Binding-Induced Bond Polarization in Polymer Solutions to Drive Micelle and Vesicle

Formation

Shubhra Goel,! Zitan Huang,! Robert A. Riggleman,? Ralph H. Colby,"* and Robert J.
Hickey'>"

"Department of Materials Science and Engineering, The Pennsylvania State University,

University Park, Pennsylvania 16802, United States
’Department of Chemical and Biomolecular Engineering, University of Pennsylvania,
Philadelphia, Pennsylvania 19104, United States
3Materials Research Institute, The Pennsylvania State University, University Park,

Pennsylvania 16802, United States

*Corresponding Author Email: 1jh64@psu.edu

For Table of Contents use only

5 g o CeFs
~
CSFE O\CSFS

Abstract

Driving self-assembly through non-covalent interactions to create nanostructured materials is
a key feature of supramolecular chemistry, yet the connection between molecular-level changes
and larger-scale organization is still unknown. Here, we propose the concept of Lewis adduct

binding-induced bond polarization where the formation of the Lewis adduct leads to a large



dipole, significantly altering the intermolecular interactions between different species and
inducing self-assembly. Specifically, a diblock copolymer, poly(2-(dimethylamino)ethyl
methacrylate)-polystyrene (PDMAEMA-PS), self-assembles into nanostructured colloidal
aggregates on addition of the Lewis acid tris(pentafluorophenyl) borane (BCF) in toluene. The
morphology of the nanostructured colloidal structures is controlled by tuning the block mole
fraction of the poly(Lewis base) (polyLB, i.e., PDMAEMA) within the diblock copolymer,
resulting in spherical micelles, vesicles, and large compound vesicles with increasing
PDMAEMA block mole fraction. The self-assembly is driven by non-covalent binding-
induced bond polarization during Lewis adduct formation, where the degree of bond
polarization of the Lewis adducts were quantified by measuring the dielectric constant of
adduct mixtures. We propose that the dipole formed because of the Lewis adduct leads to
substantial changes in the polymer solvent interactions, driving the self-assembly. The reported
findings regarding the Lewis adduct-induced self-assembly in polymer systems have far
ranging potential implications in all non-covalent, intermolecular interactions that result in

binding-induced bond polarization.
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1. Introduction
Supramolecular materials formed by the dynamic non-covalent interactions are gaining
tremendous attraction in self-assembled macromolecules due to responsive and self-healing
properties.'™ The reversible nature of these non-covalent interactions provides a versatile
mechanism for molecular self-assembly, facilitating the creation of a diverse array of well-
defined nanostructures.*® Non-covalent interactions include strong H-bonding, which
stabilizes molecular structures through dipole-dipole attraction between an electronegative
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atom and a partially positive H-atom;’!! n-r stacking, essential for the organized assembly of

aromatic compounds;'> ! hydrophobic interactions, which drive the aggregation of non-polar

molecules in aqueous environments;!*>!¢ jonic interactions, contributing electrostatic forces
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towards the assembly process; metal-ligand coordination, which introduces metal centers

into organic frameworks;!%!

and one more such functionality that has garnered immense
attention in research is Lewis adduct formation, where specific donor-acceptor interactions
guide the assembly process.?’?* Lewis acid chemistry is ideal for understanding how the
strength of non-covalent bonding in supramolecular systems influence the self-assembly
process and resulting nanostructures because the strength of the Lewis adduct, modulated by
sterics and donor/acceptor electronics, is highly tunable. Although non-covalent,
intermolecular interactions are broadly used for creating nanostructured colloids, materials, and
gels, but the link between self-assembled structures and molecular changes through non-
covalent interactions is still an open question.

Recently, the formation of Lewis adducts in polymer systems was found to induce a
phase change at both the macroscopic and nanoscale levels. In this example, a post-
polymerization modification approach demonstrated that the non-covalent dative bond

formation by Lewis adducts using a poly(Lewis base) (polyLB) and a small molecule Lewis

acid (LA) led to the phase change. Specifically, nanoscale spherical micelles formed when the



