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ABSTRACT We have demonstrated that ubiquitous van der Waals forces are significant in controlling the

interactions between nanoparticles and nanotubes. The adsorption of gold nanoparticles (AuNPs) on nanotubes

(MWNTSs) obeys a simple quadratic dependence on the nanotube surface area, regardless of the source of AuNPs

and MWNTs. Changes in the geometric parameters of the components have pronounced effects on the affinity of

nanoparticles for nanotubes, with larger, more polarizable nanostructures exhibiting stronger attractive

interactions, the impact of which changes in the following order MWNT diameter > AuNP diameter > MWNT

length.
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carbon nanotubes - van der Waals forces -

eposition of nanoparticles on

quasi-1D structures with one

macroscopic and two nanoscopic
dimensions is one of the most efficient ways
of harnessing their fascinating size-
dependent properties.' ¢ Recently
nanotube—nanoparticle composites have
opened significant new avenues for novel
applications, specifically those technologies
involved in catalysis,”® chemical sensing,®'°
microelectronics,”’ neural nets,'? and
photovoltaics.'® There is, however, a critical
lack of understanding concerning the
nature, strength, and reversibility of the in-
teractions that exist between nanoparticles
and nanotubes. This limited knowledge hin-
ders the ability to design and manipulate
the assembled nanocomposite materials in
a controlled, user-specified fashion.

Though DVLO theory, which assumes

that the separation between particles is
controlled by the balance between Coulom-
bic and van der Waals forces,'* is often em-
ployed to describe the total interaction po-
tential between microscopic objects, its
applicability to nanoscale entities has yet
to be established. However, Coulombic in-
teractions have been recently successfully
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utilized for the assembly of materials in the
nanometer size regime.'*~ "7 This is largely
due to the fact that these forces are well un-
derstood and constitute the most long-range
and highest strength (nonbonding) interac-
tions that can be envisioned between spe-
cies. Moreover, both the sign and magnitude
of electrostatic interactions can be discretely
modulated by controlling the surface charge
of nanostructures'®'® and the properties of
the medium,?®?" respectively, and conse-
quently nano- and mesoscopic structures of
remarkable complexity have been assembled
utilizing the principles of charge—charge
interactions."> '’ By contrast, van der Waals
interactions are often overlooked for the con-
trolled assembly of nanostructures as they
are often perceived as too short-range and
weak to be useful. A unique property of van
der Waals interactions, somewhat analogous
to the gravitation force, however, is that this
force is omnipresent and always attractive,
apart from very rare examples involving dis-
like materials.?? Just like the detailed under-
standing of the gravitation force in the past
has enabled the launching of space vehicles
with remarkable precision into their orbits,
the understanding of the properties of van
der Waals interactions on the nanoscale has
the potential to open new avenues for the as-
sembly of materials with well-defined struc-
ture and thus functional properties.

In this study, we investigate the funda-
mental properties of van der Waals interac-
tions between nanoparticles and nano-
tubes. We demonstrate that these
interactions are significant and crucially de-
pend on the structural parameters of the
component nanostructures. For the first
time, we have demonstrated that composi-
tion and structure of nanoparticle—
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Figure 1. Schematic representation of the experimental methodology. MWNTSs (of known mass/surface area) are added to a
solution of AuNPs (of known concentration), the combined mixture is homogenized and allowed to equilibrate, and finally
MWNTs with AuNPs adsorbed on their surface are separated from AuNPs remaining in solution.?”> The number of (unad-
sorbed) AuNPs remaining in solution can be quantified using UV—vis spectroscopy. The number of (adsorbed) AuNPs can

be determined using TEM.

nanotube assemblies can be precisely controlled
through van der Waals interactions between the nano-
scale species.

