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Abstract. A new polyether (PE) was prepared from a biobased Janus molecule, 2-(2,5-dimethyl-1H-pyrrol-1-yl)-1,3-
propanediol (serinol pyrrole, SP). SP was synthesized with very high yield (about 96%) and high atom efficiency (about
80%) by reacting a biosourced molecule, such as serinol, with 2,5-hexanedione in the absence of solvent or catalyst. The
reaction of SP with 1,6-dibromohexane led to PE oligomers, that were used as surfactants for multiwalled carbon nanotubes
(MWCNT), in ecofriendly polar solvents such as acetone and ethyl acetate. The synergic interaction of aromatic rings and
oxyalkylene sequences with the carbon allotrope led to dramatic improvement of surfactant efficiency: only 24% of SP
based PE was extracted with ethyl acetate from the adduct with MWCNT, versus 98% of a typical pluronic surfactant.
Suspensions of MWCNT-PE adducts in ethyl acetate were stable for months. High resolution transmission electron
microscopy revealed a film of oligomers tightly adhered to MWCNT surface.
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1. Introduction

Carbon Nanotubes (CNT) possess exceptional me-
chanical properties and the ability of conducting
electrons without dissipating energy as heat. Research
activity is performed on both single-walled [1, 2] and
multi-walled [3, 4] CNT; one of main objectives is
the preparation of even and stable CNT dispersions,
both in liquid media and in polymer matrices, in
view of many industrial applications. It is widely ac-
knowledged [5-9] that the preparation of stable dis-
persions of CNT in liquid media has to overcome
important obstacles: due to their large molar mass,
not only CNT are insoluble in all known solvents but
also they are greatly entangled. CNT are thus modi-
fied and partially coated with a dispersant phase that
favors their compatibility with the liquid. Surfactants
are the preferred molecules to prepare such a phase.
Main goal of the research is to prepare stable CNT
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dispersions through simple processes that could pre-
serve CNT integrity.

CNT are thus functionalized, through covalent chem-
ical modification [5—8] or non covalent supramole-
cular interactions [8]. The latter ones are based on a
variety of non bonded interactions such as 7t-w stack-
ing, cation-n and charge transfer.

Polynuclear aromatic molecules are among the pre-
ferred compounds for non-covalent functionalization
[8]. Recently, polymers with aromatic repeating
units have been employed. Water dispersible nano-
fibrillar-polyaniline was wrapped on multiwalled
carbon nanotubes (MWCNT) by an in situ polymer-
ization [10]. Stable dispersions of MWCNT were ob-
tained in organic solvents: in dimethylacetamide by
modifying MWCNT with a poly(benzoxazole) (PBO)
precursor [4] and obtaining by heating CNT/PBO
adduct film, in THF and toluene by using poly(2,7-
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carbazole)s [5]. Single-walled carbon nanotubes
(SWCNT) were dispersed in the same solvents thanks
to poly(phenylacetylene)s with long alkyl tails on the
side-chains [6].

Polyalkylene oxides are also acknowledged as effi-
cient surfactants and research on these molecules is
steadily performed [11-23]. Poly(ethylene oxide)
and pluronic surfactants, i.e. triblock copolymers
based on ethylene oxide and propylene oxide, are the
preferred solubilizing polymers, particularly in view
of biomedical applications. Since the first studies, it
was reported that such surfactants, added at low per-
cents, have a positive effect on the tube debundling
[19]. Fluorescent labels on nanotubes were brought
thanks to fluorescein-polyethylene glycol [11]. Poly-
oxyethylene sorbitan monooleate-suspended SWCNT
were reported to favor the preparation of nanotubes
suspensions for in vitro toxicological studies [12].
Objective of this work was to design a surfactant
for CNT with much improved efficiency, thanks to
the synergy between aromatic rings and oxyalky-
lene sequences. Such surfactant should be able to
develop very efficient supramolecular interaction
with CNT and to promote their dispersion in both
hydrophobic and hydrophilic environments. To
achieve such a goal, a poly(ether) based on the mol-
ecule shown in Figure 1 (2-(2,5-dimethyl-1H-pyrrol-
1-yl)-1,3-propanediol, serinol pyrrole, SP) was pre-
pared.

