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ABSTRACT The reaction between fluorinated single-wall carbon nanotubes (F-SWNTs) and branched (M,, =
600, 1800, 10000, and 25000 Da) or linear (M,, = 25000 Da) polyethyleneimine (PEI) yields the covalent
attachment of the polymer to the sidewalls of the nanotubes. The resulting PEI-functionalized SWNTs (PEI-
SWNTs) were characterized by solid-state *C NMR, Raman spectroscopy, X-ray photoelectron spectroscopy, UV—
vis spectroscopy, atomic force microscopy, transmission electron microscopy, and thermal gravimetric analysis
studies. As expected, the number of polymer molecules per SWNT is larger for low molecular weight PEI than for
high molecular weight PEI. However, above 1800 Da, the number of polymer molecules per SWNT does not vary as
much. This is supported by Raman spectral data that shows the D:G ratio is relatively insensitive of the molecular
weight for M,, > 1800 Da. The PEI-SWNTs are shown to have solubility in aqueous media of up to 0.4 mg - mL™".
Solid-state '>C NMR shows the presence of carboxylate substituents that have been attributed to carbamate
formation as a consequence of the reversable C0, absorption to the primary amine substituents of the PEI.
Desorption of (0, is accomplished by heating under argon at 75 °C, while the dependence of the quantity of €0,
absorbed on temperature and the molecular weight of the PEI is reported. Under the conditions investigated the
maximum absorption of 9.2% w/w is observed for PEI(25000)-SWNT at 27 °C. The possible 0, absorption
applications of the PEI-SWNTs is discussed.
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he use of single-wall carbon nano-
T tubes (SWNTs) for biological applica-

tions has been a prominent area of
research over the last several years.'™
SWNTSs have been proposed as candidates
for numerous applications including bio-
sensors” contrast agents for magnetic imag-
ing,” tissue-growth scaffolds, ® and drug de-
livery agents.” One major obstacle
preventing the use of carbon nanotubes
for widespread in vivo use is their lack of
solubility in aqueous systems.? Due to their
hydrophobic nature carbon nanotubes
tend to aggregate together when exposed
to most solvents, aqueous or organic. The
physical adsorption of soluble polymers

*Address correspondence to arb@rice.edu.

Received for review October 2, 2007
and accepted December 10, 2007.

Published online January 4, 2008.
10.1021/nn7002713 CCC: $40.75

© 2008 American Chemical Society

156 A“L%\&) VOL.2 = NO.1 = DILLON ET AL.

and/or surfactants, as well as the direct co-
valent sidewall functionalization of carbon
nanotubes (CNTs) has provided useful
methods to achieve dissolution in aqueous
solvents allowing for their use in biological
applications and the ability to interface
CNTs with living cells."®

In this work we present the direct cova-
lent attachment of a cationic polymer, poly-
ethylenimine (PEl), to the sidewalls of
SWNTs resulting in aqueous solubility. PEI,
is a polyamine that exists in both a linear or
branched form and is available in varying
molecular weights. In its branched form (M,
= 25000 Da) PEI has historically been used
as a nonviral transfection agent for the de-
livery of plasmid DNA and nucleic acids into
cells at physiological pH.>'° The loading of
pDNA and nucleic acids results in electro-
static interactions between the positively
charged protonated amines within the
polymer and the anionic nucleic acid result-
ing in the formation of nanoparticles which
are capable of being taken into the cell."’
Recently the use of PEl as a successful trans-
fection agent has also been expanded to in-
clude proteins and antibodies.’®

