“Macro Letters

pubs.acs.org/macroletters

Amphiphilic Hybrid Nano Building Blocks with Surfactant-Mimicking

Structures

Weikun Li, Srinivas Thanneeru, Istvan Kanyo, Ben Liu, and Jie He*

Department of Chemistry, University of Connecticut, Storrs, Connecticut 06269, United States

© Supporting Information

ABSTRACT: We report the preparation and self-assembly of
amphiphilic hybrid nano building blocks (NBBs) with
surfactant-mimicking structures. These NBBs, composed of
hydrophilic silica-like heads tethered with well-defined one or
two hydrophobic polystyrene (PS) tails, were prepared by
efficient intramolecular cross-linking via silane chemistry.
Using a series of “AB” diblock copolymers (BCPs) and
“ABA” tri-BCPs of PS and poly(tert-butyl acrylate-co-3-
(trimethoxysilyl)propyl methacrylate) (P(tBA-co-TMSPMA)),
the intramolecular self-folding of P(tBA-co-TMSPMA) blocks
and the deprotection of tert-butyl groups were demonstrated
to be an efficient method to prepare amphiphilic NBBs with a
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hydrophilic silica head tethered by one or two PS tails. The formation of NBBs was carefully studied by gel permeation
chromatography, nuclear magnetic resonance spectroscopy, and transmission electron microscopy. The self-assembly of these
amphiphilic NBBs was further investigated by fixing the molecular weight of PS tails and varying the size of hydrophilic heads.
The intramolecular cross-linking of hydrophilic heads that shifted the hydrophilic/hydrophobic balance of polymers resulted in
morphological transitions from bilayered vesicles to spherical micelles. Spherical micelles prepared from NBBs with large
hydrophilic heads were found to have surface protrusions that differed from the self-assembly of linear BCPs. We also observed
that the chain conformation of PS tails was critical for the self-assembly of NBBs, where the bitailed NBBs with highly stretched

PS tails favored bilayered vesicle structures.

Nano building blocks (NBBs) composed of ultrafine
nanoparticle cores tethered by flexible polymers have
attracted much attention due to their applications in
pharmaceutical technology and catalysis.' > NBBs structurally
analogous to surfactant molecules are engaged with many
characteristics of molecular and colloidal amphiphiles; thus,
they can stand out as a promising model to bridge the study of
polymer synthesis and nanomaterials. Unlike bare colloidal
particles, the interaction between NBBs is dominated by the
nature of polymer tethers, e.g, chemical compositions,
numbers, lengths, and locations on nanoparticle cores.® 10 A
couple of untraditional hierarchical assemblies and phase
behaviors of NBBs have been observed in simulation studies
by varying the polymer tethers.'"'* Various nanostructures
originating from the self-assembly of NBBs may have gromising
applications in functional materials and devices."”~"” The
engineering of polymer tethers is believed to enable the
controlled self-assembly of NBBs at the single-chain level.'*™>!
However, the experimental study of this new building block is
still lacking,* ™" especially in the observation of correlations
between NBB nanostructures and their assemblies. This is
mainly because of the great challenges in the synthesis of
structurally well-defined NBBs, i.e., the manipulation of

polymer tethers of NBBs at a molecular scale.*”
We recently reported a new synthetic strategy to prepare
hybrid NBBs with silica-like cores tethered by poly(ethylene
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oxide) (PEO).** This strategy was based on the intramolecular
hydrolysis and polycondensation of silane moieties within
individual block copolymer (BCP) chains. Using di-BCPs
containing PEO and poly(3-(trimethoxysilyl)propyl methacry-
late-co-methyl methacrylate) (P(TMSPMA-co-MMA)), we
demonstrated that the intramolecular cross-linking of
TMSPMA moieties could be used to prepare highly uniform,
tadpole-shaped hybrid NBBs. The yielded NBBs had a silica-
like hydrophobic head and a hydrophilic PEO tether as a result
of the occurrence of hydrolysis and polycondensation reactions
of TMSPMA moieties in the hydrophobic block. Unlike
previously reported covalent cross-linking reactions, this
approach allowed the efficient preparation of NBBs under
mild conditions, and the obtained hybrid NBBs were highly
uniform and easily visualized under a transmission electron
microscope (TEM) because of high electron density. In this
contribution, we expand the capacity of this method by
mimicking natural surfactants having a hydrophilic head and
one (or two) hydrophobic fatty tail(s). Our synthetic approach
is summarized in Figure la. A series of “AB” di-BCPs and
“ABA” tri-BCPs of polystyrene (PS) and poly(tert-butyl
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Figure 1. (a) Schematic illustration of polymer-tethered NBBs
prepared from linear di-BCPs and tri-BCPs. (b—e) '"H NMR spectra
and GPC elution curves of PS,os-b-P(tBA;-,-co-TMSPMA;,) (b,d) and
PSgo-b-P(tBA,os-co-TMSPMA,,)-b-PSsy (c,e) before (black) and after
(red) intramolecular cross-linking. The elution curves for NBBs were
recorded after hydrolysis for 72 h.

