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ABSTRACT: Poly(ethylene-co-1-olefin)s produced with metallocene catalyst systems usually have one
aliphatic and one olefinic end group per copolymer chain. Four unique beginning and ending sequences, EE,
EP, PE, and PP, for poly(ethylene-co-propylene) have been characterized both structurally and quantitatively
from 3C NMR data. A complete triad sequence distribution, which included all possible end group triads,
was obtained and compared to a corresponding first-order Markovian statistical analysis, modified for chain-
initiating and chain-terminating events. Chain-transfer reactions were observed to be sequence-dependent
and occur in the order, TPpp = TPgp > TPpg = TPpp. The observed close similarities of the experimental triad
distributions to those for corresponding first-order Markovian systems permitted a method to be developed
for determining the concentrations of PE versus EE initiating sequences, which cannot be distinguished
directly by 13C NMR. This statistical approach led to the important conclusion that initiating units were
almost exclusively propyl, irrespective of ethylene mole fractions between 0.48 and 0.69.

Introduction

Ethylene-1-olefin copolymers produced with metal-
locene catalysts have narrow compositional and molecular
weight distributions. Typically, there is one olefinic and
one saturated end group per chain. The former are
produced by chain-transfer reactions involving possible
B-hydride eliminations, 8-hydride transfers to ethylene,
or metalations followed by rearrangements.l2 The satu-
rated end groups form following hydrogen transfer during
initiation.® In contrast to the uniform sequence distribu-
tions observed for the main chain, the end groups may be
structurally complex with a number of different types being
present; namely, vinyl, branched vinyl, and di- and
trisubstituted double bonds. The end group structures
not only depend upon the precise mechanisms for initiation
and chain transfer, but also upon the initial and final
sequences of comonomer additions.

There are four unique beginning and ending diad
sequences for an ethylene-propylene copolymer, that is,
PP, EP, PE, and EE. A singular type of chain-transfer
step that creates olefinic end groups would produce only
four types of end groups. Each competing mechanism
would produce another four end groups. A further
structural complication occurs for penultimate propylene
units, which can have configurational isomerism, that is,
either meso or racemic. Such an effect may be manifested
by subtle line splittings among the resonances observed
for the PP and PE diads. Four kinds of olefinic end groups
were identified from a fairly complex olefinic region
containing a number of weak resonances. Of these, only
two types were major, as will be discussed later. Three
types of saturated end groups, again with only two being
major, were identified in the present copolymers of
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ethylene and propylene. (The chains beginning with EE
and PE produce similar linear structures.) These numbers
alone indicate that there is only one mechanism for
initiation and nosignificant variations in the chain-transfer
chemistry for termination.

The present investigation was undertaken to develop a
systematic approach to the structural analysis of ethylene~
propylene copolymers. Determinations of the comonomer
composition and distribution, end group types, and
amounts and molecular weight are desired. A technique
that provides abundant structural information for such
analyses is carbon-13 nuclear magnetic resonance spec-
troscopy (NMR). The 13C NMR methods for determina-
tion of the comonomer amounts and triad sequence
distributions are well established for the ethylene—1-olefin
copolymers ranging from ethylene~propylene to ethylene—
1-octene.t

Carbon-13 NMR can also be used to identify, and to
measure, the amounts of the various kinds of end groups.
Once this is accomplished, a number average molecular
weight can be computed easily. In previously published
13C NMR analyses of ethylene-1-olefin copolymers, mo-
lecular weights were sufficiently high that the end group
content did not enter into the analyses of sequence
distributions and comonomer contents. The present
copolymers have number average molecular weights be-
tween 700 and 1700; consequently the types and concen-
trations of end groups must be taken into consideration
when performing any type of structural analysis. Once
the end groups are identified and measured quantitatively,
it is only natural that the distribution of comonomers as
terminal units should be compared to the distribution of
comonomers within the main chain. This is best ac-
complished by determining the statistical behaviors of the
main chain and end group comonomer distributions. In
the present study of ethylene-propylene copolymers, a
first-order Markovian fit was obtained for the complete
triad sequence distributions for four different types of
saturated and for four different types of olefinic end groups.
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The Markovian probabilities for chain propagation could
be compared directly with the Markovian probabilities
for initiation and termination.

It was observed that the probabilities for initiation
occurred in the following order for the chain-beginning
diads:

Pp >>> P
and the probabilities for chain transfer were
TPpp = TPyp 3> "Ppg = TPgg

Both of the above sets of probabilities were independent
of composition, in contrast to the probabilities for chain
propagation, which were markedly dependent upon com-
position. At a mole fraction of ethylene of [E] = 0.48,

Pgp = Ppp > Ppp = Pgg

At [E] = 0.55,
Ppg > Pgp > Pgg > Ppp

and, at [E] = 0.69,

In addition to NMR experimental methods for data
acquisition, this study also gives predicted results from
first-order Markovian statistical models, which are com-
pared with experimental data for both the complete
copolymer triad sequence distributions and end group diad
distributions.

