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Non-dependence of Dodecamer Structures on Alkyl Chain Length 
in Platonic Micelles 
Masataka Araki†, Shota Fujii†, Ji Ha Lee, Rintaro Takahashi, and Kazuo Sakurai*

When the micellar aggregation number (Nagg) is sufficiently small (Nagg < 30), the micelle shows an abnormal aggregation 
behavior: monodispersity without any distribution in Nagg, whose values coincide with the vertex number of a regular 
polyhedral structure, i.e., it is termed Platonic solids. Micelles with these characteristics are named “Platonic micelles.” In 
this study, we investigated the aggregation behavior of calixarene-based micelles bearing primary amines―the first example 
of Platonic micelles―with increasing alkyl chain length by small-angle X-ray scattering, asymmetrical flow field flow 
fractionation coupled with multiangle light scattering, and analytical ultracentrifugation measurements. Morphological 
transition of the micelles from spherical to cylindrical was observed when the alkyl chain length was increased in this 
calixarene-based micellar system, which is similar to the case of conventional systems and is acceptable in terms of the 
packing parameter principle. However, although the micellar Nagg normally increases with an increase in the alkyl chain 
length, the structure of calixarene-based Platonic micelles bearing butyl (C4), heptyl (C5), and hexyl (C6) chains remains at 
12-mer. This is presumably due to the relationship between the thermodynamic stability of the Platonic micelles and the 
coverage ratio defined by the Tammes problem.

Introduction
The fundamental science of conventional micelles has long been 

studied, and their theory, structures, formation mechanism, etc., are 
well understood in general.1-6 According to the packing parameter 
theory, the micelle structure can be predicted to some extent using 
the packing parameters defined by V/aeh, where ae, V, and h are the 
equilibrium interfacial area between the hydrophilic and 
hydrophobic domains, volume of the surfactant, and length of the 
surfactant tail, respectively.2 The ae value and the aggregation 
number (Nagg) of micelles are also closely related and associated with 
the equation Nagg ~ (4πh2/ae), meaning that Nagg decreases as ae 
increases. This concept is widely accepted and well supported both 
experimentally and theoretically in various micelle systems.7-14

Micelles reported so far are not completely monodisperse, and 
their Nagg value is large. However, it has recently been demonstrated 
that when Nagg becomes as small as possible (that is, when the 
surfactant in the micelle has a large hydrophilic group, or if ae is 
large), the micelle shows perfect monodispersity without any 
distribution in Nagg.15-17 More interestingly, the Nagg value is always 
consistent with the face or vertex number of regular polyhedral 
structures (i.e., Platonic solids). Because of this structural 
characteristic, such micelles are named Platonic micelles (Figure 
1).18-22

The major reason for the formation of Platonic micelles is 
suggested to the Tammes problem, which is one of the 
unresolved mathematical problems.23-24 The Tammes problem 

considers a closest packing structure when placing a certain 
number of identical spherical caps on a sphere. The coverage 
ratio [D(N)] determined when the sphere is effectively covered 
by the spherical caps strongly depends on the spherical cap 
number (N); in particular, when N takes a value of 20 or smaller, 
a zigzag profile is obtained, as shown in Figure S1. D(N) shows 
the local maxima when N matched the Platonic number. The 
micellar structure is spontaneously formed in aqueous 
solutions, where the hydrophilic part must effectively cover the 
hydrophobic core in order to minimize the interfacial free 
energy between the hydrophobic domain and the water 
interface. When the micelle has a very small Nagg (<30), it is 
considered that the closest packing structure, similar to the 
Tammes problem, is formed in the system. In this case, the 
micelle would be thermodynamically unstable when the 
hydrophobic core is exposed to the water interface; hence, 
Platonic micelles, whose Nagg is associated with a high D(N) and 
corresponds to Platonic numbers, are spontaneously formed.

Platonic micelles
Cone-shaped

amphiphile

(a) (b)

Figure 1. Schematic illustrations of cone-shaped amphiphiles (a) and 
Platonic micelles (b) including tetrahedral, hexahedral, octahedral, 
dodecahedral, and icosahedral structures. The green and gray parts 
indicate the hydrophilic and hydrophobic moieties, respectively.

Calixarenes are useful building blocks of amphiphilic 
molecules for producing Platonic micelles25 because the cone-
shaped structure provides large headgroups, which in turn 
confer a large ae. It has been reported that a calixarene-based 
amphiphile containing primary amino groups in the hydrophilic 
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part and propyl tails in the hydrophobic part forms completely 
monodisperse hexameric micelles.18 The Nagg value of the 
micelles increases to 12 when hexyl tails are attached instead of 
propyl tails. In this study, we identified a unique aggregation 
behavior related to the thermodynamic stability of Platonic 
micelles when the number of carbons in the alkyl chain is 
progressively increased in the calixarene-based micelle.

