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Abstract
Carbon nanotubes (CNTs) have drawn considerable research attention owing to their
unique properties and wide spectrum of applications in materials science. However, most
applications of carbon nanotubes are still in preliminary stages due to the poor
processibility of CNTs (e.g., low solubility and strong aggregation). To overcome this
barrier, a class of tetrathiafulvalene vinylogues (TTFY) and phenylacetylene based
conjugated polymers were designed and investigated. The polymer backbone can
reversibly fold and unfold under the control of redox and acid/base stimuli. This
conformational switching property has allowed the polymer to reversibly disperse and
release single-walled carbon nanotubes (SWNTs) in organic solvents in a controlled
manner, which in turn opens a new avenue for recyclable and non-destructive SWNT
processing techniques. In addition, a series of TTFY polymers with various side chains
were synthesized for comparative studies to understand the effect of polymer structure on
the supramolecular interaction with SWNTs.
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Chapter 1
Introduction
1.1 A brief introduction to carbon nanotubes
Carbon nanotubes (CNTs), since thcir first discovery' in 1991 by Ijima and co-workers,
have drawn enormous rescarch allention because of their unique structural, clcctrical,
optical, thermal, and mechanical properties. CNTs have rcmarkable mcchanical propcrties
such as elastic modulus and strcngths 10-100 timcs highcr than thc strongcst stccl at a
fraction of thc wcight

2

In 2000, Yu el al. measurcd the Young's moduli of individual

multi-walled nanotubes (MWNT) to be between 0.27-0.95 TPa, with strcngths in thc 11-

63 GPa range, and toughncss of -1240.J gol3 For singlc-walled nanotubes (SW T), thc
mechanical properties appcar to bccvcn beller; their Young's moduli were found to be in
the range 01'0.32-1.47 TPa and strengths between 10 and 52 GPa with toughness 01'-770

.J gol4 CNTs also exhibit unique electrical properties and electric-current-carrying
capacity 1000 times higher than copper wire
an avcrage nanotube to be 1/12.9 kn

ol5

4

Frank el af. calculated the conductance of

These extraordinary properties have led to very

promising applications ranging from photovoltaic devices, field-effect transistors to
advanced composite matcrials. 6 For example, individual SWNT based field-effect
transistors (FETs) have been fabricated and characterized to show excellent performance
over current silicon-based complementary metal oxide semiconductor (CMOS) devices. 7

SWNTs can be prepared by various methods

H

The first synthesis of SWNTs was

achieved by arc discharge of graphite in the presence of metal catalysts (e.g., Fe, Co, and
Ni). Although this method is cheap and easy to implement, it suffers from the significant
shortcoming of very low yields

9

Later on, methods based on laser vaporization of

graphite-nickel-cobalt mixtures or chemical vapor deposition (CVD) were invcntcd, in
which various carbon sources such as acetylene, metallocenes, Fe(CO)s/ C 2 H2
were used.

9

,

and CO

One remarkable example of CNT syntheses is the high pressurc CO

disproportionation process (HiPCO) developed by Prof. Richard Smalley's group at Rice
University, using CO as carbon source and Fe(CO)s as catalyst in a continuous flow gas
phase. This method has become a widely used technique for catalytic production of
SWNTs, by which very thin nanotubes can be produced in large quantity within a matter
of hours,lo and the products contain up to 70% of SWNTs by mass. Recently, Prof.
Daniel Resasco's group developed the production method for the so-called CoMoCAT
nanotubes using CO disproportionation (decomposition into C and CO 2) at 700-950°C to
grow SWNTs with a narrow distribution of tube diameters. The advantage of this
technique lies in the usage ofa unique cobalt-molybdenum (Co-Mo) catalyst formulation
that inhibits the sintering of Co particles and therefore avoids the formation of undesired
forms of carbon.

Conceptually, SWNTs can be described as a graphene sheet rolled into a cylindrical
nanostructurewith hemispherical fullerene caps at both ends. Usually, they are generated
by the action of a metal catalyst on carbon vapor at high temperature. The wrapping of

the graphene sheet can occur in many different ways leading to many distinct possible
SWNTs structures such as "zigzag", "armchair", and "chiral". The physical properties of
SWNTs are strongly dependent on the structures defined by the chiral indices nand m.
Ifn

=

m, SWNTs are named armchair; ifm

=

11

0, they are zigzag; in other situations they

are chiral. In terms of electronic types, there are two types of SWNTs, metallic and
semiconducting nanotubes. If n - m

=

3x (where x is an integer), SWNTs are metallic,

otherwise they are semiconducting.

So far all known growth methods generate SWNT samples with a broad distribution of
chiral indices and each structure is characterized by its diameter and the angle of its
graphene lattice to the nanotube axis. Therefore, as-produced SWNTs are not
homogeneous. This propel1y limits most applications of SWNTs to the preliminary stage.
To find a way to sort out and enrich SWNTs into distinct species or electronic types (e.g.,
metallic versus semiconducting) has become an important topic of research. In addition,
pristine SWNTs strongly bundle together due to strong van del' Waals intertube attraction,
causing severe aggregation which impairs the unique and intrinsic properties of individual
nanotubes and weakens their perf0l111ance when employed in devices. Methods to
solubilize and disperse SWNTs in organic solvents and aqueous media are needed to
overcome this barrier. Effective dispersion of SWNTs can also facilitate purification of
SWNTs, since as-produced nanotubes are invariably contaminated with impurities such
as metal catalyst particles, amorphous carbon, and other carbonaceous species.

Figure I-I. Functionalization possibilities for SWNTs: A) defect-group functionalization.

B) covalent sidewall functionalization. C) noncovalent exohedral functionalization with
surfactants. D) noncovalentexohedral functionalization with polymers. and E)endohedral
functionalization with, for example, C60

.

For methods B-E. the tubes are drawn in

idealized fashion, but defects are found in real situations (adopted from reference 8 with
permission).

To date, numerous methods for SWNT functionalization have been developed through
both molecular and supramolecular approaches. These approaches include defect
functionalization, covalent functionalization of the sidewalls, noncovalent exohedral
functionalization, and endohedral functionalization as summarized in Figure 1_I. s
However, for the purpose of dispersion and purification, covalent and noncovalent

functionalization taking place at the sidewall of SWNTs appear to be vcry eflcctivc.
Covalent methods are able to Oexibly introduce a variety of chemical moieties on thc
surface of SWNTs to tailor the properties of the nanotube surface. Covalent
functionalizations of SW Ts can also cope with some problems with respect to
purification, solubilization, and processing J For example, treatment of nanotubes in
HN03 oxidizes the surface and introduces oxygenated groups such as carboxylic acid
groups onto the tips and defect sites of nanotube surfaces. Such chemical reactions cause
the nanotubes to be cut into shorter "pipes" and substantially improve their solubility in
organic solvents l2 and even in water 13 , thereby leading to a stable dispersion of these
materials.

14

FUl1hermore, covalent functionalization can greatly alter the intrinsic

properties of SWNTs. For instance, Scheme I-I shows tetrathiafulvalenes (TTFs) aneVor
n-extended tetrathiafulvalenes (exTTFs) acting as electron donors to be covalently
tethered to SW Ts by an esterification reaction. In this system, control over rate of
electron transfer was gained by either systematically altering the relative donor-acceptor
separations or by integrating different electron donors. IS

SWNTs-R z
IDMF

A: R,= -CHz-OH; Rz= -COOH; Spacer: -CHz-OS: R,= -CH z-O-CH z-C 6H,-COOH; R z= -CO-NH-CHz-CH,-NH z; Spacer: -CHz-O-CHz-C6H,-CO-NH-CHz-CHz-NH-

SWNTs-R z
IDMF

Scheme 1-1. Synthesis ofTTF- and exTTF-functionalized SWNTs.

On the other hand, the covalent approach has drawbacks. The chemical reactions on the
side walls of the SWNTs with functionalizing groups cause undesirable disruption of the
electronic and/or mechanical properties of SWNTs. 14 Noncovalent methods, in contrast,
are typically conducted through surface binding of surfactants 8•

16

or adhesion of small

molecules I7 - 21 , or wrapping with polymers 22 -38 or biomolecules 39 -41 , hence showing
obvious advantages over covalent methods. Instead of dramatically changing the intrinsic
properties of the SWNTs, as often occurs when covalent methods are used, the
noncovalent methods alter the properties of the SWNTs only to a slight or moderate
degree. In the following section, noncovalent functionalization of SWNTs will be
elaborated in detail as it ispel1inent to the work of this thesis.

1.2 Different strategies for noncovalent f"nctionalization of SWNTs
SWNTs can
noncovalently,

interact with
resulting

in

a

large variety

debundling

of molecules and

of the

aggregated

macromolecules

tubes

and

forming

supramolecular complexes with significantly improved solubility in various solvents. As
such, SWNTscan be effectively dissolved or dispersed in solvents to facilitate fUl1her
processing and modification. In the literature, there is a plethora of noncovalent methods
rep0l1ed and this section gives a general overview of them. The review herein is
organized according to the type of molecules or macromolecules used as SWNT
dispersants, ranging from surfactants, small molecules, polymers, copolymers and
biomolecules. Because of the significant relevance to this thesis work, methods
employing polymers as SWNT dispersants will be elaborated on with particular emphasis.

1.2.1 Surfactallts
In the search for nondestructive dispersion methods, surfactant-assisted dispersion has
been an easy and effective technique to transfer nanotubes into the aqueous phase.
Commonly used surfactants for nanotube dispersion are sodium dodecylsulfate 5 (SDS)16
8

and benzylalkonium chlorides 6 (see Figure 1-2). It is believed that when interacting
with surfactants nanotubes are encapsulated in the hydrophobic interiors of the micelles
formed by these surfactant molecules to yield stable dispersion. When the hydrophobic
parts of the surfactant molecules contain aromatic groups,

11:-11:

interactions between the

aryl moieties and the graphitic sidewalls of nanotubes can result in effective coating and
dispersion 8

n=8,10,12,14,16,18

Figure

1-2.

Chemical

structures

benzyltrialkylammoniumchlorides6.

of

sodium

dodecylsulfate

5

(SDS)

and

1.2.2 Small aromatic molecules
I-Pyrenebutanoic acid succinimidyl ester 7 (Figure 1-3) was found to ilTeversibly adsorb
onto the inherently hydrophobic surfaces of SWNTs in an organic solvent such as
dimethyltonnamide (DMF) or methanol. The pyrenyl group, being aromatic in nature, is
known to interact strongly with the basal plane of graphite via n-stacking, and to strongly
adhere to the sidewalls of SWNTs in a similar manner. Intcrcstingly, sincc the Nhydroxysuccinimide groups attached to SWNTs are highly rcactive to nucleophilic
substitution by primary and secondary amines that exist in abundance on the surfacc of
most proteins, it is possible to link proteins such as ferritin, streptavidin, and biotinyl-3,6dioxaoctanediamine onto these pyrenyl succinimide functionalized nanotubes (Scheme 1-

2).17 This propel1y could be used in the development of bioscnsors that operate based on
the change of the electronic properties ofSWNTs in responsc to thc binding events taking
place at the immobilized bio-receptor systems attached

8

Figure 1-3. Chemical structure of N-succinimidyl-I-pyrenebutanoate 7.

Scheme 1-2. I-Pyrenebutanoic acid succinimidyl ester 7 irreversibly adsorbcd onto the
sidewall of a SWNT via 1t -stacking (adopted from reference 17 with permission).

Apart from dispersion in organic solvents, small aromatics based dispersants have also
been utilized to disperse SWNTs in the aqueous phase. For example, a pyrene-carrying
ammonium ion, trimethyl-(2-oxo-2-pyren-l-yl-ethyl)-ammonium bromide S (Figure 1-4)
was designed and synthesized as a dispersant to solubilize SWNTs in water. The

1t-

stacking of the pyrene moiety with the sidewall of the nanotube plays a significant role in
imparting water solubility to SWNTs.

18

e

Br

Figure

1-4. Chemical stlUcture of trimethyl-(2-oxo-2-pyren-l-yl-ethyl)-ammonium

bromideS.
10

A water-soluble stilbene 9 (Figure 1-5) was reported by Yoko Matsuzawa el al. to be the
first example of a low-molecular-weight dispersant giving a high efficiency of dispersing
SWNTs in water with an on-off tunable property upon photoirradiation. Compound 9 has
a

photoactive

electrolyte

with

stilbene

as

the

photo responsive

core

and

a

tetraalkylammonium unit at the termini as the water solubilizing group. Trails-stilbene 9
can transform into phenanthrene 10 in good yield via a photocyclization reaction in the
prescnce of a suitable oxidant such as the dissolved molecular oxygen in solution. Based
on density functional theory (DFT) calculations, the cationic part of compound 9 adopts a
conformation where the central stilbene is coplanar with the benzamide units. The
resulting planar 1t-surface of 9 can interact with SWNTs via strong 1t-stacking leading to
effective dispersion of SWNTs. After photocyclization, the cationic part of the
photocyclized product 10 takes a highly twisted and bent structure that disfavors the 7[-1t
interaction with SWNTs.

19

As such, stilbene 9 and SWNT complexes can be readily

dissociated under the ilTadiation of UV light to release pristine SWNTs (see Scheme 13).19

II

Figure 1-5. Photoinduced cyclization of water-soluble stilbene 9 to form compound 10.

Scheme 1-3. Schematic diagram of dispersibility change of SWNTs by photoinduced

structural change of the dispersant (adopted from reference 19withpermission).
12

The separation and enrichment of a spccific electronic type of SWNTs fi'om a mixture of
SWNTs has been achieved using small aromatic molecules. For example, Yaping Sun

el

al. reported that derivatized porphyrins 11 (Figure 1-6) showed good selectivity toward

semiconducting SWNTs by noncovalent interactions. Upon interaction with a mixture of
SWNTs, semiconducting SWNTs were significantly enriched in the solubilized portion,
whereas the insoluble residual solid consisted predominantly of metallic SWNTs
according to Raman, near-IR absorption, and bulk conductivity characterizations. To
explain this behavior, the authors proposed that the semiconducting and metallic SWNTs
have very different surface properties. A semiconducting SWNT behaves more like a
conjugated macromolecule and preferentially binds with the free-base porphyrin in a
manner similar to those found in radical ion pairs 20

11 M =2H,Zn 2 +

Figure 1-6. Chemical structure of derivatized porphyrin 11.
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A planar Cu" complex has bcen repol1ed as a solubilizing agcnt to dispersc SWNTs in
organic solvents. The ligand of the complex is a 2,2' -bipyridinc corc appended with two
cholesteryl groups (see 12 in Figure 1-7). Upon reduction of the central metal atom, the
ligand changes from a planar to a nonplanar stmcture, causing the dissociation of the
metal complexes and releasing of the dispersed SW Ts due to the disappearance of nstacking between the n-conjugated planar molecule and the SWNT surfaces. In this way,
the dispersion process can be controlled by changing the rcdox state of the Cui/Cu"
complexes via chemical oxidation and reduction

21

Figure 1-7. Chemical structure of ligand 12.

1.2.3 Polymers
Polymers have been extensively used in the fOlmation of supramolecular complexes with
SWNTs to disperse SWNTs in common organic solvents or even in aqueous media.
Polymers, especially n-conjugated polymers, have the ability to wrap themselves around

14

SW Ts as a result of n:-stacking and van del' Waals interactions bctwecn the conjugatcd
polymers and the surfaces of SWNTs.

