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Abstract: Single-walled carbon nanotubes have been dispdrgeanbvel phthalimide containing donor-acceptor
type copolymers in organic media. Brominated plithidle comonomer has been copolymerized with several
electron rich structures using Suzuki and Stilleptimg reactions. Carbon nanotube dispersion cépabf the
resultant polymers has been assessed by expldiimgon-covalent interaction of nanotube surfactn whe 1
system of conjugated backbone of polymers. Fowrpets have been found to be good candidates foridully
dispersing nanotubes in solution. In order to idgrihe dispersed nanotube species, 2D excitatiaisgon map
and Raman spectroscopy have been performed. Matedyhamics modelling has been utilized to revbal t
binding energies of dispersants with the nanotulstease and the simulation results have been cordpaith the
experimental findings. Both experimental and thtoaé results imply the presence of a complex maigm that
governs the extent of dispersion capacity and seligcof each conjugated polymeric dispersant atubilizing
carbon nanotubes.

Keywords: Phthalimide polymers, carbon nanotubes, separatReman spectroscopy, molecular dynamics
simulations. © 2015 ACG Publications. All rightsesved.

1. Introduction

Single-walled carbon nanotubes (SWNTs) can be érgdloin applications such as
optoelectronics, fibers, and nanocomposites. Mbgterelevant applications require individuallytsal
carbon nanotubes samples with known chiralitieswéier, almost all of the synthesis methods of
SWNTs yield to nanotubes with many different cliireé, which have been indexed as (n,m). It is well
known that some of these chiral tubes are semiadimduwhereas the others display metallic propsrtie
In addition, due to variation in (n,m) index, the@nptubes possess various diameters and such earigti
reflected upon their mechanical properties. Thaspoiider to exploit SWNTs in applications or in
fundamental research, chirality specific sortingnafotubes is essential. Therefore, many reseaocipg
worldwide focus on strategies to develop an expemiad method to individually sort carbon nanotuines
bulk scale. It is important to note that thé &ybridized carbon atom structure of SWNTs showd b
preserved during dispersion experiments in ordé&etp the electronic properties of nanotubes umralte
The obvious strategy is then use of specific disgogrmolecules that can interact with nanotubeasarf
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with van der Waals interactions Tt interactions. Conjugated materials with aromat&gystem present
themselves as ideal materials that can be usetifopurpose.

Indeed, selective dispersions of carbon nanotudede obtained via non-covalent interactions in
the presence of polyaromatic hydrocarbbrfsconjugated polymers,or nanotweezers.Conjugated
polymers have gained considerable attention inntegears as a structural motif to disperse SWNTe T
mechanism of the dispersion is believed to be gtmem interaction between nanotube surface and
system on conjugated polymer as well as helicalppirey of polymer chain around the tubeS§.
Conjugated polymers as dispersants can debundleTSWihhigh concentrations. Furthermore, the repeat
unit structure of the polymer can be tailored toction for a particular purposeMostly, polyfluorene$;

1 poly(phenylenevinylenes¥, 2 poly(phenyleneethinylened),™ polycarbazoled® and polythiophené$
have been used as dispersing polymers. In somes,cagecific dispersion of some type of carbon
nanotubes has been achieved with such polymergifieply, polyfluorenes display strong selectivity
toward semiconducting SWNTs with large chiral asd0 < 6 < 30°).%*! Poly(9,9-dioctlyfluorene-2,7-
diyl) almost exclusively disperses semiconductinNg's. Field-effect transistors made with such
selectively dispersed nanotubes confirmed the lifiisa measured with optical spectroscopy
techniques® Copolymers of 9,9-dialkylfluorenes with phenylehd-diyl*° thiophene-2,5-diyt? 2,2'-
bithiophene-5,5"-diyl! benzo-2,1,3-thiadiazole-4,7-diyland anthracene-9,10-di{lwere also found to
be effective in dispersing SWNTSs. For instance,dtygolymer with benzo-2,1,3-thiadiazole-4,7-diydan
9,9-dioctylfluorenes has displayed strong selettiiwards (10,5) and (11,4) nanotubes in toluéide
same polymer, however, exhibited much less selgctim another organic solvent (tetrahydrofuran
(THF)).1°

In this work, we study the carbon nanotube dispersiapability of novel six phthalimide
containing donor-acceptor type copolymers. To swowedge, phthalimide bearing conjugated polymers
have never been used in SWNT dispersion studiass, e aimed to examine the effect of phthalimide
group on dispersion capacity as well as undersgandture-property relationships that can be used t
maximize solubility of SWNTs in organic solventsiadividual tubes. It is also our goal to revealwho
conjugated backbone structural variation affects ghlectivity of dispersion for some nanotubes with
specific chirality.

