surfaces. DFT-based computational
analysis was used to assess the bond energies and electrical
conductivity between Cu and VA-CNTs. Furthermore, SEM was
employed to visualize the connections between CNTs and Cu
surfaces.

3.1 Computational analysis

The theory is employed to complement and support the cova-
lent bond formation between C and Cu atoms and to determine
the electrical conductance of the conduction channel created by
the linker. To determine the bond strength or the nature of
bonding between Cu, the aminophenyl linker, and CNTs, we
performed first-principles DFT calculations. To examine the
aminophenyl-Cu surface structure and bonding, we optimized
the structures of six initial configurations consisting of an
aminophenyl group placed over a high-symmetry site (top or
hole) on Cu(100), Cu(110), or Cu(111) surfaces. The energetics
of the six optimized configurations are displayed in Fig. 2. In
five of the six configurations, including the most stable
configuration for each Cu surface, a bridge structure was
adopted involving the formation of two C-Cu bonds between
the p-carbon of the aminophenyl group and Cu atoms. In the
sixth configuration, a single bond was formed between the
aminophenyl group and the Cu(111) surface. However, on the
Cu(111) lattice, the single-bond configuration was 0.19 eV more
energetic than the bridge configuration.

The calculated adsorption energies were 2.79-3.33 eV for the
optimized bridge site configurations with two Cu-C bonds
(Table 1). The optimized single-bond configuration on the
Cu(111) surface gave an adsorption energy of 2.60 eV, which is
the lowest among the calculated Cu-C bonds. The calculated
adsorption energies are higher than those previously reported
between phenyl groups and metal surfaces,*” indicating the
occurrence of covalent bonding between the phenyl group and
the Cu surface.** Additionally we evaluated the ionic character
of the C-Cu bond. The Pauling equation, which is an empirical
relationship, can be used to obtain the percentage of ionic
character in a bond considering the electronegativity difference
between the bonded atoms. The ionic character percentage is

()
given by [ 1—e 2 % 100, where Ay is the electronega-

tivity difference between the atoms. The electronegativities of C
and Cu (2.55 and 1.9, respectively) give an ionic character

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Optimized geometries for aminophenyl attachment to Cu metal. The energies are relative to that of the most stable configuration (0 eV).

Nitrogen (blue), carbon (green), hydrogen (white), and copper (orange).

percentage of 10% only. This poor ionic character indicates that
the C-Cu bond is mostly covalent in nature, as supported by the
ELF results. In the optimized configurations, the carbon atom
without a hydrogen atom closest to the Cu surface was found to
have a charge of —0.30e to —0.40¢, whereas the remaining five
carbon atoms had charges of —0.2¢ to 1.0e. Furthermore, the
aminophenyl group attached to the Cu surface had an overall
charge of —0.26e to —0.37e, indicating anionic behavior. The
aminophenyl group in the Cu(111)-top configuration with
a single Cu-C bond had the lowest charge (—0.26¢). The Cu
surface remained nearly neutral, with a slight negative charge of
0.0e to —0.2e. However, the Cu atoms bonded to a carbon atom
in the aminophenyl group had charges of 0.12e-0.17e, indi-
cating the occurrence of electron exchange between Cu and the
aminophenyl group (Fig. S47).

We also calculated the ELF characteristics to analyze the
nature of the C-Cu bonds (Fig. 3). For five of the six
aminophenyl/Cu slab configurations, the aminophenyl carbon
atom is bonded to the center of a Cu-Cu metallic bond, as in the
bridge site configurations on Cu(100) (Fig. 3A and D) and
Cu(110) (Fig. 3B and E). In contrast, in the Cu(111)-top

Table 1 Energetics of aminophenyl attachment to Cu surfaces

configuration, the aminophenyl carbon atom is bonded to
a single Cu atom located directly below it (Fig. 3C and F).

In the 2D ELF plots, an intense red region with an ELF value
close to 1 was observed between the carbon and Cu atoms,
which had the typical shape of a covalent bond. However, the
intensity decreased toward the Cu surface, indicating a mixture
of covalent and metallic bonding.®

The effects of bonding a CNT to the aminophenyl group on
the relative energies of the six configurations in Fig. 2 were
evaluated. Overall, CNT addition did not change the energy
differences among the six configurations (Fig. 4), and CNT-
aminophenyl-Cu(111) formed the most stable structure.

