RSC Advances

RSC Advances

ROYAL SOCETY
OF CHEMISTRY

ROYAL SOCIETY
OF CHEMISTRY

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. This Accepted Manuscript will be replaced by the edited,
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

WwWWw.rsc.org/advances



Page 1 of 24

10

15

20

25

30

35

40

RSC Advances

Insights into the adsorption of simple benzene derivatives on carbon

nanotubes

Yonglan Liu,”* Jin Zhang," Xiaohua Chen,® Jie Zheng,” Guixue Wang," and Guizhao Liang*a

“ Key Laboratory of Biorheological Science and Technology
Ministry of Education, School of Bioengineering
Chongqing University, Chongqing 400044, China, E-mail: gzliang @cqu.edu.cn

b School of Chemistry and Chemical Engineering, Chongging University, Chongqing, 400044,
P. R. China

¢ Department of Chemical and Biomolecular Engineering
The University of Akron, Akron, Ohio 44325, USA
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Figure S1 displays two types of m-m packing; Figure S2 displays the bridge configuration of
the benzene-SWCN system; Figure S3 displays the difference of surface characteristics,
dipole moments and orbital energies between benzene and its derivatives; Figure S4 indicates
the dihedral angle formed by 4 atoms in chlorobenzene; Figure S5 displays the difference of
dipole moments between SWCNs and X-IntSWCNs; Figure S6 displays the difference of
various energies between SWCNs and X-IntSWCNs; Figure S7 displays the final optimized
configurations of 25 molecule-SWCN systems in water; Text S1 summarizes the
electronegativity(substituent)-adsorption relationships; Table S1 lists Cook's distance and
leverage values of 25 simple molecules; Table S2 lists substituents and dihedral angles (@) of
25 simple molecules; Table S3 contains various predicted energies (kcal/mol) for 25
molecule-SWCN systems in the gas phase; Table S4 contains various predicted energies
(kcal/mol) for 25 molecule-SWCN systems in water; Table S5 lists the Cartesian coordinates
for 25 molecule-SWCN systems in the gas phase and water calculated at the M062X/6-31G(d)
levels of theory.
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To explore the adsorption characteristics of small molecules on carbon nanotubes (CNs) is
important for rational design of CN-based materials for many applications. In this work, we
construct a quantitative structure-activity relationship (QSAR) model to predict the adsorption
of 25 simple benzene derivatives on CNs, and investigate the molecule-SWCN interactions by
density functional theory (DFT) calculations, with the M062X functional at the 6-31G(d)
basis set. The QSAR model exhibits a regression correlation coefficient (erz) of 0.986 and a
cross-validated coefficient (chz) of 0.968. A total of more than 200 optimizations are carried
out to determine preferential interaction modes, binding conformations, and underlying
driving forces of the molecule-SWCN systems. We show the bridge configuration is the
preferred molecule-SWCN interaction mode, which is mainly governed by n-n stacking; the
molecules have experienced a significant electron rearrangement whereas the SWCNs have a
weak one due to the molecule-SWCN mutual forces; and the substituents play dual effects on
the adsorption by two ways, i.e., indirectly affecting mn-m stacking by altering the electron
density of the benzene ring and directly interacting with the nanotube surface. This work
provides insights into noncovalent functionalization of CNs, and adsorption and desorption of
simple organic molecules on CNs.
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1. Introduction

Carbon nanotubes (CNs) including single-walled and multiple-walled CNs (SWCNs and
MWCNs) have continuously attracted considerable attentions since the first discovery in
1976." Their unique functional, mechanical, electrical, and optoelectronic properties
outperform classical materials of organic polymers and semiconducts” in a broad range of
fundamental and practical applications, including electronic devices,” nanowires, quantum
computers,4 and drug delivery carriers and diagnostic devices.” © High-performance of
CN-based materials heavily relies on their synergistic interactions with many different host
materials. Such synergistic interactions often involve different noncovalent forces and
complex interplay among CNs, host materials, environmental molecules, and other involved
molecules of interest.

