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Polyphosphinoborane Block Copolymer Synthesis Using Catalytic
Reversible Chain-Transfer Dehydropolymerization

James J. Race, Alex Heyam, Matthew A. Wiebe, J. Diego-Garcia Hernandez,
Charlotte E. Ellis, Shixing Lei, lan Manners,* and Andrew S. Weller*

Abstract: An amphiphilic block copolymer of polyphos-
phinoborane has been prepared by a mechanism-led
strategy of the sequential catalytic dehydropolymeriza-
tion of precursor monomers, H;B-PRH, (R=Ph, n-
hexyl), using the simple pre-catalyst [Rh-
(Ph,PCH,CH,PPh,),]Cl. Speciation, mechanism and pol-
ymer chain growth studies support a step-growth process
where reversible chain transfer occurs, i.e. H;B-PRH,/
oligomer/polymer can all coordinate with, and be
activated by, the catalyst. Block copolymer
[H,BPPhH];,,-b-[H,BP(n-hexyl)H];; can be synthesized
and self-assembles in solution to form either rod-like
micelles or vesicles depending on solvent polarity. )

Introduction

Organic block copolymers (BCPs), in which chemically-
distinct segments of monomer units are linked together in a
polymer chain, have played an important role in the
development of macromolecular science."! The solid-state
and solution self-assembly behavior of BCPs has led to
technologically-important ordered nanostructures,” such
as films containing phase-separated nanodomains and
micelles. Self-assembled BCPs have found a variety of
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applications which include nanolithography, high-perform-
ance additives, and delivery agents in biomedicine.!’ The
synthesis of BCPs based on inorganic elements is also of
substantial interest as a result of the complementary
functionality that can be introduced, such as plasma etch-
resistance, redox-activity, and useful preceramic properties.
To date, studies have mainly been limited to a small group
of  polymers such as  polysiloxanes,””  and
polyferrocenylsilanes!"™'!! in addition to several other
phosphorus-containing systems, including
polyphosphaalkenes!? and polyphosphazenes,'*'* (Sche-
me 1A).

Polyphosphinoboranes [H,BPRH], (R=aryl, alkyl,
Scheme 1B), have attracted particular recent attention due
to the valence-isoelectronic relationship they have with
polyolefins; as well as their potential to act as lithographic
resists,[”! precursors to PB ceramic materials,"*!” hydro-
philic surfaces,™ swellable gels,'”! and flame-retardants.”*"!
BCPs based on polyphosphinoboranes are currently un-
known. These materials would be of interest for the
fabrication of nanostructured thin-films and self-assembled
micelles in solution where the characteristics of the
phosphinoborane segment may be exploited in nanopat-
terning and other materials applications.

Polyphosphinoborane homopolymers are generally (but
not exclusively® ") synthesized by the catalytic
dehydropolymerization®™?!  of  precursor  primary
phosphine-boranes, H;B-PRH,, where H, is the only by-
product (Scheme 2A). While initial reports used melt
conditions at temperatures of up to 130°C with catalysts
such as [Rh(COD)CI],,?"! more recently catalyst systems
that operate in solution at lower temperatures (e.g. arenes,
100°C) have been reported,™>"! exemplified by
[Cp*RhCH;(PMe;)(CICH,C1)|[BAr",], L and versatile
CpFe(CO),0Tf, ILI$33 A step-growth-like mechanism is
suggested to operate using catalyst L% In contrast, for II a
non-living chain-growth mechanism is proposed.®! Such
catalyst-dependent changes in mechanism has been noted

~Hbcl: - fH

polyphosphaalkene
block copolymer

polyphosphazene

block copolymer polyphosphinoborane

Scheme 1. A) Examples of block copolymers of polyphosphaalkanes!'?
and polyphosphazenes." B) Polyphosphinoborane (R=alkyl, aryl).
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A Dehydropolymerization and selected catalysts
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Scheme 2. A) Phosphine-borane dehydropolymerization; B) This work.

before for group 13/15 dehydropolymerizations.F**>3 We
now report, by using the simple pre-catalyst [Rh-
(Ph,PCH,CH,PPh,),]Cl, 1, and harnessing a step-growth
like mechanism in which reversible chain transfer also
occurs,” a polyphosphinoborane block copolymer can be
prepared containing aromatic and alkyl substituted seg-
ments. We also describe that this material shows sufficient
amphiphilicity to self-assemble in solution to form rod-like
micelle nanostructures, Scheme 2B.

Results and Discussion

We have previously briefly reported that the Rh' cationic
catalyst, [Rh(L")(n’-FC4Hs)[BAT",] (L'=
Ph,PCH,CH,CH,PPh,) will dehydropolymerize
H;B-PPhH, under melt conditions to form [H,BPPhH],,
while solution conditions produced shorter-chain
oligomers.’! Detailed stoichiometric reactivity studies
using this catalyst, with primary and secondary phosphine—
boranes, show that a Rh"" complex with a chelating P-H
activated diboraphosphine is a plausible intermediate, e.g.
[Rh(L")H(o,n-PR,-BH,PR,-BH;)][BAr",], Il (R=H, Ph,
3,5-(CF;),C¢H,);7* Wanting to use a simpler, potentially
more robust, catalyst that did not involve the costly
[BArf,]” anion we explored the use of air-stable [Rh-
(Ph,PCH,CH,PPh,),]Cl, 1, in the anticipation that the
chelating phosphine may become labile under the con-
ditions of catalysis (~100°C). Optimization of conditions
showed that 1mol% 1, 1.25M H;B-PPhH,, heated at
100°C in toluene for 19 hours in a sealed thick-walled
NMR tube, followed by precipitation into hexanes,
afforded [H,BPPhH], as a white solid in 86 % isolated
yield.®! GPC analysis (relative to polystyrene standards,
see later) showed an essentially mono-modal distribution:
M,=26500 gmol™', D=1.6 (Table 1). NMR spectroscopic
data are fully consistent with those reported previously for
[H,BPPhH],,””* in particular in the *P NMR spectrum a
single environment is observed at 6 —49.4 as a broad
doublet, ‘J(PH) =355 Hz. Under these conditions no sig-
nificant amounts of shorter chain, or cyclic, oligomers are
observed.”*! Complex 1 will also dehydropolymerize
relatively electron-poor H;B-P(3,5-(CF;),CsH;)H, to form
higher molecular weight polyphosphinoborane [H,BP-
(3,5-(CF;),C¢H3)H],, M,=127500 gmol™!, D=12 in the
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Table 1: Phosphine-borane dehydropolymerization.

