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ABSTRACT: End-functional conjugated polymers are generally synthesized with stoichiometric-biased monomer combinations in
conventional step growth polymerizations (SGPs), which lead to broad species distribution and difficult-to-control end functionality
of the polymeric products due to the uncontrolled nature of the method employed. To overcome such disadvantages, a general
controlled method was developed for the synthesis of narrowly distributed end-functional conjugated polymers with high-end
functionality purity and a predefined molecular weight. This strategy relies on the spatial confinement effect of the nanoreactors,
whereby polymeric species with higher molecular weight have a lower chance of further involvement in SGP. Numerical calculations
on the kinetic equations demonstrated the formation of narrowly distributed polymers with a high degree of chain-end
functionalization. Experimental results based on various analysis methods confirmed the controlled synthesis of bifunctionalized
poly(p-phenylene)s with high-end functionality purity and low dispersity value down to 1.06.

1. INTRODUCTION
Conjugated polymers as a kind of intriguing materials have
shown wide application scopes in fluorescent imaging and
sensing,1−4 organic light emission diodes (OLEDs),5−9 organic
photovoltaics (OPVs),10−14 and organic field effect transistors
(OFETs).15−19 The π-conjugated backbones of conjugated
polymers are mainly constructed with cross-coupling polymer-
izations through the step growth polymerization (SGP)
pathway.20 With the ever-increasing demand in improving
the overall properties of conjugated polymers and pushing
forward for industrial applications,21 the precise control of the
backbone, terminal structure, functionality, molecular weight,
and molecular weight distribution (MWD, commonly
measured as dispersity, Đ) of conjugated polymers is of
essential importance. Due to the uncontrolled nature of SGP,
the majority of conjugated polymers are synthesized with
broad dispersity and/or difficult-to-control chain-end struc-
tures.22−26 Resolving these issues would surely open a new era
in the applications of functional conjugated polymer materials.
While great efforts have been devoted to modulating the

main chain structure of conjugated polymers, like introducing
various kinds of donor−acceptor (D−A) moieties, mitigating

backbone defects, and controlling the head-to-tail pat-
terns,17,24,27,28 to name a few, one-pot or postpolymerization
modification of side chains29 and end groups also provide great
possibilities to significantly enrich the structure and property of
conjugated polymers.30−36 Further derivatization at chain ends
enables the synthesis of block copolymers for crystallization-
driven self-assembly,35−37 decorating nanoparticles for the
fabrication of and layered hybrid nanocomposites. Hawker et
al.30 introduced perylene diimide (PDI) units at the chain ends
of a donor−acceptor-type conjugated polymer PDPP2FT
through a one-step strategy and found efficient charge transfer
between PDI end groups and PDPP2FT main chains to reveal
unique photophysical properties. Reynolds et al.31 found that
by introducing end-capping groups to a D−A-type conjugated
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copolymers, the obtained OFET devices showed around an
order of magnitude higher charge-carrier mobility, demonstrat-
ing the importance of modulating end functionalities in
controlling the polymer organization.
The end functionalization of conjugated polymers is

typically accomplished by using stoichiometric imbalanced
bifunctional monomers with the end-capping agents added
simultaneously30,32 or in a postpolymerization modification
manner.31 The uncontrolled nature of SGP leading to a
relatively broad dispersity (Đ) of the conjugated polymers
limits the possibility of further performance optimization.
Turning to chain-growth polymerization methods like
Grignard metathesis (GRIM)38−40 reactions and catalyst
transfer polycondensations (CTP)35,41−44 indeed gives a
narrow dispersity (Đ), well-defined backbone structure, and
end groups. However, for the synthesis of conjugated polymers
with rich D−A structures and side functionalities, cross-
coupling polymerization in an SGP pathway is still the major
method of choice. Therefore, developing a general strategy for
the synthesis of conjugated polymers with controlled end-
functional groups, predefined molecular weight, and narrow
dispersity (Đ) is of significant importance. Recently, we
developed a controlled step growth polymerization (CSGP)
method by embedding the catalyst necessary for polymer-
ization inside nanochannels and ushering the cross-coupling
polymerizations in these confined environments. A variety of
narrowly dispersed conjugated polymers were synthesized from
either AB-type monomers or symmetrical AA+BB monomer
combinations.45 Herein, we extend this CSGP concept and
develop a general kinetic model for the controlled synthesis of
end-functionalized conjugated polymers. Numerical simula-
tions and experimental results showed that broadly dispersed
α,ω-bisfunctionalized conjugated polymers were formed
through conventional SGP methods, while narrowly dispersed
products with a Đ value down to 1.06 were obtained in
confined nanochannels.

