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Aqueous two-phase extraction is instrumental for obtaining single-walled carbon nanotubes (SWNT)
with uniform physical properties. This study reports that a nonionic amphiphilic poly(2-
ethyloxazoline)-benzyl ether derivative (POBE-BzE) not only efficiently disperses SWNT in both water
and p-xylene, but can also be utilized as a single-surfactant for partitioning SWNT in a water/p-xylene
two-phase extraction in a diameter (dt) selective manner. While individual POBE-BzE/SWNT dispersions
exhibit similar photoluminescence positions from the SWNT, dt-dependency occurs according to the sol-
vent. Upon two-phase extraction, a dt SWNT >0.9 nm was mainly extracted to the p-xylene layer, and its
partition coefficient was investigated by varying the phase transfer catalyst or sodium chloride amounts,
where sodium chloride served as a better transfer agent. The dt selective behavior and its partition coef-
ficient were rationalized by the tight and loose configurations of the BzE moiety in each medium. This
novel amphiphilic polymeric surfactant and two-phase extraction may be useful for sorting SWNT and
other nanomaterials according to their size.

� 2022 Elsevier B.V. All rights reserved.
1. Introduction

Aqueous two-phase extraction (ATPE) is instrumental for
obtaining pure single-walled carbon nanotubes (SWNT) in terms
of electronic type [1], chirality [2–4], and handedness [5,6]. The
advantage of ATPE is its simple extraction process which does
not require intricate equipment. In this scheme, the phase-
separated poly(ethylene oxide) and dextran layers contain rela-
tively hydrophilic and hydrophobic entities in each phase [7]. Mod-
ification of the hydrophilicity of SWNT using combinations of
surfactants promotes the segregation of SWNT from one phase to
another. The specificity of the surfactant binding affinity with
SWNT chirality, termed (n, m) [8], and the subsequent change of
hydrophilicity are responsible for the sorting of SWNT in the ATPE
method [9,10]. However, the fine-tuning of hydrophilicity by using
two surfactants inevitably changes the binding affinity and
obscures the binding affinity difference with other SWNT chirali-
ties. In this regard, one amphiphilic surfactant may be beneficial
for sorting SWNT [11]. However, such amphiphilic surfactants
must be carefully designed.

On the other hand, polyoxazoline formed by cationic ring-
opening polymerization is a nonionic polymeric surfactant that is
not significantly affected by an acid-base or large concentrations
of electrolytes [12]. In particular, poly(2-ethyloxazoline) (POBE,
Fig. 1A) is amphiphilic. Moreover, the modification of the side
chain can tune the hydrophilicity [13–18]. Such phase behavior
has been utilized to release nanoparticle structures [19]. Because
of the excellent performance and tunability of nonionic polymeric
surfactants, various block copolymer amphiphiles have been devel-
oped as polymeric surfactants [20–26].

In this contribution, we report that amphiphilic poly(2-
ethyloxazoline)-benzyl ether derivative (POBE-BzE) not only effi-
ciently disperses SWNT in both water and p-xylene, but can also
be utilized as a single surfactant for partitioning POBE-BzE/SWNT
from water to p-xylene in a diameter (dt)-selective manner. The
optical and morphological characteristics of the SWNT dispersions
in water and p-xylene promoted by the polymer were investigated.
Importantly, the dt-selective extraction of the POBE-BzE /SWNT
adduct from water to p-xylene was investigated by varying the
phase-transfer catalyst or sodium chloride amount. A larger dt
selectivity mechanism is proposed based on the interaction of
the SWNT-interacting moiety with respect to the surrounding
media.
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Fig. 1. POBE-BzE-assisted SWNT dispersion and its utilization for water/organic two-phase extraction. (A) Chemical structure of POBE-BzE. (B) Geometry-optimized adduct of
a POBE-BzE on armchair (7,7) SWNT. Note that the POBE part is omitted. (C) Repetitive two-phase extraction procedure using water/p-xylene. For second extraction and more,
neither TBAB nor NaCl were added to the water phase.