SP is a derivative of 2-amino-1,3-propanediol, known
as serinol. It is directly obtainable from renewable
sources [24] and can also be prepared from glycerol,
a cheap, easily available raw material, non toxic and
biodegradable. Glycerol comes from the biodiesel
industry and a total amount of 1.2 million ton was
available in 2010 [25-29]. Serinol is an interesting
molecule for developing innovative synthetic strate-
gies, thanks to the chemoselectivity of amino and
hydroxyl groups. In recent papers, polymers from
serinol have been reported: cyclic carbonates deriv-
atives were converted into polymers through organo-
catalytic ring opening polymerization [30] and a
compound obtained from the reaction of serinol with

e

Figure 1. 2-(2,5-dimethyl-1H-pyrrol-1-yl)-1,3-propanediol
(SP)
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succinimidy] ester of trimethyl-locked benzoquinone
was used to prepare water soluble biodegradable
polyester [31].

In this work, serinol chemoselectivity was exploited
[32—-34], preparing SP through the Paal-Knorr reac-
tion [34, 35] of serinol (S) with 2,5-hexanedione
(HD), performing the reaction in the absence of sol-
vents and catalysts. SP has been defined as a Janus
molecule [36], that means a molecule with two faces
and, hence, a dual reactivity. The Roman god Janus,
represented (for example in coins) as having two
faces in one body, inspired the definition ‘Janus’ first
to describe micro- and nanoparticles with at least
two physically or chemically differing surfaces [37,
38] and then, more in general, molecules having two
faces, a hydrophobic and a hydrophilic one, such as
colloids [39] dendritic multiester [40], supermolec-
ular liquid crystals [41], a binding protein for vita-
min E [42], block copolymers with (meth)acrylic
acid segments [43].

The Paal-Knorr reaction changes the sp® hybridiza-
tion of the nitrogen atom of the amino group and
leads to the formation of sp? atoms in the aromatic
pyrrole ring. Pyrrole can give rise to n-r stacking with
aromatic compounds such as CNT and the hydroxyl
groups allow the preparation of polymers such as
polyethers by step-growth polymerization. First ex-
ample of polymer obtained by step-growth polymer-
ization, polyurethane, has been recently reported [33].
In this manuscript, polyethers from the reaction of SP
with 1,6-dibromohexane are reported. They were
characterized by means of infrared spectroscopy, 'H
and 13C nuclear magnetic resonance (NMR), thermo-
gravimetric analysis (TGA). MWCNT-PE adducts
were prepared; their structure was studied by means
of high transmission electron microscopy (HRTEM).
MWCNT-PE suspensions were prepared in eco-
friendly solvents, such as acetone and ethyl acetate,
assessing their stability after several month storage,
through UV-Vis spectroscopy.

2. Experimental section

2.1. Materials

Purified multi-walled nanotubes (NC7000 series)
were purchased from NANOCYL™ Inc (www.
nanocyl.com) and used as-supplied. Pluronic RPE
310 was poly(propylene glycol)-block-poly(ethylene
glycol)-block-poly(propylene glycol) (PPG-PEG-
PPG, M, =3000) from BASF.
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Reagents and solvents commercially available were
purchased and used without further purification: 2,5-
hexanedione (Merck — Schuchardt), 2-amino-1,3-
propanediol (kindly provided by Bracco), 1,6-dibro-
mohexane (Sigma-Aldrich), potassium hydroxide
(Carlo Erba Reagents), isopropyl alcohol (Sigma-
Aldrich), acetone (Sigma-Aldrich), ethyl acetate
(Sigma-Aldrich), DMSO-d6 (Sigma-Aldrich).