2. RESULTS AND DISCUSSION
The species distribution in conventional SGP is solved with
probabilistic methods developed by Flory and Carothers in
1930s46,47 based on the “equal reactivity principle”. While
applied in polymerizations with AA+BB monomer combina-
tions, a Carothers equation is typically used to correlate the
theoretical number-average molecular weight (Mn) by employ-
ing the molar ratio (r) of two monomers and the conversion of
the insufficient monomer (pA) when the stoichiometry of AA
monomer and BB monomer is biased.48 The concentration of
each species or Đ value in these cases, however, has no
analytical solution. The CSGP method developed previously in
our group45 was achieved based on a refined Flory model
(RFM) for the polymerization of AB-type monomers with the
introduction of a series of possibility coefficients (P). The P
values gradually decreased with the increase of the length of
the species, assuming that polymers with higher molecular
weight have lower possibility to further get involved in SGP
following a similar principle in gel permeation chromatog-
raphy.49 Numerical calculations based on RFM indeed gave
well-controlled Mn and narrow dispersity (Đ), which was
further confirmed by experimental results.
To come up with a general description of CSGP for end-

functional polymers synthesized with stoichiometric imbal-
anced AA+BB monomers, the kinetic equations in the
polymerization system50 were rewritten (eqs 1−3), with the

introduction of possibility coefficients Pi of the species with
number i repeating units (for monomers, i and Pi equal 1 in
definition). As shown in Table 1, species types “Ai” and “Bi”

contain α,ω-functional groups of “a, a” and “b, b”, respectively,
while species type “Mi” contains “a” functional group at one
end and “b” functional group at the other end. To simplify
things, in eqs 1−6, the terms “Ai”, “Bi”, and “Mi” also refer to
the concentration of each respective species. The rate
constants kab, kam, kbm, and kmm correspond to the reactions
between “A” and “B”, “A” and “M”, “B” and “M”, and “M” and
“M”, respectively. According to “Flory’s principle”, kab = kam =
kbm = kmm. Although the cases where these rate constants were
not equal were reported lately in some specific SGPs,50−54 the
rate constant difference is negligible in the majority of SGPs.
The Pi values are all of the same and equal to 1 in conventional
SGPs, while they decrease with the increase of the length of the
species when the SGPs take place exclusively in confined
nanochannels similar to our previous work.45 A reasonable
assumption is made that species “Ai”, “Bi”, and “Mi” with the
same number (i) of repeating units have the same Pi value.
Numerical integrations of the kinetic equations were
performed with MATLAB, and a truncation point (N), the
largest species considered in the calculations,55 was introduced
to reduce the numerical complexity. For easier matrix language
conversion in the MATLAB (MATLAB R2019a, MathWorks,
Natick) simulation, we came up with the concept of
“zeromers” (Table 1), introducing three imaginary species
“A0”, “B0”, and “M0”, assuming they contain two end-functional
groups and no repeating unit. They react the same way as
monomers, oligomers, and polymers but do not change the
length of any species. For example, when “A0” reacts with “B6”,
an “M6” is generated. Since the initial “concentrations” of
“zeromers” are set as 0, the introduction of them does not
affect the calculational results. The concentrations of all of the
species are calculated with loop functions written according to
the kinetic equations, applying the ode23tb method in
MATLAB (Supporting Information). The total concentration
(C) and weight (W) of all of the species are calculated
according to eqs 4 and 5. The Mn and weight-average
molecular weight (Mw) are calculated based on their definition
(eqs 7 and 8, where Mu is the molecular weight of the
repeating unit). To simplify the matter, the end-functional
groups were omitted in the calculation of Mn, Mw, and Đ.
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Table 1. Types of Species Present in the SGP Simulation
Progress

