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ABSTRACT: The delicate influence of minute structural
difference, such as regiochemistry, on self-assembly and phase
behaviors has been commonly observed in small molecules but
rarely in synthetic polymers. Herein, we report the precision
synthesis of a series of double-chain giant surfactant
regioisomers and their distinct phase structures and phase
behaviors. These giant surfactants possess a hydroxyl-function-
alized cubic Ty polyhedral oligomeric silsesquioxane head and
two polystyrene tails tethered at para-, meta-, and ortho-
configurations and were prepared following the sequential
“click” method. As revealed by temperature-dependent small-
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How does regio-configuration impact self-assembly?

angle X-ray scattering and bright-field transmission electron microscopy, their order—disorder transition temperatures decrease in
the order of ortho-, meta-, and para-isomers, while order—order transitions were observed in the meta-isomer from lamellae to
double gyroids and in the ortho-isomer from double gyroids to hexagonal cylinders upon increasing temperature. The
mechanisms are elucidated by the influence of the tethering positions on the different free energy contributions, i.e., the
interfacial energy, the head-to-head interaction, and the entropic energy of the tails. The distinct assembly behaviors of the three
regioisomers are unusual in macromolecules yet resemble small molecules. It opens an avenue to fine-tune the macromolecular

assembly at the level of molecular precision.

B INTRODUCTION

Nature makes extensive use of molecular assembly to produce
hierarchically ordered entities with sophisticated structures and
functions.' ™ For decades, people have been trying to mimic
this feature in the development of advanced materials.
Traditionally, small-molecule surfactants, Janus dendrimers,
and block copolymers are among the most versatile artificial
self-assembling motifs that exhibit rich self-assembled ordered
nanostructures.”™® Recently, there emerged a class of “giant
molecules” that bridges the gap between small-molecule
surfactants and amphiphilic block copolymers, providing new
avenues for controlled hierarchical assembly.””'* Giant
molecules are precise macromolecules constructed using
molecular nanoparticles as building blocks. They include
giant surfactants, shape amphiphiles, and giant polyhedra.
Among them, giant surfactants are size-amplified counterparts
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of small-molecule surfactants consisting of compact and rigid
molecular nanoparticles as the headgroups and flexible polymer
chains as the tails."”> The self-assembly of giant surfactants has
been extensively studied both theoretically and experimen-
tally.'*~"? It was found that they possess features reminiscent of
both small-molecule surfactants and block copolymers.”’ In
solution, they form various micellar morphologies including
spheres, wormlike cylinders, and vesicles, in which the
polymeric tails are found to be highly stretched, much like
that of small-molecule surfactants."> In the bulk, they phase-
separate into a large variety of ordered nanostructures,

including lamellae (LAM), double gyroid (DG), hexagonally
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Figure 1. Illustration of double-chain giant surfactant regioisomers with two PS chains (cyan line) and hydroxyl-functionalized POSS head
(molecular model with pink side groups). The inset shows the angle between the two tethered chains in these isomers.

Scheme 1. Synthesis of the Double-Chain Giant Surfactant Regioisomers para-, meta-, and ortho-DPOSS-2PS,*
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“Reagents and conditions: (i) 4-pentynoic acid, DMAP, DIPC, DCM, rt, 12 h, 70—80%; (ii) PS,-N;, CuBr, PMDETA, toluene, rt, 24 h, 68—72%;

(iii) 1-thioglycerol, Irgacure 2959, THF, hv, 15 min, 70—79%.

packed cylinders (HEX), and body-centered cubic-packed
spheres (BCC), much like that of block copolymers.'”*" The
feature sizes of these nanostructures are generally around 10
nm, which is promising for a variety of nanolithographic
applications.”” Although giant molecules are much larger than
small molecules in terms of molecular weight and size, their
self-assembly exhibits a remarkable sensitivity on the primary
chemical structures, and the ability to precisely control their
structures affords a versatile platform to explore their self-
assembly behaviors with molecular precision.”