2. Results and discussion

The structures and synthesis scheme of novel potyosed in this work are given in Scheme 1.
The corresponding comonomers were synthesizedihyg tisee known literature methods as mentioned in
Experimental section. PPC, PPCO, and PPCA werdasized using Suzuki coupling reaction whereas
PPTO, PPTA, and PPCT were synthesized by Stillploaymethod. The molecular weights of polymers
are listed in Table 1 along with the optical baragh g@nd the electrochemical data. The polymerization
yield was in general low (30-50%), which reflediself upon on low molecular weights measured with
gel-permeation chromatography. PPCT had the higmestecular weight among the polymers
synthesized in this work. However, the moleculaight had little impact on dispersion capability of
polymers as will be supported by the simulatiomi$f and experimental findings below.
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Figure 1. The synthesis scheme of conjugated polymersSuittuki and Stille coupling reactions

The optical band gap of synthesized polymers vafiech 2.03 eV to 2.55 eV. The spectral
profiles of the polymers in solution can be foundFigure 2 (left). The cyclic voltammograms of the
polymers for oxidation scan were given Figure Sd e measured HOMO levels were given in Table 1.
LUMO levels were estimated by summing up HOMO eiesrgwith solution band gaps of the
corresponding conjugated polymers. The additionedgldxy groups on thiophene units raised the
HOMO level of PPC (-5.61 eV) to -5.18 eV (PPCO)eTHUMO level remained unchanged between
PPC and PPCO. Thus, the band gap reduction wasyneaghieved by introduction of electron-rich
alkoxy group on conjugated backbone, which in tine decreased the band gap of PPCO to the lowest
magnitude among these polymers. However, the HOd@I lenergy of PPCA was similar to that of PPC
when dodecyl group was introduced on thiophenepgo8ince there is little electron-donating abitify
alkyl groups on conjugated chain, the frontier ggdevels and optical band gap of PPC and PPCA
turned out to be very similar to each other.

The electronic effect of dodecyloxy and dodecylup® can also be observed by comparing the
electrochemical and spectroscopic data in betw&3ARand PPTO polymers. Again, the introduction of
dodecyloxy electron-rich group on bithiophene upn@ssed an increase in the HOMO level. Interestingl
the LUMO level of PPTO was also affected by thespree of alkoxy group, which in turn led to 0.28 eV
band gap reduction when going from PPTA to PPTQeHuithiophene linkage (cyclopentadithiophene)
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was used in PPCT and its effect on electronic pt@seshould be compared to those of PPTA. PPCT
displayed deeper HOMO and LUMO levels than thosRTA and thus has lower band gap (2.11 eV)
than that of PPTA. This implies that the fused coomers were better in terms of reducing the bapd ga
in conjugated systems.

Table 1.Weight-averaged molecular weight (M number-averaged molecular weight,jM
polydispersity index (PDI), solution optical barabgand frontier energy levels of synthesized pelgn

M, M, ES" HOMO
Polymer (kDa) (kDa) PDI (eV) (eV) LUMO (eV)

PPC 6.5 3.6 18 2.47 5.61 -3.14
PPCA 4.5 2.1 2.1 2.55 -5.58 -3.03
PPCO 4.0 3.4 1.2 2.03 -5.18 -3.15
PPTA 3.8 2.3 1.7 2.40 -5.33 -2.93
PPTO 6.0 4.3 1.4 2.12 -5.23 -3.11
PPCT 20.4 15.1 1.4 2.11 -5.42 -3.31

