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ABSTRACT: Doping lignin with carbon nanotubes is a promising strategy for cost-effective high-performance carbon
fibers. We investigate the intermolecular interaction potential of CNT and organosolv lignin with two
main approaches. Experimentally, oxidized purified multiwalled carbon nanotubes (MWCNTs) and beech
organosolv lignins and derivatives are analyzed with their Hansen solubility parameters (HSPs) to assess
their mutual compatibility. Theoretically, dispersion-corrected density functional theory simulations of the
interaction between model molecules and single-walled carbon nanotubes reveal the source of interactions.
We find that oxidation enables and enhances the interaction between carbon nanotubes and organosolv lignin
experimentally, which is in agreement with the enhanced polar interaction found in the simulations.

KEYWORDS: CNT, DFT, Hansen solubility parameters, lignin, oxidation

1 INTRODUCTION

Carbon fiber (CF) polymer composites are valuable
high-performance materials [1]. Their application is
currently restricted to niche industries; their manu-
facturing price—which is strongly coupled with the
CF-precursor cost—remains high [2]. If the current
petroleum-based precursor polyacrylonitrile (PAN)
would, however, be replaced with a cheaper, renew-
able alternative, carbon fibers could potentially be
introduced into high-volume markets.

Lignin—a renewable, highly condensed and highly
branched phenylpropanoid polymer—is incorpo-
rated into all plants as a compression strength agent
[3-5]. This enormous abundance has caused large-
scale research and effort to utilize lignin in mass-
market products, e.g., in polymers or as a specialty
chemical feedstock [6, 7]. Lignin exhibits many func-
tional groups; besides a vast array of interunit bonds
[8], aliphatic and aromatic OH groups are the most
prominent ones. The production of CF from lignin in
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particular has been researched and developed since
the 1960s [1]. In a recent patent, Baker ef al. claim
strong benefits when carbon nanotubes (CNTs) were
included in melt-spun lignin-based carbon fiber pre-
cursors; the final carbon fiber exhibited a 20% increase
in strength as well as a 50% higher modulus [9].

CNTs are small carbonaceous tubes with a diameter
in the nanometer range; they possess a very high aspect
ratio [10]. Depending on their synthesis, they appear
as single- or multiwalled carbon nanotubes (SWCNT
and MWCNT resp.). Radushkevich and Lukynovich
were the first to depict MWCNT [11, 12]. After lijima’s
publication in 1991, a tremendous surge of research
on CNTs and their utilization occurred [10, 13]. CNTs
are generally known for their ability to enhance the
mechanical properties of polymer composites they are
embedded in [14].

In a follow-up to the patent mentioned above, the
authors proposed that poor interfacial adhesion, how-
ever, limited the mechanical reinforcement of CNT [2].
Other researchers also encountered challenges when
incorporating CNT into lignin-based CF precursor
blends; these studies all suggest that the understand-
ing and tuning of CNT-lignin interactions is critical
to the optimum utilization of CNTs in lignin-based

Vd © 2018 Scrivener Publishing LLC 325



Jan Badorrek et al.: Tuning Intermolecular Interaction Between Lignin and Carbon Nanotubes

DOI: 10.7569/JRM.2017.634183

carbon fibers [15, 16]. In principle, the aromatic prop-
erties of lignin and its many OH groups are expected
to be the main interaction partners of the CNT.

The interaction potential of CNT is either inves-
tigated experimentally or in silico. In computational
studies, researchers investigate CNTs and their interac-
tion by means of adsorption simulations. The simplest
of such simulations deals with the adsorption of simple
gases, e.g., O, and N, [17-20]. When researchers explic-
itly want to scrutinize the n-r interactions of CNT, ben-
zene is chosen as the interaction probe [21, 22]. More
complex adsorption simulations have been performed
by Kumar et al., who investigated the interaction of car-
bohydrate models with simplified CNT and graphene
models [23]. Finally, bulk properties related to interac-
tion potential were calculated by Lee and coworkers,
who used molecular dynamics to compute solubility
parameters for a variety of model CNTs [24].