To determine if the CNT attachment reaction is endothermic
or exothermic, we calculated the relative energy (AE) using the
energies of the six Cu-aminophenyl configurations (Ecnr—phenyl-
cu) and an added water molecule (Ey,0) compared to those of
the corresponding initial optimized components, namely, the
CNT (Ecnr) and the aminophenyl group attached to Cu (Eppenyi-
cu)- The obtained AE values indicate that all six reactions for
attaching the CNT to the aminophenyl group bonded to the Cu
surface, giving water as a product, are endothermic (Table 2).

Number of Cu-C Cu-C Cu-C-Cu
Cu Surface Initial site Final site Eiorar (€V) cu-C (4) bonds (eV) BE“a (eV) © 6° (°)
100 Top Bridge —954910.11 2.07 2 1.64 3.28 75.3 84.6
100 Hole Bridge —954910.16 2.08 2 1.66 3.33 75.3 89.4
110 Hole Bridge —954 909.60 2.07 2 1.58 3.16 74.3 88.8
110 Top Bridge —954909.78 2.05 2 1.67 3.34 759 80.3
111 Hole Bridge —954 919.95 2.02 2 1.39 2.79 68.2 85.6
111 Top Top —954919.76 1.97 1 2.60 2.60 84.8

“ Binding energy (BE) = E(Cu surface) + E(aminophenyl) — E(aminophenyl/Cu surface). > Angle of the aminophenyl molecular plane with respect to
the Cu surface plane.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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0.5

Fig. 3 2D ELF plots along the phase containing the Cu—C chemical bond on (A) Cu(100), (B) Cu(110), and (C) Cu(111). ELF isosurfaces (n = 0.8
eA=3) for an aminophenyl group on (D) Cu(100), (E) Cu(110), and (F) Cu(111). Nitrogen (blue), carbon (green), hydrogen (white), and copper
(orange).
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Fig. 4 Relative energies for CNT attachment to Cu metal through an aminophenyl group for different Cu planes and types of aminophenyl-Cu
bond (bridge or top). The energies are relative to that of the most stable configuration (0 eV). Nitrogen (blue), carbon (green), hydrogen (white),
and copper (orange).
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Table 2 Energetics of CNT—aminophenyl attachment on Cu surfaces
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AE = (Ecnt-phenyl-cu + Er,0)
Cu Plane EphenyFCu (CV) ECNT (ev) ECNTfphenkau (ev) HZO (CV) - (EphenyFCu + ECNT)
100 —954910.11 —29859.49 —984170.31 —599.10 0.19
100 —954910.16 —29859.49 —984170.36 —599.10 0.18
110 —954 909.60 —29859.49 —984169.72 —599.10 0.26
110 —954909.78 —29859.49 —984169.98 —599.10 0.18
111 —954 919.95 —29859.49 —984180.17 —599.10 0.16
111 —954919.76 —29859.49 —984179.93 —599.10 0.21

This result suggests that some energy input (0.16-0.26 €V) is
required for CNT bonding to aminophenyl-grafted Cu surfaces.
This energy is provided as heat to promote this reaction as
suggested by the theoretical calculations. We extracted two
models from ab initio DFT calculations (Fig. 5A). The first
model, called “without aminophenyl”, is composed of a COOH
group belonging to the CNT attached to two Cu atoms
belonging to the Cu slab. The second model, called “with ami-
nophenyl”, is composed of an aminophenyl group linking one

end of the CNT and two Cu atoms belonging to the Cu slab. The
I-V characteristics were calculated for the two models under
applied voltages in the range of —5 to +5 V (Fig. 5B). The I-V
curves revealed that the current is greater in the with amino-
phenyl model. We calculated the conductance as di/dV (Fig. 5C),
and in all cases, the with aminophenyl model shows greater
conductance than the without aminophenyl model. This
supports the hypothesis that chemical bonding between Cu and
CNTs, which is covalent, provides a better electron transport

9 \without aminophenylj

.
{ B
I -V+
-> 1l
I ' |
9
s with aminopheny! )
010 mS 70 {MQ
o [ (D)
0.08
0.2 50
" 0.06 40
0.04 30
-5 5 20
-0.2 0.02 10
\Y \'
0.00 0
-04 -5 0 5 -5 0 5

