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ABSTRACT: In spite of many efforts made to study gradient copolymers, the monomer-by-monomer
sequence along the chain is still obscure. A general computational framework based on kinetic Monte Carlo
simulations was developed to predict the explicit sequence of copolymers. We demonstrate our approach
using styrene (S)/methyl methacrylate (MMA) gradient copolymers synthesized by a semibatch process with
nitroxide-mediated controlled radical polymerization (NM-CRP). It was found that the variation in the
average segment length as a function of chain length does not resemble that of the instantaneous composition.
Our findings indicate that copolymers with compositional gradients may have monomer-by-monomer
sequences resembling those of statistical copolymers. It was also found that the explicit sequence can
significantly deviate from that of the instantaneous composition as a function of chain length when
combination is the favored termination mode. These details of explicit sequence revealed by KMC
simulations are obscured by only considering fractional composition measures to characterize the gradient
shape.

Introduction

Gradient copolymers are a relatively new type of copolymer,
which are expected to have an intermediate chain architecture
between conventional block copolymers and random copoly-
mers.1 As shown in Scheme 1, themost identifiable and appealing
feature of this chain sequence is that segments comprising the
chain vary in length according to a certain pattern from one end
to the other.2 Because of the well-ordered variation in chain
structure, gradient copolymers have been theorized to exhibit
interfacial activities superior to block copolymers of the same
composition.3-8 Gradient copolymers have been used in a wide
range of applications ranging from compatibilizers for polymer
blends to functional nanostructured materials.

The majority of gradient copolymers reported so far are
synthesized using living radical polymerization (LRP) in which
the lifetime ofmost propagating radicals is equal to as long as the
total reaction time because of a reversible activation/deactivation
procedure.9 Because of this unique feature of LRP, the monomer
composition in the reaction mixture can be changed during the
growth of a copolymer chain, which makes it possible to pre-
design the monomer-by-monomer sequence along the chain and
thus form the well-defined sequence of gradient copolymers
depicted in Scheme 1. The monomer composition is normally
varied by compositional drift or the addition of the second
monomer during the reaction.10 It has been reported recently
that several new synthesis approaches other thanLRP can also be
used to make gradient copolymers, such as conformation-depen-
dent sequence design (CDSD).11

Gradient copolymers have been reported to have microphase
separation like block copolymers, and the interface region
between the chemically different regions is theorized to be more
blurred than conventional block copolymers of the same compo-

sition due to the variation in the block lengths along the gradient
copolymer chain, which may offer a large degree of control over
the interfacial profile.4,7 Experimental investigations have con-
firmed that the bulk and interfacial activity of copolymers
depends on the comonomer sequence distribution.7,12 Further-
more, many properties of gradient copolymers, such as glass
transition temperature and lower critical solution temperature,
can be also affected by their microscopic monomer-by-monomer
sequences.6,13

However, unlike block copolymers, the monomer-by-monomer
sequences in gradient copolymers cannot be determined directly by
experimental methods because multiple segments are formed
continuously during the reaction along the copolymer chain. The
formation of a gradient sequence is currently characterized indir-
ectly by the variation of overall composition (cumulative composi-
tion F or instantaneous composition Finst) as a function of average
chain length or conversion.1,2,4,14-18 In a successful synthesis of
gradient copolymers, the overall composition varies monotoni-
cally and continuously as a chain grows, which is not observed in
the synthesis of random copolymers or block copolymers.

There havebeen efforts to simulate the variationofFinst andFas
a function of average chain length during the synthesis of gradient
copolymers in the past decade. For example, Beginn developed a
mathematical model to simulate the compositional gradient
formed along the chain.19 Zhu et al. built a continuum model to
simulate the variation of Finst as a function of average chain length
in a semibatch process with reversible addition-fragmentation
transfer radical polymerization (RAFT).20,21

