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Quartz crystal microbalance (QCM) was used to investigate the adsorption of acid-oxidized single-walled carbon nanotubes (Ox-
SWNTs) and poly(vinyl pyrrolidone), PVP. It was found for the first time that Ox-SWNTs adsorbed onto the QCM electrode
can be effectively replaced by PVP chains in an aqueous solution. This replacement process was also investigated by atomic force
miscroscopic (AFM) imaging, which shows good agreement with the QCM measurements. This study provides powerful tools
for fundamental investigation of polymer-nanotube interactions and for controlled design/fabrication of functional polymer-
nanotube surfaces for potential applications.
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Carbon nanotubes have been demonstrated to possess excel-
lent electronic [1], mechanical [2], and thermal [3] prop-
erties attractive for a large variety of potential applica-
tions. Examples include their uses as reinforcement fillers in
nanocomposite materials and nanoscale building blocks in
electronic, photonic, and biomedical devices. With no excep-
tion for carbon nanotubes, however, it is very rare that a ma-
terial with desirable bulk properties also possesses the surface
characteristics required for certain specific applications (e.g.,
strong interface with polymers in nanocomposites, good in-
terfacial properties in colloid systems, and strong biocompat-
ibility for nanotube sensors). Therefore, surface modification
becomes essential to render carbon nanotubes dispersible
in nanocomposites and to exhibit good bulk and surface
properties for biomedical applications. In this context, both
chemical and physical approaches have been used for sur-
face modification of carbon nanotubes. Chemical modifica-
tion of carbon nanotubes with functional molecules [4], in-
cluding polymer chains [5–9], has been demonstrated to sig-
nificantly improve their self-assembling properties and com-
patibility with other material systems. However, these mod-
ifications have been shown to alter the nanotube structure,
and hence its properties. To conserve the nanotube structure,

physical modification has been used to functionalize car-
bon nanotube surfaces through the noncovalent adsorption
of surfactants [10–13], biomacromolecules [14, 15], or syn-
thetic polymers [16–24]. In particular, it has been demon-
strated that many high molecular weight polymers (e.g.,
poly(vinyl pyrrolidone), PVP; poly-m-phenylenevinylene,
PmPV) can wrap around the surface of single-walled carbon
nanotubes (SWNTs) via hydrophobic-hydrophilic [22–24]
and/or π-π interactions [25]. Similar to the chemical modi-
fication, wrapping carbon nanotubes with appropriate poly-
mer chains could also significantly reduce the intertube van
der Waals force thereby enhancing nanotube solubility. Un-
like chemical modification, however, the noncovalent (phys-
ical) adsorption has advantages in largely retaining the pris-
tine structure and properties of the modified carbon nan-
otubes.

It is well known that polymer adsorption is a dynamic
process, in which adsorbed polymer chains on a particu-
lar surface can be desorbed or replaced by other absorb-
ing species that have a greater affinity to the surface [26–
29]. The adsorption and desorption processes are important
to many fundamental studies and practical applications, in-
cluding the use of adsorbed polymer chains for stabilization
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of colloidal particles, controlled release of drugs, and mim-
icking cell membranes. As far as we are aware, the pos-
sibility for surface replacement between carbon nanotubes
and polymers has yet been recognized, though carbon nan-
otubes, having the large number of well-defined carbon-
carbon single and double bonds in their molecular structure,
are polymeric in essence. Using quartz crystal microbalance
(QCM) and atomic force microscopy (AFM), we found that
acid-oxidized single-walled carbon nanotubes (Ox-SWNTs)
preadsorbed onto a QCM electrode can be readily replaced
by poly(vinyl pyrrolidone), PVP, chains in an aqueous solu-
tion. Here, we report our QCM and AFM results from the
first study on the surface replacement between carbon nan-
otubes and polymer chains.