Experimental Section

The three poly(ethylene-co-propylene) copolymers examined
in this study ranged in molecular weight (M,) from 700 to 1700
and in composition from 0.48 to 0.69 mole fraction of ethylene.
An amount of 1.5 g of polymer dissolved readily in 3.5 g of
deuteriated chloroform used as an NMR lock solvent. Relaxation
times up to ~15 s for quaternary olefinic carbons require longer
recycle delays for quantitative acquisitions than those for
corresponding high molecular weight copolymers. To this end,
a paramagnetic relaxation agent, Cr(acac)s (chromium acetyl-
acetonate), was added to the lock solvent, at a concentration of
15mg/mL. The relaxation agent shortens the necessary recycle
delay period to 3-5 s, as opposed to the 1-1.5 min necessary for
anundoped sample. The Cr(acac); broadens the resonance lines
slightly, but not enough to outweigh its benefits.

Spectra were acquired at a carbon Larmor frequency of 100
MHz on a JEOL GSX-400 spectrometer. The number of scans
necessary for sufficient signal to noise ranged from approximately
4000, for a polymer molecular weight of 700, to 12 000, for a
polymer molecular weight of 2000. Spectra were acquired with
inverse gated decoupling to avoid nuclear Overhauser enhance-
ment (NOE) effects, which would skew the quantitative analysis.
Time domain free induction decays (FIDs) of 32K points were
Fourier transformed to give 32K point spectra.

Review of First-Order Markovian Statistics for
Infinite Chains

A review of the base case for high molecular weight
copolymers (infinite chains) for first-order Markovian
statistical analyses would be helpful in establishing a
framework for the necessary modifications to the statistics
for analyses of low molecular copolymers (finite chains),
which require an accountability for initiation and termi-
nation reactions. Up to this point, Markovian statistics
have been applied experimentally to data from copolymers
of sufficient molecular weight that an omission of end
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groups created nosignificant errorsin analyses of sequence
distributions and comonomer mole fractions. There are
excellent literature references available if the reader wants
a thorough background in the application of Markovian
statistics to “infinite chains”.5-7

Price introduced the concept of Markovian statistics
for finite chains and developed a framework for free radical
copolymers.2 Some information about the initiating and
terminating copolymerization mechanisms must be known
to define appropriately the Markovian transition prob-
abilities for initiation and termination for finite chains.
As pointed out by Price, Markovian statistics developed
for finite chains from free radical copolymerizations cannot
be applied directly to copolymers produced by other
copolymerization mechanisms. Some modifications are
needed primarily because of differences in terminating
reactions. Chain transfer is extremely important in
Ziegler-Natta polymerizations. It is also important to
reduce any application of Markovian statistics for finite
chains to practice through an experimental evaluation.

An important property of Markovian analyses is that
the statistics reflect only the probabilities of going from
initial to final states. They do not provide information
about the pathways through which the final state was
obtained. There are four basic first-order Markov tran-
sition probabilities for the four possible adjoining pairs of
monomer units (diads) in a copolymer chain. InaMarkov
diad, the first unit is called the initial state and the second
unit is called the final state. With the exception of the
end groups, a diad description requires that each unit in
a copolymer chain serve as both an initial state and a final
state. For a copolymer chain, there are only two possi-
bilities for an initial state and, likewise, only two possi-
bilities for a final state. (The statistical treatments that
follow will be derived using symbols for poly(ethylene-
co-propylene), although they apply to any copolymer
chain.)

initial state add final state transition probability
E E E Prg
E P P Pgp
P E E Prpg
P P P Ppp

Accordingly, the above four transition probabilities must
be related as follows:

Equations 1 and 2 describe the options for propagation
only; as will be seen later, additional terms are required
when the end groups represent a significant, observable
fraction of the chain composition.

A first-order Markovian system reduces to zero order,
or Bernoullian, when

Pgg = Ppg = °P; = mole fraction of “E”
and
Ppp = Py = °P, = mole fraction of “P”

which demonstrates that chain propagation for Bernoullian
copolymer systems is independent of the identity of the
initial state. Asa consequence of eqs 1 and 2, Bernoullian
statistical analyses are defined with only one independent
variable and first-order Markov analyses are defined with
two independent variables.
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To describe a sequence of any length in a first-order
Markovian statistical scheme, it is necessary to define the
probability for finding the first unit of the sequence. The
subsequent units are defined by the appropriate transition
probabilities. The following additional definitions are
necessary:

1P, = probability of finding a P unit at any
location in a copolymer chain

1P, = probability of finding a E unit at any
location in a copolymer chain

and
P+ 1Py =1

In terms of transition probabilities, the probability of
finding either a P or E unit anywhere in a copolymer chain
follows from the consideration that the preceding unit
can only be an E or P. Therefore,

'Pp = 'PpPpp + 'PgPrp @)

'Pg = 'PpPpy + 'PpPgg @
Solving gives

IP, = mole fraction of P = Pgp/(Pgp + Ppg)  (5)
Py = mole fraction of E = Ppy/(Pgp + Ppp)  (6)

A sequence of any length in a copolymer chain can now
be defined in terms of only two transition probabilities.
The first-order Markov description for a complete, nor-
malized triad distribution is given below:

Ppn(l - Ppp)?
EEE = 1 P P - u (7
[EEP + PEE] = 'PgPggPyp + 'PpPppPrg =
2PpgPyp(1 - Pgp)

(8)
(Pgp + Ppg)
P PEP EP2
[PEP] =P = — 9
] PPPE'PEP ( PEP + PPE)
P,.2P
EPE] =P =_FE_EP (10)
[EPE] ePepPrE (Pap + Pop)
[PPE + EPP] = 'PpPppPpy + 'PpPrpPpp =
2PpPyp(1 ~ Ppg) a1
(Pgp + Ppp)
Poo(1~ Ppp)?®
[PPP] = 'PpPppPpp = Popl = Pen) 12)

(Pgp *+ Ppp)

Note that the E- and P-centered triads sum independently
as follows:

P,
PE = [E]

EEE] + [EEP + PEE] + [PEP] = ————
(EEE] + [ 1+ [PEP] Pon + Pog) o
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P
EP = [P]

EPE] + [PPE + EPP] + [PPP] = ———
(EPE] 1+ [PPP] (Pan+ Pog) "

and, of course, the six iriads sum to unity. These latter
relationships appear trivial but can be helpful when testing
experimental data for the best trial values for the transition
probabilities. A computer program can be used effectively
to narrow the choice of values for the transition proba-
bilities, as will be seen later.

Development of First-Order Markovian Statistics
for Finite Chains

Up to this point in the discussion, we have reviewed a
copolymer statistical description that has been defined
and used for over 30 years. Equations 1-4 were derived
for infinite chains, with no consideration given to the end
groups. Relatively low molecular weight copolymers pose
a unique situation. Molecular weights in a range of 500~
3000 can be achieved through chain-transfer reactions that
occur with a sufficient frequency that both the termination
option and the probabilities for initiation should be
considered when defining any Markovian statistical dis-
tribution.

The present study develops the necessary modifications
for a first-order Markovian statistical description for
copolymers produced by Ziegler—Natta copolymerizations,
which require Markovian probabilities for initiation and
chain transfer. Initiation only occurs once per copolymer
chain, but chain transfer is one of the options for each
monomer adding to a growing copolymer chain, For chain
transfer, four additional transition probabilities are re-
quired:

TPpp = probability that chain transfer occurs

immediately following an addition
of a P unit to a preceding P unit

TPPE = probability that chain transfer occurs

immediately following an addition
of an E unit to a preceding P unit

Tpyp = probability that chain transfer occurs

immediately following an addition
of a P unit to a preceding E unit

TPgy = probability that chain transfer occurs

immediately following an addition of
an E unit to a preceding E unit

It is best to define the chain-transfer probabilities in
terms of the first-order Markovian model as shown above.
Ifthe chain-transfer reactions actually do not depend upon
the identity of the preceding unit, the system will
automatically reduce to Bernoullian when

Pgg = "Ppg
and
TPgp = "Ppp

Chain initiation must also be considered when describing
any order of Markovian statistics for finite chains. Either
monomer unit can initiate a new chain at a vacant catalyst
site at any time during copolymerization. Only two
probabilities are required to describe the initiating se-
quence of events.
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P = probability that an incoming E unit adds to

a vacant catalyst site and begins growth
of a new copolymer chain

P = probability that an incoming P unit adds to

a vacant catalyst site and begins growth
of a new copolymer chain

The symbols Pig and Pip (rather than 1Pg and 1Pg) were
chosen to avoid confusion with 'Pg and 1Pp.

Although initiation is an option for an incoming
monomer unit, it is not an option for a growing copolymer
chain because initiation can only occur once per chain.
Chain transfer also only occurs once per chain, but chain
transfer and propagation are still the only two options
possible at each step in the growth of a copolymer chain.
Therefore, eqs 1 and 2 become

Pgg+ Ppp+ TPgp + "Ppp =1 (15)
Ppg+ Ppp+ TP + TPpp =1 (16)

Price derived an equation in the same form as eqs 15 and
16 in his development of first-order Markovian statistics
for finite chains for free radically produced copolymers.®
His transition probability was for termination as opposed
to chain transfer.