—He R H
HyB-PRH, 1 (x‘mol %) %é_é%
time [
1.25M toluene, 100°C H H ],
R mol% M b Yield®  Time [hrs]
Ph 1 26500 1.6 86 % 19
3,5-(CF;),CH; 1 127500 12 62% 19
n-hexyl 3 33000 1.3 50% 66

[a] Relative to polystyrene standards, THF (0.1 w/w% [N"Bu,]Br),
2.0 mgml™". [b] Isolated yield, [c] A persistent, but small, amount of
co-product is also formed, which is tentatively assigned as cyclic
oligomers.

same reaction time (Figure S6)."®! Here, the atacticity of
the polymer backbone is revealed in the P NMR spectrum
by a statistical distribution of proposed rr, [rm, mr] or mm
triads, SC'P{'H}) —45.6, —46.9, —48.3 (1:2:1 respectively),
as noted previously.'*! n-Hexyl phosphine—borane is
also dehydropolymerized using 1 to form [H,BP(n-
hexyl)H], as a colorless, hexane-soluble, oil, M,=
33000 gmol~', P =1.3;"* but in this case a higher catalyst
loading (3 mol%) and longer reaction times (66 hours) are
required, consistent with the lower reactivity of alkyl
phosphines.['®! Purification of this hexane-soluble polymer
was by passage through a short silica plug using CH,Cl,,
although this does not remove a trace of (H;B),-dppe (see
later). In the *'P NMR spectrum a broad signal at § —63.0 is
observed.["*! GPC analysis also showed a small amount of
lower molecular weight oligomers (M, ~2500 gmol ™).

In situ catalyst speciation studies (3 mol% 1, 0.25M
H;B-PRH,) using *'P{'H} NMR spectroscopy showed that
in all cases (H;B),-dppe is formed immediately (5 18.71*)
alongside free PRH,, demonstrating loss of dppe in the
active catalyst. Focusing on H;B-PPhH, in the early stages
of catalysis (10 mins, 23 % conversion of monomer) 'H
NMR spectroscopic analysis of the hydride region showed
broad environments centered at § —1.9 and § —14.2 in a
3:1 relative integral respectively. Repeating at 10 mol% 1
for improved signal intensity, revealed more than one
resonance in each chemical shift range, and that only the
relative integral 3 H signal sharpened on decoupling "B,
identifying these signals as being due to Rh--H;B and
Rh-H  respectively.®”  In  addition to  free
(poly)phosphinoboranes, the 'B NMR spectrum displayed
signals at § —3.1 and § —16.6. The *'P{'"H} NMR spectrum
was uninformative with regard to identifying organometal-
lic species due broad and weak signals that also overlap
with polymer/oligomer signals. These data are similar to
those reported for diboraphosphine complexes III [R,=
Ph,, CyH; e.g. 8("'B) 3.2, —27.2, 8('H) —1.19, —14.10],F"*%
and the multiple environments observed are consistent
with different diastereoisomers,”! ie., [Rh-
(Ph,PCH,CH,PPh,)H(c,n-PPhH-BH,PPhH-BH;)|Cl, 2,
Scheme 3A. Complex 2, and a similar mixture of diaster-
eoisomers, can also be formed by direct addition of a slight
excess of H,B-PPhHBH, - PPhH," to [Rh-
(Ph,PCH,CH,PPh,)(n°-C{HsF)|[BAT", ] at 298K in d-
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Phyp— "<, -B §0.1 .
2P |I>Ph H™ g g HaB-PPhHBH, PPhH,
2 o
2 R=H 0 +
0 2 Time / hrs4 6
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3 HyB-PPhH,
(H3B)2-dppe + 2 PPhH,
Bh H PPhHR
w = Lp=
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\ Bhe PPhHR”
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H3B-PPhHR —H,
2
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, H
R,R”=Hor R =Hor /2\ _BH,
H,PhP” P

H2 PhH
H,PhP \; PN /6 Sp BH; Cycle 2 onwards
PhH /n Ho
B_ BHj
H,PhP P
nz=0 2 PhH /n

Scheme 3. A) Suggested resting state at the early stages of catalysis;
B) Temporal evolution of catalysis (3 mol% 1, 0.25 M H;B-PPhH,);
C) Proposed, simplified, catalytic cycle and P—B coupled products.

toluene. ESI-MS analysis*! showed a molecular ion at m/
z7=747.2 (calc. 747.2) with the correct isotopologue pattern.
Irrespective of the method of synthesis, accompanying 2
are unidentified minor hydride signals observed between
—15 to —16 ppm, that become dominant as catalysis
reaches completion. These are currently unidentified,*!
but as catalysis restarts on addition of more H;B-PPhH,
they are not deactivation products. Complex 2, at least at
the early stages of catalysis, is thus identified as a likely
resting state.