acrylate-co-3-(trimethoxysilyl)propyl methacrylate) (P(fBA-co-
TMSPMA)) were prepared. The intramolecular cross-linking of
the P(tBA-co-TMSPMA) block gave rise to the formation of a
silica head tethered by one or two PS tails. After deprotection
of tert-butyl groups on the surface of silica heads, amphiphilic
NBBs with a negatively charged hydrophilic silica head and
hydrophobic PS tail(s) could be obtained. The effect of
polymer chain conformation on the self-assembly of surfactant-
mimicking NBBs was carefully investigated.

The linear di-BCPs and tri-BCPs of PS-b-P(tBA-co-
TMSPMA) and PS-b-P(tBA-co-TMSPMA)-b-PS were prepared
by reversible addition—fragmentation chain transfer (RAFT)
polymerizations. The synthetic details of BCPs are given in the
Supporting Information. To study the effect of the chain
conformation of polymer tethers on the self-assembly of NBBs,
the repeat unit number of PS-RAFT macrochain-transfer agents
for all di-BCPs and tri-BCPs was kept to be ~200. The
intramolecular hydrolysis/polycondensation reaction of
TMSPMA moieties was performed in a good solvent for both
blocks (e.g., tetrahydrofuran (THF)) with an extremely dilute
BCP concentration (0.25 mg/mL) to avoid intermolecular
cross-linking. Ammonium hydroxide (10%) was used as a
catalyst for the hydrolysis reaction.** The intramolecular cross-
linking reaction of TMSPMA moieties was first characterized
by 'H NMR spectra. Figure 1b shows the '"H NMR spectra of
PS,05-b-P(tBA,,,-co-TMSPMA;,;) in CDCIl; before and after
intramolecular cross-linking. For linear BCPs, all characteristic
peaks of PS blocks (Ar—H at 7.1 and 6.6 ppm) and P(tBA-co-
TMSPMA) blocks (—C(CH,;); groups of tBA units at 1.4S ppm
and —OCH, groups of TMAPMS at 3.60 ppm) are present,
indicating a molecularly dissolved state in CDClI; before cross-
linking. After the intramolecular hydrolysis/polycondensation
reactions, the peaks of TMSPMA units at 3.92 ppm (protons of
—CH,00C— groups, peak c), 3.60 ppm (protons of —Si-
(OCH,); groups, peak d), and 0.66 ppm (protons of —SiCH,—
groups, peak g) disappeared. Also, the peak intensity of tert-
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butyl groups at 1.4S ppm (peak e) decreased by about 20%,
suggesting that the P(tBA-co-TMSPMA) block was locked in a
collapsed state in the NBBs. A new peak that appeared at 0.09
ppm was assigned to —SiOSi(CH;); groups from capping
reagents. Similar results were observed for tri-BCPs (Figure
1c).

The intramolecular cross-linking was further confirmed by
gel permeation chromatography (GPC) measurements.'® The
elution time is known to be determined by the change of
hydrodynamic volume of polymer chains. For both di-BCP and
tri-BCP, a shift of the GPC peak to a longer elution time was
seen. For di-BCP of PS,ys-b-P(tBA,;4-co-TMSPMA;,) (Figure
1d), the apparent number-average molecular weight (M,,)
decreased from 729 to 60.8 kg/mol after the hydrolysis/
polycondensation reaction for 72 h. In the case of tri-BCP of
PSgg-b-P(BA,44-co-TMSPMA,,)-b-PS,, (Figure le), a decrease
of M, from 332 to 22.7 kg/mol was also present. This
corresponded to the decrease in the apparent M, of P(tBA-co-
TMSPMA) blocks in the di-BCP and tri-BCP approximately to
~23% and ~80%, respectively. No other peaks appeared at a
shorter elution time. The increase in elution time suggests the
decrease in the hydrodynamic size of polymer chains and the
occurrence of intramolecular cross-linking (Figures S2 and S3,
Supporting Information).