Although the monomer-by-monomer sequence along the
copolymer chain plays an important role in the research and
potential applications of gradient copolymers, few efforts have
been directed at the investigation of the explicit sequence of
gradient copolymers. The average sequence length and sequence
length distribution can be predicted using a probabilistic model
describing conventional free radical polymerization (FRP).22 For
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example,Khokhlov et al. have developed a probabilisticmodel to
predict sequence in copolymers synthesized by CDSD.11,23,24

However, these statistical models widely used to predict sequence
in FRP are not applicable in LRP because of the reversible
activation/deactivation procedure between radicals and capping
agents.22 Thus, it is necessary to involve all the steps of a detailed
reaction mechanism in the mathematical model in order to
simulate the sequence of gradient copolymer chains. Continuum
approaches have been used in a limited capacity to simulate
sequence information along copolymer chains synthesized by
LRP. Tabash et al. utilized a digital encoding technique and
continuummodels to predict sequence information for extremely
short polymer chains (less than six repeat units long).25 Zargar et
al. predicted the average length of the last segments formed at the
end of the reaction in an LRP system.18 However, the number of
equations required in continuum simulations increases dramati-
cally in order to predict more explicit details of sequence, which
restricts the structural information that can be predicted to a
limited range of details.

What exactly are the sequences ofmonomers along the chain in
gradient copolymers? This is a question which has been raised
since the introduction of gradient copolymers2 but has not been
clearly answered yet. Here, we report the development of a
simulation framework based on kinetic Monte Carlo written in
house, which can predict the explicit sequence formed along each
chain by tracking the growth of each individual chain instead of
concentration.26 The framework is generally applicable to vari-
ous reaction types and can incorporate differences in reactivity of
different chain ends in a facile way. We use this framework
to investigate the explicit sequence along the backbone of
MMA/S gradient copolymers prepared by NM-CRP in a semi-
batch reactor as an example. This system serves as a good
example because S/MMA copolymerization by NM-CRP has
beenwidely studied, and detailed kinetic parameters are available
in literature.27-41

Development of Mathematical Model

KMC Framework. The reaction occurring at a specific
instant is determined stochastically based on reaction prob-
abilities:26

Xμ-1

v¼1

Pv < r1 <
Xμ
v¼1

Pv ð1Þ

where μ is the index of the selected reaction channel,Pv is the
probability of the vth reaction channel, and r1 is a random
number uniformly distributed between 0 and 1. The proba-
bility for each reaction is determined based on its fraction of
the total rate of reaction:

Pv ¼ RvPM
v¼1

Rv

ð2Þ

where Rv is the stochastic rate of the vth reaction. The time
interval between reactions is determined by

τ ¼ 1

PM
v¼1

Rv

ln
1

r2

� �
ð3Þ

where r2 is a second random number uniformly distri-
buted between 0 and 1. The model was developed based
on elementary reactions including initiation, propagation,

termination, and combination/dissociation with nitroxyl
radicals. The basic reaction mechanism of copolymerization
via NM-CRP using a unimolecular initiator is shown in
Figure 1.

Although the different reactions are not shown explicitly
in Figure 1, differences in reactivity of different chain ends,
including penultimate effects on propagation reactions
between propagating radicals and monomers as well as
decoupling reactions of dormant chains, were incorporated.
This is particularly relevant for the MMA/S system studied
here. NM-CRP provides a poor degree of control over the
polymerization of methacrylic esters. The dissociation rate
constant kd of MMA-terminated chains coupled with a
nitroxide is too high to maintain the concentration of free
radicals sufficiently low to suppress termination reactions,
and the activation energy Ea of the dissociation rate con-
stants of the dormant chains can be dramatically affected by
the penultimate unit.27 In order to capture all these kinetic
details in the simulations, we subdivided radical chains and
dormant chains according to their ultimate and penultimate
units: M-M*, M-S*, S-S*, S-M*, M-M-SG1,
M-S-SG1, S-S-SG1, and S-M-SG1, where SG1 is the
nitroxyl radical. During the reaction, a living chain can thus
be switched to a different category when its ultimate unit or
living status is changed, as shown in Figure 2. When a chain
is terminated by termination or chain transfer, it is categori-
zed as a dead polymer. Kinetic parameters for all of the
reactions included in the mechanism are reported in Table 1.