Experimentally, nanotubes and their surfaces are
often modified and functionalized by mechanical,
physicochemical or irradiation methods to improve
their interaction potential [25]. More specifically, oxi-
dation treatments are a popular choice to introduce
surface functions—they alter the noncovalent interac-
tions of the CNT and also present a basis for further
modifications [25, 26]. OH groups, aldehydes and car-
boxylic acids are typical representatives of the many
oxygen-bearing surface functionalities commonly
found on CNT [27]. To introduce these surface func-
tionalities, various oxidizing agents, such as nitric acid
[27] or ambient air, are employed [28-30]. The effect
of nitric acid treatments on the interaction potential
of nanotubes was quantified by Detriche et al. as well
as Branddo et al. — they used the Hansen solubility
parameter concept [31, 32].

The modes of CNT-lignin interaction—the initial
topic of interest—have been proposed for MWCNT-
Kraft lignin systems through dispersion experiments
coupled with Raman spectroscopy. The researchers
determined w-m bonding to be the main contribu-
tion to the noncovalent interaction systems [33, 34].
Hydrogen bonding between the lignins’ OH groups
and the nonfunctionalized nanotubes” surface played
a passive role [34].

To the best of our knowledge there are no accounts on
how oxidation of CNT can be employed to improve the
interaction potential between CNT and lignin. The over-
all goal of this article is to gain insight into the impact of
CNT oxidation treatment on its potential adhesion and
adsorption to lignin and lignin model compounds. We
therefore determine bulk indicators of compatibility
for organosolv lignin and several oxidized MWCNTs
using Hansen solubility parameters. In a second step,
we approximate the different modes of CNT-lignin
interaction by adsorption of small model molecules
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on pristine and defective CNT. In particular, we focus
on possible interactions between OH-containing CNT
and simple cyclic model compounds mimicking com-
mon lignin functional groups. Finally, we compare the
experimental and theoretical approaches.

2 METHODOLOGY

2.1 Materials

Beech organosolv lignin with an Mw of 4300 g/mol and
a PDI of 3.9 was supplied by Fraunhofer CBP (Leuna,
Germany). Thermally purified multiwalled carbon nano-
tubes MWCNT; Graphistrength C100 HP) were supplied
by Arkema, France. They were weighed into 6 g batches
(divided into 6 small porcelain dishes) and were oxi-
dized in a muffle oven at 600 °C for varying times. After
the heat treatment, they were quenched in an excess of
deionized water and subsequently freeze-dried to yield
oxidized multiwalled carbon nanotubes (o-MWCNTs).

2.2 HSP Determination

Predictions on the miscibility and compatibility of two
substances can be derived from the Flory-Huggins
theory [35, 36], where the free energy of mixing is
derived from the number of moles 7, the volume frac-
tion ¢, and the interaction parameter y, :

AG, =RT[mIn¢g +n,In¢, +mz,] (1)

where R is the universal gas constant and T is the tem-
perature. The interaction parameter y,, is given by:

Vi

G-af+n @

Jo=Xut =

where y,, and y, are the contributions to the total inter-
action parameter due to enthalpy and entropy; V| is
the molar volume and J,; _,, are the Hildebrand solu-
bility parameters. The latter are equal to the square

root of the cohesive energy density [37]:

;= \/AHU—RTz \/Ewh @
v v
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Here, AH  represents the heat of vaporization and E_,
is the cohesive energy. The latter is determined as the
sum of all noncovalent bonds.

Miscible pairs are characterized by a small y ,, viz.,
a close similarity in solubility parameters. Therefore,
comparing the solubility parameters of two com-
pounds provides information on their theoretical mis-
cibility, viz., their mutual compatibility.
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Hildebrand’s solubility parameter was deconvo-
luted by Hansen into three components, representative
of three possible types of intermolecular interactions
[38]:

O =0+ 0+ 0 4)

where J,, is the contribution due to dispersion forces,
J, the contribution due to polar interaction and J,, the
contribution due to hydrogen bonding and other elec-
tronic effects [38, 39]. When molar volumes—and by
extension y —are not easily accessible, the Hansen
solubility parameters also offer a solution to predict
and quantify bulk interactions; this is the case in our
work.

