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ABSTRACT: In the present paper, we ascertain two novel findings on chiral-
index-selective binding/separating of single-walled carbon nanotubes (SWNTs)
with a nonaromatic polymer, poly(dialkylsilane) (PSi). PSi is a typical o-
conjugated polymer, composed of alkyl side chains attached to the silicon (Si)-
catenated main chain. First, PSi’s with linear alkyl side chains showed significant
diameter-selective wrapping for SWNTSs with ca. 0.9 nm in diameter, resulting in
the selective separation of (7,6) and (9,4) SWNTs. Its driving force was
demonstrated to be cooperative CH—7 interactions among the alkyl side chains
of PSi’s and the curved graphene of SWNTSs. Second, the dynamic wrapping
behavior of PSi’s onto SWNTs was elucidated with time-resolved UV
spectroscopy. Highly anisotropic UV absorption of PSi along the Si main chain was utilized as a “chromophoric indicator” to
monitor the global/local conformations, which enabled us to track kinetic structural changes of PSi’s on SWNTSs. Consequently,
we concluded that upon wrapping, flexible/helical PSi with an average dihedral angle (¢) of 145° and Kuhn’s segment length
(47") of 2.6 nm interconverted to the more stiffer/planar conformation with 170° and 4! of 7.4 nm. Furthermore, through
kinetic analyses of the time-course UV spectra, we discovered the fact that PSi’s involve three distinct structural changes during
wrapping. That is, (i) the very fast adsorption of several segments within dead time of mixing (<30 ms), following (ii) the gradual
adsorption of loosely wrapped segments with the half-maximum values (7;) of 31.4 ms, and (iii) the slow rearrangement of the
entire chains with 7, of 123.1 ms, coupling with elongation of the segment lengths. The present results may be useful for rational
design of polymers toward chiral-index-selective binding/separating of desired (n,m) SWNTs.
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B INTRODUCTION aromatic moieties, which we call nonaromatic polymers, such as
polyvinylpyrrolidone (PVP)® and poly(allylamine) (PAL),’
have also been utilized to solubilize SWNT's through polymer
wrapping. In these cases, relatively weak noncovalent chemical
interactions, such as CH—7'" and van der Waals interactions,
are thought to cooperatively serve as an efficient driving force
to stimulate the spontaneous wrapping. However, the “non-
aromatic polymers” have not demonstrated chiral-index-
selective separation of SWNTs.

Single-walled carbon nanotubes (SWNTs), composed of a
cylindrical graphene sheet with a certain chiral index, have
attracted a great deal of attention due to their extraordinary
electronic, mechanical, and optical properties.' However, the
coexistence of multiple chiral species of SWNTSs has hindered
fundamental research and further use in applications.” There-
fore, facile separation of a specific chiral component from the
mixture of SWNTs is of great interest ranging broad scientific . ' ) ]
and industrial fields> As a simple but efficient method for In this article, we demonstrated, for the first time, chiral-
specific chiral binding/separating, noncovalent polymer wrap- index-s.elective binding/ separating of SWNTS “"fith the. non-
ping with various chain-like polymers has been demonstrated, aror.natlc polymer, poly(dialkylsilane) (Psl)' P Sll is a typical o-
especially using polymers with aromatic moieties either in main conjugated polymer, composed of alkyl side chains attached to
or side chains. As such, DNA* and 7z-conjugated polymers, the silicon (Si)-catenated main chain. From a viewpoint of
including polyfluorene (PFO) derivatives,” have been in- electronic structure, PSi can be regarded as a quasi-one-
tensively investigated.® In these cases, 7—7 interaction between dimensional (QID) material, due to the delocalized o-
the aromatic moieties in the polymers and the curved graphene
surface of SWNTs’ played a crucial role as a driving force for Received: December 3, 2012
the chiral separation. On the other hand, polymers without Published: January 16, 2013
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conjugated electrons along the Si main chain.'" In addition to
their excellent (opto)electric properties, PSi’s were originally
utilized as an ideal linear polymer for visualization of individual
polymer chains. Highly sophisticated scanning tunneling
microscopy (STM) observation with atomic resolution revealed
that PSi’s formed a self-assembled single layer epitaxially
oriented on the atomically flat highly oriented pyrolytic
graphite (HOPG) surface with specific tilt angles of 19° or
30° from the base direction of the graphite hexagon.'” In the
self-assembled layers, the PSi’s adopted all-trans zigzag
conformation, in which the plane of the dihedral angle of the
Si main chain was perpendicular to the graphene substrate.
Particularly, every two Si atoms nestled adjacent to the
graphene surface. Therefore, we expected that, if PSi’s can
spontaneously bind on the cylindrical graphene of SWNT's with
a certain orientation angle in the similar manner on the HOPG,
it would enable us to separate SWNTs with specific chiral
indices even without 7—7 interactions.

In addition, we demonstrated real-time observation of the
wrapping kinetics of PSi's onto SWNTs. Although several
attempts to assess the dynamic behavior of the polymer
wrapping have been reported mainly by computational
studies,"” they are limited to very fast adsorption events in
the range between several pico- and nanoseconds, which may
be different from realistic time scales for dynamic changes in
both global and local conformations during polymer-wrapping
processes. It is because the dynamic events of polymer chains
from free to intended forms, such as folding and assembling, by
external stimuli, generally take glace in the time ranges between
millisecond to second orders."