The formation of NBBs can also be visualized using TEM.
Figure 2a shows a representative TEM image of NBBs prepared

— Linear BCPs
—NBBs

10 100
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Figure 2. (a) TEM image for NBBs prepared from PS,(-b-P(fBA,,-
co-TMSPMA,;) in THF. The inset in (a) is the size distribution of
polymer-tethered NBBs by averaging more than 150 particles in TEM
images. (b) The change in hydrodynamic diameter of PS,ys-b-
P(tBA,74-co-TMSPMA;,) before (black) and after (red) intra-
molecular cross-linking.

from di-BCP of PS,ys-b-P(tBA;-4-co-TMSPMA;;). The ob-
tained NBBs are nearly spherical and have an average diameter
of 7.5 + 1.5 nm measured from TEM images (see the inset of
Figure 2a and Figure SS, Supporting Information). This is
consistent with the typical size of previously reported polymer
single-chain nanoparticles.>®> Under TEM investigation, the
high contrast of NBBs is because of the high electron density of
inorganic silica-like NBB heads. Dynamic light scattering (DLS)
results in Figure 2b also confirmed the hydrodynamic diameter
of linear di-BCPs and NBBs of PS,qs-b-P(tBA;-,-co-
TMSPMA,,) to be 18 and 14 nm, respectively. A slightly
larger size of NBBs in solution from DLS results was likely
attributed to the presence of a PS tail in solution.

A series of di-BCPs of PS-b-P(tBA-co-TMSPMA) and tri-
BCPs of PS-b-P(tBA-co-TMSPMA)-b-PS with various lengths
of P(tBA-co-TMSPMA) blocks were prepared to study the
formation of NBBs. These results are summarized in Table 1. It
is interesting to point out that the decrease of all apparent
molecular weights of tri-BCPs is larger compared to that of di-
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Table 1. Characterizations of Linear BCPs and Polymer-Tethered NBBs

polymers® M, (kg/mol)®  PDI of linear BCPs
PS,05-RAFT 27 L11
PS,05-b-P(tBA5-co-TMSPMA,) 25.3 1.11
PS,05-b-P(tBA;19-co-TMSPMA ;) 36.9 115
PS,5-b-P(tBA,p-co-TMSPMA,) 41.3 1.26
PS,05-b-P(tBA,,-co-TMSPMA,,) 72.9 1.25
PS,05-b-P(tBAss,-co-TMSPMA() 97.1 1.34
RAFT-PS,95-RAFT 20.6 1.12
PSyo-b-P(tBAgy-co-TMSPMA,,)-b-PSq 241 1.29
PSyy-b-P(tBA g5-co-TMSPMA,,)-b-PSy, 332 124

M, (NMR) TMSPMA: tBA (%)° M, of NBBs (kg/mol) PDI of NBBs
28.1 8.9 24.7 1.09
38.4 11.8 31.8 112
41.5 16.7 36.1 1.14
S1.1 17.8 60.8 1.18
79.9 15.9 83.1 133
34.5 35.8 14.5 129
40.1 22.6 22.7 122

“The repeat unit number of PfBA blocks was calculated from 'H NMR spectra based on the molecular weight of the PS block. *The number-average
molecular weights were determined by GPC calibrated with PS. “The TMSPMA content was calculated as its number density in PtBA blocks.

BCPs. We hypothesize that (i) a slightly higher content of
TMSPMA moieties was present in tri-BCPs and (ii) bitailed
BCPs can sterically shield the intramolecularly cross-linked
block and stabilize the NBBs better.**

Subsequently, the deprotection of tert-butyl groups was
carried out in the presence of trifluoroacetic acid at room
temperature to yield amphiphilic PS-tethered NBBs with
hydrophilic silica heads. Again, using PS,os-b-P(tBA,;4-co-
TMSPMA,,) as an example, after deprotection of tert-butyl
groups, the molecular weight of polymer decreased from 60.8
to 45.6 kg/mol due to the hydrolysis of tert-butyl groups
(Figure S4a, Supporting Information). This was confirmed by
"H NMR spectra, in which fert-butyl groups of PfBA blocks at
1.45 ppm disappeared. The obtained NBBs were then
comprised of a hydrophilic silica head covered with —COOH
groups (denoted as P(AA-co-TMSPMA) after the removal of
tert-butyl groups) and the PS tail (Figure S4b, Supporting
Information).