James R. Hcalth el al. reported the use of a series of conjugated polymcrs (Figure 1-8),
including poIY(IIl-phenylenevinylene)-co-(2,5-dioctoxy-phenylenevinylenc) 13 (PmPV),22
poly(2,6-pyridinlenevinylene)-co-(2,5-dioctoxy-p-phenylenevinylene)

14

(PpyPV),23

poly(5-alkoxy-m-phenylenevinylene)-co-(2,5-dioctoxy-p-phenylenevinylene)

IS

(PAmPV)24 to disperse SWNTs in organic solvents. The authors claimed that thcse
polymers wrapped around bundles of the SWNTs rather than individual tubes, which then
aggregated to fOlm ropes. Since SWNTs are ideal candidates as bridges aeross
microelectrodes for charge-transport measurements due to their high aspect ratios, the
polymers/SWNTs hybrids can be useful in fabricating nanoscale electronic devices. For
example, PmPV-wrapped SWNTs show on/off switching propel1ies for negatively and
positively biased junctions. The magnitude of the change in current corresponds to ca. 1520% of the total cUlTenl. The electric current passing through the PmPV/SWNT device is
photo-amplified for a positive applied bias but is photorectified for a negative one 25

15

14PPyPV

Figure

1-8.

Chemical

phenylenevinylene)

13

of
(PmPV),

polY(I/I-phenylenevinylene)-co-(2,5-dioctoxy-

poly(2,6-pyridinlenevinylene)-co-(2,5-dioctoxy-p-

phenylenevinylene) 14 (PPyPV), poly(5-alkoxY-I/I-phenylenevinylenc)-co-(2,5-dioctoxyp-phenylenevinylene) 15 (PAmPV).

Naotoshi Nakashima et at. reported that polyimide derivatives 16 (Figure 1-9) wcrc ablc
to selectively disperse SWNTs with (7, 6), (7, 5), (8, 4), (9, 5) and (8, 6) indices in
organic solvents. With increasing concentrations of SWNTs, the solutions became
viscous and then changed into gels. They explained that the condensed aromatic moieties
on polyimide induced significant interactions with the surface ofSWNTs 26

16

Figure 1-9. Chemical structure ofpolyimides 16.

Dai el at. reported the noncovalent functionalization of SWNTs using fluoresceinpolyethylene glycol 17 (Fluor-PEG, Figure 1-10) to impart aqueous solubility with
simultaneous fluorescent labeling to nanotubes. Interestingly, the optical absorbance and
fluorescence of fluorescein bound to SWNTs are distinctly different from those of free
fluorescein, and the binding of Fluor-PEG with SWNTs is pH-dependent. The results are
important for understanding of supramolecular chemistry of nanomaterials and point to
potential applications such aspH sensing.

27

~ H
~
HN-C-N-PEG-C-OH

Figure 1-10. Chemical structure of fluorescein-polyethylene glycol 17.
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Selective enrichment of different electronic types of SWNTs, such as semiconducting or
metallic SWNTs, is highly desirable for device applications. Bao el al. reported that
regioregular poly(3-alkylthiophene)s (IT-P3ATs) could be used to selectively disperse
semiconducting SWNTs (sc-SWNTs). Their study showed that IT-P3ATs with longer
alkyl side chains (-C I2 H2S ) are able to disperse a higher percentage of SWNTs, as
compared with other IT-P3ATs with smaller side chains. They also reported that the
temperature used during the sonication is another important parametcr. The highest
absorption intensity for rr-P3ATs is observed when dispersion is conducted at 50°C
(studied from -40 to 90 0c). This temperature coincides with the melting point ofthc sidc
chains of IT-P3ATs. Based on molecular modeling studies, a supramolecular structure
consisting of two polymer strands wrapped around SWNTs with side chains interdigitated
was proposed to explain the experimental results. Moreover, a thin-film transistor was
fablicated using sorted semiconducting SWNTs to exhibit an excellent charge-carrier
mobility as high as 12 cm 2 V· I S·I and on/off ratio 01'>10 628

R

R
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R

R
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Figure I-II. Chemical structure ofregioregular poly(3-alkylthiophene)s 18.

Robin J. Nicholas el al. have demonstrated that fluorene-based conjugated polymers
could selectively solubilize cel1ain nanotube species depending on chiral angle and

18

nanotube diameter. The distribution of solubilized nanotube species has a strong
dependence on the polymer structure. Minor change of polymer side chains and backbone
has a significant effect on the number of species that are solubilized. The most
remarkable selectivity is seen using the poly(9,9-dioctyllluorenyl-2,7-diyl) (PFO) and
poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-co-(1 ,4-benzo-2, I0,3-thiadiazole)] (PFO-BT). It
was found that for HiPco SWNTs, only six species can bc detected in the PFO/SWNTs
solutions, all with a very strong chiral angle bias, because all of the observed SWNTs are
close to the armchair configuration. For the PFO-BT/SWNTs solution, nine species are
detected, with a strong selectivity for nanotubes with diameters around 1.05 nm. More
interestingly, for CoMoCAT SWNTs, it was found that the strong selectivity of PFO
resulted in around 60% of all the suspended tubes being the (7,5) species, without any
trace of the fOlll1erlydominant(6,5) tubes 29

~
l~~~Jn
C aH 17

C aH17

20

Figure 1-12. Chemical structures of poly(9,9-dioctylfluorenyl-2,7-diyl) 19 (PFO) and
poly [(9,9-dioctylfluorenyl-2,7-diyl)-alt-co-(1 ,4-benzo-2, I 0,3-thiadiazole)] 20 (PFO-BT).
19

Scheme 1-4. Molecular modeling showing radial views of three nanotube species encased

with PFO chains of six repeat units in length with the polymer backbone coloured in blue
and the side chains in yellow (adopted from reference 28 with permission).

Michael J. Therien el 01.

reported that linear conjugated poly[p-{2.5-bis (3-

propoxysulfonic acid sodium salt)}phenyleneethynylene] 21 (PPES) could be used to
efficiently disperse SWNTs into the aqueous phase. PPES 21 is an amphiphilic
polyelectrolyte consisting of a linear conjugated PPE backbone and two negatively
charged side groups for every phenyl unit. The substantial

7[-7[

interactions between PPES

and SWNTsareprovided by the aryleneethynylene repeat unit. It has beendelllonstrated
that these solubilized SWNTs are highly individualized. as evidenced by UV-Vis-NIR.
AFM and TEM analyses. Moreover, AFM and TEM data revealed that the interaction of
PPES with SWNTs lead to a self-assembled superstructure in which a polymer monolayer
helically wraps around thenanotube. 30
20

Figure 1-13. Chemical structure ofpoly[p-{2,5-bis(3- propoxysulfonic acid sodium salt)
phcnyleneethynylene] 21 (PPES).

Walker et al. reported that short, rigid conjugated polymers, poly(aryleneethynylene)
derivatives (compounds 23 and 24, Figure 1-14) could solubilize SWNTs. In contrast to
many other examples of polymer dispersants in the literature, the rigid backbone of PPE
cannot wrap around SWNTs. The major interaction between the polymer backbone and
the nanotube surface is most likely 1t-stacking. This approach represents the first example
of C T solubilization via 1t-stacking without polymer wrapping and enables the
introduction of various neutral and ionic functional groups onto the CNT surface. In
addition, Walker et al. claimed that the polymer wrapping approach worked poorly for
dissolution of small-diameter SWNTs (the solubility of HiPCO SWNTs is about 0.1
mg/mL, using PmPV), possibly due to an unfavorable polymer conformation required for
PmPV to wrap around small-diameter HiPCO SWNTs (diameter 0.7-0.8 nm). On the
contrary, the more rigid 22A can solubilize small-diameter HiPCO SWNTs at 2 mg/mL in

21
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A R1 =R 4 =H, R2=R3=OC1OH21
B R1 =R 2=R 3=R 4 =F
C R1 =R 4 =H, R2=R3=

0
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Figure 1-14. Chemical structures ofpoly(aryleneethynylene)s derivatives (22 and 23).

In the Zhao group, structurally rigid non-helical conjugated polymers, poly(arylene
ethynylene)s, have also been designed and synthesized to disperse SWNTs in organic
solvents, driven by strong it-stacking forces between conjugated polynlers and SWNTs.
The rigid backbones of these polymers were decorated with long n-decyloxy chains for
two reasons: (i) to impaJ1 solubility in organic solvents, and (ii) to stabilize SWNT
dispersions by steric repulsion. As a result, linear conjugated polymers, upon rational
backbone modifications, can form stable and soluble supramolecular assemblies with asprepared SWNTs powders in organic solutions via a surface coating mechanism. The
22

satisfactory dispersing and dcbundling results of polymcrs 24 and 25 indicate that this
type of polymer serves as a novel generic platform for polymer-based SWNT
dispersants. J2

Figure 1-15. Chemical structures of poly (arylene ethynylene)s 25.

Smalley et al. reported that polymers such as poly(vinylpyrrolidone) 26 (PVP) and
polystyrene sulfonate 27 (PSS) (Figure 1-16) could disperse SWNTs in aqueous solutions
through noncovalent wrapping, and the SWNT-polymer complexes could be reversibly
unwrapped by changing the solvent system. They proposed that the wrapping of SWNTs
by water-soluble polymers is dictated by a thermodynamic driving force to eliminate the

23

hydrophobic interface between SWNTs and the aqueous medium. Changing thc solvent
system to reduce the hydrophobic effect induces the dissociation of the PVP-SWNT
complexes.

33

Figure 1-16. Chemical structure of poly(vinylpyrrolidonc) 26 (PVP) and polystyrene
sulfonate 27 (PSS).

Moore et at. repol1ed a simple, reversible route for dispersion and release of SWNTs
involving the use of a particular kind of foldable oligomers (designated as foldamers),
oligo(m-phenyleneethynylene)s

28

(mPE-13mers),

simply

by

controlling

their

confonnational states in different solvents. The folding of oligomer 28 is primarily
controlled by the

it-it

interaction between nonadjacent monomer units in conjunction with

the solvophobic interaction between the hydrophobic backbone of the oligomer and
solvent molecules. Therefore, mPE-13mers can effectively disperse SWNTs in the
unfolded state in a nonpolar solvent such as chloroform. When the solvent is changed into
a polar one, the mPE-13mers become folded and are conformationally disfavored for
interfacial

it-it

interactions with the nanotubes. As a result of the conformational change

of the polymer, the bare nanotubes are released as a precipitate into the solvent. The

24

released SWNTs were used to fabricate field-effect transistors (FETs). The result shows
that the released SWNTs are free ofmPE-13mers. 34

28

Scheme 1-5. Solution process for dispersion and release of SWNTs by mPE-13mers 28

(adopted from reference 33 with permission).

Temperature and pH-responsive polymers such as poly(N-isopropylacrylamide) 29
(PNIPAAm) and poly-L-Iysine 30 (PLL) (Figure 1-17) have been used by Chen

el

al. to

reversibly disperse and release SWNTs. The hydrocarbon main chain and the isopropyl
side chains of PNIPAAm can interact with SWNT sidewalls through nonspecific van der
Waals and hydrophobic interactions, while the hydrophilic amide bonds maintain the
water solubility of PNIPAAm-SWNT complexes. The c=o and N-H groups of
PNIPAAm can form intermolecular hydrogen bonds with surrounding water molecules.
This bonding motif results in a gain in enthalpy, but pays an entropic price for limiting
the motion of bound water molecules. Alternatively, the C=O and N-H groups can form
25

intramolecular hydrogen

bonds themselves,

which

is

less exothermic than

the

intermolecular H-bonding scenario but entropically favored for releasing water. In this
case, the critical solution temperature (i.e., LCST) is a key factor influencing the
interactions between SWNTs and the polymers. LCST refers to the temperature below
which the components of a mixture are miscible for all compositions. The LCST for
PNIPAAm is around 33°C. The equilibrium shifts toward the enthalpically favored
intermolecular H-bonding conformation, whereas at temperatures above the LCST the
equilibrium moves toward the entropically favored intramolecular H-bollding structure.
This structural transition leads to reversible dispersion and releasing of SWNTs in
aqueous media. In addition, uncharged PLL adopts a helical conformation at high pH, but
adopts an uncoiled conformation in acidic or neutral pH due to the electrostatic repulsion
among side-chain cations. The hydrocarbon linker moieties in the uncoiled PLL are more
accessible to SWNTs. This property leads to the dispersion of SWNTs at acidic or
neutral pH and release of SWNTs at high pH for PLL 35

Figure 1-17. Chemical structures of poly(N-isopropylacrylamide) 29 (PNIPAAm) and
poly-L-lysine 30 (PLL).
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A poly (ethylene glycol)-tenninated malachite green derivative (PEG-MG) that is a
triphenylmethane photochromic dye can generate positive charges upon photoirradiation
This property allows it to reversibly form vesicles and disassemble upon UV exposurc.
The combination of n-stacking, van der Waals interactions, and the hydrophobic effect
could lead to an efficient dispersion ofSWNTs in a PEG-MG aqueous solution. Upon UV
irradiation for I h, the malachite green group turned into a cation (MG+), rcsulting in a
significantly reduced n-stacking interaction between the malachite green group and
SWNTs. Black precipitates can be observed at the bottom of the vial alier several hours
of standing in air. In this way, the dispersed SWNTs can be released and this mcthod
allows for control over reversible dispersion ofSWNTs by photoirradiation

36
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Figure 1-18. Chemical structure of poly(ethylene glycol)-terminated malachite green
derivative (PEG-MG) 31.
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1.2.4 Block copolymers
A copolymer with a conjugated polymer block and a non-conjugatcd polymer block, poly
(3-hexylthiophene)-p-polystyrene 32 (P3HT-P-PS) (Figure 1-19), has been rcpol1cd to act
as an excellent dispersant for CNT dispersion. Conjugatcd polymer blocks such as
polythiophenes can strongly interact with CNT walls via ll-stacking, while the nonconjugated polymer blocks provide the debundled CNTs with good solubility and
stability in a wide range of organic solvents and host polymer matriccs. Both SWNTs and
MWNTs were well dispersed in chloroform by P3HT-I3-PS with gentle sonication. Thc
highest CNT concentration of stable CNT dispersions is around 2.5 mg mL- 1 and 3.0 mg
mL- 1 for SWNTs 37

Figure 1-19. Chemical structure ofpoly(3-hexylthiophene)-p-polystyrene 32.

It has been reported that the chiral fluorine-based copolymcr 33 (Figure 1-20), composcd
of 9,9-bis(n-decyl)fluorene (FlO) and 9,9-bis[(S)-(+)-2-methylbutyl]fluorene (F5), can
specifically recognize certain chiralities of semiconducting SWNTs, leading to selective

28

extraction ofehiral SWNTs. PF-based copolymers are composed ofa fluorene having two
less-bulky, long achiral alkyl side chains to solubilize specific semiconducting SWNTs
and a fluorene carrying two bulky, short chiral alkyl side chains, which can continuously
alter the degree of helical wrapping ability onto the curved surface of the SWNT to
achieve chirality recognition/solubilization ability by steric hindrance. This study has
shown that copolymers with different x/y ratio can result in recognition of different
chiralities of SWNTs. For instance, for the (7,5), (7,6), and (8,6) SWNTs, with diameters
less than I nm, the photoluminescence (PL) intensities gradually decreased with the
increase in the ratios of the F5 unit, followed by an abrupt decrease in PL intensity at F5
content of over 60%. Molecular mechanics simulation partially explained this behavior
based on the arguments of binding energies and close packing. 38

bulky chain

Figure 1-20. Chemical structures of copolymer of9,9-bis(lI-decyloxy)fluorene (FlO) and
9,9-bis[(S)-(+)-2-methylbutyl] fluorene (F5) 33.
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1.2.5 Biol1loleclIles

Flavin mononucleotide has been used for the selective enrichment of (8,6) nanotubes
(85% enrichment value) from a nanotube sample with broad diameter distribution. It was
reported that the flavin mononucleotide could wrap around SWNTs in a helical manner
that imparts efficient individualization and chirality selection. The cooperative hydrogen
bonding between adjacent flavin moieties results in the fonTIation of a helical ribbon,
which organizes the dispersants around SWNTs through concentric IT-IT interactions
between the flavin mononucleotide and the underlying graphene wall. The strength of the
helical flavin mononucleotide assembly is strongly dependent on nanotube chirality. In
the presence of a surfactant, the flavin mononucleotide assembly is not disrupted and
replaced with addition of surfactant micelles. The reason why (8, 6) SWNTs show a large
affinity for the flavin mononucleotide helix has not yet been clarified.

