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ABSTRACT: A group of pyrene-containing poly(phenylacetylene)s (PPAs) with high molecular wiighig

to ~170 000) were synthesized in high yields (up86%). Simply mixing the polymers and multiwalled carbon
nanotubes (MWNTS) in an appropriate solvent afforded the polymer/MWNT hybrids with MWNT contents up
to ~25 wt %, which are soluble in common organic solvents such as chloroform and THF. The solubility can be
as high as 637.5 mg/L in THF, thanks to the “additive effect” of the PPA skeleton and the pyrene pendants in
solubilizing the MWNTSs. The solubilization is realized through the spontaneous wrapping of the polymer chains
round the MWNT shells, which is driving by the favorabte i interactions of the PPA skeleton and the pyrene
rings with the MWNT walls. The B5)/MWNT hybrid is thermally stable, losing little of its weight when heated

to 338°C. The R(m)/MWNT hybrids are electronically more conjugated and emit blue-green light more efficiently
than their parent polymers upon photoexcitation. The surface photovoltaic cell fabricated froB{SJiMBNT

hybrid is bipolar, suggesting an efficient photoinduced charge transfer between the two componeng5).e., P
and MWNT.

Introduction conjugated polymers with macroscopic solubility and electrical

semiconductivity have the potential to find high-tech applica-

tions in photoelectronic devices such as light-emitting diodes,
photovoltaic cells, and field-effect transist@P3Nrapping CNTs

in such polymer chains is expected to endow them with

macroscopic processability and new photoelectronic proper-
trodes? quantum wireg? molecular diodes! and photoelec- ties72 On thg other hanq, CNTS, may he;lp enhance chqrge
trochemical device® 18 Several issues, however, must be transport, electrlcal_conduct_lt_)n,optlcal no_nlmeanty, mechanical
addressed before the CNTs can be integrated into functionalSténgth, and chemical stability of the conjugated polyrifers.

hybrids for fabrication of advanced devices. One of the most  Polyacetylene is a prototypical conjugated polymer. Our
outstanding problems is their notorious intractability: CNTs are group has synthesized a variety of substituted polyacetylenes,
insoluble in any solvents and infusible at any temperatures especially the derivatives of poly(phenylacetylene) (PPAY.
before decomposing. The polymers have been found to exhibit an array of unique
Two approaches, i.e., covaléA?2° and noncovaleft 23 functional properties such as optical nonlinearity, liquid crystal-
functionalizations, have been used to improve the macroscopiclinity, light emission, photoconductivity, and bioactivi§?’We
processability of CNTs. Although the covalent functionalization have been interested in the hybridization of soluble polyacety-
of CNTs yields soluble samples and make some potential lenes with CNTs in the hope of generating macroscopically
applications of CNTs feasible, the permanent structural changesProcessable functional materials with combined advantageous
caused by the chemical reactions unavoidably perturb their attributes of the two components. In our previous study, we
electronic conjugations. The change in the orbital hybridization Worked on wrapping CNTs with PPA chains and investigated
from sp to sp, for example, may result in undesirable the solution behaviors of the resultant hybrids as well as their

deteriorations in their optical, electrical, and mechanical proper- optical propertied* Through the in-situ polymerization of
ties. phenylacetylene (PA) initiated by the transition-metal catalysts
The noncovalent approach can confer new properties on thein the presence of multiwalled carbon nanotubes (MWNTs),
CNTs without destroying the electronic conjugation of their soluble hybrids of PPA and MWNTs were produced, and the
curled graphene sheets. Among all the routes for the noncovalengolutions of the hybrids were found to exhibit an impressively
functionalization, wrapping CNTs in conjugated polymer chains arge optical limiting effect!
is a particularly attractive or@21.241t is well-known that In this work, we prepared several new homo- and copolymers
of PAs bearing pyrene pendants, i.el, P(l-co-PA) and R(m)
* Corresponding author: PH-852-2358-7375; Fax-852-2358-1594;  (Schemes 1 and 2). As mentioned above, we have previously
e-mail tangbenz@ust.hk. demonstrated that wrapping by PPA chains has made MWNTs

t Zhejiang University. : . .
#The Hong Kong University of Science & Technology. readily soluble in common organic solveftsThere have been

s Administrated by the Ministry of Education of the People’s Republic  Se€veral reports showing that pyrene derivatives_ can be non-
of China. covalently bound to CNTs, which has helped improve the

Carbon nanotubes (CNTs) are of great interest in scientific
research and technological innovation due to their unique
nanostructures and novel materials propefteRarticularly,
their remarkable electronic and optical propeftiésnake them
promising for such applications as nanosengonsnoelec-
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iodide, triphenylphosphine, dichlorobis(triphenylphosphine)palladium-
(i), 1-pyrenemethanol 4), 6-bromohexanoic acid, potassium
hydroxide, and potassium iodide were purchased from Aldrich and
used as received without further purifications. (Trimethylsilyl)-
acetylene and 11-bromoundecanoic acid were both purchased from
Acros. Organorhodium complexes [Rh(nbd)}Clnbd = 2,5-
norbornadiene) and [Rh(cod)¢llcod= 1,8-cyclooctadiene) were
prepared in our laboratories by literature meth&d&.Ethynylben-
zonic acid 8) was synthesized according to our previously published
procedures?

