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Giant gemini surfactants based on polystyrene-
hydrophilic polyhedral oligomeric silsesquioxane shape
amphiphiles: sequential “click” chemistry and solution
self-assemblyt

Zhao Wang,? Yiwen Li,* Xue-Hui Dong,® Xinfei Yu,? Kai Guo,? Hao Su,? Kan Yue,?
Chys Wesdemiotis,?° Stephen Z. D. Cheng*® and Wen-Bin Zhang*?

This paper reports our recent investigations in the synthesis, characterization, and solution self-assembly of
giant gemini surfactants consisting of two hydrophilic carboxylic acid-functionalized polyhedral oligomeric
silsesquioxane (APOSS) heads and two hydrophobic polystyrene (PS) tails covalently linked via a rigid
spacer (p-phenylene or biphenylene) (PS-(APOSS),—PS). The sequential “click” approach was employed in
the synthesis, which involved thiol-ene mono-functionalization of vinyl-functionalized POSS, Cu(i)-
catalyzed Huisgen [3 + 2] azide-alkyne cycloadditions for “grafting” polymer tails onto the POSS cages,
and subsequent thiol-ene “click” surface functionalization. The study of their self-assembly in solution
revealed a morphological transition from vesicles to wormlike cylinders and further to spheres as the
degree of ionization of the carboxylic acid groups on POSS heads increases. It was found that the PS tails
are generally less stretched in the micellar cores of these giant gemini surfactants than those of the
corresponding single-tailed (APOSS-PS) giant surfactant. It was further observed that the PS tail
conformations in the micelles were also affected by the length of the rigid spacers where the one with
longer spacer exhibits even more stretched PS tail conformation. Both findings could be explained by the
topological constraint imposed by the short rigid spacer in PS—-(APOSS),—PS gemini surfactants. This
constraint effectively increases the local charge density and leads to an anisotropic head shape that
requires a proper re-distribution of the APOSS heads on the micellar surface to minimize the total
electrostatic repulsive free energy. The study expands the scope of giant molecular shape amphiphiles
and has general implications in the basic physical principles underlying their solution self-assembly behaviors.

particles such as functionalized T8 polyhedral oligomeric silses-
quioxane (POSS)'"*** and [60]fullerene (C60),'"” have gained

In the past decades, complex ordered structures based on the self-
assembly of nano-building blocks have revolutionized many
conventional technologies including electronics, data storage, and
therapeutics.”” To fabricate ordered structures across multiple
length scales using the “bottom-up” approach, rigorous control
and fine tuning of the nano-particle interactions are required.*®
Recently, a new class of amphiphiles named “shape amphiphiles”
has emerged as hybrids of nano-building blocks that are incom-
mensurate in terms of shapes and interactions. Owing to well-
defined structure and precise modification, molecular nano-
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popularity as important building blocks for shape amphiphiles.
In analogy to “small-molecule surfactants”, a unique type of
shape amphiphile, called “giant surfactant” that possesses a
nano-particle polar head tethered with a hydrophobic polymer
tail,"*** has been designed and synthesized using both “graft-
ing-from” and “grafting-onto” strategies.”””>* As shown by both
experimental data and computer simulation, not only could
they self-assemble into diverse hierarchical supramolecular
structures, but also distinct self-assembly behaviors could be
observed based on tiny differences in the shape and symmetry
of the nano-particle heads, as well as the geometry and topology
of the tethered polymer tails.>*” For example, a giant surfactant
consisting of carboxylic acid-functionalized POSS end-capped
polystyrene (PS) (APOSS-PS) (Scheme 1a) has been synthesized
by hydrosilylation and subsequent thiol-ene functionalization
and found to self-organize into different micellar morphologies
(spheres, cylinders, and vesicles) in selective solvents.?” Unlike
block copolymers,**** the PS tails in the core of these micelles
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Scheme 1 Cartoon illustration of (a) giant surfactant and (b) giant gemini
surfactant.

were found to be highly stretched, a feature reminiscent of
small-molecule surfactants.””*® Based on the similar concept,
another class of shape amphiphiles, so-called “giant lipid”,
which consists of two polymer tails of symmetric/asymmetric
compositions tethered to one nano-particle head, has also been
designed and synthesized.”**® It remains a wide open field to
explore other variations of shape amphiphiles in analogy to
their small-molecule counterparts.