Markovian statistical results are normally compared to
experimental data that represents an “average” chain,
which has been gathered from a sample of, hopefully,
largely redundant copolymer chains. Initiation and chain
transfer still occur only once per “average” chain, although
these events will be normalized over the various possibili-
ties for initiation and chain transfer. The average chain,
therefore, will have a normalized distribution of end groups
over the possibilities for the entire assembly of chains.
Markovian statistics, as applied to the average chain, will
yield probabilities for initiation and chain transfer that
reflect the events that occur over the distribution of chains.
It should also be noted that the initial chain unit is
inherently included in the transition probabilities, Pgg,
Pgp and Ppp, Ppg, because the probability, for example,
that a propylene unit adds to a chain ending in ethylene,
Pgp, includes the possibility that the chain ending in
ethylene has only one unit, which serves as the initial state.

As is similar to the description for infinite chains, the
probabilities for finding a given unit at any position, after
the initiator unit, in a finite copolymer chain is

'Pp = 'PpPpp + 'PgPpp + 'Pp"Pp + 'PgPgp  (17)
'Py = 'PpPpg + 'PgPyg + 'Pp" Ppg + 'Pg Pgg (18)

and, after appropriate substitutions, become

1p_ = Pgp+ Py
P~ T T (19)
(Pgp + Ppg + "Pgp + "Ppp)
Py + TP
1p, = PE ; PE . 20)
(Pgp + Ppg + "Pgp + "Ppp)

For the reasons stated previously, the above probabilities
for finding a P or E unit do not contain any probability
for initiation. This is not true for a triad distribution
where initiation must be included to account for the first
triad in the copolymer chain. A Markovian description
of a triad distribution for a finite chain, which includes
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both initiation and termination, is given below:

[EEE] = PuPpgPre + PiePes Pex + "PePesPrs +
"PgPyg Pgg (21)

[EEP] = PPypPep + PePes Prp + 'PrPrgPrp +
'PePyg"Pyp (22)

[PEE] = PipPppPgg + PrpPpg Py + 'PpPpgPyg +
'PpPpg Peg (23)

[PEP] = PpPppPgp + PpPpg Pgp + 'PpPppPpp +
'PpPpy Pyp (24)

[EPE] = PipPypPpg + PPrp Ppg + 'PePrpPpr +
'PgPgp"Ppg (25)

[PPE] = PpPppPpg + PrpPpp Ppg + 'PpPppPrg +
'PpPpp"Ppg (26)

[EPP] = PyPgpPpp + PPgp Ppp + 'PePppPpp +
"PuPerPrp (21)

[PPP] =PIPPPPPPP+PIPPPPTPPP+IPPPPPPPP+
'PpPpp’ Ppp (28)
For an infinite chain, EEP = PEE and EPP = PPE, As
can be seen above, these equalities may not hold for a
finite chain, which may have different E/P populations
for the end groups than for the interior chain sequences.
After appropriate substitution of eqs 15 and 16 into the
above triad equations, the following first-order Markov
description is obtained for those copolymers where end
group options are important:
[EEE] = (‘Pg + P)(1 — Pgp — "Pgg ~ "Pgp)® +

(*Pg + Pp)"Pgp(1 - Pgp - "Pgg - TPgp) (30)

[PEE] = (*Pp + Ppp)Ppg(1 - Pgp — TPy — "Pgp) +
(*Pp + Pp)Ppg"Pgg (31)

[PEP] = (*P; + Ppp)PpgPgp + (‘Pp + Pp)Ppg Ppp  (32)
[EPE] = (*Pg + Prp)PgpPpg + (Pg + Pp)Pgp P (33)

[EPP] = (Pg + Pp)Pgp(1 — Ppg -~ TPpp - TPpp) +
(*Pg + Pp)Pgp"Ppp (34)
[PPE] = (*Pp + Pip)Ppg(l — Ppg — "Ppp — "Ppg) +
(IPP + PH’)TPPE(]‘ - PPE - TPPP - TPPE) (35)
[PPP] = (*Pp + Ppp)(1 - Ppg — "Ppp - TPpp) +
(Pp + Pp)"Ppp(1 = Ppg — TPpp — TPpp) (36)

After expanding and summing eqs 29-36, the following
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aliphatic end group diad olefinic end group diad
[———————"inﬁnite chain” triad centers

PEEEPEPPEPEPPPEEEPEEPPEPPPEPEEP

aliphatic end group triad olefinic end group triad

direction of chain growth »

Figure 1. Model copolymer chain depicting end group diads
and triads.

result is obtained:

[EEE] + [EEP] + [PEE] + [PEP] + [EPE] +
[PPE] + [EPP] + [PPP]
= Py + 'Pp ~ 'P(* Pgg) ~ 'Pg("Pgp) - 'Pp("Ppp) -
'Pp("Ppp) + PgPpg + PipPyp + PpPpg + PpPpp (37)

=lpp+1P, =1 (38)

which, in eq 37, is the sum of the respective probabilities
of finding P and E units minus the concentrations of the
four terminal diads and plus the concentrations of the
four initiating diads. Since the sum of the concentrations
of the initiating diads must be the same as the sum of the
concentrations of the terminating diads, these terms cancel
in eq 37. Equation 38 demonstrates that when chain
transfer and initiation are introduced into a Markovian
statistical description of a triad distribution, the E- and
P-centered triads still sum to the total probabilities for
finding a P and an E unit, which is unity. This result is
analogous to that for infinite chains, with the exception
that the probability of finding either a P unit or an E unit
isnot the same as the respective mole fractions. The triad
distribution does not include either the initial or final
copolymer units, which are parts of diads, not triads. By
definition, the central unit of a triad must have two
neighbors. Diads are more complicated. Each unit of a
copolymer chain is part of two diads, an initial state for
one and a final state for the preceding diad. The mole
fractions must include the initial and final unit contribu-
tions, but the definition of the probabilities for finding
either an E unit or a P unitin a triad description inherently
does not include the initial or final units of the copolymer
chain, as shown in Figure 1.

When performing Markov statistical analyses on ex-
perimental triad distributions determined from NMR data
of low molecular weight copolymers, resonances from the
initial and terminal diad units in the chain must be located
and excluded from the triad analysis. By contrast, steps
must be taken to ensure that concentrations of the end
group triads are included in a complete triad distribution
for comparison with a calculated Markovian triad distri-
bution. It should be noted in each of the Markovian triad
equations 21-28 that independent terms exist for both
the first and last triads of the copolymer chain.

The independent diad end group concentrations are still
important because they can be used directly to determine
values for P[E and Plp, and TPEE, TPEP, TPPE, TPpp, which
are needed to calculate the overall triad distribution. Also,
the diad concentrations can be used to determine con-
centrations for the end group triads, as shown below:

[EEE], = [E[EE], = 'PgPpr("Pgp) (39)

[EEP], = [EI[EP], = 'PgPgg("Pgp) (40)
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[PEE], = [P}[EE], = 'PpPpg("Pgp) (41)
[PEP], = [P][EP]), = ‘PpPpg("Pgp) (42)
[EPE], = [E][PE], = 'PgPrp("Ppp) (43)
[EPP], = [E][PP]), = 'PgPp("Ppp) (44
[PPE], = [P1[PE], = 'PpPpp("Ppp) (45)

[PPP], = [P1{PP], = 'PpPpp("Ppp) (46)

and

[EEE]; = [EEL[E] = Pp(Pgg)? 47)
[EEP), = [EE},{P] = PigPepPpp (48)
[PEE], = [PE][E] = PpPpgPgg (49)
[PEP); = [PE},[P] = PpPpgPpp (50)
[EPE]; = [EPL[E] = PpPppPpy (51)
[EPP], = [EP],[P] = PiPgpPpp (52)
[PPE); = [PP,[E] = PpPppPpg (53)

[PPP]; = [PP],[P] = PPy’ (54)

First-order Markovian analyses, where each of the above
types of conditional probabilities are obtained, will be
performed on low molecular weight copolymers of ethylene
and propylene.

Finally, it is instructive to examine the first-order
Markovian description for finite chains as applied to a
diad distribution:

(EE] = PjgPgg + P Pgg + 'PgPgg + P Prg (55)
[EP] = PgPpp + P Pgp + 'PgPgp + Py Pgp (56)
[PE] = PpPpg + P Ppg + 'PpPpg + 'Pp Ppg (57)
[PP] = PpPpp + Pip"Ppp + 'PpPpp + 'Pp Ppp (58)

After substituting for Pgg and Ppp using eqs 15 and 16,
respectively, the following result is obtained for the sum
of the four diads:

[EE] + [EP] + [PE] + [PP] = 'Pg+ 'Pp + P + P =
[E]+[Pl1=1 (59

Because the end groups are parts of diads, the four possible
diads sum to the mole fractions of E and P, which is unity.

13C NMR End Group Resonance Assignments and
Quantitative Method for the Triad and Diad
Distributions

Quantitative methods for triad sequence distributions
in poly(ethylene-co-propylene) have been developed from
resonance assignments in 13C NMR spectra. 4910 A
complete 13C NMR spectrum at 100 MHz of a poly-
(ethylene-co-propylene) is shown in Figure 2a. The
expanded aliphatic and olefinic regions are also shown in
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Figure 2. 13C NMR spectrum of polymer C: (a) full spectrum,
(b) aliphatic region, and (c) olefinic region.

