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ABSTRACT: Kinetics of nanogel formation by intramolecular recombination of radicals generated on a linear
chain is studied by Monte Carlo simulation using cooperative motion algorithm (CMA) and pulse radiolysis of
poly(ethylene oxide) in oxygen-free aqueous solutions. Simulations, in good agreement with experiments, show
dispersive kinetics of the process. Simulations of simple model cases (fixed distance between radicals, formation
of loops, radical transfer), which are difficult or impossible to investigate experimentally, broaden the understanding
of the importance of elementary processes which contribute to kinetics of recombination of randomly distributed
radicals on long chains. It is shown that the main factor determining the radical recombination is the distance
between them along the chain which strongly favors nearest-neighbor reaction. Decay half-time is related to the
average distance between the radicals, but the time dependence of the rate constant (dispersive kinetics) is governed
by the number of radicals per chain and chain length and cannot be described by a simple formula in a broad
time range. Formation of intramolecular covalent bonds in the recombination process (generation of loops) has
no detectable influence on the radical decay kinetics, probably due to the simultaneous occurrence of two opposite
phenomena: buildup of steric hindrance and reduction of distance between the radicals. The relationship between
decay kinetics and chain relaxation processes is discussed.

Introduction

Cross-linked polymeric materials are nowadays omnipresent
in technology and everyday life. One of the methods applied to
synthesize such products is the radiation technique. Under the
action of ionizing radiation, free radicals are formed on the
polymer chains, and their subsequent recombination leads to
the formation of covalent bonds between the macromolecules,
joining them into a three-dimensional network. This method
usually allows to cross-link pure polymers, without a need to
introduce any monomers, cross-linking agents, initiators, sen-
sitizers, etc. Besides many large-scale applications where
radiation technique is used to cross-link solid polymers (cable
insulation, thermoshrinkable materials, rubber, etc.), there is a
number of processes where it is applied for cross-linking of
hydrophilic polymers in aqueous solutions. In most cases the
products are macroscopic, permanent hydrogels, having numer-
ous applications, including soil conditioners, soft contact lenses,
matrices for controlled drug delivery, and wound dressings.1

Studies on mechanistic and kinetic aspects of the underlying
chemical processes, i.e., mainly intermolecular cross-linking of
polymer-derived radicals in water, have been published for a
number of synthetic hydrophilic polymers (for a brief recent
review, see ref 2).

Free-radical polymer cross-linking in solution can be also used
to synthesize gel particles of micrometer and submicrometer

size: microgels and nanogels.3-6 Actual and potential applica-
tions of these products range from fillers in paint formulations
to sophisticated biomaterials.7-11 Efficient application of the
radiation method (or any other free-radical-generating procedure)
to the synthesis of micro- and nanogels requires the underlying
physics and chemistry to be understood in some detail.

Nanogels may be defined as internally cross-linked single
macromolecules of molecular weight and dimensions similar
to the parent, linear polymer chains, but having a number of
transverse covalent bonds between the chain segments. Forma-
tion of these bonds requires intramolecular recombination of
many radical pairs formed at the same polymer chain. This can
be achieved by pulse-irradiating the polymer in a dilute, usually
aqueous solution.3,5,6,12-16 In this way, for high-molecular-weight
polymers, it is possible to generate tens or even over a hundred
radicals per chain within a microsecond. Since other chains are
far away and intercoil encounter requires considerable diffusion
time, most of these radicals decay with their neighbors located
along the same macromolecule.

Albeit radiation-induced intramolecular cross-linking in poly-
mer solution has been already evidenced nearly 50 years ago,17

first direct kinetic observations of inter- and intramolecular
recombination of radiation-generated polymer-based radicals
processes were published much later, after the advent of pulse
radiolysis technique. This method (cf. refs 18-21) allows
generating radicals in the system by fast electron pulses lasting
from nano- to microseconds and following the decay in
absorbance of these radicals in nano-, micro-, and millisecond
time scales. At first, the attention of researchers was focused
on studying the kinetics of intermolecular radical recombination,
in the conditions where less than one radical per chain was
generated during the pulse. For a number of simple, water-
soluble polymers it has been demonstrated that the decay of
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the radicals followed classical second-order kinetics.22,23 The
dependence of the recombination rate constants on the chain
length may be interpreted in terms of diffusion of coils
(according to the Smoluchowski theory) or segmental diffusion.
However, when the average number of radicals generated
simultaneously on each chain exceeds one and polymer con-
centration is low (below the critical hydrodynamic concentra-
tion), intramolecular recombination dominates and the radical
decay significantly deviates from the homogeneous second-order
kinetics.

In a study coauthored by one of us, kinetics of radical
recombination in oxygen-free aqueous solutions of poly(ethylene
oxide) (PEO) has been investigated by pulse radiolysis with
spectrophotometric detection.12

The main conclusions resulting from the experimental study
on the intramolecular decay of PEO radicals12 were the
following:

• The apparent momentary second-order rate constant of the
reaction, called in the further text the rate coefficient, decreases
in the course of the reaction and therefore the decay cannot be
described with classical, homogeneous second-order kinetics.

• The decay rate depends on the initial average number of
radicals generated on each chain (Z0), rather than on the overall
radical concentration in the system.

• At high Z0, the initial rate coefficient can reach values of
2k ) 7 × 109 dm3 mol-1 s-1, i.e., much higher than the rate
constants of intermolecular recombination of similar radicals
(even for much more mobile PEO oligomers, the latter does
not exceed 2k ) 5 × 108 dm3 mol-1 s-1 12,22).

• The time dependence of the rate coefficient can be
satisfactorily approximated by the dispersive kinetics model in
the form

This general equation has been demonstrated to be applicable
in a large variety of chemical systems, including polymeric ones
(for reviews, see refs 24 and 25). The values of theR parameter
in the PEO system, calculated using the second-order kinetics,
while being close to 1 forZ0 < 1 (dominating intermolecular
recombination, classical kinetics), drop to the range 0.4-0.7
for Z0 > 1 (prevailing intramolecular recombination).

These kinetic effects have been demonstrated for a number
of simple water-soluble polymers,13,15,16,26-29 and therefore they
seem to be a general feature of multiple-pair intramolecular
recombination of polymer radicals, independent, at least quali-
tatively, on the chemical structure of the monomer unit.