It has been established that the controlled molecular
heterogeneity constitutes the major cause for the formation
of unconventional morphologies in macromolecular assem-
blies,”* as revealed by the observation of highly concentric
lamellae® and unusual Frank—Kasper phases'” formed in giant
molecules. Considering the virtually limitless possibilities in the
chemical modification of giant surfactants, the full potential of
giant surfactants remains to be unleashed to create novel
structures and achieve unique properties. To do so, precision
synthesis of giant surfactants with complex architectures is a
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prerequisite, especially of those regio- or stereoisomers, for
illustrating the delicate structure—property relationship. Con-
trolling regio- and stereochemistry has been an important
subject in polymer chemistry, which was ranked one of the four
challenges in polymer chemistry besides sequence, molecular
weight, and topology.26 It often refers to regio- or stereo-
regularity of the monomers in the polymer chain as in the
examples of isotactic, syndio-tactic, or atactic polymers. Such
regularity does generate a cumulative, cooperative, and
collective effect, leading to dramatic difference on macroscopic
properties including crystallinity, glass transition temperature,
etc. However, when we consider the difference of only one
regio-/stereocenter in the polymer chain, the effect is often
insignificant. By contrast, small-molecule self-assemblies are
extremely sensitive to such structural variations: adding or
removing a methyl group or changing the chirality of one
molecule would sometimes completely alter the structures and
properties of the assembly.””*® Tt is thus intriguing how the
difference in as few as one regiochemistry would impact the
self-assembly of giant surfactant isomers. By analogy to small-
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Figure 2. (A) **Si NMR spectra of VPOSS-2alkyne (left), VPOSS-2PS, (middle), and DPOSS-2PS, (right). From top to bottom are para-, meta-,
and ortho-isomers, respectively. (B) Overlay of SEC profiles for various sets of VPOSS-2PS, regioisomers with different n (shown on top). The blue,
green, and red curves are para-, meta-, and ortho-isomers, respectively. (C) MALDI-TOF mass spectra for p-DPOSS-2PS, (top), m-DPOSS-2PS,
(middle), and 0-DPOSS-2PS, (bottom). They almost overlap with each other, suggesting identical MWs and MWDs. The calculated and
experimental MWs corresponding to the peaks denoted with asterisks are shown in the inset.

molecule analogues, giant surfactants may contain gemini
surfactants, double-chain surfactants, bola-form surfactants, and
multiheaded/tailed surfactants.'”?”*° For double-chain giant
surfactants, the location of tails on the surface of molecular
nanoparticle head can be varied systematically to create giant
surfactant regioisomers. We envision that the relative location
of two tails affects the intrinsic interface curvature of the
assemblies and thus may have a significant effect on the self-
assembly behaviors. To prove this, we must first prepare
regioisomers of such giant surfactants.

To date, it remains a big challenge to control the locations of
multiple tethering sites on a molecular nanoparticle. Although
regiospecific functionalization methods have been developed
for polyoxometalates,3’1 [60]fullerene,®* and more recently for
POSS,>> 73 it is still difficult to obtain a complete set of giant-
molecule regioisomers. Taking advantage of the tiny difference
in polarity among different isomers, we were able to obtain a
full set of diadduct and triadduct regioisomers based on the
cubic Tg-POSS nanobuilding blocks with highly reactive vinyl
groups and 2-hydroxylethyl groups at the vertexes.”*® The
para-, meta-, and ortho-isomers can be isolated in synthetically
useful quantities, serving as the rigid structural scaffold for
various macromolecular architectures including the mixed [2:6]
heteroarm star polymers of TgPS,PCL, via a combination of
“growing-from” and “grafting-to” methods.”” To prepare
regioisomers with strictly the same molecular parameters,
including molecular weights and polydispersity, it is better to
use the “grafting-to” method aided by “click” chemistry.”**” In
this article, we report the first precision synthesis of a complete
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series of para-, meta-, and ortho- double-chain giant surfactant
regioisomers (Figure 1), their full molecular characterizations,
and the distinct self-assembly behaviors for one set of
regioisomers. Our results indicate that the sole change of the
regioconfiguration is already sufficient to dramatically alter the
phase behaviors of these regioisomers.

B RESULTS AND DISCUSSION

Molecular Design and Precision Synthesis. To precisely
control the tethering sites of two PS tails on POSS, it is best to
start from a precise nanobuilding block with predetermined
functional groups of orthogonal reactivities. Recently, we have
reported a complete series of Janus Tg-POSS regioisomers that
are hydroxyl-functionalized vinylPOSS (p-, m-, and 0-VPOSS-
20H).>*° These diadduct isomers possess three-dimensionally
(3D) rigid scaffold with precisely arranged vinyl groups and
hydroxyl groups, which makes them ideal nanobuilding blocks
for double-chain regioisomeric giant surfactants. The general
synthetic route is shown in Scheme 1, which follows the
sequential “click” approach.”*~** The Steglich esterification first
installed alkyne “click” functionalities to hydroxyls to afford
VPOSS-2alkyne isomers in good yields. The following CuAAC
“click” reaction with azide-functionalized polystyrene (PS,-Nj;)
of different molecular weights gave a series of VPOSS-2PS,,
where n stands for the degree of polymerization for PS. To
achieve high structural uniformity, the PS samples were all
prepared first by anionic polymerization, end-capped with
ethylene oxide to give chain-end hydroxyl functionality (PS,-
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Table 1. Molecular Characterization of the Regioisomers