In a typical experiment, 1 mg HiPCo SWNTs (from
Tubes@Rice) were oxidized in 8 mL concentrated H2SO4/
HNO3 (3/1 w/w) solution under ultrasonication (Branson
2510R, 100 W at 42 KHz) for 1 hour [30, 31], followed by
filtration through a Teflon filter of 1-μm pores and redis-
persed in pure (deionized) water to produce an aqueous dis-
persion of 2 mg/L Ox-SWNTs for subsequent investigation.
A platinum-coated AT-cut QCM crystal (9 MHz) of 5 mm
in diameter was used as the electrode for the QCM mea-
surements (QCM 922, Princeton Applied Research). Prior to
the QCM measurements, the platinum electrode was cleaned
electrochemically by scanning 300 cycles between 0 and 1.5 V
versus Ag/AgCl electrode in an aqueous solution of 0.5 M
H2SO4 until a constant frequency was obtained, then re-
peatedly washed with pure water. The QCM electrode thus
cleaned was then transferred into a clean glass cell contain-
ing 20 mL pure water, with and without Ox-SWNT and/or
PVP, for the frequency/mass measurements. We adopted the
well-known Sauerbray equation Δ f = −2Δm f 2/A(μρq)0.5 =
−CfΔm, using a value of 0.903 Hz/ng for the integrated
QCM sensitivity, Cf , to calculate the “apparent adsorp-
tion mass” from the measured frequencies (±5 Hz) [32–35].
QCM results were further verified with AFM imaging. For
each of the QCM measurements, AFM imaging (AFM, Digi-
tal Instrument NanoScope III) with an SiN tip under tapping
mode was performed on a corresponding mica sheet sputter-
coated with a thin platinum layer (Denton Vaccum, Desk IV;
40 mA for 5 minutes, ca. 20 nm) after having been placed in
the same glass cell under the same conditions as for the QCM
measurement, followed by rinsing three times with pure wa-
ter and air dried.

Figure 1(a) shows a time-dependence of the increased
mass for adsorption of Ox-SWNTs onto the surface of a
QCM platinum electrode. As can be seen, each addition of
the 1 mL Ox-SWNT dispersion (2 mg/L) (Figure 1(a)a–d)
led to a significant increase in the adsorption mass. The cor-
responding AFM images given in Figure 2 also show a suc-
cessive increase in the surface coverage of the adsorbed car-
bon nanotubes. At the initial adsorption stage (Figures 1(a)a
and 2(a)), the platinum surface was only partially covered
by the adsorbed Ox-SWNTs. The observed partial surface
coverage can be attributed to the low concentration of Ox-
SWNTs in the dispersion coupled with a relatively slow ad-
sorption kinetics. Upon the second and third additions of
the Ox-SWNT dispersion, much more dramatic increases
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Figure 1: Apparent adsorption mass of (a) Ox-SWNT onto a plat-
inum electrode by consecutively adding 1 mL Ox-SWNT dispersion
(2 mg/L) four times (a, b, c, and d) into 20 mL water in a glass
cell containing the cleaned QCM electrode, followed by thoroughly
washing with pure water (e), and (b) the Ox-SWNT preadsorbed
QCM platinum electrode (i.e., an electrode corresponding to the
end of Figure 1(a)e) after having been thoroughly washed with pure
water and reimmersed into 20 mL pure water in the glass cell, to
which four 1 mL PVP solution (0.01 g/L) was added consecutively
(a, b, c, and d).

in the absorption mass (Figure 1(a), b and c) and the nan-
otube surface coverage (Figures 2(b) and 2(c)) were observed
for the QCM platinum electrode and the mica-supported
platinum surface, respectively. It is worthwhile to note that
the adsorbed Ox-SWNTs form some aggregate-like assem-
blies, leading to somewhat nonuniform distribution of the
surface-adsorbed Ox-SWNTs (Figures 2(a)–2(d)). The ob-
served surface-adsorbed nanotube aggregates may arise di-
rectly from Ox-SWNT bundles in an aqueous solution with
limited dispersion. This scenario is consistent with our ob-
servation made on the Ox-SWNT preadsorbed surfaces be-
ing subjected to extensive water washing. Figure 1(a)e shows
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Figure 2: Surface coverage of Ox-SWNTs on a platinum sputter-coated mica substrate after consecutively adding 1 mL Ox-SWNT dispersion
(2 mg/L) four times (Figures 2(a), 2(b), 2(c), and 2(d)) into 20 mL water in a glass cell containing the cleaned QCM electrode, followed by
thoroughly washing with pure water (Figure 2(e)). The scanning ranges for all of the five images are 8.3 μm× 8.3 μm.
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Figure 3: Surface coverage of Ox-SWNTs on a platinum sputter-coated mica substrate after consecutively adding 1 mL PVP aqueous solu-
tion (0.01 g/L) into 20 mL pure water in the glass cell containing the Ox-SWNT preadsorbed QCM platinum electrode (i.e., an electrode
corresponding to the end of Figures 1(a)e and 2(e)). Note that the labels of (a), (b), and (c) in the AFM images correspond to the end of the
labels of a, b, and c in Figure 1(b), respectively. The scanning ranges for all of the three images are 8.3 μm× 8.3 μm.

