On the Distribution of Fragment Sizes in the Fragmentation of Polymer Chains.

B.C. Hathorn,^a B.G. Sumpter^b and D.W. Noid^b a Computer Science and Mathematics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831 b Chemical and Analytical Sciences Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831 (January 18, 2001)

Abstract

The fragmentation pattern of a single step cleavage of a polymer is calculated using a simple model based on Transition State Theory to describe the distribution of fragment sizes. Subsequent molecular fragmentations can be simulated by repeated application of the model. The results for the fragmentation pattern are compared to those observed for molecular dynamics calculations performed at high temperatures.

I. INTRODUCTION

Polymers are subject to fragmentation under a wide variety of experimental conditions, including thermal degradation and chemical oxidation processes. The sequence of chemical reactions involved is quite complex. The initial step, however, in the series of chemical reactions is the same–the cleavage of one of the bonds in the polymer after some initiation process.

A number of authors have offered mathematical descriptions for following the time evolution of the mass or population.^1 The population dynamics are followed in a continuum approximation by watching the evolution under the influence of a fragmentation kernel. A common application is to employ a kernel which promotes completely random scission, with equal probability distribution for all possible fragment sizes.^1 Such an approximation considerably simplifies the mathematical model.^2

A number of researchers have simulated the cracking of the polymer via molecular dynamics simulations^3–^8. In order to have a rate of bond cleavage for the polymers which is sufficiently fast to be modeled on the short timescales of MD simulations, however, the temperature of the simulation must be very high–substantially higher than the conditions under which the thermal fractionation typically takes place.

Here, we describe a simple method by which the relative rates of the fragmentation at the individual bonds can be estimated using a Transition State Theory (TST) approach and using a one-dimensional polymer as a guide. As the probability of forming a given fragment size is dependent on the branching ratio into the possible fragment channels, the cancellation of a number of parameters in the TST approach gives a probability distribution for fragment sizes in a single fragmentation step. The estimation of the branching ratios should be excellent in cases where the daughter fragments have chemical properties (dissociation energies and bond force constants) very similar in nature to the parent. We note that the distribution we find is different from the commonly employed purely random scission distribution. In this case, the distribution of fragments is derived by a consideration of the chemistry involved.

Subsequent fragmentations can be accounted for by repeated application of the model on each of the newly formed fragments. In Section II we describe the simple model for the unimolecular fragmentation, and calculate the fragmentation pattern which results. The repeated application of the fragmentation formula yields the distribution of molecular fragment sizes following a number of successive fragmentations. In Section III, we compare the fragmentation pattern to that which is observed in the molecular dynamics calculations.

II. THEORY

In order to simplify the discussion here, we treat the reaction with a canonical (fixed temperature) TST formalism.^9–^{14} The rate for a reaction, whether it is the fragmentation at the end of a chain, or somewhere in the middle, is given by k = k_BT h Qy Q (1) where Qy and Q are partition functions for the transition state and reactants, respectively, h is Planck’s constant, T is the absolute temperature, and k_B is Boltzmann’s constant. One could, instead, use a Rice-Ramsperger-Kassel-Marcus (RRKM) type expression,^{10}–^{14} which treats the conservation of energy and angular momentum microcanonically, however, in the present case, where the reactions are thermalized, such additional complication is unnecessary.

Recalling that the vibrational partition function is given by Q = ∏ i k_BT/hν_i for the reactant^9–^{14} (with a similar expression for the transition state, where there is one fewer degree of freedom), we have for the rate of fragmentation at bond j, k_j = ν_{eff,j} B By e�^{Ea,j /kBT} (2) where E_{a,j} is the activation energy of the reaction, and ν_{eff,j} is the ratio of the product of the reactant and transition state frequencies. The factor B/By is the ratio of rotational constants in the molecule and the transition state, obtained by treating the separating fragments as a pseudo-diatomic molecule.^9–^{14} Implicit in the pseudo-diatomic assumption is that the molecular fragments do not rotate freely about their respective molecule-fixed axes, and as such the moments of inertia of the fragments do not appear in the expressions for the partition function.