S. Son, H. Park, W.-D. Jang et al. Journal of Molecular Liquids 367 (2022) 120425
2. Experimental

2.1. Materials and equipment

poly(2-ethyl oxazoline)-alkylated 2nd generation benzyl ether
(POBE-BzE) was prepared according to the literature [18], and
exhibited a number-averaged molecular weight (Mn) of 4500 Da.
TBAB was purchased from TCI (purity > 99 %, Japan). All reagents
were of spectroscopic grade and used without further purification.
Millipore quality deionized (DI) water with a resistivity > 18 MX
was used for all the experiments. SWNT prepared using high-
pressure carbon monoxide (HiPco) process [28] were purchased
from NanoIntegris Inc. (Canada; raw grade, batch #: HR35-067,
minimum SWNT content > 65 %) and had a median dt with distri-
butions of 1.0 � 0.3 nm. All the measurements were performed at
20 �C. 1H nuclear magnetic resonance (NMR) spectra were
recorded using a Bruker DPX 300 (300 MHz) or Bruker DPX 400
(400 MHz) spectrometer in CDCl3. Analytical size exclusion chro-
matography (SEC) was performed using a JASCO HPLC equipped
with HF-403HQ and HF-404HQ columns (Shodex, Japan) using
tetrahydrofuran as the eluent. Matrix-assisted laser desorption
ionization-time-of-flight mass spectroscopy (MALDI-TOF MS) was
performed using a Bruker model LRF20 with 1,8,9-
trihydroxyanthracene (dithranol) or trans-2-[3-(4-tert-butylphe
nyl)-2-methyl-2-propenylidene]malononitrile as the matrix and
lithium trifluoroacetate or potassium iodide as the salt. Molecular
simulation and geometry optimization were performed using the
Gaussian 09 package with DFT/B3LYP with the 6-31G+(d,p) basis
set.
2.2. Preparation of POBE-BzE/SWNT dispersions

POBE-BzE (67 mg) was added to DI water (10 mL) and agitated
using a vortex mixer (Vortex Genie 2; Fisher Scientific, USA) until
complete dissolution. HiPco SWNT (1 mg) was added to the mixed
solution containing POBE-BzE. The resulting mixture was subjected
to an approximately 30 min bath sonication (Branson 1510, 70 W,
Emerson, USA) for initial mixing, followed by tip sonication for 1 h
(40 % power, 30 W/mL (or 300 W per 10 mL), probe tip diameter of
13 mm, VCX 750; Sonics & Materials, USA) equipped with an exter-
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nal air cooler for the sonicator head. During sonication, the temper-
ature of the sample vials was maintained at 20 �C using an external
water circulator (RW-2025G, Lab Companion, Republic of Korea).
Large bundles of HiPco SWNT, along with metal impurities, were
discarded by a 5000 g centrifugation with a bench-top centrifuge
(WiseSpin CF-10, Witeg Labortechnik GmbH, Germany; maximum
force: 12,225 g) using 1.5 mL Eppendorf tubes at 20 �C. The result-
ing dispersion was black, and 80 % of the supernatant was carefully
collected for measurement. Similarly, an ethylene glycol dispersion
was prepared. For the p-xylene dispersion (10 mL), a larger amount
of POBE-BzE (335 mg) and a lower centrifugal force (1000 g) were
utilized to form a stable dispersion. Attempted SWNT dispersion
using POBE only: We conducted a control experiment using only
POBE with same molecular weight. HiPco SWNT (1 mg) was added
to the mixed solution (10 mL) containing POBE without BzE
(67 mg) in similar protocol mentioned above (bath sonication
30 min, tip sonication 1 h, centrifugation at 5000 g for 1 h).
2.3. Absorption measurement

The absorption spectra were acquired on a double-beam spec-
trophotometer (V-770, JASCO, Japan) using cuvettes with a 1 mm
path length (21/Q/1, Starna Scientific, UK), unless otherwise noted.
Absorption bleaching experiments were performed by adding a
diluted HCl solution into the as-prepared POBE-BzE/SWNT/water
dispersions to prepare have pH of 6.8, 5.1 and 3.0.
2.4. Photoluminescence excitation (PLE) measurement