Following reaction progress by 'H NMR spectroscopy
at 100°C (3 mol% 1), using the distinctive P—H resonances
between 5.5 and 3.5 ppm, reveals a first order decay of
H,;B-PPhH, (0.25M, ku,,=3.0(1)x10"*s™"), linear dibora-
phosphine H;B-PPhHBH,-PPhH, as an intermediate and
the growth in of oligomeric/polymeric [H,BPPhH],, Sche-
me 3B. Recharging with H;B-PPhH, restarts catalysis
(kgps=1.5(1)x10"*s™"). In a separate experiment (3 mol%
1) using H;B-PPhHBH,-PPhH, (0.14 M) as the precursor
resulted in its clean first order consumption (ky,,=1.0(1) x
10*s™) to form [H,BPPhH], (M,=61000gmol !, b=
1.3y with no H;B-PPhH, observed to the detection limit
of '"H NMR spectroscopy, indicating that depolymerization
to H;B-PPhH, is not significant (Figure S23). Combined
these observations on the resting state and the temporal
evolution of substrates and products lead us to propose a
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simplified mechanism, Scheme 3C, which is based on
previous, detailed, mechanistic studies using the closely
related dehydrocoupling of secondary phosphine—
boranes.* The essential components of this are: (i) the P/
B dehydrocoupling of -PPhH, and —BH; end groups at the
metal center to form 2 (R'"=H), or a close analog thereof,
i.,e. R’'=[PPhHBH,],PPhH-BH;; (ii) a reversible chain
transfer between bound and free phosphine-boranes; (iii) a
turnover limiting step that involves substitution of the
newly coupled oligomer with another phosphine-borane
(monomer/oligomer/polymer), that leads to the observed
first-order decay of monomers H;B-PPhH, or
H;B-PPhHBH,-PPhH,; (iv) an overall step-growth like
mechanism  that  supports the  observation of
H;B-PPhHBH, PPhH, as a persistent intermediate.

To probe this step-growth like mechanism further, a
number of experiments were conducted. Firstly, variation
in catalyst loading from 0.1 mol% to 2 mol% resulted in an
increase in M, of isolated polymer using higher loadings,
but incomplete conversions with higher dispersities at
lower loadings using the same reaction time (Scheme 4A).
These observations are consistent with a step-growth
mechanism, where higher catalyst loadings promote more
coupling events.® This is in contrast to catalyst II where
lower loadings resulted in higher M,, that was used as
evidence for a different, chain-growth, mechanism
operating.™ Secondly, catalyst 1 is able to couple shorter
polymers to form longer polymer chains, Scheme 4B.
Thirdly, a conversion/M, /D plot (by quenching individual
experiments at different times) clearly demonstrates step
growth propagation (Scheme 4C), with high MW polymer

A Catalyst loading y M,g/mol D Yield%
H3B-PPhH,

*Hz
1 (y mol%) Fl,h Fl' 0.1 7,500 22 50
: —_— P—B
19 hrs o 05 18000 17 60
1.25M toluene, 100°C H H |, 2.0 33,000 15 82

B Coupling polymer units

Ph H Ph H
(1 mol% [
P—B
19 hrs [
n  toluene, 100°C H H m

M, = 6,000 g/mol M, =49,000 g/mol |
p=28 =15 3

7 GPC

RI Response

log(MW (@/mol)) 6
C M, versus conversion

—H,
1(1 mol?
HeB-PPhH, — (1 MOr%)

ime
1.25M toluene, 100°C

0 50 100
Conversion (%)

Scheme 4. Experiments to probe step-growth propagation A) Changes
in catalyst loading, yield =isolated yield; B) Dehydrocoupling of shorter
polymers, dotted line shows initial shorter polymer; C) Molecular
weight and dispersity versus conversion. Conversion = conversion of
H;B-PPhH,. 99% conversion was reached after 19 hrs, the final point
was taken after 5 days (M, =77000 g mol™).
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only formed at very high conversions of monomer, that is
also accompanied by a decrease in dispersity.”>*! Very
high MW polymer (M,=77000gmol!) is only formed
after 5 days reaction time. In contrast, for a chain growth
process, high molecular weight polymer would be expected
to be observed at low conversions of monomer.**"
Collectively these observations support a step-growth
mechanism where reversible chain transfer occurs, i.e.
H;B-PPhH,/oligomer/polymer can all coordinate with, and
be activated by, the catalyst. By harnessing this mechanism,
we next show that novel block copolymers of polyphosphi-
noboranes can be synthesized.

It is well established that GPC/RI detection using
conventional column calibration (CCC) against polystyrene
standards overestimates the degree of polymerization in
polyaminoboranes, by between a factor of 3 to 10, due to
the fundamental chemical differences between group 13/15
and hydrocarbon-based polymers (e.g., BH/NH versus
CH).*#1 1t is likely a similar relationship holds for
polyphosphinoboranes. Thus, to characterize any block
copolymers formed a more accurate representation of
degree of polymerization is required, and this comes from
multi-angle light scattering (MALS) detection. Using a
variety of polyphosphinoborane samples produced in the
study here allows for a calibration graph that relates M,
data from MALS with those from CCC (Figure S35). This
shows that, on our instrumentation set up (Supporting
Materials), CCC overestimates M, approximately 3—4-fold
for polymers measured between 80000 and 20000 gmol
using CCC, and likely even higher for lower molecular
weight polymers/oligomers.