The above-discussed kinetic model (eq 1) is equivalent to
the stretched exponential (eq 2) when first-orderk is used (â )
R):

whereZ(t) denotes the average number of radicals per chain at
a given reaction timet.

Substituting a second-order rate coefficient into eq 1 yields
the following kinetic formula (eq 3):

The use of first-order kinetics seems to be justified in systems
in which the presence (and eventually recombination) of other
radicals does not influence significantly the recombination rate

of a close-neighbor pairs which recombine much faster. In
particular, in diluted solutions, this is the case when only one
radical pair is generated on a chain, and thus the probability of
the recombination event does not depend on any previous events
in the system (see detailed discussion below).

Several possible explanations of the nonclassical kinetics and
of the fact that the momentary rate coefficient decreases in the
course of the reaction can be considered. It may be an inherent
property of the long time scale (and long distance) chain
dynamics. It may also result from the fact that, during the
recombination, internal C-C bonds are formed between previ-
ously independent chain segments, the structure becomes
internally cross-linked and therefore more rigid, and lower
segmental mobility slows down further recombination steps. It
may be caused by the random distribution of the distances
between the generated radicals. It has been also postulated that
the distribution of radiation-generated radicals along a chain
might be in fact not fully random.26 Two or three OH radicals
formed in one spur may attack polymer chain at neighboring
sites, generating groups of polymer radicals in which the
radical-radical distances are much smaller than the average.

Experimental studies, however, do not always yield a clear-
cut picture allowing for unambiguous explanation of the
observed kinetic features (see discussion below). Having billions
of chains in the studied real polymer sample, we always deal
with various distributions: distribution of chain length, of
number of radicals per chain, of mutual interchain distances,
etc. There is no way to fully exclude intermolecular processes.
Moreover, the possibility to change some of the parameters is
limited, either by chemistry and statistics or by technical reasons.
One cannot influence the recombination-to-disproportionation
ratio, and one cannot generate the radicals along the chain in
specific distances or arrangements. On the other hand, it is also
not obvious whether we can assume a purely statistical radical
generation along the chain.

In this work, we use a Monte Carlo simulation of intra-
molecular recombination (and disproportionation) of radicals
on single polymer chains to broaden our understanding of the
kinetics of these processes and to study these aspects that are
difficult or impossible to investigate experimentally.

The aim is to get an insight into the origin of the observed
nonclassical kinetic behavior (the dispersive kinetics). In
particular, we wanted to find out which parameters have a
decisive influence on the kinetics of intramolecular radical
recombination on molecular level and what is the main reason
for the nonclassical kinetic behavior.

For comparison, we preformed experimental studies in which
high concentrations of radicals were generated instantaneously
at poly(ethylene oxide) chains in oxygen-free aqueous solutions,
and their recombination was subsequently followed by time-
resolved spectroscopy. Our intention was to verify, on the basis
of cases where comparison between simulation and experiment
was possible, to what extent the model and algorithm applied
in simulations provide a true picture of the real situation (while
bearing in mind the technical limitations and assumptions made
in the processing of experimental data).

In the second paper we shall present the relationship between
the parameters of intramolecular radical recombination and the
structure of the final productssnanogels.

Experimental Section

Experimental studies on kinetics of intramolecular recombination
of randomly generated polymer radicals were performed by pulse
radiolysis with spectrophotometric detection.18-21 Measurements

k ) BtR-1 (1)

Z(t)
Z0

) exp[-(tτ)â] (2)

1
Z(t)

- 1
Z0

) BtR

R
(3)
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were made in oxygen-free aqueous solutions, and poly(ethylene
oxide) (PEO) was used as the model polymer.

To limit the probability of intermolecular recombination, one
has to work using dilute polymer solutions (below the hydrodynamic
coil overlap concentration), where, upon irradiation, polymer
radicals are almost solely generated by indirect effect. Radiation
energy is absorbed by water, resulting in the formation of highly
reactive species: hydroxyl radicals, hydrogen atoms, and hydrated
electrons (eq 4). Saturating the solution with nitrous oxide removes
oxygen (that could interfere in further reaction steps) and doubles
the radiation-chemical yield of hydroxyl radicals (eq 5). The latter
react with PEO at a diffusion-controlled rate by hydrogen abstrac-
tion, producing carbon-centered radicals at random positions along
the polymer chains (eq 6). Their subsequent decay by (mostly
intermolecular) recombination and disproportionation (eqs 7a and
7b) is the process followed in this study.

Besides the efficient reactivity transfer mechanism (eqs 4-6),
using aqueous solutions has also other advantages. The radiation-
chemical yield of radicals in water is significantly higher than in
most organic solvents, water-derived reactive species are short-
lived, and their absorption spectra do not significantly overlap with
the spectra of polymer radicals, thus allowing for undisturbed decay
kinetics analysis of the latter.

Poly(ethylene oxide) is the polymer of choice for our kinetic
studies, since, in contrast to most other water-soluble polymers,
irradiation of this compound leads to the formation of only one
kind of radicals. This allows to avoid potential problems that may
result from a too complex reaction mechanism when many different
radicals, of different absorption spectra and reactivity, are present
in the system, as has been demonstrated for polyvinylpyrrolidone,30

poly(vinyl alcohol),26 poly(vinyl methyl ether),13,29poly(N-isopro-
pylacrylamide),31,32 synthetic polyelectrolytes,27,33,34etc.

Two standards of PEO (Polymer Laboratories,Mp ) 94 kDa
andMp ) 276 kDa,Mn/Mw < 1.1) were used to ensure well-defined
chain length of relatively narrow distribution. Aqueous solutions
of PEO (10 mM of monomer units unless otherwise indicated),
saturated with N2O, were pulse-irradiated in a quartz flow cell with
6 MeV electrons from a linear accelerator (electron path 7 mm,
transverse optical path 10 mm). Electron pulses were of 17-500
ns duration, and the dose per pulse could be varied from ca. 10 to
400 Gy (1 Gy) 1 J kg-1). Reactions 4-6 were essentially complete
within the duration of the pulse. Subsequently, the decay of PEO
radicals was followed by fast spectrophotometry atλ ) 270 nm.
To obtain data of reasonable signal-to-noise ratio, each recorded
kinetic trace was an average of at least 16 individual shots.
Calculations of radical concentrations were based on an extinction
coefficient of PEO radicals equal 570 dm3 mol-1 cm-1 at λ ) 270
nm,12 and a small correction has been applied to compensate for
the (very low) absorbance of stable, final irradiation products.