To judge the compatibility of the organosolv lignin
with the (0-)MWCNT, we use Hansen's relative energy

distance (RED) given by:

RED = R, = \/4(()}72 — )2 +((5P;{_ 1 )2 +(§H2 O )2 (5)
0

&

where R is the distance between the centers of the two
solubility spheres and R, is the experimentally deter-
mined radius of the lignin’s solubility sphere [38]. If
RED <1, then two substances are compatible—at least
one center of a HSP sphere lies within the other HSP
sphere. If RED, , < RED,, ., then A and B are more
compatible with each other than A and C.

The solubility parameters of the organosolv lignin
and all MWCNT samples were determined according
to Hansen’s method [38]. We attempted to dissolve and
disperse, respectively, all samples at a concentration of
1 mg/mL. After 24 h, the suitability of the solvents to
dissolve or disperse the given samples was evaluated.
The solvent table can be found in the Supplementary
Data.

2.3 DFT Simulation

The DFT adsorption simulations were realized within
the grid-based GPAW package [40, 41]. The structures
were set up within a supercell of 48 A in both x and y
directions. Periodic boundary conditions were applied
in the direction of the tube—the z direction, ~12.3 A in
length—and zero boundary conditions in perpendicu-
lar directions. The simulation grid contained 256 grid
points in both x and y directions as well as 64 grid
points in z direction. Due to the grid-based nature
of GPAW, basis-set superposition errors were of no
concern.

All structures were optimized until a force gradi-
ent of 0.02 eV/A was reached. The total energies were
calculated with a TS09-corrected PBE exchange-corre-
lation functional [42, 43].
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An (8,8) armchair single-wall carbon nanotube
(SWCNT) with a diameter of 10.8 nm was used as a
model for the carbon nanotubes. The unit cell con-
tained 5 repetition units of ~12.3 nm length pointing
in z direction. The surface structure was also altered.
Either the nanotube exhibited a pristine surface
(SWCNT) or a Stone-Wales defect aligned oblique to
the SWCNT axis (sw-SWCNT). The latter represents an
important class of in-plane defects commonly found in
CNT [44]. As a third surface variation, the nanotube
was functionalized with a hydroxyl group (o-SWCNT)
in order to mimic one of the various effects of CNT
oxidation [28]. There are many other oxygen-bearing
functional groups encountered in CNT [27] that could
be subject to further investigations. The same is true
for structural defects arising through oxidation [28].

The adsorption energies E_, of six small cyclic probe
molecules (cyclohexane, cyclohexanol, methoxycyclo-
hexane, benzene, phenol, anisol) on the SWCNT were
calculated. E , is defined as the difference between
the total energies of the adsorption complex E, ;. ¢,
and the sum of the individual reactants’ total energies
E ATS09 and E 550 AS indicated, these energies were cal-

culated at the TS09-level:

Eus = EA+B,TSO9 - (EA,TSO9 + EB,TSO9) (6)

Similarly, we calculated the E , of a p-SWCNT
dimer, of an sw-SWCNT adsorbing on an SWCNT and
of an 0o-SWCNT adsorbing onto an SWCNT.