Study on the interactions of small molecules with CNs is critical for (i) indirectly mapping
the characteristics of the ‘nano-bio’ interface,’ (ii) fundamentally understanding how CNs
effectively adsorp toxic organic chemicals from their surrounding environments,” ’ and (iii)
providing insights into functionable CNs with specific plroperties.g’11 Significant efforts and
great progress have been made to study molecule-CN systems.lz'15 However, how molecules
and CNs interact with each other is still poorly understood due to complex interplay among
small molecules, CNs, and environments. '

Computational approaches are often used to investigate actions of CNs with various small
molecules, thereby to assess potential risk and new functions for the CNs conjugated with
small molecules.”® The quantitative structure-activity relationship (QSAR) is one of
powerful computational methods for rational design of drugs, materials, catalysts, and
proteins/peptides with desirable activities and functions.'*> Particularly, QSAR models have
been utilized in many nano-science fields™ for prediction of biological activity26 and
cytotoxicity of nanoparticles,23 study on adsorption mechanisms of aromatic contaminants by
MWCNS,18 and characterization of surface adsorption forces of nanomaterials.>” *® The weak
interactions between the molecular & orbitals and the extended © Bloch states of the nanotubes
are characterized by the dispersive forces that lead to stacking in flat configurations of the
molecules on the pristine sidewalls'>"’” and which can be altered by the presence of
substitutional groups in the molecule.”” * Accurate theoretical descriptions of weak
interactions could be acquired by density function theory (DFT) calculations.'>"’

Simple benzene derivatives have been often used as probe compounds to characterize or
modify the properties of nanomaterials®® and biological activities.”"** They are also generally
regarded as arch-criminals in environmental pollution.3 3 In this work, we employed QSAR
modeling and DFT simulations to explore the structure-dynamics-adsorption relationship of
simple benzene derivatives with SWCNs. A QSAR model was constructed to predict the
molecule-SWCN adsorption. Various interaction modes were designed to illustrate the
preferential molecule-SWCN conformations. DFT calculations were further used to optimize
the structural, dynamic, and energetic aspects of the molecule-SWCN complexes and to
determine underlying adsorption mechanisms. We also investigated how molecules and
SWCNs mutually affected their properties. This work provides helpful information about the
interaction formations, affinities, and modes between small molecules and SWCNs which is
beneficial to understanding nanotoxicity and nanobiology.
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2. Principles and methods

2.1 Experimental adsorptions

Structures and adsorption activities of training set including 25 simple benzene derivatives
were collected from Xia’s work™ (Table 1). These molecules have been widely used as probe
compounds for predicting biological activities.”® *" ** The adsorption coefficients (k) were
obtained by measuring the quantities of the compounds adsorbed on the surfaces of the
MWCNs and the equilibrium concentrations of the compounds in the media. The log k values,
as dependent variables, were applied to build the QSAR model.

2.2 Nano-descriptor calculations

Three-dimensional structures of 25 molecules were constructed by Sybyl 8.1
(http://www.certara.com/), followed by the structural optimization with DFT calculations
based on the M062X> functional at the 6-31G(d) basis set. Vibrational frequencies were
further computed at the same level to ensure no imaginary frequency for the optimized
structures. Then, 79 three-dimensional structural parameters, i.e., Surface area, Volume and
Shape (SurVolSha) descriptors, were computed to characterize the structural characteristics of
the 25 molecules.

2.3 QSAR modeling and validation

Multiple linear regression (MLR) was used to generate the QSAR model. The SurVolSha
descriptors as inputs of the MLR model were selected by a stepwise method™ to delete
redundant descriptors, thereby to make the model more interpretable. The selection of the
variables was based on F' value of partial F test (The variable was accepted by the model if
the F value was larger than 3.84, otherwise rejected if the F value was less than 2.71). A
leave-one-out (LOO) *' cross-validation was employed to test the predictive ability of the
model. The modeling performance was assessed based on a serial of statistical parameters,
including multiple correlation coefficients, standard error and Fisher’s criterion, etc.

2.4 Molecule-SWCN interaction optimization

To reduce the computational complexity, we used SWCN:s, instead of MWCNS, to probe the
molecule-SWCN interaction modes. We built an armchair SWCN (3, 3) with a diameter of
4.07 A, a length of 12.30 A along the tube axis, and added terminating hydrogen atoms to
both ends of the SWCNs using Materials Studio (http://accelrys.com/products/materials-
studio/). A total of 6 to 10 interaction modes were designed to explore the potential interaction
configuration for each molecule-SWCN system in the gas phase. All geometries were
completely optimized in all internal degrees of freedom using DFT at the M062X/6-31G(d)
levels of theory. For all the optimized models, frequency calculations were subsequently
performed, with no imaginary frequency results. As a result, the global minimum points were
recognized, and the ultimate conformation and a serial of quantum-chemical parameters,
including various energies, surface characteristics, dipole moments, etc., were obtained.

