:@2 ChemPubSoc
e Europe

Nanotechnology

DOI: 10.1002/chem.201602722

CHEMISTRY

A European Journal

Full Paper

Influence of Polymer Electronics on Selective Dispersion of

Single-Walled Carbon Nanotubes

Darryl Fong, William J. Bodnaryk, Nicole A. Rice, Sokunthearath Saem, Jose M. Moran-

Mirabal, and Alex Adronov*®

/Abstract: The separation and isolation of semiconducting
and metallic single-walled carbon nanotubes (SWNTs) on
a large scale remains a barrier to many commercial applica-
tions. Selective extraction of semiconducting SWNTs by
wrapping and dispersion with conjugated polymers has
been demonstrated to be effective, but the structural pa-
rameters of conjugated polymers that dictate selectivity are
poorly understood. Here, we report nanotube dispersions
with a poly(fluorene-co-pyridine) copolymer and its cationic

methylated derivative, and show that electron-deficient con-
jugated m-systems bias the dispersion selectivity toward
metallic SWNTs. Differentiation of semiconducting and met-
allic SWNT populations was carried out by a combination of
UV/Vis-NIR absorption spectroscopy, Raman spectroscopy,
fluorescence spectroscopy, and electrical conductivity meas-
urements. These results provide new insight into the rational
design of conjugated polymers for the selective dispersion
of metallic SWNTs.

/

Introduction

Single-walled carbon nanotubes (SWNTs) have attracted tre-
mendous attention from the scientific community since their
discovery." Their unique properties, which include high ten-
sile strength, a high aspect ratio,” thermal and electrical con-
ductivity,® and extraordinary optical characteristics,*"" make
nanotubes potentially valuable as advanced materials in a varie-
ty of applications. Indeed, SWNTs have been incorporated into
field-effect transistors,"? photovoltaics," flexible electronics,™
sensors,™ touch screens," high-strength fibers,"”"'¥ biotech-
nological constructs,” and various other devices.”" Despite
recent progress toward commercialization, applications involv-
ing the electrical and optical properties of nanotubes have not
kept pace with expectations. This is in part due to the nontrivi-
al isolation of electronically pure nanotubes on an industrial
scale.”? All known SWNT synthesis methods, including high-
pressure carbon monoxide disproportionation (HiPCO),”*
carbon vapor deposition (CVD),*¥ arc discharge,” laser abla-
tion,” and plasma torch growth,”” produce mixtures of metal-
lic SWNTs (m-SWNTs) and semiconducting SWNTs (sc-SWNTS).
Since components of electronic devices require either pure m-
SWNTs (electrodes, interconnects, etc.) or pure sc-SWNTs (tran-
sistors, sensors, etc.), purification of as-produced SWNTs is im-
perative. Several methods for separating and purifying SWNTs

[a] D. Fong, W. J. Bodnaryk, Dr. N. A. Rice, S. Saem, Prof. J. M. Moran-Mirabal,
Prof. A. Adronov
Department of Chemistry and Chemical Biology
McMaster University
1280 Main St. W., Hamilton, ON (Canada)
E-mail: adronov@mcmaster.ca

Supporting information for this article and ORCID(s) from the author(s) are

=

@ available on the WWW under http://dx.doi.org/10.1002/chem.201602722.

Chem. Eur. J. 2016, 22, 1-8

These are not the final page numbers! 22

Wiley Online Library

have recently been reported, including density-gradient ultra-
centrifugation (DGU),*® agarose gel filtration,”® electrophore-
sis,®” and selective dispersion using conjugated polymers.k"
Of these, the latter is promising as it is a low-cost and scalable
process. Indeed, it has been demonstrated that sc-SWNTs can
be selectively dispersed using a variety of conjugated poly-
mers.*'=* However, despite this progress, the selective disper-
sion of m-SWNTs remains elusive.

