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Abstract We have previously devised a “scorpion” like
system which is composed of a zigzag (8,0) single walled
carbon nanotube attached to a 20 ringed graphene sheet by
a glycine dimer species. Theoretical density functional the-
ory calculations on a potential mechanism driven by a metal
induced charge transfer process has been proposed for the
extraction of molecules from nanotubes.

Keywords Polar molecules - Metals - SWNT -
Carbon sheet - DFT-BLYP

1 Introduction

The study of single walled nanotubes (SWNT) [1,2] has
many important implications in the field of material science
as well as catalysis [3-5]. The unique structural features of
these materials permit for interesting elucidations and reac-
tive mechanisms to be undertaken. Additionally, the mechan-
ical and chemical stability of SWNT materials allows for
functionalizations [6,7] to be performed. Multiple investiga-
tions suggest contribute to their ability to distribute peptides,
DNA fragments in vivo.

The nanosystems under consideration present certain dis-
advantages that should be addressed. Their hydrophilicity
leads to toxicity in biological systems which limit
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applications in drug design and discovery. Typically, carbon
based systems are functionalized in order to resolve this prob-
lem and enhance polar molecular and aqueous interactions.
These processes are local transformations that do not lead
to problematic structural situations without modification of
their physical properties.

The lack of specificity associated with SWNT materials
is another issue of difficulty in performing chemical modifi-
cations on their surfaces. This is intrinsically related to the
nature of the carbon atoms in the nanotubes which are similar.
To alleviate this matter novel complexes have synthesized to
promote chemical differentiation.

Theoretical calculations performed by our group suggest
that nanotube systems can localize charge on their exterior
as a result of charge transfer systems with endohedral met-
als. The effect that is related to this issue is correlated to
studies of ion transfer mechanisms on molecular surfaces.
Small polar molecules have been demonstrated to interact on
the interior cavity of SWNT systems [8] and on the exterior
[9]. Amino acids can favorably interact with biomolecules
[10-12] as well as with nanostructures [13] to form pep-
tide interconnected species. The tips of the SWNT molecules
can be modified with organic groups [13] to form interesting
frameworks that posses variable properties [14—18].

In the present work we have exploited the ability of polar
molecules to be stabilized on the surface of graphene sheets
to develop a molecular extraction nano-device. Recently, we
localized polar species on localized regions of extended lin-
ear sheets [19] as well as to the interior of SWNT mole-
cules [8]. While gold surfaces usually mediate connections
of amino acids to SWNT structures [20] as a consequence of
computational difficulties such models cannot be used.

To compensate we designed a “scorpion” shaped (based
on its interesting structural features) that is composed of a
zigzag (8,0) SWNT connected to a 20 ring carbon sheet [21].
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Scheme 1 Graphical Li[SWNT-Sheet]

representation of  the
“scorpion” like system composed of a zigzag (8,0) system anchored
to a two glycine (Gly) amino acid interconnect to a 20 ring graphene
system. In the figure white spheres are hydrogen atoms, blue spheres
are nitrogen atoms, red spheres are oxygen atoms, grey spheres are
carbon atoms and finally the purple sphere is the lithium atom

We depicted that this “scorpion” structure can adequately
encapsulate small polar molecules (HF, H,O, H,S, NH3) into
nanotubes using carbon sheets. Other work shows that charge
transfer mechanisms from endohedral metals can influence
the surface properties of nanosystems [22] and enhance mole-
cular interactions [23]. In the study herein we will use metal
localization on the carbon sheet to extract molecules from the
interior of the nanotubes (see Scheme 1). Such a phenomena
is due to the formation of “image potentials” that are capable
of forming interactions underneath the surface of the carbon
sheets to external partial polarizable molecules [24,25].