We next consider the branching ratio under some simple conditions. We assume that the force constant for the bond being broken is independent of the location, and that the activation energy is approximately the same. This would be close to that which would be expected in the case of a one-dimensional polymer, where each of the monomer units have

similar chemical reactivity. In this case, we can write the effective frequency as^{15} ν_{eff,j} = 1 2π k μ_j (3) where μ_j is the reduced mass of the effective vibration, and k is the effective force constant.

If the chain consists of an N-mer with monomer units of mass M, the reduced mass for

fragmentation is that of the center of mass separation of the fragments after the bond

breakage,

μ_j = M(N − j) × Mj MN (4) We find that the effective frequency for fragmentation of bond j is given by ν_{eff,j} = ( √ kN 2π √ M ) (N − j)�^{1/2}j�^{1/2}. (5)

We also estimate that the transition state distance, defined by the center of mass separation,

ry for the fragments are similar, from which we obtain the result

By_j = h 8π^2μ_j ry^2. (6)

The rate for the fragmentation at position j is now given by k_j = Cj^{1/2}(N − j)^{1/2}e�^{Ea,j /kBT} , (7) where C is a collection of constants which are independent of the position in the chain where

fragmentation occurs, C = 8π^2 hry^2 B ( √ kN 2π √ M ) . (8)

We note that the reactant molecule has been treated as a pseudo-diatomic molecule, and

hence only has one rotational constant. A more accurate representation might be that of an

asymmetric top, in which case the dependence would be on √ ABC where A, B, and C are

the rotational constants, rather than on the single rotational constant, B. In the following discussion, we note that we are only concerned with effective branching ratios (relative rates) and the normalization constant appearing in Eq. (7) cancels.

In the linear chain approximation, we can now calculate the total rate of all fragmentations,

k_T = C N∑ j=0 (N − j)^{1/2}j^{1/2}e�^{Ea,j/kB T} , (9) Where we have extended the range of the summation to include the j = 0 and j = N terms, both of which are zero.

The probability of fragmentation at a particular position, j, in a polymer of length N is given by the ratio of the rate of fragmentation at position j to the total rate of fragmentation,

P_N (j) =

(N − j)^{1/2}j^{1/2} ∑N n=0(N − n)^{1/2}n^{1/2}

. (10)

In this expression, we have made the approximation that the activation energies of the individual reactions, E_{a,j} are identical. While technically incorrect, due to the varying zeropoint energies of the channels, the approximation should be good, particularly at the high energies of a thermal decomposition, k_BT ≫ E_a, and when the chemical reactivity of the monomer units is substantially identical. If the sum in the denominator is replaced by an integral, N∑ n=0 (N − n)^{1/2}n^{1/2} ≈ ∫ N 0 x^{1/2}(N − x)^{1/2}dx = π 2 (N 2 )2 , (11)

we obtain a closed form solution for the probability of a fractionation at any given location,

P_N (j) = 8 πN^2 j^{1/2}(N − j)^{1/2}. (12)

In particular, we note that the probability spectrum is peaked towards fragmentation in the middle, rather than fragmentation at the end of the linear chain. A more accurate expression than (12) could be obtained by forgoing the step of replacing the sum with the integral in (11) and performing the summation exactly, however this step provides a transparent analytic form of the probability distribution. The difference in the sum vs.

integral involves a small error introduced in the normalization constant. The main feature of this probability distribution is that it is independent of such features as the mass of the monomer units and the vibrational frequencies of the parent molecule and transition state.