Carbon nanotubes were dispersed in tetrahydro&obsent with the aid of the polymers given in
Scheme 1. Both PPC and PPCT did not produce ssaislgensions for further analysis. The remaining
four polymers, however, have been found to indigifusolubilize SWNTs quite well. The optical
absorbance data collected (Figure 2, right) ablésand near-infrared region helped us to iderttify
chiralities of the nanotubes dispersed by thesgnpais. Since the same experimental methodology is
followed for each polymer dispersant, it is safekmm that PPTO worked as the best dispersingtagen
among the polymers studied here. However, therenwalectivity towards specific nanotubes. It ledk
like all of the polymers disperse similar nanotubes to a different extent, as can be seen from the
variation in optical density. The fact that we abualearly differentiate all the peaks in the spegininted
out the individual nature of the tubes dispersédt ts the nanotubes were not in bundled state when
wrapped with polymer chains. Some of the identifigides have chiral indices such as (6,5), (9,4%)(7
and (7,3), which were mostly observed and abundarttarbon nanotube samples prepared by high
pressure carbon monoxide (HiPCO) process.

In order to further prove that the nanotubes wergividually dispersed by polymers, 2-
dimensional (2D) excitation-emission plot has bgenerated for each polymer-SWNT hybrid solution
(Figure 3). The chiral indices of the tubes haverbientified from the emission maxima on these 2D
maps. The previously distinguished (9,4), (7,5)d 47,6) nanotubes from optical spectra were also
observed in the photoluminescence map. In additi@jor nanotube species such as (8,4), (11,1)),(9,3
and (8,3) were found to exist in all polymer-SWNibhds. Intensities of emission maxima for some
nanotube species varied from one polymer dispetsanther. That is, there were some differences in
which the extent of dispersion for a particular otaibbe varies among the dispersant polymers. Yefqsdt
clear that similar nanotubes and nanotube faméliessolubilized in THF solution. Figure 2 also ers
a transmission of electron microscope (TEM) imagRRTO-SWNT hybrid on copper substrate. Most of
the nanotubes in the TEM image were individual malmes, in agreement with the spectroscopic
observations. More TEM images are provided in Fégb@.
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Figure 2. Optical absorbance spectra of polymers and poh@WeéNT complexes in THF solution are
given in the left panel. The same spectral dath idigntified nanotube species are illustrated aritht
panel
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Figure 3. 2D excitation-emission maps of polymer-SWNT salngi. Transmission electron microscope
image of PPTO-SWNT hybrids on cupper surface ismgiower right panel

Although both UV spectroscopy and photolumineseespectroscopy are useful in detecting the
chirality of nanotube samples dispersed with a ifipeggent, those spectroscopic techniques gitke lit
information whether the metallic nanotubes pregerie solubilized sample. Metallic nanotubes db no
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have photoluminescence signature and it is hambserve them with UV analysis unless the solution
contains purely metallic species. Raman spectrgsanpthe other hand, can give an idea how effectiv
an agent is in dispersing carbon nanotubes, speltifithe metallic fraction. One can work on solid
samples using Raman spectroscopy, thus the calleerlts with novel dispersants can be compared
with those of pristine samples for a detailed assest of selective solubilization process.

Sodium dodecyl sulfate (SDS) is the most commapeatisant to study individualized carbon
nanotubes in solution. The radial-breathing mod@\MRfrequencies were collected between 120 and 320
cm™. At 532 nm excitation, the peaks that correspangeimiconducting nanotubes appear between 220
and 300 cnit and for metallic nanotubes the range is betweénah®l 230 cm. Figure 3 (top left panel)
shows that the SDS sample had negligible Ramamaese peak at the metallic range whereas polymer
dispersants displayed distinct Raman peaks atatme segion. Furthermore, the relative intensityGof
band (11525 cn) to G* band (11580 cnt) at 532 nm excitation is a useful indicator foe tetallic
nanotube enrichment in the studied samples. Thadering of Gband with the metallic content was
another strong indicator for the presence of metatinotubes (Figure 4, top right panel). In tleigard,
all of the polymeric dispersants showed higherimation to disperse metallic nanotubes than SDS
surfactant except PPTO.
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Figure 4. NormalizedRaman spectra of polymer-SWNT hybrids recordedr@tddsamples. The upper
two panels were obtained with excitation at 532wimereas lower panels were recorded with 785 nm
excitation laser line.