2 Computational methods

Density functional theory (DFT) calculations were perfor-
med with the DMol3 [26] numerical-based density-functional
computer software implemented in the Materials Studio
Modeling 3.1 package from Accelrys, Inc. Geometry opti-
mizations as well as frequency analysis calculations were
done with the BLYP general gradient potential approxima-
tion (GGA) with the double-numerical plus diffusion basis
set (all-electron core treatment) denoted as DND. The algo-
rithms were carried out with standard convergence criteria
and global orbital cutoffs were employed on basis set defin-
itions. The expulsion energy has been defined as:

E®*P = E1i[SWNT—Sheet]—MOL
—(ELi[SWNT—Sheet] + EMOL). (D

whereby EpijswNT—Sheet]—MoL 18 the energy of the complex
with the polar molecule, Epj[swNT—sheet] is the energy of the
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isolated Li[SWNT-Sheet] species and EnjoL is the energy of
the small polar molecule. Additionally, the metal (in this case
Li) adsorption to the carbon sheet has been defined as:

E = E[swNT_Sheet] MOL+ELi — ELi[SWNT_Sheet]:  (2)

The relative energy (AE) of the configurations is defined as:

AE = EPSin—sheer—moL — ELISWNT Sheet_moL: (3)
The latter termin Eq. (3) is the energy of the LifSWNT-Sheet]
complex with the polar molecule on the inside of the SWNT
or between the SWNT and the sheet. The expulsion energy
in Eq. (1) assists to quantify the energy needed to remove
the polar molecule from the system. The adsorption energy
denotes the affinity of the metal atom to the surface, and the
final equation is the relative energy of various arrangements.

Throughout the structural designations, a zigzag (8,0)
SWNT structure (that has a diameter of 6.3 A and a length
of 9.24 /0\) that is connected a carbon sheet which is com-
posed of 20 benzene rings (measuring a length of 18.7 A
with a width of 12.9A) by a peptide chain of two glycine
molecules. Glycine is the simplest amino acid and larger
peptide chains are computationally expensive. The attach-
ment of the polar molecules and metal atoms was consid-
ered in many configurations to perform an adequate potential
energy landscape search. From previous studies [8,9,21] we
reported that the methods used reduce basis set superposition
(BSSE) errors. The results obtained with other DFT routines
(i.e. PW91, PBE, HCTH, BOP) and local density approxi-
mation (LDA) methods (i.e. VWN, PWC) were performed
to ensure computational consistency. The BLYP functional
employed partially accounts for dispersion and for exper-
imental results available provides accurate and physically
reasonable data.

3 Results and discussion

Scheme 1 is a graphical depiction of the engineered sys-
tem by which the HE, H,O, H>S and NH3 polar molecules
were used to explore the interactions with the Li[fSWNT-
Sheet] system. The molecules that were implemented previ-
ously were used to adhere to the surface of the SWNT [9,21]
and were used in the work herein. Table 1 shows selected
thermochemical properties of the species in kcal/mol where
E®*P is the expulsion energy of the polar species, E% is the
adsorption energy of the binding of the polar molecule to
the SWNT-Sheet system, AE are energy relative differences
between the configurations and GAP is the HOMO/LUMO
gap of the computed systems (the gap of the isolated system
is 0.88 kcal/mol).

In the second table we display low-range frequencies for
the species shown in Scheme 2 (in units of cm™!). Figure 1
(for the HF and H»O systems) and 2 (for the H>S and NH3
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Table 1 Physical properties (in kcal/mol) of the clusters investigated
whereby E*P is the polar molecule expulsion energy, E* is the adsorp-
tion energy (of the Li atom), AE is the relative differences in energy

between the configurations and GAP is the HOMO/LUMO gap of the
compounds (the gap of the isolated system is 0.88 kcal/mol)