Simulation Method. We use a version of the cooperative motion
algorithm (CMA)35-37 developed to simulate single polymer
chains.38 This simulation method has been proved to provide
information on the static and dynamic properties of polymer
molecules of complex topologies: linear chains, cycles, catenanes,38

stars,39 brushes or microgels.39 In this work we simulate the process

of nanogels formation; i.e., the topology of simulated macromol-
ecules changes in time. In the simulations using CMA method a
macromolecule is represented by a simplified model of an ensemble
of beads located at lattice sites connected by nonbreakable bonds
in such a way to represent the macromolecule topology. In such a
simplified model one bead represent a segment of the chain (a group
of atoms). The systems are considered under the excluded-volume
condition, which means that each lattice site can only be occupied
by a single molecular element (bead). Each bead is described by a
set of numbers defining its position in the chain, in space,
connections with other beads of the macromolecule and other
properties if needed. The beads are allowed to change their positions
on the lattice in a random way so that the molecule is flexible and
mobile, observing however the chain continuity condition. Bonds
are represented by vectors. The presented results are obtained by
simulations on a fcc lattice, where the bonds have lengtha ) x2.
The possible bond angles areR ) 60°, 90°, 120°, and 180° with
degeneracydR ) 2, 4, and 1, respectively. The coordination number
of the lattice is equal to 12; i.e., every monomer has 12 nearest
neighbors. Monitoring positions and/or orientations of system
elements in time allows to detect the dynamics in such a system.
Quantities characterizing the system are calculated only between
cooperative rearrangement steps. One time unit corresponds to a
number of simulations steps after which an average of one attempt
to move each bead was made. A more detailed description of the
algorithm used can be found in refs 35-40.

We simulate cross-linking of linear chains by recombination of
“radicals” generated on the chain. Generation of the radical on a
bead is simulated by ascribing to it a property of interacting with
other “radicals” while its other properties remain the same. In each
simulation cycle a new linear chain in a random conformation was
generated on the lattice. A given number of radicals was generated
on the chain simultaneously at random or fixed positions at time
t ) 0. In the case of random generation, the radicals are not allowed
to be generated at a distance smaller than 5 beads from one another.
The chain is then allowed to move, and the distances between the
radicals are monitored once per time unit. If some two radicals get
in close contact, i.e., the distance between them becomes equal to
the bond lengtha, the radicals are allowed to “recombine”, forming
a new bond between the beads on which they were located or to
“disproportionate” (they disappear, i.e., the two beads lose the
property of being the “radicals”) with some probabilities. The decay
of radicals and other chain properties are monitored in appropriate
time intervals and averaged over subsequent simulation cycles, i.e.,
on the number of chains. The simulation of this type is efficient
and allows to average the properties of chains consisting of a large
number of beads (e.g., 100 chains of lengthN ) 640) within the
time period by factor 106 longer than the relaxation time of a single
bead, using a personal computer. The chain length wasN ) 20,
40, 80, 160, 320, or 640, in some cases up to 2560.

The following parameters were calculated at appropriate time
intervals: average number of radicals on the chainZ, end-to-end
vector of the chainR and of the subchain (chain segment) at the
end of which the radicals were generatedRr (radical-to-radical
vector), the single bond autocorrelation function

wherebi are unit vectors representing bond orientation andn is the
number of simulated chains, and the end-to-end vector autocorre-
lation function

whereR(0) and R(t) are end-to-end vectors at timet ) 0 and t,
respectively.

Fb(t) )
1

Nn
∑

n
∑

i

N

bi(t)bi(0) (8)

F(t) )
1

n
∑
i)1

n

Ri(0)Ri(t) (9)
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The averaging was performed over the ensemble ofn succes-
sively generated chains. In most cases data for at least 400 chains
were averaged. For the longest chains we performed simulations
until at least 400 averaging per radical pair could be made.

The above correlation functions have been used to determine
corresponding relaxation timesτ by fitting a sum of stretched
exponential (KWW) functions

where the number of componentsi was 1 or 2. The same function
was used to fit the averaged time dependence of radical number
per chainZ. It was shown that this representation is equivalent to
dispersive kinetics (eq 1) for the first-order reactions withâ ) R.
Fitting the simulation results, we took into account first of all the
central part of the curve (e.g., in the case of radical decay the range
in which 10-90% radicals recombined) because the initial and
terminal parts are not accessible experimentally or the errors can
be very important. Also in the simulations the number of recom-
binations being averaged for short and long times is small, which
results in significant relative error of the obtained results.

Results and Discussion

Simulations of the Decay of Radicals Generated at Fixed
Distances.Recombination of radicals on the chain requires that
two parts of the chain came into close contact. It is therefore
controlled by dynamics of chain segments. The bigger is the
distance between the radicals in space and measured along the
chain, the slower is their recombination. In contrast to recom-
bination of radicals on small molecules, the radicals on polymer
chain cannot diffuse apart more than it is allowed by the chain
continuity condition, and their average distribution in space is
different. The average distance between them and recombination
probability are determined by the chain length and the chain
conformation statistics. Therefore, if the radicals are generated
close in space but on distant chain segments, the situation is
different than when they are close to each other on the chain.
To elucidate the effect of radical positions on the chain,
simulations of recombination of radicals located at fixed
positions on chains of different length have been carried out.

The radicals were generated on a chain ofN beads at fixed
sitesr1 ) (N - NR)/2 + 1 andr2 ) N - (N - NR)/2 ) (N +
NR)/2, i.e., at the ends of a central subchainr1...r2 of NR beads.
The distance between the radicals in spaceRr is therefore equal
to the end-to-end vector of the subchainNR; i.e., it has a typical
Gaussian distribution.

