
Hydration forces between surfaces of surfactant coated single-walled
carbon nanotubes
Changwoo Do, Hyung-Sik Jang, and Sung-Min Choi 
 
Citation: J. Chem. Phys. 138, 114701 (2013); doi: 10.1063/1.4793763 
View online: http://dx.doi.org/10.1063/1.4793763 
View Table of Contents: http://jcp.aip.org/resource/1/JCPSA6/v138/i11 
Published by the American Institute of Physics. 
 
Additional information on J. Chem. Phys.
Journal Homepage: http://jcp.aip.org/ 
Journal Information: http://jcp.aip.org/about/about_the_journal 
Top downloads: http://jcp.aip.org/features/most_downloaded 
Information for Authors: http://jcp.aip.org/authors 

Downloaded 02 Jun 2013 to 143.248.118.122. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions

http://jcp.aip.org/?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1153161315/x01/AIP-PT/AIP_PT_JCPCoverPg_0513/comment_1640x440.jpg/6c527a6a7131454a5049734141754f37?x
http://jcp.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Changwoo Do&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jcp.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Hyung-Sik Jang&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jcp.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Sung-Min Choi&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jcp.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4793763?ver=pdfcov
http://jcp.aip.org/resource/1/JCPSA6/v138/i11?ver=pdfcov
http://www.aip.org/?ver=pdfcov
http://jcp.aip.org/?ver=pdfcov
http://jcp.aip.org/about/about_the_journal?ver=pdfcov
http://jcp.aip.org/features/most_downloaded?ver=pdfcov
http://jcp.aip.org/authors?ver=pdfcov


THE JOURNAL OF CHEMICAL PHYSICS 138, 114701 (2013)

Hydration forces between surfaces of surfactant coated single-walled
carbon nanotubes

Changwoo Do,a) Hyung-Sik Jang, and Sung-Min Choib)

Department of Nuclear and Quantum Engineering, Korea Advanced Institute of Science and Technology,
Daejeon 305-701, Republic of Korea

(Received 12 September 2012; accepted 6 February 2013; published online 15 March 2013)

The interaction force between functionalized single-walled carbon nanotubes (SWNTs) plays an
important role in the fabrication of self-assembled and highly ordered SWNT arrays for a wide
range of potential applications. Here, we measured interaction force between SWNTs encapsu-
lated with polymerized surfactant monolayer (p-SWNTs). The balance between the repulsion be-
tween p-SWNTs and the osmotic pressure exerted by poly(ethylene glycol) in aqueous solution
results in two-dimensional hexagonal arrays of p-SWNTs with very small surface to surface dis-
tances (<1 nm). The interaction force measured by the osmotic pressure technique shows char-
acteristic decay length of hydration force in its origin. © 2013 American Institute of Physics.
[http://dx.doi.org/10.1063/1.4793763]

I. INTRODUCTION

The fabrication of ordered superstructures of nanopar-
ticles with well defined morphology, density, and direction
has been of great interest in nanoscience and nanotechnol-
ogy for its wide range of potential applications.1 Among vari-
ous approaches to fabricate superlattice of nanoparticles, self-
assembly is considered as the most promising method due to
its scalability. Successful application of self-assembly method
has led to, for example, the development of ultra-sensitive
biosensors,2, 3 molecular motors,4, 5 or highly ordered binary
nanoparticle superlattices.6, 7 As shown in those examples of
self-assemblies, there is no doubt that the success in fabricat-
ing well-organized nanoparticle assemblies relies on the un-
derstanding of the interaction between nanoparticles and their
environment.8

Single wall carbon nanotubes (SWNTs) are one of the
most promising 1D nanoparticles in the field of nanotech-
nology for their wide range of potential applications such as
nanoscale electronic devices,9, 10 sensors,11–13 energy storage
materials,14, 15 and reinforcement materials.16, 17 Many efforts
have been made to fabricate SWNT superstructure with de-
sired morphology and orientations to achieve practical ap-
plications of SWNTs. Although there have been successful
examples of SWNT superstructures achieved by, for exam-
ple, solvent evaporation,18 electric field,19 flow field with
functionalized substrates,10 or self-assembly with polymeric
systems,20, 21 the realization of the various potential applica-
tions of SWNTs is, however, still at its early stage22 and,
therefore, a more deliberate and smarter approach of self-
assembly is desired to accelerate the realization of practical
SWNT applications. Since the self-assembly is a result of
SWNT-SWNT and SWNT-matrix interactions, understanding
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on these interaction forces, which has not been fully exploited
yet, may accelerate the advances in the design and develop-
ment of SWNT applications.

