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The chemical interactions between single walled carbon nanotubes (SWNTSs) and two structurally similar
polymers, poly(m-phenylenevinylenego-[(2,5-dioctyloxyp-phenylene)vinylené] or PmPV, and po/(2,6-
pyridinylenevinyleneo-[(2,5-dioctyloxyp-phenylene)vinyleng] or PPyPV, are investigated. The fundamental
difference between these two polymers is that PPyPV is a base and is readily protonated via the addition of
HCI. Both polymers promote chloroform solubilization of SWNTs. We find that the SWNT/PPyPV interaction
lowers the K, of PPyPV. Optoelectronic devices, fabricated from single polymer-wrapped SWNT structures,
reveal a photogating effect on charge transport which can rectify or amplify current flow through the tubes.
For PmPV wrapped tubes, the wavelength dependence of this effect correlates to the absorption spectrum of
PmPV. For PPyPV, the wavelength dependence correlates with the absorption spectrum of protonated PPyPV,
indicating that SWNTSs assist in charge stabilization.

Introduction into single strands, and an entropically driven model for that
association was proposed. We have also reported on the use of

The remarkable physical and chemical properties of single- oly{ (m-phenylenevinyleneyo-[(2,5-dioctyloxy:p-phenylene)-

walled carbon nanotubes (SWNTSs) have made these material{in lene}, or PmPV, for wrapping SWNT strands and ropés
attractive candidates for a host of structural and electronic tasks. In t)aat wo,rk we fou,nd that PmPV enabled the solubilizatic-)n
Howt()ever, 6; ’?”';‘?er of chalflerr:ges must be rget b?for(_a nangt#besof SWNTs and SWNT ropes in chloroform and that the length
Cﬁn e exploited for most of these envisioned applications. 95€and diameter distribution of the ropes was dependent on the
¢ al]enges mclgde separating the tubes by conducuwty tyIDes’relative concentrations of PmPV and SWNTs. An excess of
scaling synthetic approaches to large scale production, anOIPmPV was required to solubilize the SWNa result that is
developing chemical techniques for manipulating nanotubes as

rational molecular materials. Progress on all, of these fronts hasin contrast to the results from Smalley's group on water
. . : 9 ’ . ~solubilization. Optical imaging and optoelectronic measurements
been proceeding rapidly over the past few years. Gimzewski

. . on single, isolated PmPV-wrapped SWNT ropes revealed that
and co-workers recently reported synthetic techniques for i -
producing single-crystaI)lropgs of SV\yNTs in which gach tube polymer-wrapped SWNTSs do not further aggregate into thicker
within the rope is of identical type. Smalley’s gréupas ropes, and that the polymer and nanotube components of a

described potentially scalable synthetic techniques that utilize wrapped structure are in intimate electrical contact with each
potel y y . q .~ other. This result contrasts with the work from Friend’s group,
carbon monoxide as a feedstock. With respect to chemical

techniques, both covalefftand noncovalent (polymer-wrap-
ping) techniques for the functionalization of SWNTs have been
reported.

Noncovalent functionalization of SWNTs is particularly

attractive because it presents the possibility of attaching chemical

handles to SWNTs without disrupting the bonding network of

the nanotubes themselves. Composite materials based on th

polymer wrapping of multiwalled carbon nanotubes using poly-
(p-phenylenevinylene) (PPV) have been repdtted Friend’s

group and they subsequently investigated the physical nature

of the interaction. Blau and co-workéfextended this concept
by employing the copolymer polg{phenylenevinyleneo-2,5-
dioctyloxy-m-phenylenevinylene) (PmP¥e-DOctOPVY for
wrapping and purifying SWNTs. Smalley’s gro@pitilized a
host of water soluble polymers, including poly(vinylpyrrolidone)
and polystyrene sulfonate to reversibly water solubilize SWNTSs.
In this work, the polymers were reported to form a tight, uniform
association with the SWNTSs that effectively broke up the ropes
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who found that the multiwall NT interaction with PPV is only
strong for the excited electronic state of the polymer. One
possible difference between PPV and PmPV relates to the helical
conformation of PmPV, which may aid in its overcoming steric
barriers to wrapping.