Dispersion selectivity is influenced by a combination of poly-
mer attributes, including the backbone structure and confor-
mation, the degree of polymerization, and the nature of the
side chains.®®3¥ It has been suggested that selectivity arises
from a difference in polarity between sc- and m-SWNTs, with
both p-type and n-type conjugated polymers appearing to be
selective for sc-SWNTs.* This was based on calculations of po-
larizability, which show that m-SWNTs are more than three
orders of magnitude more polarizable than sc-SWNTs.”? This
polarizability difference between m- and sc-SWNTs has been
further supported by a recent study that found m-SWNTs to be
more readily oxidized than sc-SWNTs“" indicating that the
metallic tubes can donate electrons more easily, and are more
“electron rich”, than their semiconducting counterparts. In
light of these results, we set out to show that the electronic
nature of the conjugated polymer backbone actually does
have a significant effect on dispersion selectivity through in-
ductive effects.®® We expect that relatively electron-poor con-
jugated polymers should disperse m-SWNTs to a greater extent
when compared to structurally similar electron-rich conjugated
polymers. Here, we demonstrate this concept through the
comparison of a poly(fluorene-co-pyridine) conjugated polymer
before and after post-polymerization functionalization. By par-
tially methylating the pyridine units, cationic charges are intro-
duced onto the conjugated backbone, which convert the poly-
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mer from being electron-rich to electron-poor. This enables the
comparison of two polymers that are identical in length and
polydispersity, and differ primarily in their electronic character-
istics. We show that the electron-poor conjugated polymer re-
sults in dispersions that are enriched in m-SWNTs, while the
electron-rich counterpart solely selects for sc-SWNTs, thus pro-
viding evidence that the electronic structure of a conjugated
polymer plays an important role in determining its selectivity
for different SWNT types.

Results and Discussion

Considering that the degree of polymerization (DP) of a conju-
gated polymer can significantly influence its SWNT dispersion
selectivity? it is imperative to minimize length variability
when comparing different polymers. For this reason, post-poly-
merization functionalization is an ideal strategy for the com-
parison of polymers with different structural and electronic
properties. We, therefore, chose to prepare a poly(9,9’-didode-
cylfluorene-co-pyridine) (P1) copolymer, as the pyridine units
within this structure can undergo post-polymerization chemis-
try. Pyridine-containing polymers have been previously used to
disperse SWNTs,“** with some efficiency demonstrated for
dispersing sc-SWNTs, but to the best of our knowledge, the
effect of post-polymerization chemistry on SWNT selectivity
has not been investigated. Methylation of the pyridine units
within this polymer using methyl iodide is a facile process that
introduces multiple cationic charges without significantly per-
turbing the steric bulk of repeat units or the DP. Thus, a drastic
effect on polymer electronics can be achieved, and the interac-
tion selectivity of the polymer before and after methylation
can be directly compared.

Polymer P1 was synthesized by the Suzuki polycondensation
of  2,2'-(9,9-didodecylfluorene-2,7-diyl)bis(4,4,5,5-tetramethyl-
1,3,2-dioxaborolane) (1), prepared according to literature pro-
cedures (see the Supporting Information),”? with commercially
available  2,5-dibromopyridine  (Scheme 1). GPC analysis
showed that P1 had a number-average molecular weight (M,)
of 13.5 kDa, corresponding to a DP of ~23 and a polydispersity
index (PDI) of 1.84. To prepare the methylated polymer P2, P1
was dissolved in CHCl; and heated to reflux with an excess of
methyl iodide (Scheme 1). The methylation was monitored by
'H NMR, which indicated the appearance of new sets of peaks
centered at 4.72 and 4.84 ppm, corresponding to the pyridine-
CH; (Py-CH;) group (Supporting Information, Figure S1). The