Gemini surfactants are composed of two conventional
single-chained surfactant molecules covalently linked by a
spacer located at, or close to the head groups.*** Compared
with single-chained surfactants, gemini surfactants often
display distinct physical properties, such as enhanced surface
activity and intriguing assembled morphologies at interfacial
regions in solution.**?* Specifically, the critical micellization
concentrations (cmc) of gemini surfactants usually are much
lower than those of the corresponding conventional surfactants
when the tail length is comparably short.** Recent studies have
also shown that the chemical and physical natures of the spacer
(length, rigidity, chemical composition) play a significant role
in the self-assembly of gemini surfactants in aqueous solu-
tion.***' Our question is whether such differences also exist in
POSS-based “giant gemini surfactants” (Scheme 1b). A model
giant gemini surfactant could be constructed by covalently
linking APOSS-PS via a rigid spacer near the head groups
(Scheme 2). The overall shape of giant gemini surfactant is
anisotropic and thus, possesses symmetry breaking. A
comparison between the self-assembly of APOSS-PS and the
dimer shall shed light into the impact of topological constraints
on the self-assembly of shape amphiphiles in general.

In this article, we report our efforts in the synthesis, char-
acterization and solution self-assembly behaviours of a new
class of POSS-based shape amphiphiles - the “giant gemini
surfactants”, PS-(APOSS),-PS. They can be synthesized by a
sequential “click” approach with precisely controlled molecular
weight, spacer, and surface groups on POSS (Scheme 2). The
micellar morphologies of PS—-(APOSS),-PS in solution were
studied and compared to that of APOSS-PS under similar
conditions. The results revealed several differences in the
conformation of hydrophobic polymer tails in the micelle core.
A possible explanation was also attempted.

Results and discussion
Sequential “click” synthesis

Vinyl-functionalized POSS (VPOSS) has been recognized as a
versatile building block for constructing POSS-based shape
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Scheme 2 Synthetic route towards giant gemini surfactants : (i) 4-pentynoic acid,
DPTS, DIPC, dry CH,Cl,, 0 °C, 50%; (ii) terephthalic acid or biphenyl-4,4’-dicar-
boxylic acid, DPTS, DIPC, dry DMF, 0 °C, 32% for Yne—(VPOSS)>—Yne-1, and 39% for
Yne—(VPOSS),—Yne-2; (iii) PS-N3, CuBr, PMDETA, toluene, 25 °C, 91% for PS-
(VPOSS),—PS-1, and 88% for PS—(VPOSS),—PS-2; (iv) 2-mercaptoacetic acid, DMPA,
THF, 25 °C, 15 min, 79% for PS—(APOSS),—PS-1, and 83% for PS—(APOSS),—PS-2.