types of species end groups structure constraint

Ai a, a a-(A−B)i‑1-A-a i > 0
Bi b, b b-B-(A−B)i‑1-b i > 0
Mi b, a b-B-(A−B)i‑1-AB-a i > 0
A0 a, a a−a
B0 b, b b−b
M0 a, b a−b
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This calculation method is indeed suitable for the simulation
of all kinds of SGPs. For example, when the initial
concentrations of “M1” are set as 1, while all other species
are set as 0, the kinetic equations will turn to the RFM model
of the polymerization of AB-type monomers as reported in our
previous work.45 If the concentrations of “M1” and “B1” are set
as 1 and a number smaller than 1, respectively, while the
concentrations of all other species are set as 0, this method will
be suitable to simulate the formation of polymers with two “b”
end-functional groups from the homopolymerization of AB-
type monomers in the presence of a small amount of BB-type
end-capping agents. In this work, we focused on the synthesis

of end-functional polymers with both ends terminated with “b”
groups, starting from AA+BB monomer combinations, as these
kinds of symmetrical molecules are readily available and are
widely used in the majority of SGPs. The initial concentrations
of “A1” and “B1” are set as 1 and a number corresponding to
the monomer ratio (r = B1/A1), respectively, while all other
species are set as 0. It should be noted that in the AA+BB
polymerization system, the species with an odd number of
repeating units contain all of the “Ai” and “Bi”, while those with
an even number of repeating units contain all of the “Mi”.
The MATLAB simulations on the polymerization systems

with various r values at low (68%), medium (88%), and high
(98%) conversions (pA) of insufficient monomers were
performed on a laptop computer. A truncation point (N) of
500 is sufficient for most of the calculations and ensures that
each calculation is complete in several minutes. The total
weight (W) of all of the species was monitored, and if a
significant amount of high molecular weight species were
overlooked, a higher N number would be used. For the
stoichiometric balanced polymerization (r = 1), as shown in
Figure 1a, the species distribution in CSGP is comparable to
that in conventional SGP at low conversion. With the increase
of conversion, the Đ values in conventional SGP gradually
increase, close to the theoretical maximum, 2. In a sharp
comparison, the species distribution in CSGP gradually
narrows to give rather low Đ values.
End-functional polymers are typically synthesized from

stoichiometric-biased monomer combinations.30−32 The poly-
merizations with slight excess of BB monomer were simulated
in the same way as mentioned above. The results of r = 1.05
are shown in Figure 1b, and the results with other r values
(1.10, 1.15, 1.20) are shown in Figures S1−S3. At high
conversions (pA), “sawtooth” curves appear in both conven-
tional SGP and CSGP models, indicating that “Bi” are the
dominant species in the mixture. For easy comparison of the
purity of “b,b” end-functionalized polymers prepared through
different strategies, an end-group “flaw” factor (F) is defined in
eq 9. In conventional SGPs with r = 1, the F value gradually
increases with the increase of conversion (pA) and reaches an
infinite number, 75%. It is reasonable that the molar ratio of
“A”, “M”, and “B” reaches 1:2:1 at the end of polymerization,
correlating to the percentage of the species without pure “b,b”
end groups being 75%. With the increase of monomer ratio (r)
from 1.05 to 1.20, the F value gradually decreases to 17% at
high conversion (pA = 0.98). Further decrease of the F value
can be achieved at even higher conversions in longer