In Figure 1, the time dependence of radical decay for the
two subchainsNR ) 20 andNR ) 80 being parts of chains of
different lengthN is presented. It can be seen that the decay
kinetics of the radicals separated by a subchain of the same
length depend on the total chain length and the decay is slower
for higherN as could be expected. The radical recombination
is slowed down by ca. 1 order of magnitude already for chains
about twice as long as the inter-radical distance, and the effect
of farther increase of the total chain length is negligible. A
relatively strong effect of only two additional beads added at

the ends of the chain (casesN ) 20 andN ) 22) is due to the
effect of steric hindrance.

It is interesting to note that the radical decay on chains not
much longer than the distance between the radicalsNR can be
fitted quite well using a simple exponential function (solid lines
in Figure 1, according to eq 10,â ) 1) over entire time range;
i.e., it follows first-order kinetics. In the case of long chains
the exponential decay is also observed for most of the time,
but the initial decay is slightly faster. It can be explained taking
into account that the radicals generated close to each other in
space, i.e., on a subchain of a smallRr , cannot diffuse apart so
fast on long chains because it requires rearrangement not only
of the subchain but also of adjacent parts of the chain of
comparable length. Thus, recombination probability is somewhat
higher.

Generation of radicals separated by fixedNR means that they
are generated at various distances in space. We performed also
some simulations of the reverse case: the first radical was
generated at the same positionr1 with respect to the chain end

rfit(t) ) ∑
i

Ai exp[-( t

τi
)âi] (10)

Scheme 1. Chain Model for Simulations of the Decay of Two
Radicals r1 and r2 Generated at Fixed Distances

Figure 1. Decay of radicals generated at the ends of subchains ofNR

) 20 andNR ) 80 of chains of various total lengthsN.
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(as in the corresponding previous simulations), but the second
was generated at a bead being in a fixed distance in space from
the first one, regardless of its position on the chain. Thus, the
initial distance in space was constant but the number of beads
between the generated radicals varied, depending on the initial
chain conformation. The relationship between the two cases is
illustrated in Figure 2. The full symbols correspond to fixedNR

) 20, 40, and 80 while the empty symbols correspond to
generation of radicals at a fixed distance in space, equal to the
average end-to-end distance of the chainsN ) 20, 40, and 80.
The total chain length is equal to 4NR in all these simulations.

One can see that in the recombination half-time is similar.
In the second case, however, the decay can be better fitted using
the stretched exponential (eq 10 withâ ) 0.72). Some
systematic discrepancies are observed for short and long times.
The average chain conformations in the two cases differ slightly
because it was not possible to generate the second radical on
the chains on which for all the beads their distance tor1 was
smaller thanRr . Such chains were not taken into account, but
it means that the average radius of gyration of the ensemble of
chains in these simulations was somewhat bigger as compared
with an ensemble in the simulations in whichNR was fixed.

An important point is that the radicals generated on equivalent
distances along the chain and in space have similar recombina-
tion half-times and only slightly different recombination kinetics;
thus, we can use the first, more universal and more convenient
generation method to study an effect of various parameters
which can influence the recombination kinetics.

It can be expected that the recombination half time of a pair
of radicals on a polymer chain is related to the relaxation time
of the subchain between them. The relaxation time being a
simple parameter characterizing the chain dynamics is usually
determined using the end-to-end vector autocorrelation function
FR (eq 9). The relaxation of a subchain is however not simply
related to the relaxation time of an individual chain of the same
length. Calculations using Rouse and reptation models41,42and
experiments on block copolymers40 have shown that the
relaxation of the segment within a long chain is much slower
than the relaxation of the free chain of the same length. There
is however some discrepancy between the calculated and
experimental results as discussed in ref 40.

Figure 3a presents the comparison of the end-to-end auto-
correlation functionGR20 of the central chain segment of 20 beads

in the chains of different lengths, fromNR ) 20 to 360, while
in Figure 3b analogous data onGR80, for NR ) 80-240 are
shown.

It can be seen that in the case of chains more than twice longer
thanNR for short times the relaxation process is little dependent
on N. By contrast, the total chain length has a strong influence
on the long time relaxation. In other words, partial reorientation
of the subchain end-to-end vector depends mostly on local
movements, while complete relaxation is a slow process
controlled by the total chain relaxation, even if the chain is 18
times longer than the segment in question.

In Figure 4, dependences oft1/2 andτ on the total chain length
are compared forNR ) 20 and 80.

In the case of radicals on a subchain not much shorter than
the total chain length the decay half-time and theRr relaxation
time are significantly different, but for the same subchain on
the long chains the two parameters are of the same order.

It is also interesting to compare recombination of radicals
separated by different number of chain segments on a long chain.
As discussed later on, comparing decay kinetics for longer and
longer subchains, we can get an insight into the situation at
different stages of recombination of multiple radicals randomly

Figure 2. Recombination of radicals generated at fixed distances in
space (full symbols) and along the chain (empty symbols) (see text for
details). The lines show fits using stretched exponentials withâ ) 0.72.

Figure 3. End-to-end autocorrelation functionsGRr of the central chain
segment ofNR ) 20 andNR ) 80 beads in the chains of different lengths.
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spaced on one chain. Results of the simulation of such model
cases are presented in Figure 5.

For smallNR the first, dominating relaxation process (of lower
τ) has biggerâ coefficient (equal to 0.63). The second, slower
relaxation process is more distributed,â ) 0.4. Its contribution
falls down with increasingNR, and forNR ) 80 a single stretched
exponential gives a reasonable fit. It should be noted that if the
fit is made using the sum of two stretched exponentials there is
no simple relationship between the two relaxation times and a
decay half-time.

The kinetics of radical recombination corresponding to this
case is shown in Figure 5b. For comparison, the corresponding
subchain end-to-end relaxationsFRr are also shown as solid lines.
It can be seen that the radical decay is generally slower (note
that an agreement between the line and points forNR ) 40 is
accidental). In these simulations the radical decay can be
described by simple exponentials for allNR. It can also be seen
that (comparing withFRr) the NR dependence oft1/2 levels off
for much biggerNR, close toN. An anomalous, faster decay of
radicals on the ends of the chain is again due to higher mobility
of chain ends and smaller steric hindrance in this case (cf.
discussion of the results shown in Figure 1).