Figure 2, parts b and c, respectively. The method chosen
for this study utilizes a series of easily measurable, broad
spectral regions from which various triad concentrations
are readily extracted.* These spectral regions, as defined
for triad sequence distributions for infinite chains, that is,
when end groups are not taken into account, are given in
Table 1.4 End group contributions to each of the regions
listed in Table 1 are given in Table 2 and illustrated in
Figures 3 and 4 for terminating and initiating diads,
respectively, although the regions have been expanded
slightly over those in Table 1 to accommodate all of the
end group diad contributions.

The task remaining is to determine experimentally each
of the four initiating and terminating diad concentrations.
Molecular weights were sufficiently high in the earlier
referenced studies to preclude end group contributions
from consideration when establishing the quantitative
method for the triad distribution. Chemical shift assign-
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Table 1. 13C NMR Spectral Regions and Corresponding
Triad Equations for Poly(ethylene-co-propylene)! (End
Group Contributions Not Included)

spectral
range
region (ppm) triad equations

a 45-48 T. = k(PPP + 1/o(PPE + EPP))

b 36-42 Ty = k(PEP + 1/o(PEE + EEP) +
EPE + !/5,(PPE + EPP))

c 32-36 T. = k(EPE)

d 29.5-32 Ta = k(2EEE + (PPE + EPP) +
1/o(PEE + EEP))

e+f 27-29.5 T, + T; = k(PPP + (PEE + EEP))

g 24-25 T, = k(PEP)

h 19-22 Ty = k(PPP + (PPE + EPP) + EPE)

Table 2. 13C NMR Spectral Regions and Corresponding
Triad Equations for Poly(ethylene-co-propylene) with
Contributions from End Group Diads and Triads

area triad + diad equations eq no.

T = k(PPP + 1/o(PPE + EPP) + (60)
PP; + PPP; + PEPy)

Ty = k(PEP + !/o(PEE + EEP) + EPE + (61)
1/o(PPE + EPP) + EP; + PE,; +
PP; + EPP; + PPE; + PEE; + EEP)

T. = k(EPE + EPE,; + EE; + EPP; + 62)
PE; + EEE; + EEP)

T4 = k(2EEE + (PPE + EPP) + 1/,(PEE + (63)

EEP) + EPP; + PPE, + EEE; + PPP; +
2EPE; + EE,; + EP; + PEP))

Toe+T; =k(PPP+ (PEE + EEP) + EEP, + (64)
PPP; + PEE, + PPE)
Ty = k(PEP + PEPy) (65)
Th = k(PPP + (PPE + EPP) + EPE + (66)
PP, + PE; + 2PP; + EP)
T4 = k(PPy) 67)
T = k(PPy) (68)
Tus = k(EPy) (69)
T1o = k(EP,) (70)
T3 = k(EEy) (71)
Tia = k(EEy) (72)
Ta7 = k(PEy) (73)
Tus = k(PEy (74
T2 = k(PE; + EE) (75)
Ty = k(PPy) (76)
T114 = k(EPy (77
To0g = k(EP; + PP + PE; + EE) (78)

ments for the various carbons in the olefinic terminal diads
are given in Figure 3 for the resonances shown in Figure
2¢. There is no serious overlap among the olefinic carbon
resonances from the terminating diads. Inaddition, there
are two olefinic carbon resonances for each type of
terminating end group diad, which leads to an overde-
termination and increased accuracy in a direct and
independent analysis of the four terminating end group
diad concentrations. Similarly, assignments for the
aliphatic diads comprising the initiating sequences are
givenin Figure 4. There are some overlap problems in the
determination of the initiating end group diad concentra-
tions. Methyl resonances from the PP and EP diads can
be observed independently while the 13C NMR resonances
for the methyl and initial methylene groups for the EE
and PE diads are not resolved at 100 MHz.

Because of chemical shift sensitivities, it is alsonecessary
to examine structurally each of the possible end group
triads when assigning chemical shifts for the end group
diads. The identity of the repeat unit three units from
the end of the chain is shown in parentheses in both Figures
3 and 4. The aliphatic carbons from each type of
terminating diads, which overlap with the main chain triad
resonances, are assigned to the appropriate spectral regions
listed in Table 1. The olefinic carbon resonances, as well
as the aliphatic diad carbon resonances that can be
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Figure 3. Structures and 13C NMR spectral assignments for the
olefinic end groups (terminating diad sequences) of poly(ethylene-
co-propylene). P denotesthe polymer chain, and polymerization
occurs from left to right.

