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Summary

A new method for dtermining the dominant termination mechanism in radical
polymerization based on ultrasonic scission argl chains is used to study the teration

of polystyrene and polymethyl methacrylate. The huodt is extended to ¢din the
disproportiomtion/combination ratio. Long dead polymer chains in solution were broken
by ultrasound. The chain radls thusformed were then allowed to terminate in the
presence and absence of a chain terminating agent (radipal Ti@e reslting molecular
weights are compared to find the dominant termination mechanism. ftumnsl that the
dominant mechanism in polystyrene is combination and that in polymethyl methacrylate is
disproportiomtion. These results are accordance with those quoted in thierature and
obtained by other mkbds.The etctiveness of the radical trap usd&@-chloroethyl
benzene) was tested by NMR and it was found that when the trapping agent is present it
terminates100% of the polgnethyl methacrylate chains. The time evolution of the degree
of polymerization was compared to simulations based on Schmid's model. The
disproportiomtion/combination ratios weréound for polynethyl methacrylate as 2 and

for polystyrene as 1/7 resptively hirough simtation studies.

Introduction

Polymer sonooémistry has been an active field since Demann and Asbach used

ultrasound (US) for polyméaration in 1930's®. Keigiang, Malhorta, Berlin, Kruus,

Hatate and others can be citedomg the researchers who have worked in treslf”. It

is generally accepted that the cause of ultrasonic depolymerization is cavitation or shock
1-3)

waves generateduring US apfpcation™.

When a long chain polymer is soated it is known that it prefetially breaks at the
middle and long chain razhls result”. During the depolymerization dPMMA, PS and
PVA Tabata at all have shown the formationnudcroradtals using ESR techniqu¥’$
Investicating the sonication in the presence of the radical scavenger diphenyl picryl
hydrazil (DPPH) reslied in twoDPPH mdecules pebond?.

The two different types of termination processes, namelypraji®rtioration and
combination result in different groups at the end of the polymer chain.Presence of such
groups efécts the polymer propeties. The unsaturated endgroup in the
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disproportiomtion case has an initiating effect in thermal degradatbranching, glation

and polymerizatn. The termiation step is especially wportant to control the degree of
polymerization P in the absence of dominant transfer reactions.The nature of the
termination reaction is extremely paortant for both theetical considerations and
practical applications.

There are several techniques available for measuripgogisrtioration / combination
(d/c) ratios. Calculatingfrom the degree of polymieation, kiretic mehod, coupling
experiments, grafting tests, gelation tests and usifgndtional initiators or labeled
initiators are some of thefi”.

In a previous work we proposed method for @termining the dominant termination
mechanism based on breaking the chains by US and u$eddthyl methacrylat€. In this
technique, first high molecular weight polymer is obtained, precipitated, filtered and dried.
Then the polymer is solved in toluene and sonicated. Polymer chainsraken by US
and the radicals thubbrmed are allowed to terminate in the presence and absence of a
radical trap, in this case 2-dnb ethylbenzene(CEB). Wh breaking the dng polymer
chains by US,

M., - M +M_
the addition of CEB terminates rapidly the reactions of the radicals generated by
ultrasonic chain scission via the following mechanism.

M+ CEB- M_

M+ CEB- M,
This reaction mechanism is similar toglsportioration

M +M_- M +M
in that molecular weight does not increase. On the other hand combination mechanism

M, +M, -~ M,
increases the molecular weight by joining the chains. Since there areomaumers in the
sonication medium only these scission and termination reactions take place. Radical
growth is notallowed. If the dominant termination mechanism ispaportioration then
the newly formed radicals terminate out combining whether radhl trap is present or
not. The final Pis independent of the presence of the radical tifapon the other hand,
the dominant termination mechanism is combomgtithe presence of the real traps will
suppress the comlahon step and the resulting molecular weight will depend on the
presence of the radical traps. The main advantage of thisothever the tratlonal ones
is that the tests are performed after the polymaéion is completed, the polymers
precipitated and redissolved. Thus the reactionrenment is free of monomers, initiators
and olygomers. Chain transfer reactions tonomer and initiator are absent. The only
reactions are chain scission by US,pdigportioration, combiation and termination with
a radical trap.

The evolution of the Pdepends on the scission mecharidin Schmid has proposed a
model based on experimental data. In Schmid's phenomenological feodsdncentated
solutions the number of scissions per unit time varies as

95 =% 1n(Pyc/Ppo) (1)
dt

Here S is the number of scissions per unit time per unit volume, k is a constamil P,
are the values of Rt time t and at the start of the reaction respectively.
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In this work thistechnique is used to determine the dominant mechanism in PS and
PMMA. In addtion to the experimental evrk simuations based on Schmid's model for
concentrated solutions wererftemed phenomenolacglly to estimate the d/c ratio.