Fig. 5

(A) With and without aminophenyl models attached to nanogold electrodes for /-V curve calculations. The nanogold electrodes

constitute the electron source and drain for the calculations. Nitrogen (blue), carbon (green), hydrogen (white), copper (orange), and gold

(yellow). (B) I-V curves, (C) conductance, and (D) resistance of the with a
curves).
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path compared to mere physical contact. Similarly, the resis-
tance, calculated as dV/dI (Fig. 5D), indicates that the electron
flow is improved when an aminophenyl linker is used to attach
the CNT to the Cu surface. To highlight the advantages of
a linker molecule between a CNT and Cu substrate, zigzag CNT
(8,0) was employed. Specifically, semiconducting CNTs should
showcase the effectiveness of the linker under less favorable
conditions compared to metallic CNTs.

3.2 Proposed mechanism

Fig. 6 shows the proposed reaction mechanism for covalent
bond formation between CNTs and Cu surfaces. Direct Cu-CNT
bonds are not favorable because the outer orbitals of Cu are
more electron rich than those of other d group metals. There-
fore, we aimed to overcome the energy mismatch by using
a suitable linker to connect CNTs and Cu, thus allowing the
successful formation of chemical bonds under mild reaction
conditions.'* Chemical bond formation between Cu and aryl
radicals generated from a diazonium salt was introduced by
Pinson and co-workers and has been widely used by his and
other groups for various applications.®** Lyskawa and Bélanger
et al. used phenylenediamine to generate a monodiazonium salt
containing an amine group that can undergo a second reaction,
and cyclic voltammetry and XPS analyses confirmed that this
salt could be generated in situ by mixing acidic phenylenedi-
amine and sodium nitrite.*® The spontaneous reaction between
Cu and the aminophenyl diazonium salt was used to immobi-
lize aminophenyl groups on the Cu surface. Similar covalent
bond formation has been demonstrated between Cu and
various diazonium salts, including phenyl diazonium salt,

View Article Online

Paper

nitrophenyl diazonium salt, nitro azobenzene diazonium salt,
and fast blue diazonium salt.** When the metal substrate is
more reducing than the diazonium salt, the diazonium salt can
be reduced to form a radical by taking an electron from the
metal surface, and the obtained radical can then react with the
metal surface to form a chemical bond.*”

The proposed mechanism involves the grafting of amino-
phenyl groups onto the Cu surface and subsequent bonding of
the aminophenyl groups to carboxylic functional groups on the
CNT open ends. The energy changes calculated for amino-
phenyl grafting on Cu (100), Cu (110), and Cu (111) suggest that
the grafting reaction is spontaneous. Furthermore, theoretical
calculations provided evidence for covalent bond formation
between the aminophenyl group and the Cu metal slab. The
carboxylic functional group can be formed on CNT surfaces
through treatment with oxidative chemicals, including HNO;,
H,S0,, and KMnQy,, or by plasma treatment.®® In particular, the
use of RF plasma treatment to generate oxygen-containing
functional groups on CNT surfaces has been
demonstrated.**®* Plasma treatment is preferable to liquid-
phase chemical oxidation because it can preserve the CNT
distribution within the array and can avoid the introduction of
chemical oxidation byproducts as contaminants. Similarly,
Kaur et al. covalently bonded plasma-oxidized CNT open ends
to amino-grafted metal surfaces to reduce the interfacial
thermal resistance.** According to the theoretical calculations,
the reaction between the CNTs and the aminophenyl groups
attached to Cu is endothermic. Therefore, external heat must be
provided to promote the reaction between carboxylic groups
and aminophenyl groups.®” To verify the reaction mechanism,

Fig. 6 Proposed mechanism for Cu surface functionalization and subsequent attachment of carboxylic-group-functionalized CNT tips.
Nitrogen (blue), carbon (green), hydrogen (white), oxygen (red), and copper (orange).
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surface characterization techniques were used to identify the
functional groups formed during each chemical treatment step.

