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Abstract: We herein report the formation of two complex
nanostructures, toroidal micelles and bicontinuous nano-
spheres, by the self-assembly of the single structurally simple
crystalline-b-coil diblock copolymer poly[bis(tri-
fluoroethoxy)phosphazene]-b-poly(styrene), PTFEP-b-PS, in
one solvent (THF) and without additives. The nature of these
nanostructures in solution was confirmed by DLS and cryo-
TEM experiments. The two morphologies are related by means
of a new type of reversible morphological evolution, bicontin-
uous-to-toroidal, triggered by changes in the polymer concen-
tration. WAXS experiments showed that the degree of crystal-
linity of the PTFEP chains located at the core of the toroids
was higher than that in the bicontinuous nanospheres, thus
indicating that the final morphology of the aggregates is mostly
determined by the ordering of the PTFEP core-forming blocks.

The self-assembly of amphiphilic block copolymers (BCPs)
has been demonstrated as an invaluable tool for the
construction of well-defined nanostructures.[1] Besides the
classical nanomorphologies created by this methodology
(spheres, cylinders, or bilayer membranes),[1, 2] nanotoroids
(donut- or ring-shaped) and bicontinuous nanospheres have
become textures of special interest owing to their rarity,
complexity, and importance in some technological and
biological processes. For instance, Nature uses nanotoroidal
morphologies during DNA packaging (DNA condensation)[3]

and in some viruses and sperm cells.[4] Toroids are also very
important in the design of artificial delivery systems for gene
therapy.[5] On the other hand, micelles with internal bicontin-
uous structures are considered promising carriers for the
simultaneous inclusion of chemically different encapsulated
drugs and of interest for their possible catalytic and templat-
ing properties.[6] Since pioneering studies on the synthesis of
toroidal[7] and bicontinuous nanostructures[8] from the self-
assembly of BCPs, very few examples of toroidal (mixed with
other morphologies)[9] and bicontinuous[10] micelles derived

from BCPs have been reported, mostly from chemically and
structurally rather complex combinations of blocks. However,
these two morphologies have also been produced purely from
simple linear block copolymers,[11] thus demonstrating that
structural complexity is not a necessary condition for their
formation.

The self-assembly of block copolymers containing a crys-
tallizable core-forming block and a random-coil block (crys-
talline-b-coil BCPs) has been exploited to create complex
nanomorphologies by crystallization-driven living self-assem-
bly.[12] Recently, our group has demonstrated the synthesis of
reversibly responsive (to changes in pH) giant unilamellar
vesicles (GUVs) by the self-assembly of the BCPs
[N=P(OCH2CF3)2]n-b-[N=PMePh]m containing crystalline
[N=P(OCH2CF3)2] segments.[13] Herein we report a new and
convenient synthesis of the hybrid crystalline-b-coil poly-
[bis(trifluoroethoxy)phosphazene]-b-polystyrene (PTFEP-
PS) by the use of lithiated initiators functionalized with
phosphine groups (Scheme 1). The self-assembly of these
polymers in THF without additives or cosolvents led to pure

toroidal micelles or bicontinuous nanospheres depending on
the polymer concentration. Moreover, these rare morpholo-
gies can be reversibly created one from the other in solution
by a bicontinuous-to-toroidal morphological transition
observed during this study for the first time.

Linear PTFEP35-PS35 (6, PDI = 1.1, the numbers in sub-
script refer to the number-average degree of polymerization
of each block) was synthesized by using the lithiated
phosphine 2 as an initiator of the anionic polymerization of
styrene in toluene at room temperature (RT= 20 8C; see
Scheme 1 and Scheme S1 in the Supporting Information for
further details). The initiator 2 was generated in situ by the
treatment of (4-bromophenyl)diphenylphosphane (1) with
tert-butyllithium (2 equiv) in the presence of TMEDA