Figure 1. MechanismofNM-CRPusingBlocBuilder as a unimolecular
initiator (A-T).

Figure 2. Switch of categories of living chains by changing (a) ultimate
and penultimate units (b) living status.
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As shown inFigure 3a, the explicit sequence of each chain is
tracked by recording the length of each individual segment,
which is the number of repeating units comprising the seg-
ment, in sequence from the initiation of the chain (denoted as
the “head of the chain” in this work) to the end of reaction or
the termination of the chain (denoted as the “tail of the chain”
in this work). A new segment is generated when a cross-
propagation reaction occurs, and the length of a segment is
increased by one when a homopropagation reaction occurs.

If a living chain is terminated by disproportionation or chain
transfer, the sequence of the chain is known exactly and fixed.
The sequence of a dead polymer chain terminated by combi-
nation, inwhich two radical chains are combined tail to tail, is
determined by connecting the sequence of one radical chain
with the “reversed” sequence of the other radical chain. Here,
the reversed sequence of a chain is denoted as the sequence
from the tail to the head of the chain.

Scaling of the KMCModel. In all the simulations reported
in this work, 109monomers were initially put into the reactor
in the beginning of the reaction, which can generate around
1.3 � 106 individual chains in the system with the initiator
concentration used in this work. As the reaction proceeds,
the total amount of monomer is further increased because of
the addition of the secondmonomer to the system. An initial
number of monomers of 109 was determined to be a suffi-
ciently large sample size based on the fact that the simulation
results were in very close agreement with those from simula-
tions using 1010 monomers initially.

Characterization of Chain Sequence. KMC simulations
can predict the explicit sequence of each chain, which allows
for analysis of the entire population of copolymer chains at
various levels of detail. It is possible not only to extract the
average properties of the copolymer system, such as number-
average and weight-average molecular weight and average
copolymer composition, but also to perform the more
detailed analysis related to properties of each individual
chain, such as the chemical composition distribution, in a
facile way.

However, there is no existing method to extract measures
of chain sequence from the voluminous data that describe the
characteristics of the entire population of chains in a concise
yet comprehensive way. Here, we propose a quantitative
approach to map out the average trend of variation of
segment lengths along copolymer chains in the entire popu-
lation as follows. First of all, the normalized chain location,
which denotes the relative location of the segment on the
chain, is assigned to each segment according to the following
rules. The locations of the first segments of each type of

Table 1. Kinetic Parameters use in MMA/S KMC Simulations

reactions frequency factors, A (s-1, L mol-1 s-1 or L2 mol-2 s-1)
activation engergy, Ea

(kcal/mol)

initiator dissociation28 2.4� 1014 26.84
initiator radical addition to S monomer30 a 3.16� 107 2.44
initiator radical addition to MMA monomer30 a 1.0� 109 0.62
thermal initiation of S monomer31 6.3� 105 27.44
homopropagation of MMA-terminated radical chains32 b 2.67� 107 5.35
homopropagation of S-terminated radical chains33 b 4.27� 107 7.76
disproportionation between MMA-terminated radical chains35,36 c,d 8.16� 108 2.84
combination between MMA-terminated radical chains35,36 c,d 5.44� 108 2.84
disproportionation between S-terminated radical chains37 d 4.31� 108 1.5
combination between S-terminated radical chains37 d 2.45� 109 1.5
chain transfer to MMA monomer38 e 2.67� 102 5.35
chain transfer to S monomer39 2.31� 106 12.67
decoupling of M-M-SG140 2.4� 1014 24.86
decoupling of S-M-SG140 2.4� 1014 25.81
decoupling of M-S-SG140 2.4� 1014 27.49
decoupling of S-S-SG140 2.4� 1014 29.88

reactions rate coefficient (L mol-1 s-1)