2.2. Synthesis of 2-(2,5-dimethyl-1H-pyrrol-
1-yl)-1,3-propanediol (SP)

A mixture of 2,5-hexanedione (41.42 g; 0.36 mol)
and serinol (30.02 g; 0.36 mol) was poured into a
100 mL round bottomed flask equipped with mag-
netic stirrer. The mixture was then stirred, at room
temperature, for 6 h. Without any purification the
mixture reaction was warmed up to 180°C for 8 h.
The pyrrole derivative was isolated by distillation
under reduced pressure at 130 °C and 0.1 mbar. Yel-
low oil was obtained with 96% yield. 'H NMR
(400 MHz, DMSO-d6, 6 in ppm): 2.16 (s, 6H, —CHj
at C-2,5 of pyrrole moiety); 3.63 (m, 2H, CH,OH);
3.76 (m, 2H, CH,OH); 4.10 (quintet, 1H, at C-3 of
diol); 4.73 (t, 2H, CH,OH); 5.55 (s, 2H, C-3,4 of
pyrrole moiety).

2.3. Polymerization reactions

Run I of Table 1

In a 50 mL round bottom flask equipped with a mag-
netic stirrer were added SP (0.200 g, 1.18 mmol) and
potassium hydroxide (0.200 g, 2.36 mmol). The re-
sulting mixture was sonicated for 30 minutesina2 L
sonication bath. After this period, a solution of 1,6-
dibromohexane (0.218 mL) in 3 mL of isopropyl al-
cohol was added and stirred at 90 °C for 30 minutes.
A sample was taken for determination of the conver-
sion by '"H NMR spectroscopy. After cooling at
room temperature, water (10 mL) was first added
and isopropyl alcohol was removed. To the mixture
was then added ethyl acetate and extracted (3%25 mL).
The organic phase was dried on Na,SO4 and the sol-
vent was removed. The polymer was isolated by dis-
solution in CH,Cl; (2 mL), precipitation from excess
diethyl ether (50 mL), filtration, and drying in vacuo.

Run 2 of Table 1
In a 25 mL round bottom flask equipped with a mag-
netic stirrer were added in sequence SP (0.100 g,

0.59 mmol) and potassium hydroxide (0.100 g,
1.18 mmol). After stirring for 30 minutes, 1,6-dibro-
mohexane (0.109 mL) was added to the mixture and
sonicated for 30 minutes in a 2 L sonication bath.
After this period, the mixture was irradiated at 130°C
for 30 minutes by microwave. A sample was taken
for determination of the conversion by 'H NMR spec-
troscopy. After cooling at room temperature, water
(10 mL) was first added and was extracted using
ethyl acetate (3x10 mL). The organic phase was dried
on Na,SO;4 and the solvent was removed. The poly-
mer was isolated by dissolution in CH,Cl, (2 mL),
precipitation from excess hexane (50 mL), filtration,
and drying in vacuo.

Run 3 of Table 1

In a 25 mL round bottom flask equipped with a mag-
netic stirrer were added in sequence SP (0.100 g,
0.59 mmol) and potassium hydroxide (0.100 g,
1.18 mmol). After stirring for 30 minutes, 1,6-dibro-
mohexane (0.109 mL) was added to the mixture. The
resulting mixture was sonicated for 30 minutes in a
2 L sonication bath and after was stirred at 130 °C for
60 minutes. A sample was taken for determination of
the conversion by '"H NMR spectroscopy. After cool-
ing at room temperature, water (10 mL) was first
added and was extracted using ethyl acetate
(3%x10 mL). The organic phase was dried on Na;SOy4
and the solvent removed. The polymer was isolated
by dissolution in CH,Cl, (2 mL), precipitation from
excess hexane (50 mL), filtration, and drying in
vacuo.