2,5-dibromopyridine,
QB _ lotolsPpPd
o K3PO4(aq) Tol

86%
Mel, CHCI,

Reflux, 12 h
98%

Ci2H2s CqoHps
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Scheme 1. Synthesis of fluorene-pyridine copolymers P1 and P2.
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appearance of two new sets of peaks suggests incomplete
methylation, as the electronic environment of these protons
will differ depending on whether or not adjacent repeat units
are methylated, and also the relative orientation of the methyl
groups. Broadening of the peaks in the aromatic region was
also observed, corroborating the incomplete methylation of
P1. We determined the degree of methylation by comparing
the relative integration of the Py-CH; group to the aromatic
region in the '"HNMR spectrum, and observed a maximum
methylation of ~50% of the pyridine units after 12 h (Support-
ing Information, Figure S2). Heating at reflux for a total of 36 h
did not result in any further methylation (Supporting Informa-
tion, Figure S2). We hypothesize that pyridine methylation is
limited by the decreased nucleophilicity of the nitrogen atom
after adjacent pyridines are methylated, resulting in the ob-
served maximum. Despite the nonquantitative methylation, it
was still possible to carry out SWNT dispersion studies using
the nonmethylated P1 and its partially methylated analogue,
P2.

Prior to nanotube complexation, we investigated the influ-
ence of methylation on the electronic properties of P2 through
DFT calculations using the 6-31G(d) basis set.* Calculations
were performed on trimers with methyl groups substituted for
the dodecyl chains in order to decrease the calculation com-
plexity and time. Electron density maps, color-coded to illus-
trate electron-rich and electron-poor segments (red and blue,
respectively), are shown in Figure 1. Our calculations suggest
that methylation drastically alters the electronic landscape of
the polymer backbone. Figure 1A shows that the conjugated
system for the trimer of P1 is relatively electron-rich, whereas
Figure 1B shows that the conjugated system for the trimer of
P2 is electron-poor. Additionally, we performed DFT calcula-

A

Figure 1. Electron-density maps of trimers for A) P1 and B) fully methylated
P2. Red denotes electron-rich regions, green denotes less electron-rich re-
gions, and blue denotes electron-poor regions.

tions on the trimers of P2 with varying degrees and
positions of methylation to more accurately model
incomplete functionalization (Figure S3, Supporting
Information). These calculations show that wherever
methylation occurs, the adjacent conjugated back-
bone units become electron-poor. Thus, P1 and P2
should be significantly different in terms of their elec-
tronics, despite being extremely similar in structure.
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Supramolecular polymer-SWNT complexes of P1 and P2
were prepared with raw HiPCO SWNTs by following previously
reported procedures.”” A few different polymer/SWNT weight
ratios were investigated and it was found that a ratio of 1.5:1
polymer/SWNT produced the best dispersions for both P1 and
P2 (see the Supporting Information, Figure S4). Additionally,
THF, toluene, and a 1:1 mixture of these solvents were chosen
for dispersion selectivity studies. The optimized dispersion pro-
tocol involved dissolving 15 mg of polymer in 20 mL of solvent
before adding 10 mg of SWNTs. The mixture was sonicated for
2 h in a bath sonicator chilled with ice before being centri-
fuged at 8,346 g for 30 min. The supernatant was carefully re-
moved, filtered through a Teflon filtration membrane with
0.2 um diameter pores, and the resulting polymer-SWNT resi-
due (“bucky paper”) was washed with CHCI; until the filtrate
did not exhibit any observable fluorescence when excited at
365 nm with a hand-held UV lamp. The bucky paper was re-
dispersed in 5 mL of solvent, sonicated for 1 h in a bath sonica-
tor chilled with ice, and centrifuged again. The resulting poly-
mer-SWNT dispersions were stable on the bench top for at
least several months, with no observable flocculation.

To investigate the polymer-SWNT dispersions, we initially
performed UV/Vis-NIR absorption spectroscopy shown in
Figure 2. Nanotube absorption features depend on their re-
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Figure 2. UV/Vis-NIR absorption spectra for P1-SWNT (red) and P2-SWNT
(blue) in THF.

