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Abstract: Density functional theory (DFT) calculations with dispersion corrections
elucidated key factors for determining the arrangement of m—conjugated oligomers
inside a carbon nanotube. The current study considered methyl-terminated terfurans as
guests inside a host tube; the results were compared with those obtained in previous
studies for methyl-terminated terthiophenes inside a nanotube. DFT calculations found
that the most important factor in determining the guest arrangement is the host-guest
interactions arising from long-range CH—r and n—n interactions. Particularly, the host-
guest interactions play a crucial role in the arrangement of m-conjugated oligomers
inside a larger-diameter tube: m-conjugated oligomers sit near the inner tube wall to
maximize attractive host-guest interactions. Within a smaller-diameter tube, host-
guest interactions as well as guest-guest (interchain) interactions are responsible for the
guest arrangement. Then, stronger host-guest (weaker guest-guest) interactions are a
major (minor) factor. The stronger host-guest interactions are sufficient to deform the
inner m-conjugated oligomers. Due to the tube encapsulation, inner terfurans lose their
planarity, leading to a weakening of the interchain interactions. In contrast, tube
encapsulation induces terthiophenes to assume nearly planar structures, enhancing their
interchain interactions. As a result, the magnitude of the interchain interactions is
dependent on types of inner oligomer. Reflecting the different interchain interactions,
multimeric terfurans inside a nanotube exhibit molecular packings that are different
from those of corresponding terthiophenes. Considering the importance of the
arrangement of inner m-conjugated oligomers for their electronic properties, and thus

nanotube containers can tune the properties of inner oligomers.
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1. Introduction

Various m-conjugated oligomers have attracted much attention because of their
use in solar cells."”” Their properties are influenced by the gap between the highest
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) of an individual oligomer, as well as by molecular packing in the solid state.
Molecular packing is important because it determines the strength of intermolecular
interactions between adjacent oligomers that are responsible for their charge transfer
properties. For example, the most famous oligothiophenes (Chart 1) usually assume
herringbone structures, although cofacial structures were sometimes observed in the
crystal structures of oligothiophene oligomers substituted by bulky groups as well as in
the crystal structures of oligomers with both electron-rich and electron-deficient aryl

7

rings.'”” Recently, oligofurans (Chart 1), with frameworks that are more rigid than

those of oligothiophene for twisting adjacent five-membered rings, have been
successfully synthesized.*'* In their crystal form, planar oligofurans are packed in
herringbone motifs.

Control of molecular packing is important for regulation of charge transfer rates

11-16

between m conjugated oligomers. The use of the inner space of a carbon nanotube

17-30

is one of the most promising strategies for this purpose. There have been some

242 The use of their

reports on thiophene oligomers contained inside the nanotubes.
restricted space is advantageous because the movement of the thiophene guest molecule

is highly restricted: the oligomer guests are allowed to easily move only along the tube-

axis direction. Furthermore, the guest structures are influenced by the interactions with
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the host tube, and therefore the host-guest interactions determine the guest arrangements.

Due to the advantages of the nanometer-sized environment, the number of guest
arrangements would be limited, and therefore it may be possible to control the electronic
properties of guest molecules by utilizing nanotube confinement.*'?

Following this approach, we performed quantum chemical calculations based on
density functional theory (DFT) to investigate how multimeric methyl-terminated
terthiophenes (3T) orient inside a nanotube through host-guest interactions.*’”* DFT
calculations including dispersion corrections (B97-D functional) found a variety of
arrangements of the thiophene guests inside the tube host; these arrangements depend on
host-tube diameter as well as on the number of guests, as shown in Figure 1.
Reflecting the various thiophene arrangements on the inside of a nanotube, inner
thiophene oligomers exhibit a variety of different interactions. The interchain
interactions split the orbitals that are constructed from the frontier orbitals of the single
chain, and therefore nanotube confinement has a strong impact on the arrangements and
electronic properties of the inner terthiophene chains.

The present study extends our previous DFT studies to investigate multimeric
oligofuran chains inside a nanotube. As mentioned above, oligofurans have planar
structures that allow 7 electrons to delocalize over the framework; such structures are
different from thiophene oligomers where five-membered rings are slightly twisted.
However, the ready degradation of oligofurans upon exposure to a combination of light
and dioxygen is a significant drawback.® This unfavorable feature prevents the use of

oligofurans as organic electronic materials. To overcome this drawback, we propose
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that carbon nanotubes can act as nanocontainers, allowing inner oligofurans to exist in
their ground state by preventing dioxygen from attacking them. This hypothesis

originated from an analogy with the previous studies.”'*

Following this hypothesis,
the current study aims to obtain the electronic properties of multimeric oligofuran inside

nanotubes with a diameter ranging from 10.9 to 13.7 A; we then compared our results

with the results for thiophene molecules inside a nanotube.

