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ABSTRACT: We use stochasticMonte Carlo simulation following the bond fluctuation model to study the
effects of grafting density of surface-anchored initiators and solvent quality on controlled radical polymer-
ization (CRP) from flat impenetrable substrates under good and poor solvent conditions. Our CRP model
includes a mechanism for activation/deactivation of the chains and neglects termination and chain transfer
reactions. The system is, thus, “truly living”. We find that under these conditions, surface-initiated
polymerizations at low grafting densities resemble those in the bulk. In contrast, at high initiator grafting
densities, these surface-initiated polymerizations result in gradients of the free monomer and chain-end
concentrations, which lead to an uneven growth of the chains and ultimately yield polymers with broad
molecular weight distributions. Poor solvent conditions exacerbate this problem by collapsing the chains and
in some cases forming chain aggregates, which further restrict the access of free monomers by the active
polymer chain ends and contribute to their uneven growth and ultimately broader length distributions
relative to good solvent conditions. While at low grafting densities the molecular weight distributions can be
described by the conventional Schulz-Zimm distribution function, at high grafting densities this approach
fails to describe accurately the dispersity in chain lengths.

Introduction

During the past decade, numerous research reports have
demonstrated that specialty end-tethered polymer layers on sur-
faces can be generated by “grafting from” polymerization using
controlled radical polymerization (CRP) schemes.1-10 Equilibrium
between active polymerizing chains and inactive dormant chains in
CRPs is shifted heavily towards the dormant chains, which leads to
controlled molecular weights and molecular weight distributions
(MWDs).11,12 The “grafting from” scheme consists of growing
polymers directly from initiator-covered surfaces. In contrast to
the “grafting onto” approach, in which polymers with reactive
end groups attach to the surface, the “grafting from” strategy is
believed to yield dense brusheswith controlled thickness, grafting
densities, and relatively narrow MWDs characterized by a small
polydispersity index (PDI). Despite the common use of CRP for
the synthesis of end-tethered layers, there is a dearth of research
characterizing the PDI of polymers produced from initiating sur-
faces. The current approach for the estimation of PDI in tethered
layers involves the addition of free bulk initiators to the poly-
merization mixture and the subsequent analysis of the solution-
synthesized polymers by size-exclusion chromatography (SEC)
or an equivalent technique. Themajor drawbackof this approach
is that it neglects possible effects of surface confinement and
diffusion of the reactive components to and from the propagating
radical ends, which, in turn, affect the ability of CRP to yield
grafted polymers with low PDI.

Surface-initiated atom transfer radical polymerization (SI-ATRP)
and its various derivatives (i.e., ARGETATRP) are probably the
most frequently used CRP schemes employed in the formation

of polymeric grafts on surfaces using the “grafting from”
method.13,14 The popularity of thesemethodologies has stemmed
from their robustness, insensitivity to the presence of small
amounts of impurities (most notable oxygen) that tend to
terminate the radical processes, and their ability to create
copolymers and polymers with complex topologies. In spite of a
sizable amount of work on this topic, our understanding of the
“grafting from” process and complete characterization of the
properties of grownmacromolecular grafts has been hindered by
many technical limitations. As a result, contradicting reports
have not been reconciled conclusively by means of our current
knowledge.15-19 For example, experimental studies performed
by cleaving the surface-initiated polymers15-19 report both
increases15,16,18 and similar17 PDIs of the surface-grafted poly-
mers relative to polymers grown in the solution. In addition,
while most reports noted that “grafting from” polymerization
resulted in polymers whose molecular weights were lower than
polymers grown under identical experimental conditions in the
bulk,Koylu et al. reported recently on the opposite trend.18 These
and other findings are not easy to understandwithout performing
a comprehensive set of additional experiments involving SEC
measurements with very sensitive concentration detectors. How-
ever, even with the available SEC measurements of surface-
grown polymers, more information about the structure of the
grafted layer is needed in order to comprehend the effect of the
various process parameters that influence the “grafting from”
mechanism. In spite of tremendous progress in various instru-
mentation tools, no currently available analytical technique is
capable of characterizing completely the structure of the grafted
layer. Computer simulations and various molecular theories
may prove useful because they provide monomer-level insight
into the polymerization process that may not be accessible to
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experiments. These approaches further offer the opportunity to
vary systematically the parameters of the polymerization system
and to characterize completely the properties of the molecular
grafts without the limitations involved with experiments.

The variations in PDI investigated herein are relevant given
that properties such as the brush height and the polymer
concentration profile vary significantly when comparing grafted
polymers with equal number averagemolecular weights (ÆNæ) but
differing MWDs.20-29 For instance, using numerical self-consis-
tent mean field theory de Vos and Leermakers29 demonstrated
recently that broadening ofMWDs leads to changes of the shapes
of the brush concentration profiles from parabolic to linear
to concave and to corresponding increases in the brush layer
thickness under good solvent conditions. The authors also noted
that, interestingly, the scaling exponents for the brush height with
respect to the molecular weight and the grafting density are
identical for both monodisperse and polydisperse polymers. In a
later study, the authors reported on the effect of PDI on the
antifouling properties of tethered polymers, which is an impor-
tant application of these layers.30 In this contribution, we build
upon previous reports and investigate the effect of the initiator
grafting density and the solvent quality on the properties of
polymers initiated from flat substrates; and how they compare to
bulk initiated reactions in athermal solvents. The results provide
information about themolecular weight, PDI, and concentration
profiles for grafted polymers grown by CRP reactions.