The Raman spectra were also collected with exoitadit 785 nm and the aforementioned laser
line is mostly in resonant with semiconducting rtabes. At RBM region (Figure 4, bottom left panel),
the pristine sample displayed similar peaks witisthof SDS sample but with varying intensitiesdfach
nanotube type. (8,7) and (10,5) nanotubes were pram@ounced in SDS sample, showing the tendency
of SDS surfactant to solubilize those nanotubeispe®PTO and PPCO also favored dispersing (8¢¥) an
(10,5) nanotubes in comparison to (10,2) specias. RBM profile of PPTA and PPCA samples mostly
resembled that of pristine sample. Th#G5 band intensity ratios of PPTA- and PPCA-SWNT hgbri
were higher than that of SDS sample (Figure 4,0potleft panel), in agreement with the conclusions
drawn from the analysis of data collected at 532 hns interesting to see that although some ef th
polymer dispersants disperse metallic nanotubderttfian SDS surfactant; the metallic/semicondgctin
ratio in pristine sample was still higher. That m&gathe polymeric dispersants still behaved asbett
agents in solubilizing semiconducting tubes thataftie ones.
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Figure 5. The variation in the binding energy of PPTA oligomwith increasing repeat unit size is given
in top left corner. The wrapping geometry is ilhased from two snapshots of molecular dynamics
simulation of PPTA trimer on (9,4) nanotube.

In order to further understand how conjugated pelgrinteract with carbon nanotube surface,
molecular dynamics simulations were performed withl3 force field. The relevant methodological
details can be found in the Experimental sectidoveTo examine the effect of oligomer length oe th
binding energy, energy minimized structures werterti@ined for oligomers of PPTA model polymer
consisting of 1-4 repeat units. The initial configtions for these simulations consisted of polymers
approximately wrapped around the CNTs with alkyhiol pointing in opposite directions. The energy
minimized structures are well wrapped. That isheaait of the oligomeric backbone was in nearly the
same proximity to the CNT surface. The binding ggpecalculated from these energy minimized
structures was quantitatively linear with the numbkrepeat units (Figure 5). There was no nonlinea
change in intermolecular effects on the bindingrgneipon increasing the oligomer length in these
simulations. This finding is significant as oneynkeds to perform theoretical calculation on apeat
unit and if molecular weight or size of the oliganie® known, then it is straightforward to calculdte
total binding energy of the dispersant in quest®imce we know the number average molecular weight
of each dispersant polymers used in this studycare now predict the total binding energy for each
polymer and theoretically rank the binding energied hence the dispersion power.

PPCA and PPCO repeat units had a binding energy®ikcal/mole whereas PPTO and PPTA
had a binding energy @60 kcal/mole (Figure 6). The simulations predictdwther one uses dodecyl or
dodecyloxy group, the binding energies do not ckanighin the error of simulation. Simulations also
predicted the size of the solubilizing group onypmtr backbone is very important since almost half o
the binding energy comes from contributions froubilizing groups. Nonetheless, these simulatiaes a
performed in the gas phase and the effect of alkglkoxy groups in solubilizing the nanotubes coog
much less in solvated medium. By taking accountrilvaber of repeat units at each system, we found
that (9,4) nanotube should be solubilized moshafollowing order; PPCO > PPTO > PPCA > PPTA.
However, experimental results suggest that PPTPedies best followed by PPTA, PPCA, and then
PPCO. The apparent mismatch between the simulasdts and the experimental findings could be
explained by the following reasons; (1) the lackntfoduction solvent molecules (THF) into simudetti
box, (2) the lack of appropriate parameters in MM&de for accurately accounting dispersion
interactions, (3) the lack of simulated data witthes types of nanotubes due to limitations in
computational power and time, and (4) possiblererio determining accurate Mue to relatively low
magnitude of the measured data (error margin is)hig
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Figure 6. Molecular dynamics simulation of binding energiesdach repeat unit of polymer with
dodecyl or dodecyloxy chains and also with trungaiethyl or methoxy analogues