In many cases of self-assemblies of SWNTs, it is of-
ten desired to work with individually isolated SWNTs in
aqueous solutions. Permanent surfactant coating via free-
radical polymerization23 is one of SWNT dispersion meth-
ods, which provides an excellent and stable dispersion of
SWNTs in water23 and alcohols,24 and has been used as suc-
cessful building blocks in fabricating self-assembled SWNT
superstructures.20 Therefore, understanding interaction be-
tween these functionalized SWNTs may provide crucial in-
formation in designing self-assemblies of SWNT superstruc-
tures. Here, we investigated the interaction between SWNTs
coated with polymerized surfactant monolayers (p-SWNT)
by using the osmotic stress method.25, 26 The p-SWNTs form
hexagonal arrays in polyethyleneglycol (PEG)/water at room
temperature due to the osmotic pressure exerted by the
polymers.20 At equilibrium, the distance between p-SWNTs,
which is measured by small angle x-ray scattering (SAXS),
is determined by a balance between the p-SWNT repulsion
force and the compressive osmotic pressure. Therefore, the
force between p-SWNTs can be directly interpreted from the
SAXS measurements with known concentrations of PEG in
water, which determines the osmotic pressure. To the best of
our knowledge, this is the first measurement on the interaction
force between functionalized SWNTs.

II. EXPERIMENTAL METHODS

A. Materials

Cetyltrimethylammonium hydroxide (CTAOH), 4-
vinylbenzoic acid (VBA), and poly(ethylene glycol) (PEG,
MW = 2000) were purchased from Aldrich. Sodium 4-
styrenesulfonate (NaSS) was purchased from Fluka. Purified
HiPco single wall carbon nanotubes (purity >90 wt. %)
were purchased from Carbon Nanotechnologies Inc. A
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FIG. 1. Schematics of isolated p-SWNT. The SWNT (1 nm diameter) is sur-
rounded by a monolayer of polymerized surfactants (CTVB).

water-soluble free-radical initiator, VA-044 (2,2′-azobis[2-(2-
imidazolin-2-yl)propane] dihydrochloride), was purchased
from Wako Chemicals. D2O (99.9% by mole deuterium en-
riched) was purchased from Cambridge Isotope Laboratory.
H2O was purified using a Millipore Direct Q system immedi-
ately before use. Cetyltrimethylammonium 4-vinylbenzoate
(CTVB) was synthesized through neutralization of VBA in
the presence of a slight stoichiometric excess of CTAOH
followed by repeated crystallization. Further details of the
procedure are described in Refs. 23 and 27.

B. SAXS measurements

SAXS measurements were performed on the 4C1 beam-
line at the Pohang Accelerator Laboratory (PAL), Republic
of Korea, where a W/B4C double multilayer monochroma-
tor delivered monochromatic X-rays with a wavelength of
0.1608 nm and wavelength spread �λ/λ = 0.01. A two-
dimensional CCD camera (Mar CCD, Mar USA, Inc.
CCD165) was used to collect the scattered X-rays. Sample
cells with a thickness of 0.8 mm were used with a mica
window and sealed with epoxy. The sample to detector dis-
tance (SDD) was 1 m, covering the q range of 0.3 nm−1 < q
< 3.6 nm−1, where q = (4π /λ)sin(θ /2) is the magnitude
of the scattering vector and θ is the scattering angle. The
q range was calibrated using polystyrene-poly(ethylene-r-

butene)-polystyrene (SEBS). All measurements were per-
formed at 20 ◦C.