For the real-time tracking of structural changes during
wrapping of PSi’s onto SWNTs, their highly anisotropic UV
absorptions along Si main chain were utilized as a
“chromophoric indicator”. Consequently, time-resolved UV
spectral changes with a stopped-flow technique revealed that
PSi-wrapping onto SWNTs can be devised into the following
three distinct processes with different time scales: (i) very fast
adsorption of several segments within the dead time of mixing
(<30 ms), (ii) gradual adsorption of loosely wrapped segments
involving drastic conformation change with a half-maximum
value (7;) of 31.4 ms, and (jii) slow rearrangement with 7, of
123.1 ms, coupling with elongation of the segment lengths.

B RESULTS AND DISCUSSION

Alkyl-Side-Chain-Dependent Polymer-Wrapping of
Poly(dialkylsilane)s. To systematically elucidate the wrapping
mechanism of nonaromatic polymers onto SWNTs, we
employed poly(dialkylsilane) (PSi)s with varying chemical
structures of the side chains, such as linear, branched, and
fluorinated alkyl-groups, and aryl-group. Chemical structures
for the PSi’s used in this study are summarized in Figure 1.
According to the combination of the alkyl/aryl side chains
bearing on the Si main chain, the PSi’s were classified into four
categories: (I) PSila—1g with methyl and n-alkyl groups, (1I)
PSi2a—2b with methyl and f-branched alkyl group, (III) PSi3
with methyl and phenyl group, and (IV) PSi4 with methyl and
3,3,3-trifluoropropyl group. Sample properties, such as weight-
averaged molecular weight (M,,), polydispersity index (PDI),
and molecular length (L) were summarized in Supporting
Information Table S1.

To theoretically depict the global nature of chain-like
polymers in dilute solutions, a worm-like chain is widely
accepted as an adequate polymer model."® In this model, the
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Figure 1. Chemical structures of poly(dialkylsilane) (PSi)s. (I)
Poly(methyl-n-alkylsilane)s [PSila, poly(methyl-n-propylsilane);
PSilb, poly(n-butylmethylsilane); PSilc, poly(methyl-n-pentylsilane);
PSild, poly(n-hexylmethylsilane); PSile, poly(methyl-n-octylsilane);
PSilf, poly(n-decylmethylsilane); and PSilg, poly(n-dodecylmethylsi-
lane)], (II) poly(methyl-p-branched-alkylsilane)s [PSi2a poly(methyl-
(S)-2-methylbutylsilane) and PSi2b, poly(2-ethylbutylmethylsilane)];
(I11) poly(methyl-phenylsilane) (PSi3); (IV) poly(methyl-3,3,3-
trifluoropropylsilane)] (PSi4).

degree of stiffness is expressed as a persistence length (q). In
general, estimation of the g values requires dexterous
techniques and/or unaffordable apparatuses. Advantageously,
the g values of PSi’s can be spectroscopically estimated with the
molar absorptivity (¢). PSi’s exhibit a highly anisotropic UV
absorption along the Si main chain between 300 and 380 nm,
due to the one-dimensional direct band gap nature. This
characteristic UV absorption originates from a photogenerated
hole—electron pair, so-called exciton.'® Recently, we elicited an
empirical relationship between q and &, which was formulated
as € 10°/(2.16 + 21.3g7"*) with a high correlation
coefficient, r = 0.99 (equation 1)."” Using this equation, the
q values of PSi’s can be easily evaluated under any conditions,
as far as UV measurement is available. Therefore, PSi’s can be
regarded as “chromophoric indicators for global conforma-
tions”.'® Herein, the Kuhn’s segment length (17%, correspond-
ing to 2¢)"’ was adopted to appropriately evaluate the segment
lengths, instead of q. Furthermore, the dihedral angles, in terms
of local conformation, of PSi’s can be evaluated with the value
of maximum UV absorption wavelength (1,.,),”° because the
electronic band structures of PSi’s can be modulated by the
alkyl/aryl side chains on the Si main chain.

Global/local conformation of polymer chains on surfaces is
of particular importance because it is closely related to the
chemical-, physical-, and mechanical-interfacial properties.
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However, it remains difficult in precise and reliable prediction
of in situ features of polymers on the surface. Especially, the
curved graphene surfaces of SWNTs cause considerable
difficulty to directly obtain information on how the polymer
chains behave on the SWNT surface.

In our previous report, using PSi’s with various types of alkyl
side chains, we experimentally revealed stiffness- and
conformation-dependent polymer wrapping of PSi’s onto
SWNTs;?! Flexible PSila with several nm of q values exhibited
wrapping ability by adjusting dihedral angles, while the stiff
poly(n-decylisobutylsilane) with the g value of 60 nm preferred
not to wrap. Although this study is an important step toward
exploiting the universal correlation between the topological
factors and wrapping behavior of PSi’s, we could not disclose
the transient processes from initial adsorption to final wrapping,
because the complexes of PSi’s and SWNTSs were prepared
through mechanochemical reaction of pristine SWNTs and
solid PSi’s with a high-speed vibrational milling.

In this article, we newly designed the wrapping method with
a simple mixing of PSi solution and SWNT dispersion. This
allowed us to quantitatively elucidate the dynamic interfacial
behaviors of PSi’s during wrapping onto SWNTs. In addition,
from the time-resolved UV spectral changes of 4, and ¢, the
chiral-index-selective polymer wrapping processes of PSi’s were
observed in real time.