coupling of initiator29 f 2.0� 106

coupling of MMA-terminated radical chains27 g 4.0� 104

coupling of S-terminated radical chains41 f 4.75� 105

aThe addition rate constants of initiator radical to S and MMA monomers were determined by the experimental data of the primary radical
(CH3)2 _COHwith S andMMAmonomers. bPenultimate reactivity ratios were obtained from the work of Fukuda et al. as r11=r21= 0.523, r22=r12=
0.46, s1 = 0.3, s2 = 0.53, in which monomer 1 is S and monomer 2 is MMA.34 cDetermined by the disproportionation/combination ratio ktd/ktc of
MMA-terminated radical chains.36 dThe rate constants of cross-termination reactions between MMA-terminated radical chains and S-terminated
radical chains were determined as the geometricmean of the homotermination reaction rate coefficients. eDetermined by ktr/kp value.

38 fDetermined by
extrapolation from the experimental data. gWeakly dependent on temperature, so an average value over the temperature range of 10-50 �C was used.

Figure 3. (a) Data structure used in the KMC framework to record the
explicit sequence of each copolymer chain. (b) Variation of segment
lengths along a chain which is transformed from the explicit sequence of
the chain predicted by the KMC framework.
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monomer that were formed after the initiation of the chain
were fixed at a normalized chain location of 0, and the last
segments of each type of monomer were fixed at a normali-
zed chain location of 1. The location of a segment in between
was determined by the ratio of the distance from the head of
the chain to the last monomer comprising the segment over
the total length of the chain. In this way, the sequence
information on each individual chain can be depicted as a
series of dots on a scatter plot, where the y-coordinate
corresponds to the length of the segment and the x-coordi-
nate corresponds to the relative location of the segment on
the normalized chain length. Finally, these discrete dots
representing the sequence information on a chain were
transformed into a continuous trend line by connecting
any neighboring segments of the same monomer type by a
straight line as shown in Figure 3b. In this way, the sequence
of each individual chain can be represented quantitatively
within the same axial scale, which allows for further stati-
stical analysis for the whole population of chains.

In order to capture the average trend of the variation of the
segment lengths along copolymer chains in the whole popu-
lation, we predicted the number-average and weight-average
segment lengths, Nn and Nw, at each normalized chain
location. The number-average and the weight-average seg-
ment lengths of monomer j at location i in a system of
m chains, Nnj,i and Nwj,i, was calculated as follows:

Nnj, i ¼

Pm
p¼1

Nnj, i, p

m
ð4Þ

Nwj, i ¼
Xm
p¼1

Nn2j, i, pPm
p¼1

Nnj, i, p

ð5Þ

The average variation of the segment lengths along the chain
in the whole population can be represented by Nn as a
function of its normalized chain location. In addition, the
polydispersity of the segment lengths formed at the same
normalized location of different chains was characterized by
the polydispersity index of local segment lengths (segment
PDI) which is the ratio of the weight-average segment length
over the number-average segment length at that location,
Nwj,i/Nnj,i. Similar to the concept of the molecular weight
PDI,Mw/Mn, the local segment PDI approaches unity as the
distribution of the segment lengths formed at the same
location is narrow. The reproducibility of the whole se-
quence from chain to chain can be thus be evaluated by the
local segment PDI along the chain.

Experimental Section

Gradient Copolymer Synthesis. Styrene (S) (99%, Aldrich)
and methyl methacrylate (MMA) (99%, Aldrich) mono-
mers were deinhibited by combining with tert-butylcatechol
remover (Aldrich) and monomethyl ether hydroquinone re-
mover (Aldrich), respectively, as well as calcium hydride and
stirring for at least 8 h at room temperature in the dark. Two
different syntheses were carried out, which differed by which
monomers were fed and initially charged to the reactor. To
differentiate them, we adopted the naming convention P-
(monomer A-grad-monomer B), where monomer A is the type
of monomer fed into the system, while monomer B is the type of
monomer initially predominant in the reactor charge at
the beginning of the reaction. P(S-grad-MMA) and P(MMA-
grad-S) were synthesized in a semibatch mode using NM-CRP