Property HF H,O H,S NH3
Inside
E®*P 5.13 0.56 7.08 1.31
Euds —234.84 —230.71 —950.54 —231.89
AE 10.91 (8.94) 16.79 (9.99) 32.54 (19.25) 22.74 (7.97)
GAP 1.51 1.59 1.79 1.52
Between
ES*P 16.05 17.36 17.45 23.77
ERds —236.82 —238.00 —963.83 —246.65
AE 0.00 (4.34) 0.00 (1.84) 0.00 (0.376) 0.27 (2.13)
GAP 1.16 1.94 1.71 1.55
Sheet
ES*P 14.16 15.61 13.98 24.05
Euds —239.27 —237.58 —962.72 —248.78
AE 1.89 (0.00) 1.75 (0.00) 1.48 (0.00) 0.00 (0.00)
GAP 2.00 1.83 1.59 1.64

The values in parenthesis correspond to the non-metal [SWNT-Sheet] affinities from Ref [21]

SWNT SWNT SWNT
R ~|
AA—Sheet AA Sheet AA——Sheet

. v Sl
v Li 2 Li V3
1 .
Li
SWNT SWNT SWNT
4 X
MOL ~. MOL\
AA Sheet AA——Sheet AA Sheet
Li Li \Y . Li
V4 A% (Inside) 5 (Outside)

Scheme 2 Vibrational mode characterization for the frequencies
denoted in Table 2, whereby SWNT is the zigzag (8,0) system, Sheet
is the carbon sheet, AA is the glycine dimer, Mol is the small polar
species. Also, vs (inside) is the coupling of the small polar molecule to
the interior wall of the SWNT and vs (outside) is the coupling of the
polar molecule to the SWNT and the carbon sheet

systems) denotes various geometrical parameters where bond
lengths are in angstroms (A) and bond angles are in degrees
(°). It is important to mention that the vi — vs modes cor-
respond to the LifSWNT-Sheet] stretching modes, the Sheet
rocking mode, the LifSWNT-Sheet] rocking mode, the amino
acid chain (which is composed of two molecules of Glycine)-
SWNT stretching mode, and SWNT-MOL-Sheet-Li coupling
modes (whereby MOL is the polar molecule under consider-
ation), respectively. Figure 3 shows a HOMO electronic den-
sity plot of the Li[SWNT-Sheet]-HF systems as an example
case.

HF Sheet

Fig. 1 HOMO plots (at a 0.02a.u. contour level) for the HF system
displayed where the same coloring scheme as in 1 is applied (except for
fluorine which is depicted in green)

3.1 HF-[SWNT-Sheet] system

We will first consider the interaction of hydrogen fluoride
(HF) with the Lif SWNT-Sheet] system (HOMO plotin Fig. 1,
geometrical parameters in 2). From the figure we can see that
in the first species (whereby HF is on the sheet) the distance
is around 3.4 A. Many configurations have been searched
for by modification of the positions of the polar molecules as
well as the metals. Additionally, the conformational rotations
along the axis of the amino acid chain was attempted to ensure
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Fig. 2 Geometrical parameters of the HF and H>O systems whereby
bond lengths are in angstroms (A) and bond angles are in degrees (°).
The coloring scheme is as follows: blue spheres are hydrogen atoms,
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dark purple spheres are nitrogen atoms, red spheres are oxygen atoms,
yellow spheres are carbon atoms, the orange sphere is fluorine, and

finally the purple sphere is the lithium atom
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that the structures obtained were the lowest energy structures
feasible.

Table 1 displays the energy of adsorption of the metal
species in the ‘“sheet” configuration is around —239.3
kcal/mol and the energy of expulsion is 14.16 kcal/mol. While
the configuration with the polar molecule in between the
SWNT and the sheet is stabilized the barriers are reduced
upon metal adsorption (the values in parenthesis correspond
to the non-metal cases). The HOMO/LUMO gap rises in the
polar molecule configurations in comparison to the isolated
cases, but it is not large. The vibrational frequencies are sim-
ilar in the cases studied whereby the largest deviation is for
the Li[SWNT-Sheet] rocking mode (v3) that is attributed to
the placement of the metal atom.