2. Calculation Method

In the current study, we discuss structural and electronic properties of multimeric
oligofurans inside an armchair carbon nanotube, as shown in Figure 2. We constructed
the nanotube models by using (8,8) and (10,10) nanotubes terminated with H atoms
(C304H3; and CsgoHyo, 22.1 A length). These nanotube clusters are large enough to

accurately model the electronic properties of the corresponding infinitely long

33-39 31,32

nanotubes. Following the previous studies, we considered methyl-terminated

oligomers consisting of three furan rings (terfuran, 3F). Accordingly, we will use the
notation of nx3F@(m, m) throughout this study as an abbreviation for an armchair (m,
m) nanotube containing » terfurans.

31,32

As discussed in the previous reports, interactions between a host tube and «

conjugated guests arise from the long range m—n interactions and CH—n interactions.
To correctly describe such long-range interactions in DFT calculations, a suitable
functional must be carefully chosen. Therefore, the B97D functional that includes a

140,41

dispersion correction in a GGA-based B97 functiona was selected for the current
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study rather than the popular B3LYP functional.**®  On the other hand, GGA-based
DFT calculations are well known to underestimate HOMO-LUMO gap, in contrast to
B3LYP calculations that accurately reproduce the experimentally obtained gaps.*”*
Considering the advantages and disadvantages of the B97D and B3LYP functionals, we
chose the following procedure to investigate the geometrical and electronic properties of
multimeric methyl-terminated terfurans inside nanotubes. @ We first optimized
nx3F@(m,m) structures by using the B97D functional. We then used the B3LYP
functional to perform single-point calculations of the B97D optimized nx3F@(m,m)
structures to obtaining the orbital energy levels and orbital distributions, focusing
especially on the orbitals derived from the multimeric terfurans within the

31,32
nanotubes.”

To select basis sets that are suitable for large-scale calculations of
nx3T@(m,m), we used the 6-31++G** basis set’’* for the thiophene oligomers and the
6-31G** basis set’™" for the finite-length tube models. Accordingly, the optimization

of the nanotubes containing some terfurans involved up to 7032 contracted basis

functions. All calculations were performed using the Gaussian 09 program.™

3. Results and Discussion
Properties of terfuran and terthiophene

We first discuss the properties of methyl-terminated terfurans and compare them
to those of methyl-terminated terthiophene. Figure 3 displays the optimized structures
together with charges calculated by natural populations analysis (NPA).>*  As shown in

Figure 3(a), bond-length alternation patterns of terfuran are almost the same as those of
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terthiophene. Figure 3(b) presents the orbital distributions of the frontier orbitals of
the two m-conjugated oligomer types. Similar frontier orbital distributions can be
found for terfuran and terthiophene. The HOMO-LUMO energy gaps were calculated
to be 3.55 and 3.24 eV for terfuran and terthiophene, respectively. Despite the
similarity between the geometrical and orbital properties of the two oligomers, they
contain heteroatoms with different signs of the charges; calculated NPA charges on
oxygen atoms in 3F are ~ —0.47, whereas the charges on sulfur atoms in 3T are ~ 0.44.
The different signs of their calculated NPA charges can be understood based on the
electronegativity differences between the heteroatoms and carbon atoms.™

These differences are important for determining the twisting potential energies of
the m-conjugated oligomers. Figure 4(a) displays potential energy surfaces of the -
conjugated oligomers as a function of dihedral X—C—C—X angles (&) where X is O or S.
Dihedral angle dependent HOMO-LUMO gaps are also shown. Figure 4(b) shows that
the HOMO-LUMO gaps increase as @ decreases from 180 to 90 degrees. At € = 90
degrees, terfuran and terthiophene exhibit the maximum HOMO-LUMO gap values of
5.54 and 5.01 eV, respectively. The maximum HOMO-LUMO gap arises from the
absence of m orbital interactions between the adjacent five-membered rings due to
orthogonality. Further decrease of & from 90 degrees diminishes the gap. Despite the
similar HOMO-LUMO gap trends observed for terfuran and terthiophene, the two
oligomers exhibit substantial differences in their twisting potential energies (Figure
4(a)). As observed from Figure 4(a), the calculated barrier for the twisting of adjacent

five-membered rings is 5.9 kcal/mol for terthiophene, while that for terfuran is 11.3
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kcal/mol. The higher barrier for terfuran arises from the repulsion between the
negative charges on oxygen atoms and 7 electrons on carbon atoms. These results
indicate that terfuran assumes a planar structure with a rigid frameworks, whereas
terthiophene shows five-membered rings that are slightly twisted away from the planar
structure.”®  Similar results have been previously obtained by Gidoron et al.® The
different twisting behaviors play a crucial role in determining the arrangement of -

conjugated oligomers inside a nanotube, as discussed below.