sample” n® M, ps" (kg/mol) M, (kg/mol)
p-VPOSS-2PS, 9 12 40
p-DPOSS-2PS, 9 12 4.0
p-VPOSS-2PS5; 28 32 8.0
p-DPOSS-2PS,4 28 32 8.0
p-VPOSS-2PS,, 37 41 9.8
p-DPOSS-2PS;; 37 4.1 9.8
m-VPOSS-2PS, 9 1.2 4.0
m-DPOSS-2PS, 9 1.2 4.0
m-VPOSS-2PS,4 28 32 8.0
m-DPOSS-2DS, 28 32 8.0
m-VPOSS-2PS,, 37 41 9.8
m-DPOSS-2PS;, 37 4.1 9.8
0-VPOSS-2PS, 9 1.2 4.0
0-DPOSS-2PS, 9 12 4.0
0-VPOSS-2PS, 28 32 8.0
0-DPOSS-2PS,5; 28 32 8.0
0-VPOSS-2PS;, 37 4.1 9.8
0-DPOSS-2PSs, 37 41 9.8

M, sec (kg/ mol)* b’ fos® Tgh Tdi
4.7 1.04 40.3 315.4
49 1.06 0.69 422 193.1
9.4 1.06 73.3 317.5
9.8 1.06 0.86 74.8 200.5

11.1 1.04 80.9 321.7
11.8 1.04 0.89 82.4 190.3
4.4 1.0S 38.5 325.0
4.9 1.04 0.69 40.2 189.4
9.2 1.04 72.2 302.8
9.8 1.03 0.86 74.7 198.5
10.6 1.05 80.2 2882
11.6 1.05 0.89 82.0 200.1
4.0 1.03 39.9 2982
4.7 1.06 0.69 40.7 209.7
8.3 1.03 72.2 2954
9.2 1.03 0.86 74.6 202.2
11.0 1.03 80.0 302.5
11.5 1.05 0.89 82.4 205.5

“Sample label, the subscripts represent the degree of polymerization. bDegree of polymerization for the PS tails, which was calculated based on 'H
NMR of PS,-N;. “Number-average molecular weights of one PS tail including initiator and linker group, kg/mol, as measured by 'H NMR.
dNumber-average molecular weights of DPOSS-2PS,, kg/mol, as measured by 'H NMR. “Number-average molecular weights, kg/mol, as measured
by SEC. 1 Polydispersity index, as measured by SEC. ¥Volume fraction of PS for DPOSS-2PS,,. hGlass transition temperature, as measured by DSC
with a heating rate of 20 °C/min. ‘Decomposition onset temperature as measured by TGA with a heating rate of 10 °C/min.

OH), esterified with 11-bromoundecanoic acid, and then
converted to PS,-Nj; by reaction with sodium azide (Scheme
S1). The structure of PS,-N; was confirmed by 'H and “C
NMR spectra, and the degree of azido functionalization was
found to be almost quantitative (Figure S1). The VPOSS-2PS,
were modified with 1-thioglycerol using thiol—ene “click”
chemistry to impart the amphiphilic feature and give DPOSS-
2PS,, where DPOSS represents the hydroxyl-functionalized
POSS head. The yields are generally 70% or higher for each
step. It is important to note that the head functionalities could
also be varied to be hydrophobic, fluorophilic, etc., giving rise to
various giant surfactants.”*’

The molecular characterizations confirmed the covalent
bonding of VPOSS to the polymer chain and more importantly
the topological differences of these regioisomers. First, the
“clickable” precursor VPOSS-2alkyne as a white powder has
been carefully characterized by 'H NMR (Figure S2), *C
NMR (Figure S3), and MALDI-TOF mass spectrometry
(Figure S4). For all VPOSS-2alkyne samples, the introduction
of two alkyne groups is evidenced by the appearance of a new
peak at 1.96 ppm which is the characteristic peak of alkyne
proton, and the methylene proton near oxygen has a clearly
upfield from ~3.80 to ~4.25 ppm in 'H NMR spectra (Figure
S2) and two new peaks at ~82.5 and ~69.0 ppm in the "*C
NMR spectra (Figure S3) which can be assigned as sp carbons
in alkyne groups. The differences between the isomers are seen
both in the vinyl proton resonance patterns (Figure S5) and in
the »Si NMR spectral patterns (Figure 2A), which remain
unchanged during chemical transformations.