39

D A is a naturally occurring polymer that plays a central role in biology. Single-stranded
DNA also has been used to disperse SWNTs in aqueous solution. Optical absorption and
fluorescence spectroscopy and AFM measurements provide evidence for individually
dispersed CNTs. Molecular modelling suggests that single-stranded DNA can bind to
CNTs through IT-stacking, resulting in helical wrapping around the surface of nanotubes.
The binding free energy of single-stranded DNA to CNTs rivals that of the intertube
attraction. FurthenTIore, DNA is very efficient in dispersing SWNTs; I mg of DNA can
disperse an equal amount of as-produced HiPCO SWNTs in I mL volume, yielding 0.2 to
0.4 mg mL- 1 CNT solution after removal of insoluble material by centrifugation

40

In

30

addition, Dieckmann et al. reported that amphiphilic a-helical peptides can dispcrsc thc
nanotubes in an aqueous medium through peptide-peptide interactions between adjacent
peptide-wrapped nanotubes to form nanofibers. The size and morphology of the fibers
can be controlled
interactions

by changing solution conditions

that

affect

peptide-peptide
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1.3 A Brief Introduction to Tetrathiafulvalene Vinylogues (TTFVs)
Over the past three years, diphenyl-substituted TTF vinylogues (TTFYs) have allracted
our attention as appealing molecular building blocks for various functional matcrials,
owing to their versatile redox and structural switchability and tunability. Diphenylsubstituted TTFY analogues are good electron donors, and can reversibly undergo
significant conformational switching upon oxidation and reduction. In the ground statc,
diphenyl-TTFYs usually adopt a highly twisted molecular structure, with the two dithiole
groups presenting a pseudo-cisoid conformation as a result of the steric hindrance of the
two phenyl substituents and sulfur-sulfur allraction. Upon oxidation, diphenyl-TTFY
undergoes a simultaneous two-electron transfer to form a stable dication. The strong
electrostatic repulsion between the two dithiolium rings forces the molecules to rotate into
a trans confOImation, wherein the dithiolium rings are coplanar and the two phenyl
moieties are nearly orthogonal to the plane of the two dithiolium rings. Figure 1-21
illustrates the bi-state confomlational switching properties of a simple diphenyl-TTFY
based on density functional theory (OFT) calculations

42

The calculated molecular

31

geometry of diphenyl-TTFY and [diphenyl-TTFy]2+ are in good agreement with the Xray crystallographic data of other diphenyl-substituted TTFY derivatives.

Figure 1-21. Redox controlled conformation switching behavior ofdipheny-TTFY.

The synthesis ofTTFY requires both C-C and C=C bond formation. The most commonly
used synthetic route is via the oxidative dimerization of corresponding dithiafulvene
(DTF) precursors. The reaction mechanism of this dimerization was elucidated by Lorcy.
Hapiot, and co-workers 4], and the detailed reaction steps are shown in Scheme 1-6. The
first step is the oxidation of DTF 34 to generate a radical cation 35, which then dimerizes
to form a protonated dicationic TTFY 36. The dimerized product then undergoes
deprotonation to form neutral TTFY 37. Under oxidative conditions. the neutral TTFY is
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quickly converted into stable TIFV dication 38. Finally a rcduction reaction is
implemented to reduce TIFV dication into neural TIFV 42
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Scheme 1-6. Mechanism for oxidative dimerization of aryl-DTF to form diaryl-TTFV.

1.4 Outline of this thesis
This dissertation focuses on the development of noncovalent functionalization of SWNTs
using redox-switchable polymer dispersants. The major objective is to devise an easily
controllable and scalable approach for dispersion and release of SWNTs in solutions. It is
also expected that, with rational design, the switchable dispersants may also display
selectivity for particular types of SWNTs, which will eventually lead to an efficient non33

destructive and recyclable method lor SW T purification. The knowledge established by
the Zhao group on TTFV chemistry shows that TTFV are an ideal redox-switching unit to
make highly desirable functional polymer dispersants lor SW Ts. In this light, a new
class ofTTFV embedded conjugated polymers was designed for investigation. This thesis
outlines the progress in this topic of research. The detailed content can be divided into
two parts: (I) the synthesis and properties of TTFV-phenyl acetylene polymers, and (2)
the side-chain effect on IheTTFV polymers.

Chaptcr 2 describes the synthetic route to a TTFV polymer, and the properties of the
TTFV polymer and its supramolecular complexes with SWNTs were studied by UY -VisNlR,

Raman spectroscopy, atomic

force microscopy (AFM), scanning electron

microscopy (SEM), cyclic voltammetry, and spectroeleetrochemistlY. The results
conclude that the TTFV polymer can reversibly disperse and release SW Ts in organic
solvents under pH or redox stimuli control. FurthellllOre, an interesting sol-gel material
composed of SWNTs-TTFV polymer was unexpectedly observed. The properties of this
"bucky" gel were examined by SEM, electrochemical, and thellllal analyses.

Chapter 3 describes the sY11thesis route to two TTFV polymer derivatives analogous to
the one investigated in Chapter 2. The properties of TTFV polY1ner delivatives with
various side chains and TTFV polymer derivatives-SWNT complexes were studied by
UV-Vis-NLR, Raman spectroscopy, AFM, SEM, and cyclic voltammetlY to probe the
different interactions between TTFY polY1ner and its derivatives with SWNTs. The
34

results here reveal the structure-selectivity relationship for the interactions between
TTFV-polymers and SWNTs.

In Chapter 4, a summary and conclusions for this MSc work are given, while perspectives
are offered to point out a number of new directions worthy of pursuit in the near future.
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Chapter 2
Synthesis and characterization of TTFV polymers
and TTFV polymer-SWNTs complexes

2.10bjeetivesofthisprojeet
SWNTs have attracted enormous interest owing to their wide spectrum of applications in
materials science. 44 However, pristine SWNTs, as described in the previous chapter, show
a strong propensity for bundling and aggregation due to significant intertube attraction; as
a result, SWNTs exhibit very low solubility in various solvents, which in turn makes the
direct application and processing of SWNTs problematic. To overcome this barrier,
various chemical functionalization methods can be used, among which noncovalent
functionalization presents a pat1icularly intriguing approach because it can not only
improve the solubility of SWNTs in a non-destructive way, but allows specific types of
SWNTs to be selectively dispersed in solvents to attain enrichment or purification.
Moreover,

the

supramolecular

complexes

between

SWNTs

and

45

functional

macromolecular dispersants such as synthetic polymers may lead to composite materials
with

novel

propel1ies beneficial

nanomaterials.

for the

fabrication

of molecular devices and
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To effect SW Ts dispersion, surricient noncovalent attractions between dispcrsants and
SW Ts are prerequisite. Nevertheless, many dispersants show irreversible interactions
with SW Ts. As a result, the reverse process to remove dispersants from SW Ts is
usually not easy; in other words, how to reversibly release pristine SWNTs out of
polymer matrices presents a big challenge. To address this issue, TTFV-based polymers
have been designed and synthesized to reversibly disperse and release SWNTs in organic
solution under the control of clean and scalable inputs such as pH or redox stimuli.

2.2 Introduction to molecular design
In our recent studies, a tetrathiafulvalene vinylogue (TTFV) was found to serve as a
versatile molecular switching unit to exert easy conformational control at the molecular
level. Phenyl-substituted TTFVs have been well known to adopt a V-shape confollllation
and undergo simultaneous two-electron transfer upon oxidation, which leads to dramatic

cis-to-trans structural change as shown in Figure 2-1 a. In the neutral state, the TTFV is
twisted as result of steric hindrance while upon oxidation, the TTFV switches to a trans
confollllation due to the Coulombic repulsion between the two cationic dithiolium rings
In addition to redox conditions, our recent studies have also demonstrated that diphenylTTFV can be reversibly protonated to switch its conformation as shown in Figure 2-1 b.
These switching behaviors thus led us to the design of new types of redox and pH
responsive TTFV polymers to perform reversible SWNT dispersion and release in a
controlled manner as illustrated in Figure 2-1 C 47 . 48
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Figure 2-1. Bistable conformational changes of TTFY under (a) redox and (b) acid/base

conditions. (c) Reversible wrapping and unwrapping ofSWNT by a TTFY polymer.

In addition. molecular modelling using the molecular mechanics (MM) theory has
revealed that the hexamer of TTFY phenylacetylene prefers a folded conformation in the
38

neutral state with a hollow inner cavity suitable For encapsulation of guests with
diameters of 1-2 nm, such as an individual strand of SW Ts. As such, it was predicted
that lTFV polymer in the neutral state would spontaneously Fom1 Foldamers to wrap
around SWNTs via Favourable

1t-1t

interactions, while upon oxidation or protonation the

cis-lTFV units in the polymer would be switched to tralls-[ lTFVj 2+ to unFold the
polymer and dissociate it From the backbone of SWNTs. Figure 2-2 shows the chemical
structure of the target lTFV polymer.

~

~
RO I

~

OR

~

Figure 2-2. Structure of the designed folding lTFV polymer.
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2.3 Results and discussion

2.3. J Synthesis of TTFV polymers

2.3./.1 Synthesis ofS-methyl thione 39
At first, S-ll1ethyl thione 39 was prepared using a well-established procedure by our
group. As shown in Scheme 2-1, the synthesis of S-methyl thione 39 started with a
reaction between Na and CS2 using dimethyl forll1amide (DMF) as solvent, and then upon
2
addition of ZnCb and NHy H20 the resulting dithiolate was chelated with Zn + and
precipitatedoutasastableredsalt38 in the presence oftctraethylammoniumbromide.
The overall yield of this sequence of reactions was 88%. Salt 38 was dissociated into free
dithiolate in retluxing acetone, and the resulting intermediate was then alkylated with Mel
to afford S-ll1ethyl thione 39 in 77% yield.

i) Na, DMF, reflux

CS

ii) NH 3'H 2 0, ZnCI 2 , MeOH, H 20

=iii)-'.-"NE=t4=Br

2-

(EI4 N+),

2

88%

[s=(tJCS}~SXS)=s]

S SS S

Mel,acetone,

~

Scheme 2-1. Synthesis of S-methyl thione 39.
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2.3.1.2 SYI/thesis ofS-methyl phosplwl/ute 43
Phosphonate 43 was synthesized based on the known procedure as shown in Scheme 2-2.
S-methyl thione 39 first underwent alkylation with dimethyl sulfate at 100
resulting product was treated with HBF4· Et 20 at

a °C and

dc.

Thc

precipitated out as a brown salt

40 upon addition of diethyl ether. Since the salt was not stable in air, it was immcdiately
subjected to reduction reaction with NaBH. in EtOH to afford 41 as a brown solid.

AC20 and HBF4·Et20 were then added to salt 41 to afford salt 42. The product 42 was not
stable either and was immediately treated with P(OMe)3 in the presence of Nal in McCN
to afford phosphonate 43 in 73% yield.

i) DMS,90oC,1h
MeS

S
)CS)=S

ii) HBF 4 Et 20, Ooc,

_3=0=m~,-,-~0-%-_

Mes

M S
4
e XSf--SCH3 NaBH , EtOH, 3 h
MeS

S

BF~

80%

40

i) Ac 20,OoC,5min

~~H~~4-Et20, Ooc,
86%

MeS)Cs;r-H
MeS

Nal, MeCN, P(OMeh

S BF~

Scheme 2-2. Synthesis of S-methyl phosphonate 43.
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2.3.1.3 Synthesis oftetrathiafillvalene vinylogues (TTFV) 46
The synthetic route to precursor 44 is shown in Scheme 2-3, which was developed by a
group member, Dr. Guang Chen, of the Zhao group. The synthesis began with a
Sonogashira reaction of 4-bromobenzaldehyde with trimethylsilylacetylene (TMSA)
using PdCI2(PPh3)2/Cul as catalyst in Et3N to obtain aldehyde 44 in 87% yield.

H~
llA

TMSA, PdCI 2(PPh 3h, Cui
E1 3 N,60oC

sr

Scheme 2-3. Synthesis of aldehyde 44.

Aldehyde 44 was subjected to an Horner-Wadsworth-Emmons (HWE) reaction with
phosphonate 43 to produce dithiafulvene alkyne 45 in 73% yield as a yellow liquid,
which solidified upon storage in the fridge.

MeSXS~p(OMeh
MeS

S

0

1. n-SuLi,THF,-78°C, 30min
2.44, -78°C 10 rl,overnighl
73%

Scheme 2-4. Synthesis of dithiafulvene alkyne 45.
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Since multiple steps are required to achieve S-methyl phosphonate from S-mcthyl thione
39, the overall yield of these multiple steps is relatively low. Moreover, the usc of an
expensive reagent, HBF4 · Et20, makes the HWE strategy unsuitable for large-scale
production. To circumvent this problem, a phosphite-mediated coupling strategy, which
was also developed by Dr. Guang Chen in our group, was investigated as depicted in
Scheme 2-5. In the presence of trimethyl phosphite, I molar equivalent of S-methyl
thione 39 reacted with I molar equivalent of aldehyde 44 to achieve dithiafulvenc alkync
45 in xylene. Although the purification step is velY tedious due to the presence of a large
amount of trim ethyl phosphite, dithiafulvene alkyne 45 was successfully produccd by this
reaction in an acceptable yield. Among different conditions tried, the solvent-free
condition was found to afford the highest yield. However, in this case, much more
trimcthyl phosphite was needed.

P(OMeh
xylenes, 120°C
64%

Scheme 2-5. Altemative synthetic route to dithiafulvene alkyne 45.

Dithiafulvene alkyne 45 was subjected to an iodine-promoted oxidative dimerization
reaction as depicted in Scheme 2-6, yielding cationic dimerized products which were
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subsequently treated with Na 2S20) to produce neutral phenylacetylene-substituted nFVs
46.

SMeMeS

MeS~ss~SMe
1. 12, CH 2CI 2
2. Na2S203

S

~

S

Scheme 2-6. Synthesis of phenylacetylene-substituted nFVs 46.

2.3./.4 Synthesis oflilY/ iodide 49
Compound 49 was obtained by alkylation of 1,4-hydroquinone followed by iodination
catalyzed by Hg(OAch in dichloromethane (Scheme 2-7). In the first stcp, commercially
available 1,4-hydroquinone was subjected to an alkylation reaction with l-bromodecane
in a basic ethanolic solution to afford compound 47. Next, compound 47 was reacted with
iodine chips under the catalysis of Hg(OAch to produce compound 48 in a moderate
yield of 65%. Finally, compound 49 underwent a Sonogashira reaction with 0.6 molar
equivalent ofTMSA in the presence of Et)N and PdCI2(PPh))2/Cu[ catalyst to afford aryl
iodide 49 in 63% yield.

44

¢

"OH, e"H"B" E'OH

OH

A;~21

,Jy
OC

lO 21
H

0.6 eq TMSA, Et 3 N
Cui, PdCI 2 (PPh 3 h

Scheme 2-7. Synthesis of aryl iodide 49.