INITIATING DIADS

—— PP/(P) + PP(E) = PP, -

h‘/ﬁj/\K\F, h]/\r\/\P
143 k ;
g P

ef | P

b b
4
43 h
c d
229 P 22 (\/\/\
d
14.2
d b
<
1
h

1
9
2/\(\/\

Figure 4. Structures and 1°*C NMR spectral assignments for the
aliphatic end groups (initiating diad sequences) of poly(ethylene-
co-propylene). P denotes the polymer chain, and polymerization
occurs from left to right.

identified free of spectral overlap with the main chain
resonances, are identified by their chemical shift (ppm).

After the end group diads have been identified and
concentrations determined, the mole fractions of E and P
can be used to determine the concentration of each of the
end group triads, as shown in Figures 3 and 4 and eqs
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39-54. This will become important later when the
complete triad distribution is needed for the first-order
Markovian statistical analysis.

The assignments in Figure 4 for the initiating diads are
the same as those previously reported by Cheng.!! The
total end group assignments, given in Figures 3 and 4 for
the various end group diads, are used to modify the triad
equations previously given for infinite chains (Table 1) to
produce those for finite chains, given in Table 2. Again,
it should be noted in Figure 4 and Table 2 that the methyl
and initial methylene carbon resonances for the EE and
PE initiating sequences have similar chemical shifts, that
is, 14.1 and 22.9 ppm, respectively. The two types of
methyl and methylene carbon resonances are not resolved
at 100 MHz, although it is possible to distinguish the
methyl resonances of PE(P) and EE(P) at 125 MHz.12
There are differences in structural environments and in
subsequent chemical shifts for those carbons in the second
unit of the EE and PE diads, but a least-squares
determination cannot be made without some initial value
for the NMR area of either the EE diad or PE diad.

Concentrations for six of the eight end group diads can
be determined directly from the 3C NMR data and
introduced into the revised equations in Table 2 for regions
A-H. The overlap between the respective methyl and
methylene resonances for EE and PE initiating diads must
be resolved before contributions from these diads can be
introduced into the area definitions for regions A-H.

Markovian statistics can be utilized to resolve the overlap
between the EE and PE end group carbon resonances.
The sum of EEk + PEik NMR integrated areas is
determined experimentally. (& is the spectral area for
one carbon.) The problem is howtodistribute the observed
sum between EE;k and PEik. Any arbitrary value for PE;k
between zero and the observed sum for EE2 + PEi
removes the singularity of the matrix and permits a least-
squares analysis to be performed. An iterative approach
was adopted where PE;% is set initially to zero and varied
incrementally to the full value of the observed sum, EE%
+ PE;k. A least-squares result for the complete triad and
diad set, as well as the best first-order Markovian fit, was
obtained for each iterative value of PE;k. The closest
agreement between the Markovian fit and the observed
triad, diad distribution was used to establish the best value
of PEik. This also identifies the best Markovian fit as
well as the optimum triad and diad distributions,

Before examining experimental 13C NMR data from an
ethylene—propylene copolymer, it may be instructive to
examine a model system to test the iterative procedure for
determining the relative EE and PE diad concentrations.
The model selected is Bernoullian with all eight triads
having equal concentrations of 5 per chain. The diad end
group concentrations were also set equal, which would be
0.25 for each type per chain.

EP model
PPP = PPE = EPP = EPE =5
EEE = EEP = PEE = PEP =5
PP, =PE, = EP, =EE, = 0.25
PP, = PE,; = EP, = EE; = 0.25

A flowchart describing the calculations for a Microsoft
Excel spreadsheet for a typical poly(ethylene-co-propy-
lene) is given in Figure 5. The above values chosen for the
EP model were used to calculate each of the NMR areas,
which were inserted into the spreadsheet. As expected,
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the resulting least-squares result and Markovian fit were
perfect. The next step was to reexamine a range of PE&
NMR intensities between 0.0 and 0.5, the sum of EE;k +
PEik. Experimental vs calculated values for the mole
fractions [EE);, [PE];, [PP);, and [EP]; were obtained for
each selected value of PE;k. The results, which demon-
strate that a perfect Markovian fit was obtained for a value
of PEik of 0.250, are given below:

NMR calculated first-order Markov
area for mole fractions mole fractions

PEk [PP); [EP]; [PE]; [EE]l; [PP]; [EP); [PE}; [EE]
0.000 0.006 0.006 0.000 0.012 0.003 0.009 0.003 0.009
0.100 0.006 0.006 0.002 0.010 0.004 0.008 0.004 0.008
0.200 0.006 0.006 0.005 0.007 0.006 0.0056 0.006 0.005
0.2256 0.006 0.006 0.005 0.005 0.006 0.006 0.006 0.006
0.250 0.006 0.006 0.006 0.006 0.006 0.006 0.006 0.006
0.400 0.006 0.006 0.010 0.020 0.008 0.004 0.008 0.004

From these results, it is clear that iterations over the
possible range of values for PE;k and an identification of
the minimum difference between calculated and first-order
Markov mole fractions for the initiating diads will lead to
the best values for the experimental input for EE;k and
PEk.

