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1. Introduction

Covalently bonded surface functional groups on
carbon nanotubes: from molecular modeling to
practical applicationst

Aleksandra Benko, =
Andrzej Bernasik,

The aim of this work was to investigate how chemical functionalization affects the electronic properties
of multi-walled carbon nanotubes, altering the electrophoretic deposition process: a method of choice
for the fabrication of high quality, all-carbon nanotube (CNT) layers. Wet chemistry methods were applied
to modify the surfaces of CNTs by insertion of various oxygen- and nitrogen-containing groups.
Transmission electron microscopy revealed no significant changes in the material morphology, while
X-ray photoelectron spectroscopy and Raman spectroscopy showed that changes in the chemical com-
position did not translate to the changes in the structure. Molecularly modelled optimized surface func-
tional group geometries and electron density distributions allowed the calculation of the dipole moments
(-COOH = 0.77; =OH = 1.65; ~CON(CH3CHy), = 3.33; —=CONH, = 2.00; -NH, = 0.78). Due to their
polarity, the introduction of surface functional groups resulted in significant modifications of the elec-
tronic properties of CNTs, as elucidated by work function measurements via the Kelvin method and ultra-
violet photoelectron spectroscopy. The work function changed from 4.6 eV (raw CNTs) to 4.94 eV for the
—OH functionalized CNTs and 4.3 eV for the CNTs functionalized with —~CON(CH3CH,), and was inversely
proportional to the dipole moment values. Finally, using CNT dispersions, electrophoretic deposition was
conducted, allowing the correlation of the work function of CNTs and the measured electrophoretic
current with the impact on the deposits’ qualities. Thus, a rational background for the development of
carbon-based biomaterials was provided.

covalent and the strategy applied depends mostly on the target
application. For example, applications that benefit from the

Since raw carbon nanotubes (CNTs) are entirely hydrophobic,
their applications as biomaterials require surface function-
alization. Such modifications are one of the main strategies
to improve the dispersibility in the solvent of choice.
Additionally, the presence of functional groups enables
anchoring of molecules for further modification, including
attachment of bioactive compounds, recently extensively
explored.” Functionalization can either be covalent or non-
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CNTs’ outstanding mechanical and electrical properties will
most often require materials that have a low share of amor-
phous carbon in their structure. While non-covalent
functionalization is more versatile and does not change the
structure and length of CNTs, it has two major flaws: it is
usually temporary (i.e. de-agglomeration can occur after pro-
longed usage) and it does not remove impurities, such as
amorphous carbon or residual metallic catalysts. As a result,
the quality of the obtained products in terms of biocompatibil-
ity is lower.>® Thus, for most applications, especially bio-
medical, covalent modification is the preferred method, even
though it has been reported to alter the structure of CNTs.*”
Among other strategies, oxidation is the simplest and the most
often applied as it removes impurities, shortens the CNTs, and
generates surface groups that are suitable sites for further
modifications.® Oxidized CNTs, typically fabricated via the pro-
tocol established by Smalley and his co-workers,” have been
proven to contain various types of functional groups: carboxy,
hydroxy, carbonyl, etc.'®** Usually, the group types and their
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surface concentration are tailored to meet specific needs, and
the modification process is controlled in such a manner that it
yields materials of the desired level of structural integrity.
Importantly, by obtaining short CNTs that are easily dispersi-
ble in various solvents, one obtains materials that can be suc-
cessfully used as polymer matrix modifiers that bond chemi-
cally to the polymer,"® and drug carriers'* that can be phagocy-
tized"® and biodegraded'® inside the cells. Short CNTs are also
perfect candidates to fabricate high quality, electrophoretically
deposited layers on surfaces which can then be further used in
numerous applications,"” such as biosensors or other elec-
tronic devices'®'® or as biomaterials.>®*" It has also been
reported that the surface oxidation of CNTs is beneficial for
further modifications, tailored to introduce different func-
tional groups for biological applications.**

Covalent modification of CNTs affects not only their impact
on cells or their behavior in various solvents, but also dramati-
cally alters their electronic properties, such as surface charge,
its distribution, and electron-donor properties. These features
indicate the material’s electrochemical applicability and can
also have a direct impact on the interactions with bacteria and
cancer cells, participating in reactive oxygen species generation
or affecting the oxidative stress generated in normal cells.
This, in turn, is known to activate some important tissue pro-
tection, anti-tumor mechanisms.>®> Recently, it has been
reported that there is a direct correlation between bacteria
adhesion to carbonaceous surfaces and the material’s elec-
tron-donor properties, parameterized by the material’s work
function (®).>**72° By definition, & is the amount of energy
that needs to be delivered to the material’s surface to deprive
it of an electron. One of the oldest methods to measure this
parameter is the Kelvin probe which measures the potential
difference between the surface and the working electrode,
recalculated into ®.*” It is worth noting that most of the
research aiming to combine the material’s biological perform-
ance with its surface electron-donor properties is purely phe-
nomenological and there is no insight into how the functional
groups affect the electrochemical properties of CNTs at the
molecular level.