The progress of sequential “click” reactions was followed by
'"H NMR (Figure S6), *C NMR (Figure S7), and FT-IR
spectra (Figure S8). After the CuAAC “click” reaction, the
resonance of the methylene protons near the alkyne shifts
completely from 2.51 ppm (f in Figure S6A) to 3.03 ppm (j in
Figure S6B), suggesting successful and clean ligation. More
importantly, the characteristic spectral pattern of vinyl protons
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for each adduct remains largely unchanged compared with the
VPOSS-20H precursors except for some minor changes in
chemical shifts (Figure SS), which again indicates that the
configuration of the precursor is preserved. The exemplary
MALDI-TOF mass spectra of VPOSS-2PS, (Figure S9) shows
only one clean distribution with expected MWs, confirming
again the precise structure. After thiol—ene “click” modification,
the vinyl proton resonances at 6.15—5.85 ppm completely
disappear, and there emerge the thiol—ether methylene
resonances around 2.73 ppm (Figure S6C). The molecular
weights can be calculated based on 'H NMR spectra, and the
results are shown in Table 1. The trend is similar in the *°Si
NMR spectra (Figure 2A and Table S1). Upon esterification,
there is only a very small upfield shift for Si attached to sp?
carbon and downfield shift for Si atom attached to vinyl
groups.”* After ligation with PS tails, the chemical shifts and
patterns of the Si atoms in VPOSS-2PS,, are almost identical to
the corresponding precursors, which indicates that remote
functionalization of alkyne with polystyrene have little influence
on the chemical environments of POSS core. The thiol—ene
reaction converts sp” vinyl carbons to sp® carbons, leading to a
dramatic change in the chemical shift of corresponding Si atom
to ~—69 ppm. Although the resolution is not as good as in
previous samples, one can still clearly distinguish the non-
equivalent Si atoms attached to thiol—ethers and assign them
accordingly (Figure $10).>° This is a clear evidence that these
regioisomers possess distinct configuration.

The distinct configuration also has a direct influence on their
elution profiles in SEC (Figure 2B and Figure S11). There is a
consistent trend for all of the regioisomers that para-isomer has
the shortest retention time followed by the meta-isomer and the
ortho-isomer elutes the last. It suggests that the para-isomer
probably adopts the most expanded conformation, and the
hydrodynamic radius is thus the largest; the ortho-isomer is the
most compact one owing to the closely crowded polymer
chains; and the meta-isomer is somewhere in between. The
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Figure 3. Temperature-dependent SAXS profiles of p-DPOSS-2PS, (A), m-DPOSS-2PS, (B), and 0-DPOSS-2PS, (C).
Table 2. Phase Structure Characterizations of DPOSS-2PS, Regioisomers
samples frs® T" (°C) phase structure 9, (nm™) d? (nm) a? (nm) Ay (nm?)
p-DPOSS-2PS, 0.69 80 LAM 0.998 6.28 6.28 1.80
m-DPOSS-2PS, 0.69 80 LAM 0.953 6.59 6.59 1.72
0-DPOSS-2PS, 0.69 80 DG 0.952 6.60 16.17 1.62
m-DPOSS-2PS, 0.69 120 DG 0.972 6.46 15.82 1.66
0-DPOSS-2PS, 0.69 120 DG 0.971 6.47 15.85 1.66
0-DPOSS-2PS, 0.69 140 HEX 0.994 6.32 7.30 1.63

“Volume fraction of PS for DPOSS-2PS,,.

Temperature at which the phase was developed and the SAXS experiments were performed. “Data

obtained from SAXS profile collected in situ at specific temperature T. “Data calculated from q;. “Average interfacial area per molecule; the detailed

calculations can be found in the Supporting Information.