Results and Discussion
The calixarene-based amphiphile bearing primary amines in 

the head group and alkyl chains as the hydrophobic part 
(referred to as PACaLn) was synthesized via the reaction 
depicted in Scheme 1. The chemical structure was confirmed by 
1H-NMR spectroscopy at each synthesis step, and the molecular 
weight of the final product was confirmed by ESI-MS analysis 
(see Supporting information). The calixarene-based amphiphile 
stabilizes in the C4v symmetry by enclosing a sodium ion in its 
calixarene cavity, and the micelle assumes a uniform structure 
owing to its highly symmetrical nature.18 In addition, the amino 
group in PACaLn protonates under acidic conditions, which 
contributes to the formation of the cone-shaped conformation 
due to electrostatic repulsions among the protonated amines in 
the head group. This results in a large ae, leading to the 
formation of Platonic micelles. Because of these properties, all 
the experiments were conducted using 50 mM aqueous NaCl at 
pH 3.0 as the solvent.

PACaL3: R = (CH2)2Me

PACaL4: R = (CH2)3Me

PACaL5: R = (CH2)4Me

PACaL6: R = (CH2)5Me

PACaL7: R = (CH2)6Me

PACaL8: R = (CH2)7MeIII: PACaLn
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Scheme 1. Click chemistry-based synthetic route to primary amines bearing 
calixarene-based amphiphiles (PACaLn) with different alkyl chain lengths.

Figure 2a shows the SAXS profile of the PACaLn micelles in 50 mM 
aqueous NaCl (pH 3.0). In the profile of PACaL3, 4, 5, and 6, the slope 
on the low-q (q is the magnitude of the scattering vector defined as 
q =  with a scattering angle .) side asymptotically (4π/λ)sin (𝜃/2) 𝜃
approaches q0, indicating the presence of isolated spherical micelles 
in the solution. Note that the sharpness of the first minimum in the 
SAXS oscillation indicates the monodispersity of the Nagg as well as 
the micellar size.26-27 In the case of PACaL7 and 8, the slope in the 
low-q region is q−1, suggesting the formation of rod micelles. All the 
SAXS profiles can be reproduced with the theoretical curves 
calculated using a core-shell spherical or cylindrical model; the fitting 
parameters are summarized in Table 1. In the scattering profile of 
PACaLn micelles that form spherical micelles, the minimum position 
in the oscillation gradually shifts to 

Figure 2. (a) SAXS profiles of PACaLn micelles (gray circles) in 50 mM 
aqueous NaCl (pH 3.0). The red curves are calculated using theoretical 
models of a sphere and a cylinder. (b) Guinier plots (i.e., ln 
I(q)Ke

−1c−1/Munimer versus q2, where Ke is an optical constant in SAXS) 
derived from the spherical micelles of PACaLn. (red: PACaL3, yellow: 
PACaL4, green: PACaL5, blue: PACaL6).

the lower-q side as the alkyl chain length increases. This indicates the 
micellar size increases with increasing alkyl chain length. The radius 
of the spherical micelles, estimated by fitting, also increases with the 
lengthening of the alkyl chain, and the radius of gyration (Rg) 
determined from Guinier analysis (Figure 2b) also shows a similar 
trend. The morphological transition of the micelle from spherical to 
cylindrical when increasing the alkyl chain length can be understood 
by the packing parameter principle.2

The micellar molar masses are determined by Guinier 
analysis, as shown in Figure 2b. The intercept of the Guinier plot 
corresponds to the Nagg value of the micelle. The micellar Naggs 
values for PACaL3, 4, 5, and 6 are determined to be 6, 12, 12, 
and 12, respectively. Surprisingly, for the PACaL4, 5, and 6 
systems, although the micellar size increases with the 
lengthening of the alkyl chain, Nagg remains constant at 12.

