School of Mathematical University of
and Physical Sciences -%- Re ad i ng

Department of Mathematics and Statistics

Preprint MPS-2014-07

3 February 2014

Microscopic definition of polymer
entanglements

by

Alexei E. Likhtman and M. Ponmurugan




Microscopic definition of polymer entanglements

Alexei E. Likhtman, M. Ponmurugan*
School of Mathematical and Physical Sciences, University of Reading, Reading RG6 6AX, UK

February 3, 2014

Abstract

The dynamics of polymer melts and concentrated solutions is notoriously slow due to the fact that long polymer
chains can not cross each other and therefore find themselves entangled. This popular belief is very difficult to
quantify and convert into mathematical model because there is still no clear definition of what entanglement really
is. In this paper we propose to define entanglement as a persistent contact between mean paths of the chains. In
molecular dynamics (MD) simulations of well-entangled linear chains we discovered that such very tight and long-
lived contacts exist in significant numbers. Moreover, once such contact is formed, it exists at every time step of the
simulation until its destruction, which allows one to define its life time. We study several properties of individual
entanglements and discover several unexpected features not taken into account in the tube theory or slip-links models.
We believe that our simple and versatile definition opens the way to the truly microscopic understanding of polymer
dynamics.

1 Introduction

This paper deals with the foundation of dynamical description of long polymer melts or concentrated solutions. It is
well known that short polymer melts can be more or less described by the Rouse model, which approximates many chain
problem of an interacting polymer melt by a single chain dynamics in an effective media. The single chain is modelled
by a set of beads connected by linear springs, and the effect of all other chains on a particular chain is modelled by
the random and friction forces. The random forces are delta-correlated in both space and time, and the friction forces
obey the fluctuation-dissipation theorem. These assumptions allow one to write down precise equations of motion for
the chain, and solve them exactly for almost all observables. These equations are the usual Langevin equations for the
bead positions R;:
dR;  OU(Ry..Ry)
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where U(Ry...Ry) is the interaction potential between the beads, ¢ is the bead friction, and f;(¢) is a random force
acting on the bead i at time t. The random forces are governed by the fluctuation-dissipation theorem

W) =05 (FEOFE)) = 2kBTCo500p0(t — ') (2)

where kgT is the temperature multiplied by the Boltzmann constant, and « and § denote different Cartesian compo-
nents. Three & symbols here correspond to three decoupling assumptions: the random forces on different monomers
along the chain are not correlated with each other, random forces in different directions are not correlated, and random
forces at different moments of time are not correlated with each other. Finally, the interaction potential in Rouse model
is given by a set of harmonic springs connecting neighboring monomers

N
U(RoRN) = 3]272,11 Z(R7 - Ri—1)2 (3)

i=1

where b is the statistical segment length, and N in the number of bonds in the chain. An alternative and exactly
equivalent equation of motion can be written in terms of stochastic differential equation using Ito calculus:

CdR; = —%dt + 2k T¢dW;;
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where W; are independent vector Wiener processes.
Despite the simplicity of such approximation, the Rouse model compares relatively well with molecular dynamics
(MD) simulations [1],[2] and experiments [3],[4]. For example, the viscosity scales linearly with molecular weight and

stress relaxation function scales as G(t Gy ()T, (0)) ~ 71/ 2 where 0,4 is the stress tensor and V is volume.
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The agreement with the Rouse model grBej;xks dramatically when the molecular weight exceeds some critical value
M.. This is clearly observed in both MD and experiment. For example, the stress relaxation function G(¢) slows down
and eventually develops a plateau, and the terminal time and viscosity start to grow with molecular weight as N3 or
so. These deviations from the Rouse model are generally believed to be caused by entanglements, or by the constraint
that polymer chains can not cross each other. For long chain this constraint becomes significant and the effect of other
chains on a probe chain can not be adequately described by the random and friction forces only. We then have a choice:
either to modify equation 1, modify the potential 3 or random forces eq. 2, or to abandon eq.1 all together and write
down new equations for another set of variables.

The tube theory follows the later choice: it postulates that for each chain there exists a curve in space (called a
primitive path) such that on sufficiently long timescales the chain motion can be approximated by the one-dimensional
motion along this primitive path. The equation of motion is then formulated for this one-dimensional motion, plus
randomization of the primitive path at the ends when the chain leaves its tube. Notice a vague description of these main
postulates as compared to the Rouse theory. The postulate about existence of the primitive path is not constructive,
i.e. no definition is given in terms of the chain coordinates {R;}. But if one does not know how to construct the path,
one can not unambiguously compare the tube theory predictions with the observation of chain coordinates from MD
simulations. This situation has led to multiple and contradicting tube theories, but no single well defined model similar
to the Rouse model exists. Besides that, there are numerous problems defining physical observables from the 1-d chain
coordinates along the primitive path, as discussed in a recent book chapter[2].