a significant decrease in the absorption mass upon the re-
placement of the Ox-SWNT dispersion with pure water, fol-
lowed by thoroughly washing the QCM electrode in the ad-
sorption cell with pure water several times. The observed
decrease in the adsorption mass is most probably due to a

washing-induced dissociation of the overlaid Ox-SWNT ag-
gregates into the solution, leading to an equilibrium state for
the adsorbed Ox-SWNTs at the liquid/solid interface. The
corresponding AFM image given in Figure 2(e) shows some
rearrangement of the adsorbed nanotubes to generate a more
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homogenous surface coverage for the adsorbed Ox-SWNTs.
The overall limiting adsorption mass of Ox-SWNTs was
measured to be about 130 ng for the QCM electrode of 5 mm
in diameter (Figure 1(a)e). Since each bundle of the Ox-
SWNTs is approximately 25 nm in diameter and 1 micron in
length with a density of 1.40 g/cm3 [36], the above measured
limiting adsorption mass gives a submonolayer surface cov-
erage of about 10 SWNT bundles per μm2 corresponding to
approximately 25% surface coverage. This surface coverage
value of the adsorbed Ox-SWNTs estimated from the QCM
measurements corresponds well with the AFM image given
in Figure 2(e).

The surface rearrangement seen in Figure 2(e) indicates
that there is only a finite affinity of the Ox-SWNTs to the plat-
inum surface, and hence it is possible to replace the pread-
sorbed Ox-SWNTs by other absorbing species of a high affin-
ity to the surface (e.g., polymers). To investigate the sur-
face replacement between the Ox-SWNTs and polymers, we
simply consecutively added a predetermined amount of an
aqueous PVP solution (1 mL PVP, 0.01 g/L; Mw = 1 300 000;
Sigma-Aldrich) into 20 mL pure water in the glass cell con-
taining the thoroughly-washed QCM platinum electrode
with preadsorbed Ox-SWNTs (i.e., the QCM electrode cor-
responding to the end of Figure 1(a)e). As can be seen in
Figure 1(b), the first addition of the PVP solution caused a
slight increase in the adsorption mass, attributable to PVP
adsorption into the nanotube-free areas on the QCM plat-
inum electrode and/or onto the preadsorbed nanotube sur-
face. Subsequent additions of the PVP solution led to a
tremendous decrease in the adsorption mass due to desorp-
tion of the preadsorbed nanotubes, which was followed by
an increase in the adsorption mass through additional ad-
sorption of PVP chains into the newly-generated free elec-
trode surface from desorption of nanotubes. The successive
desorption of the preadsorbed nanotubes and adsorption of
PVP chains could eventually solubilize all the Ox-SWNTs
into the solution (vide infra).

Further evidence for the replacement of the preadsorbed
Ox-SWNTs by PVP chains comes from our AFM images
recorded after each addition of the PVP solutions. As can
be seen from Figures 3(a)–3(c), the surface coverage of Ox-
SWNTs decreased significantly after each of the additions of
the PVP solution and incubation for a certain period of time,
leading to the disappearance of the majority of the adsorbed
nanotubes (Figure 3(c)) and a limited adsorption mass of
ca. 40 ng (Figure 1(b)d). Therefore, the value of 40 ng for the
limited absorption mass indicated in Figure 1(b)d must arise
predominantly from the absorbed PVP chains. Given that the
PVP molecular weight and the QCM electrode diameter are
1 300 000 and 5 mm, respectively, the above value of the lim-
ited adsorption mass (i.e., 40 ng) corresponds to a monolayer
coverage of PVP chains [37] on the QCM platinum surface.

Generally speaking, the surface adsorption arises from
two opposing interactions; an attractive interaction with
the surface favoring adsorption and an attractive interac-
tion with solvent molecules preventing unlimited adsorp-
tion. Since adsorption of PVP chains on the Ox-SWNTs
could enhance the nanotube solubility in water [22–24], the
adsorbed Ox-SWNTs, especially those overlaid on the top of

the nanotube aggregates, can be removed from the surface
into the liquid phase by adsorbed polymer chains. This was
followed by subsequent absorption of PVP chains onto the
newly-generated free surface of platinum.