Previous studies toward the use of PEI
to promote the solubility and biological
compatibility of CNTs have focused on the
physical adsorption of PEI to multiwall car-
bon nanotubes® or through the formation
of a PEI-SWNT copolymer with limited cova-
lent attachment occurring through the for-
mation of amide linkages exclusively at the
open ends of SWNTs.2 Margrave and co-
workers demonstrated that the reaction of
fluorinated-SWNTs (F-SWNTs) with primary
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amines allowed for the covalent sidewall functionaliza-
tion of the nanotubes while maintaining the structural
integrity of the original SWNT (Scheme 1).">~'* We have
previously adapted this methodology to allow for the
formation of SWNT self-assembled monolayers'>'¢ and
the synthesis of amino acid substituted SWNTs with car-
boxylate termini.'” While the amino acid derived SWNTs
showed significant solubility over a wide pH range, we
observed that aggregation occurred at high salt con-
centrations or in buffered solutions.'” This effect lim-
ited their usefulness for cellular studies since significant
intracellular aggregation was observed.'®

We proposed to accomplish this through the direct
covalent attachment of low molecular weight PEI (M,
= 10000 Da) along the sidewalls of SWNTs. The primary
amines present in PEl should be capable of reaction
with F-SWNTs (cf. Scheme 1). The presence of the pri-
mary and secondary amines also allows for protonation
at physiological pH (7.35), and thus the cationic charac-
ter of the polymer should promote the dissolution of
the SWNTs. In addition, we have shown that carbon na-
nomaterials with cationic (as opposed to anionic) sub-
stituents show significant enhancement in trans-
membrane transport.'® PEl was also chosen for its low
cytotoxicity at low molecular weights, and the large
number of primary and secondary amines available for
covalent attachment to the sidewalls of the SWNTSs.

RESULTS AND DISCUSSION

PEI-SWNTs were prepared by the reaction of
F-SWNTs with the appropriate molecular weight PEl in
EtOH suspension in the presence of a pyridine catalyst
(see Experimental Section). PEI-SWNTs were prepared
using branched PEI of M, = 600, 1800, 10000, and
25000 Da and linear PEI (M,, = 25000 Da), yielding
PEI(600)-SWNT, PEI(1800)-SWNT, PEI(10000)-SWNT,
PEI(25000)-SWNT, and linear-PEl (M,, = 25000 Da),
respectively.

Although the reaction of F-SWNTs with amines has
been shown to result in covalent attachment by both

(@) )

Figure 1. Comparison of (a) noncovalently attached
PEI(600)-SWNT, and (b) covalently attached PEI(600)/SWNTs,
after aqueous dialysis for 20 min and 4 days, respectively.
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Scheme 1. Synthesis of Functionalized SWNTs from F-SWNTs

scanning tunneling microscopy and NMR
measurements,’®?° we have prepared the noncova-
lent conjugate using both pristine SWNTs and F-SWNTs
and PEIl (M, = 600 Da) in order to further confirm the
covalent attachment in PEI-SWNTs. The noncovalent
conjugates, PEI(600)/SWNT and PEI(600)/F-SWNTs, are
soluble in water upon preparation; however, aqueous
dialysis for 20 min results in the aggregation and pre-
cipitation of the nanotubes. In contrast, each of the PEI-
SWNTs prepared in the presence of a pyridine catalyst
shows no alteration in solubility (miscibility) after 4 days
of dialysis. The comparison between covalent and non-
covalent attachment is shown in Figure 1.

The PEI-SWNTs were tested for aqueous solubility
at neutral pH. For example, PEI(600)-SWNTs were soni-
cated for 15 min in deionized water and then were
transferred to a centrifuge tube. The solution was cen-
trifuged to ensure all of the bundled tubes and in-
soluble material were removed from the decant. The re-
sulting decant was deep black in color with no visible
particulates in the solution. The solubility was deter-
mined to 0.4 mg-mL~'.2" Each of the branched PEI-
SWNTs showed comparable solubility at neutral pH sug-
gesting that even at the lowest molecular weight the
branched PEl imparts optimum solubilization of the
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Figure 2. C;, high-resolution XPS spectra for (a) F-SWNTs and (b)
PEI(10000)-SWNTs. Peak fits and assignments are shown.
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Figure 3. Plot of the number of PEI molecules per SWNT
carbon (PEI:Cgy\¢) as a function of the molecular weight
(Da).