with N-(2-methylpropyl)-N-(1-diethylphosphono-2,2-dimethyl-
propyl)-O-(2-carboxyl-prop-2-yl)hydroxylamine, or MAMA-
SG1 (BlocBuilder), as the nitroxide initiator. P(S-grad-MMA)
was prepared by adding S at 2.5 mL/h continuously through the
entire reaction into anMMA-rich environment (4mL ofMMA,
1 mL of S, and 20 mg of initiator in a 25 mL round-bottomed
flask at the beginning of the reaction) and reacting at 368 K for
6 h. P(MMA-grad-S)was prepared by addingMMAat 2.5mL/h
continuously through the entire reaction into S (5 mL of S and
20 mg of initiator in a 25 mL round-bottomed flask as the initial
charge) and reacting at 368 K for 8 h. Approximately 1 mL
aliquots were taken periodically during the reaction for charac-
terization purposes. The aliquots and final products were pre-
cipitated in coldmethanol and then dried at 70 �Cunder vacuum
overnight.

Characterization. The molecular weights and polydispersities
of the aliquots and the final products were determined by gel
permeation chromatography (GPC) using universal calibration
with PS standards. For both copolymers, the molecular weights
increased and polydispersities decreased as a function of reac-
tion time. For P(MMA-grad-S),Mn ranged between 11 000 and
147 000 g mol-1, and the PDI varied between 1.9 and 1.5. For
P(S-grad-MMA),Mn ranged between 6700 and 31 000 g mol-1,
and the PDI varied between 1.5 and 1.3. FS and FMMA were
analyzed by 1H NMR (Varian, 500 MHz) in CDCl3 solution at
1 mg mL-1 in 5 mm diameter probes. The integral values from
the aromatic protons on the styrene repeat units (6.2-7.2 ppm)
and all other protons associated with lower chemical shift values
(0.6-4.5 ppm) were compared to calculate FS. Monomer con-
version values were low and subject to large fluctuations, so they
are not reported here.

The triad distributionwas analyzed by 13CNMR(Avance III,
Bruker, 500 MHz) in CDCl3 solution at 100 mg mL-1 in 5 mm
diameter probes. All the data were collected with 512 scans.
FMMM/(FMMM þ FMMS) was calculated by comparing the
integral values from the peaks C (17.1-19.2 ppm) and
D (15.8-17.1 ppm) of the R-methyl carbon of MMA repeat
units.42

Results and Discussion

Validation of KMC Simulations. The populations of co-
polymer chains generated from the two different synthesis
conditions were simulated by the KMC framework. In order
to mimic the actual experimental conditions, the reaction
volume and numbers of species were updated to account for
the addition of monomers and removal of samples for
characterization purposes.

Figure 4 summarizes the characterization features of two
synthesized gradient copolymers and compares the simu-
lated results against experimental data. The styrene cumu-
lative composition FS of P(MMA-grad-S) decreases with
increasing reaction time from a value of 1 at the beginning
of the reaction to 0.24 at the end of the reaction. Compared
to P(MMA-grad-S), the variation ofFs in P(S-grad-MMA) is
milder, increasing from 0.37 at 1 h of the reaction to 0.52 at
the end of the reaction. Note that FS does not start from zero
for P(MMA-grad-S) because it is necessary to add some
amount of styrene into the initial batch to maintain the
MMA-rich system as living. Molecular weight values also
increased as a function of reaction time. Therefore,
the copolymer composition as a function of chain length
varied monotonically in both syntheses, which is typically
considered as a unique characteristic of gradient copoly-
mers.6,10,16,17 As shown in Figure 4a,b, the simulations
match the evolution of FS very well.

Comparison of the predicted and measured triad distribu-
tions provided amore stringent test of theKMC simulations.
Triad distributions were measured which is the most direct
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information related to sequence among the experimental
measures that are available. As shown in Figure 4c, the ratio
of MMA-centered triads, MMM, to the sum of the MMM
and MMS triads, FMMM/(FMMM þ FMMS), of P(MMA-
grad-S) is predicted by the simulations very well. This ratio
increases from 0.2 at 3.5 h of reaction to 0.5 at the end of the
reaction, which reveals that there is an increasing proportion
of MMA homopolymer segments as chain length increases.
It is important to note, however, that the simulations can
even predict themonomer-by-monomer sequence along each
copolymer chain, which is not yet accessible experimentally.