PLE measurements were conducted using a Spex Nanolog 3–
211 spectrofluorometer (Jobin Yvon, Horiba, Japan) according to
the literature [10,27,28]. A 450 W xenon lamp was used as a light
source. Emissions from a sample were collected using an LN-cooled
InGaAs array detector (512 � 1 pixels, SymphonyII IGA, Horiba,
Japan) in the NIR range. Wavelength calibration was conducted
using a 467 nm peak originating from a xenon lamp. Both the exci-
tation and emission light intensities were corrected against instru-
mental variations using sensitivity correction factors. For the
measurement of the SWNT PL, the bandwidths of the excitation
and emission wavelengths were 14 and 10 nm, respectively. The
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excitation and emission wavelengths increased by 1 or 5 nm for
550–800 nm, and 1 nm for 900–1350 nm, respectively. A fluores-
cence quartz cuvette (QS, Hellma) with a 10 mm beam pass length
was utilized for the measurements. All measurements were con-
ducted at 20 �C. The PL intensity of the recorded spectra was
adjusted by a dilution factor and accumulation time. The Origin
program implemented in FluorEssenceTM was used to analyze the
PL spectra. A fluorescence cuvette with 50 lL (16.50-F/Q/10, Starna
Scientific, UK) was used.

2.5. Two-phase extraction

All two-phase extractions were conducted in 1.5 mL Eppendorf
tubes (Microtubes, MCT-150-C, Axygen, USA). Aqueous POBE-BzE/
SWNT dispersions (0.5 mL) were thoroughly mixed with varying
amounts of TBAB (0, 1.9, 2.5, 3.1, 3.7, 4.3, 5.0, 5.6 and 6.2 mM) as
a phase-transfer catalyst to transfer POBE-BzE/SWNT to another
phase. 6.2 mM TBAB showed the best partition constant. Pure p-
xylene (0.5 mL) was added to the tube. The tube was thoroughly
mixed using a vortex mixer (1 min) and allowed to settle for
10 min. A further settle-down process was applied using a low cen-
trifugal force (1000 g) for 5 min. The lower aqueous and upper
organic phases were carefully collected for other measurements.
For repetitive extraction, the bottom water layer from the previous
step was utilized to extract further with the organic layer. Simi-
larly, varying amounts of NaCl (that is, 3.1, 3.7, 4.3, 4.9, 5.5, and
6.1 mM) were added for two-phase extraction. 4.3 mM NaCl dis-
plays continuous extraction without SWNT aggregation.

2.6. Atomic force microscopy (AFM) measurement

AFM measurements were conducted using a commercially
available AFM (NX10, Park systems, Republic of Korea). An Al-
coated Si cantilever with a spring constant of 37 N/m, resonance
frequency of 300 kHz, and quoted radius of approximately 6 nm
(ACTA, App Nano, USA) was utilized to measure the height
topographies. Typically, a 512 � 512 pixel image was collected
from a 3 lm � 3 lm area. Prior to the AFM measurements, the
POBE-BzE/SWNT water and p-xylene dispersions were deposited
on a 285 nm-thick SiO2/Si substrate by dipping for 10 min. Each
substrate was then rinsed with the respective solvent (that is,
water and p-xylene) several times and dried under a N2 stream.
The measured height and phase topographies were analyzed using
the XEI 4.3.4 program (Park systems, Republic of Korea). Determi-
nation of length distribution: We only consider individual POBE-
BzE/SWNT based on the 3-nm height considering average SWNT
diameter (�1 nm), thickness of POBE-BzE (0.34 nm � 2), van der
Waals distance (0.34 nm � 2) of individualized POBE-BzE/
SWNTs. About 20 AFM images contains >100 individualized
POBE-BzE/SWNT were analyzed and averaged via freeware ImageJ
program.
3. Results