SWNT. In contrast, linear-PEI-SWNT shows only tran-
sient miscibility in water. After sonication a suspension
is observed for only a few minutes before aggregation
and precipitation occur. The branched PEI-SWNT's
showed good solubility between pH 1.7 and 8.31. At
any pH above these values aggregation was observed.
However, the rate of aggregation is dependent on the
source of basicity. Addition of NaOH solution resulted in
aggregate over a period of about 6 h, whereas addi-
tion of NaHCO; solution resulted in instantaneous ag-
gregation. This observation is consistent with the CO,
absorbing qualities of the PEI-SWNT's (see below).

As expected, based upon the known reaction of
F-SWNTs with amines, the X-ray photoelectron spec-
troscopy shows a decrease in the fluorine concentra-
tion for the PEI-SWNTs versus the F-SWNT starting ma-
terial with a concomitant increase in the nitrogen
content. However, whereas the reaction of F-SWNTs
with simple amines results in a loss of the majority of
fluorine, the C,, spectrum shows that there remains sig-
nificant fluorine concentration (Figure 1).2° This is con-
sistent with the attachment of each polymer via a lim-
ited number of amine groups, allowing the majority of
the hydrophilic amine functional groups available to
ensure solubility. This is rather than the polymer wrap-
ping around the SWNT with extensive covalent attach-
ment, leaving a more hydrophobic organic backbone,
which would limit organic solubility. Another interest-

(b)

33

R

K]

e293030]

Figure 4. Schematic representation of PEI-SWNTs with molecular
weights of (a) 600 Da, (b) 10000 Da, and (c) 25000 Da, showing the ori-
entation of PEl substituents accounting for the insensitivity of num-
ber of polymers per SWNT as a function of M,,. This is in contrast to the
expected decrease in PEI:Cgy,\r that would be expected with increased
N—Cgnr attachments for higher M, PEI.
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TABLE 1. Selected Physical and Spectroscopic Data for
Branched PEI-SWNTs

PEI PEIC Raman €0, absorption (0, efficiency,
M,, (Da) SWNT D:G at 75 °C (%) mol of C0,/mol of PEI
600 1:155 0.448 41 0.0217
1800 1:405 0.291 48 0.0827
10000 1:1910 0.273 5.2 0.143
25000 1:2065 0.273 7.2 0.159

ing observation is that the signal due to the CF, groups
(290.62 eV) appears to be largely unaffected by the re-
action of the amine (cf. Figure 2), while the peak as-
signed to the sidewall C—F groups (288.61 eV) is dimin-
ished in concert with the presence of the sidewall C—N
substituents (286.35 eV). This observation suggesting
that the reaction of F-SWNTs with amines occurs prefer-
entially at the sidewall C—F groups rather than the de-
fect CF, moieties.

The PEI:SWNT ratio can be determined from the
thermogravimetric analysis (TGA); see Table 1."”
TGA of as prepared PEI-SWNTs shows a mass loss be-
tween 25 and 75 °C, consistent with desorption of
water (and possibly CO,, see below), followed by the
decomposition of the PEIl substituents and the re-

0
0 0.5 1.0 1.5 pm

Figure 5. AFM image of a PEI(600)-SWNT showing the pres-
ence of PEl “globules” on the SWNT.