Scheme 1. Synthesis of BCP 6. Reaction conditions (see the Supporting
Information for details): i) RT/CH2Cl2/12 h; ii) RT/CH2Cl2/14 h; iii) RT/
THF/12 h. TMEDA= N,N,N’,N’-tetramethylethylenediamine.
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(1 equiv; see the Supporting Information). The complete
lithiation of 1 was checked by treating a freshly prepared
solution of 2 with ClSiMe3 at room temperature (20 8C) and
confirming the quantitative formation of [(4-trimethylsilyl)-
phenyl]diphenylphosphane (7; see the Supporting Informa-
tion) and the total absence of 1 by 1H, 13C, and 31P NMR
spectroscopy. When styrene (35 equiv) was quickly added to
a solution of 2 (1 equiv) in toluene at room temperature, the
telechelic polystyrene 3 (PS35-PPh2, Mn = 3915, PDI = 1.1; see
the Supporting Information) was obtained after quenching
the reaction with ClSiMe3. The chlorination of 3 with C2Cl6

led to PS35-PPh2Cl2 (4), which has �PPh2Cl2 end groups that
initiate the polymerization of Cl3P=NSiMe3

[14] to give the
block copolymer [N=PCl2]35-PS35 (5 ; see the Supporting
Information). The macromolecular substitution of the chlor-
ine atoms by �OCH2CF3 groups led to the block copolymer
PTFEP35-PS35 (6) containing crystalline [N=P(OCH2CF3)2]
blocks. This synthetic methodology afforded 6 in similar yield
(63 %) and with similar narrow polydispersities (PDI = 1.2;
see the Supporting Information) to those of the previous
method,[15] but by a significantly simpler experimental proce-
dure (only the intermediate polymer 3 was isolated and
purified (see Scheme S1), whereas the other method requires
the isolation of three different polymer intermediates).

On the basis of our previous study, in which THF was used
as a solvent for the crystallization of [N=P(OCH2CF3)2]
blocks in the capsule wall of giant vesicles,[13] aggregates of 6
were induced by dissolving the block copolymer (1 mg) in
THF (3 mL) at room temperature (note that the solubility
parameters, d (MPa1/2) = 18.6 (THF),[16] 18.6 (PS),[16] and 19.6
(PTFEP),[17] indicate that THF is a better solvent for the PS
than for the PTFEP) and subjecting the solution to sonication
for 2 min at 20 8C (see the Supporting Information). The
resulting translucent solution of 6 was first investigated by
dynamic light scattering (DLS; see Figure S8). The solution
was aged at room temperature until the apparent hydro-
dynamic radius (Rh,app) of the aggregates reached a constant
value of 74 nm (dispersity 0.332) after 24 h. High-resolution
transmission electron microscopy (HRTEM) demonstrated
that spherical aggregates were present at room temperature
with a number-average diameter, Dn, of 112 nm (N (number
of objects) = 125), and Dw/Dn = 1.5 (see Figure 1a). The
micrographs showed that the aggregates had a nonhomoge-
neous structure, as revealed by the different contrast regions.
To examine the morphological features of these aggregates,
we stained the samples with RuO4 (selective staining for the
PS block containing aromatic rings). We found that the
spherical structure was composed of interconnected screwlike
worm-shaped segments, the space between them correspond-
ing to the low-contrast regions in the HRTEM images
(Figure 1b).

To verify that the bicontinuous structure was created in
solution (i.e. during the self-assembly processes) rather than
after drop-casting (i.e. during drying or solvent evaporation),
we performed cryo-TEM experiments on the solution of 6 in
THF. The micrographs clearly displayed spherelike particles
(Dn = 95 nm, Dw/Dn = 1.8, N = 30) with a rather bicontinuous
networklike internal structure (Figure 1c, d). However, some
of the bicontinuous aggregates also exhibited regions with

disorder or twisted lamellar phases (see region within the
dashed lines in Figure 1d) similar to that previously reported
by Sommerdijk and co-workers.[11a] Thus, the cryo-TEM
experiments demonstrated unambiguously that the bicontin-
uous structure of the nanospheres was created in solution
during the self-assembly of 6 and not during drying. Under
these self-assembly conditions (C = 0.33 mgmL�1), the bal-
ance between the larger volume occupied by the swollen PS
chains and that of the less swollen PTFEP in THF (see values
of d (MPa1/2)) imposes a negative curvature on the aggregates
that, because of the core microphase segregation, leads to
spherelike micelles with bicontinuous inner structures. It is
known that enhanced segregation can be obtained in block
copolymers by inserting fluorine into one of the blocks,[18] and
that this approach offers a route to structured micelles.[19]