Fig. 1A and 1B illustrates the chemical structures of POBE-BzE
and POBE-BzE assembly on the SWNT, respectively. The chemical
structure of POBE-BzE (Fig. 1A) consists of POBE and an alkylated
benzyl ether (that is, 1,3-bis((3,4,5-tris(dodecyloxy)benzyl)oxy)be
nzene)) linked by a triazole through a Click reaction. This polymer
was synthesized according to the literature [18]. The synthesized
POBE-BzE was characterized by 1H NMR spectroscopy, MALDI-
TOF MS and SEC. The 1H NMR spectrum indicated the formation
of a triazole linkage between POBE and BzE, as evidenced by the
triazole CH peak and chemical shifts of the methylene peaks near
the triazole linkage, indicated by the blue and yellow solid circles
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(Fig. S1). The MS spectrum (Fig. S2) shows a series of peaks at reg-
ular intervals of 99 Da, which is the molecular weight of mono-
meric 2-ethyl oxazoline. Additionally, the number-averaged
molecular weight and dispersity index (Ð) were estimated as
4500 Da and 1.08, respectively. The SEC retention time profile also
exhibited a narrow molecular weight distribution (Fig. S3). In par-
ticular, alkylated benzyl ether has a badge shape that allows wrap-
ping of the SWNT surface by hydrophobic interactions, as shown in
Fig. 1B. The POBE moiety is amphiphilic, and its solvents include
water, anisole, benzene, chloroform, cyclohexane, dichloro-
methane, ethyl acetate, hexane, p-xylene, and toluene. Among
those solvents, water and p-xylene were elected since they are
immiscible with water and have the lowest solubility in each other,
as shown in Fig. S4 [29]. Upon non-covalent functionalization of
POBE-BzE with SWNT, the BzE moiety wraps around the SWNT,
as shown in the geometry-optimized structure in Fig. 1B.

HiPco SWNT, whose dt is 1.0 ± 0.3 nm [30], were dispersed in
the following manner: a mixture of HiPco (1 mg), POBE-BzE
(67 mg), and DI water (10 mL) was subjected to an initial 30 min
bath sonication for homogenization, and then probe sonication
for 1 h at 300 W for dispersion. Then, 5000 gravitational accelera-
tion (g) centrifugation was conducted to discard the larger SWNT
bundles and metal catalyst, and 80 % of the supernatant was col-
lected. Similarly, POBE-BzE with a higher concentration (that is,
335 mg) was used to disperse SWNT in p-xylene, although a signif-
icantly lower centrifugal force (1000 g) was required to obtain the
dispersion. Fig. 2A shows the UV–vis-near IR (NIR) absorption
spectra of the POBE-BzE/SWNT dispersions in water (black curve)
and p-xylene (red curve). The benzyl ether moiety of POBE has a
strong absorption below 300 nm and allows clean visible and
NIR ranges without overlapping with the optical transitions of
the SWNT. Additionally, profound bands originating from individ-
ual SWNTs were found in the rest of the spectra. The first and sec-
ond excitonic transitions of the semiconducting SWNT (eS11 and eS22)
are situated in the 950–1350 and 600–950 nm regions, respectively,
whereas the first excitonic transitions of the metallic SWNT (eM11) are
situated in the 450–600 nm region. These results are in accordance
with the literature [31]. The water dispersion exhibited the strongest
eS11 absorption at approximately 1150 nm, whereas that of the p-
xylene dispersion occurred at approximately 1300 nm. This result
is the first indication that water and p-xylene dispersions have dif-
ferent SWNT selections for SWNT chirality.

PLE maps clearly indicated the solvent-induced dt selectivity.
Fig. 2B and 2C show the resulting PLE maps of the POBE-BzE/
SWNT dispersion in water and p-xylene. PLE maps were utilized
to determine the eS11 and eS22 of each semiconducting SWNT chirality
[28], denoted as (n, m), from the POBE-BzE/SWNT dispersions in dif-
ferent media. Table S1 lists the eS11 and eS22 from each dispersion. A
comparison of the PLE maps shows that the p-xylene layer has a lar-
ger dt selectivity. For instance, while the water dispersion exhibits
the maximum photoluminescence (PL) intensity (IPL) from the (8,4)
chirality (that is, dt, (8,4) = 0.84 nm), the p-xylene dispersion exhibits
the maximum IPL from the (9,5), (10,3), and (11,1) chiralities (that is,
dt, (9,5) = 0.98 nm, dt, (10,3) = 0.94 nm, and dt, (11,1) = 0.92 nm). More-
over, the (9,5), (10,3) and (11,1) species in p-xylene exhibited an eS11
at 1280, 1288 and 1298 nm, respectively. PL-intensity based chirality
abundances of SWNT in each medium (Fig. S5A and S5B) were plot-
ted as Weisman plots in Fig. 2D and 2E. Clearly, p-xylene dispersion
as compared to water dispersion exhibits larger dt enrichment
whose most abundant species are (9,5) as 15.2 %. These results are
consistent with the larger dt enrichment observed in the absorption
results. Moreover, POBE-BzE/SWNT in water exhibited a blue-shifted
trend with an average of 4 meV for eS11, as compared to those in p-
xylene (Table S1 and Fig. 2F). This change is within the range of
SWNT solvatochromism [27,32,33]. Moreover, a control experiment
was conducted to determine whether the POBE homopolymer is



