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Abstract: Poly(para-phenylene vinylene) with crown ether substituents (C-PPV) could form nanoribbons
through supramolecular assembly with K* in dilute chloroform solution. The length of the nanoribbons
increased with an increase in the standing time of the C-PPV/K™" solution. Experimental evidence to support
the interaction between K* and crown ether substituents was provided, and the growth mechanism of

C-PPV/K' nanorods to nanoribbons was proposed. The
photophysics of C-PPV was also investigated.

influence of the length of the nanoribbons on the

Introduction

Emissive conjugated polymers have attracted significant
attention due to their electronic, optical, and energy-migration
propertiest=” The preparation of well-defined nanostructures

processes of conjugated polyméts?! Poly(para-phenylene
vinylene) (PPV) and its derivatives are widely studied due to
their superior photophysical properti#s1722-25 Rothberg and
co-workers estimated that up to 90% of the species formed upon

of a conjugated polymer, such as nanotubes and nanowires, iexcitation of poly(2-methoxy-5-(2thylhexyloxy)-1,4-phe-

of considerable interest in the design of novel functional
materials and nanoelectronic devices, such as nanosized transi
tors89 sensord? etc211.12 Moreover, well-defined nanosized

aggregates should be very useful for the understanding of the

effects of interchain interactions on the emissive properties of
conjugated polymers:1516]t is now generally accepted that
interchain interactions play an important role in the luminescence
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nylene vinylene) (MEH-PPV) films are interchaihSchwartz

also found that the interchain species are aggregates with distinct

ground-state absorptidf:1® Studies of other polymers such as
ladder-type polydara-phenylene) and polp@ara-pyridyl vi-
nylene) show strong evidence for interchain aggregate formation
in films.18-21 However, the formation of interchain excited states
in PPV and its derivatives is still a subject of much discus-
sion1>16 Recently, we have reported on the synthesis of PPV
samples with crown ether substituents (C-PPM}. has been
shown that potassium ions {i induced the aggregation of
C-PPV#® and polypara -phenylene ethynylene)s with 15-
crown-5 substituents.Here, we report on the formation of

nanoribbons through the assembly of a conjugated polymer
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Figure 1. C-PPV/K' nanoribbons: (a) TEM image, (b) AFM height image. ) o
The height range of the image is 15 nm. Figure 2. The average length of the nanoribbons versus the standing time
of a C-PPV/K" solution in the presence of ik The average length was
measured by AFM.

induced by K in a chloroform solution and propose the
formation mechanism for the nanoribbons. We also investigate
the effects of the length of the nanoribbons on their photo-
physical properties.

effects of AFM measurement&2” The thickness of the nan-
oribbons which cannot be measured from the TEM micrographs
was measured through the cross-section analysis of the AFM
height images.

After the addition of K to the solution of C-PPV, no

C-PPV was synthesized as described previously. The averageprecipitation was seen, and the solution was stable for an
molecular weight was measured to be 8:640* g/mol by laser light extended period of time. Figure 2 shows that the average length
scattering® C-PPV nanoribbons were prepared by adding a solution of nanoribbons without branches, measured by AFM, increased
of KPFs in acetonitrile (2x 107 M) to a solution of C-PPV in ity fime. Nanorods were first observed about 30 min after the
chloroform. The concentration of C-PPV ranged fronx5L0°° to 2 addition of K* in a 5 x 1075 M C-PPV solution. The average
x 1078 M. Samples of the nanoribbons for the atomic force microscopy ' .

: : : length of the nanorods was less than 100 nm (cf., Figures 2

(AFM) study were prepared by spin-coating the C-PPVAGIution . ! -
on silicon wafers. AFM images were recorded under ambient conditions and 3a). When the solution was kept under 'amblenlt conditions
using a Digital Instrument Multimode Nanoscope I11A operating in the fOr 20 days, the average length of the nanoribbons increased to
tapping mode. Si cantilever tips (TESP) with a resonance frequency @bove 400 nm. Seventy days after the addition of i the
of approximately 300 kHz and a spring constant of about 40-Nm  solution, most of the strands had lengths over several microme-
were used. The scan rate varied from 0.5 to 1.5 Hz. The set-point ters, as shown in Figure 1.