Therefore, in BCP 6, the high cohesive energies between the
[N=P(OCH2CF3)2] blocks, which trigger their immiscibility
with both the polystyrene block and the solvent, facilitate the
core microphase separation leading to bicontinuous nano-
spheres. When the self-assembly was studied at the same
concentration (0.33 mgmL�1) but in cyclohexane at room
temperature (d (MPa1/2) = 16.8,[16] still a good solvent for the

Figure 1. a,b) Bright-field HRTEM images of aggregates from BCP 6 in
THF (0.33 mgmL�1) without staining with RuO4 (a), and after staining
with RuO4 (b). Scale bars correspond to 50 nm. c, d) Cryo-TEM images
of aggregates from BCP 6 in THF (0.33 mgmL�1) showing their
bicontinuous structure (c) and regions of disordered lamella structure
(area inside the dashed rectangle; d). Scale bar in (d) corresponds to
50 nm. e) Bright-field HRTEM of a multilamellar vesicle formed from
BCP 6 in THF with 1.6 vol% water (final concentration of 6 in the
solution: 0.33 mgmL�1). Scale bar corresponds to 200 nm.
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PS but a poor solvent for PTFEP), the cryo-TEM image (after
24 h) showed the presence of poorly defined spherical
micelles with no evidence of a bicontinuous structure (see
Figure S9).

As the specific conditions to produce bicontinuous nano-
spheres are very difficult to achieve,[10] no other bicontinuous
nanospheres originating in the absence of additives, cosol-
vents, and/or structurally complex polymeric structures (i.e.
from a linear block copolymer) have been synthesized
previously, to the best of our knowledge. Instead, all reported
bicontinuous nanospheres have been obtained from mixtures
of an organic solvent and water.[11a] Moreover, the synthesis of
bicontinuous or lamellar structures is possible by the selective
variation of the affinity of the solvent for the constituent
blocks.[11a] Therefore, we studied the effects of the presence of
water on the structure of the bicontinuous aggregates formed
by BCP 6. When water (50 mL, 0.16 vol %) was added to the
solution of 6 at a concentration of 0.33 mgmL�1 in THF
(3 mL) at room temperature (this amount of water does not
change the block-polymer concentration significantly), DLS
after 24 h showed aggregates (Rh,app = 175 nm, PDI = 0.356;
see Figure S8) that were larger than those observed in pure
THF. These aggregates were studied by HRTEM, which
showed the presence of multilamellar vesicles (Dn = 250 nm,
Dw/Dn = 1.6, N = 70; see Figure 1e). According to the
d (MPa1/2) values of both blocks (18.6 (PS) and 19.6
(PTFEP)) and those of the solvents (18.6 (THF) and 47.9
(H2O)[16]), THF is a better solvent for PS than for PTFEP, and
water is very poor solvent for both. Therefore, the addition of
water alters the balance between the excluded volumes of the
PS and PTFEP blocks, thus leading to a similar volume
occupation in the THF/water mixture, and a lamellar instead
of a bicontinuous structure. The addition of the same amount
(0.16 vol %) of cyclohexane (a good solvent for PS but poor
for PTFEP) or MeOH (a good solvent for PTFEP but poor
for PS) did not alter the balance between the excluded
volumes of the PS and PTFEP blocks with respect to those in
THF, thus resulting in bicontinuous nanospheres (see Fig-
ure S10).

When the concentration of BCP 6 was raised from 0.33 to
2 mgmL�1 (1 mg of 6 in 3 mL of THF), DLS (after 24 h at
room temperature) showed a significant increase in Rh,app

from 74 to 125 nm (see Figure S8). The observation of these
aggregates by HRTEM and SEM revealed the exclusive
presence of pure and regular (in size and shape) toroidal
micelles (donut- or ring-shaped; Figure 2a). Line energy-
dispersive X-ray analysis (EDX) of the composition distribu-
tion of these micelles (Figure 2b, F in red, N in green, and P in
blue) demonstrated the presence of toroidal nanostructures,
in which the F, N, and P atoms were only detected in the dark
rings and not in the center of the nanostructures. Cryo-TEM
experiments (Figure 2c) confirmed the formation of the
toroidal micelles in solution before the evaporation of the
solvent on the solid substrate used for the TEM and SEM.
Micelles were also investigated by AFM (on a mica disk;
Figure 2d). The average diameter 2R of the toroid, as
determined from the peak-to-peak distance in Figure 2e,
was 130 nm, and the ring width (2r) 60 nm, which was very
similar to the height of the nanostructure, 65 nm, thus