Experimental

Materials:

2,2'Azobisisobutyronitte  (AIBN) from K&K laboratorieswas recryallized twice from
methanol (np. 101.5 C). Methylmethacrylatd(MA) and styrene(S)(from Aldrich) were
freed from inhibitor by tating with10% aqueous sodium hydroxide solution and washed
with distilled water several times until the water used came out neutral. dsftgrg with
anhydrousalcium sulfate overnight theanomer was fractionally distilled in vacuo.

Depolymerization:

Very high molecular weight polymethyl methacrylatéMMA) (MW=2300000) and
polystyrene (PS) (MW=1600000) were prepared and depoiyaiem studies followed in
an US bath (80W, 35kHz) at 20°C. Two itieal groups of polymer solutions (12g/l
polymer in toluene) were prepared and saturated wittbwbbling for 15 mins. CEB was
added into one group of samples as aicaddtrap. Samples with and \Wwiut CEB are
exposed to US for 30, 60, 90, 120 and 150 mins. The solution viscosity aedulao
weight of each sample were determined at the end of eachdpdre solution viscosity
was determined by Ubkmitde type viscmeter and the mean value of five measurements
was used in molecular weight determination.Molecular weighatsops are given below

[n]=9.39x10° M % for polymethyl methacrylate
[n]= 19.5x10° M > for polystyrene
The NMR measurement was made in acetone solution withuleer HG1513 instrument.

Simulations

The time evolution of the Pwas compared with simulations. Schmid's model for
concentrated solutions was taken as basis in the simulation studies. The kinetic equations
corresponding to chain scission, condiion, disproportioation and termination by a
radical trap are integrated Byunge Kuta mehod to follow the evolution of the numbers

of the three species in the reaction medium.

The reactions considereduring degradtion studies and their effect on depolymerization
medium are given below. The notation used is as follows, [[], [D] and [C] are the
concentrations of dead polymers, radical chains, diradical chains and the total number of
chains respectively and,m and n are the corresponding numbers used in Etans. k,

k. and k, are the termination rate constarfisr disproportiomtion, combiation and
trapping respectively.

Chain scission regions

1. dead chain scission: one dead chaintwo radical chains
M. - M_+M, (2a)
n - n+2, n - n-1, R.= S[PJI[C] (2b)

2. radical chain scission: one radical chairone radical chain + one diradical chain
M . - M_+M (3a)
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n,-n+l,  R=S[R]/[C] (3b)
3. diradical chain scission: one diradical chaitwo diradical chains

*M*mm - *M*m N *'V'*n (4a)

n,-n+l,  R=SI[D]/[C] (4b)

Disproportionation reations:

4. two radical chain disproportiation: two radical chains two dead polymer chains
M, +M, - M +M, (5a)
n - n-2, n - n +2, R=(1/2) k, [R]? (5b)

5. one radical chain, one diradical chaimpdiportioration:

one radical chain + one diradical chaimnone radical chain + one dead polymer

M, +M - M +M, (6a)
n - n+1, nd- nd -1, R.= k, [R] [2D] (6b)
6. two diradical chain disproportionation: two diizal chains- two radical chains
M+ M M.+ M (72)
n,-n-2, n-n+2 R (1/2) k[2D]* (7b)

Combination reactions:
7. two radical chain combination: two radical chainsne dead polymer chain
M +M, - M (8a)
n - n-2, n, - n+1, R=(1/2) k_[R]? (8b)
8. one radical one diradical chain combination:
one radical chain + one diradical chairone radical chain

M+ M, = M, (92)

n, - ng-1, Re= klc [R] [2D] (9b)
9. two diradical chain combination: two diradical chainsne diradical chain

‘M. +M M (10a)

n,-nrl,  R=(12)k[2d] (10b)

Termination with terminating agent:
10. radcal chain termination: one radical chainone dead polymer chain
M" +CEB - M_ (11a)
n - n-1, n - n+1, R= k[R][T]=k,[R] (11b)
Here [T] is the terminating agent concentration. Since it is very high it can be assumed to
be constant.
11. diradcal chain termination: one diradical chainone radical chain
‘M +CEB- M, (12a)
N~ Nl n-n+l,  R=k[2D][T]=2k,[d] (12b)
Here the scission probdiies of an average dead chain, an average radical and an average
diradical are assumed to be the same.

In the presence of a radical pf{€EB) thetime dependence of the chain concentration is

given by,
alc] -3 (13a)
dt
als] (13Db)

= kln (Pnt/PnO)
dt



219

Here it is assumed that the concentration of the traps is sufficiently high and every chain
is trapped before it hasme to recombine. The two parametegsverning this @action
are; $ the initial value of the chain scission rate and k the Schmid parameter.