Figure 6. TEM image of a single PEI(600)-SWNTs exposed
from a bundle.
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Figure 7. TEM image of PEI(600)-SWNTs functionalized with
gold nanoparticles formed from the reduction of HAuCl, by
the PEI substituents.

formation of the parent SWNT at 250 °C. As may be
expected, the number of polymer molecules per
SWNT is larger for low-molecular weight PEI (M,, =
600 Da) than for high-molecular weight PEI (M,, =
25000 Da). However, it is worth observing that above
10000 Da, the number of polymer molecules per
SWNT remains essentially constant (Figure 3). It may
be assumed that increasing the molecular weight
of the PEI allows for more attachment points via the
additional NH, groups, and as a consequence a
smaller number of PEI molecules would be required
to functionalize the entire SWNT. Instead, a large in-
crease in the molecular weight (i.e., 10000 vs 25000)
does not correspond to a change in the number of
PEI polymer molecules per SWNT. We propose that
this is due to the hydrophilic PEI being repelled from
the hydrophobic surface of the SWNT (Figure 4, pan-
els a and b) rather than wrapping around the SWNT
to make additional covalent attachments (Figure 4,
panel c). The surface globular nature of the PEl sub-
stituents is confirmed by atomic force microscopy
(AFM) and TEM, while the extent of functionaliza-
tion is consistent with Raman spectroscopy.

Atomic force microscopy and TEM also confirmed
the presence of PEl on the sidewalls of the tubes. Fig-
ure 5 shows PEI(10000)-SWNTs spin-coated on a freshly
cleaved mica surface. The images are typical of substi-
tuted SWNTs, and analysis of the height data along the
length of the nanotubes suggests that the majority of
the tubes are coated with the polymer when compared
to the height data of unfunctionalized tubes. Cross sec-
tional analysis of the data in Figure 5 shows a height
of 7-10 nm compared to 2-5 nm for a pristine SWNT.

Figure 6 displays a TEM image of a single PEI(600)-
SWNT protruding from a bundle of tubes. Bundling
of the tubes occurs when the sample is drop-cast
onto the TEM grid and the water from which the
sample is contained slowly evaporates causing con-
centration of the solution and subsequent aggrega-
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Figure 8. Raman spectrum (780 nm) of (a) purified SWNTs, (b) F-SWNTs,
and (c) PEI(600)-SWNTs.

tion and bundling of the tubes. Due to the organic
nature of PEl it was difficult obtain images of the
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Figure 9. Plot of the Raman D:G ratio as a function of PEI
molecular weight (Da) for PEI-SWNTs.
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Figure 10. Solid-state NMR spectra of PEI(600)-SWNTs. (a) '3C
MAS NMR spectrum with a 12 kHz spinning speed, and (b)
TH—"3C CPMAS spectrum with a 7 kHz spinning speed.

polymer on the SWNTs with TEM as it would com-
bust when exposed to the electron beam. It has been
previously reported that linear-PEl can be used as a
reducing agent in the formation of gold nanoparti-
cles from HAuCI,.?? Extending this prior work with
linear-PEl, the presence of branched-PEl on the
SWNTs was indirectly confirmed by the addition of
HAuCl, to the PEI-SWNT solution and heating the so-
lution for 20 min at 70 °C. Upon completion of heat-
ing, the samples were allowed to cool and where
drop-cast onto TEM grids and reimaged. The pres-
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Figure 11. TGA of PEI(25000)-SWNT showing the mass change associ-
ated with the adsorption and desorption of CO,. The mass has been
normalized to the lowest mass recorded, which is equivalent to
PEI(25000)-SWNT.
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ence of gold nanoparticles along the sidewalls of

tubes (Figure 7) and not in the void space demon-
strates the presence of PEl on the sidewalls of the
SWNTs.