Fig. 2. Spectroscopic characterizations of POBE-BzE/SWNT dispersions in water and p-xylene. (A) UV–vis-NIR absorption spectra of POBE-BzE/SWNT dispersions in water
(black) and p-xylene (red). The asterisk denotes absorption from residual water. PLE maps of POBE-BzE/SWNT dispersions in (B) water and (C) p-xylene. Crosspoint of eS11 and
eS22 of each SWNT (n, m) are denoted as circles. (D and E) Weisman plots of PL-based (n, m) chirality abundance of SWNT in each medium. (F) The eS11 and eS22 trends of the POBE-
BzE/SWNT dispersion in water (black circles), p-xylene (red circles), water extraction (black crosses), and p-xylene extraction (red crosses).
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responsible for SWNT dispersion. The POBE-BzE/SWNT dispersion in
water and p-xylene prepared using a similar preparation protocol
did not yield a dispersion, as evident by photograph, absorption
and PLE maps (Fig. S6A, S6B, and S6C to S6D, respectively). This sug-
gests that the BzE moiety is responsible for the SWNT interactions,
as depicted in Fig. 1A. Even more, to check the possibility for absorp-
tion bleaching of POBE-BzE/SWNT/water, pH-dependent absorption
measurements were performed.[34] Interestingly, pH change from
the as-prepared 6.8, 5.1 and 3.0 does not show any dt-dependent
bleaching of eS11 in both absorption and PLE maps (Fig. S7A to
S7D), suggesting no bleaching occurring.

Next, the morphology of the POBE-BzE/SWNT adduct was inves-
tigated using AFM. Fig. 3A shows the height topography of the
POBE-BzE/SWNT/water dispersion deposited on a 285 nm-thick
SiO2/Si substrate. The topography clearly indicates that the SWNT
was wrapped by a random assembly of POBE-BzE. The heights
(Fig. 3B) of the individual and lightly bundled SWNT were 2 and
5 nm, respectively. Considering the dt distribution of HiPco, such
a line profile indicates individualized SWNT with POBE-BzE wrap-
ping as small as 0.7 nm, which is twice the van der Waals distance
between the SWNT and polymer wrapping. Furthermore, the
length distribution obtained by analyzing 102 tubes (Fig. 3C) was
well-fitted with a lognormal distribution and displayed an average
length of 0.18 lm. In contrast, the topography of the POBE-BzE/
SWNT/p-xylene dispersion (Fig. 3D) exhibited a significantly lower
height spanning from 1 to 3 nm (Fig. 3E), suggesting a thin POBE-
BzE wrapping. This result suggests that the POBE-BzE wrapping
does not fully cover the sidewalls of the SWNT. The measured aver-
age length was 0.16 lm, which is similar to that derived from the
water dispersion. This result indicates that POBE-BzE has different
affinities for SWNT in water and p-xylene.

The amphiphilicity of POBE-BzE/SWNT prompted the demon-
stration of a two-phase (that is, water/p-xylene) extraction. Effi-
cient extraction of POBE-BzE/SWNT with p-xylene was promoted
by the addition of 6.2 mM tetrabutylammonium bromide (TBAB),
4

a phase transfer catalyst, at the water/aromatic solvent interface.
Extraction without TBAB resulted in nearly no POBE-BzE/SWNT
being transferred into the p-xylene layer and increasing the TBAB
concentration (from 1.9 to 6.2 mM) resulted in increased SWNT
concentration, as shown in the absorption spectra in Fig. S8.
Fig. 4A shows a photograph of a series of Eppendorf tubes with
extraction numbers from 1 to 10. As the number of extractions
increased, the water layer displayed progressively reduced optical
density and concentrations of POBE-BzE/SWNT. Fig. 4B and 4C dis-
play the offset absorption spectra of the water and p-xylene layers,
respectively. With an increase in the number of extractions, the
absorption of the water layer decreased, whereas that of the p-
xylene layer increased. This result clearly indicates that TBAB pro-
motes the transfer of POBE-BzE/SWNT from water to p-xylene.