Single Terfuran Oligomer inside a Carbon Nanotube

We first determined local minima of the potential energy surface of a single
terfuran inside an (m,m) nanotube (m is 8 or 10), as displayed in Figure 5. Independent
of tube diameter, the optimized 1x3F@)(m,m) structures in Figure 5 show a single inner
terfuran located near the tube wall of a nanotube. Here, we estimated the interactions

between the terfuran guest and a tube host by using the following equation,

Egg = Etotal(nxsF@(m,m)) - Etotal((m,m)) - n X Etota1(3F) (1)

where Eioi(nx3F@(m,m)) is the total energy of an optimized nx3F@(m,m) structure,

Eioral((m,m)) is that of the optimized (m,m) structure, Eio(3F) is that of the optimized

structure for single terfuran, and # is the number of terfurans contained in the (m,m) tube.

Basis set superposition errors (BSSE)57 were corrected for Egg values listed in Table 1.

Table 1 also presents Egg values for corresponding nx3T@(m,m) structures obtained in
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a previous study.”” Inspection of Table 1 shows that Egg values for the two
1x3F@(m,m) structures are negative, indicating that host-guest interactions stabilize the
1x3F@(m,m) structures relative to the dissociation limit toward single terfuran and the
(m,m) tube. The 1x3F@(m,m) structures have slightly smaller Egg values than the
corresponding 1x3T@(m,m) structures. These results indicate that the interactions
between inner single terfuran and an (m,m) tube are weaker than those for the inner
terthiophene case. As shown in Figures S1-1 and S1-2 (Supplementary information),
there is a substantial number of contacts between H (C) atoms of the terfuran and C
atoms of the tube at approximately 2.8 (3.5) A, whose separations are optimal to operate
attractive CH—nt (n—m) interactions. Thus, the interactions between a single terfuran
and a nanotube are due to the CH—n and n—n interactions. Because the CH-r and n—n
interactions are long ranged, they do not significantly influence the migration of a m-
conjugated oligomer inside a nanotube along the tube axis. In fact, as shown in Figure
6(I), the energy profiles of migration of single terfuran guest along the tube axis exhibit
low barriers with 2.4 and 3.5 kcal/mol obtained for 1x3T@(8,8) and 1x3T@(10,10),
respectively.  Similarly, negligible migration barriers were found for 1x3T@(8,8) and
1x3T@(10,10) in Figure 6(1). Thus, our DFT calculations found that the n-conjugated

oligomers can move smoothly inside a nanotube.

Multimeric Terfuran Oligomers inside a Carbon Nanotube
In this section, we discuss the properties of multimeric terfurans inside a

nanotube. Optimized nx3F@(m,m) structures are given in Figure 7, together with the
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Epg values calculated according to Eq. (1). As shown in Figure 7, we found a variety
of arrangements of multimeric terfurans inside a nanotube, depending on the number of
chains and tube diameter. The negative Epg values indicate that the host-guest
materials in Figure 7 are energetically stable relative to the dissociation limit toward
some terfurans and the nanotube. Reflecting a variety of inner terfuran arrangements,
the Fgg values show a significant variation. By using the Egg values in nx3F@)(m,m)
(Table 1), we can estimate the interchain interactions between the contained terfurans,

as defined by the following equation.

Einteract = Esp(m*3F@(m,m)) — n x Egp(1x3F@(m,m)) )

Table 2 and Figure 7 list Eiperact Values in the host-guest materials. The data presented
in Table 2 and Figure 7 show that depending on n and m, the Ejperct values can be
different signs. The negative (positive) Eineract Values indicate that the terfuran chains
inside a nanotube interact attractively (repulsively). Table 2 shows that the absolute
Einteract values in nx3F@(8,8) are larger than those in nx3F@(10,10), suggesting that
interchain interactions between terfurans are stronger within a smaller diameter tube.
Thus, DFT calculations emphasize that tube-diameters strongly influence the magnitude
of interchain interactions. Note that the magnitude of interchain interactions is
important to determine migration behaviors of an inner terfuran within the 2x3F@(m,m)
structures in terms of the energetics, as can be seen in Figure S2 (Supplementary

Information).