Let’s come back to the other possibility: can one modify eq.1 or it’s ingredients, eqs.2 and 3, and have a consistent
dynamics for the three-dimensional chain coordinates, which will adequately describe the motion along the primitive
path? Since the effects of entanglements are caused by the other chains, it is clear that modification of interaction
potential eq.3 will not be effective. It is also established that entanglements do not significantly affect the static
properties of the chains, and thus the interaction potential should not be significantly different from the one used to
model shorter unentangled chains. Thus, one should concentrate on modifying the forces from the environment, i.e.
random and friction forces and perhaps some new forces. The choices again include anisotropic friction, random forces
with memory and additional forces due to entanglements. The later choice seem to be most promising and it’s the
only one which is consistent with reptation at long lengthscales. Since the entanglements are supposed to confine the
chain to a tube-like region, one comes to the natural conclusion that in order to model the effect of entangled matrix
on a particular chain, one has to introduce extra variables describing the environment. These can be either tube or
entanglements coordinates. For the modelling purposes, discrete notations are more convenient than the continuous, so
we shall add a set of extra variables a;. One has to introduce some dynamics of these variables and some interaction
or coupling between them and the chain variables. The simplest model which arises from this logic is the slip-spring
model[5], which was shown to agree well with molecular dynamics simulations[6],(2]. The variables a; in this model
are the positions of the anchoring points, which are fixed in space but disappear when the chain end passes through a
corresponding slip-link, and appear at the ends with a certain rate. There is also a set of one-dimensional positions of
the slip-links along the chain x;. The equations of motions are then very similar to the Rouse equation, but include
one additional interaction term and an extra equation for new variables x;
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where an extra term is non-zero only if the anchoring point j is connected to the monomer i. The equation for x; can
be either similar stochastic differential equation, or a master equation for jumps between the neighboring monomers,
realized for example by the Metropolis algorithm. In both cases the evolution of z; is governed by a well defined
interaction potential between a; and R;.

The slip-spring model is much more consistent and better defined than the tube model because the equations of
motion for the chain coordinates are clearly specified and thus predictions for all experimental or simulation observables
are readily available. However, the slip-spring model remains an empirical model in a sense that it postulates existence
of the virtual objects (slip-links), which are not defined microscopically (i.e. from the positions of other chains), and thus
their dynamics can not be verified in MD simulations. This becomes a serious problem when one wants to generalize
the slip-spring model to fast deformations, branched polymers and other interesting situations. The aim of this paper is
to identify entanglements in a multi-chain MD simulations and to study their dynamics. In section 2 we will define the
mean paths consisting of the average positions of each bead over some time and will show that there are very persistent



contacts between the mean paths of different chains. We will define entanglements as such persistent contacts between
the mean paths. Section 3 will introduce contact maps for chain pairs and a way to analyze such maps. In section
4 we will develop numerical algorithms to extract quantitative information about entanglements, and in section 5 we
shall present the results of these algorithms applied to MD trajectories of well entangled chains. Section 6 will list the
conclusions and the outlook.

2 Mean paths

It is clear that both entanglements and tube pictures predict existence of long lived contacts between different chains.
However, it is not easy to detect such contacts. Indeed, in a usual modest simulation with N, = 100 chains of length
N = 100 for 107 time steps one has to process information about 10'! possible contacts even if the only information
one is interested in is whether chain 7 is in contact with chain j or not. If one does process this information, one has to
decide what to call a persistent contact. Chain positions are subject to rapid fluctuations and thus contacts between
the chains appear and disappear rapidly. Thus, any analysis of such contact information is bound to be probabilistic,
i.e. one can ask what is the probability of two chains to be in contact at time ¢ providing they were in contact at
time 0. One can not however assert whether these two contacts constitute the same entanglement or not. Such contact
analysis was performed in ref.[7] for instantaneous chain coordinates. An approach based on an average interaction
energy between non-bonded monomers was utilized in ref.[8] to visualize persistent contacts.

We note that contact probability information is not very useful to calibrate the tube or the slip-spring models. These
models operate with survival probabilities, i.e. the probability that the same entanglement or tube segment exists at
time ¢, if it was present in the system at time 0. In order to compute these probabilities, one has to track individual
contacts and detect their appearance and disappearance.

In order to do that, we suggest to perform contact analysis on the mean paths ¥; rather than on the instantaneous
chain coordinates R;. The mean paths were introduced in ref.[9] as

t
£i(t) = — / R, (t)dt
Tav Jt—74,

i.e. they consists of the average positions of each bead over some averaging time 7,,. As was shown in ref.[9], the mean
path of entangled polymer has a free energy of a semiflexible chain, i.e. the mean paths should be smooth on small
length scales and of course follow the chain random walk on large scales. In this paper we report simulation results
of 100 chains made of N = 150 beads, which are connected with finitely-extensible nonlinear (FENE) springs and
interact with purely repulsive truncated Lennard-Jones potentials. Besides that, we add harmonic bending potential as
described in ref.[10] with coefficient k; = 3. This is done to create more entangled system relatively cheaply. The time
step of the simulation is §t = 0.012, and the system was run for much longer than the longest relaxation time to ensure
proper equilibration. According to the tube theory, the number of entanglements in our system is in the range of 7-15
depending on the definition, and the relaxation time of the strand between entanglements 7. ~ 300 — 1000. For mean
paths, we will use 7,, = 1200, or 10° timesteps, unless specified otherwise. We have also analyzed chains of different
lengths and chains without bending potentials. However, for clarity and in the interest of space, we do not include these
results unless they produce something qualitatively different from our N = 150 and k; = 3 chains.