In summary, we have used the combined quartz mi-
crobalance (QCM) and atomic force microscopy (AFM) to
demonstrate the first surface replacement of preadsorbed
acid-oxidized single-walled carbon nanotubes (Ox-SWNTs)
by poly(vinyl pyrrolidone), PVP, chains. We found that car-
bon nanotubes preadsorbed onto a QCM platinum elec-
trode can be effectively replaced by poly(vinyl pyrroli-
done) chains from an aqueous solution. These results would
not only open new frontiers for fundamental studies into
polymer-nanotube interactions, but also provide powerful
tools for the controlled design and fabrication of functional
polymer-nanotube surfaces for potential applications, rang-
ing from polymer/nanotube-related micro- or nanoelectron-
ics to biomedical systems.

ACKNOWLEDGMENTS

The authors thank NSF (NER-0708055), AFRL/ML, Wright
Brothers Institute, Dayton Development Collations, and
University of Dayton for financial support.

REFERENCES

[1] P. J. F. Harris, Carbon Nanotubes and Related Structures: New
Materials for the Twenty-First Century, Cambridge University
Press, Cambridge, UK, 1999.

[2] L. Dai, Ed., Carbon Nanotechnology: Recent Developments in
Chemistry, Physics, Materials Science and Device Applications,
Elsevier, Amsterdam, The Netherlands, 2006.

[3] M. S. Dresselhaus, G. Dresselhaus, and P. C. Eklund, Science of
Fullerenes and Carbon Nanotubes, Academic Press, San Diego,
Calif, USA, 1996.

[4] L. Dai, Intelligent Macromolecules for Smart Devices: From Ma-
terials Synthesis to Device Applications, Springer, Berlin, Ger-
many, 2004.

[5] S. Qin, D. Qin, W. T. Ford, J. E. Herrera, and D. E. Resasco,
“Grafting of poly(4-vinylpyridine) to single-walled carbon
nanotubes and assembly of multilayer films,” Macromolecules,
vol. 37, no. 26, pp. 9963–9967, 2004.

[6] S. Qin, D. Qin, W. T. Ford, et al., “Solubilization and pu-
rification of single-wall carbon nanotubes in water by in situ
radical polymerization of sodium 4-styrenesulfonate,” Macro-
molecules, vol. 37, no. 11, pp. 3965–3967, 2004.

[7] G. Viswanathan, N. Chakrapani, H. Yang, et al., “Single-step in
situ synthesis of polymer-grafted single-wall nanotube com-
posites,” Journal of the American Chemical Society, vol. 125,
no. 31, pp. 9258–9259, 2003.

[8] S. Qin, D. Qin, W. T. Ford, D. E. Resasco, and J. E. Herrera,
“Polymer brushes on single-walled carbon nanotubes by atom
transfer radical polymerization of n-butyl methacrylate,” Jour-
nal of the American Chemical Society, vol. 126, no. 1, pp. 170–
176, 2004.

[9] H. Kong, C. Gao, and D. Yan, “Constructing amphiphilic poly-
mer brushes on the convex surfaces of multi-walled carbon
nanotubes by in situ atom transfer radical polymerization,”
Journal of Materials Chemistry, vol. 14, no. 9, pp. 1401–1405,
2004.



Wei Chen et al. 5

[10] M. J. O’Connell, S. M. Bachilo, C. B. Huffman, et al., “Band
gap fluorescence from individual single-walled carbon nan-
otubes,” Science, vol. 297, no. 5581, pp. 593–596, 2002.

[11] C. Richard, F. Balavoine, P. Schultz, T. W. Ebbesen, and C.
Mioskowski, “Supramolecutar self-assembly of lipid deriva-
tives on carbon nanotubes,” Science, vol. 300, no. 5620, pp.
775–778, 2003.

[12] W. Wenseleers, I. I. Vlasov, E. Goovaerts, E. D. Obraztsova, A.
S. Lobach, and A. Bouwen, “Efficient isolation and solubiliza-
tion of pristine single-walled nanotubes in bile salt micelles,”
Advanced Functional Materials, vol. 14, no. 11, pp. 1105–1112,
2004.

[13] V. C. Moore, M. S. Strano, E. H. Haroz, et al., “Individually
suspended single-walled carbon nanotubes in various surfac-
tants,” Nano Letters, vol. 3, no. 10, pp. 1379–1382, 2003.

[14] M. Zheng, A. Jagota, M. S. Strano, et al., “Structure-based car-
bon nanotube sorting by sequence-dependent DNA assem-
bly,” Science, vol. 302, no. 5650, pp. 1545–1548, 2003.