The next species studied is the lowest energy structure
whereby the HF molecule is localized at a distance of 5.02 A
to the sheet and 2.71 A to the SWNT. The adsorption energy
is —236.8 kcal/mol with expulsion energy of 16.05 kcal/mol
and a HOMO/LUMO gap of 1.16 kcal/mol that is lower than
the previous case. This can lead to the stability of this com-
plex as a result of its ability to mediate the charge donated
by the Li atom between the SWNT and the carbon sheet.
The difference in energy between the “sheet” and “between”
configuration is the transition energy for the movement of
the polar molecule along the graphene surface.

The final structure in which the HF molecule is localized
in the interior of the SWNT molecule at a distance of 2.42 A
from the wall of the surface has a AE of 10.91kcal/mol.
The expulsion energy is about 5.13 kcal/mol and an adsorp-
tion energy of —234.8kcal/mol with a HOMO/LUMO gap
of 1.51kcal/mol. Upon metal encapsulation the barrier for
SWNT expulsion increases making it easier to remove the
molecule from the interior cavity.

The SWNT-MOL-Sheet-Li coupling mode (v4) increases
in the sheet complex as can be seen from Table 2. This can
be attributed to the intermolecular separation and the orbital
coupling of the HF molecule to the molecular sheet. The other
vibrational modes are rather consistent among the species
studied. What is interesting to note is that the metals permits
the surface to localize the polar molecule and improve its
affinity.

Figure 1 shows the HOMO electronic density plot (at a
contour level of 0.022 a.u.) for the LifSWNT-Sheet] case as
well as LifSWNT-Sheet]-HF case. This has been used to rep-
resent the bonding character in the remainder of the struc-
tures under consideration for the interest of space. As we can
see in the isolated Li[SWNT-Sheet] case the electron den-
sity is localized on the SWNT system, and when the HF is
located on the interior of the framework the electron density
is located on the surface of the sheet. When the HF species are
in the “between” configuration the electron density is local-
ized again on the SWNT molecule that can better mediate the
charge as a result of the highly aromatic nature of this moi-

Table 2 Low-range vibrational modes (denoted in 2) for the molecules
studied in cm™!

Property Vi vy V3 V4 Vs
SWNT-sheet 34.6 111.5 211.0 339.5 -
Li [SWNT-sheet] 29.9 107.7 213.6 339.0 -
HF

Inside 37.2 111.3 2274 340.9 430.0

Between 33.8 110.5 220.5 338.9 424.6

Sheet 35.2 104.2 223.2 340.1 422.5
H,O

Inside 38.4 105.0 228.6 340.0 433.5

Between 35.2 104.2 233.5 340.1 436.9

Sheet 32.0 109.9 235.7 346.2 435.7
H,S

Inside 38.0 109.6 236.4 342.4 442.7

Between 38.3 108.4 2314 338.1 443.6

Sheet 39.7 107.1 238.3 339.9 4443
NH3

Inside 29.3 129.4 237.7 344.1 437.1

Between 84.5 125.5 237.2 341.6 434.0

Sheet 322 124.8 239.2 340.8 436.8

ety. The polar molecule in essence attempts to act as a charge
buffer between the charge induced on the graphene surface
and the SWNT. In the final case, when the HF species is local-
ized on the sheet the molecule solvates the excess electron
density on the surface of the sheet as can be seen. This result
increases the total energy of this configuration in compari-
son to the between configuration based on electron density
distribution contributions.

3.2 HyO-[SWNT-Sheet] system

The next system under consideration is the interaction of
water (H,O) with the LifSWNT-Sheet system] (displayed
in 2). In the first species we can see that when the water is
localized on the sheet the distance to the surface is around
3.25 A with a HOMO/LUMO gap of around 1.83 kcal/mol.
The higher end vibrational mode frequencies (v3 — v4) are
larger for this system than those with the polar molecule
present. The transition energy from the “between” configu-
ration to this complex is around 1.75 kcal/mol which is still
within reason.