An instantaneous chain configuration is visually compared with the mean paths in Fig.1 (a) and (b).We see that
the mean paths are smoother than the chains and fast fluctuations and small-scale wiggles are averaged out. Fig.1(b)
illustrates that visually it is much easier to identify entangled chains by looking at their mean paths rather than at
the instantaneous positions. If the averaging time is too large (i.e. 106 steps), than the local topology of mean paths
is different from the topology of the chains. This is because the monomer motion on large scale is predominantly
along the mean path. For example, if the chain moves along the circle of radius r, the mean path will make a smaller
circle with the decreasing radius as the averaging time increases. Thus, we expect that with averaging the contacts
will become more stable and well defined when the small fluctuations will be averaged out, but overaveraging will
destroy some contacts. An algorithm for averaging over much longer times which avoids described artifacts is presented
elsewhere[11]. To quantify the number of mean paths lying on top of each other (and thus violating topology) we plot
interchain pair-distribution function g(r) for the mean paths with different averaging time in Fig.2(b). For reference,
Fig.2(a) shows all three pair distribution function for instantaneous positions. We see that for averaging time 7., < 10*
steps, the probability for two mean paths to overlap is negligible, whereas for larger averaging times it is non-zero and
topology is not preserved.

If one wants to preserve the topology but increase the averaging time further, one can use so called iso-configurational
ensemble averaging[12]. One can start many short simulations from the same configuration but using different initial
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Figure 1: Tllustration of mean path and contacts, for N = 150, k, = 3 system. (a) Instantaneous positions of one chain
and 4 pieces of other neighbor chains. (b) mean paths of the same chains. (c) Mean path of one chain with pieces of

other mean paths which pass within distance 20 of the selected chain. (d) Same but with only tight long-lived contacts
(¢ < 1.5, 7> 10)
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Figure 2: (a) Total, interchain and intrachain pair distribution functions for instantaneous monomer positions. (b)

Interchain pair distribution function for mean paths with different averaging time, given in units of MD timestep
ot = 0.012
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Figure 3: (a) Time evolution of the minimum distance between two chains — a tight contact is clearly idetifiable for
time 47 < t/74, < 112. Corresponding pieces of mean paths are shown. (b) Monomers i; and is participating in
entanglement as a function of time.

velocities and/or random numbers of the thermostat. After running them for 7,,, the ensemble averaged mean path is
obtained by averaging the mean paths from each simulation. As can be seen from Fig. 2(b, line), these paths do not
lie on top of each other even for averaging times 7., = 10° steps, but do get closer to each other than 1 bead size o.
They also look smoother and entanglements are visually better resolved. A similar construction was used in ref.[13].
In this paper we will not use ensemble-averaged paths since it’s much more expensive and does not bring significant
advantages since our algorithms will not require topology preservation.

One is tempted to associate all contacts between the mean paths with entanglements. However, as Fig.1(c) illustrates,
there are too many such contacts. Indeed, we showed all chains passing within a distance of 20 from the selected chain
— clearly there are much more contacts than the expected number of entanglements. Most of these contacts are very
short lived, and thus probably irrelevant for slow dynamics. The majority of the short-lived contacts can be modelled by
random and frictional forces. However, visualisation of time evolution of mean paths shows that there are very persistent
contacts which also look like entanglements. We can illustrate this by plotting the minimum distance between two mean
paths (with 7,, = 10° steps) as a function of time. Fig.3(top) shows this distance d2, (j1, j2,t) defined as

d2in (31, jo, t) = gliigl(fn,jl () = iy 5o (1)? (4)

where #; ; is the mean position of monomer ¢ of chain j.

We observe a very characteristic behavior: a very tight contact appears at around ¢, = 477,, and disappears at
e = 1127,,. Between these times, the average minimal distance between the two chains is very small (smaller than 1
o? in this example), and it does not exceed 402 at any time between ¢, and t.. In contrast, outside this time interval
the minimal distance is much larger and fluctuates much stronger. In Fig.3 (bottom) we also show the monomers i,
and 4o corresponding to the minimum distance at each time. We notice that around creation and destruction time
one of the monomers i, and s is close to the end of the chain. This agrees very well with our mental picture of an
entanglement: it has to be created and destroyed by one of the chain ends passing around the other chain (see however
section 5.4 later for opposite examples). We also illustrated that the mean paths sometimes cross each other (in the
frames t/7,, = 64..66), however this does not affect the minimal distance between them.

These observations give us a hope that long-lived contacts which look like entanglements do exist and can be
quantified. However, the minimal distance alone as defined in eq.4 is not sufficient: indeed knowing that d2; (j1, jo,t)
is small does not tell us how many entanglements exist between the chains j; and j2. Thus, we should also resolve
which monomers are in contact at which time. In order to do this, next section will introduce a notion of contact map.
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Figure 4: Contact map for a pair of chains. Different clusters are shown by different colours, one bigger sphere per time
in each cluster show monomers participating in entanglement.