R=-CH,COOH

amphiphiles owing to its high compatibility with various poly-
merization methods and the ease of subsequent transformation
of vinyl groups into various functionalities by thiol-ene click
reactions.”>?*** A variety of dual functional VPOSS derivatives
have been developed to synthesize a library of “giant surfactants”
over the past few years.*>****?* We recently demonstrated a novel
triple functional VPOSS derivative, HO-(VPOSS)-OH, for the
preparation of “giant lipids” possessing two symmetric/asym-
metric polymer tails.** Herein, we show that HO-(VPOSS)-OH
can be easily adapted to synthesize “giant gemini surfactants”
using the sequential “click” approach.” Two homologous giant
gemini surfactants, denoted as series 1 and 2, were designed to
possess phenyl and biphenyl groups as the spacer, respectively.
The “clickable” dimeric VPOSS derivatives were synthesized
by stoichiometry-controlled, selective esterification of the
primary hydroxyls on HO-(VPOSS)-OH with 4-pentynoic acid to
give Yne—(VPOSS)-OH followed by dimerization with a rigid di-
acid spacer to give Yne-(VPOSS),-Yne (Scheme 2). As indicated
by the "H NMR spectrum of the crude product (data not shown),
the esterification preferably occurred on the primary hydroxyl of
HO-(VPOSS)-OH with <10% isomer detected, due to less steric
hindrance and higher reactivity. The slightly different polarity
of final products allows chromatographic separation of the two
isomers. The desired Yne-(VPOSS)-OH was finally isolated in a
good yield (50%) and fully characterized by 'H NMR spec-
trometry (Fig. S11) and other techniques. In the "H NMR spec-
trum, the characteristic resonances at ¢ (4.27-4.14) and
3.94 ppm with an integration ratio of 2 : 1 correspond to the
methylene protons (b) near the ester bond and methane protons
(c) near to hydroxyl group, respectively. No resonance appeared
at 6 5.03 and 3.77 ppm that can be attributed to the isomer,
confirming the well-defined structure and high purity.
Furthermore, the observed m/z value (842.34 Da) in the MALDI-
TOF spectrum agreed perfectly with the calculated value
(C4H36Na0,5SSig 842.98 Da). Two “clickable” VPOSS dimers
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were then successfully synthesized with phenylene (Yne-
(VPOSS),-Yne-1) or bi-phenylene groups (Yne—(VPOSS),-Yne-2)
as spacers by esterification with the corresponding di-acids in
DMEF. Both products were thoroughly characterized by "H NMR,
13C NMR, FT-IR, and MALDI-TOF mass spectrometry to establish
their identity and the uniformity of the molecular structures. For
example, the resonance at 6 (4.27-4.14) and 3.94 ppm assigned to
the protons between the ester bond and the hydroxyl group
completely shifted to new positions at ¢ 5.39, 4.55, and 4.43 ppm,
suggesting complete reaction (Fig. 1a). The occurrence of new
resonance in the aromatic region (6 8.09 ppm) corresponded to
those on the phenylene ring bridging the two VPOSS cages. In the
MALDI-TOF mass spectrum (Fig. S2af), only one strong peak
matching the proposed structures of the targeted molecules was
observed. The observed peak at m/z 1793.13 agreed well with the
calculated monoisotopic molecular mass for Yne-(VPOSS),-Yne-
1 (C56H74Na03,5,Si16, 1792.98 Da). The characterizations of Yne-
(VPOSS),-Yne-2 were similar and can be found in the ESI
(Fig. S2b and S37). All evidence supports the successful synthesis
of “clickable” VPOSS dimeric precursors.

The recently reported sequential “click” approach® was then
employed to prepare the POSS-based “giant gemini surfactants”
(PS—(APOSS),-PS) (Scheme 2). The first CUAAC “click” reaction
between azido-functionalized PS chains (PS-N3, M, = 3.2 kg
mol™', PDI = 1.05) and Yne-(VPOSS),-Yne under typical
conditions successfully afforded the precursor PS-(VPOSS),-PS
in a good yield of ~90%. For PS—(VPOSS),-PS-1, the disap-
pearance of the strong characteristic vibrational band for the

(a)

10 8 6 4 2 0
Chemical Shift (ppm)

