590

the v = 2 state. Hence, the v = 2 state has the
lowest proton-transfer energy. The energy
E;, of 6500 cm™! (0.82 eV) is less than 20%
of the O-H binding energy of 38,750 cm ™
(4.8 eV), which shows that the hydrogen
bonds in liquid water have a surprisingly
strong effect on the properties of the O-H
chemical bond.

For pure H,O, the interactions between
the O-H stretch vibrations and the O-H--- O
hydrogen bonds are quite similar to those in a
solution of HDO in D,0. Therefore, the same
qualitative behavior is expected for the vibra-
tional states of hydrogen-bonded H,O mole-
cules. However, quantitatively there will be
small differences, because the O-H stretch
vibrations of the H,0 molecule form delocal-
ized symmetric and asymmetric modes.

The strongly delocalized nature of the ex-
cited vibrational states of the O-H stretch
vibration can have important implications for
the mechanism of proton transfer in room-
temperature water. Recent Car-Parrinello
molecular dynamics simulations showed that
the first step of the autodissociation of water

H,0 + H,0 s H,;0" + OH~ §9)

is formed by the transfer of a proton in the
O-H - - - O system (24). In view of this finding,
it is interesting to compare the activation energy
of the autodissociation of water with the proton-
tranfer energies shown in Fig. 4. A water mol-
ecule dissociates every 11 hours at 298 K (k,, =
2.4 X 107° s~ 1) (25) and every 214 hours at
273K (ky = 1.3 X 10795~ 1) (26), from which
the activation energy can be estimated to be
~6600 cm™!. This activation energy is much
lower than the energy of 12,500 cm ™! required
for proton transfer in the vibrational ground
state and quite similar to the energy of 6500
cm™! of proton transfer through excitation of
the v = 2 state. Hence, it seems likely that the
first step of the autodissociation proceeds
through an excited vibrational O-H stretch vi-
brational state, most probably v = 2. Unfortu-
nately, this notion cannot be further experimen-
tally tested by vibrationally exciting water and
probing the reaction products, because the en-
ergy equilibration of water is too fast to deter-
mine the excited degree(s) of freedom through
which the products were formed. However, the
present findings on the delocalized character of
the excited O-H stretch vibrational states should
stimulate theoretical work on the reactivity of
the O-H groups of water that explicitly includes
the quantum-mechanical nature of the proton
motion.

References and Notes

1. C. ). T. de Grotthuss, Ann. Chim. 58, 54 (1806).

2. M. Tuckerman, K. Laasonen, M. Sprik, M. Parrinello,
J. Chem. Phys. 103, 150 (1995).

3. , J- Phys. Chem. 99, 5749 (1995).

4. D. Marx, M. Tuckerman, J. Hutter, M. Parrinello, Na-
ture 397, 601 (1999).

5. A. Lock, S. Woutersen, H. ). Bakker, /. Phys. Chem. A
105, 1238 (2001).

REPORTS

6. S. Woutersen, U. Emmerichs, H.-K. Nienhuys, H. ).
Bakker, Phys. Rev. Lett. 81, 1106 (1998).

7. ). Deak, S. Rhea, L. lwaki, D. Dlott, J. Phys. Chem.
A104, 4866 (2000).

8. S. Woutersen, U. Emmerichs, H. ). Bakker, Science
278, 658 (1997).

9. R. Laenen, C. Rauscher, A. Laubereau, Phys. Rev. Lett.
80, 2622 (1998).

10. G. M. Gale, G. Gallot, F. Hache, N. Lascoux, S. Bratos,
).-C. Leicknam, Phys. Rev. Lett. 82, 1086 (1999).

11. S. Woutersen, H. |. Bakker, Phys. Rev. Lett. 83, 2077
(1999).

12. , Nature 402, 507 (1999).

13. independently tunable mid-IR pump and probe pulses
are generated through parametric amplification pro-
cesses in B-barium borate (BBO) and potassium tita-
nyl phosphate (KTP) crystals that are pumped by the
pulses (800 nm, 100 fs, 3 m), 1 kHz) delivered by a
Ti:sapphire regenerative amplifier. The generated
mid-IR pulses are tunable between 2.7 and 4 um
(2500 to 3700 cm~); they have a pulse duration of
200 fs and an energy per pulse of 20 p) (pump) and
2 ) (probe). The pump and probe pulses are focused
to a common focal spot with a diameter of ~100 pm
in the sample.