3 Contact maps

In order to quantify how many entanglements exist between a pair of chains as a function of time, we create a contact
map. Each time the monomer i, of chain j; is within a certain distance d.,; of the monomer i, of chain j5, we add a
point (41,12,t) to a three-dimensional graph. For each pair of chains (j1,j2) in a simulation box we create such contact
map, where we mark all mean monomers positions within certain distance of each other every 7, along the horizontal
time axis. An example of such contact map is shown in Fig.4, where we plot all contacts with distance d? < 4. We see
that contacts can be grouped into clusters, each of which can be identified with a single entanglement. Moreover, the
most important property of these clusters is that they are continuous in time, i.e. once an entanglement is created, it
exists every time frame until it is destroyed. This allows us to separate clusters from each other, as shown by different
colors in Fig.4. We say that two contacts belong to the same cluster if they are less than i.,; monomers apart along
each chain and are in the adjacent or the same timeframe. We chose i.,; = 20, which we found to be a maximum
number of monomers a chain can slide between the adjacent frames.

Even within each cluster, some time frames contain more than 1 contact. In order to be able to say which monomers
are involved in an entanglement at a particular time, we develop an algorithm which processes each cluster of contacts
and returns one monomer pair i1(¢) and i2(t) for each time. We then calibrate this algorithm by looking at the
mean paths configurations and verifying that an entanglement is near these monomers. We formulate the following
requirements

e i1(t) and i2(t) should be continuous, and thus we should penalize large changes of these variables between con-
secutive moments of time.

o If we define the real-space position of an entanglement as

ro(t) = £(j1,01(t)) ;rf'(]é,iz(t))’ 5)

it should also be continuous in time, i.e. we should penalize large entanglement jumps.

e we will assume that the long-lived entanglements are the most important ones. Thus, if the contact cluster
branches, we shall select the longest branch.

We incorporate these requirements into a Dijkstra’s algorithm of finding the shortest path on a graph [14]. For each
cluster, we first select it’s creation and destruction points. These are the contacts with the smallest and the largest
time. We then compute the shortest path between these points. It should consist of one point at each time and the
distance between the points at consecutive times is defined as

(i, iz, 1y, 5) = (i — 1) + (i2 — i5)” + Ci(re(t) — re(t +1))° (6)

where 7. (t) is the mid-point between two monomers participating in entanglement as defined by eq.5. Here (i1,142) and
(#},45) are monomers participating in an entanglement at times ¢ and ¢ + 1 respectively. If there are several possible
starting and finishing points of the contact cluster, we select the pair with the smallest distance. The coefficient C} is
the weighting of real space displacement as compared to the monomer-space displacements. The results are not very
sensitive to it, and throughout the paper we set it to 5/0%. Larger spheres in the contact map Fig.4 are the contacts
selected by the shortest route algorithm, whereas all other contacts are shown by the smaller spheres.



Our contact map algorithm has three parameters: mean path averaging time 7,,, the cut-off distance which defines
a contact dgy¢, and the coefficient Cj in eq.6. The last parameter has only minor influence on determining the position of
entanglements but not on the life time distribution or other important properties. In contrast, the first two parameters
are very important and what we call an entanglement would depend on their choice.

4 Properties of individual entanglements

The algorithm of the previous section separates all contacts into clusters in monomer/time space. We now define and
study the individual properties of these clusters which we shall call entanglements. There is clearly a multitude of such
properties, and we select here just a few which seem to be correlated with the physical observations. The purpose of
these properties is to separate essential entanglements, which determine long time dynamics, from the other short and
random collisions.

First such property was already mentioned: it is the average of the minimum square distance between the monomers

participating in the entanglements
te

LS (5 () — iy (1)
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where (j1,41) and (j2,i2) are chain and monomer number participating in the entanglement at time ¢. If only one
contact at each time exists, this quantity has a simple meaning of average square fluctuation in Fig.3 during the life of
entanglement. As we show later, this property is the most effective characteristic of the entanglement strength, with
strong entanglements corresponding to the small ¢. Since g characterizes the amount of fluctuations in the entanglement,
which are facilitated by the slack in the two chains participating in it, we will call ¢ an entanglement slack.

Intuitively, entanglements are associated with chains wrapping around each other. In topology, a linking number is
used to describe linking between two closed curves. It is defined by the following double contour integral

477%%&1 — I‘2|3 dI‘l X dI‘Q)

where X means a vector product, and the integration is over r; and rs running through all points along the two
contours. For closed loops, this number is always an integer, and it is 0 if two loops are not linked (i.e. can be separated
without cutting them). Although these properties are lost for open pieces of the chains, we found that it still contains
information about how much the two chains are linked. We define a local linking number between the two pieces of
chains as

1 i1+A1—1 io+Ai—1

l(t> = - Z Z rk?h]l t), P41, (t>7 f'kz,,jz (t)’ Plyt1,z (t)) [(f'lirl;jl (t) — Ty (t)) X (f‘k2+1;j2 (t) = Thyjo (t))]
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Here we consider two pieces of chains having 2Ai + 1 monomers (we will use Ai = 10 throughout the paper). The
integral along each bond is approximated by the sums over K + 1 points. In practice we found that the simplest
approximation with K = 1 works very well:

1 r—r ry—r ro—r rs—r
D(r1, 12,15, 14) ~ 1-T3 T 43Jr 2 33+ 2 43
T e e ¢ I SR

We verified that entanglements with the high local linking number intuitively look right, which gives us hope that
they will not appear and disappear frequently, but will be stable and long-lived. As discussed before, mean paths do
not strictly preserve the topology, and therefore at some times the mean paths can be in a wrong topological state. We
thus expect occasional strong fluctuations in the local linking number. This is indeed seen in Fig.5, where we plotted
local linking number as a function of time for the same entanglement as shown in Fig.3. We see that about 25% of
points are scattered around zero, whereas the rest are scattered around 0.84. Calculating the average linking number
by averaging all the points does not make sense in this situation. Instead, we perform clustering analysis of the data
using soft K-means algorithm assuming that the data are drawn from the sum of two Gaussian distributions[15]. If such
clustering is successful, we define the average of the dominant cluster (0.84 in this case) as the local linking number of
an entanglement.
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Figure 5: Time evolution of the local linking number for the same entanglement as in Fig.3.

With the definitions of entanglement slack and local linking number at hand, we can now investigate their probability
distributions in a typical simulations. We perform contact map analysis with different cut-off distances for our chains
with bending energy (ky = 3), and for analogous system without bending potentials and with the similar number of
entanglements (N = 512), and then compute the slack, life-time and local linking number of each contact cluster or
entanglement. The slack distribution is shown for these two cases in Fig.6

We see that if all contacts are considered (¢. = 1), the slack distribution is very broad and decays only at cut-off
q = d?,;, which is to be expected since no contact cluster can have slack larger than d2,, by definition of contact. This
is especially clear from the middle and the bottom panels of Fig.6, where we compare the same simulation analyzed
with the different cut-off values. However if we consider only persistent contacts, i.e. contacts who live longer than a
minimal time of ¢, (measured in 74, units), we see that the distribution narrows down significantly, and it is very sharply
peaked around the most probable value, which is system and d.,; dependent. In case of flexible chains k;, = 0 we even
observe a two-peaked distribution for ¢, = 20, consisting of tight entanglements with ¢ ~ 6 and weaker entanglements
with ¢ ~ 8. Varying t. shows that long-lived entanglements do indeed have smaller slack. However this effect is not so
easy to spot, and chains with bending potential do not show clear bimodal distribution at all.

In contrast, a clear bimodal distribution for chains with bending potential can be obtained in two-dimensional
probability density of slack and local linking number P(q, 1), as plotted in Fig.7 for k, = 3, N = 150 chain. We see that
short-lived contacts with life-time 7 < 50 have small linking number and a slack with the maximum around ¢ = 2.5. In
contrast, long-lived entanglements have high linking number and small slack, with the maximum around ! ~ 0.65 and
q ~ 1.4. This plot represents clear evidence that long-lived persistent contacts have different properties as compared to
short collisions. Since these tight persistent contacts are most likely candidates for entanglements, we now focus our
attention on their properties.

To illustrate individual entanglements, we plot 25 randomly selected contacts with ¢ < 1.5 and 7 > 100 at random
time frame in Fig.8 (left). We see that many of them indeed have two mean paths wrapping around each other, but there
are also some less obvious examples. We also see that the curvature of the mean paths is not directly correlated with
the precence of another chain - this is a consequence of insufficient averaging. Additional iso-configurational averaging
improves the pictures a little, as shown on the right. A much clearer picture is achieved with a new averaging algorithm
published elsewhere[16], where we find very good correspondence between the curvature of the averaged path (called
the tube axis) and the close contacts with other chains.

Another conclusion, which is obvious from the mean path visualization, is that all entanglements are very different
from each other, even if only tight and long-lived ones are selected. This is illustrated in Fig.9, where we plotted all
mean paths entangled with a particular pink mean path with entanglements with ¢ < 1.5 and 7 > 100. To clarify the
picture, we used ensemble average mean paths with 50 trajectories in the ensemble. It is obvious that different chains
have different degrees of influence on the configuration of the pink chain. Whether such individuality of entanglements
is important deserves further attention.
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Figure 6: Entanglement slack distribution for contacts with different cut-off distance and chain stiffness and for different
entanglement life times.
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Figure 8: Left: Randomly selected entanglements with ¢ < 1.5 and 7 > 100 at one moment of time for the mean path
analysis. Right: the same from analysis of mean paths with configurational averaging over 50 trajectories, for ¢ < 2
and 7 > 50.
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Figure 9: All mean paths entangled with the pink chain with tight longlived entanglements.
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Figure 10: Probability density that a randomly selected entanglement within a certain slack range will have a lifetime
T.