2.4. Preparation of MWCNT adducts

With SP based PE

Dispersion of CNT in acetone was prepared
(1 mg/mL) sonicating for 30 minutes in a 2 L soni-
cation bath. A PE solution in acetone was added
(1 mg/mL) to the previously obtained instable sus-
pension. The mixture was sonicated for other 30 min-
utes. The powder of MWCNT/SP adduct was isolated
by evaporating the solvent.

With Pluronic 3110

The same procedure was followed except that 5 mg
of Pluronic 3110 were used.

The resulting suspension was then centrifuged at
5000 rpm for 5 minutes to test its stability.
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2.5. Extraction with ethyl acetate of MWCNT
adducts

100 mg of MWCNT adduct in the powder form, ei-
ther with SP based PE or with Pluronic 3110, was
placed in a round bottomed flask (50 mL) equipped
with a magnetic stirrer and ethyl acetate (25 mL) was
added. The ensuing suspension, after being stirred
overnight at room temperature, was centrifuged at
9000 rpm for 30 minutes and dried under vacuum. The
so obtained black powder was analyzed by TGA.

2.6. Characterization

Nuclear magnetic resonance analysis
One-dimensional 'H- and '*C NMR spectra were
measured at 400 and 100 MHz, respectively, using
a Bruker AV 400 equipped with a 5 mm multinu-
clear probe with reverse detection (Bruker, Rhein-
stetten, Germany). The solvent was deuterated Chlo-
roform and the temperature was 27 °C. The experi-
mental time for 13C NMR spectra was typically 12 h
(corresponding to more than 10000 scans). Data were
processed using TOPSPIN 1.1 or MestReNova. Cen-
trifugations were performed using an ALC — Cen-
trifugette 4206.

Thermal gravimetric analysis

TGA analysis under N, were performed with a Met-
tler TGA SDTA/851 instrument according to the
standard method ISO 9924-1. Samples (10 mg) were
heated from 30 to 300°C at 10 °C/min, kept at 300°C
for 10 min, and then heated up to 550 °C at 20 °C/min.
After being maintained at 550°C for 15 min, they
were further heated up to 650 °C with an heating rate
of 30°C/min and kept at 650 °C for 20 min under
flowing air (60 mL/min).

FT-IR spectroscopy attenuated total reflectance
(ATR)

IR spectra were recorded between 450 and 4000 cm™!
by using a Perkin Elmer FT-IR spectrum one equipped
with Universal ATR Sampling Accessory with dia-
mond crystal.

High resolution transmission electron microscopy

HRTEM analysis of the MWCNT adduct with the
PE sample containing the pyrrole ring was per-
formed with a Zeiss Libra® 200 FE microscope (Carl
Zeiss AG, Oberkochen, Germany) operating at 200 kV
and equipped with an in-column OMEGA filter for
energy selective imaging and diffraction. Few drops

of acetone diluted suspension of the sample were de-
posited on a holey carbon film supported on a stan-
dard Cu grid and air-dried for several hours before
analysis.

Wide-angle X-ray diffraction

WAXD patterns were obtained in reflection, with an
automatic Bruker D8 Advance diffractometer, with
nickel filtered Cu-Ka radiation. They were recorded
in 10 and 80° as the 20 range, being 20 the peak dif-
fraction angle. Distance between crystallographic
planes was calculated from the Bragg law. The Dy
correlation length, in the direction perpendicular to
the Akl crystal graphitic planes, was determined ap-
plying the Scherrer equation (Equation (1)):

KA

D = -
il ﬁhkl cos Oy

(1

where K is the Scherrer constant, 4 is the wavelength
of the irradiating beam (1.5419 A, Cu-Kay), By is the
width at half height, and ®yy, is the diffraction angle.
The instrumental broadening, b, was determined by
obtaining a WAXD pattern of a standard silicon
powder 325 mesh (99%), under the same experimen-
tal conditions. The width at half height, fu=
(Bnk — b) was corrected, for each observed reflection
with Sy < 1°, by subtracting the instrumental broad-
ening of the closest silicon reflection from the ex-
perimental width at half height, Byy.