14. H. Graener, G. Seifert, . Chem. Phys. 98, 36 (1993).

15. E.R. Lippincott, R. Schroeder, /. Chem. Phys. 23, 1099
(1955).

16. F. Franks, Ed., Water, a Comprehensive Treatise (Ple-
num, New York, 1972).

17. G. Dahlquist, A. Bjorck, N. Anderson, Numerical
Methods (Prentice-Hall, Englewood Cliffs, NJ, 1974).

18. A. Novak, Struct. Bonding (Berlin) 18, 177 (1974).

19. W. Mikenda, J. Mol. Struct. 147, 1 (1986).

20. The transient spectrum at a particular delay was

calculated by multiplying the time-dependent excit-
ed distributions in the potentials W,(R) and W,(R)
with the R-dependent transition probabilities of the
v=0—>1and v =1 — 2 transitions. These
distributions were then translated into frequency-
dependent functions by using the relations between
R and the transition frequencies [W,(R) — W,(R)l/h
and [W,(R) — W, (R)]/h. To obtain the final calculated
transient spectrum, the v = 0 — 1 bleaching, the v =
1 — O stimulated emission, and the v = 1 — 2
induced absorption contributions were added and
convolved with the probe spectrum and the homo-
geneous broadening.

21. ). Stenger, D. Madsen, P. Hamm, E. T. . Nibbering, T.
Elsaesser, Phys. Rev. Lett. 87, 027401 (2001).

22. R.Kubo, M. Toda, N. Hashitsume, Statistical Physics I,
Nonequilibrium Statistical Mechanics (Springer, Ber-
lin, 1995).

23. W. A P. Luck, T. Wess, Can. . Chem. 69, 1819 (1991).

24. P. L. Geissler, C. Dellago, D. Chandler, ). Hutter, M.
Parrinello, Science 291, 2121 (2001).

25. P. W. Atkins, Physical Chemistry (Oxford Univ. Press,
Oxford, ed. 6, 1998).

26. W. C. Natzle, C. B. Moore, J. Phys. Chem. 89, 2605
(1985).

27. We thank D. Frenkel for useful discussions. The re-
search presented in this paper is part of the research
program of the Stichting Fundamenteel Onderzoek
der Materie (Foundation for Fundamental Research
on Matter) and was made possible by financial sup-
port from the Nederlandse Organisatie voor Weten-
schappelijk Onderzoek (Netherlands Organization for
the Advancement of Research).

25 April 2002; accepted 31 May 2002

Selection and Amplification of Hosts
From Dynamic Combinatorial
Libraries of Macrocyclic Disulfides

Sijbren Otto,* Ricardo L. E. Furlan,i Jeremy K. M. Sanders

We have discovered two receptors for two different guests from a single
dynamic combinatorial library. Each of the two guests amplifies the formation
of a tightly binding host at the expense of unfit library members. Small dif-
ferences in host-guest binding translate into useful differences in amplification.
The selected hosts could be readily synthesized using biased dynamic libraries
that contain only the right ratio of those building blocks that were selected by
the guests. These results establish dynamic combinatorial chemistry as a prac-
tical method not only for the discovery but also for the synthesis of new

receptors.

Molecular recognition leading to the binding
of a guest to a host involves a complex
interplay of subtle noncovalent interactions.
The understanding of these interactions is
limited, hampering successful design of new
host-guest systems. Combinatorial methods
in which a guest can choose from a pool of
receptors can be useful tools to optimize de-
signs, facilitate access to new hosts, and ul-
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timately aid in the understanding of host-
guest interactions. Dynamic combinatorial
chemistry (/-3) goes a step further: the pre-
ferred receptor is not only selected by the
guest but also amplified at the expense of the
unselected compounds. The key feature of
dynamic combinatorial chemistry is the re-
versible nature of the reaction that links
building blocks together (4) to form a mix-
ture of compounds [a dynamic combinatorial
library (DCL)] that interconvert continuously
(Fig. 1). The composition of a DCL is under
thermodynamic control, that is, the concen-
tration of each library member is determined
by its free energy. Molecular recognition
events that lead to the stabilization of a par-
ticular member of the library induce a shift of
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the equilibrium favoring the formation of the
selected species. Hence, exposing a DCL of
potential host molecules to a guest will result
in the selection and amplification of the fittest
host at the expense of ineffective ones (Fig.
1). Amplification facilitates the identification
of the selected hosts. After switching off the
exchange of building blocks, amplification
should also allow for isolation of this host as
a stable species directly from the “frozen”
library.