5 Results and discussion

5.1 Entanglement survival probability

The persistence of contact clusters allow us to compute the lifetime of each entanglement, which is simply the length
of each colored cluster in Fig.4 in horizontal direction. The easiest quantity to compute is the probability density of
entanglement lifetime II(7). We created a list of all entanglements with different slack, pick an entanglement at random
from this list and compute the probability density of it having a lifetime 7. The result is shown in Fig.10. The probability
density decays rather quickly, which might lead to an erroneous conclusion that the long-lived entanglements are very
rare. This is however not the distribution which is physically relevant. For stress, birefringence or dielectric relaxation,
one is interested in the survival probability P(t) that an entanglement picked at random from all entanglements which
exist at time 0 will still exist at time ¢. It is easy to see that P(t) is connected with II(7) with a simple relationship

ftoo (7)) (7 — t)dr
fooo (7)rdr

P(t) =

Indeed, the probability to pick up an entanglement which exists at a particular time is proportional to 7II(7) (with
appropriate normalization in denominator), and the probability of it surviving for time ¢ is TT_t for 7 > ¢, thus the
integration is performed over 7 from ¢ to infinity.

The resulting survival probability P(¢) is plotted in Fig.11 for entanglements with different slack, and compared with
physical observables such as stress relaxation G(t) (circles), end-to-end relaxation ®(t) (triangles), and chain orientation
tensor auto-correlation function S, (¢) (squares). The chain orientation tensor is defined as [17],[2]

w1 S=pa  pa
Ojﬁ = NZ (R{'; — R 1 ;) (Rfj - Riﬁ_“)

i=1

where R, is a-th Cartesian component of monomer ¢ position on chain j. The autocorrelation Sa(t) is then defined as

Salt) = Ni i (0505 (0))

where N, is number of chains and we average over all off-diagonal components of the orientation tensor o # .
Physical observables were shifted vertically to be 1 at around ¢ = 1000. This figure reveals a very interesting story.

First, we see that tight entanglements (¢ < 1.5) survival function decays at a very similar time to the stress and

orientation relaxation. This is in drastic contrast to entanglements with slightly higher slack, who seem to relax much
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Figure 11: Entanglement survival probability function P(t) compared with stress relaxation (circles), end-to-end relax-
ation (triangles) and orientation tensor auto-correlation (squares) functions.

faster. Note that according to Fig.6 there are very few entanglements with ¢ < 1, so decreasing the ¢ range further
does not result in P(t) being any closer to G(t). According to the simple double reptation idea[18], the end-to-end
relaxation should be slower than the stress relaxation, with approximate relation given by ®(t) ~ \/G(t). Indeed, we
see that 1/ P(t) for tight entanglements agrees quite well with the end-to-end relaxation function. Finally, we notice
that the agreement of G(t) and ®(t) with survival probability is not perfect: the physical observables relax about 30%
slower than predicted by P(t). This is not surprising since a simple tube picture assumes that once the entanglement
disappears, the stress associated with it is relaxed immediately. In reality, the chain still needs some time to explore all
available configurations. If during this exploration it is caught by another entanglement, this process is stopped again.
Thus, predicting physical observables from entanglement survival probability remains a challenge for the future.

5.2 Entanglement density along the chain

We can now compute entanglement density p. () along the chain, which we define as the probability to find entanglement
at monomer ¢ at a particular moment of time. This is plotted in Fig.12 for entanglements of different slack and lifetime.
The first striking feature of this figure is the higher density of entanglements near chain ends as compared to the middle
of the chain. This however should not be so surprising if we remember that entanglements were defined as contacts
between different chains, i.e. self-entanglements were neglected. The chain ends indeed have more contacts with other
chains in comparison to the middle monomers because of excluded volume interactions. A middle monomer has two
pieces of its own chain attached to it, which repel other chains. In contrast, the end monomer has only one such chain,
which allows more other chains to approach it. This effect is however reduced for tight entanglements ¢ < 1.5 (black
squares), which do not show any maxima towards chain ends. This is likely to be caused by the fact that entanglements
situated near chain ends have typically more slack, which partially cancels the effect explained above.

5.3 Tube segment survival function

The tube theory operates with the tube segment survival probability (s, t), which is defined as the probability for
segment s to survive at least time ¢ if it exists at time 0. Here s is a distance from the tube end along the tube contour.
Doi and Edwards[19] postulated that if one neglects contour length fluctuations (CLF) and constraint release (CR),
this function obeys a simple diffusion equation with absorbing boundary conditions at the ends, reflecting the fact that
the tube segment dies if reached by either of the chain end. The solution of this equation is well known

4 1 . (7ps P2t . _ L?
P(s,t) = ;pz Ebln (T) exp (_Td> ; Td = 2D, (7
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Figure 12: Entanglement density along the chain for different entanglement slack. Open symbols show all entnglements,
whereas filled symbols - only entanglements with life time 7 > 50.

where the disentanglement time 7, is the characteristic time of the longest mode, L is the tube length and D, is
center-of-mass diffusion coefficient along the tube (one-dimensional diffusion). Including CLF has two effects of (s, t)
function. First, it will decrease significantly faster close to the ends of the tube. Second, the relaxation of the middle
segments of the chain will still be described by eq.7, but with an effective tube length L, which is reduced by CLF
as compared to the original L.