Comparing Figures 1, 3, and 4, one can conclude that
although there is a qualitative relationship between theRr
relaxation and radical decay dependence on the total chain
length, the two processes have different dynamics, especially
for short segments on long chains. Recombination remains a
local process and its dependence on the total chain length levels
off for chains about twice as long as the segment length.
Moreover, it is in all cases described by the simple exponential
law. By contrast, the end-to-end vector relaxation of the subchain
NR (as measured by its end-to-end vector autocorrelation
function) not only depends more strongly on the total chain
length, but also its relaxation becomes broader and broader as
the total chain length increases. ForN > 3NR it can no longer
be described by a single stretched exponential, and a sum of at
least two is necessary (see Figure 5b).

Influence of Loops.As a result of recombination of radicals
loops are formed on the chain. An influence of such loops
between radicals on their recombination kinetics can be related
to two effects: (i) a loop between the radicals is a sort of
obstacle, making their coming in contact less likely, and (ii)
the distance between them, measured along the chain contour

is reduced. The average distance between the radicals in space
is also reduced. We performed simulation of radical recombina-
tion on model chains on which a loop was formed in the middle,
between a pair of radicals generated at fixed distancesNR

(Scheme 2). In this caseNR is the number of beads of the shortest
r1...r2 subchain, i.e., not including the loop. Figure 6 shows
decays of pairs of radicals ofNR ) 40 on chains on which loops
of NL ) 10, 20, and 80 beads were formed and the decay of
pairs of radicals ofNR ) 20 with a loop ofNL ) 20. The decays
for linear subchains ofNR ) 20 and 40 are also shown for
comparison. In all cases the distances between the radical and
the chain ends are the same, equal to 40; i.e., as shown before,
the recombination kinetics is close to that on infinite chain. One
can see that the recombination on chains with the loops is slower
(t1/2 increases ca. 2 times, but the effect of the loop length is
negligible).

It should however be noted that the recombination on the
chains with loops is much faster as compared with the case of
the same total number of beads between the radicalsNR + NL

Figure 4. Dependence oft1/2 (full symbols) andτ (open symbols) of
the subchainsNR ) 20 (diamonds) andNR ) 80 (triangles) on the total
chain length.

Figure 5. End-to-end relaxationGRr (a) and normalized radical decay
(b) for central subchains of differentNR (given in the legend) on chains
of N ) 160. In (a) solid lines represent fits using stretched exponential
function (thin lines) or a sum of two stretched exponentials (thick lines).
The solid lines in (b) represent the same fits toGRr as in (a) 10, 20, 40,
and 80 compared with the decay of radicals generated on the ends of
the same subchains (symbols).
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but without the loop (compare the caseNR ) 20, NL ) 20 and
NR ) 40, NL ) 0 in Figure 6).

Thus, in the case of recombination of multiple radicals on
long chains the influence of loops formation has indeed a
twofold effect on the recombination kinetics. The steric effect
of loops compensates to some extent the decrease of the
distances between the radicals. The latter is much stronger for
big loops on short subchains, but it should be noted that such
a case is rather unlikely because it occurs when a radical
recombines with the neighbor to which the initial distance was
considerably bigger than that to the other neighbor.

Simulations of the Decay of Radicals Generated at
Random Positions.Typical decays of the radicals in recom-
bination of two and eight radicals generated at random positions
on chains of different length are shown in Figure 7. Similar as
in the case of radicals generated at fixed positions, the half-life
of radicals increases with increasing chain length (Figure 8).
However, the time dependence is generally broader (compare
Figures 1, 2, 5, and 7), and a stretched exponential (eq 10 with
i ) 1) must be used to fit the data. Moreover, theâ parameter
decreases with increasing chain length from 0.7 to 0.48. Taking
into account the results obtained for fixed distances between
the radicals, we can relate this effect to the distribution of the
distances between the radicals.

Decay half-times for various numbers of radicals per chain
are collected in Figure 8.

Comparing the case of 2 and 8 radicals on the chains of the
same length, one can see that the decay half time is by ca. 2
orders of magnitude smaller in the later case (due to smaller
average distance between the radicals) but the time dependence
becomes weaker. The initial distribution of distances between
neighboring radicals (in bond units along the chain contour) is
shown in Figure 9. It can be seen that on long chains it is close

to exponential distribution. For short chains it becomes close
to triangularsthere is a cutoff at the chain length, and the
contribution of long distances is decreased. This is the main
reason for the changing time dependence, especially forZ0 )

Figure 6. Comparison of radical decays on linear chains (full symbols)
and on chains with a loop of different lengthNL (open symbols) (see
text for details).

Scheme 2. Chain Models Used in Simulations Testing the
Influence of Loops on Recombination Kinetics

Figure 7. Recombination kinetics of randomly generated two (a) and
eight (b) radicals on chains of various lengthN: 2, 20; ], 40; 2, 80;
O, 160; 9, 320; 3, 640.

Figure 8. Half-lives of radical recombination for randomly generated
radicals (Z0 ) 2, 4, 8, 16) as a function of chain length. Slopes are
equal to 2.3, 2.15, 2.1, and 1.7, respectively.
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2. For fixed NR the â parameter in stretched exponential fit
functions was constant, equal to 1, while in the case of random
radical generation it increases with increasingN.

If more than two radicals are generated on a chain, the
recombination process becomes more complicated because a
given radical can in principle recombine with any other. The
simulation results show, however, that the recombination with
the nearest neighbor is strongly favored, in agreement with the
results presented in the previous section (decay half-times and
thus probabilities of recombination strongly depend on the
distance between the radicals).

After recombination of some pairs the distances between
remaining free radicals are bigger than their distances to the
nearest neighbors at the beginning. The process becomes even
more complex due to formation of loops. Successive recombina-
tion stages are schematically depicted in Scheme 3, and
snapshots of the simulated chain are shown in Figure 10.

The illustrated mechanism leads to a complicated time
dependence which can be in the first approximation fitted by a
sum of two stretched exponentials. The first one (of smallerτ)
can be considered as representing the nearest-neighbor recom-
bination and the second one as representing the successive

recombinations of the remaining radicals. For a constantZ0 it
seems reasonable to assume that the relative contributions of
the two processes are independent of chain length. It leads to
consistent sets of other parameters, and such fits are shown in
Figure 7b as solid lines. The parameters used in fittings radical
decays for variousZ0 are collected in Figure 11. These plots
allow an approximate prediction of radical decay for different
N by using eq 10 and interpolated or extrapolated values of the
parameters.