Interaction energy (AEw) and adsorption energy (AFEaq«) are defined as follows:
AEIm =Em§¥§§ - Ef/I‘ZESI\IWCN' Em}-swcrxf (1)

Mol-SWCN WCN Mol
AEAds:EMal-SWCN - Lswen~ EMal (2)
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Where AEaqs stands for the energy difference between the complex and infinitely separated
fragments (Molecule and SWCN), and AEy, corresponds to the fragments with the geometry
of the complex.*®

The difference between adsorption energy and interaction energy is termed as the
deformation energy, Ebet, of the fragments, that is:

SWCN Mol
AEAds = AElnt + EDef + EDef (3)
SWCN SWCN WCN
EDef = EMul-SWCN - E‘EWCN (4)
Mol Mol Mol
EDef = EMol-SWCN - EMol (5)

To elucidate solvent effects on the adsorption of the molecules with the SWCNs, based on
the most stable gas-phase modes, we comparably computed the characteristic parameters of
the complexes and fragments in water by an integral equation formalism polarized continuum
model IEF-PCM method.* All DFT and IEF-PCM calculations were performed using
Gaussian 09* on a 256-processor Shuguang server. In what follows, for convenience, we
employed the abbreviations, X-Mol, X-IntMol, and X-IntSWCN, to indicate the optimized
single molecules, the molecules and the SWCNs derived from the optimized molecule-SWCN
systems, respectively. (Here, X is the number of molecules or SWCNss).

3. Results and discussion

This work mainly aims to address two critical questions for fundamentally understanding the
molecule-SWCN interactions: to construct a predictive model for assessing the adsorption of
the benzene derivatives on the SWCNSs, and to explore the binding modes of the derivatives
with the SWCNs. Difficulty and complexity from complicated experimental procedures,
accompanying with an expansion of small molecules in public databases, have challenged and
motivated development of high-throughput computational methods for prediction and
determination of their adsorptions and interactions with the SWCNs. Accordingly, to address
the issues above, we employed a combination of QSAR modeling and DFT calculations to
illustrate the binding characteristics of the benzene derivatives with the SWCNss.

3.1 Predictive capability of the QSAR model

Through the stepwise method, we selected 8 variables (Table 2) from 79 SurVolSha
descriptors, which characterized the structural connectivity and conformation of the 25
molecules, and adopted them to generate the MLR-based QSAR model. Multiple correlation
coefficient, standard deviation, and Fisher test value of regression modeling were er2:0.986,
SEm=0.109, and Fn=137.920, respectively, indicating the model can robustly correlate the 8
SurVolSha variables and experimental adsorption coefficients. As displayed in Table 2, the
magnitude of multicollinearity is relatively low according to a cut off value (10.000) of
variance inflation factors of each variable.* Furthermore, the #-test absolute value of each
variable is larger than 2.000, suggesting each variable has a significant impact on dependent Y
values (adsorption coefficients). Besides, Cook's distance and leverage values (Table S1)
further confirm that excluding an observation from computation of the regression statistics
weakly changes the coefficients. With the LOO cross-validation, multiple correlation
coefficient (chz) of 0.968 was greater than 0.700, as a demonstration of the predictive
robustness of the QSAR model.*?
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We evaluated the relative importance of the 8 SurVolSha variables based on partial
correlation coefficients of the model. Table 2 shows that surface rugosity, a measure of
small-scale variations or amplitude at the height of a surface (real surface area/geometric
surface area), possesses a largest positive partial coefficient (0.937), indicating this variable
makes a relatively largest positive contribution to adsorption coefficients. The second largest
positive contributor to adsorption coefficients is the capacity factor variable (0.855), which
represents the ratio of the hydrophilic surface over the total molecular surface; in other words,
it is the hydrophilic surface per surface unit.*® The only variable H-bond donor capacity has a
negative coefficient (-0.928), meaning a stronger H-bond donor capacity can make a smaller
contribution to adsorption coefficients.