The extraction of POBE-BzE/SWNT from water to the p-xylene
layer can be explained by the partition coefficient (K) which is
given as follows [7]: K = ctop/cbottom, where ctop and cbottom repre-
sent the concentrations of SWNT in the top and bottom layers,
respectively. For this, the peaks of each absorption were subtracted
from the background absorption (see Fig. S9). Table 1 lists the K
values of each peak, along with the K values from the 4.3 mM NaCl
addition, which will be discussed later. In the 6.2 mM TBAB system,
K of eM11 and eS22 slightly increased for peaks with longer wavelengths,
suggesting that the sorting based on two-phase extraction has a dt
dependency.

Although POBE-BzE with TBAB promoted the extraction of
SWNT in the p-xylene layer, the K value of each peak was at the
10-3 level. Further promotion of the transfer to p-xylene was
achieved by adding NaCl to the aqueous phase. NaCl is known to
promote the salting-out effect in aqueous media [35]. For this,
3.1–6.1 mM NaCl was added to each vial. Fig. 5A shows a pho-
tograph of the vials after extraction. The p-xylene phase has a con-
siderably darker optical density and, upon increasing the NaCl
concentration, further promotes POBE-BzE/SWNT transfer. It was
noticed that NaCl concentrations of 4.9 mM and above induced



Fig. 3. Topographies of POBE-BzE/SWNT water and p-xylene dispersions deposited on a 285 nm-thick SiO2/Si substrate. The samples were washed with the respective
solvents several times. (A) Height topography of the water dispersion, and (B) line profile and (C) length histogram from the water dispersion. (D–F) Similar measurements for
the p-xylene dispersion.

Fig. 4. Repetitive extractions of POBE-BzE/SWNT/water dispersion to p-xylene in the presence of 6.2 mM TBAB. (A) Photograph of a series of repetitive two-phase extractions.
(B) Absorption spectra of the extracted water layer. Each spectrum is offset by 0.05 for visual clarity. (C) Absorption spectra of the extracted p-xylene layer. Each spectrum is
offset by 0.2 � 10�3 for visual clarity. The asterisk indicates residual water contained in p-xylene during extraction.
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Table 1
K determined by the peak ratio in the water and p-xylene layer absorption spectra according to eM11, eS22, and eS11 of 6.2 mM TBAB- and 4.3 mM NaCl-assisted repetitive extractions.
The asterisks indicate uncertainty.

System eM11 (nm) eS22 (nm) eS11 (nm)

�554 �596 �652 �731 �804 �877 �992 �1045 �1139 �1282

6.2 mM TBAB Peak abs.
(�10-5)

Water 227 145 525 673 368 179 367 133 1547 1374
p-Xylene 7 ± 3.2 4 ± 3.7 9 ± 4.7 10 ± 2.6 12 ± 8.1 10 ± 5.6 4 ± 1.8 4 ± 1.6 16 ± 3.3 6 ± 1.3

K (�10-3) 21 ± 10 22 ± 18 12 ± 6 10 ± 3 23 ± 16 52 ± 30 7 ± 3 14 ± 6 7 ± 1 3 ± 0.7
4.3 mM NaCl Peak abs.

(�10-3)
Water 96 69 125 181 149 81 37 39 292 364
p-Xylene 9 7 12 20 17 9 4 4 24 42

