
DOI: 10.1126/science.1153848 
, 1512 (2008); 319Science

  et al.Michel Schappacher,
Their Self-Assembly into Supramolecular Tubes
Synthesis of Macrocyclic Copolymer Brushes and

 www.sciencemag.org (this information is current as of March 20, 2008 ):
The following resources related to this article are available online at

 http://www.sciencemag.org/cgi/content/full/319/5869/1512
version of this article at: 

 including high-resolution figures, can be found in the onlineUpdated information and services,

 http://www.sciencemag.org/cgi/content/full/319/5869/1512/DC1
 can be found at: Supporting Online Material

 http://www.sciencemag.org/cgi/content/full/319/5869/1512#otherarticles
, 2 of which can be accessed for free: cites 23 articlesThis article 

 http://www.sciencemag.org/cgi/collection/chemistry
Chemistry 

: subject collectionsThis article appears in the following 

 http://www.sciencemag.org/about/permissions.dtl
 in whole or in part can be found at: this article

permission to reproduce of this article or about obtaining reprintsInformation about obtaining 

registered trademark of AAAS. 
 is aScience2008 by the American Association for the Advancement of Science; all rights reserved. The title 

CopyrightAmerican Association for the Advancement of Science, 1200 New York Avenue NW, Washington, DC 20005. 
 (print ISSN 0036-8075; online ISSN 1095-9203) is published weekly, except the last week in December, by theScience

 o
n 

M
ar

ch
 2

0,
 2

00
8 

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fr

om
 

http://www.sciencemag.org/cgi/content/full/319/5869/1512
http://www.sciencemag.org/cgi/content/full/319/5869/1512/DC1
http://www.sciencemag.org/cgi/content/full/319/5869/1512#otherarticles
http://www.sciencemag.org/cgi/collection/chemistry
http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org


density waves in simple metals have been un-
successful, it is conceivable that fluctuations
characteristic of such states dynamically enhance
the nesting properties of the Fermi surface and
hence the propensity for Kohn anomalies in the
phonon spectrum. Indeed, experiments on charge-
density-wave materials such as NbSe2 have
revealed Kohn anomalies (8) and Fermi-surface
“pseudogaps” (24, 25) in the extended fluctuation
regime at temperatures well above the onset of
static density-wave order. Detailed theoretical
work is required to assess whether interference
between density-wave and superconducting cor-
relations can limit the growth of the supercon-
ducting gap and lead to the observed convergence
of both energy scales at low temperatures.

Our experiments on two different elemental
superconductors demonstrate that the low-
temperature limit of the superconducting energy
gap coincides with low-lying Kohn anomalies in
transverse acoustic phonons. Because both super-
conductors exhibit different lattice structures, pho-
non spectra, Fermi surfaces, and superconducting
gaps, this coincidence cannot be accidental. Al-
though its origin is presently unclear, a specific
scenario to explore in future theoretical work is
the interplay between density-wave and super-
conducting correlations. Lastly, we point out a
possible analogy to research on high-temperature
superconductors, where an anomalous coinci-

dence of the superconducting gap with a weakly
temperature-dependent pseudogap has recently
been reported in some regions of momentum
space (26–28).
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Synthesis of Macrocyclic Copolymer
Brushes and Their Self-Assembly
into Supramolecular Tubes
Michel Schappacher and Alain Deffieux*

We report on an efficient route to design large macrocyclic polymers of controlled molar mass
and narrow dispersity. The strategy is based on the synthesis of a triblock copolymer ABC, in which
the long central block B is extended by two short A and C sequences bearing reactive antagonist
functions. When reacted under highly dilute conditions, this precursor produces the corresponding
macrocycle by intramolecular coupling of the A and C blocks. Chloroethyl vinyl ether was selected
as the monomer for the central block B, because it can be readily derivatized into brushlike
polymers by a grafting process. The corresponding macrocyclic brushes were decorated with
polystyrene or randomly distributed polystyrene and polyisoprene branches. In a selective
solvent for the polyisoprene branches, the macrocyclic brushes self-assemble into
cylindrical tubes of up to 700 nanometers.

The interest in cyclic macromolecules be-
gan more than 50 years ago with the
theoretical prediction of the effect of chain

cyclization on polymer properties (1, 2) and the
discovery of naturally occurring macrocycles such

as DNA (3). Recently, the self-assembly of pro-
teins into nanorings for the fabrication of ad-
vanced materials has been reported (4). Because
of their very limited availability, large polymer
macrocycles remain a fascinating curiosity for
theoreticians and physicists and a challenging area
for synthetic chemists (5).