2.3.1.5 Synthesis o!monomer 50 and TTFV polymer 51
Phenylacetylene-substituted TTFV precursor 46 was desilylated by K2C0 3 and then
cross-coupled with aryl iodide 49 in the presence of Pd(PPh3)4/Cul catalyst to yield
monomer SO in 67% yield as shown in Scheme 2-8. Monomer SO was first subjected to
desilylation with K2C0 3 to afford free terminal dialkyne, which then underwent a
PdCI 2(PPh 3h/Cul catalyzed homocoupling reaction using DBU as the base in toluene,
giving polymer 51. In this polymerization, a small amount (5% mol equiv) of aryl iodide
49 was added to act as endcapping agent. The incorporation of endcapping groups in the
polymer not only increased the stability of the polymer, but exel1ed a better control over
the molecular weight and

polydispersity of the polymer products.

When

the

polymerization reaction was complete as checked by TLC analysis, crude polymer
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products were precipitated out of thc solution by addition of McOH. Polymcr 51 was
collected as a yellow-orange solid after vacuum filtration and solvent rinsing. The
rcsulting polymcr showed good solubility in common organic solvents.

SMeMeS
M e s ' ts

sJySMe

1.K,C03,THF/MeOH
2.EI 3N,Pd(PPh 3)4,Cul,
60°C

1--O=:~lMS
C lO H21 0

49

1.K,C03,THF/MeOH
2.PdCI,(PPh 3)"Cul
DBU,loluene,5%49,
70 0 C,36hr,90%

C1QH 21 0

~

'>r;

OC H
lO

21

~

Scheme 2-8. Synthesis of monomer 50 and lTFY polymer 51.
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2.3.2 Characterization ofTTFV polymer 5/
The molecular structure of polymer 51 was confirmed by I H and

13 C

NMR spectroscopy.

The average molecular weight and polydispersity of 51 were characterized by gel
permeation chromatography (GPC), which showed Mw
mor l , and PDI

=

=

51900 g mor l , Mil

=

13400 g

3.9 (Figure 2-3). The GPC data suggests the average chain length of

polymer 51 is at the stage of heptamer to octamer. I H NMR analysis of the integration
ratio between protons in the endcapping group and the repeat unit indicates an average
chain length ofhexamer (n

=

6). Overall, the GPC and NMR analyses are in a reasonable

agreement, given that GPC tends to overestimate the molecular weights of structurally
rigid polymers. Molecular modeling (Figure 2-4) of the hexamer of compound 51 was
performed

using the

molecular mechanics

method (SYBYL

force

field).

The

computational results revealed that the polymer prefers a folded conformation via

It-

stacking to yield an inner cavity suitable for wrapping an individual SWNT. 47
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Figure 2-3. GPC chromatogram ofTTFV polymer 51. Mil
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Figure 2-4. Optimized molecular structure of the hexamer of polymer 51 using the

SYBYL force field implemented in Spartan' 10.

2.3.2.1 Electronic and electrochemical propertie.~ ofTTFV po(vmer 51.
The electronic properties of polymer 51 and its TTFY precursors 46 and 50 were
investigated by UY-Yis absorption spectroscopy. As can be seen from Figure 2-5. the
maximum absorption wavelengths of compounds 46, 50, and 51 are observed at 381. 399.
and 432 nm respectively. These absorption bands are assigned to HOMO to LUMO

49

electronic transitions, and the trend of steady redshift from 46 to 51 is consistent with the
increasing degree of conjugation in the molecular structures.

Wavelength (nm)

Figure 2-5. UY-Yis absorption spectra of compounds 46, 50. and 51 measured in toluene.

The electrochemical redox properties of polymer 51 and its TTFY precursors 46 and 50
were investigated by cyclic voltammetry (CY), and the detailed voltammograms are given
in Figure 2-6. The CY profile of polymer 51 shows a pair of reversible redox wave pair
(Epa

=

+0.65 Y, Epc

=

+0.52 Y) in the positive potential window. Compared to the

voltammogram of TTFY 46, the redox couple of polymer 51 can be ascribed to a
simultaneous two-electron transfer at the TTFY moiety embedded in the polymer

50

backbone. It is also worth noting that the redox process of TTFY units in polymer 51
shows a smaller (Epa - Epc) value than that ofTTFY 50, indicating a better reversibility
in electrochemical behavior. The reversible redox properties thus boded well for the
expected controllable wrapping and unwrapping SW Ts as depicted in Figure 2-6.

.---0.43V

TTFY46

Monomer 50

Q)

o

0.70V-----.:

TTFV Polymer 51

08

06

Potential (V)
Figure 2-6. Cyclic voltammogram of TTFY 46. monomer 50. and polymer 51.
Experimental conditions: TTFY 46 (10'3 M). monomer 50 (10'3 M). and polymer 51 (2
mg/mL); BU4NBF4 (0.1 M) as supporting electrolyte; CH 2C12 as solvent; glassy carbon as

51

working electrode; Pt wire as counter clectrode; Ag/AgCI as reference; scan rate: 200
mv/s.

2.3.2.2 UV-Vis titration experiments
The protonation behaviour ofTTFV compounds 46, 50, and polymer 51 was investigated
by UV-Vis titration with trifluoroacetic acid (TFA) in CH 2CI 2 at room temperature. Thc
detailed titration data are shown in Figures 2-8 to 2-10.

The UV-Vis titration results of 46 clearly show two steps of equilibria. In the first step
(Figure 2-7A), the intensity at A. = 380 nm steadily decreases. while those at A.
and 950 nm increase. In the second step (Figure 2-78). the intensities at A.
nm decrease, while the intensity A.

=

=

= 640.

710,

640 and 950

720 nm increases steadily. The two steps are

assigned to the following protonation reactions (Figure 2-7), which lead to the I'o 1111 at ion
ofthiolium and dithiolium ions respectively.
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SMe

Step 1 Mesfs

SMe
s,ySMe

I'~
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A
~

~

TMS

Figure 2-7. Protonation reactions ofTTFV.
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Figure 2-8. UV-Vis absorption spectra of TTFV 46 in CH2C12 upon addition of TFA
from. (A) 0 to 1.6 x 10 4 equiv. and (8) 1.6 x 10 4 to 7.0 x 104 equiv. The arrows indicate
the trends of spectral changes.
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The titration results for monomer 50 show that the monomer 50 undergoes the same
protonation processes as the TTFY precursor. In the first step (Figure 2-9A) the intensity
at 'A. = 397nm steadily decreases while those at 'A. = 640, 710, and 950 nm increase. In the
second step (Figure 2-98), the intensities at 'A. = 640 and 950 nm decrease, and the
intensity 'A. = 720 nm increases steadily. For the titration results of polymer 51 (Figure 210), a similar protonation trend is seen as TTFY precursor, except for the trend of the
intensities at 'A. = 415 in the second step. When the intensities at 'A. = 640 and 950 nm
decrease and the intensity 'A.

= 720

nm increases steadily, the intensity at 'A.

= 415

keeps

going up. The reason {or this phenomenon is not clear yet, but it is believed to be
associated with complex polymer conformational change.
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Figure 2-9. UV-Vis absorption spectra of monomer 50 in CH 2C1 2 upon addition of TF A

from. (A) 0 to 6.0 x 10 4 equiv. and (8) 6.0 x 10 4 to 1.0 x 10 5 equiv. The arrows indicate
the trends of spectral changes.
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Figure 2-\0. UV-Vis absorption spectra of polymer 5\ in CH2C12 upon addition ofTFA

from.(A) 0 to 2.0

X

10 4 equiv, and (B) 2.0 x 104 to 6.0 x 104 equiv (molar equiv was

calculated based on the average molecular weight of polymer determined by GPC). The
arrows indicate the trends of spectral changes.
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2.3.2.3 AFM results

(~lpolYfller 51

AFM studies were performed on pure polymer samples, operating in the non-contact
mode. Samples were prepared on freshly cleaved mica by spin coating a few drops of
polymer solution onto the surface. The amount of polymer solution spin coated on the
mica surface was varied, in order to get clear AFM images without big clusters. Different
conditions have been investigated. Figure 2-11 shows the AFM images of the pure
polymer 51. From the top view, polymers appear as discretely distributed aggregates, and
from the side view, sharp columns with the height of 4.39 nm on average are seen.
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Figure2-II.AFM imagcsofpurcpolymcr51 spin-coatcdonmica.
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An excess amount of TFA was added to the pure polymer solution and the acidified
solution was checked with the AFM again in the non-contact mode. After acidification,
polymers were discretely distributed as shown in Figure 2-12. Frolll the side view of
AFM imaging, the heights of acidified polymers were clearly increased compared with
the pure ones. The average height of acidified polymers was on 8.45 nlll. Conformational
changes of the polymer are believed to cause the height changes. The variation of the
heights of polymer aggregates on mica before and after acidification is depicted in Figure
2-13.

60

Figure 2-12. AFM images of acidified polymer 51 on mica.
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Height (nm)

Figure 2-13. Statistic counts of heights of pure polymer and acidified polymer.

2.3.2.4 SEM results ofpolymer film und acidified po~vmer film
Polymer 51 could easily form transparent and thin films upon drying under the vacuum as
shown in the Figure 2-14. SEM studies were performed on a pure polymer film to
investigate the morphology. Figure 2-15 shows the morphology of polymer film. where
nano-discs can be observed with a diameter of 459 nm on average. Polymer units
themselves could be well organized and packed together to form the observed nano-discs.
Figure 2-16 shows the diameter distribution of the polymernano-discs.
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Figure2-14. Photograph ofa thin film of polymer 51.
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Figure 2-15. SEM image of polymer film 51.
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IT:
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Figure 2-16. Statistic count of diameter distribution ofnano-discs on polymer film 51.

Upon exposure of the polymer film to a diluted TFA solution, the lilm immediately
tumed from yellow to green as shown in Figure 2-17. Moreover, alier being immersed in
aqueous NaHCO J solution for a while, the green film could be reverted back to yellow
again. Thus, this process suggests the reversible change in polymers' conformation under
the control of pH input. In addition, Figure 2-18 shows the morphology of the acidified
polymer film, where nano-discs disappeared and a flat and even surface was observed.
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Figure 2-17. Photograph of acidified polymer film 51.
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2.3.3 Characterizatioll of TTFV polymer -SWNT.s comple.xes

2.3.3./ UV-Vis-N/R results ofTTFV polymer-SWNTs complexes
With the polymer 5 I in hand, dispersion experiments of SWNTs were then conducted, in
which two commercially available SWNTs, HiPCO and CoMoCAT nanotubes, were
chosen to be tested. In our experiments, pristine SWNTs were first added to the toluene
solution of 51 and the mixture was subjected to ultrasonication for 30 min. Afier
sonication, the resulting black suspension was filtered through a tightly packed cotton
plug to remove insoluble components and afford a stable solution of SWNT-polymer
complexes.

The SWNT-polymercomplexes were then examined by UV-Vis-NIR absorption analysis,
and Figure 2-19 shows the Vis-NIR absorption spectra of HiPCO and CoMoCAT
nanotubes complexed with polymer 51 in toluene, which clearly give distinctive
absorption bands characteristic of the electronic transitions between van

Hove

singularities in the electronic density of states ofSWNTs. In the spectrum of CoMoCAT
SWNT solution, a prominent peak at 999 nm is observed, which is assigned to SWNTs
with a chiral index of(6,5). In addition, peaks at 576 and 668 nm can be assigned to (6,5)
and (7,6) SWNTs respectively.

29,49,50

In the spectrum of HiPCO SWNT solution, the

peaks appearing in the range of 930-1500 nm are attributed to inter-band transitions of
semiconducting SWNTs (SII), while the peaks from 500-930 nm are due to metallic
(Mil) and semiconducting (Sn) bands. 51 ,52 The results indicate that the SWNTs were well
dispersed and debundled in the solution of polymer 51.
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Figure 2-19. UV-Vis-NIR spectra of SWNTs dispersed in toluene solution of polymer

51.

2.2.3.2 Raman

~pectroscopic results

of TTFV po~vmer-SWNTscomplexes

Evaporation of the SWNT-polymer solutions gave SWNT-polymer supramolecular
complexes. which were characterized by Raman spectroscopy. Figure 2-19 shows the
Raman spectra in the radial breathing mode (RBM) region. The ti'equencies of the Raman
scattering (WRBM) in this region cast light on the size distributions ofSWNTs dispersed by
polymer 51 in toluene, since they are inversely proportional to the diameters of SWNTs
(d,). Following the equation s3 •

WRBM

=

223.5/d, + 12.5, the Raman peaks in the region of

240-270 cm" can be ascribed to small-diameter SWNTs (d,

0.8-0.9 nm). while the
69

peaks at 190-210 em-I are assigned to relatively large-diameter tubes (d t

'"

1.2nm). From

Figure 2-20, it can be clearly seen that the CoMoCAT SWNTs dispersed by polymer 51
are mainly composed of small-diameter tubes, while the dispersed HiPCO SWNTs
contain both small and large-diameter components 54

large tubes small tubes

Raman Shift (cm-')
Figure 2-20. The RBM region of Raman spectra (!-ex

=

534 nm) for SWNTs dispersed by

polymerS\.

2.3.3.3 AFM results

(~rC()MoCAT SWNT.\"-TTFV po~vmer

complexes

Dilute SWNT-polymer suspensions were spin-cast on a freshly cleaved mica surface to
be examined by AFM imaging. Figure 2-21 depicts the AFM image of the supramolecular
assemblies of CoMoCAT SWNTs and polymer 51 wherein the feature of polymer 51
wrapped around an individual strand ofSWNTcan be clearly observed. AFM imaging of
70

the assemblies of HiPCO SW 1's and polymer 51, however, did not reveal any discrete
nanotube features despite numerous trials under various conditions. Based on the Raman
and AFM data. it is proposed that the interactions between folding polymer 51 and
CoMoCA1' tubes are predominately via the wrapping mode as depicted in Figure 2-19.
For HiPCO SWN1's. it is likely that the polymer, besides wrapping around small-diameter
tubes, also shows strong adhesion to the side-walls of large-diameter tubes via 1I-stacking.
Such an adhesion-type binding mode could hence induce a significant degree of intertube
stacking, making individual SWN1' features unobservable by AFM.

12

°nm

Figure 2-21. AFM image (tapping mode) of CoMoCA1' SWN1's and polymer 51 on a
mica surface.
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2.3.3.4 SEM images and thermogravimetric analysis (TGA) of HiPCO SWNT"-TTFV
polymer gel
The polymer-induced HiPCO SWNT stacking is also evident by the observation of
gelation when the amounts of SWNTs and polymer 51 were increased to certain levels.
As shown in Figure 2-22, a stable sol-gel was formed after ultrasonication of the mixture
of HiPCO SWNTs and polymer 51 in toluene for 30 min. Figure 2-22 depicts the process
of bulky sol-gel formation upon dispersion of 5 mg of HiPCO nanotubes in a toluene
solution of polymer 51 (5 mg/mL). Table 2-1 summarizes the various conditions which
have been tested for HiPCO-polymer gelation. The results give the gelation conditions,
which require HiPCO nanotubes and polymer 51 to be mixed in a 1:1 mass ratio and the
amount of each is higher than 5 mg/mL in toluene. SEM imaging of the resulting sol-gel
showed that it is made of coarse interwoven micro-fibres (Figure 2-23). Dispersion of the
gel by toluene revealed individual strands of the micro-ribbons, the widths of which are
on the scale of tens of microns (Figure 2-23). In contrast, CoMoCAT SWNTs did not
give rise to any gelation result when treated under the same conditions as HiPCO tubes.
These results substantiate the hypothesis that the large-diameter tubes in HiPCO SWNTs
interact with polymers via the surface adhesion mode to result in significant stacking,
whereas CoMoCAT SWNTs containing mainly small-diameter tubes were dispersed by
folding polymer 51 preferentially via wrapping. It is worth noting that polymer 51 itself
does not show any gelation properties. Gelation of SWNTs with non-gelator dispersants
has been rarely known,55 while in our case the interactions between polymer 51 and largediameter tubes are believed to be the key contributor to gelation.
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Polyrncrsolution

Bucky sol-gel

15rng/rnL.toluene)

Figure 2-22. Photographic images illustrating the bulky sol-gel formation resulting from
ultrasonication of HiPCO nanotubes and polymers 51 in toluene.