RESULTS AND DISCUSSION

In our experiments, we have investigated the
solution-phase interactions of free-standing, dis-
crete nanoparticles with carbon nanotubes. Multi-
walled carbon nanotubes (MWNTSs) were selected for
our studies because, unlike single-walled carbon
nanotubes (SWNTs), which are known to bundle sig-
nificantly in both solid state and solution, MWNTs
typically exist as discrete nanostructures,?® and as
such, we were able to probe the interactions be-
tween nanoparticles and isolated nanotubes rather
than complex, indefinable aggregates. Citrate-
stabilized gold nanoparticles (AuNPs) were chosen
as colloidal species of this metal exhibit a strong ab-
sorption in the visible range due to the surface plas-
mon resonance (SPR) absorbance. Solutions are typi-
cally colored ruby-red, and the actual color (i.e., the
absolute intensity of the SPR peak) is directly re-
lated to the concentration of AuNPs present. Fur-
thermore, addition of nanotubes causes measurable
changes in the color of the mixed suspension due to
the sequestering of AUNPs by nanotubes.?%* There-
fore, the number of AuNPs removed from the bulk
solution and deposited on MWNTSs can be conve-
niently quantified by UV —vis absorption spectros-
copy (Figure 1).

In our measurements, both nanotubes and nano-
particles carry negative surface charges, the origins
of which are associated with carboxylic acid groups
formed as a result of partial oxidation of nanotube
surface carbon atoms during synthesis?® and those
that comprise the nanoparticle stabilizing layer,?” re-
spectively. This means that AuNPs do not adsorb
spontaneously and must overcome an energy bar-
rier dictated by the charges x~ and y~ on nanotube
and nanoparticle surfaces, respectively (Figure 2a).
Attractive interactions in this system are therefore
governed only by short-range forces. Considering
the fact that the Hamaker constant, which defines
the pair potential between nanoparticles and nano-
tubes, is large (6.0 X 107" J for gold nanoparticles
and multiwalled carbon nanotubes)?®*2° and the po-
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larizability of both components is high, these short-
range attractive interactions must be associated with
van der Waals forces. Furthermore, as carbon nano-
tubes are spatially extended one-dimensional, elec-
trically conducting structures with plasmonic elec-
trons, van der Waals interactions with other
nanoscale and molecular species are likely to be

(a)

(b)

Figure 2. Schematic representation of the relative energies of the
repulsive Coulombic (dashed line) and attractive van der Waals
(dotted line) forces as a function of distance between negatively
charged nanoparticles and negatively charged nanotubes.

(a) Initially, nanoparticles have to overcome the barrier Egjec pro-
vided by electrostatic repulsion of x~ and y~ surface charges on
MWNTSs and AuNPs, respectively. (b) As more nanoparticles adsorb
on nanotubes, the electrostatic repulsion increases (Eeiec’ > Eejec)
eventually halting the adsorption process. The arrows reflect the
sign and magnitude of the interactions between the two nano-
scopic species. Surface functional groups have been omitted for
clarity.
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TABLE 1. Characterization of Large and Small AuNPs“

sample A/nm €/ dm’mol~'em ™"
large AuNP 524.1 1.5 X 10°
small AuNP 519.5 2.5 %108

dyp/ Nm dyp’/nm PDI ymv
206+ 1.4 24.6 0.15 —385+39
131 +£09 15.6 0.15 —232+48

“The X and ¢ are the wavelength and extinction coefficient of the SPR absorbance, respectively, as determined by UV —vis spectroscopy; dyp is the mean nanoparticle
diameter as determined by TEM; dy,* and PDI are the mean nanoparticle diameter and polydispersity index, respectively, as determined by dynamic light scattering (DLS);

{ is the surface potential as determined by phase analysis light scattering (PALS).

much more long-range (~1/r%) than those typically
observed between colloidal species (~1/r%).2° From
our measurements, we have shown that the total
negative charge of the AUNP—MWNT composite (x
+ ny)~, where n is the number of adsorbed nano-
particles, increases with n, thus leading to an in-
crease in the repulsive electrostatic force. After a cer-
tain threshold, value of n starts dominating both
long- and short-range interactions (Figure 2b) and
therefore makes further adsorption of nanoparticles
from solution impossible.

By modulating the energy of van der Waals
forces, the depth of the energetic minimum can be
tuned (Figure 2), which offers a viable route for con-
trolling the number of nanoparticles deposited on
nanotubes. Indeed, theoretical models predict that
the magnitude of van der Waals interactions be-
tween carbon nanotubes, and both nanoscale3'3?
and molecular species®**>** depend on the dimen-
sions of the components. Our experimental method-
ology allows rigorous testing of how this depen-
dence is manifested for basic geometric parameters
of nanotubes and nanoparticles, such as their width
and length, and provides specific protocols for con-
trolling composition of the hybrid nanostructures.
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To investigate the effect of AUNP diameter on
the interactions between AuNPs and MWNTs, two
nanoparticle samples possessing different mean di-
ameters (hereafter referred to as large and small
AuNPs, respectively) were prepared according to
the modified citrate reduction outlined by Slot and
Geuze®® and characterized by complementary tech-
niques (Table 1 and S.1 in the Supporting Informa-
tion).