Macrocyclic polymers were first obtained
from macromolecules systems exhibiting ring-
linear chain equilibria (6). In such systems, low-
to-mediummolar mass macrocycles are obtained

generally in admixture with linear chains, al-
though a more selective approach has been re-
cently reported by Grubbs (7).

The most appropriate method for the synthe-
sis of cyclic polymers with controlled size and
narrow dispersity was first proposed by Casassa
(8) more than 40 years ago. It is based on the end-
to-end chain coupling of linear a,w-difunctional
chains in highly dilute conditions. Coupling of
a,w-dianionic polymers with difunctional agents
has been the most extensively used ring closure
approach (9–11); however, cyclization yields for
large macrocycles are generally low, and frac-
tionation procedures are required to remove re-
sidual linear chains and polycondensates (12).
An alternative route is based on the end-to-end
coupling of a,w-heterodifunctional linear chain
(13). Cyclization is performed under high dilu-
tion by selective activation of one polymer end,
which reacts intramolecularly with the second
chain end. Higher cyclization yields have been
reported but molar masses of the macrocycles
remain limited. A more selective approach was
proposed by Tezuka (14) that involves the pre-
cyclization of linear chains bearing ionic end
groups. However, only very low molar mass
macrocycles have been synthesized.

The preparation of large macrocyclic poly-
mers and copolymers is thus limited (12) by (i)
the difficulty to get pure a,w-difunctional high
molar mass precursors, (ii) the drastic decrease of
the end-to-end ring closing efficiency when in-
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creasing the distance between chain ends, and
(iii) the problem of elimination of linear contam-
inants of the same high molar mass.

We have developed a method to synthesize
large polymer macrocycles based on the synthe-
sis of an ABC triblock copolymer, in which the
long central B block is extended by two short
A and C sequences bearing monomer units with
reactive antagonist functions (Fig. 1). The ex-
ternal blocks are then selectively activated under
dilute conditions to allow intramolecular cou-
pling between the A and C blocks and form the
macrocyclic polymers, with further functionaliza-
tion to form the corresponding brush polymers
with polystyrene (PS) or randomly distributed
polystyrene and polyisoprene (PS/PI) branches.

The ABC copolymers were obtained by se-
quential living cationic polymerization of three
different vinyl ethers (fig. S1). The short A block
consists of units of ter-butyl dimethyl silyl ethoxy
vinyl ether (a hydroxy-protected vinyl ether).
Chloroethyl vinyl ether (CEVE) was selected as
the second monomer for the B block, because
PCEVE [poly(CEVE)] can be readily converted
into the corresponding PS brush structure (15).
Finally, block C was grown by addition of cy-
clohexane dimethanol divinyl ether (a divinyl
ether), which allows introducing monomer units
bearing vinyl ether side groups in appropriate
reaction conditions. Detailed information on the
synthesis methods can be found in the supporting
online material.

Typically, the triblock copolymers were con-
stituted to A,B, and C blocks with targeted aver-
age degree of polymerization (DPn) of roughly
5, 1000, and 5, respectively. The properties of the
ABC copolymer “(L)” are given in Table 1.

After deprotection of the hydroxyls on the
block A’s, cyclization was achieved under high
dilution via their intramolecular reaction with the
vinyl ether functions on block C’s in the presence
of an acid salt as a catalyst. The size exclusion
chromatograms (SECs) of the ABC copolymer
before and after cyclization are shown in Fig. 2.

The shift of the main SEC peak to higher
elution volume is consistent with the reduction of
the hydrodynamic volume of the macromolecule
after chain cyclization (16). The slight peak broad-
ening and the presence of two small peak shoul-
ders indicate the presence of a limited amount of
residual linear precursor and of linear or cyclic
dimers. Some characteristics of cyclic copolymer
“(C)” that formed are indicated in Table 1. It is
difficult to get more precise and direct informa-
tion on the architecture of the polymers formed
and on the cyclization yield, with conventional
analytical techniques.

The synthesis of PS brushes by grafting living
polystyryl lithium (PSLi) and/or polyisoprenyl lith-
ium (PILi) onto PCEVE chains has been studied in
our group (17, 18). One advantage of this approach
relies on the capacity to precisely control the archi-
tecture and dimensions of the brush, given that
both the PCEVE backbone and the PS grafts are
obtained by living polymerizations. In addition,

the good efficiency and selectivity of the coupling
reaction allow the preparation of brush polymers
exhibiting the same architecture as the initial PCEVE
backbone as shown by atomic force microscopy
(AFM) (19). This strategy was applied here to con-
vert large macrocyclic polymers into the corre-
sponding cyclic PS brushes. This approach had
been tried with cyclic PCEVE of lowmolar mass
prepared from an a,w-heterodifunctional precur-

sor (20), but the formation of cyclic brush was
not demonstrated.