First, we observed with the naked eye the apparent features
after mixing of the PSi solution and SWNT dispersion. When
tetrahydrofuran (THF), which was used as a good solvent for
PSi’s, was added into the SWNTSs/N,N-dimethylformamide
(DMF) dispersion,” the mixture gradually caused a precip-
itation (Figure 2a). However, when PSils were used as

(@ (b) () (@ (e) (f)

()
i

Stable dispersion
with wrapping

Precipitation
without wrapping

Figure 2. Photographs of SWNT/DMF dispersion mixing (a) with
THF only, and with THF solution of (b) PSila, (c) PSilb, (d) PSilc,
(e) PSild, (f) PSile, (g) PSilf, (h) PSilg, (i) PSi2a, (j) PSi3, and (k)
PSi4. The samples were prepared in advance a few days before taking

the photographs.

wrapping reagents, the mixed solution of PSil/THF and
SWNT/DMF was fairly stable without precipitation or
aggregation for several days (Figure 2b—h). On the other
hand, SWNTs precipitated promptly after mixing with PSi2—4
solutions (Figure 2i—k). In addition, a subtle difference
between CHj; and CF; groups in the side chains significantly
affected the wrapping ability. Here, we used PSi4 with the
trifluoropropyl group as an analog of PSila. As a result, the
mixture of PSi4 and SWNT involved rapid precipitation,
whereas PSila afforded excellent solubility against SWNTs.
This suggests that CH—r interactions among linear alkyl side
chains and the graphene surface of SWNT stimulated the stable
wrapping (Figure 2k). Here, it is reasonable to assume that the
linear alkyl chains play an essential role in the wrapping of PSi’s
onto SWNTs, leading to remarkable stability of the mixture of
PSi/SWNT. However, f-branched alkyl groups in PSi2s or
phenyl group in PSi3 may not adsorb onto the graphene
surface of the SWNTSs, due to exclusive volume effects among
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the relatively bulky side chains. The direct evidence on PSil-
wrapping around SWNTs was further supported by trans-
mission electron microscopy (TEM) (Supporting Information
Figure S2). In the mixture of SWNT and PSil, we observed
individual tubes and/or small bundles of SWNTSs covered by
PSils, whereas PSi2—4 showed aggregated SWNTs only (data
not shown).

This result encouraged us to further clarify how the linear
alkyl side chains affect the polymer wrapping. Utilizing
characteristic UV absorption of PSi’s as a chromophoric
indicator of their conformation and stiffness, structural changes
of PSi’s during polymer wrapping were evaluated. Figure 3
shows changes in UV spectra of PSi’s/ THF solution by titration
of SWNT/DMF dispersion. The net UV absorption spectra of
PSi’s were obtained as differential spectra between PSi/THF
solution with SWNT dispersion and THF with SWNT
dispersion only (Supporting Information Figure S3). Before
addition of SWNT, PSi’s with alkyl side chains afforded broad
monomodal UV spectra with the A, values of ca. 300 nm,
regardless of the alkyl side chains (Figure 3i—ix and xi).
According to the equation (1), the 7! values were estimated to
be 1.8—3.0 nm, suggesting that PSi’s with alkyl side chains used
in this study behave as a flexible chain in the solutions
(Supporting Information Table S1). However, UV titration
measurement showed obvious dependence on alkyl-/aryl side
chain of PSi’s. With an increase in the amount of SWNTs, a
broad UV absorption band at ca. 300 nm of PSils decreased,
but a relatively intense UV absorption band newly appeared at
ca. 345 nm (Figure 3i—vii). The correlation between 4., and
the dihedral angle (¢) of PSils has been fully investigated in
the literature; when the wavelength of maximum absorption
(Amax) of the UV absorption bands of PSils appear to be ca. 300
and 345 nm, PSils adopt ¢ of 145° and 170° for right-handed
and 215° and 190° for left-handed helices, respectively (To
simplify, we focused on only right-handed helices with ¢ of
145° and 170° hereafter).”® Importantly, the UV changes of
PSils showed an isosbestic point at ca. 325 nm. In general, the
presence of an isosbestic point has commonly been considered
as a fingerprint of a two-state transition behavior. Such the
isosbestic point can arise from the distinct spectral components
corresponding to interconverting chemical species that vary in
intensity, but not in the spectral shape and the isosbestic
position, upon applying external/internal stimuli. Thus, the
drastic spectral changes of PSils suggest that the helical PSils
with the ¢ value of 145° directly interconverted into a more
planar structure with the ¢ value of 170° during wrapping onto
SWNTs. On the other hand, UV spectra of PSi2—4 remained
unchanged even though the same amounts of SWNT were
mixed (Figure 3viii—xi). Thus, PSi2—4 could not adjust their
conformation to wrap around SWNTs, leading to precipitation
of the SWNT dispersion.

