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Functionalization-induced phase transitions in
polymer systems in which a postpolymerization reaction drives
polymers to organize into colloidal aggregates are a versatile
method to create nanoscale structures with applications related to
biomedicine and nanoreactors. Current functionalization methods
to stimulate polymer self-assembly are based on covalent bond
formation. Therefore, there is a need to explore alternative
reactions that result in noncovalent bond formation. Here, we
demonstrate that when the Lewis acid, tris(pentafluorophenyl)
borane (BCF), is added to a solution containing poly(4-
diphenylphosphino styrene) (PDPPS), the system will either
macrophase-separate or form micelles if PDPPS is a homopolymer or a block in a copolymer, respectively. The Lewis adduct-
induced phase transition is hypothesized to result from the favorable interaction between the PDPPS and BCEF, which results in a
negative interaction parameter (¥). A modified Flory—Huggins model was used to determine the predicted phase behavior for a
ternary system composed of a polymer, a solvent, and a small molecule. The model indicates that there is a demixing region (i.e.,
macrophase separation) when the polymer and small molecule have favorable interactions (e.g,, ¥ < 0) and that the phase separation
region coincides well with the experimentally determined two-phase region for mixtures containing PDPPS, BCF, and toluene. The
work presented here highlights that Lewis adduct-induced phase separation is a new approach to functionalization-induced self-
assembly (FISA) and that ternary mixtures will undergo phase separation if two of the components exhibit a sufficiently negative y.
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functionalization. Beyond the reported FISA reactions, there
are numerous postpolymerization functionalization strategies
to promote block polymer self-assembly in a controlled
manner and to tailor desired chemistries.’

Previous FISA techniques used nonreversible covalent bonds
to create self-assembled nanostructures, and once the
nanostructures are formed, disassembly of the aggregates is
difficult due to the formation of strong covalent bonds. To
expand the versatility of FISA in block copolymer systems to
create nanostructures that are able to transition between two
different morphologies, reversible and dynamic bonding
triggered via external stimuli is necessary." Common reversible
and dynamic bonds encompass a broad spectrum of bond
strengths ranging from weak 7—7 stacking and hydrogen
bonding to strong alkoxyamine cross-links and Diels—Alder
chemistry.'”~*° Although dynamic chemical bonds are ideal for

Driving morphological transitions in polymer systems via local
molecular changes using chemical reactions opens exciting
opportunities to create stimuli-responsive materials.' The
process of using chemical reactions such as functionaliza-
tion,2_4 deprotection,5 conjugation,6 chain-scission,7 or
polymerization®™'” to induce changes in a system falls under
the broad area of the reaction-induced phase transition
(RIPT)."" Functionalization-induced self-assembly (FISA), in
particular, is a promising approach in creating colloidal
nanostructures with access to various aggregate morphologies
with applications in biomedical imaging,'*~"* drug delivery,”
and catalysis.'> The use of FISA in AB diblock copolymer
systems uses postpolymerization chemical modification
methods to convert one polymer block that initially exhibits
favorable polymer—solvent interactions to one that will
separate from the solvent forming nanoscale aggregates due
to unfavorable interactions. Recent advances in FISA include August 15, 2021 POLYMERS "
Pd-catalyzed Suzuki—Miyaura cross-coupling,’ azo-coupling,” October 29, 2021
and thiol-epoxide ring-opening reactions.” In all the FISA November 1, 2021
examples, the size of the micelles after the reaction is ultimately November 17, 2021
dictated by the molecular weight of the reactive polymer block,

but intermediate sizes are possible by controlling the extent of
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PDPPS

micelle

Figure 1. Schematic representation of Lewis adduct-induced phase separation in PDPPS homopolymer and diblock copolymer systems. When BCF
is added to a polymer solution containing PDPPS that exceeds a B/P molar ratio threshold value, the system will either (a) macrophase-separate
forming a two-phase mixture or (b) form nanoscale colloidal aggregates.

responsive polymer networks that are recyclable and healable
as well as exhibiting tunable mechanical properties (e.g.,
transitioning between stiff and soft),”® the chemical bonds
either do not influence or have minimal impact on the polymer
chemical interaction with the environment, preventing induced
changes in the nanostructure as a result of chemical bonding.
Therefore, it is pertinent to explore alternative reversible and
dynamic bonding motifs that lead to changes in the polymer
chemical interaction that will induce nanoscale transitions
between different phases.