Figure 12 shows the kinetics of recombination in the case of
various numbers of radicals (Z0) generated on the chain of the
same length.Z0 has a strong influence both ont1/2 and on the
time dependence of recombination. It is clearly seen especially
after normalization (Figure 12b).

The main reason for these differences is the decrease of an
initial average distance between the radicals with increasingZ0.
Figure 13 presents the dependence oft1/2 on N/Z0 showing
similar scaling behavior as obeyed for pairs of radicals generated
on chains of increasing length (Figure 8), which is analogous
to increasingN/Z0.

A comparison of radical decays on chains of various length,
where the ratio of the initial number of radicals to the chain
length is constant for all the data series (N/Z0 ) 1/20 and 1/80),
is shown in Figure 14. It can be seen that despite different chain
lengths and numbers of radicals, the half-lives of radicals
located, on average, at similar distances are close to each other.
Moreover, also the time dependence is at the beginning quite
similar (except for smallestN) up toZ/Z0 = 1/e, while for longer
times it depends strongly on the chain length. The longer is the
chain the slower is the terminal decay, and it starts to slow down
earlier on long chains. This effect can be understood if we take
into account that only at first the average distance between the
radicals is the same for short and long chains. After recombina-

Figure 9. Initial distribution of distances between neighboring radicals
(in bond units, measured along the chain contour) for different radical
densities on long chains (N ) 1280) (a) and for twoN/Z0 on chains of
different length (indicated in the legend) (b).

Figure 10. Screenshots illustrating subsequent stages of radical
recombination and nanogel formation in the simulation. Projections of
chain ofN ) 160 andZ0 ) 16 after indicated time are shown. Open
circles denote free radicals, and filled circles are the locations of radicals
that have already recombined.

Scheme 3. Succesive Recombination Stages
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tion of some of the radicals those remaining on short chains
are still relatively close to each other (the distance between them
is limited by the chain length), while those remaining on long
chains are much more distant from each other. In other words,
the rate constant decreases significantly slower in time for long
chains.

In Figure 15 results of simulations of radical decay by
recombination (molecule topology changing in time, formation
of loops) and disproportionation (the chain topology does not
change) are compared.

Kinetics of recombination and of disproportionation, under
identical conditions, shows practically no difference, with equal
half-lives. This is in evident contrast with the hypothesis that
the formation of internal cross-links causes a considerable
stiffening of the structure and consequent retardation of radical-
radical reactions. In view of the results of simulations of the
effect of loop formation, discussed in the former section, it
means that in the case of random radical generation the effect

of steric hindrance and of decreasing the effective distance
between the radicals due to cross-linking nearly compensate.

Influence of Radical Transfer Reactions. In the above-
described simulations we assumed that once a radical is
generated, it is located at a fixed position along the chain until
it reacts with another radical. In real systems, this assumption
is not necessarily fulfilled (see the discussion of experimental
data below). Radicals may change their positions by abstracting
hydrogen atoms from other locations along the chain. The
hydrogen atom is transferred to the “old” position of the radical
(and the radical site at this location disappears), while a new
radical is formed at the position from where the hydrogen atom
was abstracted.

Radical transfer neither changes the number of radicals along
the chain nor creates a cross-link. However, it is not negligible
for the kinetics of radical recombination, since it changes the
distribution of distances between the radicals along the chain.
It is clear from the simulations that the distribution of these
distances plays a key role in determining the recombination rate.
In an undisturbed system, at late recombination stages large
distances between the radicals dominate. Reshuffling the
distance distribution introduces some closely located radical

Figure 11. Parametersτ1, τ2 and â1, â2 obtained by fitting radical
decays plotted vs chain length. Contributions of the first (faster) process
are 0.65, 0.60, and 0.55 for 4, 8, and 16 radicals per chain, respectively.
Empty symbols:τ1, â1; full symbols: τ2, â2. Lines are guides for the
eyes.

Figure 12. Recombination kinetics of radicals forN ) 320 and various
initial number of radicals per chain:O, 2; 9, 4; ], 8; 2, 16. (a) Original
data and (b) normalized data.
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pairs, and this should lead to increased recombination rate when
compared to systems where this effect is absent.

To demonstrate the potential influence of radical transfer on
the kinetics of recombination, we performed simulations ac-
cording to a modified algorithm that allowed incorporating this
process.

Exemplary results for one pair of radicals randomly generated
on a chain of 320 beads are presented in Figure 16. The data
series correspond to various radical transfer probabilities, from
0 to 0.1.

It is evident that radical transfer, even slow, has a significant
influence on the kinetics of recombination because the transfers
can significantly reduce big initial distances between radicals
thus accelerating recombination. This influence is small at short
times (the distribution is not significantly modified after few
transfers), but at longer time scales the decay half-time is
decreased with increasing radical transfer probability (the more
the longer is the chain). Dispersive character of recombination
kinetics is less pronounced (â exponent increases).

Comparison with Pulse Radiolysis Experiments.The main
aim of performing the above-described simulations is to deepen
our understanding of intramolecular radical recombination in

real systems. Therefore, it is important to see how simulation
results compare with experimental data; thus, we performed
pulse radiolysis experiments on PEO standards.

Certainly, such a comparison can only be made for simula-
tions which correspond to a real situation and not to purposely
simplified model cases. In particular, in experiments upon pulse
irradiation of solution the radicals are generated randomly along
the chain; thus, the comparison can only be made to simulations
with random radical generation.

To compare results of simulations with experiment, we must
adopt suitable scaling of Monte Carlo time andN. Experimental
data on poly(ethylene oxide) were compared with simulations
which were performed assuming that two monomer units
correspond to one MC segment (cf. ref 43). To obtain proper
time scaling, MC time unit is assumed to be equivalent to 7×
10-9 s. Such time scaling is justified not only by the cor-
respondence of the experimental and simulation results but also
by the correspondence of the orientation relaxation times. From

Figure 13. Recombination half-life of radicals randomly generated at
an N ) 320 chain as a function of initial radical density on the chain
N/Z0.

Figure 14. Radical decays forN/Z0 ) 80 andN/Z0 ) 20 and different
chain lengths.