spective diameters and chiralities, and arise from the interband
transitions of the van Hove singularities, resulting in specific
nanotube chiralities with specific transition energies. The ab-
sorbance features in the observed range can be grouped into
three categories: two semi-conducting regions, S;; (830-
1600 nm) and S,, (600-800 nm), and a metallic region, M,
(440-645 nm).”® The absorption spectrum for P1-SWNT in THF
shows sharp peaks in the S;; and S,, regions, suggesting that
the electron-rich P1 efficiently exfoliates sc-SWNTs in THF. This
is corroborated by the intense green color of the P1-SWNT so-
lution in THF (Supporting Information, Figure S5). The absence
of a broad, featureless absorption background in the spectrum
indicates effective nanotube exfoliation and the removal of m-
SWNTs, consistent with previous reports.*® The absorption
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spectrum for P2-SWNT in THF also shows sharp peaks in the
Sy and S,, regions, which suggests that the electron-poor P2
likewise exfoliates sc-SWNTs in THF. However, the presence of
a broad, featureless, and relatively intense absorption back-
ground in this spectrum indicates the presence of m-SWNTs,
which is confirmed by the presence of peaks in the M;; region
(and is consistent with the dark-brown/black color of the P2-
SWNT solution in THF, Figure S4, Supporting Information). The
overlap of polymer absorption with the M,, region precludes
a detailed analysis of the specific m-SWNT chiralities present in
the sample. In toluene and the 1:1 THF/toluene co-solvent mix-
ture, the P2-SWNT dispersions have no discernible absorbance
features outside of the polymer absorbance, which suggests
that P2 does not form a stable colloidal dispersion with SWNTs
in either of these solvents. As a consequence, these solvent
options were not pursued in subsequent studies. A control
sodium dodecylbenzenesulfonate (SDBS) dispersion was pre-
pared in D,0 and showed no SWNT selectivity (see the Sup-
porting Information, Figure S9).

To further investigate the differences in nanotube popula-
tions dispersed by P1 and P2, resonance Raman spectroscopy
was performed. This technique allows for the examination of
both m- and sc-SWNT species within a given sample,*” and uti-
lizes laser excitation wavelengths that overlap with the van
Hove singularities present in the 1D density of states for a par-
ticular SWNT.®? As the electronic transitions depend on nano-
tube chirality and diameter, only a subset of the total nano-
tube population will be observed for each individual excitation
wavelength.®"

Thin film samples were prepared from the polymer-SWNT
complexes by drop-casting the dispersions onto silicon wafers.
A reference SWNT sample was also prepared by sonicating
a small amount of the SWNT starting material in CHCl; and
making a solid film with the same drop-casting method.
Raman spectra were collected using three excitation wave-
lengths: 514, 633, and 785 nm. These excitation wavelengths
have previously been shown to be adequate for characterizing
the electronic character of HiPCO SWNT samples, as both m-
and sc-SWNTs can be separately probed.®? Figure 3 shows the
radial breathing mode (RBM) regions from the three samples
at each excitation wavelength (full Raman spectra are provided
in the Supporting Information, Figure S6). All Raman spectra
were normalized to the G-band at ~1590 cm™' and offset for
clarity. Upon excitation at 514 nm, two dominant RBM features
are observed in the Raman spectrum: a broad feature arising
from sc-SWNTs centered at 180 cm™', and several sharp peaks
from 225 to 290 cm™" arising from m-SWNTs.®¥ The P1-SWNT
sample shows a single peak in the sc-SWNT region, confirming
that m-SWNTs are not present in the dispersions prepared
using this polymer. Meanwhile, the P2-SWNT sample exhibits
peaks corresponding to both sc- and m-SWNTs. This observa-
tion is corroborated by analysis of the G-band region at this
excitation wavelength, which is shown in the inset of Fig-
ure 3 A. The G-band consists of two peaks: a lower frequency
G~ and a higher frequency G*. For sc-SWNTs, both the G~ and
G have Lorentzian line shapes, but for m-SWNTs the G~ exhib-
its a broader Breit-Wigner-Fano (BWF) line shape.** A broad
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Figure 3. RBM regions of the Raman spectra using A) 514, B) 633, and

C) 785 nm excitation wavelengths. The gray boxes denote the locations of
signals arising from sc-SWNTs, while the pink boxes represent the locations
of signals arising from m-SWNTs. The inset in A shows the G-band region, lo-
cated at ~1590 cm™, upon excitation at 514 nm.