The Raman spectrum, obtained with a 780 nm exci-
tation laser, for the purified HiPco SWNTs (Figure 8a)
displayed a strong tangential G mode at 1592 cm ™' ac-
companied by a small peak at 1292 cm ™', correspond-
ing to the D (disorder) mode due to sp>-hybridized car-
bons, suggesting a low degree of defect sites within
the continuous graphitic sheet of the nanotubes.>® The
presence of prominent radial breathing modes appear-
ing at 233 and 267 cm ™' suggests that the nanotubes
are truly single walls.>* Fluorination of the purified
SWNTs resulted in a substantial increase in the number
of sp>-hybridized carbons with a concomitant increase
in the D mode and a decrease in the tangential G mode
associated with sp-hybridized carbons from the gra-
phitic sidewalls (Figure 8, panel b). This increase in the
ratio of the sp®:sp? ratio is described by the D:G ratio. An
increase in the D:G ratio is also accompanied by an al-
most complete loss of the radial breathing modes, sug-
gesting that the continuous delocalization of electrons
throughout the nanotubes has been highly disrupted
due to covalent attachment of the fluorine atoms to the
nanotubes.’? As was observed in the covalent addition
of diamines to the sidewalls of F-SWNTs'? the structural
integrity of the original purified nanotubes is partially
re-established by the addition of PEI to the F-SWNTSs un-
der the reaction conditions previously described. The
sp>/sp? ratio mode present in the PEI-SWNT spectra
(e.g., Figure 8, panel ¢) is substantially lower than that
observed for the F-SWNTs, however, higher than the
observed ratio for purified SWNTs without functional-
ization. This result, accompanied by an increase in the
nitrogen content of the sample and a decrease in the
fluorine content as confirmed through X-ray photoelec-
tron spectroscopy (XPS), suggests that the PEl has been
covalently attached to the sidewalls resulting in the dis-
placement of the fluorine atoms. The presence of radial
breathing modes and an increase in the tangential
mode suggest that portions of the original graphitic
sidewall have been re-established during the reaction
process.

If our model for the morphology of the PEI substitu-
ents as a function of molecular weight is correct, then
the number of “attachment” points (i.e., the number of
sp> carbons per SWNT) should follow the same trend as
the number of PEI molecules per SWNT carbon. As
may be seen from Figure 9, the number of sidewall sp*
carbons is greater (i.e., large D:G ratio) for PEl with a
M,, = 600 Da, than those with higher molecular
weights. However, there appears to be no significant
variation in the D:G ratio for PEl above M,, = 1800 Da
(Figure 9). This is consistent with our model shown in
Figure 4.
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The UV-vis—NIR and fluorescence spectra obtained
for the PEI-SWNTs assists in confirming the covalent
functionalization of the SWNTSs through the loss in the
van Hove absorbance and fluorescence as compared to
unfunctionalized SWNTs, respectively. Both are due to
the partial disruption in the delocalized electronic struc-
ture of the SWNTs due to the sp>-hybridized carbons
present in the sidewall at the sites of covalent attach-
ment to the PEL'3

We have previously been able to assign the sp®
carbon on the SWNT sidewall for a range of function-
alized SWNTs.2° However, in the present case with
the low number of PEl molecules per SWNT and the
consequently lower number of SWNT sp> carbons we
were unable to conclusively observe the SWNT sp®
carbon. The direct pulse "*C MAS NMR spectrum of
a sample of PEI(600)-SWNTs (Figure 10, panel a)
shows three signals that can be assigned to the side-
wall sp? carbon (8 = 122.4), the aliphatic CH, groups
of the PEI (8 = 47.7), and a small shoulder at ~160
ppm consistent with a carbonyl group. The 'H—"3C
CPMAS spectrum (Figure 10, panel b) suppresses the
SWNT sp? signal and allows for the clearer observa-
tion of the carbonyl (8 = 160.0). The presence of the
carbonyl signal was originally assumed as being
due to residual carboxylate groups on the SWNT;
however, several observations suggested otherwise.
First, the relative intensity of the peak in comparison
with the PEI aliphatic signal suggested a much
higher concentration than would be expected. Sec-
ond, the carbonyl content appeared to be depend-
ent on the age of the sample. Third, the sensitivity to
bicarbonate (as compared to hydroxide) suggested
a reaction with CO.,. Lastly, PEl is known to react with
CO, by means of the amines to form a carbamate
(eq 1).°

R—NH, + CO,—R-NH)CO,  + H" (1)