III. RESULTS AND DISCUSSION

The p-SWNTs were prepared by following the procedure
described in Ref. 23. Briefly, the p-SWNTs were fabricated
by (1) dispersing SWNTs in water using cationic surfactants,
CTVB, which have polymerizable counterions, and (2) per-
manently fixing the surfactant monolayer on the SWNTs by in
situ free radical polymerization of the counterions, followed
by ultracentrifugation and freeze drying. Small angle neu-
tron scattering measurement of p-SWNTs in D2O indicates
that isolated SWNTs of average diameter, 1.0 nm, are cylin-
drically encapsulated by polymerized surfactant monolayers
whose thickness is about 2.0 nm, resulting in 5.0 nm for the
diameter of p-SWNTs.23 AFM measurements indicate that
the length of p-SWNTs is ∼500 nm23 (Figure 1). The non-
covalently functionalized SWNTs fabricated in this way and
another similar way are very stable and easily re-dispersible
in water23, 28 or alcohols24 by only a few minutes of mild vor-
tex mixing even after harsh processing such as freeze drying,
making them excellent building blocks for measuring the in-
teraction force between functionalized SWNTs.

Solutions of p-SWNTs (4 wt. % in H2O) were mixed
with an equal volume of PEG (molecular weight = 2000
g/mol) solution at various concentrations (10, 20, 30, 40,
50, 60, and 70 wt. % in H2O). The concentrations of PEG
in water after mixing were, therefore, approximately half of
the initial polymer concentrations. The mixtures were vor-
tex mixed for 30 min and allowed to rest for another 30 min
before SAXS measurements. All the SAXS measurements
were performed at 20 ◦C (Figure 2(a)). For the lowest con-
centration of PEG, 5 wt. %, SAXS intensity did not show
any Bragg peaks. When PEG concentration is 10%, the SAX
intensity shows a weak Bragg peak indicating an early stage
of forming ordered structure. When PEG concentration is

FIG. 2. (a) Scattering intensities of p-SWNTs mixed with PEG solutions of various concentrations. (b) Schematic of hexagonal arrays of p-SWNTs. The
interaxial spacing (center-to-center distance) is indicated by a.
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15%, the SAXS intensities of p-SWNT/PEG in water show
sharp Bragg peaks with relative peak positions of 1 :

√
3 : 2

indicating hexagonal arrays of p-SWNTs (Figure 2(b)). As
PEG concentration is increased further, the Bragg peaks shift
to higher q monotonically. The lattice parameter a, the center-
to-center distance between nearest-neighboring p-SWNTs in
the hexagonal arrays at 10 wt. % is 5.58 nm and it decreases to
5.00 nm as the concentration of the PEG solution increases to
35 wt. %. The formation of hexagonal arrays of p-SWNTs
in PEG solution is understood in terms of an osmotic de-
pletion attraction between p-SWNTs.29, 30 In a colloidal sus-
pension of small and large particles, when two large par-
ticles come into contact, their excluded volumes for the
small particles overlap to increase the volume available to
the small particles. Therefore, the aggregation of large par-
ticles increases the entropy of the system, making the ag-
gregation of large particles more favorable. This is called
depletion attraction.31 The depletion attraction force in-
duced by small particles is equivalent to their osmotic
pressure which increases with concentration. Typically, the
role of small particles can be done by soluble and non-
adsorbing homopolymers. In the p-SWNT/PEG mixture in
water, p-SWNTs are aggregated by the depletion attrac-
tion force induced by PEG homopolymers, forming hexag-
onally packed arrays. Similar hexagonally packed arrays
have been observed for other rod-like particles such as
DNAs32 or microtubules33 mixed with PEG homopolymers
in water. The size of p-SWNT arrays was estimated to be
83.6 ± 6.5 nm along the (10) plane based on Warren’s
approximation34 using the width of scattering peaks, imply-
ing that each hexagonal array consists of approximately 250
p-SWNTs.

The fact that the hexagonal structures are formed at non-
zero osmotic pressure and the lattice parameter decreases
monotonically with increasing osmotic pressure suggests that
the net interacting force between p-SWNTs is repulsive. The
strength of this repulsive force between p-SWNTs can be di-
rectly estimated from the osmotic pressure of PEG solution
which balances the repulsive force. There are various kinds
of well-known interaction forces among colloidal particles in
suspensions such as van der Waals force, electrical double
layer force, hydration force, and steric force.35 The van der
Waals force is an attractive force and is known to be strong
(∼40 kBT/nm) between bare SWNTs.36 In the p-SWNT solu-
tions, however, the van der Waals force between bare SWNTs
are blocked by encapsulating surfactant monolayer with
∼2 nm thickness and thus can be disregarded in the force
balance to form hexagonal arrays of p-SWNTs. Instead, the
van der Waals force between surfactant monolayers on the
neighboring p-SWNTs comes in to play. The electrical dou-
ble layer force exists in charged colloidal systems. The force
between two surfaces or molecules with charge distribution of
same kind is usually repulsive and roughly an exponentially
decaying function of the separation distance. For two paral-
lel charged cylinders of radius R, the force per unit length is
given by