To quantitatively evaluate the amounts of PSils wrapped on
the SWNT, molar absorptivity (¢) of PSils at A, was
evaluated with varying concentrations of SWNTs in the PSi/
SWNT mixed solution (Figure 4a). With increasing amounts of
SWNTs, the € values linearly increased, and then reached the
constant ¢ values above critical concentrations of SWNTs. To
evaluate reproducibility and validity of the titration experi-
ments, we repeated the same measurements for three times
(Figure S4). Accordingly, the distribution among the data was
negligibly small, as shown as the error bars in Figure 4b. From
the critical concentrations, we evaluated the composition ratio
of silicon units in PSils per benzene units in the circumference
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Figure 3. UV spectra of PSi solutions by adding SWNT/DMF dispersion. The concentration of PSi in THF was fixed at 40.0 yM. The
concentrations of stock dispersion of SWNT in DMF were adjusted to be 1.42 mM (PSila—g), 1.48 mM (PSi2a, 2b, 4) and 1.88 mM (PSi3). The
net UV absorption spectra of PSi’s were obtained as differential spectra between PSi/THF solution with SWNT dispersion and THF with SWNT

dispersion only (Supporting Information Figure S3).
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Figure 4. (a) Titration curves of ¢ values of PSils varying
concentration of SWNT dispersion. Monitor wavelength: 343 nm
(PSi1b, 1g), 344 nm (PSile, 1f), 346 nm (PSilc, 1d) and 347 nm
(PSi1a). (b) Composition ratio between PSi and SWNT as a function
of n-alkyl chain length (1) of PSils with standard deviation. To
evaluate reproducibility and validity of the titration experiments, we
repeated the same measurements for three times (Supporting
Information Figure S4). Inset: schematic illustration of (8,4) SWNT
wrapped by PSila. Benzene rings of SWNT are indicated by green
hexagons. Pale red and aqua circles indicate n-propyl groups to provide
wrapping ability and solubility, respectively.

of (8,4) SWNT (see Experimental Section for the detail),
which is the most abundant portion in the CoMoCAT-SWNTs
(Figure 4b). Consequently, when the n-alkyl length is longer
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than the n-hexyl group, the values were between 1.5—1.7,
suggesting that approximately three Si repeat units regularly
occupied adjacent two benzene rings along the long axis of
SWNTs (Figure 4b, inset). From the result of UV titrations,
PSils after wrapping adopt nearly all-trans zigzag conformation
with the ¢ value of 170°. Therefore, it is reasonable to assume
that the plane of the dihedral angle of Si main chain is placed
almost perpendicular to the graphene surface of SWNTSs, in
similar fashion with the self-assembled poly(dialkylsilane) layers
lying on HOPG. On the other hand, the composition ratio of
PSila with n-propyl group was ca. 2.7, which is approximately
twice the value of PSils with longer n-alkyl side chains between
n-hexyl and n-dodecyl groups (PSilb—g). It is probably due to
the two PSi chains sharing the identical circumference of the
benzene rings of the SWNTs.

To identify the noncovalent interactions between PSils and
SWNT, the SWNTSs wrapped by PSila were subjected to FT-
IR analyses (Supporting Information Figure SS). Consequently,
the stretching bands of CH, and CHj at 2950—2850 cm™"
shifted to the lower wavenumbers by 4—9 cm™". This redshift is
concrete evidence of the existence of CH-z interactions
between alkyl groups and SWNTs. Indeed, the similar IR
spectral shifts were observed in a previous report on composites
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of nanotubes with nonaromatic polymers, such as polyolefins
and poly(methyl methacrylate) (PMMA).>*

It is well-known that some poly(dialkylsilane)s exhibit
various chromisms, responding to external/internal stimuli.®
Aiming to clarify the mechanism of the wrapping-induced
chromism of PSils, we observed UV spectral changes of PSil
solutions at varying temperature (Supporting Information
Figure S6). As a result, PSile with n-octyl, PSilf with n-
decyl, and PSilg with n-dodecyl group showed abrupt red-
shifted peaks, from broad to relatively intense peaks, with an
isosbectic point at 320 nm, and PSils with the shorter n-alkyl
chains between n-propyl and n-hexyl, the A, values gradually
red-shifted without an isosbectic point. According to the typical
classification of the thermochromism of poly(dialkylsilane)s,
the former and latter are categorized into an abrupt and
nontransition chromism, respectively.”® On the other hand, a
broad UV peak of PSils changed into an intense peak with the
isosbestic point upon wrapping around SWNTs, regardless of
n-alkyl length. Thus, the present UV spectral change can be
regarded as a novel type of chromism induced by polymer
wrapping onto SWNTs.

To theoretically explain the thermochromism of conjugated
polymers, Schweizer’s theory is commonly accepted as a
persuasive model.”” According to the theory, the thermochrom.-
ism of the conjugated polymers can arise from the dispersion
interaction of delocalized electrons along the polymer backbone
with the surrounding polarizable medium, such as solvent in
dilute solutions and also appended side chains on the main
chain in solid state. The transition between the ordered and
disordered conformations is controlled by a competition
between the dispersion interaction for fully conjugated chain
segments (Vp), and the rotational defect energy (ep,). Here, the
ratio Vp/ep determines the type of the thermochromic
behavior, leading to either gradual shifts or an abrupt transition.
In the case of low values of Vp/ép, so-called weak coupling, a
continuous, gradual red shift of the absorption band may take
place as the temperature decreases, due to the gradual
reduction of nonplanar defects with cooling. With high values
of Vp/ep, so-called strong coupling, the abrupt order—disorder
transition is triggered, in which the polymer chain becomes
straightened, producing long fully conjugated segments.
Adopting this theoretical consideration, it is reasonable to
assume that n-alkyl length dependent thermochromism of
PSils results from the strength of interactions among alkyl side
chains. Here, weak noncovalent chemical interactions, such as
van der Waals interaction, among linear alkyl side chains appear
to work as the driving force to stimulate the conformation
change of the Si main chain. Consequently, the thermochromic
behavior turned from abrupt to nontransition type with
shortening linear alkyl length, due to weakening of the
interaction among alkyl side chains. Contrastively in our new
finding, wrapping-induced chromism showed the abrupt
chromism regardless of alkyl length of PSils. This indicates
that linear alkyl chains tightly interact with the curved graphene
surface of SWNT, in which cooperative multiple CH—x
interactions among alkyl side chains and the graphene surface
of SWNT served as “strong coupling” force, leading to the
abrupt chromism.