UV-Vis spectroscopy

UV-Vis absorption measurements were made using
a Hawlett Packard 8452A Diode Array Spectropho-
tometer.

3. Results and discussion

Synthesis of 2-(2,5-dimethyl-1H-pyrrol-1-yl)-1,3-
propanediol (SP)

The synthesis of SP, summarized in Figure 2, is de-
scribed in detail in the experimental part and has
been discussed elsewhere [32, 33].

In brief, serinol (S) was first reacted with 2,5-hexa-
nedione (HD), adopting the Paal-Knorr reaction, ob-
taining the tricyclic compound 4a,6a-dimethyl-hexa-
hydro-1,4-dioxa-6bh-azacyclopenta[cd|pentalene
(HHP), that was then converted into SP. The reac-
tion is characterized by high atom economy (82%)
and water is the only co-product of the first step. In
all the SP syntheses carried out for the present work,
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aN
HO \)\/OH

Figure 2. Synthesis of SP from serinol (S) and 2,5-hexanedione (HD)

high yield, about 96%, was easily reproduced. Atom
efficiency of about 78% was thus obtained.

Poly(ether)s from SP and 1,6-dibromohexane (DBH)
Polyether synthesis was carried out by using equimo-
lar amounts of SP and DBH, as it is shown in Fig-
ure 3. KOH was used as the base to promote the poly-
merization: alcolates formed from the OH groups of
SP performed the nucleophilic attack on the C—Br
bond of DBH, as in a classical Williamson reaction
[44, 45]. Polymerizations here discussed were car-
ried out at different temperatures (90 and 130°C) and
for different times (30 and 60 minutes), either in the
absence or in the presence of a solvent such as iso-
propanol.

Table 1 shows polymerization conditions and data of
number average molar mass (M,) obtained from
NMR analysis.

Low molar masses were obtained in the performed
tests. Test carried out in i-PrOH at 90 °C for 30 min-
utes as the solvent gave M, of about 1800 g-mol .
Lower molar mass was obtained performing the

3

N Br Br
+
SP DBH

0.

N
o} O,
™
n

Figure 3. Synthesis of PE from SP and DBH

reaction for the same time but in the absence of sol-
vent and at higher temperature (130°C). Larger
value of M,, about 2.600 g'mol™!, was achieved at
130°C, in the absence of a solvent and for a longer
polymerization time. Research was not performed in
order to enhance the molar mass of poly(ethers), as
they were conceived as surfactants for CNT and the
low molar mass was seen as beneficial. Research for
enhancing the molar mass should carefully control
the chemical purity of the comonomers and hence
the stoichiometry of the reaction. Moreover, the
large steric hindrance of SP as the diol, as well as
the m-m interactions established by the pyrrole ring,
should be investigated.

The nature of functional groups present in the oligo-
mers obtained from runs 1-3 of Table 1 was investi-
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Figure 4. FT-ATR spectra [cm™'] of sample from run 1 (a),
run 2 (b) and run 3 (c) of Table 1.

Table 1. PE from SP and DBH: polymerization conditions and molar masses.

Run DBH Sp KOH Solvent T t M,?
[mmol] [mmol] [mmol] [°C] [min] [grmol 1]

1 1.18 1.18 2.36 iPr-OHP 90 30 1.75

0.59 0.59 1.18 - 130 30 1.08

3 0.59 0.59 1.18 - 130 60 2.60

anumber average molar mass from "H NMR analysis, Pisopropyl alcohol.
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gated through FT-ATR spectroscopy. Figure 4 shows
the FT-ATR spectra of the reaction products from
run 1 (Figure 4 curve a), run 2 (Figure 4 curve b)
and run 3 (Figure 4 curve c) of Table 1.