confirming the perfect toroidal shape. The calculated Rg

value for our ring-shaped micelles is 140 nm (Rg = R[1 +

(3Z2/4)]1/2, Z = R/r, with R = 65 nm, 2r = 60 nm, both calcu-
lated by AFM; Figure 2b), and the value of Rh = 126 nm
(DLS), which gives the ratio Rg/Rh = 1.1. This value (1.1) is in
very good agreement with the expected value (1.06) for
a toroidal object.[11b] Again, when cyclohexane was used as
a solvent (2 mg mL�1), ill-defined spherical micelles were
observed (see Figure S9).

The generation of bicontinuous nanospheres and toroidal
micelles from the same linear BCP 6 by simply adjusting its
concentration is of particular importance owing to the
simplicity of the experimental methodology. Furthermore,
we found that these two rare morphologies can be reversibly
transformed one into the other. Thus, THF (5.0 mL) was
added (over 15 min) to a solution of 6 in THF containing
toroidal micelles (2 mg of 6 in 1 mL of THF, C = 2 mgmL�1)
with slow magnetic stirring to reach a final concentration of
0.33 mg mL�1 (see the Supporting Information). The solution
was aged for 24 h (without stirring) and analyzed by DLS (see
Figure S8). A decrease in the value of the Rh,app from 126 (C =

2 mgmL�1) to 80 nm (C = 0.33 mgmL�1) was observed. Both
HRTEM and cryo-TEM (see Figure S2) confirmed the
presence of bicontinuous nanospheres with the same struc-
ture as that obtained when 1 mg of 6 was dissolved in 3 mL of
THF. When the solution containing the bicontinuous nano-
spheres was slowly evaporated (with slow magnetic stirring
under a flow of N2(g) in a bath at 20 8C to avoid the cooling
down of the solution) to reach a concentration of 2 mg mL�1

Figure 2. a) Bright-field HRTEM images of toroidal micelles from
a 2 mgmL�1 solution of BCP 6 in THF. b) EDX line analysis (F in red,
N in green, and P in blue) along the yellow line (inset). Scale bar
corresponds to 200 nm. c) Cryo-TEM images of toroidal micelles from
a 2 mgmL�1 solution of BCP 6 in THF. Scale bar corresponds to
200 nm. d) AFM height image of toroidal micelles. Scale bar corre-
sponds to 100 nm. e) Depiction of the geometric parameters of the
toroid and AFM cross-sectional height profiles across two micelles.
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(i.e. a final THF volume of 1 mL), the toroidal micelles were
reconstructed (see Figure S2). He and Schmid demonstrated
theoretically that pure toroidal micelles (i.e., exclusively with
a toroidal shape) can be created by the self-assembly of
a single component diblock copolymer (A-b-B) in the
presence of a single solvent (S).[20] They proposed a non-
conventional coalescent pathway, named growth mechanism,
as the most likely pathway to lead to toroidal micelles. This
mechanism involves the presence of bicontinuous aggregates
as intermediates. Thus, our results, to the best of our
knowledge, serve as the first experimental evidence of
a morphological bicontinuous-to-toroid evolution triggered
by the BCP concentration. Moreover, they give experimental
support to the theoretically predicted growth mechanism in
the formation of toroidal micelles from the self-assembly of
BCPs.

To examine the influence of the crystallinity of the core-
forming [N=P(OCH2CF3)2] blocks, we performed wide-angle
X-ray scattering (WAXS) analysis of bulk samples of block
copolymers 6 (as obtained after precipitation from solutions
in THF into hexanes) and dried films containing the
bicontinuous nanospheres and toroidal micelles (see the
Supporting Information) resulting from their self-assembly
(Figure 3). The WAXS experiments at room temperature of

the bulk samples of 6 showed the reflections of the crystalline
domains (2q = 10.9, 12.9, 20.8, 31.7, and 45.28) and the
characteristic signals corresponding to mesomorphic phases
(2q = 9.028 [d = 9.80 �]), characteristic of the [N=P-
(OCH2CF3)2] homopolymer[21] (see Figure S11 for the
WAXS analysis of PS35-PPh2 (3) and PTFEP with the same
repeating units as those in the BCP 6).

