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Anchoring a Liquid Crystal Molecule on a Single-Walled Carbon Nanotube
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The atomic and electronic structures of the tri-fluorophenyl2 (TFP2) liquid crystal (LC) molecule anchored
on a carbon nanotube (CNT) wall were investigated by using density functional calculations. The TFP2 LC
molecule was anchored helically to the CNT wall to enhameer stacking by maximizing the hexagen
hexagon interactions between two species. The anchoring was further strengthened with a binding energy of
nearly—2.0 eV by electrostatic energy due to a considerable amount of charge transfer from LC molecule to
the CNT. These charges were distributed asymmetrically on the CNT due to the anchoring of asymmetric LC
molecule, which induced a permanent dipole moment on the CNT. This plays an important role for electro-
optical responses of CNTs in the LC cell. Our theoretical study can explain the recent experimental report for
the various dynamical motions of CNT in the LC cell under an external electric field.

Introduction important ingredient not only in determining the percolation limit
from the material point of view but also in understanding the
alignment of CNTs in LC medium and the dynamical response
of CNTs under an external field. To our knowledge, no
systematic report on the interactive nature between the CNT
and LC molecule is currently available.

In this article, we report on our thorough investigation of the
interactive nature between a CNT and LC molecule by using
density functional calculations. By choosing a conventional
fluorinated LC molecule, the stable geometries of LC molecules
anchored on the CNT wall were systematically searched in our

Since the discovery of carbon nanotubes (CNTgxtensive
studies of the unique physical and chemical properties of CNTs
and their diverse applications have been repdttédhe superb
electrical conductivity and high mechanical strength of CNTs
have opened potential application areas in composites with
polymers, ceramics, and metdis$.For instance, the limitations
of conductivity and mechanical strength in polymers could be
overcome by adding a minute quantity of CNTs into polymers.
Polymers have been known to wrap the CNTs to increase the

interaction® In general, the characteristics of composites are X o
approach. The atomic structures, binding energy, charge transfer,

strongly governed by the interactive nature between the CNT . 4
and host material. To strengthen the binding between CNTs and_and electronic structures of the stable geometries were evaluated

host materials, serious functionalization steps for CNTs are often in detail. This enabled us {0 estimate a permanent dipole moment
required, mostly damaging CNT walls. _of the CNT tha_t may explain the dynamical responses of CNTs
Recently, CNTs have been introduced into the liquid crystal in the LC medium.
(LC) cell. Although LC displays are commonly available in the )
market, the limitations still exist in the dynamical response of 1neoretical Methods
the LC cell, which strongly relies on the material properties. It Qur total energy calculations and corresponding structure
has been reported that a minute addition of carbon ”anosondsoptimizations of the most stable geometries were based on the
such as g and mutiwalled CNTs dispersed in a twisted nematic density functional formalism within the local density ap-
LC affects the electro-optical properties of the cell. Among them proximation (LDA) and the generalized gradient approximation
are the threshold voltage, response time, and residuditD€. (GGA) as implemented in DMol3 codé. The exchange
One interesting feature is that the long CNTs can be well-aligned ¢qrrelation energy in the LDA was parametrized by Perdew and
in a nematic LC medium in the absence of an external field. Wang’s schemé and Becke’s corrected exchange functionals
Furthermore, the CNTs can orient with an external field above \ygre adopted in the GG All-electron Kohn-Sham wave
some critical field strength."2% In spite of numerous experi-  functions were expanded in a local atomic orbital basis set with
mental observations, the percolation limit on the quantity of each basis function defined numerically on an atomic-centered
CNTs that can be dispersed in LC medium is still subject to spherical polar mesh. We used a double numeric polarized basis
debate. The degree of dispersion is strongly dependent on theset, The most complete set is available in DMabde. In this
dispersion process such as solvent types and sonication. Yetpasis set, the 2s and 2p carbon, fluorine, and oxygen orbitals
the binding nature between the CNT and LC molecule is another ygre represented by two wave functions each, and 3d (2p)-

type wave functions on each of the carbon, fluorine, and oxygen

:gﬁ;relfpuon”&r;% ?j‘rt]R/(gr-s'iEt‘ma”: leeyoung@skku.edu. (hydrogen) atoms were used to describe the polarization. No
E Kngs)./ v frozen core approximation was used throughout the calculations.
8 Chonbuk National University. For accurate binding energy calculations, GGA calculations were
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(a) CC conformation ( 0.0 ) {b) SC conformation (+0.016) head group in Figure 1. Here, both rings were varied with a
chair type and a skewboat type, as can be seen in Figure 1. We
marked the chairchair, chair-skewboat, and skewboat
skewboat conformations as CC, CS, and SS conformations,
respectively. The total energies were calculated after the
geometries were fully relaxed. The most stable geometry for
the TFP2 was the chairchair conformation as depicted in
Figure la. It is well-known that the chair-type conformation is
more stable than the skewboat type in a cyclohexane ring. This