In our recent study,”® we have correlated the work function
values with the biological performance of the electrophoreti-
cally deposited layers of carbon nanotubes. These layers were
composed of CNTs with different types and amounts of func-
tional groups and in our experiments, we have observed that
these materials behaved differently during their handling (dis-
persability) and processing (EPD). A full understanding of the
phenomena guiding this behavior is of great importance as it
creates the possibility for optimizing the functionalization
process to obtain the final product having desired properties.
Hence, by understanding the effect functionalization has on
the CNTs’ dipole moment and electron-donor properties, one
can elucidate the interactions between the CNTs’ functional
groups and the dispersants that are used to process them into
the desired materials. Consequently, one can predict the
material’s behavior during its processing, control the process
(mixing with the solvent, deposition), and fine-tune the final
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product’s performance. This study aimed to identify how does
the introduction of various types of covalently bonded func-
tional groups affect the materials’ properties, (such as surface
composition, charge, and polarity), the resulting functional
features, (i.e. dispersibility in the solvent of choice, ability to
form stable dispersions), the electrophoretic deposition (EPD)
process, and finally, the quality of the carbon-based biomater-
ials. Multi-walled carbon nanotubes (MWCNTSs) were selected
as a model because their shape and size have been proven to
be more appealing for biomedical applications than their
single-walled counterparts.'® Two types of oxidized CNTs were
prepared in accordance with Smalley’s protocol (with modifi-
cations),” using two acidic mixtures of different oxidation
strengths. From these, nitrogen modifications were derived.
The purpose was to test how the electronegativity of the atom
attached to the surface of CNTs can affect the material’s pro-
perties and what are the implications in the processability of
the CNTs.

2. Materials and methods

2.1. Materials

Multi-walled carbon nanotubes were purchased from
NanoAmor company, USA (stock #1213NMGS).”® Concentrated
sulfuric, nitric and hydrofluoric acids, ethanol, acetone,
ammonia, and tetrahydrofuran (THF) were supplied by Avantor
Performance Materials, Poland. Dicyclohexylcarbodiimide
(DCC) and diethylamine (DEA) were purchased from Sigma
Aldrich.

2.2. CNT functionalization

In brief, methods employed for the CNT functionalization by
wet chemistry methods are presented in Fig. 1. In the first
step, chemical oxidation was performed by refluxing in a
mixture of concentrated sulfuric and nitric acids in two
different ratios: 3:1 and 1.5:1. The ratios were altered to
produce environments of different oxidation strengths that
would yield carbon atoms of varying oxidation numbers:
mainly +3 or mainly +2. The heating and washing steps were
identical to those in our previous study.'® The as-received
materials are denoted as HO (high oxidation state CNTs) and
LO (low oxidation state CNTSs).

For the obtainment of amide-modified CNTs, a method
designed by Jeong et al.*® was employed, with small modifi-
cations. 100 mg of HO and LO were separately placed in 50 ml
of THF and dispersed with the aid of a probe sonicator (Vibra
Cell, VCX 130 from Sonics & Materials, Inc.) set to 30% of
maximum power, operating in a constant mode for 2 minutes.
After obtaining a homogenous suspension, 100 mg of DCC
was added to each sample. The flasks were then placed on a
magnetic stirrer and left for 5 hours to complete the reaction
between DCC and oxygen functional groups (mainly carboxyl,
but also hydroxyl, carbonyl, ester, aldehyde), occurring via
deprotonation. Afterward, the as-obtained suspension was cen-
trifuged (Sigma 3k30 centrifuge, 26 K RPM, 18 °C) and succes-
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Fig. 1 Schematic illustration of the applied chemical modifications of CNTs.

sively washed three times with THF to remove any unreacted
compounds and reaction by-products. The as-received CNT
slurry was resuspended in 20 ml of THF and 50 ml of
ammonia (HNH and LNH) or DEA (HDEA) were added to the
mixture. The flasks were placed on a magnetic stirrer and the
mixture was left for 2 h to complete the reaction between the
amine and the DCC-activated functional groups. The suspen-
sions were successively centrifuged in THF, a THF : ethanol
(1:1) mixture, and then ethanol to remove any substrate resi-
dues and reaction by-products, and left to dry in a vacuum
drier (Vacucell 55 Comfort) at 40 °C.

2.3.
CNTs

Morphology, chemical composition, and structure of the

The morphology of the as-obtained CNTs was evaluated using
a transmission electron microscope (TEM, FEI Tecnai TF20
X-TWIN (FEG)), operating at an accelerating voltage of 200 kV.
The samples were prepared as follows: a small amount of each
type of CNTs was dispersed in ethanol using an ultrasonic
probe. The solutions were then drop-cast onto carbon coated
copper TEM grids and left to dry under room conditions for
approx. 30 min.

The chemical composition of the materials was investigated
by X-ray photoelectron spectroscopy (XPS, Vacuum Systems
Workshop, Ltd, England) with the identification of distinctive
chemical states of atoms revealed via deconvolution (XPS Peak
4.1 software). Full details of the experimental procedures can
be found in our previous study.'” The results of the XPS study
were further confirmed by performing thermogravimetric ana-
lysis (TGA, STA 449 F3 Jupiter, Netzsch), which can be used to
reveal the overall amount of functional groups present in the

10154 | Nanoscale, 2021, 13, 10152-10166

sample. Approx. 5 mg of either HO or LO were separately
placed inside the Al,O; crucibles and heated up to 1360 °C
under the protective flow of nitrogen. Further analysis of the
samples’ chemical composition was performed through
Fourier-transform infrared spectroscopy (FTIR, Tensor 27,
Bruker), operating in the transmittance mode. A small amount
of the sample was mixed with 200 mg of potassium bromide
(KBr) and compressed into a pellet. A pellet made from solely
KBr served as a background. Spectra were obtained in the spec-
tral range of 400-4000 cm™', with a 2 em™" resolution. An
average of 128 scans was collected for each sample. Following
the measurement, an atmospheric compensation, manual
baseline correction and smoothing were done using the OPUS
7.2 software.