TABLE 2-1. Conditions that lead to the formation of HiPCO nanotube-TTFY polymer
sol-gels in I mLoftoluene.
Mass of polymer

Mass of HiPCO SWNTs

Status

I mg

S mg

Solution

2mg

Smg

Solution

3mg

Smg

Semi-gel

4mg

Smg

Semi-gel

Mass of polymer

Weight of HiPCO SWNTs

Status

Smg

I mg

Solution

S mg

2mg

Solution

S mg

3mg

Semi-gel

Smg

4mg

Semi-gel

Smg

S mg

Gel
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Figure 2-23. SEM image of the gel film of HiPCO SWNTs and polymer 51.
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Figure 2-24. SEM image of diluted gel of HiPCO SWNTs and polymer 51.
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Figure 2-25. Schematics of polymer 51 induced stacking of HiPCO SWNTs.

Furthermore, when the sol-gel was coated evenly on the glass slide, a HiPCO SWNTspolymer film (Figure 2-26) could be obtained after air-drying overnight. The SWNTspolymer film was examined by CY. In this case, the SWNTs-polymer film worked as
working electrode. Figure 2-27 depicts the CY
which indicates that the SWNTs-polymer

f~lm

prof~le

of this SWNTs-polymer film.

was conductive. although the redox peaks

was not observed. In addition. the SWNTs-polymer film was also examined by TGA.
Figure 2-28 shows the TGA

prof~le

of polymer film and SWNTs-polymer film. and it

demonstrates that the 75% of this nanotube film is made of SWNTs. which is much
higher than any of the polymer-SWNTs complexes reported so far.
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Figure 2-26. Photograph of HiPCO SWNTs-polymer film.
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1- SWNTs-polymer film 1

Potential(V)

Figure 2-27. Cyclic voltammogram of HiPCO SWNTs-polymer xerogel. Experimental

conditions: BU4NBF4 (0.1 M) as supporting electrolyte; acetonitrile as solvent; HiPCO
SWNTs-polymer film as working electrode; Pt wire as counter electrode; Ag/AgCI as
reference;scanrate:IOOmv/s.
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Figure 2-28. TGA of polymer film and HiPCO SWNTs-polymer tilm under N2.

2.3.3.5 Releasing of SWNTs from TTFV po~vmer-SWNn complexes and mUlfi-(vcle
di,\persiol1-deleasing ofSWNTs
To dissociate polymer 51 from SWNTs, sequential chemical oxidation and reduction
reactions were executed. In our experiment, iodine was chosen as the oxidant. since it can
oxidize the TTFY unit of polymer 51 into [TTFy]2+.48 The addition of iodine to the
suspension ofSWNTs and polymer 51 immediately led to precipitation ofSWNTs. which
could be readily separated by tiltration. The resulting solution of oxidized polymer 51
could be recovered by treatment with excess aq. Na2S203 to afford neutral polymer 51.
which was reusable for dispersion of SWNTs. These results validated the feasibility of
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reversible dispersion and releasing of SWNTs. However, iodine oxidation was found to
cause significant decomposition of polymer 51, giving a low efficiency of polymer
recovery.

To avert this problem, an alternative pH dependant approach was then attempted. Multicycle dispersion and releasing experiments were undertaken through the procedures
described in Figure 2-29. In each cycle of dispersion. the resulting SWNTsuspension was
subjected to UV-Vis-NIR analysis to monitor the compositional changes in dispersed
SWNTs. From Figure 2-30, it can be seen that after three cycles of dispersionI releasing,
CoMoCAT SWNTs attained noticeable enrichment of tubes with certain chirality indices.
HiPCO SWNTs, on the other hand, did not show any significant compositional variation.
Since polymer 51 prefers to wrap around CoMoCAT tubes. the wrapping mode is
believed to give rise to chirality-selectivity to some extent. For HiPCO tubes, however.
both the wrapping and the adhesion modes are at work. Hence the selectivity of polymer
51 for particular types of HiPCO SWNTs is poor.

lZ§ Q tI"nf~: dt,on 9

"::~~:::~~~t;~,:~~,;,

Figure 2-29. Schematics of multi-cycle dispersion-releasing of SWNTs in toluene

solution of polymerS I.
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Figure 2-30. (A) UV-Vis-NIR absorption spectra monitoring the multi-cycle dispersion

of CoMoCAT SWNTs. (8) UV-Vis-NIR absorption spectra monitoring the multi-cycle
dispersion of HiPCO SWNTs.
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2.3.3.6 Procedllre ofll/lllti-cycle di.\persion-releasing ofCoMoCAT SWNTv
Cycle I
To a toluene solution of polymer 51 (8.0 mL, 4.5 mg/mL) was added CoMoCAT SWNTs
(40 mg). The mixture was ultrasonicated for 30 min, left still for 2 h, and then filtered
through a tightly packed cotton plug to remove insoluble components. A clear black
SWNT solution was obtained which was characterized by UV-Vis spectral analysis.

To the solution was added an excess amount of trifluoroaeetie acid (TFA, 2.0 mL).
Precipitation of SWNTs was observed. The mixture was subjected to centrifugation lor
15 min to afford a clear yellow solution and SWNT precipitates on the bottom. The top
organic layer was carefully transferred to an Erlenmeyer flask by a pipette, washed with
aq.

a2C03 solution, and dried over MgS04 to afford the recovered polymer solution.

UV-Vis and

I HNMR

analyses on the recovered polymer showed that the recovered

polymer does not undergo any changes in molecular structure. The bottom precipitates
were collected and washed sequentially with toluene (20 mL) and acetonitrile (20 mL),
and air-dried ovemight in the fumehood to afford the released SWNTs (16 mg).

Cycle 2
To the released SWNTs (16 mg) was added a toluene solution of polymer I (3.2 mL, 4.5
mg/mL). The mixture was treated with the same procedure in cycle I to afford a SWNT
solution, which was characterized by UV-Vis analysis.
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To the solution was added an excess amount ofTFA (1.0 mL). The mixture was treated
with the same procedure in cycle I to afford the released SWNTs (3 mg) and the
recovered polymer solution.

Cycle 3
To the released SWNTs (3 mg) was added a toluene solution of polymer (0.6 mL). The
mixture was treated with the same procedure in cycle I to afford a SW T solution, which
was characterized by UV-Vis analysis.

Then to the solution was added an excess amount of TFA (0.1 mL). The mixture was
treated with the same procedure in cycle I to give recovered polymer solution and the
released SWNTs, the weight of which was not detemlined due to the small amount.

Table 2-2. Quantities of stal1ing and recovered CoMoCAT SWNTs, polymer solution,
and TFA used in the multi-cycle dispersion-releasing ofSWNTs.

Starting CoMoCATNTs

Cycle I

Cycle 2

Cycle 3

40 mg

161l1g

3mg

Polymer 1 (4.5 Il1g/mL)

8.0mL

3.2mL

0.6mL

TFA

2.0 mL

1.0ll1L

0.1 mL

Recovered CoMoCAT NTs

16mg

3 mg
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*Low recovery is presumably due to pm1ial protonation of SWNTs and signilicant
mechanical losses during handling of small-quantities of sample.

2.2.3.7 Procedure ofmulti-cycle dispersion-releasing of HiPCO SWNTs
Cycle I
To a toluene solution of polymer (32.0 mL, 2.3 mg/mL) was added HiPCO SWNTs (48
mg). The mixture was ultrasonicated for 30 min, left to stand still for 2 h, and filtered
through a tightly packed collon plug to remove insoluble components. A clear black
SWNT solution was obtained, which was characterized by UV-Vis spcctral analysis.

To the solution was added an excess amount ofTFA (3.0 mL), which led to the release of
SWNTs as precipitates. The mixture was subjected to centrifugation lor 15 min to afford
a clear yellow solution and SWNT precipitates on the bOllom. The top organic laycr was
carefully transferred to an Erlenmeyer Oask by a pipette, washed with aq. Na2C03
solution, and dried over MgS04 to afford the recovered polymer solution. The bottom
precipitates were washed sequentially with toluene (20 mL) and acetonitrile (20 mL), and
air-dried overnight in the fumehoodto afford the released SWNTs (10 mg).

Cycle 2
To the released SWNTs (10 mg) was added a toluene solution of polymer (6.0 ml, 2.3
mg/mL). The mixture was treated with the same procedure in cycle I to afford a SWNT
solution, which was characterized by UV-Vis analysis.
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To the solution was added an excess amount ofTFA (0.6 mL). The mixture was treated
with the same procedure in cycle I to afford the released SWNTs (0.5 mg) and the
recovered polymer solution.

Cycle 3
To the released SWNTs (0.5 mg) was added a toluene solution of polymer (0.3 mL, 2.3
mg/mL). The mixture was treated with the same procedure in cycle I to afford a SWNT
solution, which was characterized by UV-Vis analysis.

To the solution was added an excess amount ofTFA (0.03 mL). The mixture was treated
with the same procedure in eycle I to give recovered polymer solution and the released
SW Ts(trace).

Table 2-3. Quantities of starting and recovered HiPCO SWNTs, polymer solution, and
TFA used in the multi-cycle dispersion-releasing ofSWNTs.
Cycle I

Cycle 2

Cycle 3

Starting HiPCO NTs

48mg

10 mg

0.5mg

Polymer (2.3 mg/mL)

32mL

6.0mL

0.3mL

TFA

3.0mL

0.6mL

0.03mL

Recovered HiPCO NTs

10 mg

0.5 mg
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*Low recovery is presumably due to partial protonation of SW Ts and significant
mechanical losses during handling of small-quantities of sample.

2.4 Summary
The TTFV-based conjugated polymer 51 has been synthesized and it has been
demonstrated that it can successfully perfOlm reversible dispersion and release of SWNTs
in a controlled manner. TTFV is an effective unit to impart the polymer with controllable,
confon11ational switching behavior. Moreover, the supramolecular interactions between
TTFV-phenylacetylene foldamer 51 and SWNTs have been demonstrated to be tube
diameter-dependent. The wrapping mode facilitates the dispersion of individual smalldiameter tubes, giving stable and organic soluble SWNT-polymer assemblies, while the
adhesion mode works for large-diameter tubes to form supramolecular networks and
produce appealing SWNT/polymer sol-gels. Finally, polymer 51 is responsive to external
stimuli (redox and acidity) to allow for controllable dispersion and releasing ofSWNTs in
solution in a repetitive way, which opens a new avenue for developing cost-effective
methods, such as continuous flow, to enrich or purify specific types ofSWNTs.

2.5 Experimental
Chemicals were purchased from commercial suppliers and used directly without
purification. THF was distilled from sodium/benzophenone before use. Et3N and toluene
were distilled from CaH z before use. Palladium catalysts, Pd(PPh 3)zCl z and Pd(PPh 3)4,
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wcrc prepared from PdCl 2 according to literaturc procedures. All rcactions wcrc
conducted in standard, dry glassware and under an inert atmosphcrc of nitrogen unless
othclwise noted. Evaporation and concentration were carried out initially on a rotary
evaporator and then with a vacuum pump. Flash column chromatography was pcrformcd
using 240-400 mesh

silica gel purchased

from

VWR

Intcrnational. Thin-Iaycr

chromatography (TLC) was carried out with silica gel 60 F254 covercd on plastic sheets
and visualized by UV light. 'H and DC NMR spectra were measurcd on thc Brukcr
Avance 500 MHz or 300 MHz spectrometers. Chemical shifts (8) arc rcported in parts pcr
million (ppm) downfield from the signal of internal refcrence which was SiMc4. Coupling
constants (1) are given in Hertz. Infrared (IR) spectra were recordcd on a Bruker Tcnsor
27 spectrometer equipped with a ZnSe ATR module. MALDI-TOF MS wcrc mcasurcd
on an Applied Biosystems Voyager instrument using dithranol as thc matrix. UV-VisNIR spectra were recorded on a Cary 6000i UV-Vis-NIR spectrophotometer. Cyclic
volltammetric (CV) and differential pulse voltammetric experiments were conductcd in a
standard three-electrode setup controlled by a BASi epsilon workstation. TriOuoroacetic
acid (TFA) was used in the titration as a source ofH+ was purchased from Sigma Aldrich
in 99% purity. l-liPCO SWNTs were purchased from Carbon Nanotcchnologies Inc.
CoMoCAT SWNTs were purchased from Southwest NanoTechnologies Inc. The gel
permeation chromatography (GPC) measurements were perfon11ed on a Waters 515 system
with UV detector using polystyrene standards with THF as the eluent. Atomic force
microscopy (AFM) images were taken with a Q-Scope AFM operatcd in tapping mode.
Scanning electron microscopy (SEM) images were taken with a Hitachi S570 SEM operated
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al 15 kY. Raman spectra were measured on a Horiba Jobin Yvon confocal Raman
spectrometeroperatedata laserwavelengthof532 nm.

Bis(tctracthylammonium) bis(I,3-dithiolc-4,Sdithiolatc)zincatc (38)

Na (7.3 g, 0.320 mol) and CS 2 (40 mL, 0.66 mol) were mixcd and the mixture was then
refluxed for 20 min under N 2. Dried DMF (50 mL) was added dropwised ovcr a pcriod of
20 min. The mixture was refluxed for 2 h and then concentrated under vacuum at 30°C.
MeOH (60 mL) was added to the residue under cooling in an ice-water bath to quench
ulU'eacted Na. A solution ofZnCb (IIA g, 76 mmol) in 1:1 MeOH/NH3-H20 (100 mL)
was then added carefully to the filtrate. To the resulting mixture, Et4NBr (21.32 g, 102
mmol) in H20 (80 mL) was then added. Then the mixture was left standing in thc
fumehood overnight. The resulting mixture was then subjected to suction filtration. The
residue was sequentially washed with H20 and Et 20 to yield 38 as a red-colored solid
(25A5g,35mmol,88%).