F (D) = κ3/2

√
2π

(
R

2

)1/2

Z exp(−κD), (1)

where κ−1 is the Debye length which depends only on the
solution conditions, and D is the separation distance between
two surfaces.37 The constant Z is defined by

Z = 64πεrε0

(
kBT

e

)2

tanh2

(
zeψ0

4kBT

)
, (2)

where ε0 is electron constant, ε is relative permitivity, kB

is Boltzmann constant, T is temperature, e is the electron
charge, z is the valence of the polyelectrolyte in the solu-
tion, and ψ0 is the surface potential of the cylinders. The

Debye length is calculated by using κ−1 =
√

ε0εr kBT

2NAe2I
, where

ε0 = 8.85 × 10−12 C2N−1m−2, εr = 80 (at 20 ◦C), kB = 1.38
× 10−23 J/K, T = 293 K, NA = 6.02 × 1023 mol−1, e = 1.6
× 10−19 C, and I is the ionic strength which is calculated
to be 7.73 × 10−4 mol/L at a given concentration (∼2 wt.
% in water) of p-SWNT.23, 27 κ−1 is then estimated to be
∼8 nm. Therefore, with the measured zeta potential (1.8 mV)
of p-SWNT, the electrostatic force calculated by Eq. (1) be-
comes F(D) ∼0.00057e−κD [pN/nm] ∼0.0003 [pN/nm] (at D
= 5 nm). The pressure resulting from this repulsive electric
force is roughly estimated to be hundreds of Pascal, which is
a few orders of magnitudes lower than the osmotic pressure
(∼106 Pa) used in the experiment to form hexagonal arrays.
This indicates that the electrostatic repulsion force may also
be disregarded from the balancing forces for the formation
of hexagonal arrays of p-SWNTs observed in our PEG solu-
tion. The hydration force is believed to be originated from the
structured water layers near the surfaces of particles, therefore
short-range interaction force, and is known to decay exponen-
tially with the separation distance, D.38 Considering the very
small separation distance (less than 1 nm) between the sur-
faces of p-SWNTs in the hexagonal arrays and the exponential
relation between P and distance (Figure 3), the characteris-
tics of the balancing force between p-SWNTs seems to agree
well with this hydration force. Lastly, the force commonly
found between colloidal particles is steric force. When two
surfaces covered with polymers approach, the entropy of con-
fining these chains results in a repulsive entropic force, which
is known as the steric repulsion. For p-SWNTs, steric repul-
sion is also expected when the surfactant layers surrounding
SWNTs approach very closely. However, it is believed that
there is no simple, comprehensive theory available to describe
steric repulsions in general. The magnitude of the force be-
tween coated surfaces may depend on the quantity or coverage
of polymer on each surface, or on the quality of the solvent.35

Therefore, we first tried to describe the pressure vs. in-
teraxial spacing data by using a general form of exponentially
decaying function. The pressure, P, an exponentially decay-
ing function of interaxial spacing a can be written as

P = A exp(−a/λ), (3)

where A is the proportional coefficient and λ is the
exponential decay length. Figure 3(a) shows the plot of os-
motic pressure vs. interaxial spacing between p-SWNTs.
The interaxial spacings were directly calculated from
the peak positions of measured SAXS intensities. The
osmotic pressure of a given concentration of PEG was de-
termined by using the publicly available data.33, 39, 40 The
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FIG. 3. Applied osmotic pressure vs. interaxial distance measured by SAXS. Experimental data are fitted using (a) the single exponential model (Eq. (3)) and
(b) the MR model (Eq. (4)).