The movement of the water molecule to a conformation
that is between the SWNT and sheet structure is the lowest
energy structure in this example. This complex occurs at a
distance of around 3.52A from the sheet and 2.65A from
the SWNT surface. The associated HOMO/LUMO gap of
this complex is 1.94kcal/mol with an expulsion energy of
17.36kcal/mol and a relatively large adsorption energy
of —238.0kcal/mol. The final movement is the energy barrier
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associated with encapsulating the polar molecule which has a
barrier of around 16.79 kcal/mol which is significantly larger
than the non-metal case. The strongest vibrational coupling
is the Li[fSWNT-Sheet] stretching modes (v) with a minimal
expulsion energy of 0.56 kcal/mol. The HOMO/LUMO gap
of this complex is smaller than the previous cases but the
polar molecule still prefers to occupy a site in between the
SWNT and the carbon sheet system to mediate the charge
density from the metal atom.

3.3 HyS-[SWNT-Sheet] system

In this system we will study the effect of the interaction of
hydrogen sulfide (H2S) with the Li[SWNT-Sheet system]
(depicted in Fig. 3). The first system when it is localized
on the sheet has an intermolecular separation of 2.79 A with
the sheet with a HOMO/LUMO gap of 1.59kcal/mol and
a relative energy of 1.48kcal/mol. The adsorption energy
is quite high, suggesting a unique interaction between the
excess electron the H> S molecule which is a phenomena that
we have previously asserted [26]. The theoretical vibrational
modes for v3 are significantly elevated as a result of the cou-
pling to the polar molecule.

Movement of the polar species to a configuration that
is between the SWNT and the sheet at distances of 3.01
and 3.24 A, respectively, leads to the most stable configura-
tion. This species has an expulsion energy of 15.45kcal/mol
with a HOMO/LUMO gap of 1.71 kcal/mol. The final struc-
ture leads to a configuration by which the polar molecule is
located a distance of 2.63 A from the walls of the SWNT.
The associated barrier is 32.54 kcal/mol with an expulsion
energy that is lower than the previous cases considered. The
barriers associated to move from the sheet and between the
SWNT and sheet is minimal, but the barriers to move into
the SWNT are larger than previously calculated.

3.4 NH3-[SWNT-Sheet] system

The case interaction properties of ammonia (NH3) with the
Li[SWNT-Sheet] will now be discussed that is also shown in
Fig. 3. In this structure we can see that in the localized sheet
configuration the distance to the surface is around 2.67 A
with a HOMO/LUMO gap of 1.64kcal/mol and an expul-
sion energy of 24.05 kcal/mol. Interestingly, in this case this
species is the lowest energy structure as can be seen from the
relative energies presented. The vibrational modes of vy — v3
are larger than the isolated surfaces as we can see that is
directly related to the insertion of the metal atom.

While the energy order has slightly shifted the barrier to
move from the sheet to between the SWNT and the sheet is
only 0.27 kcal/mol. The expulsion energy of these two con-
figurations is quite similar as well. The distance between the
SWNT and the sheet in this second configuration is 3.02 and
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4.0A, respectively. The Li[SWNT-Sheet] stretching mode in
this case is larger than the other cases that has a direct influ-
ence on the relative stability of this conformer. In the final
encapsulated case, the energy of expulsion is 1.31kcal/mol
with an energy barrier of 22.74 kcal/mol that is almost three
times higher than the non-metal case. In this species the inte-
rior vibrational mode (vs) being slightly elevated due to the
interactions of the NH3; with the walls of the SWNT cav-
ity. For the NH3 examples shown the adsorption energies are
larger suggesting that the metal is indeed localized on the
carbon surface.

4 Conclusions

In this study the ability of this so-called “scorpion” like
Li[SWNT-Sheet] system in exploiting charge transfer effects
to expunge molecules from the interior cavity of the SWNT.
The metals lead to charge localization on surfaces to allow
the polar molecules to be more stable on the exterior of the
molecular species than on the interior of the nanotubes.

The barriers to move from the SWNT to the surface of the
sheet of the polar molecule gradually increase as a result of
charge transfer mechanisms. Interestingly, the barrier for the
translation from the “between” configuration to the “sheet”
configuration is minimal upon metal adsorption that denotes
the greater affinity for alternatives to endohedral molecular
encapsulation. The metals exert a force that is capable of
extracting the molecules from the cavity of the SWNT.