Instrumentation. 'H and*3C NMR spectra were measured on
a Bruker ARX 500 NMR spectrometer using chlorofodhas
solvent and tetramethylsilane (TM$; = 0 ppm) as internal
standard. IR spectra were recorded on a Bruker VECTOR 22
spectrometer. UVvis absorption spectra were measured on a
Varian CARY 100 Bio U\~vis spectrophotometer. Thermal
stability of the polymers was evaluated on a Perkin-Elmer Pyris
thermogravimetric analyzer TGA 6. Photoluminescence spectra
were recorded on Perkin-Elmer spectrofluorometer LS 55. Molec-
ular weights M., and M;)) and polydispersity indexedk,/M,) of
the polymers were estimated in THF by a Waters gel permeation
chromatography (GPC) system. A set of monodisperse polystyrene
standards covering molecular weight range of-100” was used
for molecular weight calibration.

Scanning electron microscope (SEM) images of the polymer-
wrapped MWNTSs were taken on a JEOL 6300L field emission SEM
operating at an accelerating voltage of 5 kV, while their transmission
electron microscope (TEM) images were recorded with a JEOL/
JEM-200 CX TEM at an accelerating voltage of 160 kV. The TEM
instrument was equipped with an EX500W CCD camera (GATAN),
whose powerful imaging capability enables even biological material
samples to be imaged in high resolution and contrast without
staining treatment. When the image of a polymer/MWNT hybrid
was observed, the beam was focused, and the optical grating of
the object lens was turned down in an effort to enhance contrast.
After adjusting the brightness of the image on the computer screen,
a photograph was taken at the moment when a desirable image
with an “ideal” contrast was captured.

Monomer and Polymer SynthesesMonomersl and2(m) (m
= 5, 10), homopolymers Pand R2(m), and copolymer Rfco-

PA) were prepared according to the synthetic routes shown in
Schemes 1 and 2. The detailed experimental procedures and

is envisioned that the PPA skeleton and the pyrene pendant mayspectroscopic analysis data for the monomers and polymers are
work synergistically and the “additive effect’” may greatly —9iven in the Supporting Information.

enhance the solvating power of the pyrene-containing PPAS.
Pyrene chromophore has been widely used as a fluorescen
sensor for detecting structural changes as well as probing

electronic processes in the chemical and biological syst@fis.
The incorporation of the pyrene unit may provide a tool for
sensing photoelectronic interactions in the PPA/CNT hybrids.
Furthermore, the sterically bulky and thermally stable pyrene
pendants are expected to serve as a “‘jacket*3'which shields

the polyene backbone from the attack by the thermolytic species,

thus helping enhance the thermal stability of the polymers. In

this paper, we report the design and synthesis of pyrene- ) n )
d whereWuwnt (Mg) is the original weight of the MWNT4&\: and

containing PPAs and prove that the polymers are indee
excellent solvating agents for MWNTs. The PPA/MWNT
hybrids show high thermal stability, bright photoluminescence,
and efficient photoinduced charge transfer.

Experimental Section

Materials. THF was distilled under normal pressure from sodium
benzophenone ketyl under argon immediately prior to use. Dichlo-
romethane (DCM) was distilled under normal pressure over calcium
hydride under argon before use. Triethylamine (TEA) was distilled
and dried over potassium hydroxide. MWNTSs were prepared by a
classical method of chemical vapor depositignToluenesulfonic
acid monohydrate (TsOHN,N-dicyclohexylcarbodiimide (DCC),
4-(dimethylamino)pyridine (DMAP), 4-iodophenol, PA, copper(l)

Polymer/Nanotube Hybridization. Taking the preparation of

P2(5)/MWNT hybrid as an example: into a tube with a stir bar

were added 15 mg of ®5), 15 mg of MWNTSs, and 8 mL of THF.
After stirring for half an hour, the mixture was filtered through a
cotton filter to remove insoluble MWNTSs. The filter was heated in
an oven at 120°C to a constant weight. The concentration of
MWNTSs in THF (c; mg/mL) was calculated by eq 1:

_ Wiwnt — (We — WF,O)
C =
Vs

@

Weo (Mmg) are the weights of the cotton filter after and before
filtration, respectively, an¥s (L) is the volume of the solvent used.
(W — Wk ) is thus the weight of the insoluble MWNTSs that were
retained by the filter, aniVuwnt — (We — Weg) is the weight of
the soluble MWNTSs that passed through the filter. To learn the
effect of the pyrene-containing PPA on the solubilization of
MWNTSs, the content of MWNTSs in the MWNTs/polymer hybrid
(¢, %) was calculated by eq 2:

, Wwnr — (WF - WF,O)

c' = x 100
Wo + Wyt — (We — WF,O)