Fig. 1 "H NMR spectra of (a) Yne—(VPOSS),—-Yne-1, (b) PS—(VPOSS),—PS-1, and (c)
PS—(APOSS),—PS-1.
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azide group at ~2094 cm ' and the appearance of the vibra-
tional band at ~1087 cm™' (Si-O-Si on POSS) in the FTIR
spectrum (Fig. S47) suggested the complete consumption of the
PS-N; and successful incorporation of POSS. The intact VPOSS
cages were also confirmed by the resonance signals at 6 (6.14-
5.84) ppm in the "H NMR spectrum (Fig. 1b), with an integra-
tion ratio of about 21/2 when compared to the chain end
methylene protons (h) at ¢ (3.60-3.36) ppm. The SEC diagram of
PS-(VPOSS),-PS-1 (Fig. 2) shows a mono-modal symmetric peak
at much lower retention volume than that of PS-Nj;, which is
consistent with the increased molecular weight. Furthermore,
in the MALDI-TOF mass spectrum (Fig. 3a), a single narrow
molecular weight distribution can be clearly observed under the
linear modal despite the relatively high molecular weight of PS—-
(VPOSS),-PS-1. Although mono-isotopic resolution is not
possible in this molecular weight range,*” the average molecular
weights of the peaks match well with the calculated values (e.g.,
for 52-mer with the formula of C,g,H5,,N¢NaO3¢S,Si;6, oObserved
m/z 7526.71 Da vs. caled. 7525.75 Da). Similar characterizations
were also performed for PS-(VPOSS),-PS-2 (see Fig. S5af for
NMR, Fig. S6T for SEC, and Fig. 3b for MALDI-TOF mass spec-
trum). All the data attest to the homogeneity and purity of the
samples.

Thiol-ene “click” chemistry has been demonstrated as an
efficient, robust and modular tool for “simultaneous, multiple-
site functionalization” in the construction of POSS-based shape
amphiphiles.*** Diverse functional groups have been intro-
duced onto the POSS periphery, including hydrophilic,**?>2*2%2¢
fluorophilic functionalities*****® and bioactive moieties.”>*” The
second “click” reaction thus involves the thiol-ene modification
of the VPOSS periphery to introduce chemical amphiphilicity. A
commercially available thiol, 2-mercaptoacetic acid was used.
After the reaction, PS-(VPOSS),-PS was converted completely to
PS-(APOSS),-PS, as revealed by the disappearance of vinyl
protons in the resonance range of ¢ (6.14-5.84) ppm in the 'H
NMR spectrum (Fig. 1c) and sp2 carbon signals at ¢ 137.15
and 128.67 ppm in the "*C NMR spectrum (Fig. S7f) of PS-
(APOSS),-PS-1. The new characteristic resonance emerging in the
range of ¢ 2.89-2.60 ppm in the "H NMR spectrum can be
attributed to the formation of thiol ether bonds (protons

— PS-N,
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Fig.2 SECoverlay of PS-Ns (blue curve), PS—(VPOSS),—PS-1 (black curve) and PS—
(APOSS),—PS-1 (red curve).
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Fig. 3 MALDI-TOF mass spectra of (a) PS—(VPOSS),—PS-1, (b) PS—(VPOSS),—PS-2,
(c) PS—(APOSS),—PS-1, and (d) PS— (APOSS)Z—PS 2.

(i) in Fig. 1c). Compared with PS-(VPOSS),-PS-1, a broad char-
acteristic peak appears in the range of ¢ (10.05-9.00) ppm
(protons (k) in Fig. 1c) in the "H NMR spectrum and a strong
absorbance band at around 3200 cm ™' emerges in the FTIR
spectrum (Fig. S41). Both of the results provide direct evidence for
the carboxylic acid hydrogen bonding formation. Moreover, the
SEC diagram of PS—(APOSS),-PS-1 (Fig. 2) exhibits a single
symmetric peak but shifting to a slightly lower retention volume
relative to that of PS-(VPOSS),-PS-1 due to a small increase in
molecular weight. In addition, the structural homogeneity and
purity of the targeted product are also validated by MALDI-TOF
mass spectrometry (Fig. 3c). The overview of the spectrum
obtained in the linear mode exhibits one single narrow distri-
bution with molecular weights in accordance with the proposed
structure. Furthermore, it is also clear that PS-(VPOSS),-PS-1
displays two resonances at 6 —66.0 ppm (-SiCH,CH,S-)
and —75.1 ppm (-SiCH=CH,) while PS-(APOSS),-PS-1 exhibits a
single resonance at 6 —66.0 ppm in the *°Si NMR spectra
(Fig. S8Y), indicating the successful thiol-ene multiple addition
reaction. Again, PS-(APOSS),-PS-2 was also successfully
confirmed by "H NMR (Fig. S5bf), '*C NMR (Fig. S9t), SEC
(Fig. S6T) and MALDI-TOF mass spectrometry (Fig. 3d). There-
fore, it can be concluded that the POSS-based giant gemini
surfactants have been readily synthesized by the sequential
“click” approach and possess precisely-defined structures as
designed.