Reports simulating and modeling surface-initiated polymeri-
zation have appeared previously. Wittmer et al.31 studied the
diffusive growth of a polymer layer by in situ polymerization
using a mean-field treatment and scaling theories of polymers in
good solvents. Computer simulations utilizing the bond-fluctua-
tion model (BFM) were used to verify the developed theory.
Wittmer and co-workers considered a system in which initiators,
which could commence irreversible growth of linear unbranched
chains, covered densely an impenetrable wall. The authors
further assumed that the chain growth was slow and, therefore,
the chains retained their local equilibrium conformation during
the polymerization process. An infinitesimal flux of incoming
monomers then provided the reactants from which the polymers
could grow. Wittmer et al. predicted that for diffusion-limited
reactive growth the formed chains would be polydisperse but
nonetheless strongly stretched away from the surface.

Numerous computer simulation studies have been performed
on bulk- and surface-initiated equilibrium, “living” polymeriza-
tions, in which polymerization and depolymerization reactions
were accounted for and the polymers were in chemical equilib-
rium with a population of free monomers. Using off-lattice and
BFMMonte Carlo (MC) simulations, Milchev and co-workers32

reported briefly on the effect of growing polymers from low and
high initiator grafting densities that resulted in differences in their
MWDs. Matyjaszewski et al.13 also implemented computer
simulations to investigate surface-initiated polymerizations. They
constructed concentration profiles and computed the MWD of
the simulation-grown polymers.

Recently, Liu and co-workers33 reported on the effects of the
polymerization rate and the density of initiating centers on the
properties of macromolecules grown by “grafting from” poly-
merization from flat substrates bymeans of coarse-grainedmolec-
ular dynamics. Liu et al. modeled a “true” living/controlled
polymerization process by not considering any termination (or
chain transfer) in their simulations. They demonstrated that
decreasing the rate of polymerization resulted in polymeric grafts
with lower PDI, relative to polymerization performed at higher
rates. Liu et al. also reported on the interplay between the density
of the initiators on the surface, their effectiveness of initiation,
and polymerization rates. Specifically, the authors pointed out
that in systems with low initiator density nearly all initiators

started polymerization. At slow polymerization rates, all chains
propagated at approximately the same rate. In contrast, at high
densities of the initiator centers, initiation efficiency decreased
with increasing rate of polymerization, which, in turn, resulted in
a higher fraction of inactive initiators and higher PDIs.

A few years ago, one of us developed andpresented a computer
simulation model of controlled radical polymerization resem-
bling processes occurring in ATRP by employing a stochastic
MC scheme.34We described how ÆNæ and theMWDof polymers
grown in bulk and on flat impenetrable surfaces depended on a
number of parameters, such as, the concentrations of different
species and the simulation equivalents to kinetic rates and equi-
librium constants. We demonstrated that increasing the termina-
tion probability and decreasing the initial probability of addition
of a newmonomer to a growing chain broadened theMWD.Our
results also indicated that confinement of surface-initiated poly-
mers resulted in increased numbers of early terminations, which,
in turn, led to higher PDIs. Upon increasing the grafting density
of the initiators on the surface, we noted further increases in the
PDIs of the grafted polymers.

The current work builds upon our previous MC study34 and
the work of Liu and co-workers33 to investigate the effect that
decreasing the solvent quality and/or grafting the initiators to the
surface has on the broadness of the MWDs. By turning off the
termination reaction and decreasing the rate of polymerization
(in contrast to our previous work), we aim to model the “true
living”/controlled radical process. In contrast to previous
studies, we include a mechanism for activation/deactivation of
the propagating species that resembles most CRP schemes in
our simulations. We will demonstrate that even in “truly living”
polymerizations, confining the growing chains (either by grafting
to the surface or by collapsing the chains in poor solvents) may
result in appreciable increases in the PDI of the surface-tethered
polymers. We also explore the effect of confinement due to chain
collapse on the MWDs. Our motivation for investigating poly-
merization in poor solvents comes from experimental studies in
whichmethanol/water/monomermixtures were used for SI-ATRP
of methyl methacrylate (MMA)19,35 and n-isopropylacrylamide
(NIPAAm)36-40 from planar substrates. If large monomer con-
centration gradients develop in these reactions, they can expose
the grafted polymers to a water/methanol mixture, which is a
poor solvent at the experimental conditions.

Simulation Model

Computer simulations of CRP reactions are performed by
implementing a stochastic MC algorithm34 in conjunction with
the BFM.41 The polymers and monomers reside in a three-
dimensional cubic lattice in which the monomers can be bonded
according to the following vector families: P(2,0,0), P(2,1,0),
P(2,1,1), P(2,2,1), P(3,0,0), and P(3,1,0).42 These vector sets
prevent any bonds from crossing and monomers (and polymers)
from overlapping as long as the only allowed moves in the
simulation are nearest neighbor ones. The fluctuating character
of the bond-lengths in this model allows for close approximation
of continuum behavior while at the same time preserving the
advantages of lattice models such as integer arithmetic.