The fragmentation pattern predicted is, however, for a single step fractionation. In modeling the real system, however, there will be a number of successive fractionation processes. As a simple approximation, each of these fractionation processes can be modeled using using Eq. (12). If the population of fragments of size k at time t is represented by g_k(t) the population at the next time step will be given by

g_k(t + 1) = (1 − f)g_k(t) + ∑ i>k fg_i(t)P_i(k) (13)

where f is the fraction of the fragments which decompose in any particular timestep, P_i(k) is the probability of a polymer of size i producing a fragment of size k. If fragments show different stabilities, one could modify the effective amount of fragmentation f and replace it by a mass specific fragmentation rate, f_k, however we have not done so here, in the interest of simplicity. We note that to conserve the total population of molecules, fragments consisting of a single monomer unit are not allowed to undergo additional fragmentation,

g_0(t + 1) = g_0(t) + ∑ i>k fg_i(t)P_i(0). (14)

The fragmentation process can now be fitted with two parameters, the total number of fragmentation timesteps, and the fraction of molecules which fragment in each timestep. We note that this crude model does not include the possibility of recombination to produce large fragments from smaller ones, as is apparent in the MD simulation, however, it is seen that even without including such features in the model, we can successfully reproduce the general features of the fragmentation pattern.

A sample fragmentation spectrum is shown in Fig 1 after 15 time steps with 15% of the individual units undergoing fragmentation at each step. The fragmentation spectrum is schematic in nature, not representing any particular polymer species, as Eq. (12) is independent of the particular vibrational frequencies, force constants, and molecular weights within the context of the present model. At each time step the only additional required input is the branching ratio for the fragmentation of a polymer species into species of lower molecular weight, represented by Eq. (12). Of particular interest is the asymmetry of the molecular weight distribution after a number of fractionations, where the molecular weight distribution for a single fractionation represented by (12) is clearly symmetric with respect to N/2.

III. DISCUSSION

We first note several approximations we have made in the present theory. First, we have assumed that the activation energy is the same for the fragmentation of each of the bonds in question. This approximation is obviously not exact, but at high temperatures, the difference in the activation energies for the rate constants, exp(−ΔE_a/k_BT ) becomes less important. In addition, in large polymer systems, the daughter fragments have similar chemical reactivity to the parent. In addition, we have assumed a straight bond fission, rather than the a more collective motion for a flexible polymer strand.

In the present calculation, we have used a canonical TST rate constant for the branching ratios, which amounts to taking a thermal average over the individual microcanonical branching ratios. One might argue that it is more appropriate to use a microcanonical approach,^{10}–^{14} however, in the present case, where the activation energies for the possible reaction pathways are presumed to be identical, the results are the same for thermal reactions. As a result, we have chosen to apply the more straightforward canonical TST approach, using partition functions instead of densities of states. In this simplified approach, we find that the branching ratio is independent of the mass of the individual monomer units.

We have also assumed that after each fragmentation step the populations of fragments are allowed to rethermalize. This is necessary because at modest temperatures a single fractionation will require nearly all of the energy available in the thermalized molecule, leaving insufficient energy for further fractionation in the microcanonical system.^{10}–^{14} We have also assumed similar timescales for the fractionation of the different polymer pieces. In practice, however, one would observe differences in fragmentation rates for different molecules, with those which have unusual stability having longer lifetimes. This consequences of this effect are well known, and evident in a more traditional mass spectrum, where characteristic peaks are enhanced. In the present case, however, where we are interested in the fragmentation of a polymer strand, we can assume that each of the smaller fragments has similar chemical properties to the parent, at least when the fragments are sufficiently large, as opposed to smaller molecules with a number of different functional groups.

We now compare our results to that of the molecular dynamics simulations.^3 The molecular dynamics simulations are performed in thin films, as opposed to single polymer strands, and show a propensity to fragment into fragments of low molecular weight. This trend is in agreement with the present theory, although not in a single fragmentation step. In order to obtain a similar distribution of fragments, subsequent refragmentation must be allowed. In addition, the results in the present theoretical treatment are continuous, as opposed to the more discrete nature of the molecular dynamics simulation. Part of this is due to the fact that the molecular dynamics simulation is performed by averaging over a small number of trajectories.^3