With this calibration in hand, taking pre-formed
[H,BPPhH],, M,(MALS)=7000gmol™!, with H;B-P(n-
hexyl)H, monomer (1.25M in toluene), catalyst 1
(3 mol%), and heating for 66 hrs at 100°C resulted in a
mixture of products by *P{'H} NMR spectroscopy, includ-
ing homopolymer [H,BP(n-hexyl)H], and related short-
chain oligomers. Using the noted solubility difference
between Ph- and n-hexyl substituted polyphosphinobor-
anes, extraction into hexanes selectivity removed polymers/
oligomers containing only n-hexyl groups. Importantly the
hexane insoluble portion displayed both phenyl and hexyl
resonances in the corresponding 'H and *'P spectra, an
initial indication that a block copolymer had been formed,
Scheme 5.°" For example in the *'P NMR spectrum a signal
at 8 —49.5 [J(PH)=350Hz] is assigned to [H,BPPhH],
segments, while a cluster of signals centered at —63.4 is

Ph H , 3_H2|°/ Ph H hex H
H3B-P(n-hex)Hy+ _1omak
" eehis
1M 57 toluene, 100°C 110 Mo 11

l, (CCC) =28,500 g/mol M, (CCC) 46,0002 g/mol
b=13 =1.42

M, (MALS) =7,000 g/mol M, (MALS) =15,000 g/mol
=13 =13

Scheme 5. Synthesis of [H,BPPhH];;4-block-[H,BP (n-hexyl)H];;.
CCC=Conventional Column Calibration. * Data from the major, high-
molecular weight component.
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assigned to [H,BP(n-hexyl)H],, interestingly in which the
atacticity can now be observed,!'” Figure 1A. The approx-
imate ratio of these two distinctly different regions is 10:1.
Interrogation of the 'H NMR spectrum in the P—H region
indicates a similar ratio of Ph to n-hexyl units. Additional
smaller signals are observed in the *'P NMR spectrum at &
—55.8 as an apparent triplet, that simplifies to a singlet on
decoupling 'H, and & —48 (partially obscured). These could
reflect connecting units between block segments, P(n-
hexyl)H, end groups!"”*" or hexane insoluble small oligom-
ers. GPC analysis using MALS detection showed polymer
with an increased degree of polymerization M,=
15000 gmol™ (P=1.3; CCC, M,=46000gmol"), Fig-
ure 1B. With the relative ratios from the NMR spectra and
the absolute molecular weight from MALS this approx-
imates the composition of this new block copolymer to
[H,BPPhH],,,-b-[H,BP(n-hexyl)H];;, BCP1. A small
amount of low molecular weight oligomer (2500 gmol )
is also observed in the GPC spectrum. As pre-formed
[H,BPPhH], contained no such species, we assign this to
short oligomers of [H,BP(n-hexyl)H],.

'H Diffusion Ordered Spectroscopy (DOSY, CDCl;,
298 K) provides further evidence for the formation of a
block copolymer, Figure 1C. DOSY has been used pre-
viously for the analysis of polyphosphinoborane
homopolymers®”! as well as hydrocarbon-based block
copolymers.”!! Taking each homopolymer of similar MW
(CCC, M,=44000-33000 gmol™") shows that [H,BPPhH],
and [H,BP(n-hexyl)H], have very different diffusion coef-

A3P NMR B GPC

15,000 g/mol
[H2BPPhH];;0-b-[HzBP(n-hex)Hly; 7,000 gimol ~ (HALS)
© ;
8 (MALS)._
2 | ~500 g/mol
€ | (MALS)
x
45 50 55 60 -65 -70 3 log(MW (g/mol)) 55
ppm (cce)
CHDOSY «,
J )l
| M \
e ‘~.,¥7 i m— ~ A — J | e— O ’U?
PPh PH BH, Pn-hex N\E
" a

1.95(5)x10710

1.99(3)x10710
(3) 9.6(2)x10-10

F2x107°

----------------- rop ,W r
Ry, (DOSY) =2.1£0.2 nm
Ry, (DLS) = 2.7+2.0 nm f 4x10“°
8 6 4 2 0
5 (ppm)

Figure 1. Solution characterization data for BCP1. A) *'P NMR spec-
trum (CDCl;); B) GPC (indicated M, from MALS), dotted line
represents initial homopolymer [H,BPPhH],; C) '"H DOSY (CDCl;,

298 K, 600 MHz) using a 2-term diffusion model for the aliphatic peaks
(minor component in italics). R, =Apparent hydrodynamic radius from
DOSY, Ry s =hydrodynamic radius from DLS. * residual solvent
signals.
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ficients (1.5(2) and 3.9(8) x 10 m?s™!, respectively, Figure
S42). However, BCP1 also has a different diffusion
coefficient, that is the same for both phenyl and hexyl
regions of the 'H NMR spectrum (1.99(3) and 1.95(5)
x107m*s™!), indicating both segments are in the same
macromolecule. A two-component model is needed to best
fit the data in the alkyl region, with a minor, faster
diffusing, component required (9.6(2) x 107 m*s™"). This is
fully consistent with the shorter, oligomeric, material
observed by GPC. Dynamic Light Scattering (DLS, CHCl;)
experiments place the apparent hydrodynamic radius of
BCP1 as 2.7+2.0 nm in CHCI; (Fig S44), a reasonable fit
with that from DOSY (2.1£0.2nm), and supports the
formation of non-aggregated polymer chains in CHCl,
solution.