The adsorption energy E , is composed of approxi-
mately four contributions stemming from different
fundamental noncovalent interactions [23, 45, 46]:

E. =E
+E

+E

ads electrostatic induction

@)

exchange—repulsion + Edispersive

The first three terms on the right-hand side are
included in the total adsorption energies calculated
at the PBE level. We summarize them within the term
E

polar®

E +E.

induction

+E

polar =E electrostatic

= EA+B,PBE - (EA,PBE + EB,PBE )

Finally, E
of E, and E

exchange—repulsion

can be derived from the difference

dispersive

polar®

Edispersive = Euds - Epolar (9)

Prior to the actual adsorption simulations, the con-
vergence of E , with respect to k-points in z direction
was investigated in a smaller supercell (24 A x 24 A
x ~13.3 A) with identically spaced grid points (128 x
128 x 64). It became clear that the I'-point is already
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sufficient to achieve convergence of E , of benzene on
a (4,4)-SWCNT within 1 meV. Similarly, the influence
of the periodic boundary conditions on the isolated
benzene molecule was found to be less than 1 meV.

3 RESULTS

3.1 HSP Determination

The experimental dissolution/dispersion data was
fit with the single-sphere genetic algorithm supplied
by HSPiP 5.0.06. The resulting HSPs of (o-)MWCNT
are depicted against the oxidation treatment time in
Figure 1a. We find that the initial MWCNTs are char-
acterized by slightly larger dispersive, but fundamen-
tally lower polar and hydrogen bonding parameters
than those found in the organosolv lignin (see Table
1). Their pairwise RED is equal to 1.3, suggesting low
dispersibility of MWCNT in lignin.

With increasing oxidation time, the nanotubes’ J,
decreases while J, and 6, increase (see Figure 1a). This

5, (MPa/2)

0 i i i i 1

0 20 40 60 80

(a) Treatment time (min.)

is expected: an increase in oxygen-bearing surface
functional groups is supposed to enhance the nano-
tubes’ surface polarity and hydrogen bonding capac-
ity. The decrease in J,, suggests that the nanotubes’
n-clouds are successively being rendered sterically
inaccessible. Most probably, the growing amount of
OH groups presents a steric hindrance.

Thus, the o-MWCNTs at first become more similar
in properties to the organosolv lignin, facilitating com-
patibility after 30 min of treatment time. Intermediate
oxidation times of around 45 min yielded the best
compatibility (RED = 0.32) in this work.

From Figure 1a it is not clear whether a convergence
in HSP is reached for the o-MWCNT after 45 min. With
a treatment time of 45 min or higher, o-MWCNTs group
to the right of the organosolv lignin’s HSP sphere cen-
ter, as shown in Figure 1b. o-MWCNTs with a treat-
ment time of 30 min or lower group to the left.

Detriche et al. proposed a two-sphere HSP fit to gain
insight into the dispersion behavior of oxidized CNT
[32]. When treating our datasets of o-MWCNT with
the two-sphere genetic model supplied by the HSPiP

(b) )

Figure 1 (a) Influence of treatment time on the Hansen solubility parameters of o-MWCNT. The broken line represents the
respective HSP (on top, d,, is in black, in the middle, J, is shown in red and on the bottom J,, is plotted in blue) of the organosolv
lignin. (b) HSP sphere of organosolv lignin (large sphere) and (o-)MWNCT (small spheres). Wired MWCNT spheres lie outside
of the green organosolv lignin’s solubility sphere while solid MWCNT spheres lie inside, indicating good interactions in the
latter case. The red arrow indicates increasing oxidation time of the o-MWCNT.

Table 1 Hansen solubility parameters of organosolv lignin as well as selected (0o-)MWCNT.

Sample 5, [MPa"?] 3, [MPa"?] 5, [MPa"?] R [MPa"?]
Organosolv lignin 17.6 11.8 10.8 8.0
MWCNT 20.5 5.9 45 39
o-MWCNT (90 min) 154 154 13.8 79
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software, our results are much alike (see Figure 2):
one sphere is characterized by a high J,, (~20 MPa'/?),
but low 6,, J,, and R (each around 5 MPa'/?). This first
sphere represents the still unmodified MWCNT frac-
tion. The second sphere displays a slightly lower 6,
(~17 MPa'?), while 6, and J,, are now much higher
(~15 MPa'/? and ~12 MPa'/2 resp.)—this represents the
functionalized nanotube fraction. Conclusively, the
overall—single-sphere—HSP of (0-)MWCNT is domi-
nated by the unmodified fractions at lower oxidation
times. The influence of the modified fractions is over-
whelming at higher treatment times.