TheBFMis, by its nature, self-avoiding and as such it describes
polymer behavior under good solvent conditions. To simulate
poor solvent conditions we have incorporated a set of inter-
molecular, intramolecular and bond-length potentials.43 The first
potential is of the Lennard-Jones (LJ) form and is truncated to
only act between beads that find themselves within the maximum
distance allowed by the above-mentioned vector families (bond
length = 101/2). A bond-length potential is also included to
describe the increase in chain stiffness with decreasing tempera-
ture. In our system, the LJ and bond-length potentials only act
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between bonded beads in the simulation box and not between the
beads representing free monomers. We neglect the polymer-
monomer and monomer-monomer interactions to prevent ag-
gregation of free monomers that would describe an unlikely
physical condition in which the monomers are not soluble in
the polymerization medium. It was demonstrated previously that
increasing the interaction parameter (ε) in these potentials re-
lative to temperature led to collapsed chain conformations.43,44

We confirm independently chain collapse in the bulk- and sur-
face-initiated cases (see Supporting Information) and perform
reactive simulations in both good (ε = 4 � 10-7 kBT) and poor
(ε = 4 � 10-1 kBT) solvents.

The MC algorithm used to simulate the polymerization reac-
tions has been described previously.34 The total number of
initiators and monomers is fixed for all simulations performed.
We vary the density of initiators on the surface while maintaining
nearly constant the overall volume of the lattice by adjusting
the dimensions of the cubic lattice (Lx=Ly, Lz). In this manner,
we can investigate the effect of the grafting density of initiators
on the polymerization while keeping other relevant parameters
(i.e., monomer concentration) unchanged. Table 1 tabulates the
Lx = Ly and the Lz dimensions of the lattices used in this study
and the resulting surface density of the initiators (σ, where σ=1
represents a fully covered surface in the BFM). In bulk-initiated
polymerizations, we implement periodic boundary conditions in
the three spatial directions. For surface-initiated polymeriza-
tions, two impenetrable walls are located at z= 0 and z= Lz

representing the substrate and the limit of the simulation box,
respectively; the periodic boundary conditions are employed only
in the xy plane of the lattice.

The initial configuration for bulk-initiated polymerizations
corresponds to the monomers and initiators distributed uni-
formly throughout the volume of the simulation box. Each
initiator corresponds to two bonded polymer beads, of which
one is a propagating center (i.e., chain end). In the case of surface-
initiated polymerizations, the inactive bead of the initiator is
located at equally spaced intervals on the substrate and at z=1,
while the propagating bead is placed directly above of the
anchoring bead at z = 3. In the surface-initiated case, the bead
adjacent directly to the surface is not movable. The numbers of
monomers and initiators have been fixed at Mo = 12500 and
Io = 400, respectively; this corresponds to a lattice occupancy of
10.64%. We perform a preliminary long equilibration run con-
sisting of ≈109 attempted Monte Carlo steps (MCS, defined as
MC steps per simulation bead) to obtain a randomly distributed
configuration. The equilibrated configuration serves as input to
the MC simulations.

We initialize the simulations by a short equilibration period of
106 MCS. This is equivalent to every bead in the simulation box
undergoing, on average, 75 attempted moves. Once the second
pre-equilibration finishes the reactiveMCalgorithm commences.
The reactiveMCschemecontinuesuntil either 80%of themonomer
is exhausted (i.e., polymerized) or a predeterminedmaximum
number of MCS elapses. The latter premature end of the simula-
tions before reaching high conversionswas necessary because, in the
high surface density and poor solvent regimes probed, the poly-
merization rate is very slow and the simulation would not reach
80% conversion in a reasonable time.

TheMCalgorithm implemented here is similar to our previous
work34 except for a few changes that we describe next. Previously,
the probability of reaction versus motion was set a priori toPr =
0.5. In the current work, we investigate the effect of this param-
eter on the results of the simulation and determine that, for the
study of different levels of confinement and poor solvent condi-
tions, a more appropriate value of Pr is 0.01 (see Supporting
Information). Reducing the reaction rate (propagation only
in the present work since we prohibit termination and chain
transfer) further assures controlled polymerization growth,
which is consistent with the approach of Liu and co-workers.
Reducing Pr also shifts the system behavior from a diffusion-
limited reaction to a kinetically limited one, in turn,mitigating the
effects of gradients in the free monomer volume fraction and
allowing the polymer chains to approach their equilibrium
conformations. Although it would be desirable to slow the
reaction rate enough to achieve full kinetic control, balancing
this need with feasible simulation times was required. The second
difference between the current simulations andourpreviouswork
is that the probability to add a monomer (Pa) is no longer
proportional (Pa=Pa,o[M/Mo], where Pa,o is a constant and
M is the instantaneous number of free monomers) to the number
of free monomers left in the simulation box. This proportionality
was redundant because the probability that an active chain and a
free monomer approach to within the reactive distance is already
proportional to the instantaneous monomer concentration. We
therefore modify our approach in the current work and set Pa =
Pa,o throughout the simulation run. Both of these changes affect
the observed results in an absolute fashion, but all the observed
trends and conclusions of our previouswork34 remain unchanged
in this revision of the algorithm.