result is consistent with the conclusion from the two-
dimensional TWIM MS experiment and computer simulation
on VPOSS-(S-BPOSS), in a previous study™ that the para-,
meta-, and ortho-isomers have different sizes in the order of
para- > meta- > ortho-. The difference is the most remarkable
for VPOSS-2PS,, with the lowest MW PS tails. As n increases,
the geometry of the POSS molecule relative to the whole size of
the regioisomers decreases, and thus the size difference
between the three regioisomers tapers off and eventually
becomes indiscernible. Interestingly, for DPOSS-2PS, samples,
the effect is not as significant (Figure S11). We speculated that
the DPOSS head with multiple hydroxyls tends to interact
more with the THF solvent, mostly through hydrogen bonding,
leading to generally larger hydrodynamic volumes as evidenced
by their smaller retention volumes in SEC. The differences
among them thus become only marginal. The precisely defined
isomeric structure with identical MWs is also unambiguously
confirmed by the MALDI-TOF mass spectra. Not only are the
observed monoisotopic mass values for each peak in excellent
agreement with the calculated ones for all three samples, but
also their overall distribution and polydispersity are very much
the same from a parallel comparison of the exemplary DPOSS-
2PS, samples (Figure 2C). Therefore, this set of precisely
defined DPOSS-2PS, regioisomers possesses identical MWSs
and polydispersity but distinct regioconfiguration. They serve as
ideal models to illustrate the effect of regioconfiguration on
their self-assembly behaviors.

Phase Structures and Phase Transition Behaviors in
the Bulk. To illustrate the effects of regioconfiguration on
phase structures and phase transition behaviors of these double-
chain giant surfactants, we focused on the set of regioisomers
with low MW PS tails: p-, m-, and 0-DPOSS-2PS,. To choose
appropriate temperatures for thermal treatment, the samples
were first characterized by thermal gravimetric analysis (TGA)
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and differential scanning calorimetry (DSC) (Table 1). Their
decomposition onset temperatures (Ty), as shown by TGA, are
generally higher than 190 °C (Figure S12). The DSC thermal
diagrams (Figure S13) reveal the values of T, of the PS blocks
which are consistently higher in DPOSS-2PS, than that in
VPOSS-2PS, by ~1-2 °C. This difference should result from
the phase separation between PS tails and DPOSS, which
makes the PS chains more closely packed. Before thermal
annealing, the samples were first heated to above their disorder
temperatures (~180 °C) to eliminate thermal history and
remove any effects from residual solvents. The samples were
then quenched to specific temperatures for isothermal
annealing to develop the thermodynamically equilibrium
phase structures. The annealing temperature (T,,,..) is chosen
to be higher than the corresponding Ts for favorable relaxation
kinetics but lower than Ty to avoid any decomposition. Owing
to the lack of chain entanglement in these short PS tails, the
phase-separation kinetics is sufficiently fast even at a temper-
ature as low as 80 °C. At 80 °C, both p- and m-DPOSS-2PS,
assemble into the lamellae (LAM) phase, as indicated by the g
ratio of 1:2 in the small-angle X-ray scattering (SAXS) profile,
yet with slightly different layer d-spacing (Figure 3A,B). By
contrast, 0-DPOSS-2PS, forms a double gyroid (DG) phase at
80 °C, as demonstrated by the g ratio of \/ 6: \/ 8 in the SAXS
pattern (Figure 3C).

Temperature-dependent SAXS experiments were then
performed at 10 °C interval from 80 to 180 °C to explore
their phase transition sequences (Figure 3 and Figures S14—
S16). For the p-DPOSS-2PS,, the LAM phase is observed as
the only ordered phase, and it transfers to the disordered phase
(DIS) at 130 °C. In contrast, LAM is also observed in the m-
DPOSS-2PS, sample at lower temperatures, and there is an
order—order transition (OOT) from LAM to DG at 120 °C.
Consequently, the order—disorder transition (ODT) occurs
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Figure 4. TEM images of the microtomed samples of DPOSS-2PS, developed at different temperatures: (A) para-isomer at 80 °C, LAM phase
(left), the zoom-in view and the molecular packing model (right); (B) meta-isomer at 80 °C, LAM phase (left), and at 120 °C, DG phase (right);
(C) ortho-isomer at 80 °C, DG phase (left), and at 140 °C, HEX phase (right). The insets are the corresponding diffraction patterns obtained from

fast Fourier transformation of the images.

between the DG and DIS at a temperature around 140 °C,
which is noticeable higher than the ODT of the p-DPOSS-2PS,
sample. Apparently, the difference of the phase transitions
between the p- and m-DPOSS-2PS, implies a shift of phase
boundaries toward the direction of asymmetric composition
and higher interfacial curvature. This tendency continues when
the meta-configuration is changed further to the ortho-one,
leading to the presence of another ordered HEX phase at
higher temperatures and an even higher ODT at ~150 °C in
the ortho-isomer. The HEX phase is usually formed in the
region of more asymmetric composition than DG. The ODT is
identified from both a sharp decrease of the scattering peak
intensity (Figure S17) and a sudden increase of full width at
half-maximum (FWHM) of the primary peak (Figure S18). It is
important to note that these order—order transitions (OOTs)
and order—disorder transitions (ODTs) are fully reversible.