Micro-Raman spectroscopic measurements were carried out
under ambient conditions using a Renishaw InVia dispersive
spectrometer integrated with a Leica DMLM confocal micro-
scope. Spectra were recorded with a laser line of 514.5 nm, a
50x magnification lens, and a resolution of 2 ecm™'. The
Raman scattered light was collected in the spectral range of
100-3000 cm™" by applying exposure times of at least 15 s. The
samples were investigated in the form of flattened powder.
The Raman spectrum deconvolution for the determination of
spectral parameters was performed with the Fityk 1.3.1 soft-
ware program.

All of the graphs were prepared using Origin 2021 software.

2.4. Molecular modeling

Molecular modeling was performed with the use of an analo-
gous model and at the same level of theory (DFT+D) as in our
previous article.” Briefly, the GGA PBE**?' augmented with

This journal is © The Royal Society of Chemistry 2021
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Grimme®> semiempirical dispersion approximation and the
SVP basis set was used, as implemented in the Turbomole®
5.10 code. The nanotube segment (C,g) has been cut off from
the library-imported nanotube, yielding 22.23 A diameter and
56 C atoms in the zigzag ring. The resultant segment with a
length of 9.37 A, and dangling bonds capped by 56 H atoms
(C-H bond length equal to 1.14 A), was subsequently opti-
mized having the H positions fixed.

2.5. Work function determination

The work function (®) of raw and functionalized MWCNTSs was
determined by the Kelvin probe technique. During the experi-
ments, the contact potential difference (Vepp), which is a differ-
ence between @ of the stainless-steel reference tip (Pper = 4.3 €V)
and @ of the investigated surface, was measured using a
KP6500 probe (McAllister Technical Services). The experimental
parameters such as the gradient of the peak-to-peak versus
backing potential, amplitude, and vibration frequency were set
to 0.1, 40 a.u., and 120 Hz, respectively. The individual Vpp was
an average of 60 successively measured values, each being calcu-
lated based on 32 points. The flattened powder samples were
investigated under ambient conditions. The applied procedure
allows for high repeatability of the measurements with the
experimental error smaller than 0.01 eV.

To confirm the results obtained by the Kelvin probe tech-
nique, two materials having distinctively different @ values were
selected for further evaluation using ultraviolet photoelectron
spectroscopy (UPS). Approx. 10 mg of HO and LNH were separ-
ately placed inside plastic test-tubes and suspended in 3 ml of
the previously established EA solvent.'” The as-prepared suspen-
sions were then transferred into a glove box. Samples were pre-
pared by spin-coating (Osilla) onto gold-covered substrates,
under an Ar atmosphere, and transferred with a transport vessel
under Ar to the UHV system to avoid air-borne surface contami-
nation deposition. The measurement times were kept as short
as possible to avoid the possible UV degradation damage of the
examined materials. UPS measurements were performed on a
PHI VersaProbell apparatus (ULVAC-PHI, Chigasaki, Japan)
using the He I line (21.22 eV) from a UHV gas discharge lamp.
The sample was set to an acceleration potential of —5 V leading
to a much more pronounced secondary electron cut off (SE cut-
off). The work function, measured as the difference between
the photon energy and SE cut-off position, was then calculated.
For each UPS spectrum, the emission features due to the sec-
ondary line excitations of the He-I gas discharge are subtracted.
Since the actual relative intensities of the satellite excitations
depend on the He discharge pressure, the secondary line sub-
spectra were adjusted marginally in intensity to the measured
UPS spectrum and subtracted incrementally starting with the
highest photon energy satellite.

2.6. Impact of the CNTs’ physicochemical properties on the
key process parameters of the EPD

To investigate the impact the surface modifications have on
some of the functional features, solutions of all 5 types of the
as-fabricated CNTs were prepared, separately, as follows.

This journal is © The Royal Society of Chemistry 2021
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Approx. 35 mg of CNTs were placed in a plastic test-tube and
the following solvents were added successively: 7.5 ml of
EtOH, 2.5 ml of acetone, and 2 ml of H,0. Each addition was
followed by 2 minutes of sonication using a probe sonicator.
Thus, suspensions in the EA solvent, like the one established
in our previous studies, were prepared.’”” The stability of the
suspensions (i.e. tendency to sediment through the formation
of agglomerates or flocculation) over a given period of time
was identified by visual inspection.

Independently, the suspensions were evaluated for their
applicability and behavior during the electrophoretic deposition
process (EPD). The set-up was identical to that in our previous
studies, with the DC voltage source (TTi EL561R) set to 30 V, the
distance between electrodes fixed at 5 mm, a stainless steel
plate as the counter electrode, and a titanium plate as the
working electrode. A digital multimeter (Agilent 34405A), con-
nected to a PC equipped with appropriate software (BenchVue),
was used to record the current flowing through the set-up upon
generation of the electric field. The following parameters were
evaluated: (1) the sign of the electrode the particles were de-
posited on, indicative of the overall surface charge sign of
CNTs;* (2) the mean value of the current flowing through the
circuit upon generation of an electric field, with the same
voltage of 30 V applied, indicative of the suspension quality and
an estimate of the CNT surface charge;** (3) having established
the overall surface charge sign and the value of the current
flowing through the circuit upon generation of an electric field,
the value of the applied voltages and the deposition times were
altered to provide similar deposition kinetics for the evaluation
of the deposits’ morphology.** The macroscopic and micro-
scopic observations to evaluate the quality of the deposits were
made using a digital optical microscope (Keyence, VHX-5000)
and a scanning electron microscope (SEM, Nova NanoSEM 200,
manufactured by FEI Europe Company). SEM was operated
under low vacuum conditions, and an ultra-high-resolution
Helix detector was employed.