Thermal oxidation of MWCNT with air—followed
by quenching in water—therefore facilitates good
interaction between CNT and organosolv lignin. We
could not determine whether prolonged treatment
times enhance the interaction further. In order to
understand the underlying molecular scale phenom-
ena, we report selected results from a computational
adsorption study of simplified lignin model molecules
on SWCNT in the next section. The full study will be
published elsewhere.

20

16

12

2

3.2 Adsorption Simulation

3.2.1 Pristine SWCNT (and Stone-Wales
SWCNT)

We have modeled the adsorption behavior of six
cyclic model molecules on pristine (8,8)-SWCNT as
a model to mimic the interactions between pristine
MWCNT and lignin in a strongly simplified man-
ner. We use six probe molecules that were selected in
order to cover the various small structural motives
which can be found in lignin. Phenol and anisol are
representatives of lignin’s ubiquitous substituted
phenyl rings. Cyclohexanol serves as a model for the
aliphatic OH-functions. Cyclohexane exemplifies the
sp*-hybridized carbons of the side-chains. Benzene is
a model for the sp*hybridized carbon atoms in either
the side-chains or in the phenyl rings and methoxycy-
clohexane serves as the aliphatic counterpart of anisol.

The total adsorption energies E_, of these molecules
interacting with the pristine SWCNT are shown in
Figure 3. All six probe molecules are attracted by the
SWCNT as evidenced by the negative total adsorption

r

L oY

o

Figure 2 A two-sphere HSP fit to raw solubility data (sphere = good solvent, box = red solvent) according to Detriche et al. [32].
The dataset shown was recorded for o-MWCNT treated for 90 min.
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Figure 3 Adsorption energies of small molecules on a (8,8)
p-SWCNT. The adsorption energies due to electrostatic
interactions E =~ are depicted in dark gray, the total
adsorption energies E_, are given in solid black lines and the
adsorption energies due to dispersive interactions E
are plotted in light gray.

dispersive

energies E_, . All adsorption complexes were found to
be most stable when the probe molecules were aligned
parallel to the surface of the SWCNT, in agreement
with what has already been reported for benzene [47].

The lowest binding is found in cyclohexane and the
changes in binding energy relative to this molecule
can be understood as follows. Attractive interaction is
virtually unchanged upon addition of an OH group
(cyclohexanol, only ~20 meV difference). Roughly
~100 meV is gained by either adding a methoxy group
(methoxycyclohexane) or by reducing the six-ring to
benzene, which introduces aromaticity. Combining
both aromaticity and functional groups on the six-
ring, the adsorption is enhanced by up to ~200 meV
as compared to cyclohexane. With exception of the
sp*-hybridized carbons, all structural motifs in lig-
nin— i.e., the sp*hybridized carbons, hydroxyl and
methoxyl groups as well as combinations thereof—
are thus good interaction partners for the pristine sur-
face sections of CNT.

Energy deconvolution in Figure 3 reveals the domi-
nating effect of the dispersive interaction on the total
adsorption energy between probe molecules and the
p-SWCNT. In contrast, the polar contribution is found
to be always positive, i.e., nonbinding. Similar obser-
vations were reported by Kumar et al. [23] as well as by
Hassan et al. [48]. The observed binding energy trends
were not altered significantly with the introduction of
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the Stone-Wales defect into the SWCNT (not shown;
details will be pubslished elsewhere). Therefore, such
in-plane defects have little effect on the CNT-lignin
interaction potential.

3.2.2 SWCNT Functionalized with OH
Groups

Having gained a basic understanding of the adsorp-
tion energy between pristine SWCNT and our model
compounds, we turn to adsorption on o-SWCNTs. All
molecules were set up to adsorb directly onto the top
of the OH group, therefore mimicking a nanotube’s
surface densely functionalized with a less accessible
carbon backbone. The respective binding energies are
shown in Figure 4.