3.3 Surface characterization

The elemental composition before and after aminophenyl
grafting on the Cu surface was determined using EDAX
(Fig. S51). The C content increased from 2.6 to 19 at%, the N
content increased from 0 to 1.4 at%, the O content increased
from 0.5 to 2.5 at%, and the Cu content decreased from 96.8 to
76.9 at%. These changes are consistent with the formation of an
organic film containing C, N, and O on the Cu surface upon
diazonium grafting.

The grafting of aminophenyl groups onto the bare Cu surface
was further characterized using XPS. Fig. 7A shows the survey
spectra of the bare and aminophenyl-grafted Cu surfaces. As
expected, the XPS spectrum of the bare Cu surface has charac-
teristic Cu 2p,, and Cu 2p3, peaks at 952.2 and 932.6 €V,
respectively. The peak observed at 530.5 eV for the bare Cu
surface can be explained by trace oxygen on the Cu surface.
Furthermore, trace carbon detected at 284.9 eV can be explained
by the presence of organic contaminants introduced during the
cleaning process or CO, adsorbed from the atmosphere. The
reaction time for aminophenyl group grafting clearly affected
the peak intensities in the XPS survey spectra. The Cu peak
intensities decreased and the carbon peak increased signifi-
cantly upon increasing the reaction time from 5 s (Figure 7A) to
5 min (Fig. S6At), confirming the presence of a carbon-
containing layer on the Cu surface.*® In addition, the
increased C and N peak intensities at longer reaction times
indicate that the diazonium salt can form a multilayer structure
on the Cu surface (Fig. S6AT). Furthermore, the appearance of
multiple peaks in the N core-level spectrum (Fig. S6BT) at longer
reaction times (5 min) suggests the possibility that different
nitrogen-containing species are formed on the aminophenyl-
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grafted Cu surfaces through the reaction of a second diazo-
nium molecule with an aminophenyl group already attached to
the surface, as reported previously.*® The increased intensity of
the oxygen peak after the grafting reaction may be due to the
presence of water on the surface or the adsorption of atmo-
spheric carbon dioxide.*

The core-level N 1s spectrum of the aminophenyl-grafted Cu
surface (5 s reaction time) shows two peaks at 399.6 and
405.2 eV (Fig. S71). The prominent peak at 399.6 eV can be
attributed to amino groups on the metal surface. Similar amino
group peaks have been observed at 399.4 eV for aminophenyl-
attached Au surfaces and 400 eV for diazonium-salt-attached
Cu surfaces.*»®® The weak peak at 405.2 eV can be attributed
to NO, species on the Cu surface, likely due to contaminants in
the sample.® Similarly, the weak peaks observed for the bare Cu
surface are assigned to contaminants.

Fig. 7B shows the experimental IR spectra of the bare Cu
surface, the aminophenyl-grafted Cu surface, and solid p-phe-
nylenediamine. Furthermore, the theoretically predicted IR
spectra of the optimized structures were compared with the
experimental results (Fig. S81). The presence of aminophenyl
groups on the metal surface is indicated by the observation of
C-H, N-H, and C=C stretching peaks. In the experimental IR
spectrum of the aminophenyl-grafted Cu surface, the broad
peak at 3200-3700 cm " corresponds to N-H bond elongation,
and a similar peak appears at 3601 cm ™" in the theoretically
predicted spectrum. The experimental peak centered at
2925 cm ™' can be attributed to C-H stretching vibrations,*%
whereas the corresponding theoretically predicted peak appears
at 3191 cm ™. Badawi et al. observed a similar shift for the C-H
stretching peak in the experimental and theoretical spectra of p-
phenylenediamine.® The peaks at 1490-1654 cm ' in the
spectrum of the aminophenyl-grafted Cu surface can be attrib-
uted to aromatic ring stretching.”® Similar sharp peaks are
observed at 1443-1627 cm™ " in the solid p-phenylenediamine
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(A) XPS survey spectra of (blue) bare Cu and (pink) aminophenyl-grafted Cu surfaces (5 s reaction time). The insets show magnified views

of the N peaks. (B) IR spectra of (a) the bare Cu surface, (b) the aminophenyl-grafted Cu surface (5 min reaction time), and (c) solid p-

phenylenediamine.
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spectrum. For the aminophenyl-grafted Cu surface, the peaks at
1295 and 1180 cm™ " can be attributed to C-NH, stretching and
CH bending, respectively.®® A similar peak has been observed at
1273 em™* for aminophenyl-grafted Au surfaces.*® The multiple
peaks observed in the experimental spectra at 235-1900 cm ™+
are due to the instrumental noise. Table S17 compares the
theoretical predicted vibrational wavenumbers and the experi-
mentally observed values for the aminophenyl-grafted Cu
surface.