)

whereWs is the weight of the polymer added into the SOIUtiorbDV
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Table 1. Homopolymerization of Monomer 1 and lts Table 2. Polymerization of Monomer 2(n)?2
Copolymerization with Phenylacetylené o, catalyst solvent vield (%) Ma? My/M.P
i d d
no. catalyst solvent yield (%) Muw/ Muw/Mp monomer(5)
homopolymerization 1 [Rh(cod)Cl} DCM/EtsN 75.3 29 500 1.3
1 [Rh(cod)Cl}  DCM/EN 77.2 2 [Rh(cod)Clp  THF/E&N 39.8 27 200 1.3
2 [Rh(nbd)Cl} DCM/EN 80.6 11 700 1.8 3 [Rh(nbd)Cl;  DCM/Et:N 78.6 46 300 2.6
3 [Rh(cod)CIp  CHCI" 60.3 13500 2.2 4 [Rh(nbd)CI}* DCM/EtN 95.5 136 500 4.8
copolymerizatioh monome2(10)
4 [Rh(cod)Cl;  DCM/EtN 81.3 46 100 2.6 5 [Rh(cod)Clp  THF/E&N 21.6 46 900 15
5 [Rh(cod)CIp  DCM/EtN 96.2 169 000 4.3 6 [Rh(cod)Cl} DCM/EtN 25.3 77 500 1.8
6 [Rh(nbd)Cl} DCM/EtN 87.4 86 500 3.9 7 [Rh(nbd)Clp  THF/EN 18.0 99 700 2.0
aCarried out at room temperature in an atmosphere of dry nitrogen for 8 [Rh(nbd)Cl DCM/EEN 114 8600 23
C
24 h; [M]p = 0.2 M, [cat] = 10 mM.P Abbreviations: nbd= 2.5- 9 [Rh(nbd)Cly*  DCM/EGN 9.2 163800 35
norborndiene and coe 1,5-cyclooctadien€’ In the case of the DCM/ a Carried out at room temperature under nitrogen for 24 hyp[#]0.2
EtsN mixture, one drop of BN was used? Determined by GPC in THF M, [cat] = 10 mM.P Determined by GPC in THF on the basis of a
on the basis of a polystyrene calibratirinsoluble in DCM, chloroform, polystyrene calibratiort. [cat.] = 2 mM.

and toluene but partially soluble in THFIncluding insoluble and soluble

products.9 For the soluble fractior?! [M] o = 20 mM. ' Molar feeding ratio « : : » . ;
of monomerl to PA was 3:5.5. Molar ratio of the repeat unit bfo that engineering control” helped: we obtained solublkwhen a

of PA in the copolymer Pco-PA) was determined by NMR analysis to ~ dilute solution of1 in chloroform alone was used as solvent
be ~1:2.1[cat.] = 2 mM. (Table 1, no. 3).
Copolymerization is one of the most widely used strategies
Surface Photovoltage Measurement.Surface photovoltage  for improving polymer solubility because it offers a versatile
spectroscopy (SPS) measurement was carried out on a solid junctiormeans for adjusting the segmental distribution in a polymer
photovoltaic cell using a light source monochromator lock-in chain. If monomerl is copolymerized with another monomer
detection technique. The cell was in a three-layer configuration with MX in a random fashion, the resultant polymer will be
two transparent indiumtin ox_ide (ITO) as electrodes, and a thin composed of Psegments that are statistically separated ¥y P
film of the hybrid was sandwiched between the two electrodes (cf. segments. If the ® segments are soluble in a solvent that can

Figure 11B, inset). Monochromatic light was obtained by passing . :
the light emitted from a 500 W xenon lamp through a double-prism _?_'SSOlee i ollgt(;]mte[h thg cigolymgr ShoTld become S%lugf'
monochromator (Higler & Watts D300), and a lock-in amplifier 0 make sure that the backbone IS a polyene, we use as

(Stanford SR 830) synchronized with a light chopper (Stanford SR MX. As can be seen from Table 1, remarkable polymerization
540) was employed to amplify the photovoltaic signals. Field- results are obtained. The molecular weight of the copolymer
induced SPS (FISPS) is a technique that combines the field-effectP(1-co-PA) can be as high as 169 000, while the yield reaches
principle with SPS. The FISPS measurement was conducted byalmost quantity (96.2%; Table 1, no. 5). Most importantly, all
applying an external voltage to the two sides of the cell, which the copolymers are highly soluble in common organic solvents
was used to alter the moving direction and diffusion length of the sych as THF, DCM, and chloroform.
photogenerated charge carriers. The low solubility of P is partially ascribable to the high
rigidity of the polymer chain reinforced by the bulky pyrene
pendants. Insertion of suitable flexible spacers between the
Polymer SynthesesPA derivativesl and 2(m) containing pyrene pendants and the PPA skeleton may help mitigate the
pyrenyl groups were prepared by multistep reactions shown in problem. We thus designed and synthesized monomers with long
Schemes 1 and 2. Each step of the reactions proceeded smoothlgpacer lengths, viz2(5) and 2(10). The monomers can be
and the desired monomers were obtained in high yield&7¢ polymerized by the organorhodium complexes in the DCM/
96%). To transform the monomers to polymers, we tried to use Et;N mixture. As can be seen from Table 2(B) and R2(10)
organorhodium complexes [Rh(diene)£ilvhich are known to with high molecular weights are obtained in high yields. As
work as effective catalysts for the polymerizations of PA expected, the polymers are very soluble in common organic