10
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Comparison of the data in Tables 1 and 2 found that Ejyeacr values at a certain
structure are less significant than the host-guest interactions in 1x3F@(m,m) (Egg value
for 1x3F@(m,m)).  Accordingly, the stronger host-guest (weaker guest-guest)
interactions are a major (minor) factor for determining the arrangement of multimeric
terfurans inside a nanotube. Because the inner space of the (10,10) tube is sufficiently
large to accommodate two terfurans, both terfurans are located near the tube wall. The
two terfurans are thus separated, and their interchain interactions are negligible.
Substantial interchain interactions appear when the number of contained oligomers
increases. Three terfurans encapsulated into the (10,10) tube interact with the tube
wall as well as with the other terfurans. The Fiperact value for 3x3F@(10,10) is
negative (Table 2), indicating that the interchain interactions are attractive. In contrast,
a positive Fineract Value was obtained for 4x3F@(10,10). The different signs for the
nx3F@(10,10) structures suggest that there is the optimal number of m-conjugated
oligomers that can interact attractively with each other within a carbon nanotube (i.e.,
the optimal number of terfurans within the (10,10) tube is 3). Within the (8,8) tube
with a smaller inner space, the optimal number is smaller. According to Table 2, the
sign of Eineract changes between 2x3F@(8,8) and 3x3F@(8,8). These results are
helpful for understanding a recent experimental report finding that radial breathing
vibrational frequencies of a nanotube containing multimeric m-conjugated oligomers

exhibit a complex dependence on the nanotube diameter.*®

Comparison between nx3F@(m,m) and nx3T@(m,m) in Interchain Interactions

11
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Figure 7 shows that terfuran arrangements inside an (m,m) nanotube
(nx3F@(m,m)) are similar to those of inner terthiophenes described in Ref. 32. Here,
we compare the magnitudes of interchain interactions for nx3F@(m,m) and
nx3T@(m,m). As observed in Table 2, the absolute Ejneract Values for nx3F@(m,m)
are smaller than the corresponding nx3T@(m,m) values, with the exception of
quartarmer 7m-conjugated oligomers inside the (10,10) tube. An especially striking
difference was found between 3x3F@(8,8) and 3x3T@)(8,8): the absolute Ejperact value
in the 3F case is 86.5 kcal/mol smaller than that in the 3T case. These results suggest
that interchain interactions between terfuran oligomers inside tubes are weaker than
those for the inner terthiophenes.

To understand the differences in the interchain interaction magnitudes of
nx3F@(8,8) and nx3T@(8,8), we examine the m-conjugated oligomers’ arrangements
inside the (8,8) tube more closely. Figure 8 shows that the arrangements of m
conjugated oligomers inside a nanotube depend on the type of contained heteroatoms.
The dimer arrangements 2x3F@)(8,8) and 2x3T@(8,8) are commonly cofacial, as
depicted in Chart 2. However, these dimer structures have one oligomer shifting
longitudinally by different distances from the original cofacial arrangement
(longitudinal shift). In fact, the dimer arrangements in 2x3F@)(8,8) and 2x3T@(8,8)
can be distinguished by the longitudinal displacement from the original position (3(C)),
as defined in Chart 2. The 2x3T@)(8,8) structure shows a y(C) value of ~1.4 A. In
the slightly sliding arrangement, the HOMO-splitting of the terthiophene dimer is

minimized, and thus the repulsion arising from the interchain orbital interactions is

12
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diminished, as discussed in Ref. 32. In contrast, we found a significant longitudinal
displacement in the terfuran dimer inside the (8,8) tube; one terfuran slides with respect
to the other oligomer by 3.6 A. Similarly, differences in the trimer arrangements can
be observed for 3x3T@(8,8) and 3x3F@(8,8), with a slightly sliding arrangement for
the terthiophenes and a significantly sliding arrangement for the terfuran case.

We now discuss the importance of the relative orientations of the multimeric
terfurans for their energetics. For simplicity, we focused on the roles of dimer
orientations in interchain interactions, as depicted in Chart 2. Figure S3 displays the
total energy of longitudinally shifted cofacial 3F dimers as a function of the interchain
spacing (zis). Total energies relative to the dissociation limit toward two 3F oligomers
(Erelative) Were plotted. One local minimum with respect to zjs is present for each
orientation of longitudinally shifted 3F dimers with a certain value (y(C))(see graphs in
Figure S3). [Each local minimum is described by two key parameters: the stabilization
energy (Emin) and the optimal interchain spacing (zis). We find that the i, values are
strongly dependent on the y(C) values, as shown in Figure 9(I). The most significant
Emin value (Emin-opt: —9.8 kcal/mol) was found at y(C) = ~3.5 A (Table 3). In the most
stable shifted 3F dimer, the interchain spacing (zis-opt) s 3.6 A. Similar y(C)-dependent
Ein values can be found in longitudinally-shifted 3T dimers (Figure 9(II)), as discussed
in a previous report.3 2 However, in the most stable shifted 3T dimer (Emin-opt value of —
9.3 kcal/mol), the terthiophene slides by only 1.5 A from the original position. These
scan analyses nicely explain the differences between terfuran and terthiophene dimers’

orientation within a nanotube, as shown in Figure 8.