A class of reversible and dynamic noncovalent bonds that
involve donor—acceptor interactions are Lewis pairs, in which
the Lewis acid (LA) accepts an electron lone pair from the
Lewis base (LB) to form a dative bond.”"** A distinctive
feature of Lewis adducts is that the binding energy of the
dative bond is tunable by electronic and steric modifications of
the LA or the LB.”"* In a classic Lewis adduct involving
boron trihydride and ammonia, the bond dissociation energy is
estimated as 31 kcal/mol, which is approximately a third of the
bond dissociation energy needed for a carbon—carbon single
bond.** Therefore, it is possible to tailor specific bond energies
in Lewis adduct macromolecular systems to tune the properties
of materials for specific applications such as sensors, gas
storage, or catalysis.”> The dynamic adduct has been recently
used to synthesize reversible polymer networks that are self-
healing; however, a fundamental understanding related to the
influence of the formation of Lewis adducts on polymer self-

36

assembly has yet to be determined.'®”® For example, work
from Yan and co-workers showed that the addition of CO, to a
solution containing two different diblock copolymers where
both had poly(styrene) (PS) as one block and either a polyLA
(i.e., poly(4-styryl-di(pentafluorophenyl)borane)) or a polyLB
(i.e., poly(4-styryldimesitylphosphine)) induced micelliza-
tion,”” but the underlying self-assembly process is still
unknown. Incorporating Lewis adduct chemistry to induce
self-assembly is an effective method to synthesize tailorable and
responsive nanostructures with biomedical and catalysis
applications.

In an effort to determine the impact of Lewis adduct
formation on solution polymer self-assembly, we uncovered for
the first time that Lewis adduct formation drives macrophase
and nanoscale phase transitions when a small molecule Lewis
acid is added to either a poly(LB) homopolymer or diblock
copolymer while in solution. Specifically, when the Lewis acid
tris(pentafluorophenyl) borane (BCF) is added to a solution
containing a poly(LB) such as poly(4-diphenylphosphino
styrene) (PDPPS), the system will either macrophase-separate
or form micelles if PDPPS is a homopolymer or a block in a
copolymer, respectively (Figure 1). *'P nuclear magnetic
resonance (NMR) was used to confirm that indeed the Lewis
adduct is formed, but the bond is weak as quantified by
measuring the dissociation constant (Kg). Although the Kj
value indicates that the B/P bond is weak, the adduct
formation has a major impact on the self-assembly of the
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Figure 2. Determining the ternary phase behavior for mixtures containing PDPPS (M, = 3.9 kg/mol), BCF, and toluene. (a) Visual assessment of
one-phase and two-phase mixtures with an increasing B/P mole ratio. One-phase solutions are clear and colorless, while two-phase samples are
cloudy, indicating that the polymer is phase-separated from toluene. (b) Predicted ternary phase behavior with respect to B/P mole ratio using a
modified Flory—Huggins model, in which two components have favorable interactions. The red points connected by red lines are equilibrium
coexistence concentrations from a fully fluctuating simulation of the model, and the blue points are experimentally determined data points shown in

Figure 2a.

polymers. The Lewis adduct-induced phase transition is
hypothesized to result from the favorable interaction between
the PDPPS and BCF, which results in a negative interaction
parameter (y). A modified Flory—Huggins model was used to
determine the predicted phase behavior for a ternary system
composed of a polymer, a solvent, and a small molecule. The
model indicates that there is a demixing region (ie.,
macrophase separation) when the polymer and small molecule
have favorable interactions (e.g., ¥ < 0) and that the phase
separation region coincides well with the experimentally
determined two-phase region for mixtures containing
PDPPS, BCF, and toluene. The work presented here highlights
that Lewis adduct-induced phase separation is a new approach
to FISA and that ternary mixtures will undergo phase
separation if two of the components exhibit negative y.

Two poly(LB)s containing PDPPS were synthesized with
controlled molecular weight and diblock copolymer composi-
tion to establish how the formation of a Lewis adduct drives
phase transitions (Figure 1). Two different synthetic methods,
living anionic polymerization and reversible addition—
fragmentation chain-transfer (RAFT) polymerization, were
used to synthesize the PDPPS homopolymer and the diblock
copolymer, respectively. The homopolymer, synthesized using
a modified living anionic polymerization procedure,”®
hibited a number-average molecular weight (M,) and a
dispersity (D) of 3.9 kg/mol and 1.13, respectively. The
PDPPS—PS diblock copolymer was synthesized using
sequential RAFT polymerization and had an M,, a D, and a
PDPPS volume fraction (fpppps) of 21.9 kg/mol, 1.19, and
0.17, respectively. The density of PS at 140 °C (e.g, 0.969 g/
cm?) was used for both PDPPS and PS blocks to calculate
feopps- . Sequential RAFT polymerization was utilized to
synthesize a diblock copolymer because of the residual PDPPS
homopolymer in the PDPPS—PS diblock copolymer sample
synthesized using living anionic polymerization. Molecular
weight and dispersity were determined using size-exclusion
chromatography (SEC) calibrated against PS standards.
Synthetic details and characterization results are in the
Supporting Information.