Selection rule of the ; formati is because the bonding angle of the chair type is’1Thus, it
ciflvoraphenyi2 . has a minimum angle strain and torsional strain. This ehair
afp chair geometry was used in the rest of our calculations to study
HaCyrn e F . .
' o _ the interaction between the CNT and LC molecule.
F conformation . i
: B. Interaction between the TFP2 LC Molecules.In this
E% Eﬁt: §s section, we describe the interaction between two TFP2 mol-
conformation | conformation ecules. Figure 2 shows the interaction between these two

Fi L vari o ; fion struch fthe LC molecl molecules parallel to each other, as denoted for the-hkadd
igure 1. Various atomic conformation structures of the LC molecule. _ -
The schematic in the box shows the conformation selection rule for (H—H) type and the asymmetric heatlead (At+-H) type, and

the two cyclohexane ring structures on the TFP2 LC. (a) CC: ehair antiparallel for the headitail (H—T) type. The H-T type gave
chair conformation, (b) SC: skewbeathair conformation, (c) CS:  consistently stronger binding energy than the other two types,

chair—skewboat conformation, and (d) SS: skewbesktewboat independent of the calculation methods and basis sets, favoring
conformation. The values in this figure indicate the relative binding the antisymmetric HT interaction. This explains why the
energy with respect to the CC conformation in electronvolt units. nematic LC medium does not possess a permanent dipole

) o moment despite the fact that the individual LC molecule has a
performed after geometrical optimization by the LDA. The permanent dipole mome?t.

forces on each atom to be converged during each relaxation
were less than 0.002 atomic units with a displacement conver-
gence of 0.005 A. The binding or adsorption enerByg) of
the LC molecule on the CNT wall was defined Bg = E;-
(CNT + LC) — E(CNT) — E(LC), whereE; is the total energy
of a given system.

We chose a typical superfluorinated LC molecule, 2,3,4-

The distance between two TFP2 molecules is depicted in the
Figure 2. The shortest distance between two LC molecules was
abou 4 A longer than the general van der Waals interaction
distance. Figure 2d,e presents the binding energy of two TFP2
molecules. This binding energy was dependent on the basis set
and types of correlation energy. Independent of all these
. i ; variations in the parameters, the-H type was the most stable
trifluorophenyl2 (TFP2), as a model calculation; TFP2 is @ gaametry. Because of electron charge transfer, the electrostatic
mostly available material for commercial displays. This mol- iyeraction was dominant over van der Waals interaction. Hence,
ecule was composed of a hexagonal head part with three fluoriney, o 1T \was more favorable. A more accurate GGA calculation

atoms, two cyclohexane rings as mesogenic group, and an alkylg gqested that the interaction energy may be a few meV or so.

chain tail part. The head part contained_ polar term_inal group or viore accurate calculations with large basis sets were required
polar lateral group and mainly determined the dielectric ani- to have an accurate binding energy. This reflected again the
sotropy (A¢) of the LC molecule. We chose a (5,5) armehair 4, yanorization temperature of a typical LC medium.

CNT with the CNT length of 14 layers with 17 A long along C. Interaction between the TFP2 LC Molecule and CNT

the tube axis. This was presumably short compared to the Fi 3 s three t f tubes- b
experimentally used one but at least longer than the LC length Igure S presents three types of nanotubes: an open nanotube,

(15 A) such that the interaction between the CNT and LC hydrogenj, and oxyge_n-ter_minated hanotube. In additi_on to
molecule was fully incorporated in the model calculation. Since representing the functionalized nanotubes, the termination of

the CNTs were usually functionalized by hydroxyl and/or dangling bonds provided less strain to the carbon atoms near

carboxy! groups during the sample treatmnie considered the edge,_ making them ideal structures. It_also e_nhanced the
three cases of CNTs: open nanotube, hydrogen-, and Oxygen_computatlonal speed by fast convergence in solving the self-

terminated nanotubes. We used these three cases to emulate t nsstent_KohﬁSham equatlon._ Compgrlson of these three
functionalized CNTs. These situations were similar to those structures informed us about the interaction of the LC molecule