During a typical polymerization run, wemonitor themonomer
conversion (xm), polydispersity index (PDI), radius of gyration
(|Rg

2|1/2), volume fraction profiles (φi(z)), and the number of
nearest neighbor site per active chain-end occupied bymonomers
(θm), polymers (θp), and chain ends (θe).We evaluate thePDI,Rg,
and φi(z) at steps of 1% monomer conversion. We average these
quantities for at least three independent runs to gain statistical
certainty. The number of the nearest neighbors to the active chain
ends are computed every 10000 MCSs and plotted as a function
of monomer conversion. These data are fitted with a third degree
polynomial to discern the trends between the different runs.

Results and Discussion

Solvent Quality. Computer simulations of polymerization
reactions were performed in good and poor solvents for
bulk-initiated systems. The working hypothesis was that
with decreasing the solvent quality, the coil becomes more
compact thus making the interior of the coil inaccessible to
monomers and hiding the growing chain inside the collapsed
coil. As a result, relative to polymerization under good
solvent conditions, the rate of polymerization under poor
solvent conditions will be slower and the PDI will increase.
Figure 1 depicts the evolution of the |Rg

2|1/2 (a) and PDI (b) as
a function of monomer conversion for polymerizations
performed in good (blue squares) and poor (red circles)
solvent conditions. Compared to polymers grown in good
solvents, under poor solvent conditions the resulting macro-
molecules possess smaller dimensions for identical average
molecular weights (or monomer conversions). Moreover, the
PDI of polymers grownunder poor solvent conditions increases
at higher conversions relative to the good solvent case.

While these observations confirm that chain collapse
under poor solvent conditions and the resulting confinement
of the propagating centers lead to broader MWDs, to gain
insight into the reasons for this broadening, we have to

Table 1. Lattice Dimensions and the Corresponding Values of σ

Lx = Ly Lz lattice Volume σ

160 39 998400 0.06
140 51 999600 0.08
120 69 993600 0.11
100 100 1000000 0.16
80 156 998400 0.25
60 278 1000800 0.44
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monitor the environment around the propagating chain
ends. Specifically, for every 10000 MCSs we determine the
number of nearest neighbor sites per active chain end
occupied by monomers (θm), polymer beads belonging to
the observed chain end (θp,s) or to other chains (θp,o), and the
remaining empty sites (θe). We least-squares fit these data to
facilitate the identification of differences between good and
poor solvent conditions (Figure 2). In contrast to polymer-
ization under good solvent conditions, in poor solvents there
is a lower likelihood that an active chain-endwill encounter a
monomer and undergo reaction as reflected by the data for θm.
Concurrently, θp,s and θp,o increase in going from good
to poor solvent conditions. The increase in θp,s indicates that
the chains are collapsing and that chain ends are more likely
to neighbor other beads in the same chain. The increase in θp,o
suggests that the chains tend to aggregate in poor solvent
conditions, thus, further shielding the active chain ends and
hindering the polymerization reaction. Both of these effects
can disrupt monomer delivery to the chain ends, which can
explain the decreased rate of polymerization (not shown) and
the increase in PDI. One explanation for the increase in PDI
that we cannot currently verify is that each chain might
collapse with its chain end located farther or closer to the
interphase between the collapsed globule and the solution.
The dynamics of a collapsed chain are slow enough that the
chain will not change its configuration significantly through-
out the polymerization. This would result in uneven growth
of chains depending on the specific collapse configuration.

While the aforementioned observations are specific to
our model reaction, they provide insight into the factors

influencing a real system. Take, for example, ATRP reac-
tions, in which a terminal halogen atom can transfer revers-
ibly to a neighboring metal/organic ligand complex protec-
ting and deprotecting the chains.45 In this case, not only will
the collapse of the chain obstruct the monomer from reach-
ing the reaction centers but it will also hinder the metal/
organic ligand complex and the catalyst crucial for the
reaction. One can therefore envision situations in which
collapsed polymers do not alternate efficiently between the
active (living) and inactive (dormant) forms resulting in
deterioration of reaction control. Many other factors may
come into play under poor solvent conditions (i.e., altered
halogen transfer between the metal/ligand complex and the
growing chain) and, in this sense, our simulations represent a
simplified scenario providing insight into the factors affect-
ing polymerization control in poor solvents.

Surface Density. Computer simulations of polymeriza-
tions were performed with bulk and surface-bound initiators
under good and poor solvent conditions. Our benchmark
system corresponds to a lattice defined byLx=Ly=Lz=100
with the initial number of monomers equal to 12500 and

Figure 1. (a) Radius of gyration and (b) polydispersity index of bulk
polymers in good (blue squares, ε=4� 10-7 kBT) andpoor (red circles,
ε = 4 � 10-1 kBT) solvent conditions as a function of monomer
conversion.