Results and Discussion

derivatives of similar molecular structures, such asHTsH - solvents.
p-COOR (R= alkyl, aryl).26 DCM appears to be a better solvent than THF in the
We first attempted to use [Rh(cod)etp polymerizel in a polymerization of2(5), as the reactions carried out in DCM/

DCM/EtN mixture. What disappointed us was that insoluble Et;N produces polymers with higher molecular weights in higher
solid precipitated out during the polymerization reaction. As yields than in THF/EN (cf. Table 2, nos. +4). The results of
shown in Table 1, the productlRvas insoluble in common  the polymerizations catalyzed by [Rh(nbd)Cénd [Rh(cod)-
organic solvents such as DCM and toluene and only partially Cl], are comparable, when the solvent, temperature, and time
soluble in THF. We then tried to use [Rh(nbd)Cdls catalyst, are identical. The impact of catalyst concentration is, however,
but the polymerization result was still unsatisfactory. By dramatic. The isolation yield and molecular weight &(%)
changing the polymerization time, we found that the solubility are increased from 78.6% and 46 300 to 95.5% and 136 500,
of the polymer was dependent on its molecular weight. When respectively, when the concentration of [Rh(nbd)Gf de-

the molecular weight reached a critical value, the polymer creased from 10 to 2 mM. This effect is more pronounced for
became insoluble. On the other hand, when the molecular weightP2(10): the isolation yield and molecular weight o2@0) are

of the product was very low, the oligomer could not precipitate increased from 11.4% and 8600 to 95.2% and 163 800,
out from the poor solvent used for product purification. Only respectively, when the catalyst concentration is decreased by
those with moderate molecular weights were soluble in certain the same extent (cf. Table 2, nos. 8 and 9).

solvents. To control the molecular weight of the product, we  Structural Characterization. The polymeric products were
polymerizedl without using E4N because it is known that the  characterized by spectroscopic methods. All the polymers gave
use of E4N usually leads to an increase in the molecular weights satisfactory analysis data corresponding to their expected
of PPAs34 Meanwhile, we decreased the concentratioh fobm molecular structures (see Supporting Information for details).

0.2 M to 20 mM by using a large amount of solvent. This An example of the IR spectrum oPE) is shown in Figure 1'CDV
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@ Figure 3. 13C NMR spectra of (A) monomeZ(5) and (B) its polymer
P2(5). The solvent peaks are marked with asterisks.

ab de n

also upfield shift by~0.4 ppm upon polymerization, which
should be due to the enhanced electronic interaction between
the pyrenyl groups in the polymer. Like the IR spectra, the NMR
spectra duly confirm that the triple bond of the monomer has

a Efﬂ_n i j been consumed by the polymerization reaction.
i b : O Figure 3 shows the*C NMR spectra of P(5) and its
c P o! OQQ monomer2(5). Whereas the acetylenic carbon atoms2(5)
o—CHZCHZCHZCHZCHZ—&-O—CHZ resonate ab 76.0 and 84.0, these peaks are completely absent
eg in the spectrum of &5). Ir]stead, two new peaks are observed
' ato 134.2 and 113.5, which are assignable to the resonance of

the polyene carbons of the polymer. This once again proves
that the polymerization is realized through the transformation
of the triple bonds of the monomer to the double bonds of the
polymer. Since the phenyl rings are now conjugated with the
polyene backbone after polymerization, the resonance of the
RS S e e e e A s s e sy n ] phenyl carbons directly attached to the double bond are

9 8 7 6 5 4 3 2 1 0 downfield shifted fromd 114.6 to~126.0, as observed in our
Chemical shift (ppm) previous workdld.35
Figure 2. ™H NMR spectra of (A) monome2(5) and (B) its polymer Polymer/MWNT Hybridization. Itis known that CNTs can
P2(5) in chloroformd. The solvent and water peaks are marked with  be made soluble by their complexations with pyrene deriva-
asterisks. tives328 Because PPA can also solubilize CNPfsit was

expected that the PPAs carrying pyrene pedants would exhibit

the spectrum of its monomeX(5) is also given in the same  higher solvating power than their parents of pyrene derivatives.
figure for comparison. The monomer exhibits absorption band Polymer B, however, shows rather small effect in solubilizing
at 3286 and 2105 cm, which are respectively ascribed #® MWNTs (Figure 4). This is probably due to its rigid structure,
CH and G=C stretching vibrations. These bands completely which hampers its wrapping around the MWNT shells. The
disappear in the spectrum o), indicating that the triple solubility of MWNTS is greatly boosted when they are wrapped
bond of2(5) has been fully consumed by the polymerization by the less rigid chains of B{co-PA), P2(5), and R2(10). For
reaction. example, 4.6 mg of MWNTSs is dissolved in 8 mL of THF when