. : . with the functionalized nanotubes. We also defined an anchoring
functionalized defects at the sidewalls. site of the TFP2 molecule on the CNT surface, as shown in
Figure 3d. The “edge site” overlapped the outmost hexagonal
ring of the CNT with that of the head group in the TFP2

A. The Stable Geometry of the TFP2 LC Molecule.We molecule. The “inner site” and the “third site” refer to the second
first searched for the stable TFP2 geometry from the chemical and third hexagonal ring from the CNT edge coinciding with
structure. The TFP2 molecule had three fluorine atoms at thethat of the TFP2 head group. The top view of the anchored
head group. The fluorine atoms-Q.312 e/atom) in the head  TFP2 on the “edge site” of the CNT surface was also illustrated
group were mostly negatively charged. The charges were mostlyin Figure 3d. Figure 4 presents the top and side views of the
extracted from hydrogen atoms$(@.18 e/atom) in the tail group.  most stable geometries for different functional groups. The head
This was confirmed from the Mulliken charge population. This group interacted with the CNT wall with the closest separation
large charge transfer leads to the creation of a high dielectric distance of nearly 3 A, as listed in Table 1. This was independent
constant. Two types of conformational combinations of chair of the functional groups. We note that the interaction was
type (C) and skewboat type (S) existed between two cyclohexanestrengthened by the—x stacking among hexagonal rings in
rings in the mesogenic group, as shown in the box of Figure 1. the head part of the LC molecule and those of the CNT wall.
We denoted the two cyclohexane ringsasnd f from the This is illustrated in Figure 3d. This explains the experimental

Results and Discussion
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Figure 2. Interaction groups of two LC molecules defined by facing with (a) hdaghd (H-H), (b) asymmetric headhead (AH-H), and (c)

head-tail (H-T). The calculated binding energies by the GGA and the LDA methods depend on the numerical basis sets (d) double numerical plus
d-functions (DND) and (e) double numerical plus polarization (DNP). The DNP basis sets provide higher accuracy especially for the hydrogen
bonding than the DND basis sets.

distance of more than 5 A. The amount of charge transfer was
calculated by summing all the atoms in the LC molecule,
respectively. The largest charge transfed(73 e) was observed
in the oxygen-terminated CNTs compared to the other types.
This was ascribed to a large electronegativity of the oxygen
atom compared to that of a hydrogen atom. Even in the case of
open edge interaction, some charges were still transferred to
the CNT. One may conjecture which interaction is dominant in
Table 1. The interaction energy was roughly proportional to
the amount of charge transfers among different edges, inde-
pendent of the basis sets. This ensures that the hydrogen bonding
prevails in the interaction. Another point to note is the position
of the LC molecule. In the case of the open edge, the edge was
the favorable site, whereas in the case of the functionalized
~ edges, the inner sites were more favorable sites. Furthermore,
the energy difference between inner and edge sites was not so
appreciable. This suggests that the energetic is governed by the
m f charge transfer between two molecules, not by the relative
\,—« position of the LC molecule to the edge site. As a consequence,
}

, ard site N the separation distances between F, H, and O in LC molecules
{ ST and carbon atoms in CNT were shorter than the typical van der
Ry aWal Waals interaction distance of 3.4 A, as listed in Table 1. Because
of this, the binding energy was much stronger than van der
h - Waals interaction and therefore describable in LDA limit. This
Figure 3. CNT geometries for (a) open (5,5) CNT, (b) hydrogen- resulted in a large binding energy e2.02 eV for an oxygen-
terminated (5,5) CNT, and (c) oxygen-terminated (5,5) CNT. (d) The terminated one. Thus, the relevance to the real experiment is

schematic top view for different LC positions from the proximate edge till valid for energeti ration distan nd char
is also shown and the real top view of the-7 stacked LC on the S a or energetics, separallo stances, and charge

tube axis ———

-

CNT wall. transfer. One thing to note is that the long axis of the LC
molecule was anchored parallel to the tube axis. Furthermore,
observations that the ring-type molecule was dominatee-by the binding energy between LC molecule and CNT was about