The present theory also does not incorporate the possibility of recombination of fragments to form higher molecular weight species from lower molecular weight species. Such a possibility, if included, would indeed lead to production of masses with higher molecular weight than the parent peak, as is observed in the molecular dynamics simulation.^3 We do see, however, that our assumption of a rethermalization step between fragmentation steps is justified in the asymmetry of the mass spectrum. If such a step did not occur, we would expect each polymer to undergo a single fragmentation, producing fragments of size N −j and j, and thus the spectrum would be symmetric about N/2, as is the probability distribution given by Eq. (12). The asymmetry of the spectrum is clearly evident in the numerical experiment.^3

A more detailed calculation of the fragmentation pattern of the polymer could be obtained through a detailed kinetic analysis using a master equation^{1,2} to study the time evolution of the population under the influence of the derived fragmentation kernel. To be compared directly to experimental behavior, however, such an analysis should also involve both the fragmentation of the parent and the reassociation of the daughter populations of the polymer. Such a calculation is beyond the scope of the present study.

In summary, we have shown that a fragment distribution for thermal polymer fragmentation can be obtained with a simple model in a minimal amount of computation time. In addition to the considerable savings in computer time, the simulations can be done at lower temperatures than the comparable molecular dynamics simulations, which are more appropriate to the typical conditions for the reaction. Since the model is based on a statistical treatment, and does not require detailed potential information, the simulations can be performed on very large systems, where MD simulations are impractical.

ACKNOWLEDGMENTS

This work was sponsored by the Division of Computer Science and Mathematics and the Division of Materials Sciences, Office of Basic Energy Sciences, US Department of Energy under Contract DE-AC05-00OR22725 with UT-Battelle at Oak Ridge National Laboratory (ORNL). One of us (BCH) has been supported by the Postdoctoral Research Associates Program administered jointly by ORNL and the Oak Ridge Institute for Science and Education.

REFERENCES

1 See, for example, B.J. McCoy, and M. Wang, Chem. Eng. Science, 49, 3773 (1994) and references therein.

2 R. Aris and G.R. Gavalas, Phil. Trans. R. Soc. London, A260, 351 (1966). 3 P. Doruker, Y. Wang and W.L.Mattice, Computational and Theoretical Polymer Science, 11, 155 (2001).

4 E. Blaisten-Barojas and M.R. Nyden, Chem. Phys. Lett., 171, 499 (1990). 5 M.R. Nyden and D.W. Noid DW, J. Phys. Chem. 95, 940 (1991). 6 M.R. Nyden, G.P. Forney and J.E. Brown, Macromolecules, 25, 1658 (1992). 7 M.R. Nyden and J.W. Gilman, Comput. Theor. Polym. Sci. 7, 191 (1997). 8 M.R. Nyden, T.R. Coley and S. Mumby,Polym. Engng. Sci., 37, 1469 (1997). 9 S. Glasstone, K.J. Laidler and H. Eyring, The Theory of Molecular Rate Processes, New York: McGraw-Hill, 1941, and references therein.

10 K.J. Laidler, Chemical Kinetics, New York: Harper & Row, 1987, and references therein. 11 P.J. Robinson and K.A. Holbrook, Unimolecular Reactions, London: Wiley-Interscience, 1972, and references therein.

12 W. Forst, Theory of Unimolecular Reactions, New York: Academic Press, 1973, and references therein.

13 R.G. Gilbert and S.C. Smith, Theory of Unimolecular and Recombination Reactions, Oxford: Blackwell Scientific Publications, 1990, and references therein.

14 T. Baer and W.L. Hase, Unimolecular Reaction Dynamics, Theory and Experiment, New York: Oxford University Press, 1996, and references therein.

15 I.N. Levine, Quantum Chemistry, Boston: Allyn and Bacon 1974.

FIG. 1. Calculated fragmentation pattern for a polymer with 100 units after 15 timesteps with a 15% fragmentation rate at each timestep. The point at 100 monomer units represents the residual of the parent peak after 15 successive fractionations.