The SEC chromatogram of a cyclic brush-Ca
is shown in Fig. 2. The main elution peak can be
attributed tomacrocyclic brushes, whereas the two
small shoulders observed at lower elution volume
have been assigned on the basis of static light
scattering (SLS) measurements (21) to linear PS
brushes and to brush dimers of various architec-

Fig. 1. Strategy for the synthesis of cyclic comblike copolymers and their self-assembly. PS-DPELi,
(1,1-diphenylethylene) end-capped polystyryllithium; PI-DPELi, (1,1-diphenylethylene) end-capped
polyisoprenyllithium.

Table 1. Dimensional characteristics of linear (L) and cyclized (C) ABC copolymer and of the cor-
responding macrocyclic brushes with different PS or PS/PI branch lengths.Mn, number-average molecular
weight;Mw, weight-averagemolecular weight;Mn app, apparentMn; Mp app, apparent SEC peakmolecular
weight.

Chain
architecture* DP¯¯n† Mn app‡

(× 10−3) Mw/Mn
Mp app‡
(× 10−3)

Mw
§

(× 10−3)
L 0 92 1.05 99 95
C 0 78 1.15 76 96

PS brush-Ca 90/0 740 1.14 800 5900
PS brush-Cb 260/0 1650 1.09 2160 10,200

PS/PI brush-Cc|| 170/50 872 1.10 967 6800
*DP¯¯n of PCEVE is 870. †DP¯¯n of PS or PI branches. ‡Determined by SEC in THF by means of PS standards. §Measured by SLS
with refractive index increments (dn/dc) of 0.09 (PCEVE L and C), 0.18 (PS brushes), and 0.15 (PS/PI brush). ||Number of PS
and PI branches per macromolecule are 400 and 350, respectively, which corresponds to 80% in weight of PS.

Fig. 2. SECs in tetrahydrofuran (THF) of ABC copolymer (L), cyclized polymer (C), and correspond-
ing cyclic PS brush-Ca (see Table 1).
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tures. Direct imaging (19, 22–24) allowed us to
confirm these conclusions and to get direct and
quantitative information on the cyclic polymer
structures obtained. TheAFM topographic image
of brush-Ca (Fig. 3A) shows single macromole-
cules isolated on the highly oriented pyrolytic
graphite surface. Most of the structures observed
are monodispered macrocyclic brushes, which
agrees with a cyclization efficiency of 50 to 60%.
Among the other polymer architectures observed
are linear brushes corresponding to uncyclized
ABC copolymer, linear and macrocyclic dimers
exhibiting about twice the size of the linear pre-
cursor or of the corresponding cyclics, and tad-
pole structures.

Samples containing larger fractions of mac-
rocyclic brushes were readily obtained by selec-
tive precipitation from cyclohexane solution upon
gradually decreasing the temperature from 19° to
18°C, corresponding to the theta conditions of
comb PS. The AFM image of the fractionated
brush-Ca is shown in Fig. 3B. Typically, the
fractionated samples contain about 80 to 85% of
cyclic brushes. The main characteristics of the
cyclic brushes are provided in Table 1. The in-
fluence of the PS graft dimensions on the char-
acteristics of the brush macrocycles is shown in
Fig. 3, C and D, for samples with ( DPn) of 90
and 260, respectively. The two cyclic brushes
obtained from a PCEVE with a DPn of 870 are
characterized by a mean average diameter of 65
to 70 nm for the central backbone (fig. S2). This
yields a circumference of 205 to 220 nm for the
cyclized PCEVE. Assuming a DPn of 870 and
a value of 2.5 Å per monomer unit, this cor-
responds to a fully extended backbone confor-
mation (870 nm × 0.25 nm = 217.5 nm). This

can be explained by the steric hindrance and
compactness near the PCEVE backbone result-
ing from the high PS grafting density, which ac-
cording to the brush molar mass (Table 1)
corresponds to about three PS grafts every four
CEVE units. However, no chain breaking was
observed despite the strong mechanical forces
applied to the PCEVE backbone. The crown
section and the size of the central cavity are de-
termined by the branch length and can be tuned
by controlling the PS DPn. As it may be seen
(Fig. 3, A and D), the macrocycles as well as
other brush architectures are separated by an
almost constant distance, which corresponds to the
length of two PS branches in an almost fully
extended conformation (fig. S2).