diblock copolymer poly(4-diphenylphosphinostyrene)-polystyrene (PDPPS-PS), where the
PDPPS block acted as the polyLB and the PS block as a neutral component, was mixed with
tris(pentafluorophenyl) borane (BCF), the LA. PDPPS-PS and LA are both independently
soluble in toluene, but when mixed together, micellization occurs.>*?> The proposed Lewis
adduct induced self-assembly mechanism was attributed to the fact that the PDPPS/LA display
an attractive interaction (i.e., quantified as a negative Flory-Huggins y parameter), resulting in
a demixing process for the ternary blend (i.e., polyLB, LA, and solvent). Although a three-
component polymer solution mixing theory supported the results, the quantity of the Flory-
Huggins y parameter necessary to induce the phase change was exceptionally negative.?
Therefore, the non-covalent, Lewis adduct bond is expected to play a significant role in
changing the molecular environment that then leads to self-assembly.

Here, we reveal that the formation of a Lewis adduct leads to a bond polarization event
that results in a significantly large dipole moment (i.e., 12.5 D) measured experimentally and
supported through density functional theory (DFT) calculations. Thus, the dipole produced via
non-covalent, intermolecular interactions has a direct influence on the self-assembly of
polymer systems. Furthermore, we demonstrate that the Lewis-adduct driven self-assembly in
the poly(2-(dimethylamino)ethyl methacrylate)-polystyrene (PDMAEMA-PS) diblock
copolymer system in toluene leads to the formation of nanoscale spherical micelles, vesicles,
and large compound vesicles when the PDMAEMA block mole fraction increases relative to
the PS block. The work presented here emphasizes that non-covalent, intermolecular
interactions will result in a bond polarization event that then leads to larger length scale changes
(i.e., nanoscale self-assembly). We envision that analogous bond polarization effects occur in
many non-covalent intermolecular interactions and is the underlying reason for many

supramolecular self-assembly processes.



2. Results and Discussion

Previously, we demonstrated that the formation of Lewis adducts in polymer systems
induces a phase change, which was termed as a reaction-induced phase transition (RIPT).2* The
non-covalent bond between BCF and the PDPPS block drives the self-assembly of the diblock
copolymer into micelles, then higher order structures, following a two-step process.>® Here, we
have explored a different polymer from PDPPS (i.e., PDMAEMA) as the polyLB block to
determine how the chemical functionality of the Lewis base influences the self-assembly and
to remove potential arene-perflouroarene interactions*®?’ between the aromatic rings of PDPPS
and fluorine atoms of BCF. Hence, switching from an aromatic to an aliphatic polyLB system
was crucial to validate the Lewis adduct-induced self-assembly, while eliminating the

possibility of other potential non-covalent interactions.

2.1 Synthesis of diblock copolymers

PDMAEMA-PS diblock copolymers were synthesized using sequential reversible
addition-fragmentation chain transfer (RAFT) polymerization to control block composition,
molecular weight, and mole fraction (Figure 1a). The PDMAEMA block was synthesized first
and exhibited a number-average molecular weight (M, = 10.9 kg/mol) and a dispersity (D =
1.12). PDMAEMA was then utilized as a macro-CTA to polymerize styrene, yielding six
PDMAEMA-PS diblock copolymers with constant PDMAEMA molecular weight and
increasing PS molecular weight. Synthesis procedures are detailed in the Experimental Section
(Supporting Information).

Upon chain extension of the PS block from the PDMAEMA block, additional 'H NMR
signals at 6.5-7.5 ppm are detected from the styrene aromatic protons. Using 'H NMR data, the
signal intensity of two methylene protons of the PDMAEMA at 4.1 ppm was compared to five
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aromatic protons of the PS at 6.5-7.5 ppm, to estimate the mole fraction of the PDMAEMA
block as 0.12, 0.3, 0.46, 0.5, 0.64 and 0.83 for PDMAEMA, as shown in Figure 1b. The molar
compositions of the PDMAEMA\-PSy diblock copolymer, where x and y designate the mole
ratio of the PDMAEMA and PS blocks, respectively, are shown in Figure 1b. The molecular
weights of the diblock copolymers obtained from size-exclusion chromatography (SEC) using
DMF/LiBr as the mobile phase is reported in Table 1.