By the integration of the relative areas corresponding to
the amorphous and crystalline domains in WAXS, the degree
of crystallinity (DC) of the PTFEP block in bulk samples of
BCP 6 was estimated as 31% (see Figure S12). The same
reflections were present in the diffractogram of the dried films
of both the bicontinuous and the toroidal aggregates
(Figure 3). This result confirmed the location of the
[N=P(OCH2CF3)2] in the core of the aggregates (crystalline
order must correspond to the core and not to corona).

However, as shown in Figure 3, the degree of crystallinity of
the [N=P(OCH2CF3)2] segments in the toroidal micelles (8%)
was higher than that in the bicontinuous nanospheres (< 1%;
both values were estimated by integration of the relative areas
corresponding to the amorphous and crystalline domains in
WAXS; see Figure S12). These results might explain the
dependence of the morphology on the BCP concentration. In
fact, at high dilutions (i.e. 0.33 mgmL�1), the crystallization of
the [N=P(OCH2CF3)2] blocks is hampered by the swelling of
the chains in THF, thus facilitating the core microphase
separation that leads to the bicontinuous structures (the
synthesis of bicontinuous morphologies in confined spaces
has been predicted and observed in block copolymers
previously[10]). On the other hand, when the concentration
of BCP 6 is raised to 2 mg mL�1, the crystallization of the
[N=P(OCH2CF3)2] blocks favors the stability of the toroidal
morphology. Thus, although crystallinity is not a key factor in
the formation of bicontinuous nanospheres (as also observed
with amorphous BCPs systems[11a]), these results suggest that
the rigidity induced by the crystallization of the
[N=P(OCH2CF3)2] blocks is crucial for the stabilization of
toroidal morphologies.

In conclusion, we have shown that bicontinuous nano-
spheres or toroidal micelles can be obtained by the self-
assembly of a single crystalline-b-coil poly-
[bis(trifluoroethoxy)phosphazene]-b-poly(styrene) BPC in
a single solvent (THF) without additives, by simply adjusting
the BCP concentration. Moreover, these two rare morphol-
ogies can be reversibly transformed one into the other in THF
by simple dilution (adding THF) or concentration (evaporat-
ing THF) of the BCP solution, thus establishing an unprece-
dented reversible morphological transition between bicontin-
uous nanospheres and toroidal micelles. This very important
step in the growth mechanism operating in the creation of
toroids has been experimentally demonstrated for the first
time in this study. WAXS analysis of dried films containing
bicontinuous or toroidal aggregates showed that whereas the
PTFEP blocks are essentially amorphous in the structure of
the bicontinuous nanospheres (DC< 1%), the crystallization
of those blocks in the core of the toroidal micelles (DC = 8%)
is crucial for the stability of these morphologies. Thus, the
crystallinity of the core-forming [N=P(OCH2CF3)2] blocks
appears to be the main guide to the creation of bicontinuous
nanospheres and toroidal micelles. Thus, we can control the
self-assembly of a single linear PTFEP-PS BCP to create
bicontinuous or toroidal micelles by modulating the crystal-
lization of the PTFEP segments by simply changing the BCP
concentration. Currently, we are investigating the self-assem-
bly of BCP 6 at different concentrations to establish relation-
ships between the morphology and the degree of crystalliza-
tion of the PTFEP blocks and to gain insight into the
mechanism of the observed morphological evolution of
bicontinuous nanospheres into toroidal micelles.
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D. Presa-Soto, G. A. Carriedo,
R. de la Campa,
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Formation and Reversible Morphological
Transition of Bicontinuous Nanospheres
and Toroidal Micelles by the Self-
Assembly of a Crystalline-b-Coil Diblock
Copolymer

One polymer, two great looks : Two com-
plex nanostructures were synthesized by
the self-assembly of a structurally simple
crystalline-b-coil diblock copolymer in
THF without additives. The two mor-
phologies are related by a reversible
bicontinuous-to-toroidal morphological
evolution triggered by changes in the
polymer concentration (see picture). The
final morphology of the aggregates is
mostly determined by the ordering of the
core-forming polymer blocks.
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