amplitude ratio ks, = As/Ao, WhereA, is the set-point amplitude, and Figure 3b and ¢ shows the height images of the nanoribbons
Ao s the amplitude of the free oscillation) was adjusted to@B. 4fter 70 days. Through the cross-section analysis of the height
All AFM images shown here were subjected to a first-order plane- images, the average thickness of these nanoribbons was

fitting procedure to compensate for sample tilt. Transmission electron -
microscopy (TEM) measurements were performed on a Hitachi H-800 measured to be about 3 nm. The nanorods joined together at

electron microscope operated at 100 kV. Samples of nanoribbons forthe'r ends_ forml.ng r_'anonbbons with or W'thOUt_ branChes_’ _as
the TEM study were prepared by casting the C-PPVélution onto labeled with B in Figure 3b. The nanorods might also join
carbon-coated copper grids. together at their ends forming nanoribbon rings (labeled with
Time-of-flight secondary ion mass spectrometry (F&IMS) R), as shown in Figure 3c. Figure 3d shows the cross-section
measurements were performed on a Physical Electronics PHI 7200profile of line d in Figure 3b. It was found that the thickness at
TOF-SIMS spectrometer. The primary ions were generated from a the joints of the ends of two nanorods was abotuRInm less
Cs ion source (8 kV). The total ion dose for each spectrum acquisition than the average thickness of the nanoribbons (cf., P in Figure
was <4 x 10" ions/cnt. Both positive and negative high-resolution  3d). In addition to the joints of their ends, the nanoribbons might
mass spectra were recorded. overlap with each other to form a crossing site, labeled with O
Absorption and photoluminescence spectra were obtained using aand O1 in Figure 3b and c, respectively. The crossing and
General TU-1201 UV recording spectrophotometer and a Hitachi pranching sites can be distinguished by the AFM cross-section
F-4500 fluorescence spectrophotometer, respectively. analysis. The AFM cross-section profiles of lines d and e in
Figure 3b and line f in Figure 3c were shown in Figure 3d, e,
and f, respectively. It is clearly demonstrated that the thickness

Figure 1a and b shows a TEM micrograph and an AFM height ©f the cro§sing sites was glmost twice the average thicknes; of
image of the nanoribbons, respectively. The standing time for the nanoribbons. The joining of the nanorods and the crossing
both samples was 70 days. The C-PPV concentration was 5 ©f the nanoribbons lead to the observation of branches and rings,
105 M, and the mole ratio of crown ether to potassium jon @S Shownin Figure 3band c. Moreover, only dots with diameters
was 1:6. Nanoribbons, with an average width of 15 nm measured@P0Vve 20 nm were seen on the sample prepared by spin-casting
from the TEM micrograph, can be clearly observed. The widths the same C-PPV solution without potassium ions on a silicon
of the nanoribbons can be measured using TEM and AFM.
However, the widths of nanoribbons measured by TEM are (26) Bustamante, C.; Keller, Rhys. Todayl995 48, 32.

.~ (27) Samor P.; Francke, V.; Mlien, K.; Rabe, J. PChem.-Eur. J1999 5,
smaller than those measured by AFM due to the broadening ~ 2312.

Experimental Section

Results and Discussion
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Figure 3. AFM images of (a) nanorods formed 30 min after the addition of @) and (c) nanoribbons formed 70 days after the addition of (d—f)
AFM cross-section profiles. The height range of the AFM images is 15 nm.

-7.0

Figure 4. AFM images of (a) a nanoribbon net formed using a 40~ M C-PPV solution after the addition of Kfor 30 min, (b) and (c) nanoribbons
after the solution of (a) was diluted tox1 1074 and 5x 107> M, respectively. The height range of the images is 15 nm.

wafer?® It is clear that nanoribbons with an average width of These results also confirm that the formation of the C-PPV
about 15 nm, an average thickness of about 3 nm, and lengthsnanoribbons is induced by*Kand occurs in the bulk solution
over several micrometers were produced via the assembly ofrather than during the spin-coating process.

C-PPV induced by K in solution. It has been postulated that the formation of the 2:1 sandwich
As we have investigated, the longer the standing time of a complex between Kions and crown ether substituents brings
C-PPV/K' solution, the longer the nanoribbons will grow, and two polymer chains closer togetherThe K* ions create
the more branches and nanoribbon rings were observed. Theinterpolymer bridges and induce the formation of the C-PPV
morphology of the nanoribbons was found to be independent aggregates in the solution, as illustrated in Scheme 1. In addition,
of the C-PPV concentration in the range fronx5.07°to 2 x the attractiver— interactions among the aromatic rings also
1073 M. However, the amount and the average length of the promote the formation of the aggregates. To maintain electro-
nanoribbons increased significantly when a higher concentration neutrality, the counteranions (P must diffuse to the positively
of the C-PPV solution was used. A nanoribbon net was observedcharged backbones. The accumulation of the negative counte-
when spin-coating a 4 10~* M C-PPV/K' solution (after the rions surrounding the aggregates produces an electrostatically
solution was standing at room temperature for 30 min after the shielded effect, preventing further aggregation of the nanorods
addition of K*, the mole ratio of crown ether to'Kwas 1:1)  except at their ends. The average contour length of the C-PPV
on a silicon wafer, as shown in Figure 4a. After the C-PPV/K  chains was estimated to be about 200 nm, and the average length
solution was diluted, the nanoribbon net was dissociated, leadingof the nanorods was less 100 nm. Therefore, we postulated that
to the observation of nanoribbons, as shown in Figure 4k (1 the K* ions first form bridges between some segments of the
104 M) and ¢ (5x 1075 M). C-PPV chains with untrapped segments as protruding cilia at
When the concentration of the C-PPV/KKolution was above  the two ends of the nanorods. When the solution is kept for an
4 x 10~* M, precipitation occurred after a long standing time. extended period of time, the free"Kons then forms bridges