A multi-angle light scattering detector attached to the SEC was used to measure the
absolute M, for all diblock copolymers. Therefore, dn/dc values for each diblock copolymer
composition were calculated using 'H NMR mole fractions. The SEC plot in Figure 1¢
indicates that the M, of the diblock copolymer increases from 13.5 kg/mol to 69.7 kg/mol,
demonstrating a significant increase in molecular weight with the elongation of the PS chain
length. The six different diblock copolymers reported here are labeled as PDMAEMAX-PSY,
where X and Y are the molecular weights of the respective blocks. The composition and

molecular parameters of the six polymers synthesized are listed in Table 1.
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Figure 1. Synthesis and molecular weight characterization of PDMAEMA-b-PS diblock
copolymers. a) Sequential RAFT polymerization of diblock copolymers. First, the DMAEMA
is polymerized, which is then chain-extended with PS to control the composition of the two
blocks. b) Stacked '"H NMR spectra in CDCl3 recorded for a series of PDMAEMA-b-PSy
diblock copolymers, where x and y represents the mole ratio of the corresponding block. ¢)
Normalized SEC traces, where DMF with 0.05 M LiBr salt is the mobile phase, mark a
significant increase in the diblock molecular weight (red — homopolymer PDMAEMA
precursor; elution time decreases from right to left (i.e., purple to orange — signifying an

increase in copolymer molecular weight).

Table 1. Molecular characteristics of PDMAEMA-PS diblock copolymers



Diblock Copolymers? Molar M giblock D¢ Mn,ps

Composition® (kg/mol) (kg/mol)¢
PDMAEM11-PS60 12/88 69.7 1.14 58.8
PDMAEM11-PS23 30/70 33.6 1.12 22.7
PDMAEM11-PS10 46/54 21.3 1.16 10.4
PDMAEM11-PS8 50/50 19.2 1.19 8.3
PDMAEM11-PS4 64/36 15.2 1.17 43
PDMAEM11-PS3 83/17 13.5 1.16 2.6

# Diblock copolymers (PDMAEMA-PS) synthesized via sequential RAFT polymerization
using macro-CTA PDMAEMA of M, =10.9 kg/mol and D = 1.12. The values after the polymer
block abbreviation represent the block molecular weight in kg/mol.

b Copolymer composition (PDMAEMA/PS) determined from '"H NMR in CDCl; by comparing
the PS aromatic SH signal integration to the PDMAEMA 2H signal.

¢ Number average molecular weight (M,) and dispersity (D) determined using SEC in DMF
with 0.05 M LiBr

4 M, of PS block in each composition obtained by subtracting My ppmarma from M giblock

2.2 Nanoscale self-assembly

The colloidal nanostructures formed from the Lewis adduct-induced self-assembly of
BCF/PDMAEMA-PS mixtures in toluene was examined by maintaining boron to nitrogen
molar ratio as 1 (i.e., B/N = 1.0). Figure 2 illustrates the self-assembly process where a 1 mL
BCF solution in dry toluene was added dropwise at the rate of 1 drop/ 30 s to the 1 mL of
diblock copolymer solution under vigorous stirring. The concentrations of the diblock and BCF

solutions are detailed in Table S1. The addition of BCF to PDMAEMA-PS induced self-



assembly similarly to the previously published PDPPS-PS system.? All resulting solutions
were colloidally stable, and the structure of the nanoscale structures was characterized using
transmission electron microscopy (TEM), dynamic light scattering (DLS), and small-angle X-
ray scattering (SAXS).

The formation of the Lewis adduct that is attached to the polymer was previously
predicted to lead to a demixing process due to the favorable interactions. The self-assembled
nanoscale structures are expected to adopt a core-corona morphology, where the solvent-
miscible block forms the corona and the incompatible block forms the core.?®?° Here, the self-
assembled colloidal structures are expected to exhibit a core containing the BCF/PDMAEMA

adduct, and the solvent-compatible PS block swollen in toluene as the corona (Figure 2).
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Figure 2. Self-assembly procedure to prepare colloidal nanostructures driven by the
formation of Lewis adducts. Dropwise addition of BCF into a solution containing
PDMAEMA-PS triggers self-assembly that is induced by the formation of non-covalent bonds.
Spherical micelles and vesicles form using different PDMAEMA-PS block mole fractions at
B/N molar ratio 1.0. The colloidal nanostructures adopt a core-corona morphology, where the
toluene compatible neutral block PS forms the corona and the BCF/PDMAEMA Lewis adduct