Spectroscopic, microscopic and light scattering
analyses confirm that the mean nanoparticle diam-
eters are different between samples. Assuming van
der Waals forces are significant, the affinity of
MWNTs for large (more polarizable) AuNPs should
be greater than small (less polarizable) AuNPs.3° To
test this premise, comparative series of titration ex-
periments were undertaken using large and small
AuNPs with MWNTSs (produced by arc discharge) car-
rying intrinsic negative surface charge of —20.6 =
6.5 mV. The number of gold nanoparticles adsorbed
at a variety of carbon nanotube masses were re-
corded using UV —vis spectroscopy for both nano-
particle systems and plotted as a function of the sur-
face area of nanotubes used (Figure 3).

There are several significant observations from
analysis of this plot.

T T !l

20 25 3.0 35 4.0

MWNT surface area, SAr / X107 nm?

Figure 3. Adsorption isotherm correlating the number (nyp) of large AuNPs (green full line, nyp = 1.87 X 107*' (SANr)% R? =
0.9714) and small AuNP (red dashed line, nyp = 9.97 X 10~ (SAxr)? R? = 0.9967) independently adsorbed onto MWNTs (pro-
duced by AD) with carbon nanotube surface area (SAyr, in nm?). The horizontal dotted line refers to the total number of nano-
particles in starting solution (3.2 X 10'? and 1.3 x 103 for large and small AuNPs, respectively). Bars reflect the mean stan-
dard deviation from repeat measurements.
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Figure 4. TEM images of (a) [small AuNP]—MWNT and (b) [large AuNP]—MWNT composite materials. The white arrows guide
the eye to the precise location of some adsorbed AuNPs. Scale bars are 100 nm.

First, there is a clear smooth increase in both
cases in the number of AuNPs adsorbed with increas-
ing MWNT surface area. This is consistent with geo-
metrical considerations, as using a larger total nano-
tube surface area provides a higher number of
adsorption sites available for nanoparticle binding.

Second, there is a strong quadratic relationship
in both cases between the number of AuNPs ad-
sorbed and MWNT surface area (R? ~ 1). This unex-
pected correlation, where a disproportionately
greater number of AuNPs are adsorbed at higher
nanotube surface areas (S.2 in the Supporting Infor-
mation), can be attributed to van der Waals interac-
tions, the efficiency of which increases with the con-
centration (and thus polarizable volume) of MWNTs
employed. This observation supports previous theo-
retical studies which looked to assess the effect of
carbon nanotube morphology on the magnitude of
van der Waals forces with fullerenes and other small
molecules, where it was observed that the total
static polarizability of nanotubes (a summation of
both longitudinal and transverse components) in-
creases in a nonlinear (quadratic) fashion with nano-
tube length.?33* Our measurements demonstrate
clearly that similar rules can be applied to
nanotube—nanoparticle interactions. The exact ori-
gin of this nonlinearity has yet to be fully elucidated
but is likely to be the cumulative effect of anisot-
ropy on polarizability (determined by the number
of loosely bound electrons, the volume over which
these electrons are spread and the extent of possible
perturbation of the electron cloud).>* Assuming
that the increase of the concentration of nanotubes
in aqueous suspension effectively increases the total
volume accessible for delocalized electrons (higher
concentration of nanotubes increases the probabil-
ity of nanotube—nanotube contacts, which increase
the dimensionality of the system), the behavior we
experimentally observe (cooperative nanotube po-
larization) is analogous to that seen from theoreti-
cal considerations. Screening of charge at high con-
centration is an additional mechanism that may also
contribute to this effect.

www.acsnano.org

Finally and most importantly, the effect of AUNP
diameter is unambiguously evident, with significant
disparities in the MWNT surface area required to ad-
sorb an identical number of AuNPs from solution.
Clearly, the affinity toward adsorption on nanotubes
is greater for larger nanoparticles, epitomized by
the higher value of the prequadratic coefficient in
the relationship between nyp and SAyr (1.87 X 1074
and 9.97 X 10~“3 for large and small AuNPs, respec-
tively). This is in excellent qualitative agreement with
previous theoretical models proposed.?'2 Further-
more, our observations show that the enhancement
of van der Waals forces for larger nanoparticles,
which also carry a higher surface charge (Table 1), ef-
fectively overrides the increase in electrostatic repul-
sion between these AuNPs and MWNTs.