Thus, the chemical picture that is unfolding for noncovalent
functionalization of SWNTSs is a complex one, and appears to
go well beyond a simple picture af—x interactions between
the NT and the aromatic polymer. In this paper, we attempt to
further quantify polymer wrapping of SWNTSs by interrogating
two PPV analogues, PmPV and the related p@y6-pyridi-
nylenevinylene)eo-[(2,5-dioctyloxyp-phenylene)vinylené]
(PPyPV). These two polymers are similar structurally, and, in
the solution-phase, they are also both characterized by nearly
identical absorption spectra, with a strong, broad absorption
feature near 420 nm~3 eV). However, there are significant
chemical differences between these two polymers. The pyridine
unit in PPyPV makes this polymer a base. The lone pair of the
pyridine unit is ansp? orbital, orthogonal to the polymer
s-system, so there is no major (electronic) difference between
PmPV and PPyPV when these polymers are charge-neutral.
However, as shown by a number of auth&rgrotonation of
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SCHEME 1: (a) 1-Chlorooctane, K;CO3, DMF, 90 °C, 2
71%; (b) HCHO, HCI, Dioxane/H 0, 60—70 °C, 77%; (c)
PPhs, DMF, reflux, 83%; (d) (i) EtONa, EtOH/THF,
60%; (i) 1 2 (cat), PhMe, reflux, 100%
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d RO 4n Figure 1. Absorption spectrum of PPyPV as it is protonated by HCI
PmPV in CHCI; solution. The concentration of PPyPV is 0.05 mg/mL, and
- OR > the protonation was carried in steps of 0.5 mL aliquots of a 1.0N HCI
— added to the polymer solution, and then recording an absorption
UM S N spectrum. Spectra, collected every two aliquots, are presented, and
\ ‘ proceed with increasing HCI from the solid black line (no HCI) to the
QHC._ N, _.CHO | RO n dashed gray line. The top right inset is the intensity ratio of the 540
U ) PPYVPV . nm protonated (red) absorption feature to the 420 nm (blue) feature.

SCHEME 2: Protonation of PPyPV Polymer
PPyPV by HCl is accompanied by a broad absorption band near

580 nm (2.4 eV) and a corresponding loss of absorption intensity OR - +H®
in the higher energy absorption band. There is, of course, no \ N _—
analogous protonation in the case of PmPV. H®

RO n

In this paper, we explore, in some detail, the nature of the
interaction between SWNTs and both PmPV and PPyPV. Both

polymers solubilize_ SWNTs in CHglIn the case of _PPyPV, O-methylene groups attached to the hydroquinone rings carrying
the SWNT wrapping process promotes protonation of the ¢is anq trans double bonds at their nearest neighbors, respec-

polyme_r. We_ characterize this phenomenon by exp_loring the tively, 'TH NMR spectroscopy was employed to follow the course
three-dimensional phase space of polymer concentration, SWNT ¢ yhe isomerization processes. It was quantitative in both cases.
concentration, and pH. We alfso report on the .Waveler!gth- IH NMR spectroscopy was also used to determine that the end
dependence of the optoelectronic response of devices fabr'cate%roups of the polymers were aldehydes. The number average
from PmPV- and PPyPV-wrapped SWNTs. For the case of ,5601ar weightsl,) of the two polymers were determined
PPyPV-wrapped SWNTs, we find that the SWNT/polymer j, tF sing a calibrated size exclusion chromatography (SEC)
interaction, at the single structure level, is dominated by oymn connected to a UV detector. The number average degree
protonated polymer. PmPV, on the other hand, appears {0t ho\y merization was estimated to be around 25 for PmPV
interact with SWNTSs in its charge-neutral form. and 29 for PPyPV from th/, values in the knowledge that
the molecular weights of the repeating units are 460 for PmPV
and 461 for PPyPV.

Syntheses of the Conjugated PolymersThe syntheses PPyPV/SWNT Interactions in Solution. Of particular
(Scheme 1) of the PmPV and PPyPV polymers are both basedinterest to this work is the basic character of PPyPV, and how
on precursors which can subsequently participate in bis-Wittig it is influenced through SWNT interactions. PPyPV is readily
olefinations. The first task is the preparation of the common protonated by adding aqueous HCI to the polymer in GHCI
bisphosphonium salt in three steps. To start with, hydroquinone solution (Scheme 2) and, because of the unique absorption
(1) was reacted in 1-chlorooctane in DMF at 9Q in the signature of protonated PPyPV, this titration is readily followed
presence of KCO; to afford 1,4-bis(octyloxy)benzen)(in optically as illustrated in Figure 1. This trend is reversed by
71% yield. Next, chloromethylation &, using an established  deprotonating the polymer back to its charge neutral state
procedure for aromatic compounds, gave a 77% yield of the through the addition of Nk Also shown in Figure 1 is a plot
bis(chloromethyl) derivativ8. Finally, the bisphosphonium salt  of the relative intensity of the low-energy absorption feature,
4 was obtained in 83% yield after heatiBgvith PhsP in DMF normalized against the absorption strength of the 420 nm feature,
under reflux for 3 days. The PmPV and PPyPV polymers were as a function of titrating the polymer. This type of plot is
formed in yields of 66-65% as a result of reacting the bis- particularly useful because it is a simple representation of the
Wittig reagent, generated on treatidgnith base (NaOEt) in protonation process, and reflects saturation behavior. We will
ethanolic THF, with isophthaldehyde and 2,6-pyridinedicarbox- utilize such plots throughout the remainder of this discussion.
aldehyde, respectively. In common with Wittig reactions of this ~ Protonation of PPyPV by HCI (Scheme 2) extends its
type, the olefinic bonds that are produced are a mixture of cis conjugation, and the protonated form of the polymer is further
and trans configurations. However, the necessary isomerizationsstabilized through interaction with other PPyPV units, as a result
of cis double bonds to trans ones to give all-trans polymers of increased interchain interactions, presumably encouraged by
was achieved by heating the crude polymers in PhMe under strong [Nf—H---N] hydrogen bonds, and more efficient charge
reflux in the presence of iodine as catalyst. Because resonancegjelocalization. Thus, as the concentration of polymer in solution
which appear at ca) 3.5 and 4.0 in théH NMR spectra of the increases, the polymer begins to aggregate and so increases the