NMR spectroscopy provides valuable information about the the CNTs are admixed with 15 mg o2), giving a solubility
polymer structures. As can be seen fromHeNMR spectrum as high as 575 mg/L. B{co-PA) gives an even better result:
of polymer R2(5), there is no resonance pealkdat 3.0, which the solubility of the MWNTSs wrapped by the copolymer in THF
is associated with the acetylene proton (Figure 2B). A new peakis 637.5 mg/L. This value is respectivety3- and >11-fold
due to the resonance of olefinic protons appeard at 5.5, higher than the solubilities of the CNTs complexed with small
which is absent in the spectrum of its monomer. The polym- pyrene ringd22and wrapped by pyrene-containing copolystyrene
erization reaction transforms the acetylenic triple bon@(6j chainsz9revealing that there is indeed a pronounced “additive
to olefinic double bond, which upfield-shifts the resonance of effect” of the PPA skeleton and the pyrene pendant in the hybrid.
the phenyl protons, which now occurs@6.6 and 6.3 (Figure The pristine MWNTS are insoluble in THF. They precipitate
2B, peaks b and c). The resonance peaks of the pyrenyl protonut from the polar solvent even after the forced mixing aieﬁgv
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Figure 4. Solubility in THF of MWNTs wrapped in the pyrene-
containing PPA chains. The contents of MWNTSs in the nanohybrids

Hybridization of Polyacetylenes with Carbon Nanotubé&915
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Figure 6. SEM image of the MWNTSs dispersed in 2(8) matrix.

given in parentheses (in %) were calculated from eq 2. The data for Scale bar: 2m.

the CNTs wrapped by small pyrene ridgsand pyrene-containing
styrene copolymer chaiff§ are shown for comparison.
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Figure 5. TEM images of MWNTs wrapped by different (co)-
polymers: (A) A, (B) P(l-co-PA), (C) F2(5), and (D) R2(10).
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by ultrasonic irradiation. Polymer5) is soluble in THF,
giving a homogeneous, clear solution with a light brown color.
When MWNTs are wrapped by the2) chains, the CNTs
become soluble in THF. The mixture is dark colored due to the
existence of the MWNTSs in the solution. The solution is stable
for months without MWNT patrticles precipitating out, sugges-
tive of intimate wrapping of the polymer chains around the CNT
shells.

Morphological images of the MWNTs functionalized by
different pyrene-containing PPAs are shown in Figure 5. The
MWNTs are not well wrapped by thelRhains: some MWNTSs
are wrapped in a thin layer of the polymer chains (Figure 5A,
spot b), while others are “naked” without any polymer chains
attached (spot a). This explains why the solubility of tHg P
MWNT hybrid in THF is low (cf. Figure 4). However, a thick
layer with a contrast lower than MWNTSs can be unambiguously
observed in Figure 5B, whose thickness is in the rangeld—

coating layers on the MWNTSs. These observations indicate that
the (co)polymer chains have thickly wrapped the MWNTSs.
Evidently, the polymer wrapping has made the MWNTs soluble
in the organic solvents.

To further examine the wrapping of the polymer chains
around the MWNTSs, we cast thin films of the hybrids on glass
substrates from B5)/MWNTs solutions. The morphology of
the films was checked by SEM. Porous films were deliberately
prepared by fast evaporation of the volatile solvent (THF)
because the coarse surfaces would allow us to view the
morphological details of the films. As can be seen from the
example given in Figure 6, the hybrid film is featured by
interpenetrating networks with no MWNT bundles. The MWNTSs
are dispersed uniformly in the25) matrix because they are
well wrapped by the B5) chains. The SEM measurement
further confirms that the excellent solubility of th&(B)/MWNT
hybrid in THF is due to the intimate wrapping of polymer chains
around the MWNT shells.

Thermal Stability. It is known that PPA loses 5% of its
weight at 225°C (Ts).36 The Ts value for PL is 350°C (Figure
7), which is 125°C higher than that of PPA. Clearly, the “jacket
effect” of the bulky, stable pyrene pendants surrounding the
polyene backbone has helped enhance the thermal stability of
the polymer! The Ts value for PL-co-PA) is 298°C, falling
in between those of Pand PPA. Polymers ®5) and R2(10)
exhibit the samd’s values (317C). On one hand, this indicates
that the length of the methylene units in th&(fR) series exerts
little effect on their Ts values. On the other hand, when
compared with B, the insertion of the flexible methylene
spacers between the polyene backbone and the pyrene pendants
does lead to a decrease in the thermal stability of the polymer,
although the effect is not to a great extent.