Figure 2. Average number of nearest neighbor sites per active end
occupied by free monomers (θm), polymers (θp), polymers belonging to
a different chain (θp,o), polymer belonging to the observed chain (θp,s),
and the remaining empty sites (θe) for bulk polymerization under good
(solid, ε=4� 10-7 kBT) and poor (dashed, ε=4� 10-1 kBT) solvent
conditions.
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number of initiators equal to 400. In the surface-initiated
polymerization, this corresponds to σ = 0.16. We also
explore how varying σ affects the polymerization reaction.
While a logical way to change σ would seem to be to add
more initiators to the surface, this approach would alter the
ratio between numbers of monomers and initiators, which
would consequently influence the kinetics and PDI of the
reaction. To achieve different values of σ without changing
the numbers of monomers and initiators, one should thus
modify the dimensions of the lattice to vary the area per
initiator molecule while keeping the total volume of the
lattice approximately constant. Given that Lz varies for
simulations at different σ, all runs are inspected to ensure
that the perpendicular component of the radius of gyration
(|Rg,^

2 |1/2) does not approach Lz.
Figure 3 shows the parallel (|Rg, )

2 |1/2) and perpendicular
(|Rg,^

2 |1/2) components of the radius of gyration as a function
of the monomer conversion for bulk- (dashed line) and
surface-initiated (symbols) systems under good (left column)
and poor (right column) solvent conditions at three different
σ equal to 0.08 (top), 0.16 (middle), and 0.44 (bottom). We
must note that the averages computed here are not ensemble

averages for configurations of a single chain, but the aver-
ages of the instantaneous configurations of a population of
chains with varying degrees of polymerization (N). Bulk
polymers exhibit equal dimensions in every direction because
of orientational averaging over many conformations and are
therefore represented by a single line. The average size of the
bulk-initiated polymers increases with increasing conver-
sion; the increase is slower in poor solvents relative to good
solvents, as noted previously. Surface-initiated polymers in
good solvents exhibit larger dimensions in the direction
perpendicular to the substrate than parallel to it; this effect
becomes more pronounced with increases in σ. This shape
asymmetry is due to repulsive excluded volume interactions
between neighboring chains, which force the polymers to
extend away from the tethering surface. Most of the shape
asymmetry manifests itself as an increase in |Rg,^

2 |1/2, while the
|Rg, )

2 |1/2 undergoes only a small decrease from its bulk value.
Under poor solvent conditions and at low σ |Rg,^

2 |1/2 becomes
smaller than |Rg, )

2 |1/2.With increasingσ, the difference between
|Rg,^

2 |1/2 and |Rg, )

2 |1/2 vanishes and eventually |Rg,^
2 |1/2> |Rg, )

2 |1/2.
These observations reveal that under poor solvent conditions
the chains try to minimize their contact with the solvent. At
low grafting densities, they achieve this by collapsing onto
the substrate and stretching toward their neighbors. At
higher grafting densities, the horizontal confinement in-
creases and the only direction the chains can extend to is
that perpendicular to the substrate.

In an ideal system, one would want all initiator molecules
to activate simultaneously so that the propagation reaction

Figure 3. Parallel (Rg, ), closed symbols) and perpendicular (Rg,^, open
symbols) components of the average radius of gyrationof grafted chains
as a function of monomer conversion for good (left column, ε = 4 �
10-7 kBT) and poor (right column, ε = 4 � 10-1 kBT) solvent
conditions at three different grafting densities (σ): 0.08 (top row,
magenta), 0.16 (middle row, green), and 0.44 (bottom row, black).
The dashed lines represent corresponding data for chains polymerized
in bulk.

Figure 4. Initiator efficiency as a function of monomer conversion for
a) good (ε = 4 � 10-7 kBT) and b) poor (ε = 4 � 10-1 kBT) solvent
conditions at various grafting densities (σ): 0.06 (dark green left-
pointing triangle), 0.08 (pink diamond), 0.11 (blue downward triangle),
0.16 (light green triangle), 0.25 (red circle), and 0.44 (black square).
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commences instantaneously for all growing polymers. In
reality, not all initiators are activated at the same time (or
activated at all).19 There are multiple reasons for this behav-
ior. Some of them are associated with the chemical nature of
the initiator and the environmental trigger that activates it
(typical examples include azo-based initiators for free radical
polymerizations46-48) or with steric hindrance of the initiator
molecules in confined systems. Because the properties, partic-
ularly the PDI, of the polymeric tethers depend crucially on
the initiator efficacy, it is important tomonitor the fraction of
active initiators that participate in the reaction.Although such
a task is challenging to carry out experimentally, computer
simulations can handle monitoring this parameter very easily.
In Figure 4 we plot the fraction of initiators that undergo
polymerization as a function of monomer conversion (xm).
For nearly all values of σ, complete (i.e., 100%) initiation
efficiency is achieved by xm = 0.20. The sole exceptions are
systems with very high grafting density where the initiator
efficiency plateaus earlier, σ g 0.44 in good solvents and σ g
0.25 in poor solvents. In poor solvent conditions and at the
highestσ, the initiator efficiency reaches a plateau value of 0.8,
which might have implications for polymerization of real
systems if large gradients in monomer concentration develop
(i.e., methacrylates in water/alcohol mixtures).19,35

One of the main benefits of computer simulations applied
to polymerization is that one can determine theMWDof the
grown polymers in situ. Although SEC experiments are in
principle capable of providing similar information, the
amount of material cleaved off from the substrate is often
below the sensitivity limit of most SEC detectors. Further-
more, even if SEC traces show a polymer peak, they might
miss (or skew) low andhighmolecularweight tails, leading to
underestimation of the broadness of the distribution. Com-
puter simulations overcome this limitation by calculating the
MWD from the size (N) of each chain. The data in Figure 5
represent MWDs as a function of xm and σ for good (left
column) and poor (right column) solvent conditions. The
values in the ordinate represent conversions and the black
lines represent slices of the MWDs at the labeled conver-
sions. While relatively narrow peaks represent theMWDs at
low σ, at high σ, a highmolecular weight tail develops. Going
from σ=0.08 (top) to σ= 0.44 (bottom) the MWD broad-
ens significantly. Although at low σ the peak moves steadily
to largermolecular weight areas, at high σ, most of the chains
remain short. Polymerizations under poor solvents exacerbate
these effects, possibly due to chain collapse and obstruction of
the access of monomers to chain ends.