appears as a core of the micelle.
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Figure 3. TEM analysis of self-assembled nanostructures formed using Lewis-adduct
induced phase-transitions. a-f) Representative TEM images of self-assembled nanostructures
of PDMAEMA-PS mixed with BCF at a B/N = 1.0 in toluene. Spherical micelles, vesicles,
and large compound vesicles form with increasing PDMAEMA mole fraction (i.e., decreasing
PS molecular weight). a-c) The core diameter of the spherical micelles increases from 16 to 25
nm for samples PDMAEMA11-PS60, PDMAEMAT11-PS23, and PDMAEMA11-PS10. d-f)
The presence of vesicles are seen for samples PDMAEMA11-PS8 and PDMAEMA11-PS4,

and large compound vesicles form for PDMAEMA11-PS3.

TEM was employed to visualize the morphology of the self-assembled nanostructures
prepared using PDMAEMA-PS with different block molecular weights (Figure 3). The TEM
images clearly show a transition in nanoscale morphologies with decreasing PS molecular

weight. Initially, at high PS molecular weights (60, 23, and 10 kg/mol in Figures 3a-c), the
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copolymer forms well-defined spherical micelles. The particle size distribution graphs in
Figure S8 show that the core diameter of these micelles progressively increases, measuring 16
+ 3 nm, 18 £4 nm, and 26 &= 4 nm for PS molecular weights 60, 23, and 10 kg/mol, respectively.
The increase in micelle diameter suggests a direct correlation of increasing core size with PS
molecular weight.

A notable morphological transition is observed as the PS molecular weight is decreased
further to 8 kg/mol (Figure 3d), where both sphere and vesicle structures coexist, indicating
the onset of a morphology transformation. The presence of spherical micelles and vesicles are
seen for samples PDMAEMA11-PS8 and PDMAEMA11-PS4 (Figures 3d, 3e), but the
number ratio of micelles-to-vesicles decreases with decreasing PS molecular weight. As seen
in Figure 3, the micelle-to-vesicle transition is not abrupt, but gradual where the micelle-to-
vesicle number ratio decreases going from 1.6:1 for PDMAEMAI11-PS8 to 1:3.7 for
PDMAEMAT11-PS4. Over 450 micelles and vesicles were counted for each sample. Due to
phase coexistence, SAXS profiles were difficult to fit (see Figure S15). Finally, at the lowest
PS molecular weight (PDMAEMA11-PS3, Figure 3f), large compound vesicles®® (61 £ 15
nm) are evident, which are complex vesicle aggregates.

The reported nanostructured morphologies of spherical micelles, vesicles, and large
compound vesicles shown in Figure 3 follow a similar trend to amphiphilic diblock copolymer
systems with increasing hydrophobic block content. Here, instead of tuning the hydrophobic
block content, the mole fraction of the polyLB is changed. The PDMAEMA block molecular
weight is constant for all samples and the PS block length is varied, resulting in a change of
the polyLB mole fraction. When the degree of polymerization of the PS corona chain (Nps) is
very long compared to the PDMAEMA block, the polymer micelles are preferred due to the
corona block chains.?!*> The long PS chains provide a strong steric barrier that prevents the

BCF/PDMAEMA adduct cores from coming into direct contact with each other, favoring the
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formation of the most stable morphology (i.e., spheres, as seen in Figure 3a-c). Decreasing
Nps from 770 to 125, where Neppmaema = 69, results in larger micelles. A further decrease in
Npsto 105 leads to a micelle and vesicle phase co-existence (Figure 3d, e).>* Finally, when Nps
=25, only large compound vesicles are present in the system (Figure f). Therefore, the corona
chain length is a critical factor in controlling the resulting nanoscale morphologies when the
PolyLB block length is constant. Supporting Information includes additional TEM images
(Figure S9-S14) for all the compositions showing nanostructures at lower to higher
magnification.