3.2 x-m stacking as a dominant adsorption factor

As we know, the SWCNs have multiple 7 orbital perpendicular to their surface,"” while the
benzene derivatives studied here have at least one = structure from the aromatic ring. Hence,
the benzene derivatives with different substituents are expected to have different interaction
modes with the SWCNs. As a proof-of-concept, we designed 8 representative
chlorobenzene-SWCN modes to account for the most possible interaction manners (Fig. 1).
The parallel modes, involving the hollow, umbrella, bridge and cross manners, mainly
correspond to the configurational effects of benzene rings on their preferential adsorptions on
the SWCNs, while the perpendicular modes, involving R-pointing, para-R-pointing, parallel
and perpendicular side-lying manners, mainly correspond to the effects of the substituents on
the molecule-SWCN interactions. Finally, a total of 187 interaction modes were designed to
examine possible molecule-SWCN interaction configurations.

The final optimized molecule-SWCN configurations (Fig. 2) display the parallel modes
have higher occurrence probabilities than the perpendicular modes, indicating the parallel
modes are more stable than the perpendicular modes for the same molecule-SWCN system;
moreover, the face-to-face n-m packing other than the face-to-side packing (Fig. S1)
dominates the adsorption interaction of the aromatic molecules on the SWCNs. Through a
systematic comparison, we show that the approximate bridge configuration is the most
favorable molecule-SWCN interaction mode, in agreement with the conclusion on the
interaction configuration of benzene or its several simple derivatives with the SWCNs. "> 7

Five types of interactions, including n-n stacking, hydrophobic effects, hydrogen bonds,
and electrostatic and covalent interactions, have been recognized as major driving forces for
the adsorption of organic chemicals on carbon nanosized particle surface,”™ * but their
relative contributions are difficult to be quantified.45 Here, we depicted the isosurfaces to
qualitatively represent the weak interactions between the molecules and the SWCNs based on
reduced-density gradient (RDG) analysis,46 where RDG was defined as RDG(r):IVp(r)I/p4/ 3(1r)
with p=electron density of the whole system. The interaction visualizations of 25
molecule-SWCN systems clearly show two general interaction regions of phenyl-surface and
substituent-surface between the molecules and the SWCNs (Fig. 3). Relative sizes of two
regions suggest the m-m interaction between the benzene ring and the SWCN surface is a
dominant adsorption factor.'”*

The benzene-SWCN simulation (Fig. S2) brings out an interaction energy of -6.886
kcal/mol for benzene on the SWCN, which occupies ~64.83% of the average interaction
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energy (-10.621 kcal/mol) for the 25 benzene derivatives on the SWCNs, further
demonstrating n- packing plays a main role in the adsorption process.

The third evidence for the dominant adsorption role of n-x stacking is that 3 molecules with
double benzene rings (naphthalene, 1-methylnaphthalene and biphenyl) have 3 top adsorption
values in all the compounds studied, and the average adsorption value (4.837) of these 3
molecules is larger than that of (3.417) the other 22 molecules only with a single benzene ring.
This illustrated the contribution of the substituent to the adsorption is generally less than that
of m-m packing, thus double n-m packing have larger effects on the adsorption than a
combination of single n- packing and substituent(s).

We do not consider the adsorption mechanisms of small molecules on various CNTs with
different sizes (diameter and length), but mainly focus on the adsorption characteristics of 25
benzene derivatives containing different functional groups on SWCNs other than MWCNSs,
thereby to explore some common adsorption rules of these molecules with SWCNs. This is
because on the one hand, a large CNT system will require high computational power; on the
other hand, the interaction mechanism between small benzene derivatives and CNTs do not
depend on the size of CNTs, which has been confirmed by the report15 that the noncovalent
n-m interaction between the benzene ring and the CNTs with various diameters and chiral
angles is the dominant adsorption mechanism. Our results have shown the absorption
mechanism of small benzene derivatives with SWCNs mainly relies on the noncovalent ©-nt
interaction between the benzene ring and the tube regardless of the charge-transfer properties
of the functional groups or the orientations of small molecules toward the tube surface.

3.3 Effects of substituents on the molecule-SWCN adsorptions

As the analysis mentioned above, the m-m interaction is significant in the adsorption process,
but is not the only factor. This is because, on the one hand, n-1 stacking could not account for
the remaining ~35.17% of the average molecule-SWCN interaction energies (-10.621
kcal/mol); on the other hand, surface characteristics (van der Waals volume, positive surface
area, and negative surface area) and various orbital energies of the 25 small molecules
exhibits obvious difference relative to benzene (Fig. S3). Therefore, the substituents have
affected the adsorption process to some extent, in agreement with the previous report.”