13
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More interestingly, we found differences between the Eineract and Emin-opt Values
for 2x3F@(8,8), indicating that the nanotube encapsulation significantly perturbs the
magnitude of the 3F interchain interactions. As mentioned above, the host-guest
interactions are stronger than the guest-guest interactions. To maximize the host-guest
interactions in 2x3F@(8.8), the terfuran guests are forced to deform.”® The
deformation of terfuran from its stable planar structure requires substantial energy
according to Figure 3. The loss of planarity of inner terfurans™® weakens the interchain
interactions. In contrast, inner terthiophenes change from their local minimum to
enhance their planarity without a substantial energy cost.”> As a result, terthiophene
can easily adjust its structure to maximize the host-guest interactions and the interchain
interactions. Tables 2 and 3 actually show that the Eieract value in 2x3T@)(8,8) is the
same as the corresponding Enin.opt Value, indicating that the tube encapsulation does not
affect the magnitude of the 3T interchain interactions. These results clearly suggest
that the deformation of © conjugated oligomers by the nanotube encapsulation plays an

important role in determining the interchain interactions.

Factors in Determining the Arrangement of n-conjugated Oligomers inside a Tube

Finally, we summarize the key factors for determining the arrangement of n-
conjugated oligomers inside a nanotube, as shown in Figure 10. The most dominant
factor is the host-guest interaction arising from long-range CH—n and n—r interactions.
Due to the long-range interactions, the inner single m-conjugated oligomer can move

along the tube axis with a negligible barrier. Accordingly, the arrangement of

14
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multimeric n-conjugated oligomers inside a nanotube is determined thermodynamically
rather than kinetically. When a small number of m-conjugated oligomers are
encapsulated into a large-diameter tube, host-guest interactions dominate the
arrangement: the oligomers are located near the tube wall to maximize the host-guest
interactions. On the other hand, multimeric m-conjugated oligomers inside a small-
diameter tube are located near the tube wall, and they are near the other oligomers at the
same time. In this situation, multimeric m-conjugated oligomers are oriented inside a
nanotube to maximize the host-guest interactions as well as the guest-guest interactions
(interchain interactions). Because stronger host-guest interactions are sufficient to
deform the inner m-conjugated oligomers,”’ the magnitude of weaker interchain
interactions is strongly affected by the nanotube encapsulation. The energy required by
the deformation of the inner m-conjugated oligomers depends strongly on the oligomer
type. The deformation of rigid terfurans by nanotube encapsulation leads to a high
energy cost. The loss of inner terfuran planarity effectively diminishes their interchain
interactions within the nanotube. In contrast, nanotube encapsulation enhances
planarity of inner terthiophenes through host-guest interactions. Due to their flexible
framework, the inner terthiophenes can easily adjust their structures to effectively
optimize their interchain interactions. These results underline the dependence of
interchain interaction magnitudes within a nanotube on the type of the encapsulated =-
conjugated oligomers. Interchain interactions play an important role in determining
the electronic properties of multimeric m-conjugated oligomers inside a nanotube, as

detailed in Figure S4 (Supplementary information). Consequently, DFT calculations
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revealed that depending on the type of the oligomer, nanotubes can modulate the

electronic properties of inner m-conjugated oligomers.

Conclusions

Using density functional theory (DFT) including dispersion corrections (B97D
functional), we investigated the arrangement of multimeric methyl-terminated terfurans
inside a carbon nanotube. We then compared the results with those for the
corresponding terthiophene cases to elucidate the factors determining the arrangement
of m-conjugated oligomers inside a nanotube. DFT calculations found a variety of
arrangements of multimeric terfuran chains inside a nanotube host, depending on the
host diameter and the number of guests. The terfuran arrangement inside a larger-
diameter tube is governed by attractive host-guest interactions due to CH-n and n—m
interactions; these interactions induce the inner oligomers to be located near the tube
wall. Within a smaller diameter tube, an inner terfuran sits near the tube wall and is
located near the other terfurans at the same time. In this situation, the arrangement of
multimeric terfurans is governed by the attraction arising from host-guest interactions as
well as from the guest-guest (interchain) interactions. Because the interchain
interactions are weaker than the host-guest interactions, the interchain interactions (host-
guest interactions) are a minor (major) factor in the determination of the inner terfuran
arrangement.  Interestingly, the magnitude of interchain interactions is strongly
affected by the deformation of m-conjugated oligomers by the stronger host-guest

interactions. Nanotube encapsulation induces inner terfurans to lose their planarity,