K (�10-2) 9.8 9.9 9.6 10.8 11.3 10.7 10.1 9.1 8.3 11.6

Fig. 5. NaCl-assisted two phase extraction of POBE-BzE/SWNT fromwater to p-xylene with increasing NaCl concentrations. (A) Photograph of layered water/p-xylene samples
according to increasing NaCl concentrations. The red box denotes the p-xylene layer. (B) The offset absorption spectra of the extracted p-xylene layer. Each spectrum is offset
by 0.05 for visual clarity. (C-G) PLE maps of the extracted p-xylene layer. (H) PL emission spectra excited at 680 nm.
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SWNT aggregation in the bottom phase. Therefore, 4.3 mM NaCl
was selected for the remainder of the study. The extracted p-
xylene layer showed a large SWNT absorption, as shown in
Fig. 5B. The offset absorption spectra display that 5.5 mM NaCl
induces maximum SWNT transfer. The large absorption at
1300 nm indicates the enrichment of larger dt SWNT. The corre-
sponding PLE maps show that enrichment of individualized large
dt SWNT occurs. Fig. 5C-5G display PLE maps of the p-xylene layers.
All PLE maps display the enrichment of large dt SWNTs centered on
the aforementioned tube with an average dt = 0.95 nm for the (8,7),
(9,5), (10,2), and (11,3) species. Similar results were observed in
the PL emission spectra (Fig. 5H), in which the spectra displayed
similar chirality distributions regardless of the extraction number.
This result indicates that efficient extraction was promoted by the
addition of NaCl.

A series of two-phase extractions were performed in the pres-
ence of 4.3 mM NaCl. Fig. 6A shows a photograph of the extracted
p-xylene layer. Based on the optical density, up to three rounds of
6

extraction enabled the efficient extraction of SWNT in water.
Moreover, the resulting absorption spectra (Fig. 6B) showed that
three consecutive extractions were sufficient for the extraction.
The absorption at 1300 nm was the highest among the eS11 peaks.
The resulting PLE maps (Fig. 6C–6G) and the PL emission spectra
excited at 680 nm (Fig. 6H) show that all the PLE maps display a lar-
ger dt enrichment of SWNT regardless of the number of extractions,
indicating that extraction with p-xylene is fairly dt selective.
4. Discussion

The aforementioned larger dt SWNT selectivity of POBE-BzE in
p-xylene attributes this selection to the interaction of POBE-BzE
with the surrounding media. Fig. 1A shows that BzE has six n-
dodecyl chains and three benzene rings. In the water dispersion,
water pushes the BzE moiety to the SWNT surface. Therefore,
POBE-BzE selects a smaller dt SWNT. In contrast, p-xylene, which
is a good solvent with n-dodecyl moiety of BzE, [27] attracts the



Fig. 6. Repetitive two-phase extractions from water to p-xylene in the presence of 4.3 mM NaCl. (A) Photograph of the p-xylene layers with an increasing number of
extractions. (B) Absorption spectra of the extracted p-xylene. Each spectrum is offset by 0.2 for visual clarity. (C-G) PLE maps of the extracted p-xylene layer. (H) PL emission
spectra of the extracted p-xylene layers after several extractions.
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BzE moiety to the media, resulting in a loosely packed BzE config-
uration. These results support the fact that a higher POBE-BzE con-
centration is necessary for SWNT dispersion in p-xylene only.
Therefore, the relatively loosely bound BzE moiety can accommo-
date SWNT with larger dt. Moreover, when free POBE-BzE was
added to p-xylene, the resulting water extract does not show pro-
portional increase in POBE-BzE absorbance at 276 nm (Fig. S10).
This result indicates that preferential partition of POBE-BzE
towards p-xylene is partial reason for extraction from water to p-
Fig. 7. Trend of K of (A) 6.2 mM TBAB- and (B) 4.3 mM NaCl-assisted extractions.
Each curve was linear fitted according to the optical transitions.

7

xylene. This additional aspect explains why the observed K shows
an increasing value for SWNT with larger dt, as shown in Fig. 7.
These results correspond with the aforementioned selectivity for
SWNTs with larger dt.
5. Conclusion

It was found that POBE-BzE is an efficient nonionic amphiphilic
surfactant of SWNT in aqueous p-xylene and extracted from water
to p-xylene. The absorption and PL spectra show that POBE-BzE/
SWNT in both solvents exhibit similar optical transitions, albeit
with different dt selectivities. The AFM results show that POBE-
BzE in water is more robust on SWNT than in organic dispersions.
The presence of TBAB or NaCl promoted the transfer of POBE-BzE/
SWNT from water to p-xylene and increased the partition coeffi-
cient up to 0.1. Moreover, the extraction of p-xylene was more
dt-selective. The solvent-specific dt selectivity was attributed to
the tight and loose configurations of the BzE unit in water and p-
xylene media. This two-phase extraction will be useful for sorting
not only SWNT, but also other nanomaterials.
Data availability