4,S-Bis(mcthythio)-1,3-dithiol-2-thionc (39)
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To a solution of38 (9.45 g, 0.013 mol) in acetone (100 mL) was added Mel (10 mL, 0.16
mol). The mixture was refluxed for overnight and filtered. The residue was washed with
acetone. The filtrate was cooled in an ice bath for 0.5 h and the resulting precipitate was
collected by suction filtration to afford 39 as a green crystalline solid (4.5 g, 0.020 mol,
77%).11-1 NMR (500 Ml-lz, CDC!J): b = 2.49 (s, 61-1). The 11-1 NMR data is consistent with
thosereportedintheliterature. 56

4,S-Bis(methylthio)-1,3-dithiol-2-iulll tetrafluroborate (40)

MeS
MeS

X

S

f-SCH 3

S

BF:

40

A mixture ofthione 39 (4.5 g, 19.8 mmol) and OMS (15mL, 100 mmol) was heated to
100°C and stirred for 1.5 h. The mixture was cooled under an ice bath condition, and
after 5 min I-IBF-Et20 (5mL, 40 mmol). AcOI-l (12mL, 0.12mmol) was then added. After
10 min, Et20 (120ml) was added. The preciptate was collected by filtration and washed
with Et20 to afford brown solid 40 (6.2 g, 18.8 mmol, 100%). 11-1 NMR (300 Ml-lz,
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COCl 3): I)

=

3.23 (s, 3H), 2.76 (s, 6H). The I H NMR data is consistent with those reported

in the literature

56

4,S-Bis(mcthylthio)-2-(mcthyIthio)-1,3-dithiolc (41)

MeS

X

S H

)LSCH 3

MeS

S

Compound 40 (6.2 mg, 18.8 mmol) was dissolved in EtOH (85 ml), and the NaBH 4 (2.63
g, 69 mmol) was added under ice bath. When the mixture was warmed up to room
temperature, it was stirred for 4 h. The mixture was then evaporated under vacuum. H20
(20 ml) was added to the residue. The precipitate was collected by filtration to afford
orange solid 41 (3.68g, 15 mmol, 80%). I H NMR (300 MHz, COCl 3): I)

=

5.8 (s, IH),

2.42 (s, 6H), 2.27 (s, 3H). The I H NMR data is consistent with those reported in the
literature 56

S-Mcthyl dithiolium salt (42)
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Compound 41 (2.8 g, 12 mmol) and AC20 (40 ml, 0.42 mmol) were mixed under ice bath
with N2. After 5 min, HBF-Et20 (5mL, 40 ml11ol) was added. After 0.5 h, Et 20 (90 ml)
was added. The product was collected by filtration and washed with Et 20 to produce
compound 42 (2.79 g, 9 mmol, 86%) as a brown solid. I H NMR (300 MHz, CDCI 3): 0 =
11.30 (s, IH), 2.83 (s, 6H). The I H NMR data is consistent with those rcportcd in the
literature 56

S-Mcthyl phosphonatcsalt(43)

MeS
MeS

X0
S H

)LP(OMeh
S

Compound 42 (1.3 g, 4 ml11ol) was dissolved in MeCN (30 mL). Nal (0.68g, 4.5 mmol)
was then added. After 5 min, P(OMeh (0.57mL, 4.83 ml11ol) was added. The mixture was
stirred for 4 h. The solvent was evaporated. The residue was diluted with CH 2Cl 2 and
washed with H20 till the aqueous layer became colorless. Then, the organic layer was
dried over MgS0 4 and evaporated to afford a dark red liquid (0.88 g, 2 mmol, 73%). I H
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MR (300 MHz, CDCI 3): 8 = 4.72 (d, J= 6.3 Hz, IH), 388 (d, J=10.6 Hz, 6H) 2.40 (s,
6H). The I H

MR data is consistent with those repol1ed in the Iiterature 56

4-(Trimcthylsilycthynyl)bcnzaldchydc

H~

~

TMS

44

A mixture of 4-Bromobenzaldehyde (2 g, 10.8 mmol), TMSA (3 mL, 20 mmol), Et3N (28
mL), Cui ()25 mg, 0.657 mmol) and Pd(PPh 3hCl z (150 mg, 0.213 mmol) wcrc mixed
and heated to 60°C. The black mixture was stirred for overnight. After filtration, the
filtrate was concentrated under vacuum. The residue was subjected to column
chromatography (EtOAc/hexanes 1:9) to afford 44 (1.9 g, 9 mmol, 87%) as light yellow
solid I H NMR (500 MHz, CDC)3): 8 10.00 (s, I H), 7.82 (d, J = 8.1 Hz, 2H), 7.61 (d, J =
8.1 Hz, 2H), 0.25(s, 9H). The I H NMR data is consistent with those reported in the
Iiterature. 57

Acctylcnic phcnyldithiafulvcne (45)
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Route I
To a solution of phosphonate 43 (1.08 g, 3.35 mmol) in THF (80 ml) cooled by a dry ice
bath was added n-BuLi (1.8 ml, 2.5 M in THF, 4.5 mmol). The mixture was stirred for 20
min and then 4-(trimethylsilyethynyl)benzaldehyde 44 (616 mg, 3.05 mmol) in THF (20
mL) was added. The reaction mixture was allowed to be slowly warmed up to room
temperature and stirred overnight. The resulting dark brown solution was diluted with
Et 20, washed with H2, and dried over MgS0 4 . After concentration under vacuum, the
residue was subjected to column chromatography (CH2CI2/hexanes I:9) to aflord
compound 45 (800 mg, 2.12 mmol, 73%) as a yellow solid

IH

NMR (500 MHz, CDC!}):

07.43 (d, J = 8.4 Hz, 2H), 7.13 (d, J = 8.3 Hz, 2H), 6.44 (s, I H), 2.43 (d, J = 5.3 Hz, 6H),
0.25(s, 9H). The I H NMR data is consistent with those reported in the literature

47

Route 2
Bezaldehyde 39 (400 mg, 1.98 ml11ol), P(OMeh (10 mL) and xylenes (20 mL) were
mixed together, and the mixture was degassed and then heated to 120°C. To the mixture
was slowly added a solution of thione 39 (448 mg, 1.98 ml11ol) in xylenes (4 mL) over a
period of 1 h. After the addition was complete, the reaction mixture was kept stirring for
another 1.5 h under heating, and then it was concentrated in vacuo. Filtration through a
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long silica plug removed the unreacted P(OMe)3. The filtrate, after concentration ill
vaCI/O, was subjected to silica column chromatography (CH 2CI 2/hexanes I:9) to yield

aeetylenic phenyldithiafulvene 45 (480 mg, 1.26 mmol, 64%) as a yellow solid. I H NMR
(500 MHz, CDCI 3): 0 7.43 (d, J

=

8.4 Hz, 2H), 7.13 (d, J

=

8.3 Hz, 2H), 6.44 (s, I H), 2.44

(s, 3H), 2.43 (s, 3H), 0.25(s, 9H). The I H NMR data is consistent with those reported in
theliterature. 47

Phcnylacctylcnc-substituted TTFVs (46)

SMeMeS

MeS~ss~SMe
S

~

S

To a solution of DTF 45 (393 mg, 1.04 I11mol) in CH2C12 (40 mL) was added 12 (396 mg,
1.56 mmol). The resulting mixture, after being stirred for 4 h, was quenched with satd
Na2S 20 3 aq. solution (50 mL). The mixture was stirred for 2 h. Then the organic layer
was separated, washed with H 20, dried over MgS0 4 and concentrated ill vacl/o. The
residue was dissolved in CS 2 (2 mL) and then subjected to silica column chromatography
(CH2C12/ hexanes I :9) to yield phenylacetylene-substituted TTFVs 46 (224 mg, 0.295
94

mmol, 57%) as a yellow solid. I H NMR (500 MHz, CDCI}): Ii 7.38 (d. J= 8.6Hz, 4H),
7.31 (d, J = 8.6Hz, 4H), 2.42 (s, 6H), 2.37(s, 6H), 0.23 (s, 18H). The I H NMR data is
consistent with those reported in the literature 47

1,4-Bis(decyloxy)benzcnc(47)

Hydroquinone (4.40 g, 40 mmol), KOH (5.61 g, 99 mmol), EtOH (90 mL), C IO H2,Br
(18.81 g, 90 mmol) were mixed. The resulting grey mixture was heated to 100°C and
reOuxed for 48 h. The reaction was quenched with H20 (I OOml) and extracted with
CH2Ch. The organic layer was washed with

H4CI, H20, and brine and dried over

MgS0 4 . The filtrate was concentrated under vacuum. The otT-white solid was
recrystallized from MeOH. The resulting colorless Oakes were washed with cold MeOH
to produce 47 as white Oakes solid (13.6 g, 34mmol, 87%). 'H NMR (300 MHz, CDCI3):
/) = 6.81 (s,4 H), 3.88 (t, J = 6.59 Hz, 4H), 1.77-1.72 (m, 4H), 1.46-1.27 (m, 28H), 0.89
(t,J= 6.45 Hz, 6H). The 'H NMR data is consistent with those rep0I1ed in the literature. 56

1,4-Bis(decyloxy)-2,Sdiiodobenzcne (48)
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A;~21

I~

OC1QH

21

47 (5.86 g, 15 mmol), 12 (9.39 g, 37 mmol), Hg(OAch(I179 g, 37 mmol) and CH2C12(80
mL) were mixed and stirred for 24 h. Then it was filtered and washcd with Na2S203,
water, brine, and dried over MgS0 4 . The solvent was removed under vacuum. Thc crudc
product was recrystallized from EtOH to afford the compound 48 as white solid (7.13 g,
II Il1mol, 74%). lH NMR (500 MHz, CDCI 3): b 7.17 (s, 2H), 3.94 (t, J

=

6.44 Hz, 4H),

1.82-176 (m, 4H), 1.38-1.20 (m, 28H), 0.90 (t, J = 6.79 Hz, 6H). The I H NMR data is
consistent with those reported in the literature. 56

1,4-Bis(dccyloxy)-2-iodo-S-(trimcthylsilylcthynyl)bcnzcnc (49)

A mixture of 48 (4.23 g, 6.59 mmol), Pd(PPh 3hCI 2 (0.189 g, 0.27 Il1mol), and CuI (0.125

g, 0.66 mmol) were added in 60 mL of Et3N. Then TMSA (0.67 Il1L, 4.6 mmol) was
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added dropwise. The reaction mixture was then stirred at 60°C for 24 h. The resulting
mixture was filtrated and the filtrate was washed with NH 4 CI, H20, and brine and dried
over MgS0 4 . The solvent was removed under vacuum. It was then subjected to column
chromatography (hexanes/CH 2CI 2, 9:1) to afford compound 49 (1.75 g, 2.8 mmol, 63%)
as a colorless liquid. lH NMR (500 MHz, CDCI3): 6

=

7.25 (s, I H), 6.83 (s, I H), 3.95-

3.92 (m, 4H), 1.82-1.75 (m, 4H), 1.52-1.46 (m, 4H), 1.34-1.27 (m, 24H), 0.88 (t, J = 6.57,
6H), 0.25 (s, 9H). The I H NMR data is consistent with those reported in the literature 56

TTFV monomer (50)
SMeMeS

MeS~ss~SMe
S

\\

/;

S

To a solution ofTTFV 46 (83 mg, 0.11 mmol) in THF/MeOH (10 mL, 1:1) was added

K2C0 3 (91 mg, 0.66 mmol). The mixture was stirred for 0.5 h at room temperature, and
then diluted with CH2Cb, washed with H20, dried over MgS0 4, and concentrated il/
vacuo. To the residue was added Et3N (30 mL) and iodoarene

49 (269 mg, 0.440 mmol).

The mixture was degassed by vigorous N 2 bubbling. To the mixture was then added Cui
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(12 mg, 0.011 mmol) and Pd(PPh)4 (6 mg, 0.03 mmol). The mixture was heatcd at 60 DC
and kept stirring overnight. The resulting reaction mixture was diluted with CH 2CI 2,
washed sequentially with aq. NH 4C1 and H 20, dried over MgS0 4, and concentrated ill
vacl/o. The residue was purified by silica column chromatography (CH 2Cl 2/hexanes 5:95)

to yield TTFV monomer 50 (116 mg, 0.0732 mmol, 67%) as a yellow oil. I H NMR (500
MHz, CDC!]) 0 7.45 (d, J

=

8.5 Hz, 4H), 7.37 (d, J

4H), 4.00-3.93 (m, 8H), 2.40 (d, J

=

=

8.4 Hz, 4H), 6.92 (d, J

=

5.1 Hz,

24.3 Hz, 12H), 1.84 - 1.75 (m, 8H), 1.53 - 1.46 (m,

8H), 1.39-1.19 (m, 48H), 0.86 (m, 12H), 0.25 (s, 18H); 13C NMR (75 MHz, CDCI 3) 0
154.18,153.45,137.91,136.64,131.87,128.77,126.30, 125.09, 123.64, 121.51, 117.28,
116.87,114.31,113.65,101.20,100.06,95.01,86.74, 69.58, 69.50, 31.91, 29.66, 29.62,
29.56,29.46,29.39,29.36,29.31,26.06,26.00,22.71, 18.95, 18.86, 14.18, 14.14; FTIR
(neat) 2922, 2854, 2152,1503,1465,1475,1378,1277,1213,1019 cm-I; HR-MALDITOF MS m/z calcd for C 90H 12604SgSi2 1582.6960, found was 1582.7006.
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TTFV polymer (51)

SMeMeS

MeS~ss~SMe
S

\\

/;

S

To a solution ofTIFV monomer 50 (574 mg, 0.364 mmol) in THF/MeOH (10 mL, 1:1)
was added K 2C0 3 (302 mg, 2.18 mmol). The mixture was stirred at room temperature lor
0.5 h, and then it was diluted with CH 2Ch, washed with H20, dried over MgS0 4 , and
concentrated ill

vaCHO.

To the residue was added toluene (30 mL), Cui (20 mg, 0.11

mmol), PdCI 2(PPh)2 (25 mg, 0.036 mmol) and DBU (0.0054 mL, 0.036 mmol). The
mixture was heated at 70°C under stirring for I h. Then iodoarene 49 (I 1 mg, 0.036
mmol) was added and the mixture was stilTed for 36 h. Afterwards, methanol was added
and the resulting precipitates were collected by liltration to afford TTFV polymer 51 (526
mg, 90%) I H NMR (500 MHz, CDCI 3) 8 7.46 (d, J

= 7.8

Hz, 20H), 7.38 (d, J

= 7.9Hz,

20H), 6.97 (111, 20H), 4.05 - 3.90 (111, 50H), 2.43 (s, 30H), 2.38 (s, 301-1), 1.81 (111, 49H),
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1.51 - 1.43 (m, 55H), 1.39 - 1.19 (m, 445H), 0.90 - 0.79 (m, 128H), 0.06 (s, 18H);

13C

NMR (75 MHz, CDCI 3) I) 155.00. 153.47, 138.08. 137.89, 136.75, 131.93, 129.05,
128.81,128.24,126.32,125.31,125.13,123.60, 121.41, 117.71, 116.93, 115.18, 112.53,
95.69,86.66,79.62,79.35,69.82,69.61,31.93,29.73, 29.64, 29.61, 29.57, 29.49, 29.38,
29.29,29.17,26.06,26.01,25.96,22.72,21.48,18.97, 18.87, 14.19, 14.14. FTIR (neat)
2915,2849,2202,1509,1467,1417,1376,1272,1211,1017 em-I. GPC: Mn
mor', Mw

=

51900 g mOrl, POI

=

=

13400 g

3.9.
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Chapter 3
Side-Chain Effect on Dispersion of SWNTs with
TTFV Polymers

3.1 Objective of the Project
From the studies described in the previous chapter, the TTFV polymers have been known
to interact with SWNTs to fOlTIl soluble supramolecular assemblies. The major interaction
mode is through n:-stacking between the aromatic units of the polymer and the surface of
SWNT. In addition to that, the long alkyl chains on the polymer backbone can also induce
C-H/n: interactions to facilitate the dispersion of SWNTs. The two types of interactions
are supposed to both come into play significantly; however, their effects on the selectivity
towards different types ofSWNTs cannot be clarified from the results of previous studies.
To cast light on this issue, further investigations on the side-chain effect are needed. In
this chapter, two analogous TTFV polymers were chosen to be stlldied. The polymers
have the same n:-conjugated backbone as the TTFV polymer reported in the previous
chapter but the side chains were systematically varied from n-pentyl to II-heptyl

3.2 Result and Discussion
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3.2.1 Synthesis ofTTFV polymers 59 and 61

3.2.1.1 Synthesis ofaryl iodide 54
In the first step, commercially available 1,4-hydroquinone was subjected to an alkylation
reaction with I-bromoheptane in a basic ethanol solution to afford compound 52 (Scheme
3-1). Compound 52 underwent an iodination reaction in the presence of iodine chips and
Hg(OAch to produce compound 53 in a moderate yield of 69%. Finally, compound 53
underwent a Sonogashira coupling reaction with 0.6 molar equivalent of TMSA in the
presence of Et3N and PdCI2(PPh3)2/Cul catalysts to afford aryl iodide 54 in 52% yield.