[15] M. Zheng, A. Jagota, E. D. Semke, et al., “DNA-assisted disper-
sion and separation of carbon nanotubes,” Nature Materials,
vol. 2, no. 5, pp. 338–342, 2003.

[16] P. M. Ajayan, O. Stephan, C. Colliex, and D. Trauth, “Aligned
carbon nanotube arrays formed by cutting a polymer resin—
nanotube composite,” Science, vol. 265, no. 5176, pp. 1212–
1214, 1994.

[17] B. McCarthy, J. N. Coleman, R. Czerw, et al., “A microscopic
and spectroscopic study of interactions between carbon nan-
otubes and a conjugated polymer,” The Journal of Physical
Chemistry B, vol. 106, no. 9, pp. 2210–2216, 2002.

[18] M. in het Panhuis, A. Maiti, A. B. Dalton, et al., “Selective in-
teraction in a polymer-single-wall carbon nanotube compos-
ite,” The Journal of Physical Chemistry B, vol. 107, no. 2, pp.
478–482, 2003.

[19] J. H. Rouse, “Polymer-assisted dispersion of single-walled car-
bon nanotubes in alcohols and applicability toward carbon
nanotube/sol-gel composite formation,” Langmuir, vol. 21,
no. 3, pp. 1055–1061, 2005.

[20] A. B. Dalton, C. Stephan, J. N. Coleman, et al., “Selective in-
teraction of a semiconjugated organic polymer with single-
wall nanotubes,” The Journal of Physical Chemistry B, vol. 104,
no. 43, pp. 10012–10016, 2000.

[21] M. in het Panhuis, L. A. P. Kane-Maguire, S. E. Moulton,
P. C. Innis, and G. G. Wallace, “Stabilization of single-wall
carbon nanotubes in fully sulfonated polyaniline,” Journal of
Nanoscience and Nanotechnology, vol. 4, no. 8, pp. 976–981,
2004.

[22] M. J. O’Connell, P. Boul, L. M. Ericson, et al., “Reversible
water-solubilization of single-walled carbon nanotubes by
polymer wrapping,” Chemical Physics Letters, vol. 342, no. 3-4,
pp. 265–271, 2001.

[23] M. in het Panhuis, C. Salvador-Morales, E. Franklin, et al.,
“Characterization of an interaction between functionalized
carbon nanotubes and an enzyme,” Journal of Nanoscience and
Nanotechnology, vol. 3, no. 3, pp. 209–213, 2003.

[24] Y. Lin, S. Taylor, H. Li, et al., “Advances toward bioapplications
of carbon nanotubes,” Journal of Materials Chemistry, vol. 14,
no. 4, pp. 527–541, 2004.

[25] R. J. Chen, Y. Zhang, D. Wang, and H. Dai, “Noncovalent side-
wall functionalization of single-walled carbon nanotubes for
protein immobilization,” Journal of the American Chemical So-
ciety, vol. 123, no. 16, pp. 3838–3839, 2001.

[26] C. Thies, “The adsorption of polystyrene-poly (methyl
methacrylate) mixtures at a solid-liquid interface,” The Jour-
nal of Physical Chemistry, vol. 70, no. 12, pp. 3783–3790, 1966.

[27] G. J. Fleer, M. A. Cohen Stuart, J. M. H. M. Scheutjens, T. Cos-
grove, and B. Vincent, Polymers at Interfaces, Chapman & Hall,
London, UK, 1993.

[28] Z. Fu and M. M. Santore, “Kinetics of competitive adsorp-
tion of PEO chains with different molecular weights,” Macro-
molecules, vol. 31, no. 20, pp. 7014–7022, 1998.

[29] V. N. Kislenko, “Mathematical model of kinetics of polymer
adsorption and replacement adsorption onto a solid surface,”
Journal of Colloid and Interface Science, vol. 202, no. 1, pp. 74–
83, 1998.

[30] B. Kim and W. M. Sigmund, “Functionalized multiwall carbon
nanotube/gold nanoparticle composites,” Langmuir, vol. 20,
no. 19, pp. 8239–8242, 2004.

[31] R. Martel, H. R. Shea, and P. Avouris, “Ring formation in
single-wall carbon nanotubes,” The Journal of Physical Chem-
istry B, vol. 103, no. 36, pp. 7551–7556, 1999.

[32] G. Sauerbrey, “Verwendung von Schwingquarzen zur Wägung
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