exponentially decaying function, in principle, satisfies the
characteristics of both the electrostatic repulsion force and
the hydration force.41, 42 In Figure 3(a), a curve fitting
over all data range resulted in λ = 0.19 ± 0.01 nm,
which is close to the typical decay length (∼0.3 nm) of hydra-
tion force41, 43 in lipid or biological systems and much shorter
than that is typically expected for the electrostatic repulsion
interaction in DNAs or microtubules (λ ∼ 1 nm).33, 42 In the
case of electrostatic repulsion forces, the exponential decay
length is equivalent to the Debye length, which can be cal-
culated from the ionic strength of the solution. The surface
charge of the surfactant coating layer is known to be slightly
positive due to the dissociation of small fraction of surfactant
counterions (VB-) in water. In the previous study of CTVB
molecules with various concentrations of NaSS, it was ob-
served that the surface charge of the CTVB micelles can be
varied from positive to negative with increasing concentration
of NaSS via overcharging process. A series of zeta potential
measurements showed that the charge inversion from posi-
tive to negative value occurred at NaSS concentration of about
7 mol. %.27 Considering that this charge variation of CTVB is
due to an overcharging process by surplus counterions (SS-),
for simplicity, we can assume that ∼7 mol. % of CTVB
molecules are dissociated into water as VB- ions contribut-
ing to the ionic strength of the solution, when there are no
overcharging counterions such as SS-. The Debye length of
the p-SWNT solution is then estimated to be ca. 8 nm, which
is more than 20 times bigger than the decay length obtained
from the data shown in Figure 3(a). Therefore, the electro-
static repulsion force can be ruled out and the nature of the
repulsion interaction of p-SWNTs can be identified as hydra-
tion force.

The large deviation of the fitting in the large interaxial
spacing (a > 5.4 nm) may indicate that there are two re-
gions with different types of interactions that are exponen-
tially decaying functions. Although the line is not shown in

Figure 3(a), the slope (or decay length) of the best fitted line
for large interaxial spacings (5.4–5.6 nm) is estimated to be
λ = 0.26 ± 0.01 nm, which is slightly larger than that (λ
= 0.17 ± 0.01 nm) for the shorter interaxial spacing range.
The small decay length (λ = 0.26 nm), compared to the ex-
pected value from the electrostatic force (8 nm), implies that
this interaction force even at the large interaxial spacings is
not electrostatic in its origin. It should be noted that the both
decay lengths are within the range of known exponential de-
cay lengths for hydration forces found in other systems of
1D particles such as DNAs.25, 44 It is worth noting that Pod-
gornik et al.,45 have reported that the force per unit length
vs. interhelical spacing of polymer-condensed DNAs shows
two different regimes of hydration repulsion whose decay
rates differ by a factor of approximately 2, which was at-
tributed to the fluctuation-enhanced hydration force. In their
DNA systems, the transition from pure hydration force to
fluctuation-enhanced hydration force was observed when the
inter-surface distance was about 1 nm and the decay length
for the fluctuation-enhanced hydration was found to be about
0.6 nm. However, this fluctuation-enhanced hydration force
may not be suitable to explain the changes of the slope in our
P vs. a plot (Figure 3(a)) considering that (1) the transition is
observed when the inter-surface distance is about 0.2 nm (this
corresponds to approximately 5.2 nm of interaxial spacing,
since the diameter of p-SWNT is approximately 5 nm), much
smaller than 1 nm, and that (2) the SWNTs are much more
rigid46 compared to DNAs or polymers. Even if the surfac-
tant monolayer is not rigid and may be under the influence of
thermal fluctuation, it may be heavily damped by the SWNTs.

In another attempt to describe the measured data over the
full range of interaxial spacing, a more rigorous model for the
hydration force rather than an empirical exponential function
is used. Marcelja and Radic38 have considered the hydration
force resulting from a symmetric overlap of perturbed water
in contact with surfaces as the two surfaces approach. In our
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surfactant coated p-SWNTs, structured water layers can be
formed near the surfaces of coating layers by hydrogen bond-
ings between water molecules and surfactant head groups.
These water molecules, which have less degree of freedoms
and preferred orientations, therefore, are different from bulk
water in both structural and dynamics sense. When these
water molecules from different p-SWNTs become closer in
space, existing hydrogen bondings are disrupted and there-
fore it costs energy and becomes a repulsive force. In this for-
malism, the characteristic decay length of the empirical expo-
nential function measured in the experiment is connected to
the decay length of the propagation of structured water per-
turbation. In principle, there can be both repulsive and attrac-
tive hydration forces via symmetrically and asymmetrically
oriented structured water molecules. However, since the as-
sembly of hexagonal array is not a spontaneous process but
induced by increasing pressure, there seems to exist only the
symmetrically oriented structured water layers and no attrac-
tive components are considered in our system.44 The osmotic
pressure 	(a) from purely repulsive surfaces at a spacing a
has been expressed with modified Bessel functions for cylin-
drical geometry, which is an appropriate choice of coordinates
to describe the hexagonally arrayed p-SWNT system, as