Solution self-assembly

Generally speaking, the formation of thermodynamically stable
micelles of diverse morphologies in diblock copolymers is
driven by three factors: the stretching of the micelle core-
forming blocks, the interfacial tension between the micelle core
and solvent outside, and the repulsive interactions among
corona-forming blocks.***° The micellar morphologies are thus
dominated by molecular and solution parameters that affect
each of the three contributions,** including chemical

composition of polymers, overall molecular weight,
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macromolecular architecture, nature of common solvent, water
content in solution, polymer concentration, pH value, temper-
ature, and presence of additives, etc. In the system of APOSS-PS
conjugates, it was evident that the free energy from interactions
among corona-forming chains does not exist while the inter-
actions among APOSS heads greatly contribute to the overall
free energy.”* In this case, it was found that the free energy from
these repulsive interactions becomes the dominating term in
the total free energy of the system.>

In the current study, we employed a similar method as we
reported before*” with low NaOH concentration to prepare the
thermodynamically stable micelles with different morphologies
for further investigation. Deionized water was slowly added at a
rate of 10 uL h™" into a vial containing 2 g of a stock solution of
PS—(APOSS),-PS in a common solvent (1,4-dioxane or DMF)
with an initial concentration of 2.8 wt%. The micelle formation
occurred at a water content of about 23% in 1,4-dioxane and
about 27% in DMF solution for both samples, respectively.
More water was continuously added until a final water content
of 70 wt%. Although the micellar morphology changed with the
increase of the water content, we purposely chose to compare
the thermodynamically stable micellar morphologies at iden-
tical water content (>70 wt%) to investigate the effect of
different common solvents on the ionization of the multiple
carboxylic acid groups and the resulting morphologies. The
measurement of micelle solution parameters (FT-IR spectra of
freeze-dried samples from micelle solution) was performed at
this time before dialysis to reveal environmental characteristics
of the micelles. Stable micelles were obtained by dialyzing the
micelle solutions against deionized water for 3 days to remove
the organic solvent.

The self-assembled micellar morphologies were investigated
utilizing TEM and DLS techniques. Fig. 4 includes two sets of
bright field TEM images of micelles formed in different
common solvents for both PS-(APOSS),-PS-1 and PS-(APOSS),-
PS-2, respectively. The high glass transition temperature of PS
tails “froze” the micellar morphology at the state that it was
formed, so the cryo-TEM technique was not necessary.”> The
self-assembled structures of PS-(APOSS),-PS-1 (with phenylene
group as the spacer) in solution are discussed here and PS-
(APOSS),-PS-2 exhibited similar morphologies. Different
common solvents were used to control the degree of ionization
of the carboxylic acid groups on the POSS cages, which changed
the interactions among the APOSS heads and thus the
morphology. From the TEM images, the radius of the hydro-
phobic PS core (R;) could be measured. In Fig. 4a, bi-layered
vesicles formed in 1,4-dioxane-water mixture solution could be
clearly observed with an average wall thickness of (10.4 +
0.4) nm. Assuming a diameter of 1.0 nm for the APOSS cage,”
the radius of the PS core of the vesicles (R,) could be estimated
to be (4.2 £ 0.2) nm. In addition, DLS measurement also
revealed a hydrodynamic radius (R,) of ~60 nm with a narrow
size distribution for the vesicles (Fig. S10af). In DMF-water
mixed solution, the worm-like cylindrical micelles were formed
as shown by bright field TEM images in Fig. 4b. It was found
that the average diameter of these cylindrical micelles is
~(11.4 £+ 0.6) nm, suggesting a PS core radius (R,) of ~(4.7 +

This journal is © The Royal Society of Chemistry 2013
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Fig. 4 TEM images of (a—c) PS—(APOSS),~PS-1 and (d—f) PS—(APOSS),—PS-2
micelles in solution with an initial concentration of 2.8% and a final water content
of >70 wt% using the following common solvents: (a and d) 1,4-dioxane, (b and
e) DMF, and (c and f) DMF/NaOH.