Monomer-by-Monomer Sequence along Copolymer
Chains. Since the introduction of gradient copolymers, the
microstructure formed along copolymer chains has been
characterized by the compositional gradient, which is the
variation of the local copolymer composition along the

chain, in the majority of theoretical research related to
gradient copolymers. For gradient copolymers synthesized
with LRP, the compositional gradient is typically repre-
sented by Finst as a function of chain length. Thus, for
comparison purposes, the evolution of Finst for the two
different systems was predicted first. As shown in Figure 5,
the instantaneous compositions are smooth functions as
normalized chain length increases and vary as expected for
both systems. P(MMA-grad-S) has an S-rich headwith Finst,s

close to 1 at the head of the chains and an MMA-rich tail
withFinst,MMA around 0.9 at the end of the chains. Because of
the different feed order than that used to synthesize P(MMA-
grad-S), P(S-grad-MMA) has an MMA-rich head with
Finst,MMA equal to 0.7 at the head of the chains and an
S-rich tail with Finst,S close to 0.8 at the end of the chains.
Thus, both gradient copolymers have strong compositional
gradients along the chains.

The variation ofNnMMA andNnS as a function of normal-
ized chain location of both systems was predicted and is
shown in Figure 6. There are two particularly striking
features of the predicted monomer-by-monomer sequences.
First, the simulation results show that the number-average
segment lengths formed in both copolymers are surprisingly
short even when the chain composition heavily favors one
monomer and the overall chain length is high. For example,
for P(S-grad-MMA) chains, the average S segment length at
the tail accounts for less than 0.3% of the total chain length
and never exceeds a value of four, even when the instanta-
neous composition is as high as 0.8. For P(MMA-grad-S),
the average segment length of S is reasonably high at the head
of the chains, but it plummets very quickly and achieves a
constant value of around two for the large majority (∼80%)
of the chain interior at the end of the batch. These number-
average sequence lengths present a stark contrast to the
sequences expected based on average composition measures.

Figure 4. Experimental characterization (open squares) and predic-
tions generated from KMC simulations (solid lines) of synthesized
gradient copolymers: (a) evolution of cumulative styrenemole fraction,
FS, of P(MMA-grad-S) as a function of reaction time; (b) evolution of
FS ofP(S-grad-MMA) as a functionof reaction time; (c) evolutionof the
fraction of MMA-centered triad MMM over the sum of MMM and
MMStriads,FMMA/(FMMMþFMMS), ofP(MMA-grad-S) as a function
of reaction time.

Figure 5. Instantaneous composition as a function of normalized chain
length: (a) P(MMA-grad-S); (b) P(S-grad-MMA).
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The explicit monomer sequence of the final products of both
copolymers resembles that of a random copolymer more
closely than it does the ideal sequence of a gradient copoly-
mer depicted in Scheme 1.

The second striking feature of the segment length maps in
Figure 6 is manifested in the S segment lengths of P(MMA-
grad-S). There is a clear upward bend at the tail, although FS

decreases continuously during the reaction.Thus, the condition
defining a gradient copolymer based onForFinst ismet, but the
monomer-by-monomer sequence is in fact dramatically differ-
ent than what is expected for a gradient copolymer. The results
of theKMCsimulations reveal theoriginof this behavior. Since
MMA cannot be controlled in NM-CRP, the livingness of the
reaction decreases as the amount of MMA monomer in the
reaction system increases. In the later stage of the synthesis,
dead polymer chains account for over 60% of the total chains
existing in the system. The dead chains are formed primarily by
recombination (>70%), despite the MMA-rich environment.
Styrene-terminated chains are themost abundant living chains,
and thus, termination is chiefly governed by styrene. Thus,
there are a large number of chains that essentially have a
sequence axis of symmetry, leading to chains that are styrene-
rich at both ends and differ substantially from the desired
gradient microstructure.