We would like to compare and contrast entanglement survival probability with the tube survival probability. An
entanglement in our definition is made by two chains, and therefore is characterized by two participating monomer
indices. Thus, the meaningful survival probability of entanglement is a function of time and participating monomers on
both chains P(s1, $2,t), where s12 = i12/N and 4 and i3 are monomers of participating chains. Note that similar to
the tube theory, s; and sy in the argument are the entanglement positions at time 0. This function is plotted in Fig.13
as determined from observing tight entanglements with ¢ < 1.5.

The overall entanglement survival function P(¢) introduced earlier is obviously just an average of the monomer-
resolved function

1 1
P(t) = / dSl / ngP(Sl,SQ,t)
0 0

Note however that this formula is assuming a uniform entanglement density along the chain, which is slightly untrue
near the chain ends (Fig.12).

To establish the connection of P(sy, s2,t) with the tube survival probability, we assume that two chains participating
in the entanglement move independently of each other, at least move independently along the tube, and at least on
long timescales. This means that in order for entanglement to survive, neither of the chains should reach it with either
of their ends. This assumption leads to a very simple relation

P(517827t) = ¢(517t)¢(327t) (8)
This means that ¥(s,t) can be calculated from the measured P(sy, sa,t) as
fol P(s,s',t)ds'

¢(Svt) = 1 1
\/fo ds [, ds'P(s,s',t)

The overall tube survival probability

1
u(t) = [ wis.tyds
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Figure 13: Entanglement survival probability for ¢ = 64,128,256,512 in units of 7,, = 1200. The chain is N = 150
with bending energy k, = 3.

is then simply given by

which is what we used in Fig.11 (dashed line).

We followed this procedure and computed (s, t) for different times, and fitted them with Doi-Edwards expression
eq.7, as shown in Fig.14. We have used two fitting parameters and successfully fitted all times simultaneously, excluding
points with |s —1/2| > 0.35, which are affected by CLF and other end-effects. The fitting parameters were the terminal
time 74 and an effective tube length L., and the obtained values are given in the Figure 14. The reptation time can
be compared with the the longest relaxation time of the end-to-end vector (triangles in Fig.11) 7 = 4.7 x 105. Once
again, end-to-end relaxation is slightly slower than the entanglement survival time.

We can also validate our assumption of independent reptation of two chains by predicting P(s1, $2,t) from (s, )
using eq.8 and comparing it with the actual measured function. We performed such verification along the two lines
in (s1,s2) plane, namely s; = s9 and so = 1/2, with results shown in Fig.15. We see that we can indeed recover the
function of three variables P(s1, s2,t) from the convoluted function of two variables (s, t).

One must comment on an unexpectedly large L.s¢ as compared to the predictions of the tube theory. Indeed, the
tube theory assumes that the chain inside the tube behaves as a free Rouse chain stretched by the ends, with the same
statistical segment as the unentangled chain in 3 dimensions. In the language of our recent paper[11], it assumes that
b1g = bsq. In this case, the tube is predicted to be shortened by CLF[20],[21] as

Less . 169 2 124 1

where Z = N/N, is called the number of entanglements. According to the tube theory, our chains must have Z = 7..15
entanglements, and therefore we expect Loys/L = 0.58..0.68, i.e. the tube should appear shorter than the expected
value without CLF by 30 or 40%. This is however not the case, and we only observe shortening by about 13%.

Several possible explanations of this effect spring to mind. First of all, as demonstrated in ref.[11], the one-
dimensional statistical segment inside the tube b14 can be different from its three dimensional counterpart. Smaller
b1g will result in reduction of the CLF effect. In particular this is to be expected for the slightly semi-flexible chains
analyzed here. Another reason for weakening of the effect of CLF can be higher entanglement density near chain ends,
which acts against CLF. More systematic investigation is required on this subject.

5.4 Creation/destruction of entanglements

According to the tube concept, entanglements can be created or destroyed by the chain ends. For example, to destroy
an entanglement, one of the chains must reptate in such a way that entanglement will slide off the chain. This suggests
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that at the moment of entanglement destruction one of participating monomers s1, ss must be close to either 0 or 1. The
same is true for entanglement creation since we are talking about equilibrium time-reversible dynamics. Graphically,
that means that in the contact map on Fig.4 the clusters must start and end close to the edges of (s1,s2) square. We
test this assumption by computing the probability distribution of the closest monomer to the edge of unit square at the
moment of creation or destruction of entanglements, as shown in Fig.16. In computing this probability density, we of
course took into account that the area of the unit square with distance z..z + dx to the nearest edge is a function of
2. We normalize the results to be 1 far from the edge for ease of comparison.

We see that the creation probability is higher near the chain ends, but a significant number of entanglements are
created far away from the chain ends. This is true even for long-lived entanglements 7 > 1007, as shown by red squares.
The creation rate seem to be independent on monomer index for ¢ > 20, thus we can say that all entanglements created
further than 20 monomers away from any chain end are created in the middle of the chain. Cumulative probability
curves (lines) show that there are about 40-50% of entanglements in our particular system which are created far from the
chain ends (the percentage of course depends on the chain length). This means that either our definition of entanglement
or entanglement creation is flawed, or the flaw lies in the tube theory assumption. The likely answer is that both are
maybe to blame, and the likely cause of this observation are the multi-chain effects. Further investigations are needed
to understand this effect.