0.3) nm. The spherical micelles were formed when a mixture of
DMF and 0.05 M NaOH with molar ratio (Nnxaou/Ncoou = 0.07)
was used as the common solvent. In Fig. 4c, the average
diameter of the spheres was observed to be (13.9 + 0.7) nm,
which was also supported by DLS experiments (Fig. S10bT).
Thus, the hydrophobic PS core radius (R;3) is (6.0 £ 0.3) nm. The
micelle formation of PS—(APOSS),-PS-2 was performed under
the identical conditions. Based on the bright field TEM images
in Fig. 4d-f, R; could be similarly calculated for different
micellar morphologies. From the R; values, the average surface
area per two chains (4;) of one giant gemini surfactant molecule
could be quantitatively estimated using the correction eqn (1) as
follows:**>*¢

4 = 2iVNps
IR

where 7 is the micellar geometry dependent factor (i = 3 for
sphere, i = 2 for cylinder and i = 1 for vesicle), V; is the volume
per PS monomer (0.167 nm?), Npg is the degree of polymeriza-
tion, and fis the volume fraction of PS tails in the micellar core.
By definition, f approaches unity if PS tails were sufficiently
dense in the cores when the water content is high enough in the
environment. On the other hand, the A; values for APOSS-PS are
considered as the average surface area per two chains and thus,
per two molecules. For comparison, the data from ref. 22 were
adapted. All the results are summarized in Table 1.

While the above observations for giant gemini surfactants PS—
(APOSS),-PS are qualitatively similar to that of the “giant
surfactant” APOSS-PS as reported previously,* we are particularly
interested in the morphological transformation mechanism and
tail conformation inside the micellar core. It turns out that the
micellar morphological transformation of PS-(APOSS),-PS is
driven by essentially the same mechanism to that of APOSS-PS.**
While corona interaction does not exist in both systems, the
interactions among the APOSS heads play the key role in deter-
mining the morphological transformation. With increasing the
degree of ionization by changing common solvents, the repulsive

()

This journal is © The Royal Society of Chemistry 2013

View Article Online

force among the APOSS heads is enhanced. The giant gemini
surfactant molecules need to spontaneously increase the 4; in
order to minimize the electrostatic free energy of the APOSS
heads, which results in the micellar morphological transitions
from vesicles to wormlike cylinders and further to spheres.>**>>*
By using FT-IR spectrometry, the degrees of ionization («) of
carboxylic acid groups on POSS cages were directly calculated to
be 29% (for vesicle), 35% (for cylinder), and 38% (for sphere),
respectively (see SI and Fig. S127). The results are in qualitative
agreement with previous studies.”” All the results are in good
accordance with the increase of 4; in the order of Ayesicie < Acylinder
< Agphere respectively, affirming the proposed transformation
mechanism.

A direct result of increasing 4; is the stretching of PS chains
in the micellar core so as to compensate the increased surface
area and surface free energy per chain by decreasing the
aggregation number and the total surface area of the micelle.*®
The highly stretched polymer chain in the micellar core is a
unique feature of giant surfactants in comparison to block
copolymers.’®** To quantify the degree of stretching, the
stretching ratio (S) can be calculated as a ratio of the PS tail
dimension in different micellar cores (R;) to its average unper-
turbed chain dimension (R,) as shown in eqn (2):

1
S = Ri _Ri (%) ’ )
Ry b \ Nps

where b is the Kuhn length (b = 1.8 nm) for PS.** The results are
listed in Table 1. It is evident that the PS tails are less stretched
in the micellar cores of PS-(APOSS),-PS micelles than those in
APOSS-PS micelles. Although the polymer tail conformation in
the micelles is length-dependent,'* a comparison between the
stretching ratios of PS tails in the micellar cores of PS-
(APOSS),-PS and those in the cores of the APOSS-PS micelles is
still meaningful because of their very similar PS tail lengths
(3.2k vs. 2.8k). It suggests that the generally less stretched
conformation in PS-(APOSS),-PS is an effect of architecture
rather than an effect of molecular weight. More intriguingly, the
PS tails in the cores of PS-(APOSS),-PS micelles are found to be
less stretched in the system with a short spacer (phenylene)
than that with a long spacer (biphenylene), which is somewhat
counter-intuitive. Nevertheless, both observations could be
explained by the anisotropic head shape of giant gemini
surfactants as a result of the topological constraint imposed by
the short rigid spacers near the heads.