crude polymers, can be attributed to the protons on the

Results and Discussion



3126 J. Phys. Chem. B, Vol. 106, No. 12, 2002 Steuerman et al.

0.5
Rrib
0.25
0 0 1 2 3 4 5
0 1 2 3 4 miHCI10 N

[PPYPV] img/mi) Figure 4. HCI protonation of PPyPV as a function of increasing SWNT
Figure 2. Appearance of protonated PPyPV as a function of polymer concentration. The 10:0 curve (open circles) is for just PPyPV, whereas
concentration in CHGIlsolution. They-axis is the ratio of the red the two other curves represent increasing relative amounts of SWNTSs.
(protonated) to the blue (charge neutral) absorption features in the Note that, although all three curves start out at fairly low values of
spectrum of PPyPV. Rib, as SWNT concentration is increased, the amount of HCI required
to fully protonate the polymer is greatly reduced, implying that SWNTs
lower the K, of the polymer.

0.5

supported by AFM measurements. The formation of nanotube
ropes has the net affect that there is less nanotube surface area

available for the polymer to interact with. As the [PPyPV]
concentration is further increased (again at constant polymer:
— nanotube ratios), the relative amount of protonated polymer

o T | increases again.

0.01 0.1 1 As a consistency check against the picture that SWNTs

Log [PPYPY] (mg/ml) promote the protonation of PPyPV, we took several SWNT/

Figure 3. Influence of SWNTs on the protonation of PPyPV is polymer solutions, and titrated the polymer to full protonation
presented here, for various concentrations of PPyPV, and for various py adding HCI. Representative data is presented in Figure 4.
ratios of PPyPV:SWNTSs. The bottom trace is pure PPyPV. Note that, These experiments revealed two things. First, the amount of
in all cases, the presence of SWNTSs promotes the protonation of PPyPV'HCI required to protonate PPyPV was reduced through the