Although the morphology transition shown in Figure 3 is similar to traditional
amphiphilic diblock copolymer systems, there are clear differences. First, the spherical micelle
and vesicle phase co-existence window is large. None of the PDMAEMA-PS block copolymers
results in a sample with only vesicles when B/N = 1.0 . Second, interestingly, no worm-like
micelles form. One possible reason for not seeing worm-like micelles is that the composition
window for worm-like micelles is narrow. Finally, the formation of large compound vesicles,
which was first reported by Eisenberg and co-workers, typically occurs at elevated salt
concentrations for poly(styrene)-poly(acrylic acid) (PS-PAA). The Lewis adduct-induced self-
assembly reported here is in toluene and therefore no salt is present. The discrepancies in self-
assembled morphologies reported here as compared to traditional amphiphilic block
copolymers could be due to fundamental differences in the self-assembly mechanism, which is

currently being investigated.
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Figure 4. DLS and TEM comparison of colloidal nanostructure dimensions. a) All six
PDMAEMA-PS samples at a B/N = 1.0 in toluene were analyzed using DLS. The DLS plot
exhibits an increase in particle size with decreasing PS molecular weight. b) A plot showing
the size differences of the colloidal structures from DLS and TEM techniques. Size ranges ~
40-500 nm (DLS) and ~16-60 nm (TEM). DLS measures the hydrodynamic diameter of the

particles and therefore we see larger size in comparison to TEM.

The colloidal nanostructures were further investigated using DLS. The PDMAEMA-
PS diblock copolymer nanostructures at a B/N = 1.0 in toluene exhibit a monomodal particle
size distribution, with mean hydrodynamic diameters (du) ranging from 40 to 500 nm (Figure
4a). The red line in Figure 4b represents du for the six different PDMAEMA-PS diblock
copolymer samples obtained from DLS, while the black trace indicates the TEM results.
Interestingly, the increase in the dy of the colloidal nanostructures with respect to PDMAEMA
block mole fraction (Figure 4b) is significantly greater than the core dimension increase
assessed from TEM (Figure 3). The size differences observed between DLS and TEM are
expected, as DLS accounts for both the core and corona chains in the solvated state, while TEM
focuses solely on the core dimensions. As a result, the nanoscale measurements from DLS are
consistently larger than those from TEM, which aligns with the presence of spherical micelles
in the samples. For the samples containing vesicles, the size distribution is much broader,

leading to increased light scattering from larger vesicles, resulting in an overall larger
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hydrodynamic diameter. There is a potential of vesicle aggregates that would increase the
hydrodynamic diameter, but the solutions are colloidally stable and are therefore not expected
to be the reason for the larger size measured from DLS as compared to TEM. Additional SAXS
measurements were performed to provide insight into the nanoscale domains and are consistent

with the TEM data, as detailed in section S4 and Figure S15 in the Supporting Information.

2.3 Binding constant and dielectric constant measurements

As discussed in the previous section, BCF addition leads to self-assembly in polyLB
based diblock copolymers, yet the connection between molecular-level transitions during non-
covalent binding and larger-scale organization remains elusive. To elucidate the self-assembly
mechanism, first 'H NMR spectroscopic titrations were employed to confirm that the adduct
did form and to calculate equilibrium constants.>**> All titration experiments were conducted
in a glove box under an argon atmosphere to maintain a dry environment. A series of samples
with constant DMAEMA monomer concentrations and increasing BCF concentrations in tol-
ds (Figure 5a) were prepared and analyzed using '"H NMR spectroscopy. The concentrations
are reported in the Table S2. The chemical shifts were determined using the spectra plotted in
Figure 5b for different B/N ratios ranging from 0.2 to 1. Each spectrum shows the chemical
shift for protons ‘a’ (O—CHz2) and ‘b’ (N-CH2). In this system, the nitrogen atom in DMAEMA
(a Lewis base) donates electron density to the boron atom in BCF (a Lewis acid), leading to
increased shielding and resulting in upfield shifts in the NMR spectra. The observed upfield
shifts for both protons a (4.15 to 3.51 ppm) and b (2.30 to 1.76), suggest that the electron
density around these atoms increases as the B/N ratio increases, due to the formation of a
stronger Lewis acid-base adduct with higher BCF content. A binding isotherm was obtained

by plotting the magnitude of variation in chemical shift, Ad, associated with a resonance
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assigned to DMAEMA against the BCF concentration (Figure Sc). This isotherm was

subsequently analyzed using a 1:1 binding model.?>-3>-3

(Kq+[LAlo+[LBlo)— v/ (Kq+[LAlo+[LB]o)2—4([LAlo[LBo)
2[LB],

Aobs = Amax (Eq. 1)

Using the above expression (Eq. 1), the binding isotherms in Figure Sc¢ were fitted to a non-
linear regression analysis and the Kq values for BCF/DMAEMA complex were obtained as 1.4

x 102 M and 3.5 X 1072 M using the proton a and b, respectively.