	(a) = (2λ/a)2

[
P 2

r

(K0(r/λ)I0(a/2λ) − K0(a/2λ)I0(r/λ))2

]
,

(4)

where P 2
r is a measure of the strength of the repulsive wa-

ter structuring on the two nearby surfaces, λ is the exponen-
tial decay length for the propagation of the water structuring,
r is the radius of p-SWNTs, a is the interaxial spacing be-
tween neighboring p-SWNTs, and the I and K functions are
modified Bessel functions.44 We denote this model as the MR
model following the names of authors. At large separations,
the modified Bessel functions can be approximated by expo-
nentials, and Eq. (4) is approximated as a single exponential
function similar to Eq. (3),

	(a) ∼= A exp(−2(a − 2r)/λ). (5)

It should be noted that, in this approximation, the decay
length in Eq. (3) is half of the λ used in Eq. (4) or Eq. (5). In
Eq. (4), the decay length has a specific physical meaning, the
order parameter correlation length of water molecules, while
the decay length of Eq. (3) is rather empirical. The measured
data at all ranges of interaxial spacing could be well described
by fitting with Eq. (4) as shown in Figure 3(b) resulting in
λ = 0.50 ± 0.10 nm, P 2

r = (3.17 ± 1.54) × 105 Pa, and
r = 2.36 ± 0.01 nm as fitted parameters. Based on the
fitting parameters, the interaction energy vs separation dis-
tance was also estimated (see Figure S1 in the supplemen-
tary material).47 The parameter P 2

r largely depends on the
surface properties such as polarity and roughness. For the
p-SWNTs, which have surfactant coating layers with poly-
merizable counter-ion, it was found to be approximately an
order of magnitude less than that of the condensed DNA
double helices. The fitted radius of p-SWNTs (2.4 nm) was
found to be slightly smaller than that was found from SANS
measurements23 (2.5 nm). The radius used in Eq. (4) defines

the surface where the structuring of water begins. In this per-
spective, it is understandable that the hydration of surfactant
head groups can make this radius effectively smaller than the
“physical” radius determined from SANS or AFM measure-
ments which include the head groups. The existence of wa-
ter molecules that are strongly correlated with the surfactants
which form micelles has been discussed for cetyltrimethylam-
monium bromide (CTAB) in Ref. 48, and it was estimated that
43 water molecules bound to one CTAB molecule while five
of those water molecules are most tightly bound to the CTAB
and are clearly different from the bulk water molecules. Sepa-
rate molecular dynamics simulations on micelle forming sur-
factant (sodium dodecyl sulfate (SDS) micelles of about 2 nm
radius) show that the location of these structured water layers
can be slightly within the interface of head group molecules
and bulk water.49, 50 Therefore, smaller radius of structured
water layer (2.4 nm) than the radius of surfactant coated
p-SWNT (2.5 nm) is understood.

IV. CONCLUSION

In summary, we have, for the first time, measured inter-
action forces between surfactant coated SWNTs when they
are in proximity by osmotic stress technique. The MR model,
which was based on the structured water model, successfully
described P vs. a behavior of p-SWNTs with characteristic
decay length of sub nanometer scale. The estimated decay
length clearly indicates that the origin of the repulsive interac-
tion between hexagonally packed p-SWNTs by osmotic pres-
sure of PEG is hydration force. The model analysis also sug-
gests the existence of structured water molecules at around a
radius of 2.4 nm from the p-SWNT core. This new insight of
interaction forces between functionalized SWNTs may pro-
vide key information for designing new advanced functional
materials using SWNTs.
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