3. Results

3.1. Morphology, chemical composition, and the structure of
the CNTs

The results of the TEM investigations of the CNT mor-
phologies can be found in Fig. 2. Similar to our previous
work,"”” the CNTs used herein also have graphenic planes
arranged along the axis at a certain angle, which appears to be
irrespective of the chemical treatment, suggesting that this is
an intrinsic quality of the starting material. In all the CNTs,
bends in the structures are visible, characteristic of the pres-
ence of structural defects, which have been reported to facili-
tate the CNT buckling.’> The HO CNTs and their amidized
derivatives HNH and HDEA appear to be shorter than the LO
and LNH CNTs. This suggests that the chemical oxidation
applied for the HO fabrication was more efficient in cutting
the CNTs. The amidization slightly blurs the sharpness of the
graphene planes as compared to the non-amidized materials.

Nanoscale, 2021, 13,10152-10166 | 10155
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Fig. 2 TEM evaluation of the CNT morphology, presented with increasing magnifications.

Since the process itself is conducted in a mild environment,
which should not have altered the level of structural arrange-
ment in HNH, LNH, and HDEA (this can be confirmed by the
fact that in the Raman spectra of these samples, the Ip/Ig
ratios are not increased (ESI Table 3f%)), the sharpness
reduction should rather be attributed to the presence of some

10156 | Nanoscale, 2021, 13, 10152-10166

residues enveloping these CNTs. These are most likely some
DCC residues or a synthesis by-product, dicyclohexylurea. The
presence of some organic residues with carbon in the sp®
hybridization is also supported by the XPS data (ESI Table 17).
One must take into account that the structural arrangement
observed via HR-TEM gives information only about the local

This journal is © The Royal Society of Chemistry 2021
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state of the material instead of providing a more global infor-
mation about the sample’s structure. Furthermore, the sharp-
ness of the planes is random, depending on the CNT align-
ment with the electron beam; only those graphene planes that
are aligned perpendicularly to the beam will be visible. This
might also have contributed to slight blurring of the graphene
planes in HNH, LNH and HDEA.

Deconvoluted XPS O 1s peaks of the tested samples, pre-
sented along with the summary of their overall atomic compo-
sition can be found in Fig. 3. Quantitative evaluation based on
the deconvoluted O 1s peak is given in Table 1. A graphical
representation of carbon and nitrogen deconvoluted peaks,
along with the quantitative evaluation of their chemical states
can be found in the ESI 1-6 and Tables 1 and 2.}

The overall amount of oxygen was 16% in HO and 15% in
LO. The oxygen content in the oxidized samples was further
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confirmed by performing a thermogravimetric analysis: by
heating the CNTs up to 1360 °C under a protective atmo-
sphere. The total mass loss was 14.6% for HO and 10.6% for
LO. After normalizing these values to the atomic masses of
carbon and oxygen and subtracting an average mass loss of
the unmodified CNTs (2%), values of 16.5% and 11.6% were
obtained, respectively. The obtained results and the decompo-
sition steps are in line with the XPS results (ESI 71).>%%”

A reaction with ammonia yielded materials with approx.
12% of oxygen and 2% of nitrogen (in both HO and LO), while
with DEA 14% of oxygen and 2% of nitrogen were obtained,
suggesting that in all cases a reaction between the CNTs and
amine/ammonia took place, with a similar -efficiency.
Deconvolution of the C 1s and O 1s peaks revealed that in LO
and HO there was approx. 30% of the C=C bonds (sp®
carbon), indicating similar amounts of defects/functional
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Table 1 XPS data for the O 1s envelope of the investigated materials

B.E [ev] Oxygen species LO (at%) HO (at%) LNH (at%) HNH (at%) HDEA (at%)
531.3-531.5 N-C=0 2.6 2.5

531.9 C-OH, C=0, CHO 4.6 7.3
532.5-533.3 C-0-C, COO*H, COO*R 5.0 7.1 5.6 6.7 5.7
534.0-535.0 CO*0, acid anhydride, CO*ON 3.4 6.0 3.7 2.9

535.7-536.7 H,0, O, 1.9 2.9 1.3

Total 14.9 16.0 11.9 12.1 14.3

groups in the CNT structure. In LO, another 30% of carbon
atoms were connected via a single bond with oxygen and
carbon atoms (including hydroxy and ether), while 18% were
attributed to the presence of the double bonds between C and
O. These results indicate that the majority of carbon atoms
inside the LO CNTs had a coordination number equal to 2.
Meanwhile, in the HO, nearly 30% of carbon atoms were
found to be connected with oxygen via a double bond,
suggesting a high share of carbon atoms with a coordination
number of 3. Thus, as expected, the two chemical oxidation
strategies yielded environments of different oxidation
strengths, with a higher one found for a higher H,SO, : HNO;
ratio (as for HO). In both types of oxidized CNTs, a reaction
with ammonia causes the formation of amine and amide func-
tional groups, with a slightly higher share of the Ilatter
observed for the reaction with HO, which should be connected
with an initially higher number of carboxyl species in these
CNTs. In HDEA, no new C-N bonds were created, and the
majority of nitrogen atoms were either connected via an amide
bond or due to C-NH-C groups, some of which were from the
diethylamine backbone. In all of the amidized samples, an
increase in the amount of C=C bonds was observed (from 30
to 40% in HNH and HDEA), and this effect was the highest for
LNH (from 30 to more than 50%). This observation indicates
the incomplete removal of DCC or the reaction by-products.
Supposedly, there was some sort of chemical interaction
between the LO and the DCC/by-product, resulting in their
obstructed removal through washing off.**' As our recent
study has proven, the EPD process of HNH and LNH yields
layers with an amount of sp” carbons similar to those of the

- - - -3

Absorbance [arb.u.]