Careful microscopic analysis permits direct as-
sessment of the precise structure of the resultant hy-
brid materials. Consequently, AUNP—MWNT hetero-
structures, prepared using identical quantities of
MWNTs (mass = 0.50 mg, surface area = 4.0 X 10%°
nm?), were analyzed by TEM (Figure 4).

Microscopy confirms that all AuNPs sequestered
from solution are associated with MWNTs, as virtu-
ally no free-standing AuNPs were observed in micro-
graphs of both samples. This verifies that the ob-
served decrease in AUNP concentration measured
by spectroscopy (Figure 3) is related solely to the
deposition of nanoparticles on the nanotube sur-
face. Furthermore, the effect of AUNP diameter is in-
stantly evident, with a significantly higher coverage
of large AuNPs on MWNTSs than their smaller ana-
logues (Figure 4). To quantify this observation, statis-
tical analysis of the number of nanoparticles ad-
sorbed per unit carbon nanotube length (and thus

|
TABLE 2. Characterization of Long and Short MWNTs“

sample Ii/pum idyy/nm ody;/nm Wyr/nm {/mv

longMWNT  20+03 44*16 92*22 10x2 —114=%59
shot MWNT 1.7 204 4416 9222 10*x2 —129*40

“The Iy, idyr, odyy, and Wy are the mean nanotube length, inner diameter, outer
diameter, and number of walls, respectively, as determined by TEM.
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Figure 5. Adsorption isotherm correlating the number of AuNPs (nyp) independently adsorbed onto long MWNTSs (green
full line, nyp = 6.64 X 10~* (SAN7)% R? = 0.9981) and short MWNTs (red dashed line, nyp = 2.13 X 107* (SAyr)? R? = 0.9852)
with carbon nanotube surface area (SAyy, in nm?). The horizontal dotted line refers to the total number of nanoparticles in
starting solution (4.8 x 10""). Bars reflect the mean standard deviation from repeat measurements.

surface area) was performed, and this was found to
be 158 = 1.5 um ' (1.7 X 107 *nm~2) and 1.5 = 1.4
wm~' (1.6 X 107° nm~?) for large and small AuNPs,
respectively.?” This corresponds to an 11-fold differ-
ence in the density of adsorbed AuNPs between
samples. By comparison, an 8-fold difference in the
number of AuNPs sequestered from solution (3.2 X
102 and 4.1 X 10" for large and small AuNPs, re-
spectively) was recorded using our spectroscopic ap-
proach. This remarkable correlation of quantitative
results obtained from independent bulk and local-
probe characterization methods confirms the accu-
racy and reproducibility of the protocol developed
during this study.

From our spectroscopic and microscopic observa-
tions, we can therefore conclude that the nature of
the short-range attractive interactions that result in
the adsorption of nanoparticles on nanotubes (in
systems with same sign surface charges) are associ-
ated with van der Waals forces as large (more polar-
izable) AUNPs have a greater affinity toward adsorp-
tion on MWNTSs than small (less polarizable) AuNPs.

To investigate the effect of MWNT length on the
interactions between AuNPs and MWNTs, two nano-
tube samples possessing different mean lengths
(hereafter referred to as long and short MWNTs, re-
spectively) were prepared using a conventional ther-
mal oxidation procedure?® and characterized (Table
2 and S.3 in the Supporting Information).

Quantitative microscopic analysis confirms that
the mean nanotube lengths are different, while all
other structural characteristics (specifically diameter
and number of concentric tubes) remain unaffected
by the shortening procedure. Assuming van der
Waals forces are significant, the affinity of AuNPs
for long (more polarizable) MWNTSs should be
greater than short (less polarizable) MWNTSs. To test
this concept, comparative series of titration experi-
ments were undertaken using AuNPs (produced by
the classic citrate reduction as outlined by
Turkevitch et al.*®) possessing intrinsic surface
charge of —48.4 = 5.1 mV (Figure 5).