stacking with the CNT waR® The closest distance between the —2 €V, much stronger than the physisorption energingV).
mesogenic group of the LC molecule and CNT was nearly 2 This explam_s how Fhe gigantic CNTs can pe well-aligned in
A. The hydrogen atoms in the mesogenic group were partially the LC medium which was observed experimentéil}:
positively charged, and the closest carbon atoms in the CNT D. Charge Distribution. Because of the net charges that were
backbone were partially negatively charged. This charge present on the CNT wall, we next calculated the charge
localization induced the hydrogen-bonding interaction between distribution in the CNT. Figure 5 presents the top and side views
the LC molecule and CNT. On the other hand, the tail groups of the charge distribution of each orbital for the oxygen-
were strongly repelled from the CNT wall with a large separation terminated CNT. Figure 5a clearly indicates that most charges
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Figure 4. Side and top views of the LC molecule anchored on the edge site of (a) the bare CNT, (by@MTHand (c) the G- CNT.

TABLE 1: Various Geometric and Energetic Parameters
Determined from the LDA for Each of the LC —CNT
Structures®

LC—CNT LC—HCNT LC—OCNT
edge inner  edge inner edge inner

bond length (A)
c-C 3.191 3.046 3.109 3.085 3.194 3.325

F-C 3.336 3.326 3.154 3.161 3.218 3.486 & L
F—H(O) * * 2979 2855 2990 2.920 b i34
H,-C 2226 2283 2258 2214 2143 2150 =
H, C 2251 2347 2426 2.616 2.563 2.244 2004
Eeonp (€V)  —127 -120 -1.13 -1.26 -1.77 —1.83 o
Es-one(€V)  —1.46 -139 -133 -145 -196 -2.02 h
e -045 -0.43 —026 -0.23 —0.74 —-0.73
u(D) 1.06 235 215 301 —2.95 0.08
‘aa

aC—C: The closest distance between C-atom@LC and edge
C-atom@CNT. F-C: The closest distance between F-atom@LC and
edge C-atom@CNT.FH(O): The closest distance between F-atom@LC
and H-atom@CNT or O-atom@CNT. ;HC(H.-C): The closest
distance between H-atom@LC and C-atom@CHEd-ponppone: The
binding energy of the LC molecule on the CNT depending on the basis
set. Ae: The charge transfer from the LC molecule to the CNT.
The permanent dipole moment of the CNT induced by the charge
transfer with respect to the center of mass.

(c) HOMO-2

of the highest occupied molecular orbital (HOMO) in the LC
molecule were drained to the HOMO in the CNT. Although
the LC molecule was located at one edge of the CNT, the
HOMO was highly symmetric along the CNT axis and _ ]
circumferential direction. The second and third HOMOs in the ~ § ¥ -+
CNT became asymmetric. This led to a permanent dipole
moment in the CNTs. The sparse existence of the second and ya'ae, i .
third HOMO charges in the LC molecule indicated that most _ .
bonding orbitals were located in the deep energy levels. On the k
other hand, the lowest unoccupied molecular orbital (LUMO)

charges were mostly located in the head group and the (d) LUMO (e) LUMO+1 (f) LUMO+2
cyclohexane group and the second LUMO in the tail group, as Figure 5. Charge distribution of three energy levels (occupied and
shown in Figure 5d,e. The LUMO in the pure CNT, prior to unoccupied) from the Fermi level for the LC molecule anchored on
the anchoring of LC molecule, was completely symmetric along the O-CNT.

the circumferential direction. This was filled by accepting were limited by the short CNT length with symmetric func-
charges from the LC molecule. The third LUMO charges were tionalization at both edges, this provided some intuitive pictures
mostly located at atoms of both edges. Although our calculations for the formation of a permanent dipole moment. In a real
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Layer | Mulliken chargs (] for the TFP2 LC molecule. The—s stacking between the head
¢ C oo m 1.655 group in the LC molecule and on the CNT wall led to anchoring
= b= B o 2547 of the LC molecule on the CNT wall, whereas the tail group
r.‘(" 4 — 0.669 was repelled from the CNT wall. The binding energy of the
\’0_»’ L s 0155 LC molecule on the CNT wall was abot2 eV, stronger than
ANVANY & ” e the typical van der Waals interaction. This strong binding
VANV & Y originated from the electrostatic energy by a significant amount
ANVIANY & - 000 of charge transfer from the LC molecule to the CNT. Further
\ I/.‘\_ﬂ'\ = oo calculations of the permanent dipole moment of the CNT could
f.\l W Yoy explain the dynamical motion of CNTs under various external
MO = e fields.
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Figure 6. Mulliken charge distribution on each layer of the-@NT.
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