We shed light on how the electronegativity of the substituents has influenced the adsorption
of the molecules on the SWCNs. The electron density of the benzene rings contained in the
benzene derivatives could be altered by the substituents with different electronegativity,
which affected the n-n interaction intensity between molecules and SWCNs.'” As we all know,
the electron-withdrawing groups can bring about a lower electron density whereas
electron-repelling groups can lead to a higher electron density. We found that as long as the
electron density of the benzene ring of the molecules is reduced, in general, the corresponding
experimental absorption value is small, and the absorption value is reversely large.
Nevertheless, there are exceptions, i.e., a stronger electron density can not ensure a higher
adsorption coefficient, and vice versa (Analysis of the -electronegativity(substituent)-
adsorption relationships can be seen in Text S1). This proves that the electron density changes
of the benzene rings resulting from the substituents with different electronegativity seem not
to be the only determinant factor for experimental adsorption values. Thus, we concluded two
kinds of factors including n-7 stacking and the substituent-SWCN interaction have affected
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the adsorptions of the benzene derivatives on the SWCNs. The substituents, on the one hand,
could alter the electron density of the benzene ring, thereby to indirectly influence the
interactions with the SWCNSs; on the other hand, they could directly interact with the SWCNs
to influence the adsorptions.

However, the benzene-SWCN simulation results (Fig. S2) suggest that benzene prefers to
interact with the SWCNs by a bridge configuration with a relatively lowest energy, consistent
with the interaction configurations for the 25 molecules with the SWCNs." This proves that
the substituents could not strikingly influence the m-m packing manner of benzene on the
SWCNs. Or that is, relative to the m-m interaction, the substituents have a secondary effect on
the adsorption of the simple molecules on the SWCNs.

3.4 Electron rearrangement of the benzene derivatives

The benzene derivatives have experienced variations of conformation (surface characteristics,
(Fig. 4), and dihedral angles (@) (Table S2) formed by four atoms (Fig. S4) and
quantum-chemical characteristics (dipole moment and orbital energies(Fig. 4))* at different
levels due to the influence of SWCNSs. Thus, this prompts us to consider a question of whether
the electron density of the molecules has experienced the changes from a quantum-chemical
point of view. To clarify this question, we compared the quantitative global total electrostatic
potential (ESP) distribution on the surface of 13-IntMol and 13-Mol because this molecule
experienced a largest increase in the dipole moment. As shown in Fig. 5, the global minimums
of the former and the latter are -42.348 kcal/mol and -37.029 kcal/mol, respectively, and the
large negative value is owing to the lone pair of oxygen, implying an electron density
reduction on the oxygen in methoxy. There is an increase of 0.821 kcal/mol in total ESP of -CI
in 13-IntMol relative to that of (-18.817 kcal/mol) 13-Mol. But the global maximum of total
ESP mainly arises from the positive charged C-H hydrogens of the benzene ring, with a value
of 24.594 kcal/mol, which is obviously smaller than that of (26.698 kcal/mol) 13-IntMol. In
conclusion, the property alternations of the simple molecules can be explained by the electron
rearrangement resulted from the interference of the SWCNSs.

We noticed that although dipole moments and various energies (Fig. S5 and Fig. S6) of the
SWCNs have been changed to some extent owing to the presence of the molecules, the order
of magnitude of the energy differences of the SWCNS is significantly smaller than that of the
molecules studied. This demonstrated the physical adsorptions of the molecules have very
few effects on the SWCN's electronic structures, consistent with the conclusion of Woods et
al.”’ We speculated that large n-nt systems in the SWCNs make them not easily affected by the
simple derivatives, and therefore only small changes in the CNTs' properties are expected.

3.5 Predicted energies vs. experimental adsorptions

We turned our attention to the relationship between various predicted energies (Eyiiswon » AEas,
AEw, Epe and Epy ) and experimental adsorptions (Table S3). Although a largest correlation
coefficient (-0.370) (Table 3) between total energies (Eyoswen) and experimental adsorptions
is observed, the correlation is not significant. A highest AEax-AEw correlation of 0.884
(Sig.=0.01) (Table 3) displays AEas is mainly governed by AEw, while Ep; plays a relatively