3. Experimental

3.1. Materials and apparatusAll the chemicals were purchased from Sigma Aldrend used as
received. The reactions that were air sensitiveewsrformed in glove box in a nitrogen atmosphere
unless otherwise stated. Freshly distilled THF freodium with benzophenone as indicator was used.
Gas chromatography-mass spectrometry was obtaime égilent Technologies 7890A GC systéh.
NMR and**C NMR spectra were recorded on a Varian 400 MHz 30@ MHz NMR instruments. The
solvents for various NMR experiments are mentioimethe text. The chemical shifts were reported in
parts per million (ppm) relative to internal startld@MS (0 ppm). All UV-Vis spectra were recorded
using a Varian Cary 50 and Cary 5000 spectromPtestoluminescence spectra were taken on a Jobin-
Yvon Fluorolog 3 fluorescence spectrometer, whitltizas a liquid nitrogen cooled near-IR InGaAs
detector. The molecular weights were measured US&igPermeation Chromatography (GPC) with THF
as an eluent, with a flow rate of 1 mL/min on a WatModular system with 2410 Refractive Index
detector and 515 pump. The system utilized a s&yrél§ and 5E column and calibrated with polystyrene
standards. Transmission electron microscopy image eollected with JEOL JEM-100 CX Il system.
Cyclic voltammetry experiments were carried out am EDAQ Potentiostat 466 system. The three-
electrode setup consists of a Pt working electradet-wire counter electrode, and an Ag/AgCI rafeee
electrode. [BuN]PF; (0.1 M, CHCN) was used as a supporting electrolyte.

3.2. Synthesis of Monomers},7-bis(5-bromothiophen-2-yl)-2-dodecylisoindolihg-dione?® 9-(2-
ethylhexyl)-2,7-bis(4,4,5,5- tetramethyl-1,3,2-citworolan-2-yl)-9H-carbazofe, (4,4-bis(2-ethylhexyl)-
4H-cyclopenta[l,2-b:5,4-b|dithiophene-2,6-diyl\isnethylstannane?’ 4,7-dibromo-2-
dodecylisoindoline-1,3-dion@, (3,4"-didodecyl-[2,2'-bithiophene]-5,5"-diyl) bistnethylstannane) [US
Patent WO 2010/079064 A2], (3,4'-bis(dodecyloxyREbithiophene]-5,5'-diyl)
bis(trimethylstannane)6,4-(5-bromo-3-dodecylthiapi2eyl)-7-(5-bromo-4-dodecylthiophen-2-yl)-2-
dodecylisoindoline-1,3-dione [US Patent US 201012%], 4-(5-bromo-3-(dodecyloxy)thiophen-2-yl)-
7-(5-bromo-4-(dodecyloxy)thiophen-2-yl)-2-dodecgbindoline -1,3-dione[US Patent 2013/0035464A1]
were synthesized according to cited literature.
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3.3. Synthesis of Polymenspr Suzuki-Murayama coupling, dibromo compound (@mol) and boronic
ester compound (0.5 mmol) were placed in doublé& 486-mL round bottom flask along with 20 mL of
toluene and 20 ml of 2 M N@QO; solution. The system was purged with nitrogen fgas30 minutes
before placing the Pd(PBh catalyst. Reaction mixture was, then, refluxed 48r hrs. At the end of
reaction, the reaction mixture was poured drop wise 150 mL methanol. The suspension was stirred
for one hour and then filtered through a Soxhlehbte. The thimble was placed into a Soxhlet apjpara
and the solid was washed with methanol, acetonenes, and chloroform, respectively. Chloroform
fraction is, then, used for polymer extraction. ifitar experimental protocol was followed for Still
coupling reactions. In Stille coupling experimerdifgromo compound and tin coupled compound were
placed in double neck 100-mL round bottom flaskw@® mL anhydrous toluene. The system was purged
with nitrogen gas for 30 minutes before placing Bt€PPR), catalyst. The reaction mixture was heated
to reflux condition and kept at that temperatume4® hrs. The rest of the procedure is the san®uaski
coupling reaction.

(PPC); 'H NMR (CDCk, 400 MHz): 8.09 (br, 2H), 7.95 (br, 4H), 7.57-7.@8, 4H), 7.27 (br, 2H), 4,29
(br, 4H), 4,17 (br,2H) 3.71 (br, 2H), 2.10 (br,2H.)19-1.68(br, 28H), 0.74-0.95 (br, 12H)

(PPCA); *H NMR (CDCl, 400 MHz): 8.10 (br, 2H), 7.87 (br, 4H), 7.55 (BH), 7.47 (br, 2H), 3.72 (br,
4H), 3.275 (br,3H ),1.6-1.8 (br, 6H), 1.19-1.5@®2H), 0.74-0.95 (br, 12H)