Figure 15. Kinetics of decay of radicals by pure recombination (open
symbols) and pure disproportionation (corresponding filled symbols)
simulated for two cases.0: N ) 320,Z0 ) 4; O: N ) 640,Z0 ) 32.

Figure 16. Influence of radical transfer along the chain on radical
decay on chainsN ) 80 (open symbols) and 320 (crossed symbols).
The data sets correspond to various transfer probabilities (from 0 to
0.1) indicated on the figure. Lines forN ) 320 are to guide the eyes.
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the simulations we can also obtain the relaxation time of the
MC segment equal to 2 MC time units. The relaxation time for
a Kuhn segment of PEO in water (six bonds), determined by
molecular dynamics simulations, is ca. 3× 10-10 s and for a
C-C bond ca. 1× 10-11 s,43 in agreement with NMR data
(1.8 × 10-11 s44). Thus, taking into account that only some
contacts between beads in the simulations correspond to
configuration for which the radicals can recombine, we can
conclude that such time scaling is reasonable.

Figure 17 illustrates the comparison between experimental
data on the recombination of PEO radicals and the corresponding
simulation results. In general, reasonable agreement is observed,
except for the data at the highestN/Z0 values, for which final
part of recombination is much faster in experiments.

The potential discrepancies between the data from simulation
and experiment can originate from differences in radical
generation and from side reactions taking place in the experi-
ments.

In the simulations, a fixed number of radicals is generated
on each chain, while in reality there is a distribution of numbers
of radicals generated on macromolecules. Thus, even if the initial
average distance between the radicals is similar for the compared
simulation and experimental data sets, the radical distance
distribution in experiment might be broader, and this could lead
to a somewhat broader kinetic curve of radical decay.

Some additional correction should be made taking into
account that in the simulations an even number of radicals per
chain is assumed. In the real system we generate odd and even
numbers of radicals; thus, some of them cannot recombine by
intrachain recombination.

In principle, a further difference between the simulation model
and the real system may be the distribution of chain length. In
simulations of a givenN, all generated chains are of identical
length, which is not the case in typical polymer samples.
However, to avoid this problem, in experiments we have used
PEO standards of very narrow molecular weight distribution,
and therefore this effect is negligible.

The second kind of sources of potential discrepancies between
the simulation and experimental data is related to the presence

of side reactions in the experiments. Two main side processes
should be taken into consideration: radical transfer and
intermolecular recombination (and/or disproportionation) of
radicals.

To our knowledge, radical transfer reaction in the sense
described above has not yet been studied for PEO. It would be
actually difficult to follow, since all the H atoms and all the
radical positions in this polymer are equivalent. H-abstraction
and shifting of radical sites were, however, evidenced for some
other simple water-soluble polymers, like poly(vinyl alcohol),45

poly(acrylic acid),27 and poly(methacrylic acid),34 and thus one
may infer that such radical transfer reactions take place also in
the case of PEO. In the above-mentioned studies there were no
indications of a movement of the radicals along the chain, i.e.,
by an 1,2-H shift between the neighboring carbon atoms. It is
rather believed that the H-abstraction takes place over some
distance, when a radical-bearing segment comes to proximity
in space with some other segment that may be quite distant
along the chain. This corresponds to the process discussed and
simulated above. In all the studied cases the process was
occurring at a moderate rate, with the rate constant at room
temperature being on the order of 150-500 s-1. These data may
be used for estimation of an average “waiting time” for an
H-transfer, which is a few milliseconds. It is evident that an
H-abstraction, in contrast to radical recombination, is not a
diffusion-controlled process; i.e., it does not occur at every
encounter of a radical site with other chain segment, but rather
takes place with some, relatively low, probability.

Taking this into account, this side reaction is not expected to
interfere with intramolecular radical recombination at short time,
but it may play a role at the later stages by redistributing the
distances between the radicals, which is clearly evidenced by
simulation with radical transfer (see above). Therefore, we
expect that at long time (i.e., mainly for systems of high initial
N/Z0 ratio) the experimentally observed final decay stages would
proceed faster than in regular, radical-transfer free simulation.

In simulation of intramolecular radical recombination we
study single, isolated chains. In experiments this condition can
only partially be met. The choice of experimental conditions is
a matter of compromise between the necessity of having the
chains separated (and possibly far) from each other and of
keeping the concentration at a level high enough to obtain a
reasonable signal. At very low polymer concentrations, self-
combination of OH radicals (2k ) 1.1× 1010 dm3 mol-1 s-1 46)
competes efficiently with OH-polymer reaction (6), a signifi-
cant fraction of OH radicals is “lost”, and the number of polymer
radicals is low.

For the PEO samples used in this study (Mp ) 94 kDa,Rg )
24 nm as determined by static laser light-scattering, andMp )
276 kDa, Rg ) 42 nm), the coil overlap concentrations
(calculated asc* ) 3M/4πNARg

3,47) are equal to 61 and 34 mM,
respectively. Thus, on average, the coils are separated from each
other, but the distances are not large compared to the coil
dimensions. Therefore, an influence of intermolecular recom-
bination (a slower, but potentially efficient, reaction) may be
expected to show up at long reaction times. Since intra- and
intermolecular recombination are parallel processes, their rates
sum up; thus, at long time scales we may anticipate the radical
decay in experiment to be faster than in single-chain simulation.

From our simulations we get also mean-square displacement
of the center of mass of the chain. Comparing square roots of
these values at the time equal tot1/2 with Rg, we find that they
are of the same order. It means that it is quite likely that at the
last stage of recombination some of the neighboring coils overlap

Figure 17. Comparison of experimental and simulation data on the
kinetics of recombination. Series of points represent experimental data
for 10 mM PEO monomer units,Mp ) 94 kDa (2136 monomer units),
for various average initial numbers of radicals per chain (Z0): ], 21.0;
3, 7.2; 4, 6.0; O, 4.1; 0, 2.7. Simulation data (random radical
generation) forN ) 1068 shown as curves, from bottom to the topZ0

) 20, 8, 6, 4, and 2.
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and interchain recombination can more and more efficiently
compete with intrachain one.