HO and LO.*® This indicates that the EPD process may serve as
a fractioning tool to remove the amidization by-products.

The chemical composition of the CNTs was further investi-
gated using FTIR, operating in the transmittance mode. FTIR
analysis (Fig. 4) of the CNTs fabricated in this study revealed
that there is an appreciable amount of oxygen-based func-
tional groups in both types of oxidized CNTs (HO and LO),
which is indicated by the characteristic bands at 3436, 1700
and 1179 cm ™, attributed to OH and C=O0 in carboxyl and C-
O bonds, respectively. As expected, higher intensities of these
bands are found in HO which was oxidized in an environment
of higher oxidative strength. More importantly, in the HO
sample, the OH and carboxyl-attributed bonds have higher
intensities and there is a small shoulder at 1646 cm™?,
suggesting the presence of another C=0 containing chemical
species. All these observations suggest the presence of a
higher amount of carbon atoms with an oxidation number of
+3 in HO, as compared to LO. Finally, a small-intensity
doublet at 2915 and 2843 cm ™" visible in the spectra of HO,
HNH, LO, and LNH is indicative of a C-H stretching. Together
with the presence of C=O - attributed bonds, this indicates
the presence of small amounts of aldehyde functional groups
in the samples. Another high intensity bond, found in all the
spectra at 1562 cm ™, should be related to the C—=C stretching
vibrations in all samples and to the amide II (N-H) vibrational
modes in HNH, LNH, and HDEA.’>*? In all cases, the DCC-
activated reaction with ammonia had caused reduction in the
intensity of bonds at 1700 and 1179 cm ™", indicating a reac-
tion with the C=0 and C-O bonds, respectively. Reduction of
the C-O bonds was more pronounced in the LO-LNH tran-
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Fig. 4 FTIR analysis of the as-fabricated CNTs. The spectra are offset for better clarity.
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sition. This indicates that in the abundance of carboxyl func-
tional groups, a reaction of amines with hydroxyl groups is
less favored. However, in the state of carboxyl functional group
deficiency, OH groups also become activated by DCC and react
with the amines. In LNH, HNH and HDEA, altered intensities
of the bonds between 1090 and 793 cm™" should be connected
with the presence of amide/amine chemical species, with
higher amounts observed for the HO-derived sample. These
observations suggest that, as expected, the amide formation
reaction was more effective in CNTs with a higher share of car-
boxyl groups (HO).*>** In general, HDEA reveals more complex
shapes of the bonds below 1562 cm™, indicative of the pres-
ence of higher amounts of IR-active bonds, possibly related to
the coupled interactions between the C and O/H atoms.

The presented results show a good correlation with the XPS
analysis (Fig. 3 and Table 1).

The structural changes of CNTs after the treatment have
been monitored by micro-Raman spectroscopy. For all the
investigated materials, the Raman spectra (Fig. 5) exhibited
bands characteristic of multiwalled carbon nanotubes: D (1345
+1cm™?), G (1571 + 2 em™?), D' (1629 + 3 cm™?), and 2D (2868
+2 cm?). A table presenting the peak positions can be found
in ESI Table 3.1 Small differences in the peak positions can
result from the tube bundling, variations in the defect density
and inhomogeneity in the tube size. The G band originates
from the in-plane stretching vibrations of sp*-hybridized
carbon atoms. Both D and D’ bands are typically induced by
the structural disorder coming from the lattice defects, amor-
phous carbon on the outer walls, and/or intercalated ions.>
The 2D band, the first overtone of the D mode, is usually
associated with the degree of carbon nanotube crystallinity.>®

L/, D GD 2D
3 CNTs
s
S
_E' \\ﬂ'\ LO
k)
2 \
a HO
g
£
s LNH
g
(<]
* \/\
HNH
. : \A HDEA
T Ll |
1000 1500 2500 3000

Raman shift / cm

Fig. 5 Raman spectra of the untreated and wet chemistry modified
CNTs with the marked characteristic bands (D, G, D', 2D), presented
along with the Ip/Ig ratio.
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One of the useful parameters, which allows evaluating the
structural disorder of the nanotubes, is the Ip/I; ratio (I is the
integral surface area). Indeed, a decreasing I/l ratio denotes
an increasing degree of graphitization."">” The calculated I,/
I ratios for the investigated carbon materials are presented in
Fig. 5. It is reported that the Ip/Ig of the native CNTs is 1.0,
whereas for the O- and N-functionalized materials the ratios
are slightly higher indicating the reduction of the graphitic
order, the introduction of functional groups, and the for-
mation of defects on the surface during the treatment. In
addition, the area of the 2D band decreased after the CNT
modification confirming that the crystallinity of carbon nano-
tubes has been interrupted. Interestingly, in the HO and LO,
the Ip/I; is identical and equal to 1.7, indicating that the
employed chemical treatment generated a similar amount of
defects in the CNT structures. This result is in agreement with
the XPS analysis, where the number of C=C groups (sp’
hybridized carbon) was the same and equal to 30% for these
two samples. Hence, it can be suggested that both of the
applied acidic mixtures damage the CNT structure to a similar
extent, but in the HO, higher amounts of oxygen and carbon
atoms with higher oxidation states of +2 and +3 are being gen-
erated. Modification with ammonia leads to a decrease in the
Ip/I ratio to approx. 1.3, irrespective of the sample. These
results, combined with the C 1s XPS analysis (ESI Table 1),
indicate the presence of some DCC residues in the samples.
As our previous article suggests, these residues are not de-
posited during the EPD process, indicating its ability to purify
the CNTs by selective deposition. If the CNTs are to be used
in the powdered form, a more thorough purification would be
needed.