Our findings indicate that even a very large change in
instantaneous composition can correspond to a minor change

in Nn. For example, as shown in Figure 5b, Finst,MMA of
P(S-grad-MMA) decreases from 0.7 at the early stage to
0.2 at the final stage of the polymerization, while Nn of
MMA segments varies by less than two units long. While this
effect has been observed here for MMA/S copolymers, other
copolymer systems where the reactivity ratios are all less than
1 can exhibit the same behavior. In addition, the observation
that the overall shape of the number-average segment length
along the chain can significantly deviate from that of the
instantaneous composition as a function of chain length when
combination is the favored termination mode is also general-
izable. Overall, the details of explicit sequence along the chain
that are revealed by theKMCsimulations are obscured byonly
considering fractional composition measures, F or Finst, to
characterize the gradient shape.

Uniformity of Sequence Pattern along Copolymer Chains.
Typically, a synthesized copolymer system is not monodis-
perse, but instead copolymers of different chain lengths,
sequences, and compositions coexist. Thus, fluctuations
around the average properties, such as molecular weight
PDI, are also of utter importance in characterizing a polymer
system. The overall picture of the sequences formed in the
two systems has been provided above in the form of the
variation of number-average segment lengths as a function
of normalized chain location. Here, we further investigated
the uniformity of sequence patterns formed on different
copolymer chains in the whole population by predicting
the local segment PDI as a function of normalized chain
location. Figure 7 shows the local segment PDI of S and
MMAas a function of normalized chain location for the two
gradient copolymer systems.

On the basis of these plots, the uniformity of the sequence
pattern in P(S-grad-MMA) is superior to that in P(MMA-
grad-S). The local segment PDI values of S andMMAinP(S-
grad-MMA) increase slightly toward the end of the chains,
but they are both lower than two throughout the chain
length. In P(S-grad-MMA), the local segment PDI of S is

Figure 6. Number-average segment length,Nn, as a functionofnormal-
ized chain location of (a) P(MMA-grad-S) and (b) P(S-grad-MMA).

Scheme 1. Schematic Representation of the Composition in Block,
Gradient and Random Copolymers, in which the Open Circles Denote

Monomer A and the Closed Circles Denote Monomer B

Figure 7. Local segment PDI of S andMMA segments as a function of
normalized chain location of (a) P(MMA-grad-S) and (b) P(S-grad-
MMA).
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extremely high, exceeding a value of three throughout the
chain, and has two maxima, one near each end of the chain.
In forced gradient copolymerization, monomer composition
changes continuously during the reaction, but only a small
portion of living chains may be reactivated to propagating
radicals at a given monomer composition. As shown in
Figure 5, Finst,S in P(MMA-grad-S) plummeted quickly from
around 1 to below 0.5 in the early stage of the reaction. Thus,
long segments of S were formed at the head of the dormant
chains activated in the very early stage of the reactionwhen S
monomer was strongly favored, while much shorter seg-
ments of S were formed at the similar chain location in the
dormant chains which were activated in a later stage of the
reaction. Thus, a broad distribution of segment lengths of S
was formed near the head of chains in P(MMA-grad-S)
which is manifested by a peak in the local segment PDI near
the head. In addition, in the population of P(MMA-grad-S),
there is an amount of dead polymers with a symmetric
monomer sequence resulting from the tail-to-tail combina-
tion of two radicals, which can significantly increase the
segment PDI near the tail of chains.

The molecular weight PDI is widely used as a criterion to
characterize the uniformity of chain growth. If themolecular
weight PDI is under 1.5, the polymer system is typically
viewed as narrowly distributed. Themolecularweight PDI of
P(MMA-grad-S) is 1.5, which indicates a relatively narrow
distribution of molecular masses. However, KMC simula-
tions reveal that P(MMA-grad-S) actually has a broad
distribution of sequence patterns along the chain in the
whole population. Our finding suggests that local sequence
can be quite disperse even if the macromolecular masses
are relatively uniform. The uniformity ofmonomer sequence
among different chains can be affected by the details in chain
growth history which may have only trivial impacts on
molecular weight PDI. Thus, it is possible to overestimate
the uniformity of a sequence pattern along the chain by only
considering the value of molecular weight PDI.