To obtain the corresponding cyclic copolymer
brushes with PS/PI branches, we successively re-
acted polystyryllithium and polyisoprenyllithium
both end-capped with 1,1-diphenylethylene in de-
termined amounts with the macrocyclic PCEVE
to yield cyclic brushes with PS/PI branches that
were randomly distributed (Fig. 1). The char-
acteristics of one cyclic PS/PI brush used in this
study are indicated in Table 1. Its capacity to self-
organize was investigated in heptane—a selective
solvent of the PI blocks—by dynamic light scat-
tering (DLS) and by AFM as solid deposits from
their solutions. In heptane, the cyclic PS/PI brush
copolymer self-assembles, forming a single and
monodisperse population of large cylindrical
objects with an average hydrodynamic radius of
200 nm. The correspondingDLS data are available
as supporting online material (fig. S3). Further in-
sight in these supramolecular structures was gained
by AFM analysis (Fig. 3, E and F). The selective
formation of rigid tubular objects (with section

diameters of about 100 nm, corresponding to ele-
mentarymacrocyclic PS/PI brushes, and lengths of
up to 700 nm) that were either isolated or aggre-
gated is observed. This agrees with the self-
assembly of elementary cyclic brushes directed by
intermolecular association between PS branches,
whereas the PI grafts ensure their dispersion/
solubilization into the selective PI solvent. Al-
though they are not observed in heptane solution,
the formation of clusters of tubular objects observed
on AFM images (Fig. 3E) likely takes place during
solvent evaporation on graphite. The length of the
supramolecular tubes, aswell as the observed struc-
tural defects, results from the contribution of remain-
ing linear and other brush structures that perturb or
stop the self-assembly of brush macrocycles.

We have developed a selective route to large
macrocylic polymers based on the coupling of
external short blocks of ABC-type copolymers.
The substantial increase in cyclization efficiency
can be attributed both to the high functionality
of ABC precursor and to the presence of several
reactive functions at each chain end that increase
the probability of intramolecular end-to-end cycli-
zation. As indicated by the absence of cross-linked
chains or high polycondensates, the presence of
several reactive groups at each chain end does
not yield significant multichain coupling under
high dilution.

The obtained macrocyclic brushes constitute
a class of macromolecules with a precise and tun-
able chain architecture that can be used as such or
as elementary building blocks for the preparation
of supramolecular tubes, the structure of which
can be eventually frozen by cross-linking. By
changing the character and proportion of the con-
stitutive blocks, tubular assemblies are expected

Fig. 3. (A and B) Topographic images of crude and fractionated cyclized PS
brush-Ca, respectively, showing the formation of cyclic brushes and the presence
of residual uncyclized brushes (unimer and dimer). Some more complex archi-
tectures, such as cyclic dimers, “tadpoles,” and “bicycles,” are also observed
[structures within yellow circles in (A)]. (C andD) Topographic images of two cyclic
PS brush samples—brush-Ca and brush-Cb—with PS branch DP¯¯n of 100 and 260,
respectively (Table 1), after fractionation by precipitation. The red circles of
identical size show the position of the central PCEVE backbone. AFM topographic
(E) and phase (F) images of tubular objects formed by self-assembly of cyclic PS/PI
brushes—brush-Cc (Table 1)—obtained from deposits on highly oriented pyro-
lytic graphite of their heptane solution. (E) Aggregate of tubes and isolated tube
(diameter, 100 nm; length, 600 nm). (F) Series of tubes interconnected by their
polyisoprene shell (black) and image in reverse mode showing the internal PS (purple) and external PI (green) parts. The stripes corresponding to the elementary
macrocyclic copolymer brushes are also visible.
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to be formed in different media, whereas the inner
surface of the tube can be tuned for a targeted
application by selecting a second type of con-
stitutive block of appropriate characteristics and
properties.
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Splitting of the 520-Kilometer Seismic
Discontinuity and Chemical Heterogeneity
in the Mantle
Ashima Saikia,* Daniel J. Frost, David. C. Rubie

Seismic studies indicate that beneath some regions the 520-kilometer seismic discontinuity
in Earth’s mantle splits into two separate discontinuities (at ~500 kilometers and ~560 kilometers).
The discontinuity near 500 kilometers is most likely caused by the (Mg,Fe)2SiO4 b-to-g phase
transformation. We show that the formation of CaSiO3 perovskite from garnet can cause the
deeper discontinuity, and by determining the temperature dependence for this reaction we
demonstrate that regional variations in splitting of the discontinuity arise from variability in
the calcium concentration of the mantle rather than from temperature changes. This
discontinuity therefore is sensitive to large-scale chemical heterogeneity. Its occurrence and
variability yield regional information on the fertility of the mantle or the proportion of recycled
oceanic crust.