It is anticipated that not only phase transitions but also the
domain spacing of the ordered phases would both be influenced
considerably by the regioconfiguration. The feature size (a)
referres to the layer spacing of LAM, the cubic dimension of
DG, and the intercolumnar distance of HEX. It can be
estimated based on the primary d-spacing (d) from the
corresponding first diffraction peak (gq;) in the SAXS pattern
(see Table 2 and Table S2). It is observed that d decreases
almost linearly with increasing temperature for each ordered
phase formed in a specific sample (Figures S14—S16 and S19).
A similar tendency has been commonly observed in many self-
assembly systems, such as giant surfactants with a fluorous
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headgroup,”® amphiphilic liquid crystals,"* and block copoly-
mers.””*® There exists a fundamental methanism that
increasing temperature raises the contribution of the configura-
tional entropy relative to the interfacial energy and therefore
reduces the stretching of the PS tails.

To further confirm the ordered morphologies in real space,
the samples with the same thermal history as in the SAXS
experiments were prepared, quenched in liquid nitrogen to fix
the phase morphology, microtomed at room temperature, and
then stained with OsO, for TEM observations. Typical bright-
field TEM micrographs are shown in Figure 4 along with their
optical diffraction patterns obtained from fast Fourier trans-
formation. The DPOSS heads and the PS tails are expected to
be in the dark and bright/gray domains, respectively. The
patterns as well as their feature sizes agree well with the results
from SAXS experiments. For example, the layer spacings for
LAM of p- and m-DPOSS-2PS, is measured to be 6.2 + 0.5 and
6.6 + 0.5 nm, respectively, which matches the values of 6.28
and 6.59 nm determined from SAXS experiments (Table S2).
The domain sizes for PS (dpg) and for DPOSS (dpposs) can be
measured from the gray and dark area in the TEM micrograph.
In the LAM, these values can also be estimated simply based on
the layer spacing d and the volume fraction assuming a sharp
interface. Alternatively, the values can be obtained by
correlation length analysis of the SAXS data according to
Porod’s law and the following cosine transformation (Figure
$20).*7°% These thickness parameters can be compared and
are crucial for understanding their molecular packing in the self-
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assembled domains (Table S3). With all these identified phases,
a phase diagram was then constructed (Figure S).

LAM DG M HEX DIS
180 = ° ° °
< [ ] [ ] [ ]
G 160 « ° ° °
=]
e o [ ] [ ] [ ]
=
b= 9 ° ©(1.67) ©(1.67)
5
g_ 120 < ©(1.85) ©(1.66) ©(1.66)
= < o(1.84) ©(1.75) ©(1.65)
& 100 = ©(1.83) o(1.74) (1.64)
< 0(1.82) 0(1.73) ©(1.63)
80 = (1.80) o(1.72) (1.62)

p-DPOSS-2PS, m-DPOSS-2PS;  0-DPOSS-2PS,

Figure S. Phase diagram of p-DPOSS-2PS, (left,), m-DPOSS-2PS,
(middle), and 0-DPOSS-2PS, (right) with respect to temperature. The
colors are green for LAM, orange for DG, and brown for HEX. The
data in parentheses are the corresponding interfacial area per molecule
(Ay) in units of nm?.

Molecular Packing of Regioisomers in the Ordered
Structures. The phase diagram shows that the regioconfigura-
tion of the double-chain giant surfactant isomers does have a

remarkable influence on the formation of ordered phases as
well as their phase transitions. Intuitively, the main effect of the
regioconfiguation is via the molecular packings in the self-
assembled domains. Generally speaking, double-chain giant
surfactants can adopt three possible configurations: (i) the
bridging configuration where the two tails are located at the
opposite side of DPOSS; (ii) the partial interdigitation
configuration where the two tails are seggregated onto one
side of the DPOSS heads and the heads are partially
interdigitated (e.g, close-packed); and (iii) the exactly
opposing head-to-head and tail-to-tail configuration (Figure
6A). It was found that the values of dppogs are generally much
larger than the diameter of the DPOSS head (~1.4 nm)** but
smaller than twice the diameter (~2.8 nm) (Table S3).
Therefore, it is reasonable to deduce that both p- and m-
DPOSS-2PS, primarily adopt the second configuration, the
partially interdigitated bilayered molecular packing. It could
apparently benefit the maximization of the collective hydrogen
bonding among the closely packed heads and the minimization
of the interfacial area between DPOSS and PS, especially for
the meta-isomer. Meanwhile, it also inevitably induces a
considerable loss of configurational entropy by enforcing the
two tails to extend toward the same side in the para-isomer
with the largest separation of the tethering points in space.
Although the bridging configuration could be advantageous in
reducing the entropy loss in the para-isomer, the single-layered
packing causes an unfavorably high interfacial energy due to a
large interface per molecule. Therefore, there may exist a very
small portion of bridging configurations in the para-isomer as a
compromise, which does not disrupt the bilayered molecular
packing. This portion is expected to increase as temperature
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Figure 6. (A) The possible packing schemes for DPOSS-2PS,. (B) The bending of PS tails toward one side in the para-isomer leads to a larger