In the PS-(APOSS),-PS system, the A; values are determined
not only by the mean thermodynamic distance between neigh-
boring gemini molecules (dr), but also by the length of the rigid
spacer (ds). The rigid spacer length is considered to be fixed and
can be estimated by the Accelrys Cerius® package using the
universal force field." As a first approximation, qualitatively
assuming A; represents the area of a rectangle shape due to
anisotropy, and a simple model was established to understand
the importance of anisotropy (see in Fig. 5). From the model,
the A; has the following relationship to dr and d; (eqn (3)):

A; = (ds + dr)dr (3)
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Table 1 Morphologies and physical parameters of PS-APOSS and PS—(APOSS),—PS micelles formed using different common solvents

Sample Micelle*  Common solvent  R; (nm)” Myps (gmol™®) 8¢ Af (nm?) d/(nm)  dy (nmf

APOSS-PS v 1,4-Dioxane 4.5 + 0.2 2.8k 1.27 £ 0.06 2.08 + 0.08 — 1.02 £ 0.02

APOSS-PS C DMF 6.0 £ 0.3 2.8k 1.69 £ 0.09 3.12 + 0.16 — 1.25 £ 0.04

APOSS PS S DMF/NaOH 6.3 £ 0.3 2.8k 1.77 £ 0.08 4.46 £+ 0.22 — 1.49 + 0.06
S-(APOSS),-PS-1 \'% 1,4-Dioxane 4.2 £0.2 3.2k 1.11 £ 0.05 2.55 + 0.12 0.58 1.33 £ 0.03
S-(APOSS),-PS-1 C DMF 4.7 £ 0.3 3.2k 1.24 £+ 0.08 4.55 + 0.30 0.58 1.86 £ 0.13
S-(APOSS),-PS-1 S DMF/NaOH 6.0 £ 0.3 3.2k 1.58 £ 0.10 5.35 £ 0.27 0.58 2.04 £ 0.12
S—(APOSS),-PS2  V 1,4-Dioxane 46+02 3.2k 1214 0.05  2.33+£0.10  0.97 1.12 + 0.04
S-(APOSS),-PS-2 C DMF 5.6 £ 0.3 3.2k 1.48 £ 0.08 3.82 £ 0.21 0.97 1.53 £ 0.08
S-(APOSS),-PS-2 S DMF/NaOH 6.6 £ 0.3 3.2k 1.74 £ 0.08 4.87 + 0.23 0.97 1.77 £ 0.09

“ Morphologies observed in TEM (S: sphere C: cylinder; V vesicle). ” R;is the radlus of the hydrophobic PS core measured based on the TEM images.

¢ Molecular weight of each single PS tail from SEC and "H NMR measurements.

4 5 is the stretching ratio calculated based on the ratio of R; and

unperturbed chain dimension R,. ¢ 4; is the average surface area per two PS chains. d; is the rigid spacer length, which could be obtain from the
Accelrys Cerius® package using the universal force field. ¢ dy is the mean thermodynamic distance between neighboring gemini molecules. The data

for PS-APOSS were derived from ref. 22.