Figure 1. Species distribution curves of CSGP (solid line) and SGP (dashed line) at different conversions of the insufficient monomer (pA): (a) r =
1 and (b) r = 1.05.
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simulation (reaction) times. The trends of the F value change
are similar in conventional SGP and CSGP models due to the
fact that “Flory’s principle” applies in both cases and the
species with the same number of repeating units have the same
possibility coefficient (Pi) in the CSGP model as defined
above. Nevertheless, the end-functional polymers formed in
the CSGP model always show much lower dispersity (Đ) than
those in the conventional SGP model. At high monomer ratio
(r), the species distribution is dictated by the presence of
excess “b” functional groups; therefore, the curves obtained
from conventional SGP and CSGP get more and more closer.
Meanwhile, the theoretical Mn (or the number-average degree
of polymerization, Xn) gradually decreases, as indicated in
Carothers’ equation and obtained in our MATLAB simulation

=
+

+ +
×=

=

F
A M

A B M

( )

( )
100%i

N
i i

i
N

i i i

1

1 (9)

Postpolymerization modification is widely used to introduce
end-functional groups after the SGPs are completed. The
above simulation can also be used to simulate the species
distribution in postpolymerization modification. Taking the
modification of polymers with excess BB monomer as an
example, the output matrix (corresponding to the concen-
trations of all of the species after polymerization) in MATLAB
is modified by adding a number corresponding to the excess
BB monomer to the “B1” value and used as the input matrix
and run the simulation again. Figure 2 shows the simulation
results for the postpolymerization modification of polymers
obtained at high conversion (r = 1, pA = 0.98) with 0.5 equiv
excess of BB monomer in conventional SGP and CSGP
models. The addition of BB monomer does not change the

contour profile of the species distribution curves very much
but simply converts all of the “M” and “A” species to “B”
species and changes the smooth curves to a sawtooth shape. It
is encouraging that end-functional polymers with a predefined
molecular weight (which can be controlled by varying the
possibility coefficients), narrow dispersity (Đ), and free of
chain-end impurity can be obtained by combining post-
polymerization modification with the CSGP model.
In the experimental investigation, Suzuki−Miyaura polymer-

izations between 1,4-bis((2-ethylhexyl)oxy)-2,5-diiodobenzene
(1, AA) and 1,4-benzenediboronic acid bis(pinacol) ester (2,
BB) were chosen as the model reaction to study the controlled
synthesis of end-functional poly(p-phenylene)s. In the conven-
tional SGP mode, a highly reactive air- and moisture-stable
palladium N-heterocyclic carbene complex (NHC-Pd)56 was
used as the homogeneous catalyst. In the CSGP mode, the Pd
catalyst was embedded exclusively inside the channels of
mesoporous silica SBA-15 (Pd@SBA-15) following similar
procedures to differentiate the internal and external surfaces of
these kinds of porous supports.57−59 Free-standing sheet-like
SBA-15 was chosen in this work, for their unique perpendicular
orientated open channels with high diameter-to-length ratio60

are beneficial for the diffusion of monomers and polymer
chains. The porous properties of Pd@SBA-15 were charac-
terized by nitrogen adsorption and desorption analysis
(Figures S4 and S5), showing a narrowly ranged pore diameter
of 11.8 nm. The Brunauer−Emmett−Teller (BET) surface
area of Pd@SBA-15 is 418.5 m2 g−1, similar to that of the SBA-
15 support,60 implying that the embedding of the Pd
nanoparticles has negligible influence on the channel structure
of the SBA-15 support. The amount of Pd species (0.43 wt %)
was determined with inductively coupled plasma atomic

Figure 2. Species distribution curves of polymerization (r = 1) at pA = 0.98 (black lines) and postpolymerization modification with 0.5 equiv of BB
monomers (red lines). (a) SGP and (b) CSGP.