Recent regional seismic observations have
identified multiple discontinuities near
the depth of the 520-km discontinuity

in the transition zone (1–4). Beneath some re-
gions, this discontinuity splits into two dis-
continuities, one at a depth of about 500 km
and the other near 560 km (1). The depth of
these two discontinuities varies, implying that
they are marking phase transitions that are re-
sponding to variations in composition between
regions of the mantle or to varying temperature.
The wadsleyite-to-ringwoodite (b-g) transition is
often implicated as the cause of the 520-km
discontinuity (5). However, the exsolution of
CaSiO3 perovskite frommajoritic garnet that also
occurs at a similar depth could cause the ob-
served higher pressure split in the 520-km dis-
continuity (6). This reaction is complex because
majoritic garnet is a multicomponent solid solu-

tion. Existing data (7–10) are not sufficiently
consistent for modeling how the reaction varies
with respect to pressure, temperature, and mantle
composition. We studied the exsolution of Ca
perovskite in high-pressure and -temperature
experiments in order to ascertain the depth in-
terval over which the reaction occurs. We also
estimated the jump in density and sound velocity
expected for this reaction and used these data to
explain regional occurrences of single and split
520-km discontinuities.

At mid-transition-zone pressures (17 GPa),
garnet will contain all of the Ca in most plausible
mantle chemical compositions and will have a
substantial majorite component (i.e., Mg4Si4O12),
which results from the substitution of Si and Mg
into the Al site at high pressure (11, 12). The
proportions of Ca andAl in transition-zone garnets
will vary strongly between different rock types,
being low in rocks of peridotite composition but
much higher in rocks that are remnants of sub-
ducted oceanic crust, that is, with the composition
of midocean ridge basalt (MORB). With in-
creasing pressure, Ca perovskite exsolves from

garnet as the solubility of CaSiO3 in garnet de-
creases. We measured this solubility in multianvil
experiments between 15 and 24GPa at 1400° and
1600°C and as a function of the garnet majorite
content (i.e., Al/Si ratio). Ca-free glass compositions
on the join (Mg,Fe)4Si4O12–(Mg,Fe)3Al2Si3O12

were mixed with presynthesized CaSiO3 wollas-
tonite in a 1:2 weight ratio to produce starting
materials for multianvil experiments. These sam-
ples were loaded into rhenium capsules that con-
tained four sample chambers (Fig. 1). Three
samples with varying Al/Si ratios were loaded
into each experiment, plus a (Mg,Fe)2SiO4 sam-
ple to calibrate the pressure. During the experi-
ment, the glass andCaSiO3 compositions crystallize
rapidly to form garnet and perovskite, respec-
tively, and CaSiO3 dissolves into the garnet (13).
The diffusion into the garnet is slow, and exper-
iments must be equilibrated for at least 24 hours
in order to reach equilibrium. A B2O3 flux was
also added to speed up the reaction. Some ex-
periments were reversed by first synthesizing
Ca-bearing garnets and measuring their compo-
sitions after CaSiO3 had subsequently exsolved
at a particular pressure and temperature. After the
experiments had been quenched, recovered sam-
ples were analyzed with an electron microprobe.
During the experiments, the (Mg,Fe)2SiO4 oli-
vine pressure calibrant crystallized to form coex-
isting high-pressure phases. The pressure could be
determined because the high-pressure Mg2SiO4-
Fe2SiO4 phase diagram consists of a series of
two-phase divariant loops where the Fe/(Fe+Mg)
ratios of coexisting phases are very sensitive to
pressure. In this way, we calibrated accurately
the pressure of Ca-perovksite formation relative
to the pressure of phase transformations in the
Mg2SiO4-Fe2SiO4 system (13–15).

Our data (Fig. 2) show that the solubility of
CaSiO3 in garnet in equilibrium with Ca perov-
skite decreases strongly with pressure, but it in-
creases with the garnet Al/Si ratio at a given
pressure, which can be seen by comparing results
from the different starting compositions. At lower
temperatures (1400°C), CaSiO3 solubility in gar-
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