Figure 3a shows the multi-angle light scattering coupled 
with asymmetric flow field flow fractionation (AF4-MALS) 
fractograms of the PACaL3, 4, and 5 micelles. The fractograms 
display a single sharp peak derived from the spherical micelles 
suggested by SAXS, while that of PACaL6 shows the presence of 
large aggregates (Figure S4). The SAXS profile of PACaL6 
indicates the presence of an isolated particle without any large 
aggregates, implying that the aggregates detected in AF4 
measurements are probably formed by the concentrated 
condition during the focusing process in the AF4 system. The 
overlapping in the light scattering (LS)

Table 1. SAXS Fitting Parameters and Radius of Gyration (Rg) for PACaLn Micelles in 50 mM Aqueous NaCl (pH 3.0)
Sample , sphere [nm]𝑅c , sphere [nm]𝑅s , cylinder [nm]𝑅c , cylinder [nm]𝑅s  [e nm−3]𝜌c 𝜎/𝑅s  [e nm−3]𝜌s  [nm]𝑅g

PACaL3 0.700 2.05 − − 270 0.02 391 1.47±0.11
PACaL4 1.00 2.10 − − 270 0.05 405 1.58±0.15
PACaL5 1.18 2.25 − − 270 0.07 405 1.94±0.17
PACaL6 1.45 2.75 − − 270 0.04 420 2.52±0.19
PACaL7 − − 1.20 2.20 270 0.04 450 1.70±0.10 a

PACaL8 − − 1.30 2.35 270 0.04 440 1.87±0.13 a

, sphere and , sphere are the radii of the core and shell of the spherical model, respectively. , cylinder and , cylinder are the cross-sectional radii of the core and shell of the 𝑅𝑐 𝑅𝑠 𝑅𝑐 𝑅𝑠

cylindrical model, respectively.  is polydispersity in the micellar size.  and  are the electron densities of the core and shell, respectively.𝜎/𝑅s 𝜌𝑐 𝜌𝑠

a: cross-sectional radius of gyration determined from cross-sectional Guinier plots (Figure S3)
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Table 2. Micellar Molar Masses Determined by Different Methods and Aggregation Numbers of the Spherical Micelles of PACaLn in 50 mM Aqueous NaCl 
(pH 3.0)

SAXS AF4-MALS AUC
Sample

Mw [104 g mol−1] Mw [104 g mol−1] Mw/Mn Mw [104 g mol−1] Mz/Mw A2 [10−3 mol mL−2 g]
Nagg

PACaL3 0.58±0.02 0.618±0.030 1.06 0.610±0.030 1.07 −9.30 6.0±0.2
PACaL4 1.31±0.10 1.34±0.01 1.02 1.33±0.02 1.00 −4.91 12.0±0.2
PACaL5 1.38±0.50 1.37±0.01 1.01 1.39±0.04 1.00 −5.54 12.0±0.2
PACaL6 1.44±0.16 − − 1.47±0.05 1.10 −2.28 12.0±0.1

Figure 3. (a) AF4-MALS fractograms of PACaLn micelles in 50 mM NaCl 
aqueous solutions (pH 3.0). The green points and red lines are the 
Rayleigh ratio at 90° and UV absorbance at 280 nm, respectively. (b) 
Zimm plots [i.e., KcMuminer/Rθ (1/Nagg) versus q2] at the peak top in the 
AF4-MALS fractogram corresponding to the spherical micelles of 
PACaLn. (Red, yellow, and green indicate PACaL3, PACaL4, and PACaL5, 
respectively).

profiles depending on concentration and molecular weight, and 
that in the UV profile depending only on concentration imply 
that the scatterer molecular weight is constant in the 
overlapping regions. The LS and UV profiles overlap with each 
other almost completely for the PACaL4 and 5 systems, while 
they are slightly mismatched in the fractogram of PACaL3. The 
critical micelle concentration (CMC) of PACaL3 is 0.11 mM, 
which is relatively high compared to those of PACaL4 and 5 
(Figure S5). Since the concentration of the PACaL3 micelle, 
determined from the UV absorbance in the fractogram, is very 
close to the value of CMC (Figure S6), the micellar stability is 
lower than that of the others, resulting in a slightly wider 
distribution than that of the other systems. However, the 
dispersity index (Mz/Mw) evaluated by analytical 
ultracentrifugation (AUC) at sufficiently higher concentrations 
than the CMC is close to 1.0,18 indicating monodispersity; 
furthermore, the sharpness in the oscillation of the SAXS profile 
reveals the monodispersity of the PACaL3 micelle.

The Zimm plots at the peak top of the spherical micelles of 
PACaL3, 4, and 5 are shown in Figure 3b. The I(0), which is the 
forward scattering intensity at q = 0, value obtained by 
extrapolating the plot to q = 0 corresponds to the inverse of the 
micellar Nagg. The Naggs values of the spherical micelles of 
PACaL3, 4, and 5 determined from each I(0) value are 6, 12, and 
12, respectively, which is consistent with those determined by 
SAXS measurements.