16
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weakening the interchain interactions. In contrast, terthiophenes contained inside a
nanotube enhance their planarity, and thus their interchain interactions are maximized.
As a result, differences in arrangements were found between multimeric terfurans and
terthiophenes on the inside of a nanotube. Reflecting the different inner arrangements,
n-conjugated oligomer chains interact differently. The interchain interactions that split
the frontier orbitals of the multimeric m-conjugated oligomers are responsible for
changing their electronic properties. Consequently, DFT calculations found that
depending on types of oligomer, nanotube encapsulation has a strong impact on
modulating the electronic properties of inner n-conjugated oligomers. Our DFT
findings provide an effective guidance for devising a strategy for controlling the

arrangement of n-conjugated oligomers in order to modulate their electronic properties.
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58 The dihedral O—C—C—O angles of terfurans in 2x3F@)(8,8) range from 170.6 to
172.5 degree. The value ranges, being similar those in 1x3F@)(8,8) (~171.0 degree),
are less than those in local minimum of methyl-terminated terfuran in the gas-phase
(~180.0 degree). These changes indicate that host-guest interactions by nanotube
encapsulation deforms inner terfurans, which costs ~1 kcal/mol per oligomer, to lose
their planarity. Losing planarity of terfurans by the nantube encapsulation would
diminish the magnitude of interchain interactions.

59 The dihedral S—-C—-C-S angles of terthiophenes in 2x3T@(8,8) have two values:
177.6 and 166.0 degree. The values of 166.0 degree, being close to those in local
minimum of bare methyl-terminated terthiophene, were observed in five-membered
rings of an oligomer close to methyl groups of the other oligomer. On the other hand,
the values of 177.6 degree were observed in five-membered ring of an oligomer close to
a five-membered ring of the other oligomer. These indicate that parts of five-
membered rings gain planarity by nanotube encapsulation. See Ref. 31. Note that
the guest deformation does not costs substantial energy (~0.3 kcal/mol per oligomer).
In terms of the energy required by the guest deformation, the differences between

terthiophene and terfurans can be understood from Figure 3. Gaining planarity of parts
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of five-membered rings of terthiophene helps them to operate effectively interchain

interactions.
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Figure Captions
Fig.1 Summary of the previous study discussing multimeric methyl-terminated

terthiophenes inside a carbon nanotube.

Fig.2 Schematic view of encapsulation of multimeric methyl-terminated terfurans

into a carbon nanotube.

Fig.3 Properties of (I) methyl-terminated terfuran and (II) methyl-terminated
terthiophene. (a) B97-D optimized geometries in terms of bond length alternation, (b)
frontier orbital features, and (c) atomic charges on contained heteroatoms, obtained
from natural population analyses. The electronic properties in (b) and (c) were
obtained from B3LYP single point calculations of the B97-D optimized m-conjugated

oligomers.

Fig. 4 Twisting of adjacent five-membered rings around a connecting bond of (I)

methyl-terminated terfuran and (II) methyl-terminated terthiophene in Fig. 3. (a)
Twisting potential of a m-conjugated oligomer as a function of twisting angle & (dihedral
angle X—C—C—X, where X is O or S atom), based on B97-D calculations. (b) Changes
of the HOMO-LUMO gap upon twisting of a m-conjugated oligomer. Orbital energies
of frontier orbitals are obtained from B3LYP single point calculations of the twisting -

conjugated oligomers.
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Fig.5 B97-D optimized 1x3F@)(m,m) structures where single terfuran is contained
inside an (m,m) nanotube ((a) 1x3F@(8,8) and (b) 1x3F@(10,10)).  The magnitude

of interactions between single terfuran guest and a host nanotube is given by Egg values

in kcal/mol. Negative Egg values indicate that the host-guest interactions are attractive.

Fig. 6 Energy profiles of migration of inner n-conjugated oligomer along the tube axis
within the optimized 1x3F@(m,m) (I) or optimized 1x3T@(m,m) (II) structure in Fig. 5,
obtained from B97-D calculations. The degree of migration of inner m-conjugated
oligomer from its original position of an optimized structure is defined as M. Energies
of m-conjugated oligomer migration in the inner spaces of the (8,8) and (10,10) tubes are

given by circles and triangles, respectively.