The time dependence of the concentrations of the three species of chains in the absence of
radical traps that resuitom the aboveeactions is given by,

_di:l:_s _[i + (e + ke [RI%+ 2k [R]D] (14a)
dt [c] 2
@: 25[—P]— - (ktc+ktd)[R:|2+ 4ktd[D:|2 (l4b)

dinl _ ¢ ( _E)—z(ktaktd)[lﬂ[b] —2(kect 2kea)Dl? (14

dt
d——[sj = k1ln (P,¢/Ppo) (14d)
dt

These reactions argoverned by four pameters. These are ke and kd the rate constants
for combiration and disproportionation in aididn to the two parameters &nd k.

The Egs. 13. and 14. were intaggd numerically by th&kunge-Kuta mehod to simiate

the time evolution of the Pfor the cases with and without redl traps respectively. If
only chain scission reaction is allowed so that the radifmaleed can not combine then
the behavior of the Pwill be identical to the experimental case where the addition of
radical traps immediately terminates any radicalotee any combiation takes place. In
simulations the initial scission rate parametgra8d the Schmid parameter k giving its
time dependence were chosen to hgpraprate for the expement with radical traps.
These parameters were then used uncharfgedthe cases with the comlition and
disproportiomtion reactions.

In Schmid's model the number of chain scissions per unit time decreasesgassl P
remains below the initial value. For this reason this model is not realistiorantime-
scales. Simulatiomuns were termiated when the number of chain breakages per unit time
reached zero.

Results and discussion

There are no monomers, initiators and catalysts in the sonication medium as a result there
are no growing radals and scission and termination are the only reactions allowed. The
stress due to US application is most intense at the middle of the chain and the scission
takes place preferentially at the middle For this reason the results of this method do

not depend on whether the chain ends are saturated or unsaturated.htdsmehich
determine the termination mechanism by thermal degradation of polymers special care
must be given to these effets

In Fig. 1. the number average molecular weights of depolymerized PS samples in the
presence and absence of CEB are given. Molecular weights of CEB terminated samples
are nearly half of the freely terminated samples, combination is the dominant termination
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mechanism. Theoreticaluoves for d/c atios of 1/5, 1/7, 1/10 and 1/20 are given in the
Fig. 1. The curve for d/c for 1/7 best represents thi@.dThe Fig. 1. indicates that the d/c
ratio of PS is between 1/10 and 1/5.

In Fig.2. the number average laoular weights of depolymerizeEMMA samples in the
presence and absence of CEB are given. The samples terminated with CEB and
terminated freely follow almost the same path. pbDeportioration is the dominant
termination mechanism.

2.0E+6 3.0E+6 —

.

=
=
s
_g .
8 _ 20E+6—]
= E. =
= N
1.0E+6 - 5 N
i 3 7
5 ]
= 1.0E+6 -]
0.0E+0 —| 1 e * T (1P T PP rr T 0.0E+0 T I T T T T
0 50 100 150 0 50 100 150
Time, min Time, min

Fig. 1. Number average molecular weights  Fig. 2. Number average molecular weights

of depolymerized PS samples in the of depolymerized PMMA samples in the
presence and absence of CEB, presence and absence of CEB,

denoted by triangles and squares denoted by squares and triangles
respectively. Lines represent respectively. Lines represent simulated
simulated data corresponding to d/c data corresponding to d/c ratios of
ratios of 1/5, 1/7, 1/10 and 1/20. 1,2 and 5.

As the time evolution of th®MMA samples was only slightly influenced by the ididd

of CEB we checked its efficiency as a radical trap. One of the CEB termi(ig8dmins.)

PMMA samples was analyzed with NMR. The results are given in Tab. 1. gr®l Fhe
molecular weight of this sample has befaund as 450000 by visotetry. Since the
original molecular weight wa®300000 it is seen that the number of lecales has
increased by a factor of five. The NMR results obtairfesin peak integrals gives
molecular weight of560000, inecating that80% of the chain ends have a i trap
attached. Since 1/5 of the ends are the ends of the original chains we can conclude that
within experimental eor all radicals have been terminated by CEB.
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The very rapid drop in the rexular weight observed in theMMA experment and the
similarity of the evolution of the molecular weight with and heit CEB (Fig.2.) semed

to indicate a clear domination of gdieportioration over combination. However
simulations show that this data is best represented by a d/c ratio of 2. The values between
3/2 and 3 are also acceptable. These results show that breaking the polymer chain by US is
a simple, straightforward ancklrable mehod for determining the termination mechanism

in radical polymerization and comparison of experimental results with simulations is seen
to be very useful in interpreting the results.

Table 1. NMR data for CEB capped PMMA sample exposed to US for 150 mins.

PPM Integral
7.3384 0.006
3.6174 10.220
2.9165 8.622
1.0364 3.304
0.8539 5.705

100X

78 76 74 T2
PP JUJ -

9.0 8.0 7.0 6.0 50 40 10 2.0 10 00

PPM

Fig.3. NMR spectrum of the CEB capped PMMA sample exposed to US for 150 mins.
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