Data will be made available on request.
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Appendix A. Supplementary data

Supporting Information available: 1H NMR spectrum of POBE-
BzE (Fig. S1), MALDI-TOF mass spectrum of POBE-BzE (Fig. S2), elu-
tion profile of POBE-BzE by SEC (Fig. S3), solubility of various sol-
vents in water (Fig. S4), PL-based chirality abundances from
water and p-xylene phases (Fig. S5), Attempt to disperse HiPco
SWNT by using POBE (Fig. S6), pH-dependent absorption and PL
changes of POBE-BzE/SWNT/water dispersion (Fig. S7), offset
absorption spectra after extraction with varying amounts of TBAB
(Fig. S8), determination of the peak (red line) from the background
absorption (Fig. S9), preference of POBE-BzE in p-xylene (Fig. S10)
and deconvoluted eS11 and eS22 of the SWNT chiralities in each disper-
sion (Table S1) are available. Supplementary data to this article can
be found online at https://doi.org/10.1016/j.molliq.2022.120425.
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Figure S1. 1H NMR spectrum of POBE-BzE. 

 

 
Figure S2. MALDI-TOF mass spectrum of POBE-BzE. 

 
  



Figure S3. Elution profile of POBE-BzE by SEC. 

 

 

Figure S4. Solubility of various solvents in water [S1].  

 

  



Figure S5. PL-based SWNT chirality abundances from (A) water and (B) p-xylene phases. 

 

 

Figure S6. Attempt to disperse HiPco SWNT by using POBE. (A) Photograph of each layer. (B) 

Absorption spectra of water (black) and p-xylene (red) layers. The asterisks originate from 

residual water differences in blank and sample. (C) The corresponding PLE maps of each 

layers. 

 

  



Figure S7. pH-dependent absorption and PL changes of POBE-BzE/SWNT/water dispersion. (A) 

Absorption spectra of POBE-BzE/HiPco in various pH. (B) The corresponding PLE maps. 

 

  



Figure S8. Offset absorption spectra of p-xylene after extraction with varying amounts of TBAB. Each 

spectrum is offset by 0.002 for visual clarity. 

 
 

Figure S9. Determination of the peak (red line) from the background absorption. 

 

  



Figure S10. Preference of POBE-BzE in p-xylene against water. (A) POBE-BzE/SWNT/water 

dispersion (0.5 mL) and extraction with p-xylene (0.5 mL) containing 0, 7.4, 12.4, 17.4 

and 22.4 mM. (B) Plot of POBE-BzE in p-xylene vs absorbance of POBE-BzE at 276 nm 

in water. 



Table S1. Deconvoluted eS
11 and eS

22 of the SWNT chiralities in each dispersion. 

(n, m) dt (nm) 

Water dispersion p-Xylene dispersion Extracted water Extracted p-xylene ΔeS
11 between  

water/p-xylene 
(meV) 

ΔeS
11 between 

extracted  
water/p-xylene 

(meV) eS
11 (nm) eS

22 (nm) eS
11

 (nm) eS
22 (nm) eS

11
 (nm) eS

22 (nm) eS
11

 (nm) eS
22 (nm) 

(6,5) 0.76 995 573 N/A N/A 994 574 995 568 N/A 1  

(8,3) 0.78 972 674 N/A N/A 971 672 964 674 N/A -9  

(7,5) 0.83 1043 651 N/A N/A 1045 650 1052 653 N/A 8  

(8,4) 0.84 1131 592 1128 588 1132 593 1130 590 -3  -2  

(10,2) 0.88 1075 743 1075 741 1074 740 1076 733 0  2  

(7,6) 0.89 1135 654 1131 649 1137 652 1132 647 -4  -5  

(9,4) 0.92 1125 727 1124 726 1124 730 1127 728 -1  3  

(11,1) 0.92 1287 618 1298 617 1285 619 1284 617 8  -1  

(10,3) 0.94 1274 634 1288 640 1278 641 1280 642 11  2  

(8,6) 0.97 1200 722 1212 723 1198 723 1218 727 10  17  

(9,5) 0.98 1266 680 1280 679 1269 680 1280 676 11  8  

(8,7) 1.03 1288 733 1299 733 1291 735 1286 732 8  -4  

Average ΔeS
11 4  2  
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