3.2. Molecular modeling and work function

For the in-depth insight into the surface functionalities, the
molecular modeling of the generated functional groups was
performed. The collection of the calculated functional groups,
selected based on the XPS results, is presented in Table 2.
Together with the molecular geometry, the electron isodensity
(with the superimposed electrostatic potential) is shown: color
coding represents negative (blue), neutral (green), and positive
(red) potentials. Having the optimized geometry and charge
density, the dipole moments were evaluated, derived from
Hirshfeld atomic charges (see column 4). Due to the different
orientations of the surface dipoles, for the sake of comparison,
their projection in the direction perpendicular to the carbon
surface was determined. It is worth emphasizing that the
values of dipole moments change in a broad range of
0.30-1.31 a.u., and their orientations differ qualitatively from
the negative (—0.61 a.u.) to positive (1.10 a.u.). The obtained
results clearly illustrate the strong impact of the introduced
functionalities on the surface electronic properties and the
possibility of their fine-tuning. This can be done by selecting
the functional groups and adjusting their surface coverage.
One of the most sensitive parameters to monitor the changes
in the electronic surface state is the work function, as reported
elsewhere.>?>*72¢
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Table 2 The structures of the functional groups and models of electrostatic potential superimposed on the functionalized carbon nanotube sur-

faces together with the corresponding dipole moments

Functional groups

Dipole moment/a.u. (component

Formula Structure Model in the normal direction/a.u.)
-CON(CH;CH,), 1.31 (1.10)

~-CONH, 0.79 (0.21)

-NH, 0.31 (0.07)

-COOH 0.30 (=0.02)

_OH 0.65 (—0.61)

As expected, depending on the chemical nature of the intro-
duced functionalities, the work function (®) of the CNTs (4.60
+0.01 eV) can be modified in a wide range. The surface oxygen
species lead to the @ increase, whereas the formation of nitro-
gen-containing groups decreases the @ value. The dependence
between electronic properties expressed as a work function,
and the values of the dipole moments, represented by the
component in a normal direction, are presented in Fig. 6,
where the negative and positive influences are color-coded
(grey shadowing represents the work function increase, con-
nected with the oxidation, whereas the nude one stands for
the work function reduction, created by an amide modifi-
cation). It was observed that the most negative dipole moment
was formed upon functionalization of the carbon surface with
-OH groups and, as a consequence, the work function of the

10160 | Nanoscale, 2021, 13, 10152-10166

LO CNTs is the highest (4.94 + 0.01 eV). The most positive
dipole moment was calculated for -CON(CH;CH,), functional
groups and the experimentally determined work function of
the HDEA CNTs is the lowest one (4.31 + 0.01 eV), whereas for
the rest of the samples the WF values were as follows: HO =
4.84 £ 0.01 eV, HNH = 4.57 + 0.01 eV, LNH = 4.35 + 0.01 eV.

To confirm the work function values determined by the
Kelvin probe technique, two CNTs having distinctively
different @ were selected for further evaluation using the UPS:
HO and LNH. The resultant spectra are given in ESI 8.1 The
spectra were then subtracted from the photon energy value
(21.22 eV), and from these, the work function was found to be
the low kinetic energy cutoff (Fig. 7). The obtained values
revealed very good agreement with the ones obtained with the
Kelvin probe method, showing good accuracy of the latter. It is

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 Work function values of functionalized carbon nanotubes as a
function of the formed surface dipole moments (x components).
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Fig. 7 Work function values obtained through the UPS analysis of the
valence band shift.

important to note that the samples for the UPS were prepared
from liquids under a protective atmosphere, while for the
Kelvin probe analysis the samples were prepared from powders
under ambient conditions. Still, the results showed a good cor-
relation, indicating that the samples are fairly insensitive
towards the atmospheric contamination (or it proceeds to a
similar extent regardless of the material type and the media it
was prepared in (liquid vs. air)).

The experimentally measured changes in the work function
are directly related to the theoretical surface dipoles and can
be described by two models, developed by Helmholtz>® and
Topping,*® respectively.

AD = AneuN

u 9aN3/2\
AP = —N(l + >

€0 4ne

where A@ is the measured work function change, e is elemen-
tary charge, u is the dipole moment, N is the number of adsor-
bates per unit square, ¢, is the vacuum permittivity, and « is
the polarizability.
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The Helmholtz approach assumes a low concentration of
surface species and is narrowed to non-interacting dipoles.
Depending on the dipole direction, a linear increase or
decrease of the work function can be observed. At a higher
surface coverage, according to Topping, mutual depolarization
of dipoles of similar orientation takes place. As a result, the
work function changes in a nonlinear way upon further intro-
duction of surface adspecies.

The observed changes in the CNT surfaces lead to several
important practical consequences. Increasing the polarity of
the surface of the nanotubes allows for the facile preparation
of stable CNT suspensions, which is an initial, indispensable
step for the electrodeposition process. Another important
implication is the generation of surface dipole-solvent mole-
cule electrostatic interactions that influence the hydrodynamic
radius and change the kinetics of the electrophoretic
process.’” This in turn creates the possibility for the engineer-
ing of the deposited carbon film morphology and micro-hard-
ness,’® essential for carbon-based biomaterials. Indeed, as
reported in our previous study,”® the morphology of the EPD
films influences both the adhesion of the cells and the
bacteria.