By analogy with the titration experiments dis-
cussed in the previous section, the nonlinear rela-

Figure 6. TEM imaging of (a) [long MWNT]—AuNP and (b) [short MWNT]—AuNP composite materials. The white arrows guide
the eye to the precise location of some adsorbed nanoparticles. Scale bars are 200 nm.
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TABLE 3. Characterization of Thin and Wide MWNTSs
sample Ii/pem idy/nm odyr/nm Wyi/nm {my

thin MWNT 2003 44=*16 9222 102 —114=%59
wide MWNT 20 £05 61%19 291*+125 23*x7 —206=*6.5

tionship between the number of adsorbed AuNPs
and MWNT surface area is evident in both systems.
More importantly, the affinity toward AuNP adsorp-
tion is greater using long MWNTs than short MWNTs
(prequadratic coefficients are 6.64 X 10”* and 2.13
X 10~* for long and short MWNTs, respectively). To
support the spectroscopic observations,
AuNP—MWNT composites, prepared using identical
amounts of MWNTs (mass = 0.07 mg, surface area =
2.2 X 10 nm?), were analyzed by TEM (Figure 6).
The effect of MWNT length was clearly more
subtle. Quantitative analysis, however, indicated
that the density of AuUNPs was higher for long
MWNTs (1.4 = 0.6 pm™', 4.8 X 107° nm~2) than for
short MWNTs (0.8 += 0.6 wm™',2.8 X 107> nm~2). This
corresponds to a difference of 1.8 between samples
and supports the spectroscopic findings, which
showed a difference of 2.0 (3.2 X 10" NP for long
MWNTSs; 1.6 X 10'° NP for short MWNTSs). Further-
more, the observation that longer (more polarizable)
MWNTs have greater attractive interactions with
nanoparticles than shorter (less polarizable) MWNTs
supports previous theoretical models®*'*2 and high-
lights the significance of van der Waals forces.
Nanotube diameter is another structural param-
eter that can be conveniently controlled to investi-
gate its effect on the interactions between AuNPs
and MWNTs, and two nanotube samples possessing
different mean diameters (hereafter referred to as
thin and wide MWNTs, respectively) were obtained
by careful selection of MWNTSs prepared by different
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T T T
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methods (Table 3 and S.4 in the Supporting Informa-
tion).

Microscopic analysis confirms that the mean
nanotube diameter between samples is significantly
different. Assuming van der Waals forces are signifi-
cant, the affinity of AuNPs for wide (more polariz-
able) MWNTSs should be greater than thin (less polar-
izable) MWNTSs. To test this concept, comparative
series of titration experiments were undertaken us-
ing AuNPs (produced by the modified citrate reduc-
tion reported by Slot and Geuze>?) possessing inher-
ent surface charge of —23.2 = 4.8 mV (Figure 7).

Significantly, the affinity toward AuNP adsorp-
tion is greater using wide MWNTSs than thin MWNTSs
(prequadratic coefficients are 9.97 X 107 and 1.44
X 10* for wide and thin MWNTs, respectively).

To confirm the spectroscopic observations,
AuNP—MWNT composites, prepared using identical
quantities of MWNTs (mass = 0.06 mg) were ana-
lyzed by TEM (Figure 8).

Quantitative analysis indicates that the density
of adsorbed AuNPs is higher for wide MWNTSs (1.5
+ 0.7 wm™', 2.4 X 107> nm~2) than for thin MWNTs
(0.7 £ 0.5 um™", 1.6 X 107> nm~2). A quantitative
comparison of the density of adsorbed AuNPs
measured by TEM and UV —vis spectroscopy is less
straightforward for this series of experiments, as sur-
face area per unit nanotube mass is significantly dif-
ferent for wide and thin MWNTs. However, both the
local-probe and the bulk characterization methods
demonstrate clearly that the strength of short-range
nanotube—nanoparticle interaction is higher for
wider (more polarizable) MWNTSs than for thinner
(less polarizable) MWNTs and thus further highlight
the significance of van der Waals forces.

Our measurements clearly demonstrate that the
efficiency of nanotube —nanoparticle interactions is

""""""""""""""""""""""" ;Z'-"f"";};{,;""""

MWNT

T

20.0 25.0 30.0 35.0

MWNT surface area, SA,; / X102 nm?