€0, Absorption. The potential absorption of carbon di-
oxide by the PEI-SWNTs was investigated by TGA. As
discussed above, heating samples to 75 °C under ar-
gon results in an initial decrease in mass due the pres-
ence of moisture (and what is apparently ambient CO,
absorption) in the sample. Once a constant mass was
achieved, the flow gas was switched to CO, and the
temperature reduced to a set level. As can be seen from
Figure 11, once CO, is introduced the mass increases
significantly until a stable maximum. Once the carrier
gas is switched back to argon, a mass loss occurs back
to the original mass for the PEI-SWNT. As is shown in
Table 1, for a particular experimental temperature the
percentage increase in mass is dependent on the mo-
lecular weight of the PEI (in the PEI-SWNT).

The ability of the PEI-SWNT to absorb CO, should
be related to the number and availability of NH, groups
for reaction. Since the percentage PEl in each PEI-SWNT
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Figure 12. A plot of CO, adsorption efficiency as a function of
molecular weight of the PEI for PEI-SWNTs.

is known, the efficiency of adsorption at a particular
temperature can be calculated, i.e., the mass of CO, per
mass of PEl. Assuming an average molecular weight of
each polymer, then a molar efficiency can be estimated
that provides an indication of the number of CO, mol-
ecules adsorbed per polymer unit. Figure 12 shows a
plot of efficiency as a function of molecular weight of
the PEL.

The ability to reversably adsorb CO, is an important
property for any CO, sequestration system. In order to
determine the stability of the PEI-SWNTSs to adsorption/
desorption and thermal cycling, samples were repeat-
edly heated to 75 °C under argon and then cooled to
ambient under CO,. In each case the final mass for both
PEI-SWNT and CO,-PEI-SWNT is within 2% of the previ-
ous value showing the stability of the PEI-SWNTs. Fur-
thermore, when the PEI-SWNTs were exposed to CO,
for extended periods (at a constant temperature), there
is no further increase in adsorption (e.g., Figure 13).

In the above experiments the PEI-SWNT was ex-
posed to 1 atm of CO, at 75 °C; however, the equilib-
rium absorption is dependent on the temperature. Fig-
ure 14 shows the TGA for PEI(10000)-SWNT heated to
110 °C under argon, followed by exposure to CO, at a
range of temperatures between 75 and 25 °C. Clearly as
the temperature is decreased the mass reached a new
equilibrium. A plot of equilibrium CO, adsorption versus
temperature is given in Figure 15. On the basis of the
data in Figure 15, it can be determined that for
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Figure 13. TGA of PEI(600)-SWNT showing the mass change associ-
ated with the repeated adsorption and desorption of CO, irrespec-
tive of exposure times. The mass has been normalized to the lowest

mass recorded, which is equivalent to PEI(600)-SWNT.
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Figure 14. TGA for PEI(10000)-SWNT heated to 110 °C under argon,
followed by exposure to CO, at a range of temperatures showing the
increase in CO, adsorption with decrease in temperature.

PEI(10000)-SWNTs complete dissociation of CO, occurs
at 115 °C even under a CO, atmosphere. Investigation
of the temperature dependence of the other M,, PEI-
SWNTSs suggest that the zero point temperature (i.e., the
temperature at which no CO, is absorbed) is essen-
tially constant but that as shown above the absolute ef-
ficiency is dependent on the M,,.

5 =
4 4
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absorption 1
(%)
3 -
2 T T T T T 1

—— ——
20 30 40 50 60 70 80
Temperature (°C)

Figure 15. A plot of CO, adsorption efficiency as a function
of temperature for PEI(10000)-SWNT.