basicity of the polymer. The result is that, in CH@blution, addition of SWNTs. Second, and perhaps most interesting, is
when the polymer is present in sufficiently high concentration, that the rate of protonation sharply increased upon the addition
the HCI that is normally present in CH{E sufficient to lead of SWNTSs. This result indicates quite clearly that the SWNT/
(Figure 2) to significant protonation. PPyPV interaction is one that significantly lowers the€,of
When PPyPV is utilized as a solubilizing agent for SWNTs PPYyPV.
in CHCIs, the resultant optical absorption spectrum is reflective ~ Polymer-Wrapped SWNT Opto-Electronic Devicesln the
of a solution containing a significant concentration of the previous section, we discussed a qualitative molecular picture
protonated form of PPyPV, even at very low PPyPV concentra- of polymer/SWNT interactions that was derived from optical
tions. In Figure 3, we present data abstracted from the absorptionand chemical studies of polymer-wrapped SWNT colloids.
spectra of PPyPV/SWNT solutions, as a function of PPyPV However, these are complex and heterogeneous solutions,
concentration, and for increasing amounts of co-dispersedinvolving nanotubes, free polymer and bound polymer. The
SWNTSs. At the lowest concentrations (0.01 mg PPyPV/ml), and polymer itself can exist in the protonated or charge neutral state.
with no SWNTs added, only nonprotonated PPyPV exists in The absorption spectroscopy that was used as the major
solution. As SWNTs are added to the solution at constant analytical tool in the investigations described in that section is
[PPyPV], the quantity of protonated polymer increases. For a not able to differentiate between the various components.
10:1 wt ratio of polymer to nanotubes, and at a PPyPV Experiments on single structures can thus be utilized to gain
concentration of 0.01 mg/ml, the increase in the protonated form more quantitative insight into these multicomponent materials,
of the polymer is approximately a factor of 10, as compared to and such experiments are the focus of this section. In our
the case with no SWNTs present. We have investigated theprevious work, we correlated two-photon fluorescence micros-
distribution of SWNTs and SWNT ropes of these solutions by copy of isolated, polymer-wrapped SWNT ropes with AFM
spin-evaporating a drop of solution onto silicon wafers and measurements of the diameter of those same ropes. We used
interrogating the cast films using atomic force microscopy those measurements to demonstrate that the polymer wraps
(AFM). At these low concentrations, the SWNTSs exist as short nanotube ropes, rather than individual SWNTSs, which can then
(200 nm to 1 micron) single strands or thinr{2 nm diameter) aggregate to form ropes. We also demonstrated that the polymer
ropes. Thus, it appears that SWNTs effectively promote the is in intimate electrical contact with the nanotube ropes by using
protonation of PPyPV. There are two obvious mechanistic light to modulate the electrical conductivity of small devices
possibilities for this observation. The first is that polymer/SWNT consisting of two metal electrodes bridged by a small number
interactions lead to charge stabilization, and thus lower kpe p  (1—3) of PmPV-wrapped ropes. In this section, we further
of the polymer. The second possibility is that the nanotubes explore these devices by measuring the wavelength dependence
simply serve as condensation nuclei, thereby increasing theof the optically modulated conductivity of both PmPV-wrapped
propensity for the polymer to aggregate. Aggregation would and PPyPV-wrapped SWNT ropes under various conditions of
indirectly impact the ease of protonation by increasing the applied bias. We also directly compare the wavelength depen-
polymer/polymer interactions that lead to charge stabilization. dence of the devices with that of the solution-phase absorption
As the [PPyPV] concentration is increased (at constant polymer: spectrum of the polymers.
nanotube ratios), the relative amount of the protonated polymer In Figure 5, we present a SEM micrograph of one of the
initially decreases. We believe that this trend is related to the optoelectronic devices utilized in this work for interrogating
aggregation of the SWNTs to form ropes, and this picture is polymer-wrapped SWNT ropes. A series of measurements was
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Figure 7. Optical gating of a PPyPV-wrapped SWNT rope device at
Figure 5. Scanning electron micrograph of a device used for measuring various wavelengths. No electrooptical response was recorded when a
the optoelectronic properties of polymer-wrapped SWNT ropes. The negative bias £10 mV) was applied to the device, and one such
electrode gap is 1 micrometer. All the ropes in the image have been representative trace is shown for 375 nm excitation. Note that, when a
artificially colored for clarity. The particular structure here is a PPyPV- positive bias 10 mV) is applied across the device, the magnitude of
wrapped SWNT rope. the photoamplification is much greater than for the case of the PmPV-
wrapped tubes. The shape of the 635 nm excitation trace was

@ 7 Light OFF  Light ON . 1.30 characteristic for wavelengths greater than about 530 nm. For the
i 25mV Bias wavelength-dependent plots, several traces were averaged for each
wavelength probed.
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Figure 6. Optical gating of PmPV-wrapped SWNT rope devices. All c ' ’ C
traces correspond to illumination with 3.05 eV light. Trace a is a control 1.07 /\, 1100 .E
device (no polymer, just a nanotube rope). Note the expapdeds
scale, highlighting the absence of any optical effect on this control. PPyPY
Trace b shows photorectification when an applied bias®5 mV is Eii! V. =10mv 150
applied, and trace c shows photoamplification when a positive applied / Iy
bias (-25 mV) is applied. The current difference between light on and 0.0f— L i3
light off was averaged over several traces for each wavelength. That 15 2I.0 2‘ 5 3'0 3' 5 0

data was then utilized to piece together the wavelength dependence of

the response. Photon Energy {eV)

Figure 8. Wavelength dependence of the optically gated conductivity
performed at various wavelengths for devices containing bare in polymer-wrapped SWNT rope devices. Plots a and b are for PmPV-
SWNTs and nanotube ropes, and for SWNTSs (ropes) Wrappedwrapped ropes, and exhibit photoamplification and photorectification,
with the two PPV analogues: PmPV and PPyPV. Of the several 'espectively. Trace c reveals photoamplification of the current through

control devices (SWNTs without polymer) that were tested, none & PPYPV-wrapped rope at an applied bias of 25 mV. This system only

exhibited any sort of optically modulated response (Figure 6a).
In Figure 6b and 6c, we present the-auff difference for

negatively and positively biased junctions of PmPV-wrapped

exhibited photoamplification at postive applied bias. No effect was
recorded at negative applied bias.