Therefore, dr can be derived from 4; and ds as in eqn (4):

de  d

dT - Ai + T - E (4)

The calculated d; values are summarized in Table 1. Note
that this equation should work precisely for systems with little
curvature system such as in the vesicle bilayers, but may only
represent a crude approximation in micelles with larger curva-
tures such as spheres and cylinders. However, the results
should serve well for the purpose of a semi-quantitative
comparison between different samples of the same micelle type
with similar sizes. An additional note is that the above-
mentioned model assumes d < dr for an effective topological
constraint between two heads in the same gemini surfactant.
This is true in the two samples under study (Table 1). However,
in the case of d; = dr, the physical picture might be quite
different.* Similarly, we could also calculate the dr values in
different APOSS-PS micelles by assuming A; represents the area
of two square shapes (Fig. S131), which are also listed in Table 1.
The first observation in this model is that the rigid short
spacer effectively brings the two APOSS heads closer to each

------- P - L [--1-=-4p -
L dy g | a
i 5 P i
i diimd; | digging | é
' 2! 2 (] (] 1l fl "
------- by Oy  Ow
------- e R e
® Junction point between POSS and PS chain APQSS head group

= Rigid spacer PS chains are perpendicular to the plane

Fig. 5 Proposed model of giant gemini surfactants packing on the micelle
surface.
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other, leading to an increased local charge density. It may well
attract more counter-ions around the head groups than that in
the single-chained giant surfactant APOSS-PS. The intermo-
lecular distances (dr) shall thus increase to reduce the actual
electrostatic repulsive energy. For the same type of micellar
morphology, a larger dr would mean more inter-molecular
space for the chain to relax and thus a less stretched chain
conformation. This accounts for the fact that PS-(APOSS),-PS
generally exhibits less stretched polymer chain conformation
for samples with the same type of micellar morphology. The
effect of the rigid spacer is now also evident. This analysis
agrees with the prediction from computer simulations of small
molecular gemini surfactants.® All of the current established
models for gemini surfactants could only explain the qualitative
difference between PS—(APOSS),-PS gemini surfactants and
corresponding APOSS-PS surfactants. A quantitative discussion
on spacer length effects is very difficult.*® We could only predict
that, for the same type of micellar morphology, the shorter the
spacer of giant gemini surfactant is, the more effectively it
increases the local charge density and the intermolecular
distance dr, and the less stretched the polymer tails in the
micellar core become. It is anticipated that a systematic varia-
tion of the length and rigidity of the spacer of giant gemini
surfactants shall allow further tailoring of the physical and
chemical properties as well as self-assembly behaviors of this
novel class of materials.

Conclusions

In summary, a new class of shape amphiphiles called “giant
gemini surfactants” consisting of two hydrophilic POSS heads
and two hydrophobic PS tails covalently attached through rigid
spacers has been successfully prepared and their self-assembly
behaviors in solution were studied. The sequential “click”
approach was employed in the synthesis, which involved thiol-
ene mono-functionalization of vinyl-functionalized POSS, Cu(1)-
catalyzed Huisgen [3 + 2] azide-alkyne cycloadditions for
“grafting” polymer tails onto the POSS cages, and subsequent
thiol-ene “click” surface functionalization. The study of their

This journal is © The Royal Society of Chemistry 2013
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self-assembly in solution revealed a morphological transition
from vesicles to wormlike cylinders and further to spheres as
the degree of ionization of the carboxylic acid groups on POSS
heads increases. It was found that the PS tails in the micellar
cores of these giant gemini surfactants are generally less
stretched than those of the corresponding single-chained giant
surfactant. It was further observed that the PS tail conforma-
tions in the micelles were also affected by the length of the rigid
spacers where the one with longer spacer actually exhibits even
more stretched PS chain conformation. Both findings could be
explained by the topological constraint imposed by the short
rigid spacer in gemini surfactants which effectively increases
the local charge density by bringing heads closer to each other
and leads to an anisotropic overall head shape that requires a
proper re-distribution on the micellar surface to minimize the
total electrostatic repulsive free energy of micelles. The study
expands the scope of giant molecular shape amphiphiles and
has general implications in the basic physical principles
underlying their solution self-assembly behaviors. In addition, a
systematic study of the spacer effects in the self-assembly of
giant gemini surfactants and hierarchical structure formation
in solution, bulk, and thin-films is an intriguing ongoing
project in our laboratory and will be discussed in future
publications.
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