The introduction of the OH group changes the inter-
action behavior substantially. Generally, E , is strongly
reduced, except for cyclohexanol and methoxycyclo-
hexane. These two molecules gain binding energy by
forming hydrogen bonds while resting on top of the
OH group (see Figure 5a). Similarly, phenol does not
align anymore to the nanotubes surface, but remains
erect above the OH-function, having also formed
a hydrogen bond (Figure 5c). The total adsorption
energy of all aromatic compounds bound to 0o-SWCNTs
is clearly lower than when bound to pristine SWCNT.

Apart from the actual structures, these changes can
also be observed in the deconvoluted energies: the
hydrogen-bonding complexes—formed between the
0-SWCNT and cyclohexanol, methoxycyclohexane or
phenol—exhibit attractive polar interaction as reflected
by negative, i.e., binding E , , compared to the respec-
tive SWCNT complexes. However, these energetic
gains do not compensate for the substantial loss in
dispersive attractive interaction as E, . declines
by up to ~500 meV. The reduction in E, . interac-
tion towards 0-SWCNT is particularly pronounced for
the aromatic compounds, explaining the overall loss
of attractive total E ,. A similar effect was reported
by Kumar et al., who observed that the total bind-
ing energy of carbohydrate-CNT-model complexes
diminishes by 100 to 200 meV when OH-n-binding is
enforced, as the dispersive binding component dimin-
ished by up to 400 meV [23].

This is not surprising: the London-type interactions,
fromwhich E, . stems, diminish proportional to the
sixth power of the inverse distance between the inter-
acting partners and are thus short-ranged [43, 49]. The
OH group acts as a spacer between the probe molecules
and the nanotube surface, interfering with dispersive
adsorption interaction due to steric hindrance [48].

These results indicate that if lignin is made to adsorb
directly onto a CNT with a densely functionalized sur-
face, the overall attractive interaction is diminished in
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Figure 4 Adsorption energies of small molecules on an
(8,8) 0-SWCNT. The adsorption energies due to electrostatic
interactions E, ~are depicted in dark gray, the total
adsorption energies E_, are given in solid black lines and the
adsorption energies due to dispersive interactions E are

dispersive

plotted in light gray. The half-broken black line represents
E . on SWCNT; the data is taken from Figure 3.

Figure 5 Adsorption complexes of (8,8) 0o-SWCNT and (a)
cyclohexanol, (b) anisol or (c¢) phenol.

comparison to adsorption on the pristine CNT because
the additional hydrogen bonding does not compensate
dispersion interaction losses. For lesser degrees of surface
functionalization, where lignin could adsorb dispersively
between the OH-functions, the additional hydrogen
bonding—exemplified by the phenol-o-SWCNT adsorp-
tion complex—can slightly strengthen the adsorption.

In summary, a favorable adsorption energy in pris-
tine SWCNTs stems mostly from dispersive energy.
E ;i rsice 1 enhanced by sequential functionalization of a
cyclic alkane with functional groups commonly found
in lignin. These include hydroxyl and methoxy groups
as well as sp*hybridized carbons. For o-SWCNTs5, the
total adsorption energy to model compounds is over-
all less favorable than for p-SWCNTs. In particular,

J. Renew. Mater., Vol. 6, No. 3, April 2018

aromatic compounds lose attractive dispersive forces
due to steric hindrance. H-bonding adds to Epalm’ but is
not strong enough to compensate the attraction losses
fully.

3.2.3 Effect of Defects and Functionalization
on CNT Aggregation

Two SWCNT aggregates are shown in Figure 6. They
exhibit slight ring deformation, even after the struc-
tures were relaxed. Nevertheless, these aggregates
serve as simple models to understand the effect of sur-
face functional groups in SWCNT and, by extension,
MWCNT self-aggregation.