While we currently cannot comment on the precise
order of events to form BCP1, the ability to reversibly bind
and activate different terminus P—-H/B—H groups is no
doubt important to the formation of a block copolymer. As
it is well established that P—H activation occurs more
quickly with PPhH, than with P(n-hexyl)H, (Table 1), and
also that catalyst 1 will couple pre-formed polymer
(Scheme 4), we suggest that a plausible order of events is a
relatively rapid coupling of shorter [H,BPPhH], units, with
the more reactive -PPhH, terminus (Scheme 3C), followed
by slower sequential step-growth addition H;B-P(n-
hexyl)H, or equivalent short chain oligomers.

Amphiphilic block copolymers are well-known to self-
assemble in solvents that are selective for one of the
constituent segments to form core—shell nanoparticles or
micelles."* By utilizing the different solubilities of the
blocks present in BCP1 self-assembled micellar nano-
structures should be formed in solution. Molecularly
dissolved BCP unimers were observed in pure THF and
CHC,, or in an equal volume mixture of THF and hexane
by dynamic light scattering (DLS) (hydrodynamic radius
R, <5 nm, Figure S44 and Table S6). When the volume
fraction of hexane was increased to 37.5 %:62.5 % v/v THF:
hexane, to enhance the selectivity for the —[H,BP(n-
hexyl)H];; segment of BCP1, DLS provided evidence for
the formation of self-assembled aggregates with R, =132+
12 nm (Figure S44). Decreasing the solvent polarity further
to 25%:75% THF:hexane resulted in larger aggregates
being formed (R, =180+30 nm, Figure S44 and Table S6).
The solvent composition and DLS data indicate that
micelles are formed with a core of the more polar
—[H,BPPhH];;, block and a corona of the less polar
—[H,BP(n-hexyl)H];; segment. The core:corona block ratio
ca. 10:1 classifies these systems as crew-cut micelles and
non-spherical morphologies, rather than star-like micelles,
would be anticipated based on packing-parameter
considerations.” Indeed, TEM images of drop-cast aliquots
of BCP1 in 37.5%:62.5% v/v THF:hexane solution re-
vealed the formation of rod-like micelles (10 nm x ~500 nm
in dimensions, Figure?2). In the less polar solvent mix
(25 %:75 % THF:hexane) assemblies with a spherical shape
were formed which were even larger in dimensions (
~250 nm, Figure S45). These assemblies are far too large
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Figure 2. TEM images of assembled structures of [H,BPPhH];,,-b-
[H,BP(n-hexyl)H];, BCP1, obtained from a 37.5%:62.5% v/v THF:
Hexane solution, without staining and after allowing the solvent to
evaporate. The structures highlighted in the box in (a) are shown with a
fivefold magnification in (b). The carbon film substrate also shows
evidence for the deposition of a unimer film formed by residual
molecularly dissolved BCP1. The very dark regions in the images are
believed to arise from electron-dense residual Rh catalyst-derived
impurities. Qualitative analysis for residual Rh-content in BCP1 using
inductively coupled plasma mass spectrometry (ICP-MS) revealed a
significant amount is retained (ca. 1 ppm).

to be conventional star-like micelles and are most likely
either compound micelles or, more likely, vesicles.”!

Conclusion

The synthesis of block copolymers of polyphosphinobor-
anes, and their self-assembly in solution to form well-
defined micellar structures, demonstrates that these main-
group polymers, that are valence isoelectronic with poly-
olefins, have the potential to have rich nanoscale proper-
ties. The step growth-like mechanism that operates, using
precatalysts such as 1, suggests future opportunities for
bespoke tuning of the macromolecular properties in these
group 13/15 polymers by variation of monomer functional
group.P¥ It will also be interesting to see if the methods
described here can be extended to other catalyst systems
that promote dehydropolymerization of phosphine-bor-
anes.

Acknowledgements

Dr C. Brodie, Professor S. McIndoe for useful discussions.
The EPSRC (EP/M024210, ASW), Universities of Oxford
and York (JRR). NSERC, the British Columbia Govern-
ment, the University of Victoria for graduate scholarships,
the Irving K. Barber Scholarship Society (MAW). The
National Council of Science and Technology of Mexico
(CONACyT) for a graduate scholarship (JDG—H). Dr.
Wilma Elias Graduate Scholarship in Chemistry (2020-
2021) and the Dr. Elisabeth Dixon Graduate Scholarship in
Chemistry (2021-2022) (CEE). The University of Victoria
for a Dr. Julius F. Schleicher Graduate Scholarship (SL).
The Canadian Government for a Canada 150 Research
Chair and NSERC for a Discovery Grant (IM). The authors
thank Dr. Jody Spence of the University of Victoria for
assistance with the acquisition of ICP-MS data.

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

QSUDIT SUOWIWO)) dATEAI)) d[qeorjdde oy) Aq PAUIOAOS a1k SI[IILIE Y SN JO SN 10§ ATeIqIT duI[uQ AJ[IA UO (SUODIPUOI-PUB-SULID}/ WO K[ 1M KTeIqrjourjuoy/:sdny) suonipuo)) pue swd ], 3yl 3RS ‘[7z0z/¢1/S1] uo Areiqry auruQ L1 1821 Aq 90191Z20T Q1UB/Z00 1 01 /10p/wod Ka[im: Kreqriaurjuoy/:sdny woiy papeojumod ‘0 ‘€LLETTST



GDCh
~~

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available
in the supplementary material of this article.