Since the introduction of these concepts in
1996 (5), several reactions have been shown
to be reversible under one set of conditions
and inactive under others, allowing large and
diverse DCLs to be generated (/). The key
question is whether molecular recognition is
powerful enough to induce amplification of
target molecules in DCLs. Although promis-

1~
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ing template-induced shifts in mixture com-
position have been observed in small model
libraries (6-16), it is as yet unclear whether
useful shifts will occur in libraries of more
realistic size and diversity. The only theoret-
ical study on this topic predicts that template
effects are insufficient for dynamic combina-
torial chemistry to be of much practical value
7).

We demonstrate here that molecular rec-
ognition-induced shifts in the composition
of libraries of realistic size and diversity
can be impressive. Moreover, we show that
exposure of a single DCL of macrocyclic
disulfides to two different guests amplifies
the formation of two hosts. Amplification
was even more pronounced in second-gen-
eration biased libraries that contained only
the building blocks selected by the tem-

template
—

Fig. 1. A small dynamic combinatorial library and its free energy landscape, showing the effect of
adding a template that strongly and selectively binds to one of the equilibrating species.
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Fig. 2. Synthetic routes to building blocks 1 and 2. Reduction i was carried out using NaBH,
following a literature procedure (28). Reaction with N,N-dimethylthiocarbamoyl chloride (ii) was
performed analogously to a procedure in (29). Rearrangement iii required heating a solution of the
thiocarbamate (1 g) in diphenyl ether (10 ml) to 240°C for 3 hours. Diels-Alder reaction iv was
performed by stirring a 0.45-M solution of the diene with 2.5 equivalents dimethyl acetylene
dicarboxylate in diphenyl ether for 1.25 hours at 190°C. The adduct was chromatographed over
silica gel (a gradient of 5 to 10% acetonitrile in chloroform). Basic deprotection v was carried out
similar to a procedure in (29). The synthesis of 3 has been described previously (30).
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plates, providing a high-yielding synthetic
route to the selected hosts. These results
demonstrate the practicality of dynamic
combinatorial chemistry.

We (18) and others (/9) have recently
adapted disulfide chemistry for the genera-
tion of DCLs in water. Dynamic libraries of
macrocyclic disulfides form spontaneously
upon stirring a mixture of dithiols at pH 7 to
9 in an open vial. Oxygen from the air is
sufficient to oxidize the thiols to disulfides.
Subsequent disulfide exchange is mediated
by residual amounts of thiolate anion. Ex-
change ceases upon protonation or removal
of the thiolate, allowing isolation and han-
dling of individual library members.

We have previously demonstrated that
highly diverse DLCs can be obtained by mix-
ing dithiol building blocks of very different
chemical nature (/8). We have since prepared
a new, more focused set of building blocks
(dithiols 1 to 3) specifically aiming at molec-
ular recognition. The design of these building
blocks (Fig. 2) was inspired by the family of
cyclophane receptors developed by Dough-
erty and co-workers (20-23). Dithiols 1 to 3
feature hydrophobic aromatic surfaces that
are well separated from the carboxylate
groups required for water solubility.

A DCL was prepared by mixing equimo-
lar amounts of building blocks 1 to 3 in water
at pH 8 to 9 in an open vial (24). After
oxidation, analysis of the resulting DCL by
electrospray ionization mass spectrometry
(ESI-MS) revealed the presence of 45 differ-
ent macrocyclic disulfides of unique mass.
The actual number of different macrocycles
in the library will be much larger due to the
occurrence of stereoisomers and sequence
isomers. More quantitative information on
the library distribution was derived from
high-performance liquid chromatography
(HPLC) analysis (Fig. 3A). In the absence of
any guest molecules, two major constituents
are present. Isolation of these compounds

Table 1. Equilibrium constants K and Gibbs ener-
gies AG, enthalpies AH, and entropies AS of bind-
ing of guests 4 and 5 to hosts 6 (major diaste-
reomer) and 7 (mixture of stereoisomers) at 298
K, determined with isothermal titration microcalo-
rimetry. Guest solutions (0.85 mM) were titrated
into host solutions (0.075 mM), all prepared in 10
mM borate buffer (pH 9.0).