The deconvoluted total adsorption energies E , of
SWCNT aggregates are given in Table 2. Similar as in
binding to molecules, Stone-Wales defects have only
marginal influence on the binding energies. In con-
trast, aggregation is severely impeded by out-of-plane
defects that hinder the SWCNT approach to dispersion
interaction distance. Therefore, CNT-oxidation simul-
taneously interferes heavily with CNT self-aggrega-
tion, which in turn boosts the relative favorability of
CNT-lignin complexes over CNT-CNT aggregates.

With this in-silico understanding of the effect of
OH-functionalization of SWCNTs on adsorption
energy with lignin models, we now turn to seeing
how these theoretical predictions are connected to the
experimental determinations of compatibilities.

3.3 Connection of Experiment and Theory

To better compare the results of our simulations with
our experiments, we reduce the initially three-dimen-
sional Hansen parameter into two dimensions by
summing up polarization and hydrogen bonding con-
tributions to [50]:

g =+ 7 (10)

These parameters are compiled in Table 3 for
MWCNT variants and our model compounds. Please
note that methoxycyclohexane’s values were calcu-
lated with the Y-MB algorithm supplied with the
HSPiP software (v5.0.06) since no experimental data
was available. The table shows that the large J,, of
MWCNTs is reduced in o-MWCNT and that this effect
is opposite for J,.

Gauging the interaction between two partners in
the now two-dimensional solubility parameter space
is done by determining the absolute energy distance
between the two partners:!

'We can only determine the absolute, and not the relative energy dis-
tance, because we are missing the solubility radii R,
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(a)

Figure 6 (a) Model dimer of pristine (8,8)-SWCNT viewed
along the length of the nanotubes. (b) Model dimer of
pristine and o-SWCNT.

Table 2 Energetics of different SWCNT aggregates. Pristine
(SWCNT), SWCNT with Stone-Wales defects (sw-SWCNT)
and OH-surface functions (0-SWCNT) are considered.

CNT aggregate E  [eV] IEPDIm [eV] |E dapersiue [eV]
SWCNT vs. -1.44 1.16 -2.59
SWCNT

sw-SWCNT vs. -1.37 1.12 -2.49
SWCNT

0-SWCNT vs. -0.29 1.00 -1.29
SWCNT

AED=\4(0), =) +(4,-a,) an

In accordance with Hansen, we did not just define
AED as the geometric distance between the two inter-
actants, but opted to also double the weight of the 51),1'
difference [38].

We also list our binding energies between CNTs
and the model molecules from the previous sections. In
Table 3, the largest variations are found within binding
to o-MWCNT. With the exception of methoxycyclo-
hexane, the o-MWCNT binding energies anticorrelate
to the 6, values. We analyze this effect further below.

The AED and E_ , dataset of o-MWCNT—with 90
min treatment time—and o-SWCNT, respectively, do
not correlate?, as is depicted in Figure 7. No equivalent
linear correlation occurs for the case of pristine and
non-oxidized CNT, respectively. Similar to Lee et al.,
we surmise that simulations employing perfect
SWCNT do not fully model real non-functionalized
nanotubes; real-world imperfections like residual
catalysts or random functionalization are neglected
[24]. Since our DFT simulations involving sw-SWCNT

“Note that the datapoint for methoxycyclohexane was not considered
in the fit since the HSP values used were only predicted. Especially
for d,, d,, and thus for J,, predictions can lack reliability [50].
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yielded results very similar to those with pristine
SWCNT, in-plane defects in the outer walls of the
CNT are not the cause for these deviations.

The non-correlation between AED and binding
energies is not surprising as these are different quanti-
ties and cannot be directly compared. Binding energies
are more related to the squared Hildebrand solubility
parameters, which are energy densities (cf. Equation
3). In the special case of o-MWCNT the AED is mainly
determined by the difference in J, as the probe mol-
ecules show large variations in this quantity. They dif-
fer much less in 6, which is furthermore rather similar
to o-MWCNT. As 6, in o-MWCNT exceeds all molecu-
lar ¢, (cf. Table 3), the molecular J, practically deter-
mines the AED.