Scheme 1. Synthesis of Poly(p-phenylene)s and Postpolymerization Modification
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emission spectroscopy (ICP-AES). The synthetic route and
condition of the (end-functional) poly(p-phenylene)s are
illustrated in Scheme 1.
The polymerization in the conventional SGP mode or CSGP

mode was conducted in the presence of 1% Pd as either
homogeneous or heterogeneous catalyst at different monomer
ratios (r). All of the reactions were performed in N,N-
dimethylacetamide (DMAc) at elevated temperature with
cesium carbonate (Cs2CO3) as the base. Due to the
localization of catalysts on the porous support can result in a
lower probability of monomer−catalyst collisions, leading to
slower reactions, highly reactive aryl iodide was selected as the
monomer to facilitate the polymerization. Meanwhile, polar
aprotic solvents, such as DMAc, that have beneficial effects on
the rate-limiting step of the Suzuki coupling reaction were
selected to promote a reasonable reaction rate in this
heterogeneous polymerization system. The Mn and Đ values
were directly measured with gel permeation chromatography
(GPC) after the polymerizations were completed, and all of
the results are listed in Table 2 and Figures S7 and S8. The

integration for Mn and Đ was selected, excluding the peaks
corresponding to monomers and residual solvent. For the
polymerizations in the conventional SGP mode at low
monomer ratios, the reactions were stopped before a
significant amount of high polymers precipitated out. Similar
to the simulation results, the dispersity (Đ) of the polymers
obtained in confined nanoreactors is much narrower than
those obtained in conventional homogeneous catalytic
polymerizations. For example, when r = 1, the Mn values of
the polymers obtained are similar to each other (entry 1 vs
entry 6), while the Đ values are significantly different (1.10 vs
1.81). When the r value increases from 1.00 to 1.20, the Mn
gradually decreases in both conventional SGP and CSGP
systems, and the Đ values move closer to each other, similar to
the trend obtained in the above simulations.
As suggested by the simulation results above, combining

postpolymerization modification with CSGP is essential for
producing end-functional polymers with predefined and
narrowly dispersed molecular weight. To this end, poly(p-
phenylene) with both ends terminated with boronate groups
was synthesized according to this strategy. Briefly, to the P1

polymer synthesized with the Pd@SBA-15 catalyst at a 1:1
monomer ratio, 0.5 equiv of monomer 2 was added together
with the NHC-Pd catalyst to facilitate the end-group
modification process. As shown in Table 2 (entry 11), a
polymer (P11) with Mn slightly higher than that of P1 was
obtained, suggesting the incorporation of BB monomer to “A”
and “M” species and conversion of them to “B” species with
longer repeating units. Encouragingly, the dispersity (Đ) of
P11 is extremely narrow (1.06), which fulfills the strict
criterion in constructing structural regulated block copoly-
mers35−37 for more challenging applications.
The 1H NMR spectra (Figure S6) of these (end-functional)

poly(p-phenylene)s are similar to each other. The multiple
peaks around 7.00 and 7.60 ppm relate to the aromatic protons
in internal “A” and “B” moieties, respectively. The signal at
7.16 ppm belongs to the protons at the ortho-positions of
iodine terminals (the aromatic protons in residual monomer 1
also show up here). The peak at 7.81 ppm indicates the
presence of the residual monomer 2. The multiplets at the far
left side of the spectra correspond to the protons of the
benzene ring with terminal pinacol boronate groups. A
comparison of the spectra of P11 with P1 in Figure 3
indicates that the signal at 7.16 ppm disappeared completely,
suggesting the formation of α,ω-bisboronate end-capped
poly(p-phenylene) with a zero “F” value, the same as the
simulation result in Figure 2b. End-group analysis on the NMR
spectrum of P11 showed an Mn of around 4.5 kDa, slightly
lower than that obtained from the GPC analysis, correspond-
ing to a poly(p-phenylene) with about 23 p-phenylene units
and two pinacol boronate groups.
Matrix-assisted laser desorption ionization time-of-flight