High uniformity of sequence patterns would be preferred
in the investigation of the relationship between the physical
properties of gradient copolymers and the sequence along
the chain, but the local segment PDI can be affected bymany
factors during the reaction. The reaction conditions need to
be carefully tuned throughout the reaction in order to
achieve high reproducibility of sequences in the whole
population. Since reproducibility of sequences cannot be
investigated by current experimental techniques, it is neces-
sary to utilize computer simulations in optimizing synthesis
recipes in order to achieve a narrow distribution of sequence
patterns along the chain in the entire population.

Structural Gradient Copolymers. On the basis of our
findings, large changes in local copolymer composition
may correspond to only trivial changes in segment lengths.
Gradient copolymers with a compositional gradient along
the chain do not necessarily have a corresponding variation
in the segment lengths. However, the variation of the seg-
ment lengths and the alignments of these segments along the
copolymer chain play a very important role in some applica-
tions involving gradient copolymers, such as interfacial
activities. Thus, we propose that it is necessary to further
stratify what is characterized as a gradient copolymer.

Here, we categorize gradient copolymers into two distinct
classes: “compositional” gradient copolymers, which have
a continuous change in chemical composition along the
copolymer chains, and “structural” gradient copolymers,
whose sequence lengths change according to a particular
pattern from one end to the other. Structural gradient
copolymers also have a compositional gradient along the

chain, but compositional gradient copolymers do not neces-
sarily have an obvious structural gradient along the chain.
While the relationship between the compositional gradient
along the chain and physical properties of gradient copoly-
mers has been studied intensely in the past decade,43-48 the
impact of the variation of segment lengths along the
copolymer chain on the physical properties of gradient
copolymers is still elusive. In order to unravel these relation-
ships, there must be a shift from a focus on control of
composition to control of sequence.

Conclusions

A simulation framework based on kinetic Monte Carlo,
which can predict the explicit sequence formed along each
chain by tracking the growth of each individual chain, was
reported. The framework is generally applicable to various
reaction types and can incorporate differences in reactivity of
different chain ends in a facile way. The copolymerization of
MMA/S gradient copolymers prepared by NM-CRP was
simulated using this KMC framework as an example. In order
to validate the KMCmodel, two S/MMA gradient copolymers,
P(S-grad-MMA) and P(MMA-grad-S), were synthesized by
forced gradient copolymerization with BlocBuilder as the
initiator and characterized experimentally. The KMC model
was able to capture the experimental data very well. The explicit
sequences along the backbones of P(S-grad-MMA) and
P(MMA-grad-S) were then predicted. It was found that the
number-average segment lengths formed in both copolymers
are surprisingly short even when the local copolymer composi-
tion heavily favors onemonomer. In addition, it was found that
the overall shape of the number-average segment length along
the chain can significantly deviate from that of the instanta-
neous composition as a function of chain length when combi-
nation is the favored terminationmode. These details of explicit
sequence along the chain revealed by KMC simulations are
obscured by only considering fractional composition measures
to characterize the gradient shape. The uniformity of sequence
patterns formed on different copolymer chains in these two
gradient copolymer systems was also investigated. It was found
that local sequence can be quite disperse even if the molecular
weight PDI of the entire population is low. In order to achieve a
high degree of uniformity of sequences along the chain, the
reaction conditions need to be carefully tuned throughout the
reaction. On the basis of these findings, we proposed to further
categorize gradient copolymers into compositional gradient
copolymers as well as structural gradient copolymers.

We have shown here that KMC simulations are a powerful
tool to predict the explicit sequence of copolymers and can serve
as a companion to experimental efforts to precisely design
the sequence length along copolymer chains. Current efforts to
utilize KMC simulations to develop synthesis recipes to meet
design targets of sequence patterns along copolymer chains are
underway.
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