EXPERIMENTAL SECTION

Pristine HiPco SWNTs were obtained through the Carbon
Nanotube Laboratory (CNL) at Rice University and were purified
by the wet-air oxidation procedure at 250 °C for 24 h to remove
any iron and carbon impurities.® The degree of purification was
determined using TGA analysis in air and showed that the puri-
fied SWNTSs contained less than 3% iron content after purifica-
tion. Fluorination of the purified nanotubes was achieved using
a previously reported procedure and yielded a stoichiometry of
C, ,F as determined by the difference in mass and was confirmed
XPS analysis. Branched polyethyleneimine (M,, = 600, 1800,
10000, and 25000 Da) and linear polyethyleneimine (M,, 25000
Da) (Alfa Aesar), EtOH (AAPER Alcohol), and pyridine (Aldrich)
were used as received. All water was ultrapure (UP), obtained
from a Millipore Milli-Q UV water filtration system.

Characterization was performed using a FEI XL30 Schottky
field-emission environmental scanning electron microscope
ESEM with EDAX energy dispersive spectroscopy capability and
a JEOL 6500F thermal field-emission scanning electron micro-
scope. These were used at accelerating voltages of 30 and 15 kV,
respectively. Samples were mounted with carbon tape onto alu-
minum microscopy specimen mounts (Electron Microscopy Sci-
ences). Before imaging, insulating samples were sputter coated
(Plasma Sciences CRC 100 sputter coater) with a thin layer of gold
or chromium to prevent charging. XPS were acquired on a PHI

>
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CONCLUSIONS

We report the covalent attachment of branched PEI
to the sidewalls of SWNTs through the use of F-SWNT
precursors. The structural integrity of the original puri-
fied SWNT is maintained upon covalent functionaliza-
tion with PEI, and solubility of the SWNTs in aqueous
media is achieved. The PEI-SWNTs are readily dispersed
in both aqueous and phosphate buffer solution. In this
regard, the PEI-SWNTs offer potential applications with
respect to biological applications.

Branched-PEIl (M,, > 25000 Da) is necessary to ob-
serve transfection of DNA plasmids across a cell mem-
brane.? It is our hope that tethering low molecular
weight PEIl (M,, 600-10000) onto a SWNT would
achieve the same results due to the increased molecu-
lar weight of the system and cationic character across
the surface of the tube, yet would exhibit the lower tox-
icity associated with the low M,, PEls. The PEI-SWNTs
prepared herein exhibit no cytotoxicity toward human
embryonic kidney epithelial cells;'® however, the length
of the SWNTs employed meant that they were not ca-
pable of crossing cell membranes. Work is ongoing to
reproduce this work with cut nanotubes to improve the
cellular uptake of the PEI-SWNTs.

The reversible absorption of CO, is of importance
in a number of applications. Although the use of SWNTs
for large-scale CO, sequestration is impractical, the ab-
sorption in closed systems such as spacecraft and orbit-
ing space stations as well as submarines is where a
lightweight reusable adsorption system offers a poten-
tial solution. We are presently investigating the condi-
tions under which Bucky-paper of the PEI-SWNTs pro-
vide optimum absorption and low-energy desorption of
CO, from ambient atmospheres.

5700 ESCA system (Physical Electronics) at 15 kV, using an alumi-
num target and an 800 wm aperture. Samples were pressed
into indium metal. Transmission electron microscopy was per-
formed with a JEOL 2010 instrument at 100 kV utilizing a JEOL
FasTEM system. Samples were dropped onto Cu grids with lacey
carbon film (Electron Microscopy Sciences) and allowed to dry
thoroughly before imaging. Raman spectroscopy on solids (both
785 and 532 nm excitation) was performed using a Renishaw Ra-
man microscope. Samples were mounted on double-sided tape.
Attenuated total reflectance infrared spectroscopy (ATR-IR,
4000-600 cm™ ") of solids was obtained using a Nicolet Nexus
670 FT-IR with a diamond window. UV/vis spectra (200-1400
nm) were collected using a Cary 5000 UV/vis—NIR spectrometer
using quartz cuvettes. Thermal analysis was performed on a
Seiko TG/DTA 200 using aluminum pans.