Additionally, '’F NMR spectra in Figure S15 show three distinct signals, referred as 1,
with a ratio of 2:1:2 corresponding to the ortho (-134.95 ppm), para (-155.85 ppm), and meta
(-163.32 ppm) fluorine atoms of BCF. A significant upfield shift, highlighted in red in the same
figure, is observed due to the 1:1 adduct formation between BCF and DMAEMA. The
particular large shift (A = 3.45 ppm) of the para fluorine atoms is indicative of the transition

from a tri-coordinated to a tetra-coordinated boron.>’
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Figure 5. Determination of Ka using NMR titrations and static dielectric constant

measurements using DRS. a) Schematic representation of the reaction between Lewis base

DMAEMA and Lewis acid BCF, leads to the formation of a Lewis adduct. Right most image

displays the dipole moment (1 = 9.68 D) of the adduct as obtained from the DFT simulation

calculation. b) Stacked 'H NMR spectra for BCF/DMAEMA adducts in tol-ds varying B/N

mole ratio from 0.2 to 1.0 to record the change in chemical shift in ppm for proton a and b. c)

Binding isotherms for the titration of BCF to DMAEMA, where symbols signify the

experimental data and the lines represent the fits using a 1:1 binding model.
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Figure 6. Determination of static dielectric constant measurements using DRS. a)
Permittivity (black squares) and loss tangent (red squares) spectra for sample B/N = 0.058. The
static dielectric constant was obtained both through the flat level of the permittivity (black
squares) in the MHz range and by fitting the dielectric loss tangent (red squares) to Eq. 2 (red
line) and calculating using Eq. 3. b) Static dielectric constant of BCF and DMAEMA mixtures

at 25 °C at various B/N molar ratios.

The static dielectric (&) constant of BCF/DMAEMA mixtures was measured by
dielectric relaxation spectroscopy (DRS), detailed in the Experimental Section (Supporting
Information). As shown in Figure 6a, the static dielectric constant of adduct at B/N = 0.058
was obtained using two separate methods. In the first method, the static dielectric constant is
obtained from the flat level of the permittivity (black squares in Figure 6a) in the MHz range.
For the second method, the static dielectric constant was obtained by fitting the dielectric loss

tangent (red squares in the same figure) to the Debye equation:

wT

tanf = TraZei/m (Eq.2)
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where, 1 is the relaxation time of the electrode polarization process, and M is the ratio of the

sample thickness to twice the Debye length. Both t and M are used as fitting parameters from

Eq. 2, to obtain & using the following equation: 3

=0 (Eq. 3)

where, opc is the DC-conductivity obtained from the plateau on the conductivity spectrum and
€0 1s the permittivity of vacuum. Graphs corresponding to other B/N ratios are included in
Figure S16(a-f). As shown in Figure 6a and Figure S16(a-f), the static dielectric constant
obtained from these two methods is quite similar, thus validating the static dielectric constant
values. The static dielectric constant of adducts vs B/N ratio is plotted in Figure 6b. It is
apparent that the static dielectric constant increases sharply with an increase in the B/N ratio,
thus qualitatively proving the static dielectric constant of the adduct is much larger than that of

DMAEMA (&s,adduct >> €s,DMAEMA).

By assuming that the overall measured static dielectric constant of the mixtures follows
the simple additivity of the static dielectric constant from DMAEMA, BCF/DMAEMA adduct,
and left-over BCF (commonly used in dilute solutions),* the static dielectric constant
contribution of BCF/DMAEMA adduct (&s, adduct) at each B/N ratio can be calculated using the

following equation:

Esadduct = Es,mixture — WpDMAEMAEs,DMAEMA — WBCFEs,BCF (Eq. 4)

where, @pmagma represents the molar ratio of left-over DMAEMA in the mixture (Table S4),
€s,DMAEMA = 3.2 represents the static dielectric constant of DMAEMA measured using DRS,
opcr represents the molar ratio of left-over BCF in the mixture (Table S4), gpcr = 2.3
represents the static dielectric constant of BCF (calculated by the Onsager equation (Eq. 5),
with the dipole moment of BCF = 0.92 D as obtained from DFT simulation, Figure S16g).