interfacial area Ay as compared to that of meta- and ortho-isomers.
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raises. In contrast, the probability of bridging configuration is
apparently low for the meta-isomer and quite unlikely for the
ortho-isomer. The existence of bridging configurations would
require the flexible linker between DPOSS and PS, and even
part of the PS tails, to penetrate through the DPOSS domains,
which reduces the effective volume fraction of PS. In other
words, the para-isomer possesses the lowest effective volume
fraction of PS. This partially contributes to the phase boundary
shift toward more asymmetric compositions from the para- to
meta- and ortho-isomers in sequence.

To shed light onto the effect of the regioconfiguration on the
stability of various ordered phases, we calculated the average
cross-sectional area A, per molecule and the grafting densities
(6). For LAM phase, it can be calculated using eq 1:

2Mg
PpsNafpg (1)

where a is the layer spacing, pps is the density of polystyrene
(~1.05 g/cm?), Mpg is the molecular weights of PS, fpg is the
volume fraction of PS, and N, is the Avogadro constant. For
DG phase, the A, can be estimated according to eq 2:

xMpg
aPpsNafpg ()

where a is the unit length of the cubic unit cell and x is the
specific surface area to bulk volume ratio of the DG structure as
a function of the volume fraction of the gyroid network. This
value can be obtained from literature directly.”> For HEX
phase, the A, is obtained by eq 3:

A = 87f poss Mpg + Mpposs
o=
3 a(Ppsfps + Popossfpross N (3)

where a is the intercolumnar distance, ppposs is the density of
POSS head (~1.43 g/cm?),”* Mpposs is the molecular weights
of DPOSS (1477 g/mol), and fppegs is the volume fraction of
DPOSS. If we consider the PS tails as tethered polymer brushes
on the interfaces, we can calculated the grafting density (o) and
reduced grafting density (&) according to eqs 4 and 5:>*

c=2/A,

0:

Ay =

4)

& =27R/A, )
where R, is the radius of gyration and represents the
unperturbed dimension of the PS tails."”*”*°> Consequently,
we can semiquantitatively evaluate how the conformations of
the PS tails deviate from their most probable dimensions by the
stretching ratio (S):

s
2R, (6)

where dpg is the PS domain size. The results are summarized in
Figure S, Table 2, and Table S4.

As shown in Figure §, it is evident that in LAM phase p-
DPOSS-2PS, has a larger A, value than m-DPOSS-2PS, at the
same temperature. This is consistent with the double-layer
packing scheme where the two tails in the para-isomer have to
bend toward the same direction, and thus, the molecule
occupies a larger area at the interface. The A, value decreases
from para- to meta- and to ortho-isomer to favor phases with
higher curvature. For all of the samples, the A, value increases
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with increasing temperature but drops to a lower value if an
OOT occurs. For meta- and ortho-isomers, when they exhibit
the same phases (DG) at same temperatures, their A, values are
also identical to each other. Because molecular geometry has
tremendous effects on the A, values which, in turn, are
associated with the free energy of the interface, we believe that
it is a critical parameter to understand the effect of
regioconfiguration on the assemblies of these isomers.

Effects of Regioconfiguration on the Assemblies. A
recent report has shown that by introducing more tails to the
DPOSS head, the cross-sectional area of the PS tails increases
and higher interfacial curvature toward the DPOSS domain is
thus favored, resulting in a phase boundary shift.'” In current
work, while the number of PS tails remains unchanged, varying
their tethering positions causes a similar effect to shift phase
boundary toward phases with higher interfacial curvatures from
para- to meta- and to ortho-isomers at identical fpg and
temperature. Considering the two PS tails are pointing to the
same side of POSS, the polymer chains are most crowded in the
ortho-configuration (the smallest A, values, Figure 6B), and
thus, it would favor the highest interfacial curvature toward the
DPOSS domain.