First, the influence of Lewis adduct formation on the phase
behavior of a ternary mixture containing PDPPS, BCF, and

ex-
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toluene (Tol) were systematically studied by changing the B/P
mole ratio (Figure 2a). In a typical experiment, BCF/Tol
solutions (2.1, 4.2, 5.25, 6.3, 8.4, and 10.5 mg/mL)
corresponding to B/P ratios of 0.2, 0.4, 0.5, 0.6, 0.8, and 1.0
were added to individual PDPPS solutions in toluene (5.5 mg/
mL) while stirring and visually assessed to determine one-
phase and two-phase regions (Figure 2a). At low B/P mole
ratios (B/P < 0.4), the ternary mixtures were clear and
colorless, indicating a one-phase mixture. At elevated B/P mole
ratios (B/P > 0.4), the mixtures become cloudy, signaling that
the samples macrophase-separate (Figure 2a). The phase
separation results shown in Figure 2a were unexpected, as both
PDPPS and BCF are individually soluble in toluene.

To gain insight into the phase separation behavior for the
ternary mixture containing PDPPS, BCF, and Tol, a predicted
phase diagram was established using a modified Flory—
Huggins model (Figure 2b). Specifically, the free energy of
mixing (F) was calculated using

F = 0ppppsl08 Poppps + Ppcelog Ppep + Prylog ory
(1)

where @ and ypppps/cr are the volume fraction of the
designated component and the Flory—Huggins interaction
parameter between PDPPS and BCEF, respectively. Here, it is
assumed that interactions between either PDPPS or BCF are
neutral with toluene (¥pppps/tol = XBcr/Tol = 0), and a molar
ratio between PDPPS and BCF is ¢ycr = f@pppps, which
determines the stoichiometric ratio between the B and P. Here,
XBCE/Tol 18 set to O to simplify the phase diagram, but arene—
perfluoroarene interactions are not insignificant™ and would
result in ypcp 1o < 0. Furthermore, the mole balance requires
that @7 = 1 — @pppps — @pcr = 1 — (1 + f)@pppps. Finally, the
volumetric degrees of polymerizations (N) used to predict the
phase diagram are 38, 3, and 1 for PDPPS, BCF, and toluene,
respectively. The volume of toluene was used as the reference
volume. We note that while more sophisticated treatments are
possible,”" systems with donor/acceptor interactions such as
those present here have been successfully modeled in the past
using a simple negative y parameter.32

If ypppps/sce is sufficiently negative, an unstable region
occurs, in which the PDPPS and BCF adduct will phase
separate from toluene. Specifically, when ypppps/pce = —7.5, the
predicted ternary phase diagram is shown in Figure 2b, in

+ Zeppps/BcE Propps?sCE
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which the @pppps is plotted versus B/P mole ratio and agrees
well with the experimentally determined one-phase and two-
phase regions at constant @pppps and varying B/P mole ratio.
For example, the simulation points in the phase diagram
calculated using dynamic simulations™ suggest that the ternary
mixture is one-phase when B/P < 0.2 and that the
concentration of polymer in the polymer-rich phase goes
through a maximum at B/P = 0.3. In addition to simulating
the phase diagram in Figure 2b when ¥pppps;Tol = ¥8cE/Tol = 0
and ypppps/scF = —7.5, supplementary simulations were
conducted to gain insight into the effect of changing BCE/
Tol interactions (e.g., ¥cr o1 # 0)- Specifically, the interaction
parameter between BCF/Tol was varied from favorable (e.g.,
XscE/Tol = —1) to unfavorable (e.g., ypcr/rol = 1), which still
resulted in a demixing region for both conditions, but the
breadth of the two-phase window increased with unfavorable
BCF/Tol interactions (See Figure S8 in the SI). More in-depth
studies include experimentally measuring y or using a more
sophisticated approach that models binding of components as
a chemical reaction to ;ustify the use of such a strongly
negative ypppps/scr value. !