Host
Guest Parameter
6 7

4 K(M™)  25x 105 45 x 104
4 AG (kJ/mol) -30.8 -26.6
4 AH (k)/mol) -41.6 -26.8
4 TAS (kJ/mol) -10.8 -0.2
5 K(M™7) 28X 10* 7.1X 10°
5 AG (kJ/mol) -25.4 -334
5 AH (kJ/mol) -413 -47.8
5 TAS (kJ/mol) -15.9 -14.4
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using preparative HPLC and subsequent ESI-
MS analysis showed these to be the mixed
dimer of 2 and 3 and a mixed trimer contain-
ing all three building blocks. Apart from the
two major components, the HPLC trace of
the DCL contained at least 36 smaller peaks
corresponding to other library members.

We next exposed the DCL to different
guest molecules and monitored the response.
A dramatic change in library composition
was observed upon addition of 2-methyliso-
quinolinium iodide guest 4 [see Supporting
Online Material (SOM)]: one of the minor
components in the initial library was ampli-
fied at the expense of most of the other
library members (Fig. 3B). The selected host
(6) proved to be a mixed trimer containing
two units of 1 and one unit of 2. Because we
used building block 1 as a racemic mixture, 6
was obtained as a mixture of stereoisomers.
The meso form of 6 could be separated from
the racemic mixture of //-6 and dd-6 using
HPLC. However, amplification was not ste-
reoselective: the ratio of meso-6 to dd/Il-6 in

REPORTS

the presence of guest 4 was comparable to
that obtained in the absence of guest.

Exposure of the same dynamic library to
N-methylated morphine 5 (SOM) led to the
amplification of homotrimeric host 7 as a
mixture of diastereomers (Fig. 3C). Again,
the selected host was only a minor species in
the library in the absence of its guest.

The structures of the two selected hosts
are fundamentally different from the receptor
developed by Dougherty and co-workers
(20-23) that inspired our building block de-
sign. The disulfide analog of this receptor
would be a 1-2-1-2 cyclic tetramer. ESI-MS
results suggest that this species is present in
the mixed libraries, but it was not amplified
upon exposure to a number of different guests
that have high affinities for the Dougherty
host.

A set of control experiments indicates that
the observed library distributions reflect equi-
librium compositions. First, library composi-
tion in the absence of template is independent
of the way in which this library was generat-

HO,C
no
template

S—S
& e
S$—sS

™~

ed. Mixing a preformed library of 1 and 3
with a preformed library of 2 gives essential-
ly the same product distribution as that ob-
tained by oxidizing a mixture of the three
dithiols 1 to 3 (25). Second, the composition
of the dynamic mixture obtained after adding
guests is the same, irrespective of whether the
guest is present from the start of the experi-
ment or added later to the preformed library
(25).

Our templating results demonstrate that
molecular recognition can be efficient
enough to lead to marked changes in compo-
sition of libraries of realistic size and diver-
sity, greatly facilitating the identification of
the selected hosts. However, we wanted to
see whether we could optimize amplification
such that the selected receptors could be iso-
lated directly from the library. Thus far, the
library composition was chosen to cover a
broad variety of potential hosts. Having iden-
tified the selected hosts, we could adjust the
library compositions to favor their formation.
We prepared a second generation of biased
libraries that contained only those building
blocks that were selected by the guest in the
appropriate ratio. To produce host 6, we
mixed building blocks 1 and 2 in a 2:1 ratio.
In the absence of any guest, a diverse library
was obtained in which the desired host was
only a minor constituent (5 to 10%, Fig. 4A).
In the presence of guest 4, host 6 was effi-
ciently amplified and at equilibrium consti-

A

20 min

Fig. 3. HPLC analyses of the DCL made from dithiols 1, 2, and 3 (3.3 mM each) (A) in the absence
of any template; (B) in the presence of 4 inducing the amplification of host 6; and (C) in the
presence of morphine derivative 5 leading to the amplification of host 7. Hosts 6 and 7 are
obtained as mixtures of stereocisomers (see text). HPLC analyses were performed with a 250-mm
by 4.6-mm, 5-pm particle size Hypersil SAX anion exchange column and a gradient of 0.025 to 0.5
M ammonium formate in a 55:35:10 mixture of 2-propanol, acetonitrile, and water.