The wavelength dependence of these photoamplification/

tubes, respectively. For either bias, the magnitude of the changerectification effects were performed for both polymer/SWNT

in current is similar, and corresponds to about+28% of the

systems from 375 to 805 nm in 5 to10 nm increments. The

entire current. The major difference between the two experi- absolute value of the wavelength-dependence of the illumination
ments is that current through the polymer/SWNT device is on the current response through representative devices is pre-
photoampilified for a positive applied bias, but it is photorectified sented, along with the polymer absorption spectra, in Figure 8.
for a negative applied bias. We found this feature to be an For the PmPV device, a nonzero photoresponse was only at
intrinsic property of PmPV wrapped NTs, and was not reversed wavelengths shorter than 505 nm. These data represents the
by changing the connections to the two electrodes. optically excited polymer interacting with the NT to effectively

In Figure 7 we present some plots of the photoamplification yield the spectrum of the polymer. The photoelectrical response
effect on PPyPV wrapped SWNT rope devices, at a few of the device exhibits a redshift from the solution phase polymer
wavelengths. No effect was observed when negative biases wereabsorption spectrum, a response which is consistent with the
applied across the device, but the effect at positive applied biasfact that the polymer wrapping the tubes is4aK and in the
was substantially greater in magnitude than was observed forsolid state. Thermochromic shifts of up to 0.4 eV have been
the PmPV-wrapped tubes. observed previously in similar PPV systeta3his redshift trend
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is further enhanced in the solid state where interchain interac- the tube is protonated. Recall that, from the previous section,
tions additionally stabilize the polymer, thus resulting in an we discussed two possibilities for nanotube-mediated PPyPV
increased conjugation length. protonation. One possibility was that polymer/SWNT interac-

The UV-vis absorption spectrum of the PmPV polymer tions lead directly to charge stabilization, whereas the second
yields just a single broad peak, but the data from the device Possibility was that the nanotubes simply serve as condensation
exhibits a highly structured spectrum. The structure is well above Nuclei, thereby increasing the propensity for the polymer to
the signal-to-noise level (see the error bars in Figure 8) and we 8ggregate. Given the optoelectronic results on single PPyPV-
found that, for the identical device, given the same value of Wrapped tubes, it appears most likely that the mechanism by
app“ed bias \qc), the structure was reproducible. Similar (but which the nanotube dil‘eCtly stabilizes the Charged pOIymer is
not identical) structure was observed in other PmPV/SWNT the right one.
devices. The nature of the structure is not clear, but it may be
vibronic in origin. This suggestion seems feasible, given the Experimental Section
low temperature of the measurement. However, for the same
device, the structure in the photocurrent spectrum did change
as a function of applied bias. This change can be seen in the

differences between Figure 8&(= 10 mV) and 8b Ve = Electrothermal melting point apparatus and are uncorrected.
—5 mv). Elemental analyses was performed by Quantitative Technologies

Devices using the PPyPV polymer yielded conceptually |nc. uUltraviolet-visible (UV—vis) spectra were obtained using
similar results to that of PmPV. The Spectral response of this a Varian Cary 100 Bio Spectrophotometer. Absorption measure-
device at a bias of 10 mV can be seen in Figure 8c. Once againments of polymeric sample solutions were carried out in GHCI
a large red shift was present, when compared to solution data.yith a concentrations of 1.& 104 and 1 x 105 M relative
Although they are less obvious, some sharper features in thetg the polymer repeating units. Proton and carbon nuclear
spectrum were observed between 1.6 and 1.9 eV photonmagnetic resonanceéH NMR and °C NMR) spectra were
energies. The major difference between the PPyPV and therecorded on a Bruker AM360 at 2%, using the deuterated
PmPV nanotube devices was that the PPyPV devices yieldedsplvent as lock and the residual solvent as internal standard.
only a photoamplification response at positive applied bias and E|ectron Impact lonization Mass Spectrometry (EI-MS) was
no photomodulation at negative applied bias. performed on a AUTG-SPEC instrument. Molecular weights