3.3. Results of the impact of the CNTs’ physicochemical
properties on the key process parameters of the EPD

The functional features of the as-modified CNTs were reflected
by the tendency of the dispersions to sediment/agglomerate/
flocculate and the performance of the EPD process. The EPD
process was followed by the microscopic evaluation of the
obtained deposits. The tendency of the suspensions to sedi-
ment/flocculate was evaluated across 3 months. At this time
point, the solutions were visually inspected and the results are
given in (ESI 9f). No obvious sedimentation was observed
regardless of the CNT type. The suspensions were all black,
with no clear border between the solvent and the CNTs visible.
Thus, in all of the materials, there is a large population of
CNTs for which interactions with the solvents can block spon-
taneous CNT-CNT agglomeration via van der Waals and/or n-=n
forces. Tilting the test tubes upside down and looking through
them at the light source revealed that in all the suspensions,
there was a minute portion of sedimented agglomerates
visible, with the lowest amount observed for the HO. Upon vig-
orous shaking, this sediment disappeared in the HO but was
still observed in all of the other suspensions. This observation
suggests that the carboxyl functional groups are determinants
for long-term suspension stability. Amide modification
increases the particles’ susceptibility to interact with one
another, most likely by reducing the overall surface charge,
and diminishing the solvent-particle interactions.** This effect
is stronger for less polar functional groups such as DEA. OH
modified CNTs (LO) and their amide-modified derivatives are
found to have the highest tendency to agglomerate.

During the EPD, all of the CNTs deposited readily on a posi-
tive electrode, indicating that the overall charge of the CNTs
was negative, irrespective of the functional groups. However,
deposition using a constant voltage of 30 V revealed differ-
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Fig. 8 Current flow during 15 s deposition at an applied value of 30 V and mean current values during the functionalized carbon nanotube layer
deposition as a function of the surface dipole moments (x component: normal to the CNT surface).

ences in the average value of the current flow over a 15 s
period, as presented in Fig. 8. Since the diluent, voltage, elec-
trode, and the distance between them were identical in all the
experiments, differences in the value of the current flow
should be attributed solely to the character of the CNT surface
functional groups, which are the main current carriers in this
EPD process.”® Generally, higher currents were observed for
the CNTs with a higher coordination number and a higher
share of carboxyl-based species (HO, HNH, and HDEA) than
those observed for their counterparts having the majority of
carbon atoms with a coordination number of 2 and hydroxy-
based groups, following the trend: HDEA > HNH > LNH > HO
> 1LO. This is most likely due to the higher dissociation con-
stant of the carboxyl functional groups, as compared to the
hydroxyls. Amine modification increases the current flow, with
the strongest impact observed for HDEA. Meanwhile, the
lowest value was observed for the LO. To further explore this
phenomenon, the mean current flow values were plotted
against the values of the surface dipole moments, associated
with the most abundant surface functional groups. It was
found that a direct correlation existed: the lower the dipole
moment, the lower the mean current flow value. It has been
reported elsewhere that during the EPD process, the applied
DC electrical field induces the polarization of individual nano-
tubes, leading to the generation of dipole moments.**%
Additional influence on the charge of CNTs comes from the
dipole moments formed upon functionalization (introduction
of polar oxygen- and nitrogen-containing functional groups).
As a consequence of the resultant surface charge, CNTs are
aligned in the direction of the electric field, and the movement
of CNTs towards the anode is improved. An inverse correlation
was observed for the work function value: the higher the @
value, the lower the current flow. The results show that the
composite coating becomes coarser when the depositing
current increases (Fig. 9).

Modification of the electronic structure, which can be quan-
tified by the perpendicular component of the dipole moment,
has an impact on the two experimentally measured quantities,
namely the work function and the electrophoretic current
density. Both of them can serve as suitable descriptors when

10162 | Nanoscale, 2021, 13, 10152-10166

tuning the parameters for the electrodeposition process.
Carboxy functional groups yield materials that form stable
CNT-solvent suspensions, having a moderate and nearly linear
current flow during the deposition. Similarly stable deposition
is reported for HNH. Taking into account the biological per-
formance of carbon nanotube-based materials (cytocompatibil-
ity combined with antibacterial and anticancer properties), it
can be inferred that for healthy mammalian cells, the preferen-
tial functional group is CONH,, which exhibits the second-
highest dipole moment normal component.>®

Next, the applied voltage was adjusted, so that the current
flow during the deposition was similar regardless of the CNT
type. The optimal range between 0.8 and 1.5 mA was chosen.
The results of the current flows, recorded for at least 5 inde-
pendent measurements, are presented as a mean + standard
deviation (Fig. 9). The time of deposition was altered based on
the visual inspection of the obtained layers and the results
from our previous studies.'®'” Interestingly, even though the
current flow was the highest for HDEA, the time needed to
deposit layers of visually similar qualities was longer, as com-
pared to that for HNH, which had similar values of the current
flow. This might be due to the fact that a very high conduc-
tivity of the suspension is known to reduce the particle mobi-
lity in the solvent.>* Jan Ma and Wen Cheng found that the
deposit density was lower when a very high voltage was
applied.®” While they did not measure the value of the current,
it is known to increase with the increasing voltage. Thus, the
HDEA films may also be affected by a very high electric field
created in the circuit, possibly causing turbulences in the elec-
trophoretic flux which disturbs the deposition.**