To identify the type of bonding between the organic groups
and the Cu surface, physisorbed molecules were removed from
the Cu surface by ultrasonication in acetone for 30 min, and the
remaining groups on the Cu surface were characterized by IR
spectroscopy. The IR spectra of the sonicated and unsonicated
samples are similar (Fig. S9t), suggesting the chemisorbed
nature of the organic groups on the Cu metal surface.

XPS analysis of the plasma-treated CNT array surface was
performed to identify the surface functional groups on the CNT
open ends at the top of the array (Fig. S101). The survey spec-
trum (Fig. S10AY) of the pristine CNT array exhibits a sharp peak
at 285 eV that can be attributed to C. In contrast, the XPS survey
spectrum of the plasma-functionalized CNT array shows two
sharp peaks at 533.08 and 285.08 eV, attributable to O and C,
respectively, which indicate the presence of C- and O-containing
functional groups. Further analysis of the core-level XPS spectra
of the pristine and plasma-functionalized CNT arrays indicates
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that the plasma treatment can effectively generate carboxylic
groups on the CNT open ends. The core-level C 1s spectrum of
the plasma-treated sample exhibits a peak at 288.5 cm ™" cor-
responding to carboxylic functional groups (Fig. S10Cft),
whereas this peak does not appear in the spectrum of the
pristine CNTs (Fig. S10Bt). Furthermore, the core-level C 1s
spectra show peaks corresponding to C-C, defects, and
carbonates at 284.4, 284.8, and 290.8 eV, respectively, for the
pristine CNTs and at 284.4, 285.48, and 291.8 eV, respectively,
for the plasma-functionalized sample. Similar results have been
reported by Malik et al.*® and Datsyuk et al.>”

3.4 SEM characterization

The 3-dimensional nature of the VA-CNTs on the Cu surface was
evaluated using SEM. The orthogonal orientation and vertically
aligned nature of the CNT array connected to the metal surface
can be observed in Fig. 8A. The high-magnification image
reveals clear connections between the metal surface and the
ends of the CNTs at the interface (Fig. 8B). This covalent
bonding technique has potential relevance for electronic
applications because the CNT side walls are not damaged, and
only the CNT tips are involved in bonding, allowing preserva-
tion of the CNT properties, including electrical conductivity.
Furthermore, CNT arrays that are only attached to Cu surfaces
via compression can be easily detached and dispersed into

Fig.8 SEMimagesof CNT VA-CNTs covalently bonded to a Cu metal surface before and after sonication. (A) Side view of the CNT array attached
to the Cu surface. (B) High-magnification view of the open-ended VA-CNTs bonded to the Cu substrate. (C) Low- and (D) high-magnification top
views of the VA-CNT array bonded to the Cu surface after ultrasonication.
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solution under sonication, because of the weak van der Waals
forces between the CNTs within the array. Ultrasonication is
a high-energy method that is commonly used to disperse CNTs
in mixtures.®® For CNTs covalently bonded to Cu surfaces,
ultrasonication in acetone for extended times (up to 30 min) did
not detach the CNTs from the Cu substrate (Fig. 8C). Instead,
the image revealed that the uniformity of the CNT array surface
was lost due to forming aggregates into bundles, typical of CNTs
after solvent interaction, but they all seem to remain attached to
the substrate. Owing to the low density of CNTs in CNT arrays,
individual CNTs tend to aggregate into bundles after sonica-
tion. The combed-hair-like morphology observed in the high-
magnification SEM image of the VA-CNTs bonded to the Cu
surface after sonication indicates that individual CNTs were
drawn during densification and sonication, but their ends
remained fixed to the surface (Fig. 8D). As the tips of the CNTs
remain connected to the Cu surface after 30 min sonication, the
bonds formed between the CNTs and Cu metal are considered
strong. Similar aggregation of CNTs grown as arrays on flat
substrates was observed by De Volder et al. upon solvent
addition.*”