Stoichiometric Wrapping of PSi’s onto SWNTs and
Their Chiral-Index Selectivity. Next, we assigned chiral
indices (n,m) of the preferentially wrapped SWNTs by PSils
(Figure Sa—d). As the typical models of PSils with short,
middle, and long linear alkyl chains, PSila (n = 3), PSild (n =
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Figure S. 2D-Photoluminescence (PL) maps of (a) SWNT before
polymer wrapping, and SWNT extracted with (b) PSila, (c) PSild,
and (d) PSilg. (e) Chirality maps of SWNTs wrapped with PSila
from PL intensity.

6), and PSilg (n = 12) were specifically chosen. To avoid the
unintended emissions from PSi’s, the PSils were thoroughly
eliminated on the SWNTSs by chemical decomposition with
tetrabutyl ammonium fluoride (TBAF),*® and the stripped
SWNTs were redispersed in deuterated water with a surfactant,
sodium dodecyl benzene sulfonate (SDBS).

Figure Sa—d shows two-dimensional photoluminescence
(2D-PL) mapping of the redispersed SWNTs. The obtained
PL data showed significant chiral dependence of SWNTs after
wrapping with PSila. In the dispersion of CoMoCAT-SWNTs
prepared with our method, (6,5), (7,5), (8,4), (7,6), and (9,4)
SWNT species were observable, especially, (8,4) SWNT was
dominant with up to ca. 59% (Figure Sa). Abundance
distributions were estimated from the PL intensity corrected
with the relative PL intensity,”> and summarized in Table 1
along with diameter (nm) and chiral roll-up angle (deg).
Through wrapping with PSi, the abundance of (7,6) and (9,4)
SWNTs approximately increased by three times, while those of
(6,5) and (7,5) were significantly decreased. The abundance of
(8,4) SWNTs was nearly identical before and after wrapping
(Figure Se). In addition, from UV—vis-NIR measurements, a
similar decreasing tendency in E;; absorption bands of (6,5)
and (7,5) SWNTs (975 and 1023 nm, respectively)®™® was
confirmed (Supporting Information Figure S7). Here, we
would like to ascertain the key parameters of the chiral selective
SWNT-wrapping of PSils. From Table 1, it is apparent that the
diameter of SWNTs was distinguished, resulting in the (n,m)
enrichment. That is, (7,6) and (9,4) SWNTs with similar
diameters of 0.89 and 0.91 nm are enriched, while SWNT's with
smaller diameters such as (6,5) and (7,5) SWNTs were
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Table 1. Relative Contents of Identified CoMoCAT SWNTs Dispersed in SDBS/D,0 before and after Extraction with PSils

abundance/ %P
(n,m) diameter/nm chiral angle/deg relative PL intensity® CoMoCAT PSila PSi1d PSilg
(6,5) 0.76 27.0 0.67 14.0 LS 09 1.1
(7,5) 0.83 24.5 0.71 9.9 2.4 1.7 1S
(8,4) 0.84 19.1 046 8.6 499 439 128
(7,6) 0.89 27.5 0.47 14.7 38.7 44.9 44.7
(9,4) 091 17.5 0.70 2.8 74 8.6 99
“Calculated PL intensity from Oyama et al.?’ “PL peak intensity/Relative PL intensity of each SWNT.

unfavorable. On the other hand, the preference of PSils for the
SWNTs with similar roll-up angles such as (6,5) and (7,6) is
distinctly different; (7,6) SWNTSs were increased, while (6,5)
SWNTs were greatly decreased through wrapping. To confirm
generality of chiral-index-selectivity of SWNT, HiPco-SWNT,
which has relatively large diameters between 0.76 and 0.98 nm
with wide range of distribution, were used. Accordingly, similar
tendency of chiral index-selectivity, (8,4), (7,6), (9,4), (10,3),
(8,6), (9,5) was observed (Supporting Information Figures S8—
10). Therefore, we concluded that PSils preferentially
recognized diameter, not roll-up angle of the SWNTs, resulting
in the selective wrapping onto SWNT's with the specific chiral
indices. Here it is noteworthy that the n-alkyl length of PSils
showed no obvious effect to the chiral selectivity of SWNTSs
(Figure Sb—d). It is because even short alkyl side chains could
tightly interact with the curved graphene surface via multiple
CH—r interactions. This was further supported by dihedral
angle dependence of the potential energy of PSila oligomers
with isotactic and syndiotactic sequences optimized with
molecular mechanics calculation (Gaussian03, TD-DEFT,
B3LYP, 6-31+G (d) basis sets) (Supporting Information Figure
S11). From the potential energy curves, energy difference
between the ¢ values of 145° (before wrapping) and 170°
(after wrapping) was estimated to be several kcal per Si repeat
unit, which is in agreement with 2.9 kcal/mol of the rotation
barrier energy obtained from the electron spin resonance
(ESR) measurement of the spin-labeled PSi bearing (2,2,6,6-
tetramethylpiperidin-1-yl)oxyl (TEMPO) group.®* On the
other hand, noncovalent interaction energy between the
methylene (CH,) in the linear alkane and graphene surface
has been reported to be 1.7 kcal/mol.>" Even the n-propyl side
chain (n = 3) can easily overcome the lower rotation barrier
energy from the ¢ of 145° to 170° leading to successful
wrapping.