The ¢, itself is determined by the polarization
contribution E , . In order to compare these quanti-
ties directly we need to scale the binding energy by a
volume. For simplicity, we use the solvent excluded
volume [51] of benzene in water, V. =133 A3, for

benzene

all probe molecules. Figure 7b shows that the molecu-

2 E olar .
lar and —2 are indeed closely related even on

benzene
a quantitative level. In practical terms, this translates

to the strength of the noncovalent OH-X bond being
determined by the nature of the adsorbing molecule
with the o-SWCNT’s contribution remaining constant.

4 CONCLUSIONS

In this article, we reported on our efforts in control-
ling and understanding the interface of organosolv
lignin and pristine and oxidized carbon nanotubes.
Experimentally, we found that pristine MWCNTs do
not favorably mix with lignin, while intermediate
degrees of MWCNT oxidation significantly enhance
the MWCNT-lignin interaction potential.

These experiments were amended by DFI-
adsorption simulations using model molecules—
containing basic functional groups that appear in
lignin—and pristine as well as functionalized SWCNT.
We found that the interaction to pristine SWCNTs is
enhanced by OH or methoxy groups and by aromatic-
ity. Functional groups on 0-SWCNTs reduce the inter-
action due to steric hindrance. While there is no direct
connection between DFT binding energies and RED for
pristine SWCNT or oxidized SWCNT, the 0;2 of the six
probe molecules could be quantitatively related to the
polar binding contribution from our o-SWCNT DFT
scenarios. Further analysis revealed that this is a con-
sequence of the dominating polar binding contribution
that mainly determines the absolute energy distance
AED.
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Table 3 Two-dimensional solubility parameters and of selected (0-)MWCNT and small probe molecules (* = HSP values pre-
dicted) in comparison with computational binding energies.

E,, [eV]
o, [MPa"?] o [MPa"?] R [MPa'?] SWCNT 0-SWCNT

MWCNT 20.5 7.5 3.9 -1.44

o-MWCNT (90 min) 15.4 20.8 79 -0.29

Cyclohexane 16.8 0.2 - -0.37 -0.13

Cyclohexanol 17.4 14.1 - -0.35 -0.38

Methoxycyclohexane* 16.5 5.0 - -0.49 -0.47

Benzene 18.4 2.0 - -0.45 -0.12

Phenol 18.5 16.0 - -0.50 -0.16

Anisol 17.8 8.2 - -0.59 -0.14

25.00
20.00
& A
= 15.00
[ o
3
2 10.00 o .
< A
[ ]
5.00 ¢
0.00
-0.6 -0.5 -04 -03 -0.2 -0.1 0
(a) Eads (eV)
300.00
250.00 @
5 200.00 ¢ y=-1,1753x + 85,771
s R?>=0,9579
~. 150.00
[%e)
100.00
50.00 ”
&
0.00 "o,
-150 -100 -50 0 50 100
Epolar/Vbenzene (MPa)
(b)

Figure 7 (a) Plot of total adsorption energies absolute energy distance AED against E_,_for both pristine (filled circles) and
oxidized (unfilled diamonds) systems. The latter has been least-square fitted with a linear equation. (b) Correlation between

E polar

E

J% and and with being derived from 0-SWCNT. The datapoints for methoxycyclohexane - indicated by triangles
a polar g P ycy y g

benzene

- are treated as outliers due to lack of reliable HSP data.
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Our combined experimental and theoretical study
showed that clear trends can be delineated for the
solubility of oxidized carbon nanotubes: While the
introduction of OH-functions to MWCNT enables
CNT-lignin interaction through hydrogen bonding it
diminishes dispersive interactions that dominate at
early oxidation stages. With increasing functionaliza-
tion density, the CNT-n-system becomes inaccessible
and the main mode of interaction slowly changes
to hydrogen bonding interactions. At all oxidation
stages, the CNT reaggregation is severely impeded,
thus favoring CNT-lignin interaction.
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