PEI-SWNT. Covalent functionalization of SWNTs was achieved
through the reaction of branched and linear PEI with F-SWNTs
by dispersing F-SWNTs (20 mg) in EtOH (25 mL) by the use of
probe sonication for 20 min. This was combined with 25 mL of
a 0.1 M branched-PEI (M,, 600) solution in EtOH into a 100 mL
round-bottomed flask fitted with a condenser and a magnetic
stir bar. Pyridine (1 mL) was added to the reaction mixture, and
the reaction was brought to reflux, ~24 h, with continuous stir-
ring. Upon completion of the reaction, SWNT recovery was
achieved by filtration of the reaction mixture through a 0.2 um
membrane PTFE filter (Cole Parmer). The filtrate was washed with

www.acsnano.org



copious amounts of absolute EtOH followed by deionized water
to remove pyridine and any unreacted polymer. The PEI(600)-
SWNT product was then removed from the filter paper without
drying and transferred to a plastic centrifuge tube and was dis-
persed in deionized water via probe sonication, ~15 min. The
suspended PEI-SWNTs were then centrifuged at 4400 rpm for 15
min. The PEI-SWNT decant was removed and stored at room
temperature in a plastic centrifuge tube.

This same procedure was also repeated for the preparation
of PEI(1800)-SWNT and PEI(10000)-SWNT using 0.04 and 0.008
M solutions of branched-PEI (M,, = 1800 and 10000 Da) in EtOH,
respectively. The linear-PEI(25000)-SWNT was prepared using
the above procedure with 25 mL of 0.003 M linear-PEl (M,,, =
25000 Da) in EtOH.

PEI(600)/SWNT. Physical adsorption of PEI to the sidewalls of
SWNTs was achieved by dispersing purified SWNTs (20 mg) into
EtOH (25 mL) by probe sonication for 20 min. This was combined
with 25 mL of a 0.1 M PEI (M,, = 600 Da) solution in EtOH in a
100 mL round-bottomed flask fitted with a condenser and a
magnetic stir bar. The reaction mixture was brought to reflux,
~24 h, with continuous stirring. Upon completion, the recov-
ery, purification, and storage of the PEl-adsorbed SWNT were
achieved using the method previously described for the co-
valently attached PEI-SWNTs. A similar reaction is used to pre-
pare PEI(600)/F-SWNT physical absorbed conjugates.

pH Solubility Studies. Solutions of pH 1.7, 3.25,5.7,8.31, 11.21,
and 13.28 were prepared. Deionized water with a measured pH
of 5.7 was also used for all samples. The acidic solutions (pH 1.7
and 3.25) were prepared by the dilution of 1 M HCl with water.
The pH of each solution was constantly monitored using a pH
probe. Two sets of basic pH solutions (pH 11.21 and 13.28) were
prepared by the addition of dilution of NaHCO; and NaOH, re-
spectively. An aqueous solution containing the PEI-SWNTs (2 mL
of 4 mg-mL~") was then added to each solution.

€0, Absorption. CO, absorption experiments were carried out
on a Seiko TG/DTA 200. The general procedure for the absorp-
tion experiments is shown below. PEI-functionalized SWNTs
(5-10 mg) were loaded into an aluminum TGA pan and placed
on the balance arm of the TGA. The chamber was sealed and
purged with a steady flow of argon. The temperature of the sys-
tem was ramped from room temperature to 110 °C at a rate of
3°C-min~ ", in order to degas and dehydrate the sample. After
the mass decrease stabilized to a constant mass, the gas in the
system was changed to CO,. Upon the change of gases, an im-
mediate increase in weight was observed indicating that the PEI-
SWNT's are absorbing the CO,. The CO, flow was continued un-
til constant weight was attained. In order to determine the
effects of sample temperature, the sample temperature was ad-
justed to the desired measurement temperature after a constant
weight had been reached.
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