Keywords: Block Copolymer - Borane -
Dehydropolymerization - Phosphine - Self-Assembly

[1] H. Dau, G. R. Jones, E. Tsogtgerel, D. Nguyen, A. Keyes, Y.-
S. Liu, H. Rauf, E. Ordonez, V. Puchelle, H. Basbug Alhan, C.
Zhao, E. Harth, Chem. Rev. 2022, 122, 14471-14553.

[2] I. W. Hamley, Block Copolymers in Solution: Fundamentals
and Applications, Wiley, Chichester, 2005.

[3] N. Hadjichristidis, S. Pispas, G. Floudas, Block Copolymers:
Synthetic Strategies, Physical Properties, and Applications,
Wiley, Hoboken, 2003.

[4] F.H. Schacher, P. A. Rupar, 1. Manners, Angew. Chem. Int.
Ed. 2012, 51, 7898-7921; Angew. Chem. 2012, 124, 8020-8044.

[5] Y. Mai, A. Eisenberg, Chem. Soc. Rev. 2012, 41, 5969-5985.

[6] C. Cummins, R. Lundy, J.J. Walsh, V. Ponsinet, G. Fleury,
M. A. Morris, Nano Today 2020, 35, 100936.

[7] S. Ndoni, M. E. Vigild, R. H. Berg, J. Am. Chem. Soc. 2003,
125, 13366-13367.

[8] G. Kickelbick, J. Bauer, N. Huesing, M. Andersson, K.
Holmberg, Langmuir 2003, 19, 10073-10076.

[9] B. van Genabeek, B.F. M. de Waal, M. M.J. Gosens, L. M.
Pitet, A. R. A. Palmans, E. W. Meijer, J. Am. Chem. Soc. 2016,
138, 4210-4218.

[10] D. A. Rider, K. A. Cavicchi, K. N. Power-Billard, T. P. Russell,
1. Manners, Macromolecules 2005, 38, 6931-6938.

[11] I. Korczagin, R. G.H. Lammertink, M. A. Hempenius, S.
Golze, G.J. Vancso, Surface Nano- and Microstructuring with
Organometallic Polymers In: Ordered Polymeric Nanostruc-
tures at Surfaces. Advances in Polymer Science, Vol. 200,
Springer, Berlin, Heidelberg, 2005. https://doi.org/10.1007/12_
038.

[12] K.J.T. Noonan, D. P. Gates, Angew. Chem. Int. Ed. 2006, 45,
7271-7274; Angew. Chem. 2006, 118, 7429-7432.

[13] H.R. Allcock, S.D. Reeves, J. M. Nelson, C. A. Crane, I
Manners, Macromolecules 1997, 30, 2213-2215.

[14] D. Presa-Soto, G. A. Carriedo, R. de la Campa, A. Presa Soto,
Angew. Chem. Int. Ed. 2016, 55, 10102-10107; Angew. Chem.
2016, 128, 10256-10261.

[15] T.J. Clark, J. M. Rodezno, S. B. Clendenning, S. Aouba, P. M.
Brodersen, A. J. Lough, H. E. Ruda, I. Manners, Chem. Eur. J.
2005, 11, 4526-4534.

[16] H. Dorn, J. M. Rodezno, B. Brunnhéfer, E. Rivard, J. A.
Massey, I. Manners, Macromolecules 2003, 36, 291-297.

[17] H. Cavaye, F. Clegg, P.J. Gould, M. K. Ladyman, T. Temple,
E. Dossi, Macromolecules 2017, 50, 9239-9248.

[18] J. R. Turner, D. A. Resendiz-Lara, T. Jurca, A. Schifer, J. R.
Vance, L. Beckett, G.R. Whittell, R. A. Musgrave, H. A.
Sparkes, I. Manners, Macromol. Chem. Phys. 2017, 218,

1700120.

[19] A.W. Knights, S.S. Chitnis, I. Manners, Chem. Sci. 2019, 10,
7281-7289.

[20] A.W. Knights, M. A. Nascimento, 1. Manners, Polymer 2022,
247, 124795.

Angew. Chem. Int. Ed. 2022, 202216106 (6 of 7)

Research Articles

Angewandte

intemationaldition’y Chemie

[21] N. L. Oldroyd, S.S. Chitnis, V. T. Annibale, M. I. Arz, H. A.
Sparkes, I. Manners, Nat. Commun. 2019, 10, 1370.

[22] A. Stauber, T. Jurca, C. Marquardt, M. Fleischmann, M. Seidl,
G. R. Whittell, I. Manners, M. Scheer, Eur. J. Inorg. Chem.
2016, 2684-2687.

[23] C. Marquardt, T. Jurca, K.-C. Schwan, A. Stauber, A.V.
Virovets, G. R. Whittell, I. Manners, M. Scheer, Angew. Chem.
Int. Ed. 2015, 54, 13782-13786; Angew. Chem. 2015, 127,
13986-13991.

[24] M. A. Wiebe, S. Kundu, E. A. LaPierre, B.O. Patrick, I
Manners, Chem. Eur. J. 2022, 28, €202202897.

[25] D. Han, F. Anke, M. Trose, T. Beweries, Coord. Chem. Rev.
2019, 380, 260-286.

[26] H. C. Johnson, T.N. Hooper, A.S. Weller Top. Organomet.
Chem. 2015, 49, 153-220, https://doi.org/10.1007/978-3-319-
13054-5_6.