NBBs with a hydrophilic silica head and a hydrophobic PS
tail structurally resemble natural surfactant molecules; thus, the
self-assembly of such NBBs is expected in a selective solvent.
The intramolecular collapse significantly alters the hydro-
phobic/hydrophilic balance of BCPs that would impact their
self-assembly behavior. We first compared the self-assembly of
an amphiphilic linear di-BCP of PS,ys-b-PAA,, and a NBB of
PS,05-b-P(AA45-co-TMSPMA,), of which the length of both
blocks was similar (Figure 3a). The self-assembly was triggered
by adding water as a selective solvent to the THF solution of
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Figure 3. (a) Schematic illustration of the preparation of NBBs from
linear BCPs and their self-assembly. (b,c) TEM images of self-
assembled morphologies of linear di-BCP of PS,ys-b-PAA,, (b) and
NBBs prepared from PS,ys-b-P(AA,s-co-TMSPMA,) (c) in aqueous
solution.
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linear BCPs or NBBs (see Supporting Information for details).
The self-assembly results are given in Figures 3b and c. For the
linear di-BCP, spherical micelles with an average diameter of 30
+ 2 nm were obtained, while the NBB of PS,q-b-P(AA,s-co-
TMSPMA,) assembled dominantly into bilayered vesicles with
sizes 80—160 nm. The morphological difference between
spherical micelles and bilayered vesicles can be understood as a
result of the intermolecular cross-linking of hydrophilic PAA
blocks. The decrease in hydrophilic volume fraction would yield
less curved assemblies to reduce the interfacial area per chain;
therefore, the aggregates changed from spheres to vesicles. This
was associated with changing the stretching state of hydro-
phobic PS. The difference in stretching degree of PS tails (S) in
the micelle core and vesicle shell can be characterized by the
equation S = R/R,, where R is the radius of PS segments in the
micellar aggregates and R, is the mean-square end-to-end
distance of the PS block. Ry can be calculated from Ry = b X
(Nps/6.92)%°, where b is the length of Kuhn monomers (b =
1.8 nm for PS) and Np is the number of PS blocks.*® R, is
equal to 9.8 nm for Npg of 20S. The stretching degree of PS
blocks in linear BCPs and NBBs is 1.6 and 1.1, respectively
(Figures S6—7, Supporting Information). In the case of
spherical micelles, the conformational entropy penalty from
the stretching PS tails was balanced out by reducing the
repulsion force between hydrophilic PAA blocks.

The influence of the size of the hydrophilic silica head on the
self-assembled aggregates was also studied at a fixed PS tether
length. We observed a morphological evolution from bilayered
vesicles in Figure 4a to spherical micelles in Figures 4b and ¢ by
varying the molecular weight of the P(tBA-co-TMSPMA) block
from 2.6 to 74.4 kg/mol (also see Figures S7—8, Supporting
Information). The overall dimension of micellar aggregates
decreased from 128 to 23 nm by increasing the size of
hydrophilic silica heads of NBBs, also confirmed by dynamic
light scattering. This result is similar to the linear BCP of PS-b-
PAA where the size of micellar cores scales in a power law
described by R.. ~ NO¢NpSAS37 The volume increase of
hydrophilic silica heads resulted in the increase of the repulsive
interactions among hydrophilic heads; thus, the formation of
aggregates with a larger interfacial curvature was expected. It
should be noted that spherical aggregates with surface
protrusions were obtained for NBBs of PS,-b-P(tBAjs,-co-
TMSPMA,) (Figure 4c). The formation of these protrusions is
probably because of the presence of large hydrophilic silica-like
heads. The topological features of spherical micelles are known
as virus-mimicking structures that may benefit biomimetic drug
delivery studies.*®
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Figure 4. Representative TEM images of self-assembled morphologies
of NBBs with different hydrophilic heads: (a) PS,ys-b-P(AA,s-co-
TMSPMA,), (b) PS,55-b-P(AA5-co-TMSPMA,,), and (c) PS,ys-b-
P(AA;q-co-TMSPMA(). (d) Hydrodynamic diameter of self-
assembled morphologies of NBBs: PS,os-b-P(AA,s-co-TMSPMA,)
(black line), PS,os-b-P(AA;74-co-TMSPMA,,) (red dash line), and
PSy05-b-P(AA;z5,-co-TMSPMA) (blue dot line).