KOH,C,H 'S Br,EtOH

9""

C

2
_H_9_(OA_l_2'12 ,_C_H2_CI_
....

OC,H ,S

~:

I~

OC 7 H 15

O.6eqTMSA,Et 3 N
Cui, PdCI 2(PPh 3 12

Scheme 3-1. Synthesis of aryl iodide 54.
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3.2.1.2 Synthesis of(lryl iodide 57

Commercially available I,4-hydroquinone was subjected to an alkylation reaction with 1bromopentane in a basic ethanol solution to afford compound 55 (Scheme 3-2).
Iodination of compound 55 with iodine chips under the catalysis of Hg(OAch produced
compound 56 in a moderate yield of 71 %. Finally, compound 56 underwent a
Sonogashira reaction with 0.6 molar equivalent of TMSA in the presence of EtJN and
PdCI 2(PPh Jh/Cul catalysts to afford aryl iodide 57 in 60% yield.

KOH,C sH ll Br, EtOH

¢"'

2 -_H_9(_OA_Ch_,12_,C_H2_CI_

OC S H ll

~;

I~

OC SH"

O.6eqTMSA,Et,N
Cul,PdCI 2 (PPh,h

Scheme 3-2. Synthesis of aryl iodide 57.

3.2. 1.3 SYllthesi,~ ofmOllomer 58 (llId polymer 59
Phenyl acetylene-substituted TTFV precursor 46 was desilylated by K2CO J and then
cross-coupled with aryl iodide 54 in the presence of Pd(PhJ)4/Cu! catalysts to yield
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monomer 58 in 62% yield as shown in Scheme 3-3. With monomer 58 in hand, it was
subjected to desilylation with K2C0 3, and the resulting free terminal dialkyne product
was subjected to a PdCI2(Ph3)2/Cul catalyzed homoeoupling reaction with DBU as base in
toluene, giving polymer 59. In this polymerization step, a small amount (5% mol equiv)
of aryl iodide 54 was added to act as endcapping agent. The incorporation of endcapping
groups in the polymer not only increases the stability of the polymer, but exel1s beller
control over the molecular weight and polydispersity of the polymeric products. When the
polymerization reaction was complete as indicated by TLC analysis, the resulting erude
polymer products were precipitated out of the solution by addition of MeOH. Polymer 59
was collected as a yellow-orange solid after vacuum filtration. The resulting polymer
showed good solubility in common organic solvents.
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~
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S

1.K 2CO"THF/MeOH
2. Et,N.Pd(PPh 3 )"Cul,
60°C

I~~MS
C 7 H 150

C 7 H'50

II;
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II;

OC,H'5

C 7 H'50

~

SMeMeS
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S

~

/;

S

1.K 2CO,.THF/MeOH
2.6,PdCIAPPh,)"Cul
DBU. loluene. 70°C
92%

C H'5
7

0

II;

OC,H'5

C,H'50

~
?fj

II;

OC,H 15

TMS

C,H'50

OC,H'5
~

~

TMS

Scheme 3-3. Synthesis of monomer 58 and TIFV polymer 59

3.2.1.4 Synthesis ofmonomer 60 lint! polymer 61
Phenylacetylene-substituted TIFV precursor 46 was desilylated by K2CO J and then
cross-coupled with aryl iodide 57 in the presence of Pd(PhJ)JCul catalysts to yield
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monomer 60 in 67% yield as shown in Scheme 3-4. Monomer 60 was then desilylated
with K2 C0 3 , followed by a PdC1 2 (Ph 3 h/Cul catalyzed homocoupling reaction with DBU
as base in toluene, giving polymer 61. In this polymerization step, a small amount (5%
mol equiv) of aryl iodide 57 was added to act as cndcapping agent. When the
polymerization reaction was complete as checked by TLC analysis, crude polymer
products were precipitated out of thc solution by addition or MeOH. Polymcr 61 was
collected as a yellow-orange solid after vacuum filtration, and thc resulting polymcr
showed good solubility in common organic solvents.
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~
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S

1.K,C0 3 , THF/MeOH
2. EI3N,Pd(PPh 3)4,Cul,
60°C

I~~MS
CS H l1 0

57

SMeMeS

MeS~SS~SMe
S

~

/;

S

l.K,C0 3 , THF/MeOH
CSH ll O

2.6,PdCI,(PPh 3)"Cul

Ii;

DBU,loluene,70oC
90%
C SH l1 0

~

Ii;

~
"fj

/;

OC H
S ll

~

OCSH l1

Scheme 3-4. Synthesis of monomer 60 and TTFY polymer 61.
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3.2.2 Characterization ofTTFV polymers 59 and 61 and their complexes with SWNTs

3.2.2. J Electrochemical properties o.lpolymers 59 and 61
The electrochemical redox properties of polymers 59 and 61 were investigated by cyclic
voltammetry (CV), and their cyclic voltammograms were compared with polymer 51 as
shown in Figure 3-1. The CV profiles of polymers 59 and 61 show reversible redox wave
pairs in the positive potential window. Compared to the voltammogram of TTFV 46, the
redox couples of polymers 59 and 61 can be ascribed to simultaneous two-electron
transfer at the TTFV moieties embedded in the polymer backbone. It is also worth noting
that the redox processes arising from the TTFV units in polymers 59 and 61 give a similar

(Epa - E pc ) value to that of polymer 51, which means that slight changes in the side-chain
structures have little effect on the redox reversibility of the TTFV polymers.
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Figure 3-1. Cyclic voltammogram of polymer 51, polymer 59, and polymer 61.

Experimental conditions: polymer 51 (ca. 2 mg/mL), polymer 59 (ca. 10 mg/mL),
polymer 61 (ca. 10 mg/mL); Bu 4 NBF4 (0.1 M) as supporting electrolyte; Cl-hCh as
solvent; glassy carbon as working electrode; Pt wire as counter electrode; Ag/AgCI as
reference; scan rate: 200mv/s.
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3.2.2.2 Characterization ofTTFV polymers and SWNTs complexes

3.2.2.2.1 UV-Vis-NIR absorption properties
With two new TTFV polymers in hand, dispersion experiments of SWNTs were then
conducted following the procedures described in the previous chapter. The resulting
SWNT-polymer supramolecular complexes were examined by UV-Vis-NIR absorption
analysis.

Figure 3-2 compared the normalized Vis-NIR absorption spectra of CoMoCAT nanotubes
complexed with polymers 51, 59, and 61 in toluene. It can be clearly seen that as the side
chains of the polymers became shorter, the maximum absorption band at 994 nm became
narrower, indicating that better selectivity for CoMoCAT SWNTs can be achieved by
using TTFV polymers carrying shorter alkyl side chains. On the othcr hand, no significant
differences can be observed in the Vis-NlR spectral region for HiPCO SWNTs
complexed with polymers 51, 59, and 61 (Figure 3-3).
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61 with CoMoCAT
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Figure 3-2. Normalized UV-Vis-NIR absorption spectra of CoMoCAT SWNTs with
polymers 51, 59, and 61.
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Figure 3-3. Normalized UV-Vis-NIR absorption spectra of HiPCO SWNTs complexed
with51,59,and61.
III

3.2.2.2.2 Raman spectroscopic properties
TTFY polymer-SWNTs supramolecular complexes were characterized by Raman
spectroscopy. Figures 3-8 and 3-9 show the Raman spectra in the radial breathing mode
(RBM) rcgion. The frequencies of the Raman scattering

in this region are

(WRBM)

inversely proportional to the diameters ofSWNTs (d l ) dispersed by polymer 59 and 61 in
toluene according to the following the equation,

WRBM =

223.5/d, + 12.5. For CoMoCAT

SWNTs-TTFY polymer complexes, it can be clearly seen that there was no diffcrencc for
small diameter tubes dispersed by the three polymers, but as the side chains of polymer
became shorter, less amounts of large-diameter tubes were dispersed. This trend can be
I

clearly seen from the spectral patterns in the region of 190-210 cm- . The similar trend
can be seen on HiPCO tubes dispersed by the three polymers as well. Furthermore,
compared with pristine CoMoCAT SWNTs, polymer 61 shows the best performance in
terms of dispersing narrowly distributed CoMoCAT SWNTs.

The dispersion results may be rationalized by assuming that, in addition to wrapping
themselves around small-diameter tubes, the side chains of the polymers can also interact
with the side walls of large diameter tubes via C-H/n interactions as shown in Figure 3-6.
As the side chains of polymers became shorter, this interaction became weaker.
Therefore, the amount of large tubes dispersed by the polymers decreases.
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Figure 3-4. The RBM region of Raman spectra
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=

534 nm) for pristine CoMoCAT

SWNTs and CoMoCAT SWNTs dispersed by polymers 51. 59 and 61.
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Small tubes

Large tubes
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Figure 3-6. Schematic illustration of the effect of side chains in polymers 51. 59 and 61

on binding to carbonnanotubes.

3.2.2.2.3 Results of AFM imaging
Dilute

SWNT~polymer

suspensions were spin-cast on a fl'eshly cleaved mica surface for

AFM imaging. Contact mode was used to get better imaging results. but discrete HiPCO
SWNTs-polymer complexes were not detected in the contact mode despite numerous
trials under various conditions. Figure 3-7 depicts the AFM image (contact mode) of the
supramolecular assemblies of CoMoCAT SWNTs and polymer 59. where the features of
polymer 59 wrapping around individual strands of SWNTs can be observed. AFM
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imaging (Figure 3-8) of the assemblies of CoMoCAT SWNTs and polymer 61 shows
similar results.

Figure 3-7. AFM image (contact mode) of CoMoCAT SWNTs and polymer 59 on a mica
surface.
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Figure 3-8. AFM image (contact mode) of CoMoCAT SWNTs and polymer 61 on a mica

surface.

3.3 Summary
Two new TTFV polymers 59 and 61 have been synthesized and characterized to
demonstrate that side chains changes have little effect on redox properties. Polymers 59
and 61 still retain property of reversibility controlled by redox and pH inputs. TTFV
polymers 59 and 61 can effectively disperse SWNTs in organic solvents. giving stable
and soluble SWNT-polymer assemblies. In addition to wrapping around SWNTs. the side
chains of polymers can interact with large diameter tubes via alkyl-n interactions. Raman
117

spectral analyses indicates that polymers with shol1er side chains interact with SWNTs
mainly by wrapping the conjugated polymer backbone around SWNTs. The wrapping
mode gives rise to selectivity for small-diameter tubes. In the case of polymers containing
long alkyl side chains, the alkyl-IT interaction tends to entangle large-diameter tubes in the
polymer matrix. As a result, SWNTs can be better solubilized by TTFV polymers with
long alkyl side chains, but the selectivity for the tube diameter is reduced.

3.4 Experimental
Chemicals were purchased from commercial suppliers and used directly without
purification. THF was distilled from sodium/benzophenone before use. EtJN and toluene
were distilled from CaH z before use. Palladium catalysts, Pd(PPhJ)zCh and Pd(PPh J)4,
were prepared from PdCl z according to literature procedures. All reactions were
conducted in standard, dry glassware and under an insert atmosphere of nitrogen unless
othelwise noted. Evaporation and concentration were carried out with a water-aspirator.
Flash column chromatograph was perfOll11ed using 240-400 mesh silica gel purchased
fi·om VWR IJltel11ational. Thin-layer chromatography (TLC) was carried out with silica
gel 60 F254 covered on plastic sheets and visualized by UV light. IH and IJC

MR

spectra were measured on Bruker Avance 500 MHz or 300 MHz spectrometers. Chemical
shirts (8) are reported in parts per million (ppm) downfield from the signal of internal
reference SiMe4. Coupling constants (1) are given in Hertz. Infrared (IR) spectra were
recorded on a Bruker Tensor 27 spectrometer equipped with a ZnSe ATR module.
MALDI-TOF MS were measured on an Applied Biosystems Voyager instrument using
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dithranol as the matrix. UV-Vis-NIR spectra were recorded on a Cary 6000i UV-Vis-NIR
spectrophotometer. Cyclic volltal11l1letric (CV) and differential pulse voltaml11etric
experiments were conducted in a standard three-electrode setup controlled by a BASi
epsilon workstation. Trifluoroacetic acid (TFA) was used in the titration as a source of H+
was purchased from sigma Aldrich in 99% purity. HiPCO SWNTs were purchased from
Carbon Nanotechnologies Inc. CoMoCAT SWNTs were purchased fi·OITI Southwest
NanoTechnologies Inc. The gel permeation chromatography (GPC) measurements were
performed on a Waters 515 system with UV detector using polystyrene standards with THF
as eluent. Atomic force microscopy (AFM) images were taken with a MultiNode™

SPM

from digital Instruments operated in contact mode. Raman spectra were measured on a
I-Ioriba Jobin Yvon confocal Raman spectrometer operated at a laser wavelength of 532nm.

1,4-Bis(dccyloxy)benzene(52)

Hydroquinone (5.2 g, 47 mmol), KOH (10.19 g, 188 mmol), EtOH (50 mL), CIOH21Br
(32.88 g, 188 mmol) were mixed. The resulting grey mixture was heated to 90°C and
refluxed for 48 h. The reaction was quenched with 1-1 20 (IOOml) and extracted with
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CH 2C1 2. The organic layer was washed with NH 4 CI, H20, and brine and dried over
MgS0 4. The filtrate was concentrated under vacuum. The ofT-white solid was
recrystallized li·om MeOH. The resulting colorless tlakes were washed with cold MeOH
to produce 52 as a white, tlaky solid (11.73 g, 38 mmol, 85%).
CDCI 3): () 6.82 (s, 4H), 3.90 (t, J

=

IH

NMR (300 MHz,

6.44 Hz, 4H), 1.80-1.70 (m, 4H), 1.48-1.30 (m, 16H),

1.36-1.32 (m, 24H), 0.89 (t, J= 6.79 Hz, 6H). The I H NMR data is consistent with those
reported in the literature 58

I ,4-Bis(dccyloxy)-2,5diiodobenzene (53)

;:;:

I~

OC,H'5

52 (5.86 g, 17 mmol), 12(12.95 g, 51 mmol), Hg(OAch(16.25 g, 51 mmol) and CH 2Ch
(50 mL) were mixed and stirred for 24 h. Then the reaction mixture was liltered and
washed with Na2S203, water, brine, and dried over MgS04. The solvent was removed
under vacuum. The crude product was recrystallized from EtOH to afford the compound
53 as white solid (6.6 g, II mmol, 69%). 1H NMR (500 MHz, CDC!]): () 7.17 (s, 2H),
3.92 (t, J

=

6.44 Hz, 41-1), 1.82-1.77 (m, 41-1), 1.52-1.46 (m, 4H), 1.39-1.32 (m, 121-1),0.90

(t, J = 6.79 Hz, 61-1). The 11-1 NMR data is consistent with those reported in the literature 59
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1,4-Bis(dccyloxy)-2-iodo-5-(trimcthylsilylcthynyl)bcnzcnc (54)

A mixture of 53 (lOg, 17.8 mmol), Pd(PPh]hCb (0.24 g, 0.36 mmol), and Cui (0.2 g, 1.1
mmol) were added to 100 mL of Et]N. Then TMSA (1.83 mL, 12.46 mmol) was added
dropwise. The reaction mixture was then stirred at 60°C for 24 h. The resulting mixture
was filtered and the filtrate was washed with NH 4 CI, H20, and brine and dried over
MgS0 4 . The solvent was removed under vacuum. It was then subjected to column
chromatography (hexanes/CH 2CI 2, 9:1) to afford compound 54 (3.44 g, 6 mmol, 52%) as
a colorless liquid. lH NMR (500 MHz, CDCI3): I) = 7.25 (s, I H), 6.83 (s, I H), 3.95-3.91
(m, 4H), 1.83-1.74 (m, 4H), 1.53-1.45 (m, 4H), 1.26-1.38 (m, 16H), 0.98-0.85 (m, 12H),
0.25 (s, 9H)59