[27] H. Dorn, R. A. Singh, J. A. Massey, J. M. Nelson, C. A. Jaska,
A.J. Lough, I. Manners, J. Am. Chem. Soc. 2000, 122, 6669—
6678.

[28] U.S.D. Paul, H. Braunschweig, U. Radius, Chem. Commun.
2016, 52, 8573-8576.

[29] N.T. Coles, M.F. Mahon, R.L. Webster, Organometallics
2017, 36, 2262-2268.

[30] F. Schon, L. M. Sigmund, F. Schneider, D. Hartmann, M. A.
Wiebe, 1. Manners, L. Greb, Angew. Chem. Int. Ed. 2022, 61,
€202202176; Angew. Chem. 2022, 134, €202202176.

[31] S. Pandey, P. Lonnecke, E. Hey-Hawkins, Eur. J. Inorg. Chem.
2014, 2456-2465.

[32] T.N. Hooper, A.S. Weller, N. A. Beattie, S. A. Macgregor,
Chem. Sci. 2016, 7, 2414-2426.

[33] A. Schifer, T. Jurca, J. Turner, J. R. Vance, K. Lee, V. A. Du,
M. F. Haddow, G. R. Whittell, I. Manners, Angew. Chem. Int.
Ed. 2015, 54, 4836-4841; Angew. Chem. 2015, 127, 4918-4923.

[34] D. A. Resendiz-Lara, V.T. Annibale, A. W. Knights, S.S.
Chitnis, I. Manners, Macromolecules 2021, 54, 71-82.

[35] T. Jurca, T. Dellermann, N. E. Stubbs, D. A. Resendiz-Lara,
G. R. Whittell, I. Manners, Chem. Sci. 2018, 9, 3360-3366.

[36] A.L. Colebatch, A.S. Weller, Chem. Eur. J. 2019, 25, 1379-
1390.

[37] T.N. Hooper, M. A. Huertos, T. Jurca, S.D. Pike, A.S.
Weller, I. Manners, Inorg. Chem. 2014, 53, 3716-3729.

[38] M. A. Huertos, A. S. Weller, Chem. Sci. 2013, 4, 1881-1888.

[39] Catalysts containing other chelating phosphines and counter-
ions (e.g. [BF,]” and [BAr",]") also promoted dehydropolyme-
rization. See Supporting Materials.

[40] Under conditions of lower concentration a bimodal distrubtion
is formed, with lower molecular weight polymer also formed
M, =3000 gmol .

[41] S. H. Kyne, C. Lévéque, S. Zheng, L. Fensterbank, A. Jutand,
C. Ollivier, Tetrahedron 2016, 72, 7727-7737.

[42] N. Merle, G. Koicok-Kohn, M. F. Mahon, C. G. Frost, G. D.
Ruggerio, A. S. Weller, M. C. Willis, Dalton Trans. 2004, 3883—
3892.

[43] R. Dallanegra, A. P. M. Robertson, A. B. Chaplin, I. Manners,
A. S. Weller, Chem. Commun. 2011, 47, 3763-3765.

[44] A.T. Lubben, J.S. Mclndoe, A.S. Weller, Organometallics
2008, 27, 3303-3306.

[45] We speculate that these may be due to diastereoisomers of
longer chain oligomers that do not bind through the terminal
BH; group.

[46] A. Ravve, Principles of Polymer Chemistry, 3rd ed., Springer,
New York, 2012.

[47] G.M. Adams, A.L. Colebatch, J.T. Skornia, A.I. McKay,
H. C. Johnson, G.C. Lloyd-Jones, S. A. Macgregor, N.A.
Beattie, A. S. Weller, J. Am. Chem. Soc. 2018, 140, 1481-1495.

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

QSUDIT SUOWIWO)) dATEAI)) d[qeorjdde oy) Aq PAUIOAOS a1k SI[IILIE Y SN JO SN 10§ ATeIqIT duI[uQ AJ[IA UO (SUODIPUOI-PUB-SULID}/ WO K[ 1M KTeIqrjourjuoy/:sdny) suonipuo)) pue swd ], 3yl 3RS ‘[7z0z/¢1/S1] uo Areiqry auruQ L1 1821 Aq 90191Z20T Q1UB/Z00 1 01 /10p/wod Ka[im: Kreqriaurjuoy/:sdny woiy papeojumod ‘0 ‘€LLETTST