The current method outlines a potential transport device
strategy induced by the addition of external metal atoms.
While in the previous study [21] we demonstrated the effi-
cacy of the model in encapsulating molecules inside of the
SWNT species this work proposes the contrary. Once the
molecules are trapped a procedure for their expulsion must
be devised. The reason as to why the polar molecules prefer
the “between” configuration is related to the coupling of the
valence electron donated by the metal atom and the polariz-
able species.

As we have shown [27] the distances between an excess
electron and a polar molecule require spacing to eliminate
unfavorable repulsion effects. However, without metals the
polar molecules can smoothly progress from being on the
surface of the sheet to the cavity of the SWNT. Upon encap-
sulation metals can be adsorbed readily (which is also evident
from the favorable energies of adsorption in this work) that
cause the sheet to attract the polar molecules thereby causing
them to leave the interior of the SWNT molecule. This per-
mits a molecular switch to form that can permit the encapsu-
lation and expulsion of small polar species based on varying
charge transfer capacities associated with metal adsorption.

We propose physical methods to improve the expulsion
abilities of the polar species from the interior of the SWNT
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based on metal adsorption. The accurate characterization of
these interactions demands further information on the elec-
tronic structure of the systems involved. These evaluations
require insight into the electronic structure of the species
involved. We propose that the results presented can be of use
in the future synthesis of molecules used for drug delivery
and catalysis.

Additionally, we have conducted some sample calculated
on a simulated water environment. From the calculations
there is a minor variation in the glycine geometry since it
tends to assimilate differently. However, the general concepts
and physical basis for the descriptors used remain consis-
tent. It is our assertion that while biological substances are in
solution the chemical adsorption we suggest in this model in
vacuum can be directly applied since the effect of the metal
atom is the key focal point being addressed herein.

An important issue that needs to be considered is the valid-
ity of the BLYP results that we have generated. There are sev-
eral reports that account for their partially flawed nature and
inability to describe dispersion. From recent studies we have
demonstrated that such methods are useful to at least qualita-
tively yield information on fullerene and nanotube structures.
Prof. Grimme [28-30] demonstrates that dispersion contri-
butions contribute to the binding energies for some larger
systems but the electrostatic differences can lead to physi-
cally reliable information. Their computations used modified
GGA-DFT methods that yield superior energies even when
compared to MP2 ab initioresults in various molecular sys-
tems. Preliminary tests in our group [31] have reported that
the BLYP methods used have interesting correction terms
which yield dissociation energies that are reliable in compar-
ison to other functionals. In the comparison several compet-
ing methods and strategies were undertaken but the selected
series shows the greatest empirical agreements.

It is understandable that dispersion problems can lead to
difficulty in the analysis of the presented results. The cal-
culations reported should serve as a qualitative guide in the
understanding of novel devices for use as molecular traps.
The BLYP theoretical DFT method is believed to be suc-
cessful in the representation of the dispersion and intermole-
cular attractions. Comparisons to other DFT methods lead to
generally well described results. There are few benchmarks
available for systems of this study but on sample calcula-
tions of fullerenes and nanotubes the selected methodolog-
ical framework appears to outperform available commonly
implemented techniques. The BLYP platform has been nor-
malized to larger nanoscale systems which makes its use
optimal in these cases. In any case, the system is not yet
experimentally viable and therefore the purpose of this cur-
rent report is a qualitative model for a potential scheme of
molecular expulsion from the interior cavities of nanotubes.

The “scorpion” shaped SWNT-Sheet can be coupled to
metal atoms in order to temporarily trap organic molecules
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in the SWNT cavities. Upon the need to dispense such com-
pounds metal atoms can be implemented to enhance this
process. A reduced model has been used but it is our belief
that the principles proposed should be consistent in larger
scale systems.
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