The formation of the Lewis adduct and the dissociation
constant (K;) between BCF and the P in PDPPS were
confirmed and quantified, respectively, using 31p NMR (Figure
3). A series of PDPPS/BCEF solutions in toluene with varying
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Figure 3. *'P NMR spectra and binding isotherm to determine Kg.
(a) 3'P NMR spectra for PDPPS/BCF mixtures in toluene at different
B/P mole ratios (B/P = 0—0.175). The vertical blue line is to indicate
the change in ppm with increasing B/P mole ratio. M, = 3.9 kg/mol
for PDPPS. (b) Binding isotherm for the titration of BCF to PDPPS
in toluene. The solid blue line is the fit using a single binding model
for the 1:1 stoichiometric reaction between B and P. See the
Supporting Information for details.

B/P mole ratios were prepared via titration, and the change in
the chemical shift (Appm, which is the difference in ppm
between the neat PDPPS and the PDPPS/BCF mixtures) was
recorded. All prepared solutions were in the one-phase region
(B/P < 0.4). Figure 3a shows a downfield shift in the P NMR
peak associated with the P nuclei of the PDPPS and is
indicative of the deshielding of the phosphorus nuclei when
the P and B form an adduct. The plot in Figure 3b shows the
change in Appm with respect to the BCF concentration for
PDPPS. Additional '?F NMR titration experiments were
conducted for the small molecule triphenyl phosphine
(TPP), which is a small molecule analogue of PDPPS, and
BCF (see Supporting Information). The binding between
PDPPS and BCF is expected, as previously reported studies
show that the small molecule mixtures (TPP/BCF) do form
adducts.>*° Fitting the graph in Figure 3b with a single
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binding model for the 1:1 stoichiometric reaction between B
and P allows for the determination of Kd.36 The PDPPS/BCFE
adduct exhibits a K; = 4.8 X 107> M, while the TPP/BCF
complex exhibits Ky values of 2.8 X 107> and 2.2 X 107> M by
tracking the ppm change in the 'F NMR spectra using the
ortho and meta positions of BCF (see Supporting Information).
K4 values for both PDPPS/BCF and TPP/BCEF are within the
same order of magnitude, indicating that the binding between
P and B in both systems is similar. The reported Ky values
indicate that the binding between P and B for the Lewis
adducts explored is weak but is stronger than the measured Ky
for the BCF and tris(2,4,6-trimethylphenyl)Qhosphine adduct,
which is reported to be on average 2 M.”” The difference
between Ky values is predicted to be a result of the increased
bulkiness of tris(2,4,6-trimethylphenyl)phosphine and the
stronger arene—perfluoroarene intermolecular interactions
with BCF and PDPPS.’ Although the binding between
PDPPS/BCEF is considered weak, it has a drastic effect on the
phase behavior of the ternary system. It is important to note
that the BCF was used as received and contains bound water,
as confirmed with 'F NMR and is consistent with a previous
report.’® Therefore, the BCF molecules with bound water will
have to either displace the water during Lewis adduct
formation or [BCF—OH]—[HPPh,]* forms, which will still
lead to phase separation.

FISA to create nanoscale colloidal aggregates using Lewis
adduct formation was demonstrated with a PDPPS—PS
diblock copolymer (Figure 4). As shown in Figure 2, the
PDPPS homopolymer will macrophase-separate when the B/P
mole ratio is greater than or equal to 0.4. In colloidal AB
diblock copolymer systems, nanoscale colloidal structures
adopt a core—corona structure, in which one polymer block
forms a shell swollen with solvent around the core, stabilizin
the aggregate, while the incompatible block forms the core.’
For aqueous systems, a solvent switch method is generally
used, in which water is slowly added to an amphiphilic diblock
copolymer solution containing a water miscible organic solvent
such as tetrahydrofuran, driving the hydrophobic block to
aggregate as the water content is increased.”” Here, the self-
assembly process for PDPPS—PS diblock copolymers with the
addition of BCF is related to standard solvent switch methods,
but instead of gradually varying solvent composition, the B/P
mole ratio is tuned. Therefore, to induce nanoscale self-
assembly, a BCF/Tol solution is slowly added to a PDPPS—
PS/Tol solution at the rate of 0.20 mL/30 s at room
temperature while stirring. The BCF concentration in the
BCF/Tol solution is adjusted to achieve the desired B/P mole
ratio.