The micellar Naggs were confirmed another independent 
measurement based on AUC analysis. Figure 4 shows the 
concentration dependence of the micelle on the Munimer/Mw,app 
at centrifugation equilibrium state for the system of PACaL4 and 
5. The intercept value corresponds to their Nagg, which is 

Figure 4. Concentration dependence of Munimer/Mw,App (i.e., 1/Nagg at 
Conc. = 0) determined by analytical ultracentrifugation measurements 
for PACaLn micelles in 50 mM aqueous NaCl (pH 3.0). (yellow: PACaL4, 
green: PACaL5). The inset shows the concentration dependence of Q (= 
Mw,App/Mz,App) for PACaL4 (yellow) and PACaL5 (green) micelles in 50 mM 
aqueous NaCl solutions (pH 3.0).

determined to be 12 for both systems. The Naggs value of the 
micelles composed of PACaL3 and 6 have previously been 
determined to be 6 and 12, respectively, by AUC.18 These values 
are summarized in Table 2. All the micellar Naggs values 
estimated by three independent methods, i.e., SAXS, LS, and 
AUC, show good agreement with one another, leading us to 
conclude that Naggs of the PACaL3, 4, 5, and 6 micelles is 6, 12, 
12, and 12, respectively.

Figure 5. Dependence of Nagg (circle) and volume (triangle) estimated 
from Rs of the spherical micelles composed of PACaLn in 50 mM 
aqueous NaCl (pH 3.0) on alkyl chain length (nc: number of carbons in 
each alkyl chain).

Though the all spherical micelles show a negative second 
virial coefficient (A2), the PACaL3 micelle shows the lowest value 

Page 3 of 6 Soft Matter



ARTICLE Journal Name

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

of A2. This indicates that the hydrophobic core of the PACaL3 
micelle is more exposed to the water interface, suggesting that 
its D(N) is lower than that of the PACaL4, 5, and 6 micelles. The 
CMC of the PACaL3 micelle is larger than that of the other 
micelles (Figure S5), presumably because the structure of 
PACaL3 is more unstable due to the smaller D(N).

In general micellar systems, Nagg increases with the 
lengthening of the alkyl chains, which leads to a morphological 
transition from spherical to cylindrical and then to plate-like. 28-

29 However, in the PACaL4, 5, and 6 systems, Nagg does not 
depend on the length of the alkyl chain but retains its 12-mer 
(Figure 5), while the micellar morphology becomes rod-like 
when the alkyl chain length reaches C7, whose transition can be 
understood by packing parameter principle. As mentioned in 
the Introduction, the thermodynamic stability of Platonic 
micelles can be understood by D(N), which is related to the 
Tammes problem. A higher D(N) results in more stable 
structures, where the hydrophobic core would be well covered 
by the hydrophilic parts. According to this idea, in the D(N) 
profile with a relatively small Nagg, the 12-mer confers the 
highest coverage (Figure S1), resulting in high stability. Hence, 
we believe that the 12-mer structure does not undergo 
structural transformation into micelles with other Nagg values, 
and that the most stable 12-mer structure is preserved even if 
the alkyl chain length is increased. Finally, the spherical 
structure is not retained because of the large packing 
parameter with longer alkyl chains (more than C7), resulting in 
structural transformation into rod-like micelles.

Conclusions
In conclusion, we prepared primary amines bearing 

calixarene-based amphiphiles (PACaLn) and investigated the 
effect of the alkyl chain length on the aggregation behavior by 
small-angle scattering techniques (SAXS and AF4-MALS) as well 
as AUC. When the alkyl chain is short enough to produce 
spherical micelles, the micelles show complete monodispersity 
in the aggregation numbers, whose values are consistent with 
the Platonic numbers. The micellar morphology changes to 
cylindrical at a certain chain length, which is a normal 
morphological transition due to the increasing packing 
parameter, as is often seemed in conventional systems. 
However, interestingly, when butyl (C4), heptyl (C5), and hexyl 
(C6) chains are introduced as the hydrophobic part in PACaLn, 
monodisperse 12-mer micelles are formed in all cases, which 
indicates the non-dependence of the structure on the alkyl 
chain length. This is attributable to the relationship between the 
thermodynamic micellar stability and the D(N) value related to 
the Tammes problem. The alkyl chain length dependence for 
Platonic micelles shown in this study is abnormal, as opposed to 
the case of conventional micelles, implying the unique 
aggregation behavior of the micelle. In-depth understanding of 
the aggregation behavior of Platonic micelles is necessary for 
designing new self-assembling materials, and we hope that the 
present research will make a valuable contribution in this 
regard.

Experimental Section

Details of the synthesis of primary amines bearing 
calixarene-based amphiphiles and the characterization of 
micellar structures by small-angle scattering and analytical 
ultracentrifugation measurements are provided in Supporting 
information.
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