(MALDI-TOF) mass spectrometry is generally used to
characterize the species in the polymeric products. It is
especially useful in identifying end groups in polymers.
MALDI-TOF MS spectra of P1 and P11 are shown in Figure
4. The peaks of m/z values at 1833.8, 2242.1 and 2650.3,
3058.6 of P1 (marked in yellow) correspond to the polymers
with bis-iodine terminal groups and four, five, six, and seven
“A−B” repeating units (molecular weight of 408.3),
respectively. The spectrum also shows the polymer chains
with double pinacol boronate end groups (marked in blue and
black). After the postpolymerization modification with
monomer 2, the MALDI-TOF MS spectrum of P11 shows
only the peaks related to double pinacol boronate end groups,
and no diiodine-terminated species is found, further confirm-
ing the formation of α,ω-bisboronate end-capped poly(p-
phenylene) with high-end-functional group purity.

3. CONCLUSIONS
In summary, a method for the controlled synthesis of α,ω-
bifunctionalized polymers from AA+BB monomer combina-
tions was established theoretically and experimentally. In
theory, the kinetic equations in conventional SGP were
modified with the introduction of a series of possibility
coefficient (Pi) that correlate to the chances of these species
further getting involved in SGP. Numerical simulations with
MATLAB showed that end-functional polymers formed in the
CSGP model were more narrowly dispersed, and combining
postpolymerization modification strategy with CSGP gave α,ω-
bifunctionalized polymers with predefined molecular weight,
narrow dispersity, and high-end functionality purity. In
experimental verification, a Suzuki−Miyaura polymerization
was chosen as the model reaction to synthesize bisboronate-

Table 2. Suzuki Polymerization of Monomers 1 and 2a

entry polymer [2]/[1] catalyst Mn
b (kDa) Mw/Mn

b

1 P1 1.00 Pd@SBA-15 6.5 1.10
2 P2 1.05 Pd@SBA-15 5.7 1.20
3 P3 1.10 Pd@SBA-15 5.6 1.43
4 P4 1.15 Pd@SBA-15 4.4 1.46
5 P5 1.20 Pd@SBA-15 3.9 1.57
6 P6 1.00 NHC-Pd 7.4 1.81
7 P7 1.05 NHC-Pd 5.1 1.74
8 P8 1.10 NHC-Pd 4.9 1.71
9 P9 1.15 NHC-Pd 3.6 1.68
10 P10 1.20 NHC-Pd 3.4 1.47
11 P11c / NHC-Pd 7.1 1.06

aPolymerizations were carried out in the presence of 1% mol of Pd
and 3 equiv of Cs2CO3 in DMAc at 80 °C ([1]0 = 0.1 M) for 5 d
except for those entries noted in the main text. bDetermined by GPC
using polystyrene standards. cAfter the synthesis of P1 was completed,
the reaction system was added with 0.5 equiv of 2 and 1% mol of
NHC-Pd catalyst and further reacted for 24 h.

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.3c00870
Macromolecules XXXX, XXX, XXX−XXX

E

https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.3c00870/suppl_file/ma3c00870_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.3c00870/suppl_file/ma3c00870_si_001.pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.3c00870?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


terminated poly(p-phenylene)s in a controlled manner. The
CSGP mode was achieved with all of the catalysts embedded in
the nanochannels of the SBA-15 support, and conventional
SGPs were performed with a highly reactive homogeneous
catalyst for comparison. Through GPC, NMR, and MALDI-
TOF analysis on the products, it is confirmed that conjugated
polymers with high-end-functionalized efficiency and narrow
dispersity were obtained. The controlled synthesis of end-
functional conjugated polymers would benefit the improve-
ment of the performances of conjugated polymer in future
applications.
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