In all the spectra shown in Figure 4, the -C—O—-C—
ether group is revealed by the characteristic strong
band at 1097 cm™!. Peaks due to the pyrrole ring are
at 1656, 1461 and 1418 cm™!. Stretching of CH,
group is revealed by peaks at 2933 and 2859 cm ™.
FT-ATR traces of PE obtained from run 1 and run 2
of Table 1 shown bands of the bromine end group at
610 cm™! (Figure 4 curve a) and of hydroxyl end
group (Figure 4 curve b) at 3300 cm™' respectively.
The relative intensities of the bands due to the meth-
ylene sequence and to the ether linkage, at
2933 cm™! and at 1097 cm™! respectively, can be es-
timated in the three spectra: values are 1:2, 1:3 and
1:7 for PE from run 3, 1 and 2. Such values appear
to be in line with the increasing molar mass.
Oligomers microstructure was studied by means of 'H
and 3C NMR analysis. Figure 5 shows the 'H NMR
spectra of the reaction products of run 1 (Figure 5
curve a) and run 3 (Figure 5 curve b) of Table 1.

In both "H NMR spectra of Figure 5, chemical shifts
are consistent with the proposed polymer structure.
Hydrogen in 3 and 4 position of the pyrrole in the re-
peating units, should give one signal. In this case,
the two singlets at 5.73 and at 5.71 ppm are probably
due to the hydrogen atoms of the pyrrole in the re-
peating units and in the chain ends. The signal at
4.41 ppm can be attributed to the -NCH hydrogen
near the heterocyclic nitrogen. Peaks at 3.79 and at
3.71 ppm are due to the resonances from diastereo-
topic hydrogens of ether linkage (CH,—O-C).
Peaks at 3.99 and 3.90 ppm in Figure 5 curve a indi-
cate the presence of CH,OH terminals, whereas are
absent in the spectrum in Figure 5 curve b of the PE,
from run 3, with higher molar mass. Both spectra also
show at 2.17 ppm the characteristic signals of the
methyl group bound in C-2 of the pyrrolic ring.
Thermal stability of SP based oligomers was assessed
by means of thermal gravimetric analysis. SP achieves
its boiling point at about 230°C. TGA curve shows
decomposition profile made by three main steps. The
decomposition of pyrrole moiety, oxygen-containing
and alkenylic groups occurs in temperature range

h e, f
b d " f
a I i 5 *\_.i.;
__J At LY LJ \JL_
6.0 55 50 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0
a)
(‘:' g
c.j J e f
|
hl | ]
b ’ J ‘ }&
= Y, G _)!U‘ \‘ U "
670 5?5 5I.O 4?5 4?0 3I.5 3I.O 2?5 2?0 1I.5 ‘;.O

Figure 5. 400 MHz '"H NMR spectra in CDCl; of sample from
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from 150 to 700 °C and the combustion with oxygen
(see experimental part) at 7> 700 °C. Mass loss due
to water removal, that could be expected at 7'<
150°C in consideration of the hydroxyl end groups,
is not be detected.

MWCNT-PE adducts

MWCNT-PE adducts were prepared as described in
the experimental part. Briefly, a suspension of CNT
in acetone (1 mg/mL) was sonicated with a 2 L bath
sonicator for 30 minutes, obtaining an unstable sus-
pension. A solution in 5 mL of acetone, of 10 mg of
PE sample from run 3 of Table 1, was then added to
5 mL of CNT suspension (10 mg), immediately after
its sonication. Further sonication was carried out for
30 minutes. The chemical composition and the struc-
ture of CNT coated with PE oligomer (sample from
run 3 of Table 1) were then investigated by means of
TGA, XRD analysis and HRTEM. Sample for the
analysis was isolated by carefully taking the upper
part of the supernatant suspension obtained after
centrifugation, evaporating then the solvent.