The dynamic light scattering (DLS) results and transmission
electron microscopy (TEM) images confirm the formation of
nanoscale aggregates when BCF is added to a PDPPS—PS/Tol
solution (Figure 4). When B/P = 0, the DLS results indicate
that the PDPPS—PS diblock copolymer exhibits a hydro-
dynamic diameter (dy) of 8.3 nm, which is from the single
diblock copolymer chain. When the B/P mole ratio is
increased to 0.6, a second peak is seen at dy = 22.1 nm,
which is attributed to the formation of micelles. In addition to
the second peak that forms when B/P = 0.6, the peak
associated with the free PDPPS—PS diblock copolymer is also
present. When the B/P mole ratio is increased further to 0.8
and 1.0, a much larger peak is seen that corresponds to
aggregates that are on average 785 nm. The TEM image in
Figure 4b confirms that the colloidal aggregates that form are
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Figure 4. Characterization of nanoscale colloidal aggregates that form using Lewis adduct-induced self-assembly. (a) Hydrodynamic diameter size
distribution of PDPPS—PS/BCF mixtures measured by DLS at 90°. (b) TEM image of a PDPPS—PS/BCF mixture when B/P = 0.8. The sample
was prepared by drop-casting the solution onto a TEM grid. (c) Photograph of a PDPPS—PS/BCEF solution when B/P = 0.8. (d) Scheme depicting
the proposed two-step nanoscale self-assembly process with an increasing B/P mole ratio.

on the order of 1 ym. The photograph in Figure 4c is for a
sample with B/P = 0.8 and shows that although the colloidal
aggregates that form are large, the sample is colloidally stable
as compared to the photograph shown in Figure 2a for the
PDPPS homopolymer sample at the same B/P mole ratio.

The DLS results in Figure 4a indicate that there is a two-step
self-assembly process with an increasing B/P mole ratio. The
first step involves forming isolated micelles, whereas the
second step is predicted to correspond to the aggregation of
the micelles. The schematic shown in Figure 4d shows the
progression from a PDPPS/toluene solution containing single
diblock copolymer chains when B/P = 0, to isolated micelles
when B/P < 0.6, and finally to micellar aggregates when B/P >
0.6. Although the predicted isolated micelle structure is
expected to consist of a core containing the PDPPS/BCF
Lewis adduct and the corona consisting of the PS block
swollen with toluene, additional experiments are necessary to
confirm the proposed structure. The large aggregates that form
when B/P > 0.6 are hypothesized to be micellar aggregates,
because it is not possible for the core size of a single micelle to
be greater than a few tens of nanometers when the PDPPS
block molecular weight is M, = 3.6 kg/mol. The reason for the
formation of large micellar aggregates when B/P > 0.6 is still
under investigation.

Adding a stronger Lewis base such as triethylamine (TEA)
to a PDPPS—PS/BCF mixture containing colloidal aggregates
will reverse the micellization process (Figure S). As shown in
Figure 5, when a mole ratio of TEA/BCF = 1:1 is added to a
PDPPS—PS/BCF mixture containing large micelles (e.g., dy &
780 nm) when B/P = 0.8, the micelle size decreases. Although
there are still small micelles left, free PDPPS—PS chains are
present. We hypothesize that the addition of TEA will
preferentially bind to the BCF, reversing the Lewis adduct-
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Figure S. DLS histogram showing a decrease in the hydrodynamic
diameter of colloidal aggregates formed when triethylamine (TEA) is
added to a PDPPS—PS mixture at B/P = 0.8. When a mole ratio of
TEA/BCF = 1:1, the resulting mixture contains both isolated micelles
and single PDPPS—PS chains.

induced self-assembly between PDPPS—PS/BCF. We are
currently exploring methods to completely reverse the

micellization.
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Here, we demonstrate a new FISA method for creating self-
assembled nanoscale structures using Lewis adduct formation.
We use a modified Flory—Huggins mixing theory to predict
the phase behavior of a ternary mixture containing PDPPS,
BCF, and toluene, and the results are in accordance with the
experimentally determined phase behavior. Flory—Huggins
theory indicates that there is a region in phase space in which
two components will phase separate when the interaction
between the two species is favorable (e.g., ¥pppps/scr < 0). The
realization that ternary mixtures in which two species exhibit a
negative y value will lead to phase separation under specific
conditions has broad implications in different macromolecular
systems. The phase separation behavior of the PDPPS
homopolymer with the addition of BCF was used to induce
micelle formation in a PDPPS—PS diblock system in which the
PDPPS/BCF adduct forms the core and the PS block forms
the corona. The PDPPS—PS self-assembly progression under-
goes a two-step process, in which isolated micelles form first
and then aggregate, resulting in large colloidal aggregates that
are still colloidally stable, as opposed to the neat PDPPS
homopolymer system that macrophase-separates. Furthermore,
the addition of a stronger base such as TEA will reverse the
micellization process. The use of Lewis adducts to induce
polymer self-assembly opens new ways to create colloidal
nanostructures displaying stimuli-responsive properties due to
the reversible and dynamic noncovalent bonding afforded by
the Lewis acid/base pair.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acspolymersau.1c00024.

Experimental details, polymer characterization such as
'H and *'P NMR, and descriptions of binding constant
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