To quantify the broadness of theMWDs at different σ and
different solvent conditions, we monitor the PDI of the
surface-initiated chains as a function of xm and plot the
results in Figure 6.We compute the PDI, defined as the ratio
of the mass-average molar mass (second moment) to the

Figure 5. Chain length distributions for surface-initiated polymeriza-
tions as a function of monomer conversion (xm, ordinate) for good
(left column, (a, ε = 4 � 10-7 kBT) and poor (right column, ε = 4 �
10-1 kBT) solvent conditions at three grafting densities (σ): 0.08 (top,
magenta), 0.16 (middle, green) and 0.44 (bottom, black). The dark areas
represent high frequency of a specific chain length and light colors low
frequency. The lines represent slices of these distributions and their
ordinate value represent the frequency at a given chain length.

Figure 6. Polydispersity index (PDI) of grafted chains as a function of
monomer conversion for good (a, ε= 4� 10-7 kBT) and poor (b, ε=
4 � 10-1 kBT) solvent conditions at various grafting densities (σ): 0.06
(dark green left-pointing triangle), 0.08 (pink diamond), 0.11 (blue
downward triangle), 0.16 (light green triangle), 0.25 (red circle), and
0.44 (black square). The dotted black lines represent the PDI values for
chains polymerized in bulk.
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number-average molar mass (first moment) of the distribu-
tion, by taking into account the length of all chains including
those of initiators that have not yet polymerized (N=2). In
good solvents (Figure 6a) and at low σ, the reaction remains
controlled; very low PDI values are attainable at all mono-
mer conversions. Furthermore, the PDIs for low σ are
identical to those obtained for bulk polymerizations (dashed
line). This indicates polymerizations from surfaces popu-
lated sparsely with initiators may achieve similar control as
the bulk-initiated CRP (we caution that some differences
between the two polymerization geometries may still exist in
real systems even at low σ because effects not considered in
this model, such as mobility of the metal/organic ligand
complex, the activation reaction, etc). Increasing σ leads to
higher PDI values indicating that polymers grown from
dense initiator assemblies have broader MWDs. Given that
chain termination is neglected, the monomer concentration
is unchanged and all the relevant kinetic parameters of the
model are constant, we attribute this gradual increase in PDI
to the increase in initiator density on the surface and there-
fore to chain crowding. This observation is consistent with
previous experimental studies15,16,18,19 and thework in Liu et
al.,32 which report higher PDIs for surface grown polymers
relative to polymers grown in solution.

Computer simulations performed under poor solvent
conditions yield similar trends as those observed in good
solvents. However, we observe pronounced increases in the
PDI with increasing monomer conversion, especially at high
σ (Figure 6b). At σ= 0.08, we detect an increase of ≈5% in
the PDI at the maximum conversion achieved (xm = 0.8) in
going from good to poor solvent condition; this value
increases to 26% (xm = 0.27) at σ = 0.44. Overall, there
are synergistic effects when both high σ and poor solvent
conditions are present that result in very poor control of
polymerization reactions. In addition, for the bulk-initiated
systems, the increase in PDI when going from good to poor
solvent conditions is≈7.8%,which is larger than the value at
σ = 0.08. Polymers grown at σ = 0.08 and under poor sol-
vent conditions represent the only case, in which we observe
a lower PDI for grafted chains relative to those in the bulk.
A possible explanation for this behavior is that although
bulk chains can readily form aggregates through intermolec-
ular interactions, tethered chains cannot diffuse to one
another because of their attachment to the surface. The latter
prevents chain aggregation and therefore reduces the chain-
end confinement on the surface when compared to the bulk.

To explain the increases in PDIs as a function of σ, we
recur to the average occupation of the nearest neighbor sites
of the active chain-ends. In Figure 7, we plot θm, θp, and the
fraction of surface sites near the chain ends (θw) as a function
of xm for polymerizations performed under good (left
column) and poor (right column) solvent conditions at three
σ values: 0.08 (top), 0.16 (middle), and 0.44 (bottom). We
observe that with increasing monomer conversion, θm
decreases due to monomer consumption, θp increases due
to the higher molar mass of polymers, and θw decreases due
to the chain ends moving farther away from the surface. At
the lowest σ, the initial value of θm (xm=0) is about half that
of the bulk-initiated case and it decreases further at higher
values of σ. We attribute this behavior to the presence of the
substrate and to the increased crowding of the initiators at
higher σ. As the polymerization progresses and the chain
ends migrate away from the substrate (at about xm=0.31),
θm for the low σ case and the bulk-initiated case become
equal, indicating similar environments of the active chain
ends in these systems. Further, θp increases with increasing σ,
indicating that the polymers are occupying the space near the

active chain ends and blocking their access to free monomer.
Under poor solvent conditions (right column), this effect is
more pronounced suggesting that chain collapse leads to
additional masking of the active chain ends by the polymer
and additional disruption of the chain-ends access to mono-
mer. Finally, θw decreases as a function of xm except for the
largest σ in which its value is zero for all xm.When σ=0.44,
the initiators almost fully cover the surface and within the
BFM it is impossible for macromolecules growing under
such conditions to access the sites adjacent to the wall.