Fig. 7 B97-D optimized nx3F@(m,m) structures where some terfurans are contained
inside an (m,m) nanotube. Here n ranges from 2 to 4, and m is 8 or 10. The
magnitude of interactions between multimeric terfuran guests and a host nanotube is
also given as Epg values in kcal/mol. Negative Egg values indicate that host-guest

Interactions are attractive.

Fig. 8 Arrangement of inner n-conjugated oligomers in B97-D optimized nx3F@)(8,8)
and nx3T@(8,8) structures. (a) Dimer arrangements in the 2x3F@(8,8) and
2x3T@(8,8) structures, and (b) trimer arrangements in the 3x3F@)(8,8) and 3x3T@(8,8)

structures.  Inner oligomers can be distinguished by different colors.
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Fig. 9 Energetics of shifted terfuran (3F) dimers with orientation distinguished by the
degree of longitudinal displacement of an oligomer from the original cofacial
arrangement (1(C) as defined in Chart 2). Each shifted dimer orientation with a certain
y(C) value has one local minimum that is stabilized relative to the dissociation limit to
the two isolated oligomers. See Supplementary information for details (Figure S3).
The stabilization energy in a local minimum is given by Epni,. Emin values obtained
from B97-D calculations are displayed as a function of »(C) in graph I. Similarly,
y(C)-dependent Ey,i, values in longitudinally shifted terthiophene (3F) dimers are given

in graph II.

Fig. 10 Key factors in determination of the arrangement of multimeric m-conjugated

oligomers inside a carbon nanotube.
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Table 1. Estimation of host-guest interactions (Egg) in B97D-optimized nx3F@(m, m) and
nx3T@(m, m) structures,” where some methyl-terminated n-conjugated oligomers (terfuran (3F) or
terthiophene (3T)) are on the inside of the (m, m) tube.

Host tube chirality n® 3F guests © 3T guests 7

(8,8) 1 -52.2 -57.8

(8,8) 2 -111.1 -125.1

(8,8) 3 —105.8 =36.1
(10,10) 1 —44.0 —48.5
(10,10) (D ¢ 2 -89.3 -101.5
(10,10) (ID) © 2 -91.3 -102.5
(10,10) 3 —-140.0 -156.7
(10,10) 4 -159.3 -191.2

* Optimized nx3F@(m, m) structures can be observed in Figure 7, and those in nx3F@(m, m)
structures are taken from Ref. 32.

® n; the number of contained oligomers

¢ EBE (lIl kcal/mol) in }’ZX3F@(W[, m): Etolal(nX3F@(m’m)) - Elotal((mrm)) —nX Elotal(3F)

4 Corresponding Ej values (in kcal/mol) in nx3T@(m, m) are taken from Ref. 32.

¢Labels (I) and (IT) in 2x3T@(10, 10) can be observed in Figure 7.

Table 2. Estimation of guest-guest (interchain) interactions in B97D-optimized nx3F@(m, m) and
nx3T@(m, m) structures,” where some methyl-terminated n-conjugated oligomers (terfuran (3F) or
terthiophene (3T)) are on the inside of the (m, m) tube.

Host tube chirality n® 3F guests © 3T guests
(8.,8) 2 6.8 -9.6

(8.,8) 3 50.7 137.2
(10,10) (1) © 2 -1.3 —4.5
(10,10) (I) © 2 -33 -5.5
(10,10) 3 -8.0 -11.1
(10,10) 4 16.7 2.8

* Optimized nx3F@(m, m) structures can be observed in Figure 7, and those in nx3F@(m, m)
structures are taken from Ref. 32.

® n; the number of contained oligomers

¢ Einerac: (in kecal/mol) in nx3F@(m, m): Egp(nx3F@(m,m) — n x Egp(1x3F@(m,m))

d Corresponding E;serqc; Values (in kecal/mol) in nx3T@(m, m) are taken from Ref. 32.

¢ Labels (I) and (IT) in 2x3T@(10, 10) can be observed in Figure 7.

Table 3. Key parameters in the most stable structure of longitudinally-shifted cofacial dimers,
consisted of terfurans (3F) or terthiophenes (3T).”

Key parameters 3F dimer 3T dimer *
Emin-opt ° 9.8 9.3
Ymin-opt ¢ 3.6 1.4
Zmin-opt 33 3.6

* See detail discussion based on B97D calculations can be observed in Figure 9.

b Emin-opt (in kcal/mol):  the stabilization energy in the most stable structure of a longitudinally-shifted
cofacial dimer, compared with the dissociation limit toward the two oligomers.