In Figure 6 are reported the thermographs of SP,
polyether from run 3 of Table 1 and the MWCNT-PE
adduct based on such polymer after extraction with
ethyl acetate. As reported in Table 2, PE thermal
degradation profile shows three main losses due to

100 =

" 100 200 300 400 500 600 700
Temperature [°C]

Figure 6. TGA curves taken under N, of: SP (a), PE (b),
MWCNT-PE adduct after extraction with ethyl ac-
etate (c), with PE sample from run 3 of Table 1

Table 2. Mass loss for SP and SP based oligomers from
Table 1 obtained by TGA analysis

Mass loss
Sample [%]
T<250°C |250°C<T<500°C | T>500°C
SP 100 0 0
PE-1? 40 37 23
PE-2¢ 48 31 21
PE-3? 52 28 20

apolyethers from the runs of Table 1
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the degradation of the ether-pyrrole moieties and
methylene sequences (see Figure 6 curve b). In the
MWCNT-PE adduct trace degradation of the adsorbed
polymer occurs at a temperature much higher than
the one observed in the PE curve. From TGA, the
content of PE after extraction with ethyl acetate was
calculated to be about 10%.

Figure 7 shows the XRD patterns, in the 10-80° as
20 range, of pristine MWCNT (Figure 7 curve a) and
of the MWCNT-PE adduct (Figure 7 curve b). XRD
pattern of a graphitic crystalline carbon allotrope
with many stacked graphene layers, shows, as the
most intense peaks, some (001) and (%4/) reflections,
that remain visible also when the number of stacked
layers is reduced to few tenths [46]: 002 and 004, at
26.2 and 54.3° as 20 value, with a dy, interlayer
distance of 0.34 nm, 100 and 110 reflections at 42.8
and 77.5° as 20 value. The pattern in Figure 7 of
MWCNT that has a low number of wrapped layers
shows only the two most intense reflections: 002 at
25.3° and 100 at 42.8°. The dimension of crystallites
in direction orthogonal to CNT layers can be esti-
mated, by calculating the correlation length Dy,
through the Scherrer equation (Equation (1)). A value
of about 2.7 nm was obtained for pristine tubes. Tak-
ing into account the distance between two successive
layers in CNT graphitic crystal, 8 was estimated as the
number of CNT layers. In the pattern of MWCMT-
PE adduct the 002 and the 110 reflections are clearly
visible. The number of wrapped layers was esti-
mated to be about 8.

Morphological analysis of MWCNT and MWCNT-
PE adducts was performed through HRTEM analysis
at different magnifications. The micrograph in Fig-

I[a.u.]

200, [*C]

Figure 7. XRD diffraction spectra of: pristine MWCNT (a)
and MWCNT-PE adducts (b)
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Figure 8. HRTEM micrograph of the MWCNT-PE adduct

ure 8 shows that the multiwalled CNT skeleton re-
mained intact after the treatment with PE oligomers.
The average number of CNT layers was calculated
equal to 10, a value close to the one estimated from
the XRD pattern. The coherence between the results
obtained from XRD and HRTEM indicates that the
MWCNT-PE adduct shown in Figure 8§ (CNT with
10 walls) is representative of the whole sample. CNT
external surface resulted decorated with PE chains,
which form a not continuous condensed polymer layer
(from about 3 to about 9 nm thick) that appears tightly
adhered to the CNT external surface.

The suspension of MWCNT-PE adduct was observed
to be stable for at least 5 months. Figure 9 shows the
pictures of the ethyl acetate suspensions of pristine
MWCNT (Figure 9a) and MWCNT-PE after five
months (Figure 9c).

[F Ty — a4
Figure 9. Ethyl acetate suspensions

of MWCNT (a),
MWCNT-PE (b) and MWCNT-PE adducts after
5 months storage (¢) (PE from run 3 of Table 1)

555

Abs [a.u.]