To comprehend the increases in PDI as σ increases, we
construct volume fraction profiles of the polymers (φp(z), left
column), free monomers (φm(z), center column), and chain
ends (φe(z), right column) as a function of distance from the
substrate (z, abscissa) and xm (ordinate) for good (Figure 8)
and poor (Figure 9) solvents. As stated previously, the data
in the top, middle, and bottom rows correspond to σ equal to
0.08, 0.16, and 0.44, respectively. The colored areas corre-
spond to high concentrations, while the white color denotes
zero concentration. The black lines represent sample slices of
the φi(z) at a specific xm. In general, φp(z) and φe(z) extend
away from the surface with increasing xm, as expected. In
addition, φm(z) develops a depletion layer near the sub-
strate as xm increases, indicating that within the polymer
brush the concentration of monomer decreases appreciably.

Figure 7. Average number of nearest neighbor sites per active end
occupied by monomers (θm, top row), polymers (θp, middle row), and
wall (θw, bottom row) as a function of monomer conversion for
good (left column, ε=4� 10-7 kBT) and poor (right column, ε=4�
10-1 kBT) solvent conditions. The solid lines represent values corre-
sponding to various grafting densities: 0.08 (magenta), 0.16 (green), and
0.44 (black). The dark gray dashed lines represent the corresponding
values for chains polymerized in bulk.
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As σ increases, the monomer depletion continues to develop
and reaches a point where the populations of chain ends and
monomers no longer overlap. In more detail, Figure 10
shows φp(z), φm(z), and φe(z) on the same scale at three
different σ, xm = 0.2 and at good (left column) and poor
(right column) solvent conditions. At σ = 0.08 (top), φm(z)
remains almost constant even very close to the surface; there
is appreciable overlap between the free monomer and chain-
end populations. At σ = 0.16 (middle), φm(z) undergoes a
steeper decrease near the substrate and in poor solvents it is
very close to zero. Finally, at σ = 0.44 (bottom), φm(z)
reaches zero farther away from the substrate under both

good and poor solvent conditions. The populations of chain
ends and free monomers have minimal overlap leading to
uneven growth in the high σ case.We therefore conclude that
at higher σ any differences in the chain lengths of the
polymers lead to preferential growth of the longer chains
versus the shorter ones, a situation that is detrimental to the
controlled growth of macromolecules from surfaces.

As alluded to above, properties such as the brush height
and the volume fraction profile of the polymers and chain
ends depend on the broadness of the MWDs. A brief
exploration of these differences can be seen in Figure 11,
which shows φp(z) for grafted layers created by our reactive

Figure 8. Volume fraction of grafted chains (left column, black), monomers (middle column, red), and chain ends (right column, green) expressed as a
function of the distance from the wall (abscissa, z) vs monomer conversion (ordinate, xm) under good (ε= 4� 10-7 kBT) solvent conditions at three
grafting densities: 0.08 (top row), 0.16 (middle row), and 0.44 (bottom row).

Figure 9. Volume fraction of grafted chains (left column, black), monomers (middle column, red) and chain ends (right column, green) expressed as a
function of themonomer conversion (xm) vs the distance from thewall (z) under poor (ε=4� 10-1 kBT) solvent conditions at three grafting densities:
0.08 (top row), 0.16 (middle row), and 0.44 (bottom row).
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simulation (up-triangles) and those with PDI = 1 (squares).
Samples with N=10.0 (10.1 for polydisperse system) cor-
respond to xm=0.26 and forN=20.0 (20.1 for polydisperse
system) correspond to xm = 0.58. As σ increases from 0.11
(top) to 0.25 (bottom), the PDI of the synthesized layers
grows from1.10 to 1.22, respectively, atN=10.Although at
σ = 0.11 the monodisperse and polydisperse concentration
profiles are nearly identical, there are substantial differences
at σ = 0.25. Relative to the monodisperse layers, the poly-
disperse ones exhibit lower φp(z), close to the substrate, but
extend farther away from it, indicating larger thicknesses. In
general, this effect is more notable as the PDI increases and it
can be observed for the chains in poor solvents as well.

de Vos and Leermakers recently published a detailed
account of the effect of chain length polydispersity on char-
acteristics of end-tethered polymers.29 They used a numerical
self-consistent fieldmodel to calculate concentration profiles
of brushes that had bimodal and continuous distributions
(the latter was assumed to follow the Schulz-Zimm dis-
tribution). The authors reported that, for both distributions
studied, increases in PDI of the brushes in good solvents
result in changes in the shape of the concentration profiles
from parabolic to linear to concave. They also noted that the
average height of the brush increased with increasing PDI;
for instance, an increase in PDI from 1.0 to 1.1 resulted in a