Given “ABA” tri-BCPs with two PS blocks at each end of a
P(tBA-co-TMSPMA) block, the intramolecular cross-linking
would yield NBBs with two hydrophobic PS tails. This makes it
possible to study the effect of the number of polymer tethers on
the self-assembly of NBBs. To do so, the single-tailed NBB of
PS,05-b-P(AA,-co-TMSPMA,;) and bitailed NBB of PSgy-b-
P(AA;s-co-TMSPMA,,)-b-PS,, were prepared by keeping the
same hydrophobic volume fraction of NBBs. The micellar
aggregates were investigated by TEM as given in Figure S and
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Figure 5. (a,b) Schematic illustration of single-tailed and bitailed
NBBs. (c,d) TEM images of self-assembly morphologies of NBBs
prepared from (c) PS,ys-b-P(AA,g-co-TMSPMA,;) and (d) PSyy-b-
P(AAg,-co-TMSPMA,, )-b-PSq.

Figure S9 (Supporting Information). Bilayered vesicles with an
average diameter of ~300 nm were observed for bitailed NBBs
of PSgy-b-P(AA,¢5-co-TMSPMA,,)-b-PSq,, while only spherical
micelles with an average size of 24 + 3 nm were obtained for
single-tailed NBBs of PS,s-b-P(AA,y-co-TMSPMA,;). The
conformational entropy of hydrophobic PS tails is believed to
be critical in controlling the morphological change. If assuming
that the hydrophilic heads of both NBBs are close (~4.5 nm),
the “effective” hydrophobic volume varies with the number of
PS tails. A single PS tail having a much smaller cross-section
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area compared to hydrophilic heads can easily be stretched to
form a wedge-like shape.® On the contrary, bitailed NBBs
topologically have more space requirements and hold a
cylindrical shape where the hydrophobic cross-sectional area
is larger.*” Therefore, the increase in hydrophobic volume by
altering the conformation of polymer tethers leads to the
formation of vesicles for bitailed NBBs.

Quantitatively, the wall thickness of vesicles prepared from
the bitailed NBB of PSy-b-P(tBA,g5-co-TMSPMA,,)-b-PS,, is
25 + 4 nm, close to the size of the micelle prepared from the
single-tailed NBB of PS,ys-b-P(BA;;o-co-TMSPMA,;). The
stretching degree of PS tails can be estimated to be 1.8 for
bitailed NBB and 1.2 for single-tailed NBB, respectively (Table
S1, Supporting Information); that is, the PS tails are highly
stretched in the vesicles formed by bitailed NBB. This result is
quite different from that of amphiphilic linear BCPs previously
reported by Bates*®*' and Eisenberg.*”** In the case of BCP
vesicles, the stretching of hydrophobic blocks was not observed
because a decrease in the interfacial curvature of vesicles would
reduce the interfacial area per chain, and the associated entropic
penalty also increased with longer, stretched hydrophobic
blocks. However, for the bitailed NBB, the topological
nanostructures likely play a role here. The two coiled PS tails
on the sides of a silica head in NBBs were expected to be
slightly stretched in the course of the self-assembly where the
hydrophilic heads could be exposed to the solvent, thus
stabilizing the assemblies (Figure Sb).

In summary, we have prepared a series of surfactant-
mimicking NBBs with a hydrophilic charged head and one (or
two) hydrophobic fatty tail(s) and studied their self-assemblies
in aqueous solution. Using “AB” di-BCPs and “ABA” tri-BCPs
of PS and P(tBA-co-TMSPMA), the intramolecular folding of
P(tBA-co-TMSPMA) blocks and the deprotection of tert-butyl
groups were demonstrated to be an efficient method to prepare
amphiphilic NBBs with a hydrophilic silica head tethered by
one or two PS tails. The self-assembly of these amphiphilic
NBBs was further studied by fixing the molecular weight of PS
tails and varying the size of the hydrophilic heads. The
intrachain cross-linking of hydrophilic heads that shifted the
hydrophilic/hydrophobic balance of polymers resulted in
morphological transitions from bilayered vesicles to spherical
micelles. Surface protrusions were found for spherical micelles
prepared from NBBs with large hydrophilic heads. We also
found the chain conformation of PS tails to be critical for the
self-assembly of NBBs, where the bitailed NBBs with highly
stretched PS tails favored bilayered vesicle structures. These
results offer new insight into nanostructure-determined self-
assembly of NBBs that may provide a new pathway to control
the self-assembly of NBBs in solution.
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Synthetic details of BCPs/NBBs and additional GPC/TEM
characterizations. The Supporting Information is available free
of charge on the ACS Publications website at DOIL: 10.1021/
acsmacrolett.5Sb00321.
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