To further elucidate the stoichiometric wrapping, computa-
tional studies with molecular mechanics calculations were
performed using PCFF force fields (Materials Studio 4.0,
Accelrys, San Diego, CA). To simplify the calculations, atactic
PSi oligomers with 20-Si repeating units and SWNTs with the
chiral index (8,4) (diameter, 8.29 A; length, 56.35 A) were
employed as models of PSil and SWNTs, respectively. Figure
6a—c shows the optimized structures of the PSils on the (8,4)
SWNT. As a result, the PSi oligomer was helically surrounded
to fit onto the curvature of (8,4) SWNT, in which the Si main
chain tilted with roughly 10° against long axis of SWNT.
Furthermore, combining the computational modeling with the
stoichiometric ratio between PSi and SWNT, the wrapping
mechanism of PSi became more convincing.

To clarify the geometry between PSi and SWNT, PSi
oligomers of (a’) PSila, (b’) PSild, and (c’) PSilg were
illustrated on the flat graphene sheet. To identify a developed
unit cell of (8,4) SWNT, the chiral vector (Ch) and primitive
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(a) PSi1a

Figure 6. (a—c)Proposed structures of PSi/SWNT complexes. (a)
PSila/SWNT, (b) PSild/SWNT, and (c) PSilg/SWNT. To simplify
the calculation, PSi oligomer with 20 monomers (with 20-Si repeating
units) and SWNTs (8,4) were employed as a model of PSi’s and
CoMoCAT SWNTs, respectively. PCFF was used as a force field. For
a tacticity of the PSi’s, an atactic configuration was adopted. (a’'—c’)
Model structures of PSi (21mer)/SWNT complexes on graphene
sheets of (8,4) SWNT with the tilt angles of 10° from the base
direction of the tube axis (yellow arrows). The chiral vector (Ch) and
primitive translation vector (T) were defined as red and blue arrows,
respectively. (a’) PSila/SWNT, (b’) PSild/SWNT, and (c’) PSilg/
SWNT. To simplify, alkyl chains away from the SWNT surface are
omitted in (a’—c’).

translation vector (T) were defined as red and blue arrows,
respectively. Given that the unit cell of the SWNT can be
obtained as an exterior product of T and Ch, the single unit
cells of (84) SWNT consist of S6-fused benzene rings,
respectively. In Figure 6, five unit cells are depicted as a white
line square for clarity. According to the optimized structures of
PSils on SWNTs, the PSi oligomers were set with the tilt
angles of 10° from the base direction of the tube axis (yellow
arrows). In the case of PSila with short n-propyl groups, two
PSi chains are able to place on the unit cell of (8,4) SWNT,
while, PSild with middle n-hexyl and PSilg with long n-
dodecyl chain can occupy only single chain in one unit cell, due
to the excluded volume effect among alkyl side chains. Here the
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composition ratios of silicon unit in PSils per benzene units in
the circumference of (8,4) SWNT were roughly calculated to
be 2.4 for PSila and 1.2 for PSild and PSilg, respectively. The
obtained data corresponded fairly with the stoichiometric ratio
estimated from UV titration. Therefore, it is most likely that the
preferential chiral angles were selected during polymer
wrapping, due to the well-ordered alignment of alkyl side
chains along with the long axis of SWNTs.

Time-Resolved Conformation Changes of PSi’s In-
duced by Wrapping onto SWNTs. The dynamic polymer
wrapping processes onto SWNT's have not been experimentally
proven so far, because there is no adequate combination
between model compounds and detection systems. Highly
anisotropic UV absorption of the PSi along Si main chain was
herein utilized as a “chromophoric indicator” to track the
global/local conformations of PSi, which enable us to track
kinetic structural changes, in terms of the both conformation
and stiffness. To quantify the pathway of dynamic wrapping of
PSi onto SWNT, we conducted kinetic analysis with the
stopped flow technique, which is commonly accepted method
in the field of biophysics, especially to analyze protein folding
by internal/external stimuli.} 32 Here, a PSi/THF solution was
rapidly mixed with isolated SWNTs in DMF to initiate
spontaneous wrapping. The subsequent wrapping processes
were monitored by a circular dichroism (CD) spectropolarim-
eter equipped with a photomultiplier with an applied voltage.
For the accurate data acquisition, the data were collected from
30 ms after mixing with the sampling intervals of 5 ms, due to
the dead time of the stopped-flow mixing of 26 ms. Here, we
chose PSila as a model polymer for the stopped-flow
experiments because PSila showed characteristic UV absorp-
tion with A, at 346 nm and the & value of 16 000 (Si repeat
unit)™' after mixed with SWNTs (Figure 3i). From these
values, we can estimate that PSila before mixing with SWNT
adopts a flexible coiled chain nature with 2.6 nm of the A~
value and 145° of the ¢ value. In the stopped-flow experiment,
excess amounts of SWNTs were mixed with PSila so that
PSila completely interacts with SWNT's during the stopped-
flow mixing.