To further demonstrate the bonding strength of the CNTs
attached to the Cu surface, the VA-CNTs were removed using
adhesive tape (Scotch™). The sticky surface of the adhesive was
pressed against the CNTs at the top of the CNT array, and then
the adhesive was peeled off from the Cu surface. SEM images of
the Cu substrate after separating the CNT array with adhesive
revealed a large number of broken CNTs remaining on the Cu
substrate (Fig. S111), confirming the high Cu-CNT bonding
strength. Similar results have been observed for CNTs attached
to metal surfaces using nano-thermocompression.”®*'® Raman
spectra collected from the area where CNTs were connected to
metal and then removed using adhesive tape reveal Raman
peaks indicative of CNT presence, suggesting that broken CNTs
remain bonded to the metal surface. Two specific CNT peaks (D
and G peaks) appear in the Raman spectra (Fig. S121). The D/G
peak ratio is higher (1.8) for the Raman spectrum of broken
CNTs on the metal surface compared to the typical Raman of
the employed CNTs. This indicates that the adhesive tape test
leaves broken CNTs on the metal surface because the strength
of the metal-CNTs bonds is higher than the van der Waals that
keeps them within the CNT array. The robustness of the grafted
aminophenyl linker has recently been employed for the devel-
opment of an electrochemical hydrogen peroxide sensor. It has
shown impressive current response stability when exposed to
high oxidative potentials for 540 h.***

3.5 Electrical resistance measurements at the CNT-metal
interface

Using p-phenylenediamine as a linker between CNT open-ends
and Cu metal has a few advantages. The linking of CNTs and Cu
is facilitated by the two amine groups located at opposite ends
of the p-phenylenediamine molecule, which can participate in
two different reactions with oxidized CNTs and Cu metal. For
effective C bonding from CNTs to metal, metallic Cu is
preferred, because eliminating oxides exposes more Cu atoms

© 2024 The Author(s). Published by the Royal Society of Chemistry
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available for bonding to C. Furthermore, the use of a w-electron-
rich molecule as the linker is expected to improve the electrical
conductivity at the interface because the -electrons can
participate in charge transfer.’® Aminophenyl is a small mole-
cule with conjugated 7 bonds, and therefore we consider it as
a good candidate to evaluate experimentally and theoretically. It
is well known that not all covalent bonds improve the conduc-
tivity, and sigma bonds tend to worsen while 7-bonding
improves it. The interfacial resistance was measured using
a multimeter with a cylindrical probe to form a stable connec-
tion with a section of the top side of the CNT array. It is expected
that light pressure applied on the cylindrical probe (~684 um
diameter) makes a circular contact with the same number of
CNTs. The SEM image in Fig. S13At shows multiple probe
prints at low magnification, while Fig. S13Bf shows a higher
magnification of a single probe print on top of CNT arrays. Each
print contains ~10® CNTs and corresponds to a single
measurement. The experimentally measured interfacial resis-
tance of a bundle of CNTs had an average of 12 Q for 12
measurements, whereas the DFT-calculated value was between
(10-35 MQ) for a single linker molecule bonded to a CNT. We
attribute this to the difference between the number of CNTs
that exist within a bundle in the experimental measurements,
compared to a single bond and a single CNT in the theoretical
calculation. Considering that the linker molecule employed in
this work was not optimized for electrical conductivity, but
experimentally most feasible, the resistance measured is within
a practical range.

4. Conclusion

In summary, theoretical calculations and experimental results
supported and validated covalent bond formation between Cu
metal atoms and carbon in aminophenyl functional groups.
Simulations indicated that a bridge-like bond was formed with
(100), (110), and (111) Cu lattices, although a lower energy single
bond was also observed in one case with the (111) Cu lattice.
Covalent bond formation between the aminophenyl groups on
Cu and carboxylic groups at the open ends of CNTs allowed the
aminophenyl groups to act as linkers between open-ended
CNTs and Cu surfaces. SEM imaging suggested that the CNTs
were connected to the Cu surface, and extensive sonication
experiments verified the strength of the bonding between the
CNTs and Cu. To the best of our knowledge, this is the first
covalent bond formed between open-ended CNTs and metal
surfaces that has the potential to simulate intramolecular-type
electron transport between metals and organic nanotubes.
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