G~ is observed for both the raw SWNT and P2-SWNT samples,
confirming that m-SWNTs are present. The P1-SWNT sample,
however, lacks a BWF line shape in the G-band, which is con-
sistent with the absence of m-SWNTs. Both m- and sc-SWNTs
are in resonance when the 633 nm excitation wavelength is
used. For HiPCO SWNTs at this wavelength, m-SWNT features
are found at ~175-230 cm™', while sc-SWNTs give rise to peaks
at ~230-300 cm~'.#82 Both m- and sc-SWNT features are ob-
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served in the SWNT and P2-SWNT samples, while only sc-SWNT
features are observed for the P1-SWNT sample.

While mainly sc-SWNTs are in resonance with the 785 nm ex-
citation wavelength for HIiPCO SWNTs, a few larger diameter
metallic species, most notably the (16,7) and (12,9) chiralities,
have been observed in the low-frequency region.***" In our
case, neither polymer-SWNT sample exhibits any signals below
200 cm™', which indicates the absence of large diameter m-
SWNTs in both samples. The most intense peak in the raw
SWNT spectrum occurs at 265 cm™' and corresponds to (10,2)
SWNTs, which are in resonance with this excitation wavelength
when bundled.”® This peak is often referred to as the “bun-
dling peak” and can be used to identify bundling in a nanotube
sample, but only if (10,2) SWNTs are present. Figure 3C shows
that a significant decrease in the bundling peak occurs when
SWNTs are dispersed with either P1 or P2, giving further evi-
dence that SWNTs are efficiently exfoliated using both of these
polymers. This removes the possibility that the increased sus-
pension of m-SWNTs using P2 is due to bundles in the disper-
sion, as opposed to a genuine effect originating from the dif-
ferences in electronic properties between these conjugated
polymers.

To confirm the absence of nanotube bundles, we investigat-
ed these samples using atomic force microscopy (AFM). Poly-
mer-SWNT samples were prepared by spin-coating dilute dis-
persions onto freshly cleaved mica. These samples were ana-
lyzed using tapping-mode AFM, and representative images are
shown in Figure S7, Supporting Information. Long, filamentous
structures were observed in both samples, with heights rang-
ing from 1-5 nm. The smallest diameter features correspond to
individual polymer-coated nanotubes, while the larger features
could originate from small bundles formed upon spin-coating
the polymer-SWNT complexes. The height profiles observed
suggest that significant SWNT exfoliation occurs for both poly-
mer samples upon sonication, and that there is no palpable
difference in the degree of nanotube exfoliation between P1
and P2. On the basis of these results, it is clear that P1 dispers-
es only sc-SWNTs while P2 disperses a higher proportion of m-
SWNTs, alongside some sc-SWNTs.

Photoluminescence (PL) maps were recorded for the poly-
mer-SWNT samples (Figure 4). The locations of various SWNT
fluorescence maxima were assigned according to previously
published data.'™ A SDBS-SWNT dispersion was prepared as
a control experiment and a multitude of high intensity PL sig-
nals were observed, with the most intense peak corresponding
to the (8,6) chirality (see the Supporting Information, Fig-
ure S10). High intensity PL signals were also observed for the
P1-SWNT dispersion, with the most intense peak correspond-
ing to the (7,6) chirality (Figure 4A). The P2-SWNT sample simi-
larly contains the (7,6) chirality as the most intense peak, but
the relative fluorescence is dramatically lower (Figure 4B). De-
spite matching the sample concentrations by obtaining com-
parable absorption intensities for the (7,6) chirality at 1120 nm
(see Figure S8, Supporting Information), the fluorescence inten-
sity for the P2-SWNT sample is an order of magnitude lower
than the P1-SWNT sample. The observed fluorescence quench-
ing can be attributed to two possibilities: the presence of
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Figure 4. PL maps A and B correspond to P1-SWNT and P2-SWNT at a similar
concentration and plotted on the same scale. C) The same P2-SWNT disper-
sion as (B) with an adjusted intensity scale.

nanotube bundles or the presence of m-SWNTs. We have al-
ready dispelled the possibility of bundles in our polymer-SWNT
dispersions (vide supra), so we attribute the observed fluores-
cence quenching to the increased amount of m-SWNTs dis-
persed by P2, in contrast to the enriched sc-SWNT dispersion
with P1.