One of the remarkable properties of CNTs is their outstanding
thermal stability. As can be seen from Figure 7, Taevalue of
the MWNTs we used in this study is as high as 78 The
hybridization of MWNTSs with polymers should help enhance
the stability of the latter. Indeed, after hybridization with the
MWNTSs, the thermal stability of B5) is enhanced. Thés
value of R(5)/MWNTSs is 338°C, which is>20 °C higher than
that of its R2(5) parent. The experimental results thus reveal a
mutual beneficial effect of the hybridization, that is, the
hybridization of properly structured pyrene-containing PPA with
MWNTs can improve the solubility of MWNTs as well as

30 nm, as deduced from the scale bar. We ascribe this layer ofenhance the stability of the polymer.
coating to the pyrene-containing copolymer because the carbon Absorption and Emission.All the polymers show absorption

content of the copolymer layer is lower than that of MWNTSs.

spectra with strong peaks in the UV region and weak tails at

The images in panels C and D of Figure 5 also show clear wavelengths longer than 350 nm (Figure 8A). The absorp&Br{/
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P2(m) may have put some of their pyrene pendants in such
geographic positions where the excimers are less likely to form
than in AL

The emission spectra of monon#b) and its polymer B(5)
are compared in penal B of Figure 9. At a low concentration of
1.1 x 1075 M, the monomer solution exhibits strong emission
peaks in the UV region and a weak tail in the visible spectral
region, indicating that few, if any, excimers have formed and
involved in the photoluminescence process of the monomer in
the dilute solution. At the same concentration, however, its
polymer R2(5) exhibits a strong excimer emission peak-a90

100+

Weight (%)

7,(C)

—P1 350 nm. This proves that the excimer formation in the polymer
—P(1-coPA) 298 solution is mainly an intrachain event. As can be seen from the
0] P29 317 — photographs shown in Figure 9B, while the solution of monomer
| :qfx(vﬁ% ;;; h 2(5) emits a blue-violet light, the solution of its polyme2(B)

emits a blue-green light.

It is well-known that CNTs quench light emissions of
o 200 400 600 800 conjugated polymerd21.239.28For example, the photolumines-
Temperature (°C) cence of PPA was efficiently quenched by the MWNTS,

although the MWNT content of the hybrid was only 6%.

g;gl;)fg 7. JE)A(Tthngcl’gfamg)‘)fggsgm&'e ;ake” I{)O’E(ISb('? 16|”°- However, in our recent study on the copolymers of CNT-
) -CO- able 1, no. o), able Z, no. 4), aple . . . :
2,no. 9), MWNTSs, and B(5)/MWNTs measured under nitrogen at a ~ containing disubstituted acetylenes, the photoluminescence of

heating rate of 10C/min. Ts denotes the temperature at which the ~POly(1-phenyl-1-alkyne)s was found to be virtually unaffected
sample loses 5% of its original weight. (or not quenched) by the CNPY.Here we observed an even

intriguing phenomenon: the light emission oR(B) was
peaks and tails of the polymers can be readily assigned byenhanced by MWNTs. As can be seen from Figure 10A, the
comparing with the absorption spectra of their monomers. An photoluminescence intensity o2()/MWNT is >2-fold higher
example of the monomer spectrum is given in panel B of Figure than that of its parent polymer. To make sure that this unusual
8. The strong peaks of polymeR(B) in the UV region are due  result is not an experimental error, we carefully measured the
to the absorption of its pyrene pendants because its monomeffluorescence spectra of the solutions of the hybrid and polymer
2(5) shows similar spectra in the same wavelength region. From at various concentrations. The results always came back the
the magnified spectra shown in the inset of Figure 8B, it can same-the MWNTSs enhanced, instead of quenching, the poly-
be seen that monoma(5) does not absorb in the visible region, mer’s light emission, although the extent of the enhancement
so thedwealk tail of pO'WSEWﬁ) ir'11the Long Wavelepgth reglion varied with the solution concentration (Figure 10B).
is evidently associated with the absorption of its polyene .
backbone® Hybrid P2(5)/MWNT absorbs more strongly than We further chfecked whether thls_ was a general phenomenon
P2(5) in the visible region. This indicates that the hybrid is better for all the hybrids we prepared in this study. Using 9,10-

: diphenylanthracene as a stand#raye measured the fluores-

conjugated than its parent polyntér. cence quantum vyieldshE) of P2(5)/MWNTs (®r = 1.86%)

o 12 a1 STisive che, uhose dlte solon SHES and RA0IMWINTS (@s = 1419, bthof which were ound
mer” emission in the UV region, with a broad peak of excimer to be higher than those of their parent polymeBeS (P =

. ST . - . . 1.20%) and R(10) (®r = 1.09%). The® value of P{-co-
emission emerging in the visible region when its solution o
concentration is increaséd.The polymers exhibit emission PA.)/MWNTS (0.35%) was, however, iomewhat '°V_Vef th_a_m that