Upon mixing the PSila solution with isolated SWNT
dispersion, the A, values promptly shifted from 305 to 346
nm. Subsequently, the & value at 346 nm gradually increased
and then reached a plateau region with time. At the plateau
region, the A7! value was estimated to be 7.4 nm from the ¢
value,'” which is approximately three times longer than that
before mixing. This abrupt UV shift indicates that the dihedral
angle of PSila discretely interconverted from 145° to 170°,
without a transient conformation change. Figure 7a shows time
courses of changes in the & values at 305 and 346 nm, which
correspond to the A, of PSila before and after mixing with
SWNTs, respectively. Change in the & value was very fast, and
completed within 0.5 s after mixing with SWNTs. To kinetically
analyze these data, we presumed one- and two-step association
models for changes in the & values. Considering that two
dynamic events of decrease in 305 nm and increase in 346 m
occurred simultaneously, we applied a global fitting method, in
which the data of the decrease component at 305 nm and that
of the increase components at 342 nm, 346 and 350 nm were
fitted with sharing the time constants (7, 7,). First, we applied
the one-step association model, which can be approximated by
a single exponential function (see Experimental Section for the
detail). Although the single exponential function did fit the
time-course UV data, the residuals of the fit, which is the
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Figure 7. (a) Pre-steady-state kinetics association experiments of
PSila with SWNT by stopped-flow UV absorption measurement from
30 ms to 0.5 s are globally fitted with two-phase model by the
following equation; y = y, + A;(1 — ™M) + A,(1 — e™/%). The
magnified graph from 0 s to 100 ms was depicted as an inset and the
extrapolated fitting curves from 0 to 30 ms were indicated by dotted
lines. (b) Reconstituted UV spectra of PSila against elapsed time with
SWNT dispersion. The UV spectra of PSila before wrapping were
indicated by a red dashed line, and the extrapolated spectra at 0—25
ms within the dead time reconstructed from fitting curves were
indicated by green to orange lines.

difference between the model and the data, were appreciable
and nonrandom (Supporting Information Figure S12a,a"). We
therefore fit the data with a two-step association model that can
be approximated by a double exponential function (Supporting
Information Figure S12b,b’). The fit with the double
exponential function could reasonably represent the UV data
without systematic deviation of residual. This result indicated
that two-step reaction occurred within the observation time
ranges between 30 ms and 0.5 s (Figure 7a, inset (ii)). Here, it
is noteworthy that, in both time courses of 305 and 346 nm, the
€ values extrapolated to time zero were significantly different
from the & values of the static UV data of PSila before mixing
with SWNT (Figure 7a, inset (i)). This result strongly
suggested that very fast conformation change occurred within
the dead time between O to 30 ms, prior to subsequent two
conformation changes. The similar very fast conformation
change is often seen in the protein folding, and now widely
accepted as burst phase. It is surprising to find that multiple
folding mechanisms with burst phase exist in the artificial
polymer, similar to the biopolymers.

To further clarify the very fast conformation change within
the dead time, the spectra of 0 to 30 ms were reconstituted
based on the global fitting values extrapolated to time zero
(Supporting Information Figure S13 and Figure 7b (i)), and
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the computationally generated UV data were overlaid with the
stopped-flow UV spectra from 30 ms to 0.5 s (Figure 7b(ii)).
For ease of understanding, the static UV data of PSila was
added at time zero (Figure 7b, red dashed line). Consequently,
the feature of reconstituted UV spectrum of PSila at time zero
was apparently different from that of the static UV spectrum of
PSila before mixing, in which two signal peaks coexisted at 305
and 340 nm. This suggests that several segments of PSila were
rapidly adsorbed on SWNT within the dead time of the
stopped-flow mixing along with the change in the ¢ value from
145° to 170°. However, the unwrapped loop or tail segments
coexisted, maintaining the initial flexible coiled conformation.
Therefore, we concluded that the wrapping of PSi onto
SWNTs took place in a three-step association. That is, the
polymer wrapping of SWNT with PSila involved very first
adsorption process within 0—30 ms, followed by two
adsorption processes after 30 ms to 0.5 s.