Figure 7. Adsorption isotherm correlating the number of AuNPs (nyp) independently adsorbed onto wide MWNTSs (green
full line, nyp = 9.97 X 10~% (SANT)?, R? = 0.9967) and thin MWNT (red dashed line, nyp = 1.44 X 10~%* (SAnr)?, R? = 0.9801)
with carbon nanotube surface area (SAyr, in nm?). The horizontal dotted line refers to the total number of nanoparticles in
starting solution (1.3 x 10'3). Bars reflect the mean standard deviation from repeat measurements.
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dependent on the basic structural parameters of
these materials. It is interesting that in all systems
we studied the adsorption of AuNPs exhibits a clear
quadratic dependence on the surface area of nano-
tubes nyp = k(SAnr)? so that for a given system coef-
ficient k quantitatively defines the affinity of nano-
particles for nanotubes. A logical extension of this
work is to establish the relative influence of differ-
ent geometric parameters for the attractive
AuNP—MWNT interactions. For this purpose, we de-
fine a relative affinity factor (Ryp) which relates the
change in the prequadratic coefficient k with respect
to the change of the geometric parameter of the
components:

Rye = (ki/k,)/(parameter,/parameter,)

where parameter, refers to diameter/length of nano-
particle or nanotube for which the coefficient k,
was determined (Table 4). The observed relative af-
finity toward adsorption is not affected by nanopar-
ticle concentration (in terms of total number of gold
nanoparticles per unit volume of solution), as con-
firmed by a control experiment using equivalent
concentrations of large and small AuNPs.

Within this framework, the nanotube diameter is
the most important geometric parameter having
the greatest impact on attractive interactions. The

|
TABLE 4. Comparison of Relative Affinity Factors for
Different Structural Parameters

effect of MWNT diameter  effect of AuNP diameter  effect of MWNT length
Ryp 219 1.9 2.7

: { / b :
Figure 8. TEM imaging of (a) [thin MWNT]—AuNP and (b) [wide MWNT]—AuNP composite materials. The white arrows guide
the eye to the precise location of some adsorbed nanoparticles. Scale bars are 200 nm.

influence of nanoparticle diameter is significantly
lower than that of nanotube diameter but is higher
than that of nanotube length (Table 4).

CONCLUSIONS

We have investigated nanotube—nanoparticle
systems where interactions are controlled by van
der Waals forces. Unexpectedly, adsorption of nano-
particles on nanotubes under these conditions
obeys a simple quadratic dependence on the nano-
tube surface area, regardless of the origin of AUNPs
and MWNTs. Changes in the geometric parameters
of the components have pronounced effects on the
affinity of nanoparticles for nanotubes, with nano-
structures of larger size exhibiting stronger attrac-
tive interactions, as a general rule. However, the im-
pact of different parameters on van der Waals forces
is not the same and decreases in the following or-
der MWNT diameter > AuNP diameter > MWNT
length. We have demonstrated that by using these
simple empirical rules based on the ubiquitous van
der Waals interactions the density of nanoparticles de-
posited on nanotubes can be precisely controlled. Since
several new applications of nanotube—nanoparticle
composites ranging from photovoltaics to electronic
sensors to catalysis are currently being explored, an un-
derstanding of the mechanisms governing
nanotube—nanoparticle interactions is timely and im-
portant. We are currently exploring the effects of vari-
able external parameters (solvent, temperature, electro-
magnetic field) on the assembly of nanotube—
nanoparticle heterostructures.

METHODS

Citrate-stabilized gold nanoparticles were synthesized ac-
cording to established, reproducible literature techniques
capable of procuring size and shape monodisperse
nanocrystals.>>38 Multiwalled carbon nanotubes were used
either as-received or air-annealed.?® Gold nanoparticle—
multiwalled carbon nanotube composite materials were pre-
pared by simple heterogeneous mixing in a suitable
solvent.?®?* In a typical experiment, a known, variable mass

@NA!N[() VOL. 4 = NO.8 = RANCE ET AL.

of dry carbon nanotube solid was added to a known, fixed
volume of gold nanoparticle solution, sonicated for 30 min
at room temperature, and finally purified by syringe filtration.
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Supporting Information Available: Full synthetic details, light

scattering, spectroscopic and microscopic confirmation of
the components and afforded structures are available in the
Supporting Information file.This material is available free of
charge via the Internet at http://pubs.acs.org.
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