. o ! . . ofits parent copolymer B{co-PA) (®r = 0.45%). This verifies

peaks in the UV and visible regions (Figure 9A), suggesting . .
that the isolated “monomer” and aggregated excimer of the our early observaﬂoq that MWNTS queqched th.e. phom'”‘.“"
pyrene pendants are both involved in the light emission nescence of PPAL This quenching effect is so efficient that it
processes of the polymers. PPA is known to emit480 nm even dictates the photoluminescence process in the copolymer

but the luminescence is rather wedlso the peak at488 nm hybrid system containing the PPA segments.
should be mainly due to the excimer emission of the pyrene  Surface PhotovoltageThe excellent solubility of B(5) and
pendants of the polymers rather than their PPA skeletons. its hybrid with MWNTSs in the common organic solvents allowed
In the photoluminescence spectrum df, Bhe emission at  US to cast films from their solutions. Noticing that nanohybrids
488 nm dominates. This indicates that the pyrene pendantsof conjugated polymers with semiconductive nanoparticles are
located in the immediate neighborhood of the PPA skeleton haveattracting much interest for their promising applications in the
experienced strong intrachain interaction, which has facilitated field of plastic photovoltaic cells, we carried out SPS and FISPS
the excimer formation. This also offers a circumstantial evidence measurement3“°to investigate photoinduced charge-transfer
for the insolubility of the R samples with high molecular  processes in the thin films of polyme2(B) and its hybrid 2(5)/
weights. For copolymer B{co-PA), the intensity of its emission =~ MWNTSs. Figure 11A shows the FISPS spectra of a film 2%
peak at 488 nm is weaker than that at 401 nm. This is easy tounder different positive biases. The spectra are comprised of
understand because the repeat unitg of the copolymer are  broad peaks in the UV region from 320 to 360 nm, roughly
randomly separated by those of PA, which reduces the prob-resembling the absorption features of the pyrene pendants of
ability for the pyrene pendants in thel Begments to form  the polymer. The similarity between the UV and FISPS spectra
excimeric species. Polymerg(®) show intermediate behaviors  of the polymer suggests that the SPS signals depend on the
between those of homopolymet Bnd copolymer Pltco-PA). m—z* transitions of its photoactive component. A noticeable
The irregular conformation of the long, flexible alkyl spacer in feature of the spectra is that the intensity of the surf&i:)ev

—— P2(5)/MWNT 338
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Figure 8. Absorption spectra of (A) B P(1-co-PA) and R(m) and (B)2(5), P2(5) and R2(5)/MWNTs in THF (concentration: 1xM). Inset in
panel B is the magnified spectra in the long wavelength region.
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Figure 9. Photoluminescence spectra of THF solutions gM) of (A) P1, P(1-co-PA) and R2(m) and (B) monomeR(5) and its polymer B(5)
excited at 343 nm. Examples of the photographs of the dilute THF solutiod&pand R2(5) taken under UV illumination are given in panel B.

Intensity (au)

e

photovoltage is directly proportional to the applied positive because the direction of the applied field coincides with that of
biases. the built-in field. As a result, the intensity of the surface
In the framework of band theory, an SPS signal is generated photovoltaic response is increased (Figure 12b). Our experi-
from the separation of the photogenerated electiuwie pairs mental results are in precise agreement with the theoretic
under a built-in field, when a semiconductor is illuminated. In prediction.
other words, upon photoirradiation, a change in the surface In contrast, when a negative bias was applied to the surface
potential §Vy) or the number of net surface charges is produced. photovoltaic cell, very small changes in the intensity of surface
Here, 0Vs is defined as the difference between the surface photovoltaic response were recorded. As can be seen from
potential heights before and after illumination, id&/s = V¢ — Figure 11B, the surface photovoltaic responses under zero and
VL. The magnitude odVs depends on the number of the net negative biases are similar. This phenomenon can be explained
charges (or photogenerated carriers) accumulated on a semias follows. Because the direction of the applied electric field is
conductor surface. For a p-type semiconductor, the surfaceopposite to that of the built-in field, the surface band bending
energy bands usually bend downward, with the photogeneratedis decreased (cf. Figure 12c), and the separation efficiency of
electrons moving toward its surface while the holes diffusing the photogenerated electrohole pairs is hence decreased. As
into its bulk#42 This effect leads to a positive surface a result, the number of the net charges accumulated on the
photovoltaic response, i.e)Vs > 0 (cf. Figure 12a). When a  surface is small, and the applied field thus exerts a smaller effect
positive electric field is vertically applied to the surface of a on the surface photovoltaic responses as compared to the case
p-type semiconductor (which is technically equivalent to ap- of the positive bias. Our photovoltaic cell is a unipolar device
plying a positive bias to the illuminated ITO electrode), the because only B5) or a p-semiconductor is sandwiched between
surface band bending is increased downward, and thereby thewo electrodes. The externally reversed field thus results in an
separation efficiency of the photogenerated carriers is increasedunsymmetrical response to the same illumination. CDV
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500 negative biases result in an increase in the surface photovoltage.
. ! ——P2(5)/ This reveals that the device is now bipolar. The active layer is
4001 Al MWNT now comprised of two components2(B) and MWNTSs: the
P29 former and the latter can be respectively regarded as p- and
n-type semiconductors. Thanks to the high loading of MWNTs
in the hybrid and its excellent solubility in the solvent, the p-type
[ P2(5) and n-type MWNTs have formed an interpenetrating
network in the film, as disclosed by the SEM analysis (cf. Figure
6). This enables the two components to disperse uniformly
throughout the hybrid film and to independently respond to the
external fields, both positive and negative.
. i The second characteristic is that the magnitude of the surface
400 500 600 photovoltage in the hybrid is smaller than that of the pristine
Wavelength (nm) polymer. Under zero bias, for example, the maximum surface
photovoltage for the &5) film is 0.98uV, while for the R2(5)/
MWNT hybrid, this value is dropped to 0.27V. Even with
@ the aid of the external fields, the magnitudes of the recorded
surface photovoltage are lower than P\. These results imply
o P2(5/MWNT that the photogenerated carriers have a small contribution to
o P2(5) the surface photovoltage.