€ Vimin-opt (A): the longitudinal displacement of one oligomer from the original cofacial arrangement in the
most stable orientation.

dzmin_op‘ (A): interchain spacing between terfurans in the most stable dimer orientation.
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Table of contents entry

Double terfurans inside a tube Double terfthiophene inside a tube
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.

Dispersion corrected DFT calculations found different arrangements of © conjugated oligomers

inside a carbon nanotube dependent on types of oligomer, which are responsible for determining

their electronic properties.

29



Physical Chemistry Chemical Physics Page 30 of 41

Chart 1



Page 31 of 41 Physical Chemistry Chemical Physics

/ \ [\

H3C \ / CHjy

Methyl-terminated terthiophene

Methyl-terminated terthiophene inside a carbon nanotube

Fig.1 Summary of the previous study discussing multimeric methyl-terminated terthiophenes inside a carbon nanotube.
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Multimeric
methyl-terminated terfurans (m, m) carbon tube
(nx 3F)

Fig.2 Schematic view of encapsulation of multimeric methyl-terminated terfurans into a carbon nanotube.
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Fig. 3 Properties of (I) methyl-terminated terfuran and (II) methyl-terminated terthiophene. (a) B97-D optimized geometries in
terms of bond length alternation, (b) frontier orbital features, and (c) atomic charges on contained heteroatoms, obtained from
natural population analyses. The electronic properties in (b) and (c) were obtained from B3LYP single point calculations of the
B97-D optimized m conjugated oligomers.
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Fig. 4 Twisting of adjacent five-membered rings around a connecting bond of (I) methyl-terminated terfuran and (II)
methyl-terminated terthiophene in Fig. 3. (a) Twisting potential of a 7t conjugated oligomer as a function of twisting angle
6 (dihedral angle X—C—C—X, where X is O or S atom), based on B97-D calculations. (b) Changes of the HOMO-LUMO
gap upon twisting of a m conjugated oligomer. Orbital energies of frontier orbitals are obtained from B3LYP single point
calculations of the twisting it conjugated oligomers.
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1 x 3F@(10, 10) 1 x 3F@(8, 8)

<

Egg: —59.0 kcal/mol Egg: —70.0 kcal/mol

Fig.5 B97D-optitmized 1 x 3F@(m,m) structures where single terfuran is contained inside a (m,m) nanotube ((a) 1 x 3F@(8,8)
and (b) 1 x 3F@(10,10) ). The magnitude of interactions between single terfuran guest and a host nanotube is given by Epp
values in kcal/mol. Negative Exg values indicate that the host-guest interactions are attractive.
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Fig. 6 Energy profiles of migration of inner m-conjugated oligomer along the tube axis within the optimized 1 x 3F@ (m,m)
structure (I) or optimized 1 x 3T@(m,m) (II) structure in Fig. 5, obtained from B97-D calculations. The degree of migration
on inner w-conjugated oligomer from its original position of an optimized structure is defined as M. Energies of w-conjugated
oligomer migration in the inner spaces of the (8,8) and (10,10) tubes are give by cricles and triangles, respectively.
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Fig.7 B97D-optitmized n x 3F@(m,m) structures where some terfurans are contained inside an (m,m) nanotube. Here n

ranges from 2 to 4, and m is 8 or 10. The magnitude of interactions between multimeric terfuran guests and a host nanotube is

also given as Egg values in kcal/mol. Negative Egg values indicate that host-guest interactions are attractive.
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(a) Dimer arrangement of &t conjugated oligomers inside the (8,8) tube
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(b) Trimer arrangement of &t conjugated oligomers inside the (8,8) tube
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Fig.8 Arrangement of inner nt-conjugated oligomers in B97-D optimized n x 3F@(8,8) and n x 3T@(8.8) structures. (a)
Dimer arrangements in the 2 x 3F@(8,8) and 2 x 3T@(8,8) structures, and (b) trimer arrangements in the 3 x 3F@(8,8) and
3 x 3T@(8,8) structures. Inner oligomers can be distinguished by different colors.
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Chart 2
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Fig. 9 Energetics of shifted terfuran (3F) dimers with orientation distinguished by the degree of longitudinal displacement of an
oligomer from the origainal cofacial arrangement ((C) as defined in Chart 2). Each shifted dimer oritentation with a certain 3%C)
value has one local minimum that is stabilized relative to the dissociation limit to the two isolated oligomers. See Supplementary
information for details (Figure S3). The stabilization energy in a local minimum is given by E
B97-D calculations are displayed as a function of y(C) in graph I. Similarly, y(C)-dependent E_;, values in longitudinally shifted
terthiophene (3T) dimers are given in graph II.
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Fig.10 Key factors in determination of the arrangement of multimeric 7 conjugated oligomers inside a carbon nanotube.