To further elucidate the wrapping kinetics, the half-maximum
values (7) of two adsorption processes after 30 ms to 0.5 s,
expressed by each exponential term in the double-exponential
fitting function, were estimated. The 7, and 7, values were
obtained to be 31.4 and 123.1 ms, respectively. Although
various types of chromic behaviors of PSi’s, such as
thermochromism, have been extensively investigated along
with their conformation changes,25 it remains unclear how fast
it is. Combining UV absorption of PSi’s sensitive to the
conformation changes and the conventional stopped-flow
technique, we could demonstrate, for the first time, kinetic
evidence on the discrete conformation change of PSi triggered
by wrapping. Integrating all information on structural
conformation changes upon wrapping of PSi, we propose the
following transient model of wrapping of PSi: Before mixing,
PSila behaves as flexible coiled chain with ¢ of 145° and 47! of
2.6 nm (Figure 8a). When mixing of PSi solution with SWNT
dispersion is initiated, several segments of PSila immediately
adsorb onto the graphene surface of SWNTs involving the
discrete change in dihedral angel from helical (145°) to almost
planar (170°). This very fast adsorption step occurs within dead
time of mixing (<30 ms). In this step, several segments of PSila
adsorbed on the SWNT surface, but the vast majority segments
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Figure 8. Schematic summary of the three-step wrapping model of
PSila on SWNT. (a) PSila with flexible helical conformation before
interaction. (b) First step within the dead time (0—30 ms): several
segments interact with graphene surface of the SWNT, but vast
majority segments behave as isolated poymer chain in the good
solvents. (c) Second step (7;: 31.4 ms): loosely wrapped segments of
PSila adsorb on the SWNTs involving conformation change from
helical to nearly planar. (d) Third step (r,: 123.1 ms): slow
rearrangement of entire PSi chain involving elongation of segment
length. Blue and red segments correspond to each segment of PSi
chain.
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behaved as an isolated polymer chain in the good solvent, in
which the helical conformation of PSila remained unchanged
(Figure 8b). In the second step, the loosely wrapped segments
gradually adsorbed on SWNT with 7, of 31.4 ms (Figure 8c).
Successively, rearrangement of the conformation occurred over
the entire segments involving elongation of segment length
approximately three times longer than the original form. This
slow step completes with 7,: 123.1 ms (Figure 8d).

The present wrapping behavior of PSi onto the SWNT may
be profitably used as a potential model to elucidate the dynamic
behavior of the polymer with external stimuli. For example,
binding-induced folding, often seen in intrinsic denatured
proteins, is currently a very active subject of considerable
discussions that go beyond traditional concepts such as lock-
and-key or induced fit models.***** To understand the intrinsic
solution properties of both bio- and artificial-polymers, easily
but precisely traceable models are highly required in
combination with adequate monitoring systems. In response
to these scientific and practical requests, the present system
using PSi as a chromphoric indicator can contribute
tremendously to a wide range of fields, including genetics or
protein medicine, as well as fundamental bio- or polymer-
physics. It is owing to advances in synthetic techniques that
PSi’s can introduce various functional groups in the side
chains.>* This allows us to investigate the desired noncovalent
interactions, such as CH—x, 7—x, hydrogen bonding, and van
der Waals interactions.

H CONCLUSION

In summary, the results described in this study show for the
first time chiral selective polymer wrapping of SWNTSs using
“non-aromatic polymers”, poly(dialkylsilane)s (PSi’s). Utilizing
their highly anisotropic UV absorption along the Si main chain,
PSi’s were utilized as a chromophoric indicator to monitor the
chain conformation and stiffness. Thus, PSi’s showed significant
diameter selectivity with ca. 0.9 nm of SWNTs, resulting in the
specific wrapping ability toward (7,6) and (9,4) SWNTs, but
not roll-up angles. Furthermore, the driving force of the chiral
selective wrapping was identified as cooperative CH-—x
interaction among the alkyl side chains of PSi’s and curved
graphene surface of SWNTs. In addition, time-resolved
wrapping of PSi’s onto SWNT's was first monitored with the
stopped-flow technique. Consequently, a two-step association
model can be fit to the time-course UV data between 30 ms and
0.5 s, while the extrapolated values to time zero were
significantly different from the value of the static UV spectrum.
This suggests that PSi’s involve three identical structural
changes during wrapping around SWNTs. That is, (i) very fast
adsorption of several segments within dead time of mixing (<30
ms); (ii) gradual adsorption of loosely wrapped segments
involving drastic conformation change with a half-maximum
value (7;) of 31.4 ms; and (iii) slow rearrangement with 7, of
123.1 ms, coupling with elongation of the segment lengths.
Knowledge gained from this study may lead to an essence for
molecular design of polymers attaining efficient wrapping
ability for SWNT with desired chiral selectivity.

B EXPERIMENTAL SECTION

The PSi’'s were synthesized according to the literature. A typical
procedure for synthesis of PSi’s is as follows: PSi’s were prepared with
sodium-mediated Wurtz-type condensation polymerization of the
corresponding dichrolosilanes in refluxed toluene.'"'®***3% The
obtained crude samples were precipitated by successive addition of
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alcohols. The SWNTs (CoMoCAT, SG76, Lot No. 000-0004) were
purchased from SouthWest Nanotechnologies, Inc. (Norman, OK).
To obtain the SWNTs wrapped by PSi, PSi/THF solution and
SWNT/DMEF dispersion were simply mixed. The UV—vis-NIR, FT-
IR, NIR-PL, time-resolved UV spectra were measured using a
spectrophotometer (JASCO, V-670), spectrophotometer (JASCO,
FT/IR-4100) with a single reflection accessory (JASCO, ATR
PRO410-S), a spectrofluorometer (Horiba-Jobin Yvon, SPEX
Fluorolog-3-NIR), and circular dichroism (CD) spectropolarimeter
(JASCO, J-820) equipped with a stopped-flow unit (JASCO, SFS-
493), respectively. The molecular mechanics simulations were carried
out using Materials Studio (version 4.0; Accerlys Software, Inc.) with
PCFF force field. Potential energies varying dihedral angles were
calculsastgél using Gaussian03 (TD-DFT, B3LYP, 6-31+G (d) basis
sets).>”

Abbreviations. PSi, poly(dialkylsilane); THF, tetrahydrofuran;
DMF, N,N-dimethylformamide; SWNT, single-walled carbon nano-
tube.
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