https://doi.org/10.1021/acs.chemrev.2c00189
https://doi.org/10.1002/anie.201200310
https://doi.org/10.1002/anie.201200310
https://doi.org/10.1002/ange.201200310
https://doi.org/10.1039/c2cs35115c
https://doi.org/10.1016/j.nantod.2020.100936
https://doi.org/10.1021/ja0360034
https://doi.org/10.1021/ja0360034
https://doi.org/10.1021/la035063k
https://doi.org/10.1021/jacs.6b00629
https://doi.org/10.1021/jacs.6b00629
https://doi.org/10.1021/ma047410i
https://doi.org/10.1007/12_038
https://doi.org/10.1007/12_038
https://doi.org/10.1002/anie.200602955
https://doi.org/10.1002/anie.200602955
https://doi.org/10.1002/ange.200602955
https://doi.org/10.1021/ma961639j
https://doi.org/10.1002/anie.201605317
https://doi.org/10.1002/ange.201605317
https://doi.org/10.1002/ange.201605317
https://doi.org/10.1002/chem.200401296
https://doi.org/10.1002/chem.200401296
https://doi.org/10.1021/ma021447q
https://doi.org/10.1021/acs.macromol.7b02030
https://doi.org/10.1002/macp.201700120
https://doi.org/10.1002/macp.201700120
https://doi.org/10.1039/C9SC01428D
https://doi.org/10.1039/C9SC01428D
https://doi.org/10.1016/j.polymer.2022.124795
https://doi.org/10.1016/j.polymer.2022.124795
https://doi.org/10.1002/ejic.201600226
https://doi.org/10.1002/ejic.201600226
https://doi.org/10.1002/anie.201507084
https://doi.org/10.1002/anie.201507084
https://doi.org/10.1002/ange.201507084
https://doi.org/10.1002/ange.201507084
https://doi.org/10.1016/j.ccr.2018.09.016
https://doi.org/10.1016/j.ccr.2018.09.016
https://doi.org/10.1007/978-3-319-13054-5_6
https://doi.org/10.1007/978-3-319-13054-5_6
https://doi.org/10.1021/ja000732r
https://doi.org/10.1021/ja000732r
https://doi.org/10.1039/C6CC04363A
https://doi.org/10.1039/C6CC04363A
https://doi.org/10.1021/acs.organomet.7b00326
https://doi.org/10.1021/acs.organomet.7b00326
https://doi.org/10.1002/ejic.201402021
https://doi.org/10.1002/ejic.201402021
https://doi.org/10.1039/C5SC04150C
https://doi.org/10.1002/anie.201411957
https://doi.org/10.1002/anie.201411957
https://doi.org/10.1002/ange.201411957
https://doi.org/10.1021/acs.macromol.0c02082
https://doi.org/10.1039/C7SC05395A
https://doi.org/10.1002/chem.201804592
https://doi.org/10.1002/chem.201804592
https://doi.org/10.1021/ic500032f
https://doi.org/10.1039/c3sc50122a
https://doi.org/10.1016/j.tet.2016.08.039
https://doi.org/10.1039/B413650K
https://doi.org/10.1039/B413650K
https://doi.org/10.1039/c0cc05460g
https://doi.org/10.1021/om800164e
https://doi.org/10.1021/om800164e
https://doi.org/10.1021/jacs.7b11975

GDCh
~~

[48] A. Staubitz, M. E. Sloan, A. P. M. Robertson, A. Friedrich, S.
Schneider, P. J. Gates, J. Schmedt auf der Giinne, I. Manners,
J. Am. Chem. Soc. 2010, 132, 13332-13345.

[49] D. A. Resendiz-Lara, G. R. Whittell, E. M. Leitao, I. Manners,
Macromolecules 2019, 52, 7052-7064.

[50] Methods that involved taking pre-formed polymers of each
segment (Ph and n-hexyl) and dehydrocoupling using catalyst
1, or starting from [H,BP(n-hexyl)H], as the initial block, did
not produce tractable co-polymers.

[51] Y. Bakkour, V. Darcos, S. Li, J. Coudane, Polym. Chem. 2012,
3,2006-2010.

Research Articles

Angewandte

intemationaldition’y Chemie

[52] U. Tritschler, S. Pearce, J. Gwyther, G. R. Whittell, I. Manners,
Macromolecules 2017, 50, 3439-3463.

[53] G.B. delJong, N. Ortega, M. Lutz, K. Lammertsma, J.C.
Slootweg, Chem. Eur. J. 2020, 26, 15944-15952.

Manuscript received: November 1, 2022
Accepted manuscript online: November 17, 2022
Version of record online: mm, mm

Angew. Chem. Int. Ed. 2022, €202216106 (7 of 7)

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

QSUDIT SUOWIWO)) dATEAI)) d[qeorjdde oy) Aq PAUIOAOS a1k SI[IILIE Y SN JO SN 10§ ATeIqIT duI[uQ AJ[IA UO (SUODIPUOI-PUB-SULID}/ WO K[ 1M KTeIqrjourjuoy/:sdny) suonipuo)) pue swd ], 3yl 3RS ‘[7z0z/¢1/S1] uo Areiqry auruQ L1 1821 Aq 90191Z20T Q1UB/Z00 1 01 /10p/wod Ka[im: Kreqriaurjuoy/:sdny woiy papeojumod ‘0 ‘€LLETTST


https://doi.org/10.1021/ja104607y
https://doi.org/10.1021/acs.macromol.9b01139
https://doi.org/10.1039/c2py20054f
https://doi.org/10.1039/c2py20054f
https://doi.org/10.1021/acs.macromol.6b02767
https://doi.org/10.1002/chem.202002367

GDCh Research Articles

Research Articles

Homogeneous Catalysis Ph H} ‘Fh HJ_Fex H}
i i
Hsa-pphuzlﬁp 8 @
n n

|
F_
T
J. J. Race, A. Heyam, M. A. Wiebe, ]. Diego- H H
Garcia Hernandez, C. E. Ellis, S. Lei,

I. Manners,* A. S. Weller* __ e202216106

Rod-like self-assembly
of block copolymer

Polyphosphinoborane Block Copolymer
Synthesis Using Catalytic Reversible Chain-
Transfer Dehydropolymerization
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Amphiphilic block copolymers of poly-
phosphinoboranes, [H,BPPhH];4-b-
[H,BP(n-hexyl)H];;, have been prepared
by a mechanism-led strategy of the
catalytic reversible chain transfer dehy-
dropolymerization of precursor mono-
mers, H;B-PRH, (R="Ph, h-hexyl). These
self-assemble in THF:hexane solutions
to form nanostructured rod-like micelles,
the morphology of which can be con-
trolled by solvent polarity.
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