small impact on the adsorptions even though En; can strikingly affect AEas at the 0.05 level.
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The energy-adsorption relationship above demonstrated that a less adsorption energy does
not necessarily correspond to a higher experimental adsorption coefficient, and vice versa
(Fig. 6). Hence, the predicted DFT energies do not show a strictly positive or negative
correlation with experimental adsorptions. This motivates us to explore whether the local
environment has influenced the molecule-SWCN interactions. The experimental adsorptions
of the molecules studied were determined in Water,28 thus we optimized the molecule-SWCN
conformation in water to explore the effects of the local environment on the adsorptions. The
optimized results at the M062X/6-31G(d) levels indicate the final optimized conformations
are basically agreement with the bridge manners of the molecules with the SWCNss in the gas
phase (Fig. S7); moreover, there is no significant change in the correlations between
experimental adsorptions and predicted energies (Table S4 and Table 3), and there are still
two significant correlations, AEs-AEw, and AEsa-Epy , which is same as those in the gas
phase. This showed that solvent effects in water have not strikingly affected the n-n
interaction manner between the molecules and the SWCN surfaces.

Although water molecules have weakly influenced the energy-adsorption relationship, their
existence has still changed the CN’s properties such as their dipole moments (Fig. 7) and
conformational characteristics (Table S5), thereby to produce specific properties as being
different from those in the gas phase. This also is supported by the report that the physical
adsorptions of water molecules have significant effects on the electrical properties of the
CN-based system.*” > According to the molecule-SWCN interaction modes, we speculated
that on the one hand, the adsorption of water molecules on the SWCNs might disturb the
interactions of the derivatives with the SWCNSs; on the other hand, the interactions (for
example, the formation of hydrogen bonding) between H,O molecules and the benzene
derivatives might influence the molecule-SWCN interactions. This can be further understood
from the analysis that the variable, i.e., H-bond donor capacity, in the QSAR model has a
significant effect on adsorption coefficients. Water molecules might change H-bond donor
capacity of the derivatives, thus affecting molecular adsorptions on the SWCNs.

4. Conclusions

We employ QSAR modeling and DFT calculations to explore the adsorption characteristics of
simple molecules on SWCNs. The QSAR model reveals a favorable predictive capability, and
can be utilized to predict the molecule-SWCN adsorption. We report that n-m stacking
dominates the adsorption of the simple benzene derivatives on the SWCNs, while the
substituents play a secondary effect on the adsorption process. Our investigations also
demonstrate although the molecules and the SWCNs can mutually affect their properties, the
molecules have experienced a significant alternation of electronic structures relative to the
SWCNs. In addition, these predicted energies do not show a significant positive or negative
correlation with experimental adsorptions in both the gas phase and water.

One might modify functional groups of the molecules to acquire expected adsorption
effects on the CNs, and further to carry out noncovalent functionalization of CNs, also utilize
CNss to adsorb organic compounds from the surrounding environments. Although we explored
the interaction mechanisms of the molecules with SWCNs instead of MWCNSs, a molecular
level understanding of the molecule-SWCN interactions provides valuable insights into the
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structure-property relationship of nanotube-based materials which are important for
nanomaterial, biomaterial, and environmental research.
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Table 1 Structures and adsorption coefficients of 25 simple molecules

. Predicted logk
No. Name Experimental logk - - —
Regression modeling Cross-validation

1 chlorobenzene 3.25 3.33 3.38
2 ethylbenzene 3.19 3.24 3.26
3 p-xylene 3.26 3.25 3.25
4 propylbenzene 3.76 3.66 3.64
5 4-chlorotoluene 3.82 3.84 3.85
6 phenol 2.87 2.72 2.67
7 benzonitrile 3.04 3.13 3.30
8 4-fluorophenol 2.68 2.65 2.59
9 benzyl alcohol 2.10 2.11 2.12
10 iodobenzene 3.26 3.33 3.36
11 3-methylphenol 3.08 3.11 3.13
12 methyl benzoate 3.70 3.86 391
13 4-chloroanisole 4.07 4.06 4.06
14 phenethyl alcohol 2.54 2.56 2.57
15 3-methylbenzyl alcohol 2.85 2.88 2.90
16 4-ethylphenol 3.62 3.61 3.60
17 3,5-dimethylphenol 3.49 3.53 3.55
18 ethyl benzoate 4.14 3.97 3.93
19 methyl 2-methylbenzoate 4.12 4.04 4.01
20 naphthalene 4.44 4.27 4.24
21 3-chlorophenol 3.62 3.68 3.73
22 4-nitrotoluene 4.44 4.47 4.51
23 4-chloroacetophenone 4.28 4.17 4.09
24 1-methylnaphthalene 4.89 5.03 5.14
25 biphenyl 5.18 5.19 5.20
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Table 2 Meaning, coefficients, statistical values of 8 variables in the MLR-based QSAR model