The phase stability can be evaluated based on Aj and & in a
relative scale. As shown in Table S4, the reduced grafting
density () is ~7.0 for the LAM phase. This is between the
reported values for the onsets of tethered chain overcrowding
(3.7) and the onsets of highly stretched brush regime (14.3).>
Therefore, the polymer chains are supposed to be stretched.
With increasing temperature, the & values decrease and the A,
values increase. These two factors compete to dictate the phase
stability. When geometry allows, an OOT takes place toward a
phase with higher curvature with respect to DPOSS domain. In
such a way the phase structure not only effectively reduces the
Ay value but also partially releases the PS tail stretching, and
therefore the overall free energy of the system decreases. This
OOT s critically associated with a y.q (effective interaction
parameter) that is highly temperature dependent, which will be
further elaborated in the next section. Meanwhile, the A,
increases with further increasing temperature, and the
interaction parameter y.; decreases. At a point where the
stabilizing interactions from the heads could not compensate
for the increase in free energy of the interface, the ODT occurs.
Because of geometry, the para-isomer has higher A, and higher
interfacial energy even at lower temperatures. The ODT thus
occurs at the lowest temperature among the three isomers. For
the ortho-isomer, the geometry facilitates the phase separation
between the head and tails, forming the most hydrogen bonds
between head groups and the least interfacial area. Both factors
are beneficial for lowering the overall free energy of the system,
leading to higher stability of the assembly and a higher Tpr.
The meta-isomer lies somewhere in between. The phase
transition behaviors of DPOSS-2PS, can thus be rationalized.

Estimation of y. and Its Temperature Dependence.
The knowledge on the self-assembly of flexible block
copolymers has been well established during the past
decades.’®” Building an appropriate analogy between the
regioisomers and corresponding block copolymer architectures
should be instructive to the understanding of their self-assembly
behaviors. Fortunately, from the point of view of topology,
there exists a nice analogy between the para-isomer and ABA
triblock copolymer and between the ortho-isomer and A,B star
copolymers, respectively. According to the self-consistent field
calculations, the two copolymers have distinct values of y.gN at
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ODTs, e.g, ~22.0 for ABA® and ~18.0 for A,B at f, = 0.69.”
Our observation that the ortho-isomer exhibits a higher ODT
than the para-isomer is consistent with this theoretical
prediction. Assuming that the y. has an identical relationship
with temperature for all three isomers and that the scaling
relationship of y.¢~ T~ still holds, we can roughly estimate the
value of y 4 at ODT to be 0.47 for p-DPOSS-2PS, and 0.38 for
0-DPOSS-2PS,, using the reference volume (v,) of 118 A}
(which corresponds to an N of 47).°" The estimated y, values
are comparable to many high y polymers in the literature such
as PTMSS—PLA®” and PS—P4VP.*° Moreover, if we assume
that y.¢ follows the well-known relationship with temperature
(Yef = A + B/T), the value of B can be estimated to be ~8 X
10* K™, which is much larger than those of conventional block
copolymers.61 It is reasonable since the y.; in most conven-
tional block copolymers originates from weak van der Waals
interactions whereas in this system it is dictated by the relatively
stronger, collective, and cooperative hydrogen bonding among
the heads.

B CONCLUSIONS

In summary, we have successfully synthesized a series of
double-chain regioisomeric giant surfactants. The precise
structures and right assignment of configurations were
unambiguously proven by combined multiple characterizations,
including the 'H NMR, *C NMR, and *’Si NMR spectroscopy.
The isomeric structures are evidenced by the almost identical
MALDI-TOF mass spectra of these isomers. The topological
difference between different regioisomers is shown in the SEC
overlay and the glass transition temperatures. This is the first
time that the precision synthesis of para-, meta-, and ortho-
double-chain regioisomers has been achieved. We also
examined the self-assembly behaviors of the three isomers
with exactly the same molecular weights. They exhibit distinct
phase structures and phase transition behaviors. The difference
is rationalized via the influence of regioconfiguration on the
molecular arrangements and the free energy changes. The
effective interaction parameters were estimated to be ~0.47 and
~0.38, which are comparable to those high-y polymers.
Moreover, while the current study on assembly is limited to
the set of samples with shorter PS chains, preliminary results on
other samples with longer PS chains indicate that their
assembled structures and phase behaviors are also significantly
influenced by their regioconfiguration. The work on construct-
ing a complete phase diagram is underway. Altogether, it
suggests that regiochemistry may provide an additional
dimension for controlling macromolecular self-assembly and
fine-tuning the morphology and phase behaviors at sub-10 nm
scales.
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