12% increase in brush height. de Vos and Leermakers noted
that, in polydisperse brushes, chain ends segregate, depend-
ing on the molecular weight of the chain as opposed to the
monodisperse case, in which the locations of the chain ends
fluctuate strongly through the entire thickness of the grafted
layer. Our simulations allow us to generate populations of
chains grown directly from the surface and determine if the
Schulz-Zimm distribution describes correctly these popula-
tions. Table 2 shows the least-squared fitted parameters of
the Schulz-Zimm distribution to data for several of our
grafted polymer populations. Although the Schulz-Zimm
distribution describes the populations at σ = 0.08 and σ =
0.16 well, at σ = 0.44 the quality of the fit deteriorates.
Moreover, the values obtained for the PDI andN in the high
σ fits deviate from the true values for these populations. We
posit that the Schulz-Zimm distribution fails to describe the
chain-length distribution at high σ because the chains are no
longer growing with equal probability, that is, small chains
have a lower probability of growth than larger ones. We can
also verify independently the conclusions reached by de Vos
and Leermakers without assuming any a priori form of the
distribution of chain lengths. First, regardless of solvent
quality, increasing σ leads to higher PDI and higher brush
heights. Second, polydisperse brushes in good solvents are
more extended than those in poor solvents, and the latter
exhibit larger increases in PDI relative to systems under good
solvent conditions. Third, for a given combination of
solvent quality, σ, and N, a crossover point exists where
all volume fraction profiles intersect regardless of the PDI.

Figure 10. Volume fraction profiles of grafted chains (black square),
monomers (red circle), and chain ends (green triangle) for good (left
column, ε=4� 10-7 kBT) and poor (right column, ε=4� 10-1 kBT)
solvent conditions at three grafting densities: 0.08 (top row), 0.16
(middle row), and 0.44 (bottom row).

Figure 11. Volume fraction profiles for monodisperse (squares) and
polydisperse (triangles, PDI listed in the legend) for good (left column,
ε=4� 10-7 kBT) and poor (right column, ε=4� 10-1 kBT) solvents
at three grafting densities: 0.11 (top row), 0.16 (middle row), and 0.25
(bottom row). Profiles were obtained at xm values of 0.26 and 0.58 for
N equal to 10.1 and 20.1, respectively.
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This observation was also made by de Vos and Leermakers,
but not discussed in their paper. We will provide a detailed
discussion of this effect in a subsequent publication.49

Conclusions

WeemployedMonteCarlo simulations to investigate the effect
that grafting density and solvent quality on surface-initiated
living polymerizations. Our computer simulations neglected
terminations and chain transfer while incorporating an idealized
mechanism for activation anddeactivation of the growing chains.
We have shown that even under such “true living” conditions
“grafting from” polymerization from planar impenetrable sub-
strates results in the broadening ofmolecular weight distributions
relative to bulk-initiated polymerizations and that this broad-
ening increases as the grafting density of initiators increases. We
attribute this broadening at high grafting densities to the uneven
access of free monomers for short and long chains due to the
depletion of free monomer close to substrate. In addition, the
PDI of both bulk- and surface-initiated polymers produced by
CRP increasedwith decreasing solvent quality. This behavior has
been attributed to the collapsed conformation of the coil and
possible chain aggregates that confine the growing chain end and
limit the access of free monomers to the growing end. The
combination of poor solvent conditions and high grafting den-
sities further exacerbates the broadening of the molecular weight
distribution. For instance, relative to good solvent conditions,
low grafting density systems (σ=0.08) underwent an increase in
PDI of 5%under poor solvent conditions. This number increased
to 26% at the highest grating density (σ=0.44) studied.We also
showed that, although the Schulz-Zimm distribution describes
correctly the chain-length probability density of surface-initiated
polymers at small and moderate grafting densities, at high
grafting densities (σ = 0.44), the description is no longer valid.
We attribute the latter behavior to the difference in the prob-
ability of short (low) and long (high) chains to grow, which is a
direct result of the separation of the monomer and chain-end
populations under these conditions.

Although the effect of initiator density and solvent quality on
surface-initiated CRP is clear, additional work is needed to
understand the process of living polymerization from surfaces
in detail and perhaps a in amore realisticmanner. One important
aspect we have ignored in this work is that solvent quality will
depend on the monomer concentration. The interaction energies
used in this study could in principle be a function of the distance
away from the substrate and depend on the local monomer
concentration. This adjustment would resemble experimental
conditions more closely. Experimentally, one works with large
excess of monomer and stops the reaction in its early stages to
keep the PDI relatively low. Computer simulations describing
such situations should be developed; this would effectively mean
switching from the NVT simulation system to one that considers
a constant chemical potential of free monomers in the bulk.
A more thorough study is necessary to explore the validity of the
Schulz-Zimm distribution for layers polymerized to higher

average degree of polymerization and to check for a crossover
degree of polymerization atwhich the Schulz-Zimmdistribution
ceases to be valid. The effect of the substrate curvature on the
molecularweight (MW) andPDI should also be extendedbeyond
flat surfaces and compared to similar systems polymerized in
bulk. In particular, it would be interesting to explore whether
strong confinement of chains polymerized from surfaces with
negative curvature (i.e., concave surfaces) leads to increases in
PDI and decreases in MW. Living polymerization from surfaces
with positive curvature (i.e., convex) should also be considered.
Here the effect expected is the opposite to polymerization in
concave spaces. Specifically, with increasing the positive curva-
ture, the polymers grown from the surface should start to
resemble their counterparts polymerized in solution. While the
effect of confinement is, in general, relatively trivial to imagine, it
is difficult to provide numerical data about the combined effect of
curvature, initiator density, and solvent quality. This is where
computer simulations will come in very handy.
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