200 300 400 500 600 700 800
A [nm]

Figure 10. UV-Vis traces for ethyl acetate suspensions of:
MWCNT (a), MWCNT-PE adduct (b), MWCNT-
PE adduct after five months storage (c) (PE from
run 3 of Table 1)

UV-Vis absorption analysis was carried out on the
suspensions shown in Figure 9, as described in the
experimental part, by carefully taking the upper part
of the supernatant suspensions. UV—Vis absorption
spectra of such suspensions are reported in Figure 10.
It is evident that the same absorbance was detected
for the two suspensions, confirming that CNT treated
with PE oligomer did not settle down, over five
months storage.

As mentioned in the introduction, stable CNT disper-
sion in liquid media should be obtained through sim-
ple preparation processes, preserving CNT integrity.
The approach here reported appears to achieve these
goals. Thanks to SP based PE, a mild sonication is
able to promote the formation of the stable suspen-
sion, without altering the CNT structure.

Stability of the interaction between SP based PE and
MWCNT was investigated by solvent extraction. As
mentioned in the Introduction, synergy was pursued
between aromatic pyrrole rings and poly (oxyalky-
lene) sequences. Extraction tests with ethyl acetate
were thus performed on MWCNT adducts with ei-
ther SP based PE or with the PPG-PEG-PPG block
copolymer. The former adduct was from run 3 of
Table 1, the latter one was prepared as reported in the
experimental part, with the Pluronic surfactant in
place of SP based PE. TGA analysis of the ensuing
products showed that absorbed SP based PE in the
adduct was 13% before and 10% after (Figure 11a).
Instead, the pluronic surfactant was 5% before and
0.1% after extraction (Figure 11b). Mass loss is thus
about 24 and 98% for the adduct with SP based PE
and PPG-PEG-PPG respectively. These results are in
line with the analysis of TEM micrographs (Figure 8)
that reveal the intimate interaction of MWCNT with
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Figure 11. a) TGA curves taken under N, of MWCNT-PE before (curve a) and after extraction process using ethyl acetate
for 12 hours (curve b); (b). MWCNT-Pluronic before (curve c) and after extraction process using ethyl acetate as

solvent for 12 hours (curve d)

the SP based PE and confirm the superior perform-
ance of surfactants containing poly(oxylakylene) se-
quences and an aromatic ring, inserted in the poly-
mer chain by SP.

4. Conclusions

Innovative, green, efficient synthetic strategy was
designed and developed for the preparation of poly-
ethers able to establish stable supramolecular inter-
actions with carbon nanotubes. Serinol derivative con-
taining a pyrrole ring, 2-(2,5-dimethyl-1H-pyrrol-1-
yl)-1,3-propanediol (SP), was obtained from the re-
action of serinol with 2,5-hexanedione and the sub-
sequent aromatization of the tryciclic compound
4a,6a-dimethyl-hexahydro-1,4-dioxa-6b-azacyclopenta
[cd]pentalene. High yield solvent free reactions were
performed by simply allowing the interaction of the
starting reagents. PE oligomers were synthesized
through the reaction of SP with DBI and their adduct
with CNT was prepared by sonication in an environ-
mentally friendly solvent such as acetone. Stability
of the suspension was verified over months, even
after centrifugation. HRTEM analysis revealed that
CNT were prevailingly disentangled from the start-
ing bundles, had intact skeleton and were decorated
by PE oligomers, tightly adhered to the MWCNT ex-
ternal surface. Stability of the interaction of SP based
PE with MWCNT was investigated by solvent ex-
traction. With ethyl acetate at room temperature a
very minor amount (24%) of the SP based PE was
extracted, whereas 98% of a PP-PE-PP block copoly-
mer was removed in the same conditions.

This work demonstrates the synergy between the
pyrrole rings and the oxyalkylene sequences for es-
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tablishing stable interaction with CNT, that can not
be achieved by surfactants based only on poly(ethers).
These results allow the preparation of even and sta-
ble CNT dispersions in a large variety of environ-
ments, from environmentally friendly (aqueous) lig-
uids to polymeric matrices. SP is thus a versatile
monomer for the preparation of polymeric surfactant
for carbon allotropes.
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