To confirm the difference in m-SWNT quantities between our
dispersions, we performed electrical conductivity measure-
ments using the Van der Pauw method.”” We first prepared
square-shaped thin films with dimensions of 0.5x0.5 cm for
our polymer-SWNT samples by filtering 100 uL of polymer-
SWNT dispersion through a Teflon filtration membrane with
0.2 um pore diameters clamped between two solvent-resistant
aluminum masks under vacuum. The thin films were dried
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under vacuum for 15 min and then resistivity was measured by
direct contact with four platinum probes placed in the corners
of the square-shaped thin film. Voltages from 0 to 250 mV
were applied to one pair of contiguous electrodes and the cur-
rent was measured on the opposite pair of electrodes (e. g. if
the thin film corners were labeled from 1-4 clockwise, the first
measurement would apply V,, and measure /). The thin film
resistance (R) was calculated from the slope of the resulting I-V
curve. The measurements were repeated for all four electrode
combinations (i.e. V,,, V53, Vi, and V,,) and the total resistance
for the thin film (R;) was calculated as:

1/V % % %
Ry =~ <l +2+2+ i) (measured in triplicate)
4 I43 l14 l21 l32

The sheet resistance (R,) was then calculated as:

_ 7Ry
S n2

Thin film thickness (t) was measured using white light interfer-
ence microscopy, and bulk conductivity (o) was calculated as
R,'t”™. The thickness measurements obtained for P1-SWNT
and P2-SWNT (2.5 and 3.0 um, respectively, with relative stan-
dard errors of 4-14%) allowed us to calculate conductivities of
3.1£0.8x10™* and 1.4+0.6Sm™, respectively, which gives
a difference of four orders of magnitude. This stark contrast
suggests that there are more m-SWNTs in the nanotube popu-
lation dispersed by P2, which corroborates our previous spec-
troscopic analyses. However, it should be noted that the pres-
ence of charges and/or salts within the P2-SWNT sample can
impact its conductivity. We performed conductivity measure-
ments involving just the polymers P1 and P2 in thin films with
mass loadings equivalent to those expected for the polymer-
SWNT samples, and observed nonlinear -V curves, indicating
that the polymers are nonconductive and are unlikely to con-
tribute appreciably to the observed conductivity of the poly-
mer-SWNT films. An uncentrifuged SDBS suspension of the raw
SWNTs was also cast as a reference thin film by using the same
protocol described above. Its conductivity was measured to be
7854114 Sm™" (full details of these control experiments are
provided in the Supporting Information). Although the bulk
conductivity of this SDBS-SWNT sample is higher than the P2-
SWNT sample, the two materials cannot be directly compared
as the SDBS suspension contains a mixture of amorphous
carbon, metal catalyst particles, and the raw nanotube mixture
that is significantly bundled. Thus, it is not surprising that this
sample exhibits higher conductivity, as nanotubes are able to
come into closer contact within the SDBS-SWNT sample. Con-
sidering the extent of insulating material around the nano-
tubes in the P2-SWNT sample, the finding that its conductivity
is only two orders of magnitude lower than the raw nanotube
sample is again indicative of the selectivity for m-SWNTs by the
electron-poor cationic copolymer.
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Conclusion

In the pursuit of next-generation polymers for the selective dis-
persion and purification of SWNTs, understanding the key pa-
rameters dictating polymer selectivity is imperative. We have
demonstrated that the simple modification of a poly(fluorene-
co-pyridine) backbone, such that it is transformed from being
electron-rich to being electron-poor, has a significant impact
on the electronic nature of SWNTs dispersed. The unmodified
copolymer bearing an electron-rich fluorene co-monomer pref-
erentially forms stable colloids with sc-SWNTs, while the me-
thylated copolymer bearing electron-withdrawing cationic
charges produces dispersions that are more enriched with m-
SWNTs. Although the exact mechanism that directs specificity
in conjugated polymer interactions with SWNTs is still under in-
vestigation, this work provides a clear indication that polymer
electronics plays an important role. Further investigation of ra-
tionally designed, electron-deficient conjugated polymers for
selective dispersion of m-SWNTs is warranted.
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