J. AM. CHEM. SOC. = VOL. 125, NO. 21, 2003 6449
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Scheme 1. A Schematic Drawing of the C-PPV Aggregation Process Induced by K* in the Solution
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observed in the positive TeFSIMS spectrum of the C-PPV/
K* nanoribbons (cf., Figure 5e and f). The possible fragmenta-
0 hondattth, sl iy tion pathways and the chemical structures of these fragments
387 389 387 389 are shown in Scheme 2. The observation of the characteristic
m/z m'z fragments (GH140,KB and GgHog0gKBI*) only in the
Figure 5. (a—c) and (d-f) are positive TOF-SIMS spectra of C-PPVand ~ ToF—SIMS spectrum of the C-PPV/K nanoribbons sug-
the C-PPV/K' nanoribbons, respectively. gests that the formation of the 2:1 sandwich complexes be-

) N ] tween K" and the crown ether substituents because the re-
between the protruding cilia of the nanorods, producing nan- ~ompination of ions seldom occurs during the FGHIMS
oribbons with and without branches. When the two ends of the procesgs.29

nanoribbons join together, nanoribbon rings form (cf., Scheme The effects of interchain interactions of C-PPV in the

1 and Flgqre 3). - ) nanoribbons on the photophysical properties were investigated
To provide additional support for the mechanism of the using UV absorption (UV) and photoluminescence (PL) spec-
formation of K ion interpolymer bridges, the mass spectra for ophotometers. The UV and PL spectra are shown in Figure 6.
C-PPV and the C-PPV/Knanoribbons were obtained using  clearly, the UV spectra for the nanorods and nanoribbons exhibit
ToF—SIMS. As shown in Figure 5, the fragments for linear gypstantial broadening and red shifts. The absorption maximum
and aromatic hydrocarbons, such m& = 27 (GHs"), 45 shifts from 442 nm for C-PPV to 461 nm for nanoribbons, and
(CoHs0™), 77 (GHs"), 91 (GH;"), and 105 (GHy") amu, a shoulder absorption band appears at 490 nm. Similarly, the
are dominant in the positive TefSIMS spectrum of C-PPV fjorescence spectrum for the nanoribbons quenches drastically

(cf., Figure 5a), and the ®* ion (m'z = 39 amu) is the most  quenching about 97%) with a broad band centered at 531 nm.
intense peak in the spectrum of C-PPV/Kanoribbons (cf.,

Figure 5d). Two pairs of characteristic fragments [213 amu (28) Chan, C. MPolymer Surface Modification and Characterizati¢tanser:

Counts

39 41 New York, 1994.
(C8H14O4K( )+) and 215 amu (QHMO“K( )+)’ as well as 387 (29) Zhou, H.; Chan, C. M.; Weng, L. T.; NG, K. M.; Li, LSurf. Interface
amu (GeH2g0sK®@9) and 389 amu (GH2g0sK“1H)] are Anal. 2002 33, 932.
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Figure 6. (a) UV absorption and (b) PL emission spectra of C-PPV
chloroform solution in the absence of and presenceofle concentration
of C-PPV is 5x 10° M, and the PL excitation wavelength is 440 nm.

The complete disappearance of the peak at 490 nm, which

the chain segments form aggregates. We also investigated the
effects of the length of nanoribbons on the UV and PL
properties. There are no apparent differences between the spectra
of nanorods £100 nm in length) and nanoribbons400 nm

in length), as shown in Figure 6. These results indicate that the
red shift of the C-PPV characteristic peaks does not change after
the aggregates grow to a certain sz’

Conclusion

In summary, we report the formation of the C-PPV/K
nanorods and the growth of the nanorods to the nanoribbons.
The growth mechanism of the nanorods to the nanoribbons was
proposed. The K ions first form bridges between some
segments of the C-PPV chains with untrapped segments as the
protruding cilia at the two ends of the nanorods. The formation
of more bridges between the free"Kons and the protruding
cilia of the nanorods leads to the connection of the nanorods at
their ends, producing nanoribbons. The crossing of nanoribbons
and the joining of nanorods can be analyzed and distinguished
through the AFM height measurements. These lead to the current
understanding of the formation of the nanoribbons with or
without branches and rings (as shown in Scheme 1). The
formation of the C-PPV/K bridges was verified by ToFSIMS
analyses.
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corresponds to isolated polymer chains, indicates that most of JA0297739
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