Some insight into the mechanism of the photoamplification/ of polymers were determined by using a Dynamax solvent
rectification process can be gained by considering the efficiency delivery module system, Styragel HR3 column, and a Dynamax
of the process. The fluence of the focused light was measuredPDA-2 diode array detector, at a flow rate of 1.0 mL/min. All
to be about 5 mJffia 1 cn? area). First, we make the generous molecular weights were measured against polystyrene standards
assumption that the absorption cross section of the polymer/in THF.
NT device is the actual physical area of the devicex(21077 1,4-Bis(octyloxy)benzene (2)A solution of hydroquinone
cm ? 1x 10~#cm). Then, taking 2.8 eV to be the maximumin (1) (6.5 g, 59 mmol), 1-chlorooctane (20 mL, 118 mmol), and
the photoamplification effect of a PmPV-wrapped SWNT (rope) K,CO; (32.6 g, 236 mmol) in DMF (240 mL) was heated for
device, we calculate that, for every photon that hits the device, 5 d at 90°C. The product was isolated by extraction with light
the increase in current is approximately?4Q(C® electrons. petroleum, washed with D, dried (NaSQy), and evaporated
Given that our absorption cross section is a gross over-estimateto afford 2 as white solid (14 g, 71%). m.p. 567 °C (light
the actual increase in current is more likely closer t¢ 10 petroleum);"H NMR (360 MHz, CDCh): 6 = 6.82 (s, 1H),
electrons. Clearly, even in the photoamplification mode, the 3.89 (t,J = 6.6 Hz, 2H), 1.75 (pJ = 6.7 Hz, 2H), 1.44 (p)]
device is not harvesting light. Instead, we believe that the = 6.7 Hz, 2H), 1.3%+1.28 (m, 8H), 0.88 (tJ = 6.6 Hz, 3H);
photoeffect is similar to a voltage gating phenomenon. When 13C NMR (90 MHz, CDC}): 6 = 153.2, 115.4, 68.7, 31.8,
the polymer absorbs a photon, the electronically excited state29.4, 29.2, 26.0, 22.6, 14.1.
of the polymer has a different dipole moment than the ground 2,5-Bis(chloromethyl)-1,4-bis(octyloxy)benzene (3)1,4-
state. The result is that the chemical potential the nanOtUbeBis(octyloxy)benzenezo (9.5 g, 28 mmol) was added to a
experiences, in the vicinity of the excited state polymer, is mixture of dioxane (80 mL), 37% aqueous HCHO solution (17
modified. That change in chemical potential then exerts a gating mL) and concentrated HCI (12 mL), saturated with HCI gas.
field onto the nanotube, thereby either amplifying or rectifying The mixture was kept at 6670 °C with continuous introduction
conductivity. This result is a variation on the chemical sensing of HCI for 9 h. After cooling, ice/water (300 mL) was added,
properties of nanotubes that were originally reported by Dai's and the precipitate was filtered off. Crystallization from light
group*It also implies that not only is the chemical interaction  petroleum yielded 1,4-bis(chloromethyl)-2,5-dioctyloxybenzene
between the nanotubes and the polymers an intimate one, bu{3) as colorless needles (9.4 g, 77%). m.p.°8) H NMR
also that this type of measurement may provide a technique for (360 MHz, CDCk): 6 = 6.91 (s, 1H), 4.63 (s, 2H), 3.98 (,
carrying out extremely sensitive absorption spectroscopy experi-= 6.5 Hz, 2H), 1.80 (pJ = 6.5 Hz, 2H), 1.48 (pJ = 6.5 Hz,
ments. 2H), 1.35-1.29 (m, 8H), 0.89 (tJ = 6.5 Hz, 3H);13C NMR

The data presented in Figure 8 argue strongly that there is a(90 MHz, CDCE): 6 = 150.6, 127.0, 114.3, 69.1, 41.3, 31.8,
correlation between the polymer absorption spectrum and the29.3, 26.0, 22.6, 14.1; EI-MS: 430-232.2 [M]*; calcd for
wavelength dependence of the photomodulated conductivity of C24H40Cl202 (431.5): C 66.81, H 9.34; found: C 66.73, H 9.56.
these devices. Given this correspondence, it is interesting to 2,5-Bis(methyl triphenylphosphonium chloride)-1,4-bis-
note that for the PPyPV-wrapped SWNT ropes, the photomodu- (octyloxy)benzene (4)A mixture of 1,4-bis(chloromethyl)-2,5-
lated conductivity spectrum is dominated by the lowest energy dioctyloxybenzene3) (1.45 g, 3.36 mmol) and BR (2.69 g,
polymer absorption feature, i.e., the feature that corresponds t010 mmol) in anhydrous DMF (20 mL) was heated under reflux
the protonated polymer. Given the nature of the experiment, for 3 d. The resulting solution was added dropwise intgOEt
this means that the polymer that is most closely associated with (100 mL) to precipitate out the product. The white precipitates

General Methods.Chemicals were purchased from Aldrich
and used as received. Solvents were dried, distilled, and stored
under argon. Melting points (mp) were determined on an
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(2.66 g, 83%) were collected via filtration and dried under
vacuum. m.p.> 200 °C; 'H NMR (360 MHz, CDC}): ¢ =
7.75-7.73 (m, 3H), 7.66-7.63 (m, 12H), 6.68 (s, 1H), 5.34 (d,
J = 12.7 Hz, 2H), 2.99 (tJ = 5.8 Hz, 2H), 1.321.19 (m,
5H), 1.13-1.04 (m, 5H), 0.90 (tJ = 6.7 Hz, 3H);13C NMR
(90 MHz, CDCE): 6 = 150.4, 134.7, 134.2, 134.14, 134.09,

130.0, 129.95, 129.88, 118.5, 117.5, 116.3, 115.8, 67.8, 31.7,

29.2, 29.1, 28.6, 25.7, 22.5, 14.0.