The two effects described above seem to be the reasons for
discrepancies between simulation and experimental data ob-
served for two highestN/Z0 values (slowest decays) in Figure
17. This can be also illustrated by comparing the half-life
dependence on theN/Z0 ratio for simulations and experiments
(Figure 18). While for lowN/Z0 the shape of dependence is
similar, at highN/Z0 the experimental data start to deviate from
the straight line dependence, indicating acceleration of radical
recombination, most probably due to H-transfer and to the onset
of influence of intermolecular recombination.

The influence of intermolecular recombination can also
followed by comparing the data for various experimental
conditions, in particular for different polymer concentrations
(Figure 19).

While the two data series for 10 mM concentration of 94
and 276 kDa PEO samples nearly converge, the data obtained
at 50 mM of 276 kDa PEO (i.e., at a concentration higher than
the coil overlap concentration of 34 mM) are clearly differents

the decay is faster, and the dependence onN/Z0 is somewhat
less pronounced. This again indicates significant contribution
of intermolecular recombination. Indeed, this concentration
exceeds the critical concentration.

A further indication that under our experimental conditions,
in particular in 50 mM PEO solutions, intermolecular recom-
bination may play an important role is a noticeable increase in
average molecular weight observed for single-pulse-irradiated
PEO already at a concentration of 32 mM.48

Other potentially interfering processes, like first-order decay
of radicals by transfer of a radical back to water or by reaction
with impurities, are very unlikely to occur with significant yields
at the time scales of our observations. Besides the fact that
hydrogen abstraction from water molecule by a polymer radical
is thermodynamically very unfavorable, many observations
indicate that in oxygen-free aqueous systems, where radiation-
generated polymer radicals are unable to recombine or dispro-
portionate (because of Coulombic repulsion), the radical lifetime
at room temperature extends to minutes or even hours,27,33,34,49,50

thus indicating the lack of other efficient mechanisms of radical
decay.

At the end we would like to address the question of suitability
of eqs 2 and 3 for description of intramolecular recombination
kinetics. In the analysis of single pair recombination (see above),
the stretched exponential, being equivalent to eq 1 with first-
order rate coefficientk, seems to be both effective and rational,
since each recombination event is independent of any other event
in the system.

For recombination of multiple pairs of radicals, the probability
of an event does depend on the history of the events on the
chain. In a sense, the chain resembles a reactor containing many
molecules of reactant A where a reaction of A+ A takes place.
Therefore, it seems that a reaction model assuming a second-
order rate-concentration relationship shall be appropriate to
describe the system. The latter approach has been used to
describe the kinetic data in previous experimental works on
intramolecular radical recombination. Please note that second-
order kinetics is followed also by the intermolecular side
reaction. We checked whether eq 3 (equivalent to eq 1 with
second-order rate coefficientk) allows for a reasonably good
description of radical recombination kinetics also in the present
case. We made an attempt to fit both the simulation and
experimental data forN ) 1068 (see Figure 17) by applying eq
3. Results are shown in Figure 20.

This model can reproduce both the experimental and simula-
tion data reasonably well, at least in the short and medium time
range (the region of lowZ, corresponding to long reaction times,
is anyway hard to access experimentally).

Conclusions

Monte Carlo simulations of intramolecular recombination of
polymer radicals provide information on the role of different
parameters and phenomena in kinetics of nanogel formation.

• The average number of segments separating the radicals is
the most important factor influencing the rate of recombination.
Some influence on the total chain length is also observed, but
it fades away for chains about twice as long as the interradical
distance.

• In the case of single pair recombination, for fixed initial
distances between radicals both along the chain and in space,
the radical decay follows classical first-order kinetics. In the
case of randomly generated radicals, the distribution of the
interradical distances is the factor responsible for nonhomoge-
neous kinetics.

Figure 18. Dependence of recombination half-life on the average
distance between the radicals,N ) 1068: 0, simulation with random
radical generation;O, experiment. Dotted line is to guide the eyes.

Figure 19. Dependence of recombination half-life on the average
distance between the radicals. Experimental data for (O) 10 mM, 94
kDa; (]) 10 mM, 276 kDa; and (0) 50 mM, 276 kDa.
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• Although the recombination kinetics is related to chain
dynamics (which in turn depend onNR and N), in almost all
cases the radical decay half-time and time dependence are
significantly different from those of end-to-end vector autocor-
relation function of the radical-radical subchain.

• Single-pair recombination of randomly generated radicals
may be approximated with the “stretched exponential” (KWW)
function, whereâ ) 0.7-0.5 depending on the chain length.

• If more than two radicals are generated on a chain, the
recombination process becomes more complicated because a
given radical can in principle recombine with any other. The
simulation results show, however, that the recombination with
the nearest neighbor is strongly favored, in agreement with the
observation that decay half-times and thus probabilities of
recombination strongly depend on the radical density on chain
[t1/2 ∼ (N/Z0)x, wherex ) 1.8-2.3]. This mechanism leads to
a complicated time dependence which can be in the first
approximation fitted by a sum of two stretched exponentials.
The first one can be considered as representing the nearest-
neighbor recombination and the second one as representing the
successive recombinations of the remaining radicals. Recom-
bination of many randomly generated radicals may also be

reasonably well described with dispersive kinetics model of
Plonka with a time-dependent second-order rate constant (eq
3).

• In contrast with a hypothesis formulated in some earlier
experimental studies, simulation data indicate that formation of
intramolecular covalent bonds during the recombination process
(generation of loops) has no detectable influence on the radical
decay kinetics when compared with cross-link-free dispropor-
tionation reaction, at least in the conditions tested in this work.
This is caused by simultaneous occurrence of two opposite
phenomena: loops cause a steric hindrancesslowing down
recombination but formation of a loop decreases the distances
between the radicals thus accelerating their recombination.

• Good agreement between of the results of pulse radiolysis
experiments on PEO and MC simulations of the chain dynamics-
controlled radical recombination indicate that the assumed
simulation model can be used to gain insight into real systems.
Considerable difference between the simulation and experiment
is observed only for small number of radicals per chain, where
side reactions (intermolecular recombination and radical transfer)
modify the experimentally observed kinetics.

Recombination kinetics has also important implications for
the structure of the final product (nanogelsinternally cross-
linked macromolecule) because formation of a bond with
kinetically favored radical on a chain determines its topology.
These issues will be dealt with in a separate paper.
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