No. Variable meaning Coefficient t-test value Partial coefficient Variance inflation factor

1 Capacity factor 0.387 6.598 0.855 7.011
2 Hydrophobic volume 0.311 6.086 0.836 5.627
3 Contact distance 0.095 3.647 0.674 1.352
4 H-bond donor capacity -0.471 -9.951 -0.928 4.630
5 Hydrophilic integy moment 0.117 2.305 0.499 5.130
6 Surface rugosity 0.482 10.745 0.937 4.336
7 Polar volume 0.079 2.320 0.502 2.339
8 Mass density 0.202 4.337 0.735 1.812
9 Constant 3.630 / / /
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Table 3 Correlations between predicted energies and experimental adsorptions (logk) in the gas phase and

water
Womac ABag! AEin o MO logk
Everswen 1.000
AE s 0.183/0.128" 1.000
AEy 0.105/0.168  0.8847°/0.590""¢ 1.000
Ene 0.250/-0.042  0.4907/0.622""  0.079/-0.243 1.000
Eo™ -0.096/0.094  0.043/-0.118  -0.124/-0.381 -0.120/0.024 1.000
logk -0.370/-0.370  -0.254/-0.133  -0.318/-0.381 0.143/0.275 -0.193/-0.167  1.000

a: Total energy, b: Adsorption energy, c: Interaction energy, d: Deformation energy for the molecules, e:
Deformation energy for the SWCNS, f: The number before and after the slash represent the coefficient in
the gas phase and water, respectively. & = The correlation is significant at the 0.01 level (2-tailed), ~ The
correlation is significant at the 0.05 level (2-tailed).
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Fig. 1 Eight representative configurations for chlorobenzene-SWCN systems. Four parallel
modes: (A) The hollow mode; (B) The umbrella mode; (C) The bridge mode; (D) The cross
mode. Four perpendicular modes: (E) The R-pointing mode; (F) The para-R-pointing mode;
(G and H) The two side-lying modes.

17



10

15

RSC Advances

01(chlorobenzene) 02(ethylbenzene) 03(p-xylene) 04(propylbenzene)  05(4-chlorotoluene)

06(phenol) 07(benzonitrile) 08(4-fluorophenol) 09(benzyl alcohol) 10(iodobenzene)

21(3-chlorophenol) 22(4-nitrotoluene) 23(4-chloroacetophenone) 24(1-methylnaphthalene) 25(biphenyl)

Fig. 2 The final optimized configurations of 25 molecule-SWCN systems in the gas phase.
All the atoms of small molecules and their nearby carbon atoms of the SWCNs are
highlighted to facilitate the observation of the interaction sites.

18

Page 18 of 24



Page 19 of 24

10

15

20

RSC Advances

03(p-xylene) 04(propylbenzene)

07(benzonitrile) 08(4-fluorophenol) 09(benzyl alcohol)  10(iodobenzene)

11(3-methylphenol) 12(methyl benzoate) 13(4-chloroanisole) 14(phenethyl alcohol) 15(3-methylbenzyl alcohol)

=

| 87X
g oo

21(3-chlorophenol) 22(4-nitrotoluene) 23(4-chloroacetophenone) 24(1-methylnaphthalene) 25(biphenyl)

Fig. 3 The noncovalent and covalent effect visualization of 25 molecule-SWCN systems. The
green clumps between molecules and SWCNs represent noncovalent interactions, and the
green clumps within the molecules and the SWCNSs represent covalent interactions.
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Fig. 4 The difference of surface characteristics, dipole moments and various energies between
X-Mols and X-IntMols.
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13-Mol 13-IntMol

Fig. 5 The total electrostatic potential (kcal/mol) distribution of 13-Mol and 13-IntMol
(4-chloroanisole). This figure is drawn using the Multiwfn software’".
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Fig. 6 The relationship between interaction energy (kcal/mol), adsorption energy (kcal/mol)
and experimental adsorption (log k) in the gas phase and water.
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I " the gas phase
5 I (n water

Dipole moment(Debye)

5 10 15 20 25
No. of molecules

Fig. 7 The difference of dipole moment of 25 X-IntMols in the gas phase and water. The 25
molecules in water have relatively larger dipole moments than in the gas phase, showing that
molecular polarities in water have strikingly been affected by water molecules.
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