Poly{ (m-phenylenevinylene)eo-[(2,5-dioctyloxy-p-phenyle-
ne)vinylene} (PmPV).A 5% NaOEt in EtOH solution (2.8 g,
6 mmol) was added dropwise to a solutiorddfL.91 g, 2 mmol)
and isophthaldehyde (0.27 g, 2 mmol) in a mixture of anhydrous
EtOH (20 mL) and THF (20 mL) at ambient temperature. The
reaction mixture was stirred for an additional 24 h. The resulting
polymer was precipitated twice from MeOH and then dried to
afford crudePmPV (0.55 g, 60%) as a yellow resittd NMR
(360 MHz, CDC}): ¢ = 7.60-7.30 (m, 6H), 7.26-:6.50 (m,
4H), 4.09 (t,J = 6.5 Hz, 2H ¢ransfragment)), 3.5+3.49 (m,
2H (cis-fragment), 1.90 (pJ = 6.5 Hz, 2H), 1.56 (br, 2H),
1.25 (m, 8H), 0.86 (br, 3H). A sample of the cruemPV (0.55
g) and b (0.002 g) were refluxed in PhMe (20 mL) for 4 h.
The solvent and iodine were evaporated off géig-phenyle-
nevinylene)eo-[(2,5-dioctyloxyp-phenylene)vinylengJunder
reduced pressure and the product was dissolved in €attl
precipitated out with MeOH. The resulting precipitate was dried
to afford PmPV as a yellow resin (0.5 gH NMR (360 MHz,
CDCly): 6 =7.64 (s, 1H), 7.557.46 (m, 4H), 7.37 () =7.5
Hz, 1H), 7.21 (s, 1H), 7.16 (s, 3H), 4.09 &= 6.5 Hz, 2H),
1.90 (p,J = 6.5 Hz, 2H), 1.55 (pJ = 6.5 Hz, 2H), 1.35 (m,
8H), 0.87 (t,J = 6.5 Hz, 3H);13C NMR (90 MHz, CDC}): ¢

= 151.0, 138.3, 128.5, 126.9, 125.7, 124.0, 111.1, 69.8, 31.8,

29.4, 26.3, 22.7, 14.1; calcd forsg1440, (460.7): C 83.43, H
9.63; found: C 82.59, H 9.72.

The molecular weights and polydispersity (PDI) of PmPV
(My=19 000; PDI= 1.6) were determined in THF by using an
SEC instrument equipped with a UV detector. The SEC system

was calibrated by using polystyrene standards prior to use. The i i -
ghossible to fabricate better electrical contacts to SWNTs and

number-average degree of polymerization was estimated to b
n =~ 25 fromM, and the molecular weight of the repeating unit,
460. The degree of polymerization of the lower molecular
weight polymer was confirmed by NMR end-group analysis.
Poly{ (2,6-pyridinylenevinylene)-co-[(2,5-dioctyloxy{p-phe-
nylene)vinylene} (PPyPV).A 2.5% solution of NaOEt (0.7
mmol) in EtOH was added dropwise to a solutiomdD.21 g,
0.22 mmol) and 2,6 pyridinedicarboxaldehyde (0.03 g, 0.22
mmol) in a mixture of anhydrous EtOH (1 mL) and THF (3
mL) at ambient temperature. The reaction mixture was stirred
for an additional 26 h. The resulting polymer was precipitated
twice from MeOH and then dried to afford the crug@yPV
(0.05 g, 65%) as a yellow resiftH NMR (200 MHz, CDC}):
0 = 7.90-7.50 (m), 7.36-6.90 (m), 6.80-6.60 (M), 4.01 (brs,
2H (transfragment)), 3.51 (brs, 2Hc{s-fragment), 1.83 (brs,
2H), 1.48 (brs, 2H), 1.64 (brs, 8H), 0.78 (brs, 3H). A sample of
the crudePPyPV (0.03 g) and 4 (11 uL of 0.01% iodine in
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Cs1H43NO, (461.7): C, 80.65; H, 9.39; N, 3.03; found: C,
78.69; H, 9.17; N, 2.83. Calculated for HCI protonated once
every three repeat units: C, 78.58; H, 9.22; N, 2.96. The
molecular weights and polydispersity (PDI) BPyPV (My, =

24 246; PDI= 1.8) were determined in THF by using an SEC
instrument as described above. The GPC measurements of the
polymer shows that the number-average molecular welht (

is 13 543, corresponding to 29 repeating units.