0 10 20 30 min

Fig. 4. HPLC analysis of a DCL made from (A)
dithiols 1 (6.7 mM) and 2 (3.3 mM) in the
absence and (B) presence of guest 4; (C) dithiol
1 (10 mM) in the absence and (D) presence of
guest 5. HPLC conditions are the same as those
described in Fig. 3.
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tuted 60 to 65% of the total material in the
library (Fig. 4B). Similarly, host 7 can be
produced in >95% yield from a small library
prepared by oxidizing dithiol 1 in the pres-
ence of guest 5 (Fig. 4D). In the absence of
the guest, this trimeric host is produced in
only 6% yield (Fig. 4C).

These yields are impressive for macrocy-
clization reactions, which are notorious for
producing only small quantities of the desired
ring size. Note also that the high-dilution
conditions normally required for macrocy-
clizations are not necessary in these thermo-
dynamically controlled templated syntheses.

We have isolated hosts 6 (major diaste-
reomer) and 7 (mixture of stereoisomers) us-
ing preparative HPLC (SOM) and studied the
interaction with guests 4 and 5 using ESI-MS
and microcalorimetry. The 1:1 host-guest
complexes could be detected as main peaks in
the mass spectrum together with the free
hosts (fig. S1). Binding constants, enthalpies,
and entropies obtained by microcalorimetry
(fig. S2) are shown in Table 1. The binding
constants for the optimal host-guest pairs (4:6
and 5+7) are 6 to 25 times higher than those
for the mismatched pairs (4-7 and 56). Ap-
parently, the guests can select a tightly bind-
ing host from a number of closely related
structures. Most importantly, relatively small
differences in binding energies are sufficient
to lead to large differences in extent of
amplification.

Thermodynamic analysis shows that bind-
ing is invariably enthalpy-driven and coun-
teracted by entropy, suggesting that binding
is dominated by electrostatic interactions in-
cluding cation-w interactions (26, 27) and
possibly also salt-bridge formation. To sub-
stantiate this hypothesis, we are currently
studying the binding thermodynamics of a
wider range of guests. The results of these
studies will be reported in due course.

Our results establish dynamic combinato-
rial chemistry as a powerful and practical tool
for the discovery of artificial receptors. Sub-
tle differences in affinity lead to useful
differences in amplification. Moreover, the
underlying dynamic chemistry can be used
directly for large-scale preparations. Revers-
ibility ensures that side products are recycla-
ble, allowing, at least in theory, complete
conversion into the desired product even in
systems where the templating efficiencies are
much smaller than those described herein.

References and Notes
1. S. Otto, R. L. E. Furlan, J. K. M. Sanders, Drug Discov.
Today 7, 117 (2002).

. ]. M. Lehn, A. V. Eliseev, Science 291, 2331 (2002).

3. B. Klekota, B. L. Miller, Trends Biotechnol. 17, 205
(1999).

4. S. |. Rowan, S. |. Cantrill, G. R. L. Cousins, J. K. M.
Sanders, J. F. Stoddart, Angew. Chem. Int. Ed. 41, 898
(2002).

S. P. A Brady, R. P. Bonar-Law, S. J. Rowan, C. J. Suckling,
J. K. M. Sanders, Chem. Commun. 319 (1996).

N

REPORTS

6. H. Hioki, W. C. Still, J. Org. Chem. 63, 904 (1998).
7. I. Hug, J. M. Lehn, Proc. Natl. Acad. Sci. U.S.A. 94,
2106 (1997).
8. S.Sakai, Y. Shigemasa, T. Sasaki, Bull. Chem. Soc. jpn.
72, 1313 (1999).
9. M. Crego Calama, P. Timmerman, D. N. Reinhoudt,
Angew. Chem. Int. Ed. 39, 755 (2000).
10. R. L. E. Furlan, Y. F. Ng, G. R. L. Cousins, |. E. Redman,
J. K. M. Sanders, Tetrahedron 58, 771 (2002).
11. G. R. L Cousins, R. L. E. Furlan, Y. F. Ng, ). E. Redman,
J. K. M. Sanders, Angew. Chem. Int. Ed. 40, 423 (2001).
12. R.L.E.Furlan, Y.F. Ng, S. Otto, ). K. M. Sanders, J. Am.
Chem. Soc. 123, 8876 (2001).
13. R. L. E. Furlan, G. R. L. Cousins, J. K. M. Sanders, Chem.
Commun. 1761 (2000).
14, V. Berl, I. Huc, J. M. Lehn, A. DeCian, }. Fischer, Eur. /.
Org. Chem. 3089 (1999).
15. I. Huc, M. ). Krische, D. P. Funeriu, J. M. Lehn, Eur.
J. Inorg. Chem. 1415 (1999).
16. E. Stulz, Y.-F. Ng, S. M. Scott, J. K. M. Sanders, Chem.
Commun. 524 (2002).
17. ). S. Moore, N. W. Zimmerman, Org. Lett. 2, 915
(2000).
18. S. Otto, R. L. E. Furlan, J. K. M. Sanders, J. Am. Chem.
Soc. 122, 12063 (2000).
19. O. Ramstrém, J. M. Lehn, Chembiochem 1, 41 (2000).
20. S. M. Ngola, P. C. Kearney, S. Mecozzi, K. Russell, D. A.
Dougherty, /. Am. Chem. Soc. 121, 1192 (1999).
21. P. C. Kearney et al., J. Am. Chem. Soc. 115, 9907
(1993).