(PPCO); 'H NMR (CDCl, 400 MHz): 8.09 (br, 2H), 7.85 (br, 2H), 7.57 (BH), 7.27 (br, 2H), 4,29 (br,
4H), 4,14 (br,2H) 3.72 (br, 2H), 2.10 (br,4H ), 9-1.68(br, 32H), 0.74-0.95 (br, 15H)

(PPTA): 'H NMR (CDCk, 400 MHz): 8.05 (br, 2H), 7.87 (br, 2H), 3.67 (BH), 2.75 (br,4H ),1.6-1.8
(br, 6H), 1.19-1.5(br, 54H), 0.74-0.95 (br, 9H)

(PPTO); 'H NMR (CDCk, 400 MHz): 8.05 (br, 2H), 7.87 (br, 2H), 4.27 (8H), 3.75 (br,2H ),1.6-1.8
(br, 6H), 1.19-1.5(br, 54H), 0.74-0.95 (br, 9H)

(PPCT); H NMR (CDCh, 400 MHz): 8.10 (br, 2H), 6.67 (s, 2H), 3.76 (BH), 2.10 (br,4H ), 1.19-
1.68(br, 22H), 0.74-0.95 (br, 14H)

3.4. SWNT-Polymer Dispersigria a typical experiment, 5 mg of SWNT sample (HiPdaidym, Inc.,
Lot#P2150) was added to a solution of polymer irfFT(A5 mg/15 mL). The mixture was ultrasonicated
for 15 min by using Omni Raptor 450 Homogenizep @&onication, 20% power), followed by a bath
sonication for 3 hrs. The resulting solution wastdgéuged for 15 min at 5500 rpm (Beckman SW 40Ti
Swing bucket). The supernatant was carefully tiemngfl by pipette to a vial, producing dark coloaed
stable nanotube-polymer dispersion. The isolatggesatant was filtered through a 200 nm pore
diameter Teflon membrane, and repeatedly washdd ™At until the filtrate was colorless to ensure th
removal of all excess free polymers. Then, 6 mIidf was added to the recovered SWNT residue, and
the solution was further sonicated for 15 min. Témulting dark suspension remained stable foraest |2
months without any observable precipitation.

3.5. Theoretical MethodsThe non-covalent binding of oligomers on carbonatabes was modeled
using (9,4) nanotubes and monomers/oligomers ef/aglt compounds. These simulations were carried
out using the TINKER packadd. A modified version of the MM3 forcefield was constted to
accommodate molecules in this study by copyingveaparameters from structures with similar
geometry. Binding energy was calculated accordingguation

Vg = Exr—p — (Exr + Ep) 1)
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whereVs is the binding energ¥nr.ois the total energy of the bound SWNT/dispersamex, andEnr
andEp are the total energy calculated for isolated SWNd dispersant in the same nuclear configuration
as in the complexed molecules. In the MM3 forcefi¢he nonbonded energy term is the result of two
pairwise contributions, electrostatic and van deaal¥ interactions. The electrostatic interaction is
calculated from Coulomb’s law, while the van deral¢anteraction is calculated according the Lennard
Jones potential.

Minimized energy structures were determined fogleimepeat units of PPCA, PPCO, PPTA, and
PPTO structures and structures with alkyl chainsdated to methyl or methoxy groups. These minimum
energy structures were used as initial configurastibor molecular dynamics simulations. Molecular
dynamics were carried out using the modified Beemtagration scheme implemented in the TINKER
package with constant temperature thermostat a 30@ time step of 0.1 fs. The binding energy was
calculated at each time step (Figure 6).

4. Conclusion

In conclusion, we have synthesized six novel phttide containing polymers and used them as
dispersants to individually solubilize single wallearbon nanotubes in solution. PPTA, PPTO, PPCA,
and PPCO polymers were found to be effective ipatising nanotubes. PPTA and PPCA showed greater
tendency to disperse metallic hanotubes than ther @olymers. Theoretical simulations were in parti
agreement with the experimental observations. dtdar that the solubilization mechanism of dispets
is very complex and it requires high level theomydamore thorough analysis to better judge the
undergoing phenomena. Combined, phthalimide coinirtonjugated copolymers can be used to
disperse carbon nanotubes as long as right stauit@whosen for the intended study.
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