Preparation of the SWNT/Polymer Complex.SWNTSs were
produced by the HiPco methddnd used as received from Rice
University. SWNTs (0.3 mg) were added to a solution of the
polymer in CHC} solution (1 mg in 5 mL). Sonication for 30
min gave a stable transparent solution.

UV —vis and Photoluminescence Measurement$he poly-
mer which was used in these experiments was synthesized
shortly before use. The nanotubes were added to the chloroform
solutions of the polymer in CHglight before use. The solutions
were placedn a 1 mmpath length quartz cell. The solid-state
samples were produced shortly before they were tested in order
to reduce polymer oxidation. The solid-state samples were
created by spin-coating the composite material onto a cleaned
glass substrate. The UWis experiments were carried out on
a Varian Cary 100 Bio spectrophotometer. The photolumines-
cence spectroscopy was carried out using a Fluorolog-3 (Instru-
ment S. A. & Co.) using a xenon lamp for the excitation source.
The fluorescence was collected from the front face of the cuvette
to minimize the self-absorption effects from the optically dense
sample.

Fabrication and Interrogation of Polymer/SWNT Opto-
electronic DevicesPolymer/SWNT devices were prepared by
spin-coating a dilute solution of CHg Ipolymer, and SWNTs
onto a Si wafer that was coated with 0.2 micrometers of,SiO
and was pre-patterned with electrodes. The electrodes (200 nm
wide, 1 micrometer gap) were fabricated using standard electron-
beam lithography techniques and consisté@ & nm bottom
layer of Ti, coated with a 50 nm thick layer of Au. It is generally

SWNT ropes by depositing the electrode materials directly on
top of the nanotube'®. However, such a process involves steps
such as the spin-coating of resist materials on top of the
nanotubes, and thus can potentially disrupt the nanotube/polymer
superstructure. The chosen method of depositing the polymer-
wrapped nanotubes directly on top of the patterned electrodes
not only leads to poorer electrical contacts, but it also presum-
ably retains the superstructure of the polymer-wrapped tubes.
In any case, the results discussed here, except where explicitly
noted, were highly reproducible across several devices.

The electrodes were connected to larger, macroscopic pads
for wire-bonding to the pin-outs of a chip carrier. After the
device was assembled, the chip carrier was mounted onto the
coldfinger of an immersion cryostat that was equipped with
quartz window optical ports. The output of a quartz-halogen
lamp was filtered through a water cell to remove infrared

PhMe solution) were heated under reflux in PhMe (3.5 mL) frequencies, and then was wavelength selected through a single-
under argon atmosphere for 6h. The solvent and iodine werepass monochromator, before being directed through quartz
evaporated off under reduced pressure and the product wagvindows of the cryostat onto the device. The optical response
dissolved in CHQ and precipitated out with MeOH. The of the device was then explored as a function of wavelength,
resulting precipitate was dried to afford PPyPV as a yellow resin and all measurements reported here were carried out at 4 K.

(0.02 g).'H NMR (200 MHz, CDC}): & = 7.89 (s, 1H), 7.81

(s, 1H), 7.59 (brs, 1H), 7.467.15 (m, 7H), 4.01 (brs, 2H), 1.84
(brs, 2H), 1.49 (brs, 2H), 1.22 (brs, 8H), 0.80 (brs, 3¢
NMR (90 MHz, CDC}): 6 = 155.1, 148.7,132.7, 129.2, 127.8,
126.0, 110.4, 69.5, 31.6, 29.2, 29.5, 26.1, 22.5, 13.9; calcd for

One terminal of the junction was held at a constant bigsy{

+10 mV, for example), whereas the other terminal was

grounded through a picoammeter. Current through the device
was monitored as a function of whether light was incident on

the device. Because the current amplifier was not sufficiently
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fast to couple to a lock-in detection scheme at the low signal S.; Blau, W.Synth. Met1999 103 2559-2562. (c) Coleman, J. N.; Dalton,

levels, the incident light was manually modulated.

A. B.; Curran, S.; Rubio, A.; Davey, A. P.; Drury, A.; McCarthy, B.; Lahr,

B.; Ajayan, P. M.; Roth, S.; Barklie, R. C.; Blau W. 8dv. Mater. 2000
12, 213-216. (d) McCarthy, B.; Coleman, J. N.; Czerw, R.; Dalton, A. B.;
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