22. D. A. Stauffer, R. E. Barrans, D. A. Dougherty, J. Org.
Chem. 55, 2762 (1990).

23. M. A, Petti, T. ]. Sheppod, R. E. Barrans, D. A. Dough-
erty, J. Am. Chem. Soc. 110, 6825 (1988).

24. In a typical experiment, the dithiols (10 mM overall)

were suspended in water and 1 equivalent (with
respect to the number of carboxylic acids) of a 1.0 M
NaOH solution was added. After all dithiol had dis-
solved, the pH was adjusted to 8.5 and, where ap-
propriate, the guest (5 to 10 mM) was added. The
mixtures were then allowed to oxidize and equili-
brate for 3 to 5 days by stirring in an open vial.
Evaporated water was replenished every day.

25. Dithiothreitol (DTT; 15 mol%), a reagent for the
selective reduction of disulfides to thiols, was added
to speed up the exchange process.

26. J. C. Ma, D. A. Dougherty, Chem. Rev. 97, 1303
(1997).

27. D. A. Dougherty, Science 271, 163 (1996).

28. P. Boldt, Chem. Ber. 100, 1270 (1967).

29. L. Field, P. R. Engelhardt, /. Org. Chem. 35, 3647
(1970).

30. H. A. Staab, R. G. H. Kirrstetter, Liebigs Ann. Chem.
886 (1979).

31. We thank A. R. Fersht and C. M. Johnson for the use
of their isothermal titration microcalorimeter and
technical assistance. We acknowledge support from
the European Union (Marie Curie Fellowship HPMF-
CT-1999-00069) and the Royal Society (University
Research Fellowship) to S.0., from the Fundaci6n
Antorchas and the Consejo Nacional de Investigacio-
nes Cientificas y Tecnicas (Argentina) to R.LEF. and
from EPSRC to J.K.M.S.

Supporting Online Material
www.sciencemag.org/cgi/content/full/297/5581/590/
DC1

Materials and Methods

Figs. S1 and S2

29 March 2002; accepted 3 June 2002
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Fluorescence has been observed directly across the band gap of semiconducting
carbon nanotubes. We obtained individual nanotubes, each encased in a cy-
lindrical micelle, by ultrasonically agitating an aqueous dispersion of raw single-
walled carbon nanotubes in sodium dodecyl sulfate and then centrifuging to
remove tube bundles, ropes, and residual catalyst. Aggregation of nanotubes
into bundles otherwise quenches the fluorescence through interactions with
metallic tubes and substantially broadens the absorption spectra. At pH less
than 5, the absorption and emission spectra of individual nanotubes show
evidence of band gap-selective protonation of the side walls of the tube. This
protonation is readily reversed by treatment with base or ultraviolet light.

Single-walled carbon nanotubes are elongat-
ed members of the fullerene family (/) that
are currently the focus of intense multidisci-
plinary study because of their unique physical
and chemical properties and their prospects
for practical applications (2). A major obsta-
cle to such efforts has been the diversity of
tube diameters, chiral angles, and aggregation
states in nanotube samples obtained from the
various preparation methods. Aggregation is
particularly problematic because the highly

polarizable, smooth-sided fullerene tubes
readily form parallel bundles or ropes with a
van der Waals binding energy of ~500 eV
per micrometer of tube-tube contact (3, 4).
This bundling perturbs the electronic struc-
ture of the tubes, and it confounds all at-
tempts to separate the tubes by size or type or
to use them as individual macromolecular
species. Although efforts from this laboratory
(5, 6) and others (7-12) have reported some
progress in producing suspensions enriched
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