5.5 Entanglement motion in space

Once entanglements are defined, one can also investigate their motion in real space. We define an entanglement position
as an average of positions of two monomers participating in an entanglement, eq.5. We then select all entanglements
who live longer than 2007,,, and plot their mean-square displacement in space during their lifetime (green triangles
in Fig.17). We also show here the same data for longer chains in order to illustrate the trend, where we selected
entanglements who live even longer. For comparison, we plot the mean square displacement of the middle monomers
of the same chains. We see that entanglements are not stationary in space even for very long chains of N = 512, and
the volume it explores keeps growing. Since this plot is conditional on the entanglement to exist, this motion must be
due to other entanglements appearing and disappearing in the vicinity. It can also be because of triple entanglements
briefly analyzed in ref.[16]. Whether this process is important for stress relaxation or models of constraint release, and
whether is has to be taken into account in the slip-springs model, deserves further investigation.

6 Conclusions

The main result of this paper is very clear observation of tight long-lived contacts between polymer chains in molecular
dynamics simulations, which we propose to call entanglements. The key to this result is the analysis of contacts between
the mean paths, composed from the mean positions of every monomer over time 7,,. We find that the contacts between
two mean paths are very tight and persist for the time very close to reptation time of the whole chain. Moreover, these
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Figure 17: Mean square displacement of entanglement position in real space for chains with bending (ky = 3) and
different lengths. For comparison, the usual mean square displacement of the middle monomer is also shown.

long-lived contacts have high local linking number, and visually look very much like simple entanglements we imagine
can happen between two ropes.

Motivated by these observations, we presented the first study of individual entanglements. We found that entangle-
ment survival probability follows stress relaxation rather well, providing only tight entanglements are selected. We have
also constructed tube survival probability, which fits well with reptation theory. There are however a few surprising
observations which require further study. We found that entanglement density near the chain ends is higher than in the
middle of the chain, which is a consequence of excluded volume interactions. We have also observed that contour length
fluctuations are less efficient than predicted by the tube model. Although many entanglements are created by the chain
ends, there is also a significant fraction of entanglements created far away from the ends of two participating chains.
And finally, entanglements which exist for about reptation time, are moving in the volume which is increasing with
time. These observation require separate detailed study, which should determine whether they need to be incorporated
into the tube or slip-spring models.

A word of caution must be added concerning the number of entanglements. In the last 10 years there was a
significant effort to find a single number N., which is the main parameter of the tube theory[22],[23],[24],[25]. Many
competing definition were given and more and more advanced algorithms are being proposed to measure this number
in MD simulations. We note that these efforts are only meaningful if the tube theory is valid, and if it is indeed a one
parameter theory. If this would be true, it would be very easy to validate the methods of obtaining N.: one would
expect that simply substituting measured N, into the tube theory one should be able to predict all observables measured
in MD. This is however almost never attempted or at least never reported, simply because no such one-parameter tube
theory exists. In recent publications, we described several limitations of the tube theory and argued that its detailed
quantitative comparison with MD is quite meaningless at this stage[11], [2].

In such situation we do not think that determining number of entanglements or N, is a well defined task worth
pursuing. Instead, one must search for a better model and then seek to determine its parameters from MD. The
slip-spring model[5] seem to be a reasonable candidate, and this paper aims to inform slip-spring model by studying
behavior and properties of individual entanglements, which can be potentially modelled by the slip-springs. This is a
subject of our next paper. Here we just note that the number of tight contacts depends strongly on the cut-off distance
deyt, average entanglement slack ¢, and the smallest lifetime of an entanglement. Although some reasonable choices
can be made with some plausible qualitative arguments, this is not good enough for quantitative modelling.

The tube theory uses the tube length L and the chain end-to-end vector R.. to define its main parameters a =
(R%,) /L and Z = L*/ (R2,), which are often called tube diameter and the number of entanglements respectively. Both
names are confusing and often misinterpreted. The parameter a has nothing to do with the fluctuations of the chain
perpendicular to the tube (as the name suggests), but rather describes the tube properties along its contour. Thus,
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a better name would be the tube Kuhns step. Indeed, the Kuhn step is defined in exactly the way a is defined. In
turn, Z is then a number of tube Kuhn steps. The physical meaning of a and Z are the following: if we construct
a freely jointed chain with the same contour length and the same average square end-to-end distance, this equivalent
chain must have Z steps of length a. Note that this definition does not assume that the tube is a freely-jointed chain.
Interpreting tube theory equations in this precise manner shows that the number of entanglements, however we choose
to define them in microscopic simulations, does not have to be equal to Z as defined by the tube theory.
Acknowledgement. We thank Tim Palmer, Jing Cao and Daniel Read for constructive discussions and col-
laboration prior to this work. The bulk of this work was done in 2008-2010, supported by Engineering and Physical
Sciences Research Council (EPSRC), UK trough Microscale Polymer processing consortium, with main definitions and
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