Following the deposition, the samples were subjected to
microscopic observations using a digital, optical microscope
(ESI 10%), and SEM (additional images of HO, LO, HNH, and
LNH can also be found in our recent study).>® These revealed
that the smoothest and the most homogenous layer was
obtained using the HO CNTs, which is in agreement with our
previous studies where high quality and uniform deposits were
obtained for these CNTs."” In this sample, CNTs adhere to one
another along their sidewalls and no agglomerates are visible.
Such alignment suggests good dispersion stability and the

This journal is © The Royal Society of Chemistry 2021
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Fig. 9 Results of the EPD deposition, based on the optimized parameters (time and voltage). The morphology of the deposits was investigated

by SEM.

ability of the CNTs to organize and pack at the material’s
surface during the EPD. Hence, the deposition process was
optimal. Meanwhile, in LO, LNH, and HNH deposits, places
not covered with CNTs are visible and in the case of LO and
LNH layers, agglomerates can be found, indicating that floccu-
lation in the solvent had occurred prior to deposition. Similar
to HO, LO CNTs also adhere to one another along their side-
walls, but the layer is visually less dense, with pores clearly
visible. For DEA, the titanium coverage with CNTs is complete,
but inhomogeneous distribution is apparent, especially at the
sample’s edges.

Thus, the presence of carboxyl groups seems to be the
determining factor for obtaining stable, non-flocculating sus-
pensions, and reduction of the number of these in favor of
hydroxy species results in the formation of agglomerates.

This journal is © The Royal Society of Chemistry 2021

Amide modification is another factor decreasing the suspen-
sion stability and successive deposition; the presence of
various functional groups with different surface charges may
possibly increase the solution’s tendency to agglomerate.

To sum up, the presented results clearly illustrate that the
functional groups generated on the CNT surface have the
determining effect on the electrophoretic deposition process.
Differences in the size and polarity (dipole moments) affect
the solvent ion-surface interactions and thus alter the CNT
flux in the electrostatic field created during the EPD. As the
kinetics of the process is affected, surfaces of different mor-
phologies are obtained. Highly stable suspensions of HO,
which have a low normal component of the dipole moments,
are responsible for static current flow values during the EPD,
creating uniform and highly packed layers (as reported in our

Nanoscale, 2021,13,10152-10166 | 10163
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previous study).'” Higher current flow values in the HNH and
HDEA deposition (due to high values of the normal com-
ponent of the dipole moments) create porous layers, while the
tendency of LO and LNH suspensions to agglomerate (due to
their higher lengths and smaller (ie. consisting of fewer
atoms), less polar functional groups) results in layers of higher
amounts of microstructural features.

As reported in our recent studies,?® the morphology and the
surface chemistry of the generated surfaces both have a
remarkable influence on the biological response, i.e. the inter-
action with healthy cells (fibroblasts), cancer cells (mela-
noma), bacteria (methicillin-resistant Staphylococcus aureus
(MRSA), and multidrug-resistant Escherichia coli (MDR-EC)).
The combined approach involving theoretical modelling and
experiments provides sensible guidelines for designing the
electrophoretic process for the fabrication of carbon-based bio-
surfaces with adjustable properties, specifically tailored to
meet the criteria of the target application.

4. Conclusions

In this work, the fundamental investigations on the chemical
functionalization of carbon nanotubes (CNTs) were performed,
interlacing experimental and theoretical approaches. The
modifications were realized through wet chemistry methods
which resulted in the generation of surface oxygen- and nitro-
gen-containing functional groups. The obtained materials
were thoroughly characterized by several spectroscopic and
microscopic methods, whereas the changes in electronic pro-
perties were quantified by work function measurements.
Insight into the molecular nature of the introduced surface
species was obtained via DFT modeling which allowed to
establish the corresponding surface dipole moments based on
the functional groups’ geometry and electron density distri-
bution. The obtained experimental and theoretical results
clearly revealed that the dipole moments and work function
dramatically change upon functionalization. While the
O-containing groups (-COOH, -OH) lead to a substantial work
function increase from 4.6 eV (raw MWCNTS) up to 4.9 eV, the
N-containing groups (-CON(CH;CH,),, -CONH,, -NH,) lead to
the work function decrease down to 4.3 eV. It was also found
that the changes in the work function were correlated with the
normal component of the generated surface dipoles, evaluated
by molecular modeling (4-coou = 0.30; pomw = 0.65;
H-con(chscuz)z = 1.31; pconmz = 0.79; pinmz = 0.31 au).
Increasing the polarity of the surface of the nanotubes and
generating electrostatic interactions between the surface
dipoles and solvent molecules affected the kinetics of the elec-
trophoretic process. It was found that a direct correlation
existed between the value of the current flow and the normal
component of the surface dipole moments, with lower values
of the latter observed to be favorable. A rational background
for the development of carbon-based biomaterials was pro-
vided with the dipole moments and work function changes
found to be suitable descriptors. Thus, the obtained results
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are found to have a practical aspect and can be utilized while
designing the fabrication process of biomaterial surfaces. The
results of the present study provide new guidance for the
rationale planning of the CNT based material fabrication
process. Fine tuning of the CNT surface electronic properties
can be considered as a suitable tool for obtaining products
that meet the criteria of specific applications.

Experiments on the biological performance of CNTs in the
free form are in progress in our laboratory. Right now, we are
also investigating the separated effects of the surface chemistry
and the morphology of all-CNT layers on the biological
response of different cell types.
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