Also, the dipole moment of DMAEMA approximated from DFT simulation is 2.23 D as shown
18



in Figure S16h. The dipole moment of BCF/DMAEMA adduct was then calculated using

Onsager equation:*’

2

Pom” _ (Es—E€ox0)(2E5+Ex0)
9gokT es(Ec0+2)2 (Eq' 5)

where, po is the dipole moment density, m is the dipole moment, g is the vacuum permittivity,
k is the Boltzmann constant, and €. = 2 is the high-frequency dielectric constant due to
electronic polarization. The dipole moment of BCF/DMAEMA adduct calculated at each B/N
ratio, represented in Table 2, shows that it remains closer to constant (~ 12.5 D) at different
B/N ratios. Additionally, these values agree roughly with the dipole moment obtained from
the DFT simulation (9.68 D, right most image in Figure 6a). These DFT results support the

validity of DRS experiments to calculate the dipole moment of the adduct.

Table 2. Adduct dipole moment calculated for each B/N ratio mixture using Eq. 4 and Eq. 5

BCF/DMAEMA (B/N molar ratio) Madduct (D)
0.011 12.0
0.023 11.3
0.034 12.8
0.046 12.4
0.058 13.9

The dipole moment of the Lewis adduct here formed by a dative bond is larger than that
in typical covalent molecules, where electronegativity differences drive dipoles, and also larger
than previously measured values for Lewis adducts in the gas phase.**> The reason for the
difference between the dipole reported here as compared to gas-phase measurements is that the

gas-phase measurements involved smaller molecules with shorter distances between
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interacting atoms. In this system, the electron density is more widely distributed over the
adduct, increasing the distance between donor-acceptor bonding charges and leading to a
higher dipole moment.** Thus, by utilizing dynamic chemical bonding during Lewis adduct
formation, we have designed polymeric adduct mixtures that exhibit significantly large dipoles
through non-covalent interactions.

Dipole-directed assembly is critical in synthetic and biological macromolecular
systems such as polyzwitterions, polyelectrolytes, coacervation, and proteins.** The role of
dipole-dipole interactions results in intermolecular associations that lead to a variety of
aggregate structures. Notably many of these structures cannot be predicted by orientationally-

4346 such as the Lennard-Jones potential or the Flory

averaged (isotropic) interaction potentials,
contact repulsion, both of which are ubiquitous in modelling polymer self-assembly. While
theory predicts that mismatched polarity between monomers leads to an increase in the

effective Flory interaction,*’*! the combination of reversible association alongside changes in

polarity remains comparatively unexplored.

3. Conclusions

Here, we present a comprehensive analysis of the self-assembly behavior of diblock
copolymers induced by non-covalent interactions, specifically focusing on Lewis adduct
binding-induced bond polarization. We demonstrate that introducing a small molecule, BCF,
as a Lewis acid to an aliphatic diblock copolymer system containing PDMAEMA as a
polymerized Lewis base, polyLB, triggers self-assembly, leading to the formation of different
nanostructured colloidal aggregates that depend on the polyLB block mole fraction. These
nanoscale structures adopt a core-corona morphology, where the solvent-incompatible
BCF/PDMAEMA adduct forms the core, and the solvent miscible PS block forms the corona.

Increasing the PDMAEMA block mole fraction first increases the size of the spherical micelles
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and for large PDMAEMA creates a micelle-to-vesicles transition, and ultimately to complex
large compound vesicles, thus highlighting the critical role of the block copolymer composition

in dictating the final morphology of the self-assembled structures.

The key finding of this study is the role of bond polarization during Lewis adduct
formation in driving the self-assembly process, which is supported by the dielectric constant
measurements of the BCF/DMAEMA adduct mixtures. The concept of binding-induced bond
polarization offers a new perspective on how non-covalent interactions can be utilized to
control the self-assembly of polymers. By revealing the connection between bond polarization
and self-assembly, this study provides a framework for exploring other non-covalent
interactions and their potential to drive the formation of complex nanostructures. Future
research could expand on these findings by investigating different polymer systems, varying
the types of Lewis acids and bases used, and exploring the effects of other external stimuli on
the self-assembly process, promising a new kind of smart, responsive materials designed for

various biomedical and catalysis applications.
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