According to the principles of the SPS and FISPS processes,
the photogenerated species can cause only a small change in
the number of net surface charg@4® Comparing these two
sets of experiments, the only difference lies in the MWNT
component. Because of its n-type nature, the MWNTSs play a
o] 5 role of electron acceptors in the hybritfst* When the photo-

000 005 010 0415 020 025 voltaic cell is illuminated, the pyrene pendants attached to the
polymer chains are photoexcited and the electioole pairs

] ) ] are formed and subsequently disassociated by the built-in field.
ngﬁ)l%f (S\z)(gm?/ﬁ?'gﬁ?eéf% ngg:gad OLtT',o','LSﬂ'r‘#";?% (c()é;es However, in the B(S/MWNT hybrid, the generated electrons
dependence of the emission intensity at 488 nm on the solution @r€ transferred to the acceptors or MWNTSs but not contributed
concentration. to the neutralization of surface positive charges, which are of
significance to the changes in the number of the net surface

3004

Intensity

200+

100

o¥

60040

300+

Concentration (mg/mL)

40 et ilumination charges. As a.result, muqh smqller surface photovoltage signals
s o are recorded in the hybrid device.
s 3 ;/\\\ e Concluding Remarks
] -’lr I . . ..
r / /NN 03 In this work, we synthesized a group of pyrene-containing
I V. —— 404
E 28 J \ “\ 405 || PPAs using the organorhodium complexes as catalysts. When
9 / Yo external o lockin the pyrene group is linked to PA without a flexible spacer, the
% / / \ ‘-\ field  amplifier monomer L) can be polymerized but the polymer1jPwith
5 19/ LU i B high molecular weight is insoluble in common organic solvents.
8 5\ Bas(y) —— -0 The copolymerization ofl with PA under similar conditions
E ‘ ‘\H_\_ 02 afforded copolymers Rf{co-PA) with high molecular weights
@ 12, ] — 03 and excellent solubility in yields up t896%. The monomers
= LN ——-04 with long alkyl spacersg(m)] were efficiently polymerized,
| 1~ ) \_.___‘0'5 and the resultant polymers 2Bm)] were completely soluble.
- . The hybridization of these (co)polymers with MWNTs helped
R
200 250 0 300 350 400 make the CNTSs highly soluble in common organic solvents such

as THF and chloroform. The maximum solubility is 637.5 mg/L
_ Wavelength '""fl _ in THF, which is the highest among all the solubility data
Flgléfe_ 1hl-d Eutr\fvace F‘POOtolvmtta%eS ofctlhm(Aﬂ)lms _?_f pO'Yd”}%?@) y reported for the CNTs functionalized by small pyrene rffigs
sanawicnhe etween electrodes unaer positive an negative ~ Pt - H
biases. The signs of positive-] and negative-) are defined as the _and Wrapped by pyr(?‘ne qqntalnlng Polymer chéf#se This
application of positive and negative biases, respectively, to the IS aftributable to the “additive affect” of the pyrene pendants
illuminated ITO electrodes. Shown in the inset in the upper part of and the PPA skelet8h*®in solubilizing the CNTSs.
panel B is a diagrammatic illustration for the surface photovoltage  The TEM images of the hybrids clearly show that the
measurement. . . .
MWNTs are wrapped in a thin polymer layer, with the extent
of wrapping depending on the polymer structure. The SEM
However, when the thin film of theZ5)/MWNT hybrid was photographs further confirm the coating of polymer layers on
used in the surface photovoltaic cell, the situation dramatically the surfaces of the MWNTs and reveal the formation of
changed. From the surface photovoltage action spectra showrinterpenetrating networks between the polymers and the MWNTSs.
in panels A and B of Figure 13, two new characteristics are The UV spectra of the polymers are dominated by the absorption
readily noticeable. First, the surface photovoltage signals showfeature of the pyrene pendants in the wavelength region of
symmetrical responses to the external fields: both positive and ~320-350 nm. The hybrid absorbs more intensely in the vis@lgv
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Figure 12. Schematic representations of energy band modes of a p-type semiconductor with a Schottky-type barrier under application of (a) zero,
(b) positive, and (c) negative biases. Symbad¥/s (6Vs, 6Vs') = surface potential differenc®L = surface potential height before illumination,
Vs (V4', V§'") = surface potential height after illumination, GB conduction band, VB= valence band, anfi- = Fermi level.
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