1,4-Bis(dccyloxy)bcnzcnc (55)
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Hydroquinone (5.0 g, 45 I11mol), KOH (7.57 g, 135 ml11ol), EtOH (50 mL), CIOH21Br
(27.0 g, 180 mmol) were mixed. The resulting grey mixture was heated to 100°C and
reOuxed for 48 h. The reaction was quenched with H20 (IOOml) and extracted with
CH 2Cb The organic layer was washed with NH 4 CI, H20, and brine and dried over
MgS0 4 . The filtrate was concentrated under vacuum. The ofT-white solid was
recrystallized from MeOH. The resulting colorless Oakes were washed with cold MeOH
to produce 55 as white Oakes solid (6.91 g, 27 I11mol, 61%). I H NMR (300 MHz, CDC13):
I)

= 6.82

(s, 4 H), 3.90 (t, J

= 6.59

Hz, 4H), 1.80-1.71 (m,4H), 1.48-1.31 (m, 8H), 0.92 (t,

J = 6.45 Hz, 6H). The I H NMR data is consistent with those reported in the literature. 6o

1,4-Bis(dccyloxy)-2,5diiodobcnzene (56)

~;

I~

OC S H l1
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55 (3.17 g, 12 mmol), 12 (6.43 g, 24 mmol), Hg(OAch (8.03 g, 24 mmol) and CH 2CI 2 (50
mL) were mixed and stirred for 24 h. Then the reaction mixture was filtered and washed
with Na2S203, water, brine, and dried over MgS0 4 . The solvent was removed under
vacuum. The crude product was recrystallized from EtOH to afford the compound 56 as
white solid (4.55 g, 9 mmol, 71%). lH NMR (500 MHz, CDCl 3): I) 7.17 (s, 2H), 3.93 (t,)
=

6.44 Hz, 4H), 1.85-1.76 (m, 4H), 1.51-1.33 (m, 8H), 0.94 (t, )

=

6.79 Hz, 6H). The I H

NMR data is consistent with those reported in the literature 60

I,4-Bis(dccyloxy)-2-iodo-5-(trimcthylsilylcthynyl)bcnzcnc (57)62

A mixture of 48 (11.18 g, 22 mmol), Pd(PPh 3)2C12 (1.5 g, 2.2 mmol), and CuI (1.26 g, 6.6
mmol) were added to 400 mL of Et3N. Then TMSA (1.956 mL, 13 mmol) was added
dropwise. The reaction mixture was then stirred at 60°C for 24 h. The resulting mixture
was filtered and the filtrate was washed with NH 4 Cl, H20, and brine and dried over
MgS0 4 . The solvent was removed under vacuum. It was then subjected to column
chromatography (hexanes/CH 2Cb, 9: I) to afford compound 57 (8.14 g, 13 mmol, 60%) as
a colorless liquid. I H NMR (500 MHz, CDCI3): I)

=

7.26 (s, I H), 6.83 (s, I H), 3.96-3.91
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(m,4H), 1.85-1.75 (m, 4H), 1.53-1.33 (m, 8H), 0.91-0.96 (m, 6H), 0.25 (s, 9H). The I H
MR data is consistent with those reported in the literature 60

TTFV monomer (58)
SMeMeS

MeS~ss~SMe
S

~

/;

S

To a solution of TTFV 46 (255 mg, 0.34 mmol) in THF/MeOH (16 mL, I: I) was added
K 2C0 3 (260 mg, 2.04 mmol). The mixture was stirred for 0.5 h at room temperature, and
it was then diluted with CH2Ch, washed with H20, dried over MgS0 4 , and concentrated
ill vacuo. To the residue was added Et3N (50 mL) and iodoarene 54 (900 mg, 1.7 mmol).

The mixture was degassed by vigorous N 2 bubbling. To the mixture was then added Cui
(19 mg, 0.102 mmol) and Pd(PPh)4 (39 mg, 0.034 mmol). The mixture was heated at 60
°C and kept stirring overnight. The resulting reaction mixture was diluted with CH 2C1 2,
washed sequentially with aq. NH 4CI and H 20, dried over MgS0 4, and concentrated ill
vacuo. The residue was purified by silica column chromatography (CH2CI2/hexanes 5:95)

to yield TTFV monomer 58 (297 mg, 210 mmol, 62%) as a yellow oil. I H NMR (500
124

MHz, CDCI 3)

/)

7.46 (d, J

= 8.6 Hz, 4H), 7.38 (d, J = 8.6 Hz, 4H), 6.92 (d, J = 2.63 Hz,

4H), 4.00-3.93 (m, 8H), 2.37 (d, J

=

146 Hz, 12H), 1.84 - 1.74 (m, 8H), 1.54 - 1.46 (m,

8H), 1.37-1.24 (m, 26H), 0.90 (m, 12H), 0.25 (s, 18H); 13C

MR (75 MHz, CDCl 3)

/)

154.18,153.48,137.92,136.63,131.87,128.75, 126.29, 125.09, 123.63, 121.50, 117.29,
116.84, 114.32, 113.66, 101.21, 100.06,69.58,69.50,31.86,29.72,29.38,29.35,29.11,
29.07,26.01,22.66,22.65, 18.95, 18.86, 14.18, 14.13; FrIR (neat) 2920, 2851, 2150,
1500, 1463, 1378, 1275, 1212, 1020 em-I; HR-MALDI-TOF MS 11I/:: ealed for
C78HIOZ04SSSiZ 1414.5082, found 1414.5084

TTFY polymer (59)
SMeMeS

MeS~ss~SMe
S

~

II

S

7

,S

C H O

~

"r;

OC H,s
7

~

To a solution oflTFY monomer 50 (123 mg, 0.087 mmol) in THF/MeOH (20 mL, 1:1)
was added KZC0 3 (72 mg, 0.524 mmol). The mixture was stirred at room temperature for
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0.5 h, diluted with CH 2CI 2, washed with H20, dried over MgS0 4, and concentrated in
vacuo. To the residue was added toluene (6 mL), Cui (5 mg, 0.026 mmol), PdCI 2(PPhh (6

mg, 0.009 mmol) and DBU (0.001 mL, 0.009 mmol). The mixture was heated at 70°C
under stirring for I h. Then iodoarene 54 (2 mg, 0.004 mmol) was added and the mixture
was stirred for 36 h. Afterwards, methanol was added and the resulting precipitates were
collected by filtration to afford TIFV polymer 59 (105mg, 92%) I H NMR (500 MHz,
CDCI}) 0 7.46 (d, J

=

7.5 Hz, 60H), 7.38 (d, J

- 3.96 (m, 129H), 2.44 (d, J

=

=

7.5Hz, 60H), 6.98 - 6.94 (m, 60H), 4.02

7.5Hz 180H), 1.82 - 1.81(m, 135H), 1.51 - 1.26 (m,

600H), 0.87 - 0.81 (m, 234H), 0.26 (s, 18H); FTIR (neat) 2920, 2855, 2205,1600,1463,
1419, 1378, 1269, 1211, 1018 em-I; FTIR (neat) 2921, 2857, 2206, 1600, 1463, 1420,
1378,1269,1211,1018 cm- 1

TTFV monomer (60)
SMeMeS

MeS~ss~SMe
S

~

/;

S
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To a solution ofTTFV 46 (276 mg, 0.36 mmol) in THF/MeOH (12 mL, 1:1) was added
K2C0 3 (320 mg, 2.19 mmol). The mixture was stirred for 0.5 h at room temperature,
diluted with CH2CI2, washed with H20, dried over MgS0 4, and concentrated ill vacuo. To
the residue was added Et3N (60 mL) and iodoarene 57 (1.05 mg, 1.8 mmol). The mixture
was degassed by vigorous N 2 bubbling. To the mixture was then added Cui (25 mg, 0.108
mmol) and Pd(PPh)4 (51 mg, 0.036 I1lmol). The mixture was heated at 60°C and kept
stirring overnight. The resulting reaction mixture was diluted with CH 2C1 2, washed
sequentially with aq. NH 4C1 and H20, dried over MgS0 4, and concentrated ill vacllo. The
residue was purified by silica column chromatography (CH 2C1 2/hexanes 5:95) to yield
TTFV monomer 60 (309 mg, 237 mmol, 65%) as a yellow oil.
CDCI 3) 0 7.45 (d, J

=

8.9 Hz, 4H), 7.37 (d, J

=

I

H NMR (500 MHz,

8.9 Hz, 4H), 6.93 (d, J

=

2.3 Hz, 4H),

4.00-3.95 (m, 8H), 2.38 (d, J= 14.5 Hz, 12H), 1.87 - 1.76 (m, 8H), 1.55 - 1.33 (m, 18H),
0.96 - 0.85 (m, 14H), 0.86 (m, 12H), 0.26 (s, 18H);

I3 C

NMR (75 MHz, CDCb) 0 154.19,

153.47,137.91,136.67,131.86,128.70,126.34, 125.11, 123.65, 121.52, 117.30, 116.82,
114.32, 113.66, 101.21, 100.07,95.03,86.77,69.50,69.50,29.06,28.26,28.22,22.52,
22.48, 18.96, 18.86, 14.13, 14.1 I; FTIR (neat) 2926, 2863, 2149, 1500, 1415, 1378, 1261,
1211, 1012 cm· l ; HR-MALDI-TOF MS m/z calcd for C7oHs604SsSi2 1302.3830, found
1302.3806.
TTFV polymer (61)
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To a solution ofTTFV monomer 60 (318 mg, 0.24 mmol) in TI-IF/MeOH (20 mL, 1:1)
was added K 2CO J (202 mg, 1.46 mmol). The mixture was stirred at room temperature for
0.5 h, and then it was diluted with CH 2Ch, washed with H20, dried over MgS0 4 , and
concentrated ill vacl/o. To the residue was added toluene (10 mL), CuI (13 mg, 0.072
mmol), PdCh(PPhh (16 mg, 0.024 mmol) and DBU (0.004 mL, 0.024 mmol). The
mixture was heated at 70°C under stirring for I h. Then iodoarene 57 (5 mg, 0.012
mmol) was added and the mixture was stirred for 36 h. Afterwards, methanol was added
and the resulting precipitates were collected by filtration to afford TTFV polymer 61 (260
mg, 90%) I H NMR (500 MHz, CDCI J ) b 7.48 (d, J

=

8.1 Hz, 76H), 7.40 (d, J

=

8.0I-lz,

76H), 6.97 (m, 76H), 4.03 - 3.96 (m, 1601-1), 2.44 - 2.36 (m, 255H), 1.88 - 1.79 (m,
168H), 1.53 - 1.37 (m, 3611-1), 0.97 - 0.90 (m, 260H), 0.07 (s, 181-1); FTIR (neat) 2920,
2855,2205,1600,1463,1419,1378,1269,1211,1018 em-I.
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Chapter 4
Conclusions and Future Work
This thesis work aims at the development of TTFV-based conjugate polymers to
reversibly disperse and release SWNTs in a controlled manner. In the first project, a
TTFV-based phenylacetylene conjugated polymer 51 was synthesized and characterized
to demonstrate that TTFV can serve as an effective switching unit to impart the polymer
with redox-controlled conformational switching behavior. Moreover, the supramolecular
interactions between TTFV-phenylacetylene foldamer 51 and SWNTs have been found to
be tube diameter-dependent. The wrapping mode facilitates the dispersion of individual
small-diameter tubes, giving stable and organic soluble SWNT-polymer assemblies,
while the adhesion mode works for large-diameter tubes to form supramolecular networks
and produce appealing SWNT/polymer sol-gels. Finally, Polymer 51 is responsive to
external stimuli (redox and acidity) to allow for reversible dispersion and releasing of
SWNTs in solution, which opens a new avenue for developing cost-effective methods,
such as continuous flow, to enrich or purify specific types ofSWNTs.

In the second project, two analogous TTFV-based conjugated polymers 59 and 61 with
different side chains have been synthesized and characterized. Comparative studies of the
TTFV polymers show that the side chains have little effect on the redox properties of the
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TTFV polymers. TTFV polymers 59 and 61 also can also disperse SWNTs in organic
solvents, giving stable and organic soluble SWNT-polymer assemblies. Studies of the
side-chain effect reveal that the side chains of polymers prefer to interact with largerdiameter tubes via alkyl-n interactions, while the wrapping of the TTFV polymers is more
selective towards smaller-diameter tubes. As a conclusion, TTFV polymers with shorter
side chains have better selectivity for small-diameter SW Ts. However, the good
selectivity is at the expense of lowered solubility. To improve this, future work should be
focused on the preparation of polymers with shOl1 but bulky side chains.
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Appendix

Figure A-I. I H NMR (500 MHz, CDCI3) spectrum of compound 39.
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Figure A-2. I H NMR (300 MHz. CDCI3) spectrum of compound 40.
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Figure A-3. I H NMR (300 MHz, CDCI3) spectrum of compound 41.
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Figure A-6. I H NMR (500 MHz, CDCI3) spectrum of compound 44.
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Figure A-7. I H NMR (500 MHz. CDCI3) spectrum of compound 45.
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Figure A-8. I H NMR (500 MHz, CDCI3) spectrum of compound 46.
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Figure A-9. I H NMR (300 MHz, CDCI3) spectrum of compolind 47.
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Figure A-tO. I H NMR (500 MHz, CDCI3) spectrum of compound 48.
149

"'1
IS"II

Figure A-II. I H NMR (500 MHz, CDCI3) spectrum of' compound 49.
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Figure A-I2. I H NMR (500 MHz, CDCI3) spectrum of compound 50.
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Figure A-I3. 13C NMR (75 MHz, CDCI3) spectrum of compound 50.
152

~:t

pll"I'

"[['0

~

SMeMeS

MeS~SS~SMe
S

~ /;

S

C 1OH21 0

~
"fj

OC H
,0 2,

~

Ii;

Figure A-14. I H NMR (500 MHz, CDCI3) spectrum ofcompoulld 51.
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Figure A-IS. 13C NMR (75 MHz, CDCI3) spectrum ofcolllpound 51.
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Figure A-16. I H NMR (300 MHz, CDCI3) spectrum of compound 52.
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Figure A-l7. I H NMR (500 MHz. CDCI3) spectrum of compound 53.
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Figure A-18. I H NMR (500 MHz. CDCI3) spectrum of compound 54.
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Figure A-19. I H NMR (300 MHz, CDCI3) spectrum of compound 55.
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Figure A-20. I H NMR (500 MHz, CDCI3) spectrum of compound 56.
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Figure A-21. I H NMR (500 MHz, CDCI3) spectrum of compound 57.

160

SMeMeS

MeS~SS~SMe
S

~ /;

Figure A-n. I H

S

MR (500 MHz, CDCI3) spectrum of compound 58.
\6\

SMeMeS

MeS~SS~SMe

Figure A-23.

S

~ /;

13 C

NMR (75 MHz, CDCI3) spectrum of compound 55.

S

162

SMeMeS

MeS~SS~SMe
S

~ /;

S

Figure A-24. I H NMR (500 MHz. CDCI3) spectrum of compound 59.
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Figure A-25. 'H NMR (500 MHz, CDCI3) spectrum of compound 60.
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Figure A-27. I H NMR (500 MHz. CDCI3) spectrum ofcompolllld 61.
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