Experimental data for three poly(ethylene-co-propy-
lene)s, obtained from integration of the previously de-
scribed NMR spectral regions, are given in Table 3. PEk
was obtained iteratively by the procedure described above,
which yielded values of 0.48, 1.00, and 1.10 for polymers
A, B, and C, respectively. Linear regression results were
calculated using Excel spreadsheets in accord with the
flowchart are shown in Figure 5. (The spreadsheets were
derived from the simultaneous equations given in Table
2.) The least-squares results for the ethylene—propylene
copolymers are listed in Table 4. Satisfactory standard
errors of estimates were obtained from the least-squares
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Table 3. 13C NMR Spectral Integral Areas (mm) for
Typical Poly(ethylene-co-propylene)s*

polymer A polymer B polymer C
Main Chain Triads
Ty =490 10.40 9.50
Ty = 30.10 32.40 34.00
T.=12.90 12,20 12.00
Ta= 49.60 30.00 21.00
Tet = 20.80 19.20 15.00
Ty =5.90 9.20 10.50
Tp =19.80 26.70 27.50
Olefinic End Groups
T4 =0.19 0.83 1.13
T111=0.21 0.93 1.04
T146 = 0.48 1.01 1.47
Ti1o = 0.49 1.06 1.56
T390 = 0.02 0.04 0.01
T114=0.03 0.05 0.01
T137 =0.02 0.07 0.01
Th15 = 0.02 0.06 0.01
Aliphatic End Groups
Tis1 = 0.52 1.20 1.33
T11.4 = 0.02 0.05 0.05
Tzz,g =1.20 3.90 3.50
T14_4 =0.18 1.10 1.23

¢ The fractional values were obtained after integrating on an
expanded scale, and dividing by the scale factor.

Table 4. Triad and End Group Diad Fractions (mm)
Calculated by a Least-Squares Regression of the
Experimental Data in Table 3*

sample

polymer A polymer B polymer C

NMR std NMR std NMR std
triad/diad area error area error area error

[PPPlk 242  0.04 540  0.42 295 0.39
[EPPlk 451  0.08 770 078 1037  0.74
[EPE}k 1223 004 1033 039 1035 035
[PEP]k 573  0.02 856  0.24 9.59  0.22
[PEE]k 1782 004 1217 040 1018 037
[EEE]k 1763  0.05 693 0,51 1.65 047

[EPLk 048 002 117 0.16 1456  0.14
[PPl:k 0.20  0.02 101 016 1.02 014
[PEl:E 0.02  0.02 0.08 0.17 0.03 0.16
[EEl¢k 002  0.02 003 017 0.00 0.16
[EPlik 0.02  0.02 0.02  0.24 001 022
[PPIik 019  0.02 113 024 127 0.22
[PE];k 048  0.02 1.00  0.24 110 0.22
[EE);& 0.03 0.3 041 031 002 022

¢ kisthe NMR integrated area for one carbon per average molecule.

analyses for the complete set of triads and diads. The
triad distributions from the spreadsheets were then
corrected for the end group triads using the diad end group
concentrations and the mole fractions [E] and [P]. The
final normalized experimental results are listed in Table
5. First-order Markovian statistical analyses were per-
formed iteratively. Final “fits” were obtained after
minimizing the difference between calculated and observed
triad distributions. The calculated results, which gave
the lowest standard deviations between experimental and
calculated triad distributions, are given in Table 5. The
standard deviations are also included in Table 5. Finally,
the transition probabilities, which gave the calculated
Markovian triad and diad distributions closest to those
observed experimentally, are given in Table 6.

Discussion of Results

The three poly(ethylene-co-propylene)s selected for this
study can be characterized as having predominantly only
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Table 5. Observed and Calculated First-Order Markov
Triad and Diad Distributions for a Series of
Poly(ethylene-co-propylene)s
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Table 6. First-Order Markov Transition Probabilities for
Initiation, Propagation, and Termination for a Series of
Poly(ethylene-co-propylene)s

sample

polymer A polymer B polymer C

triad/diad obsvd Markov obsvd Markov obsvd Markov

[PPP] 0.041 0013 0115 0.070 0.083 0.078
[PPE]} 0.039 0051 0.078 0106 0116 0.122
[EPP] 0.039 0.043 0077 0111 0114 0.118
{EPE] 0198 0190 0.187 0.169 0.208 0.183
{PEP] 0.098 0.095 0171 0161 0.218 0.238
[EEP] 0.150 0157 0.124 0137 0116 0.108
[PEE] 0.150 0167 0119 0135 0.112 (0.108
[EEE] 0286 0278 0.128 0.115 0.033  0.047
[EP], 0.008 0.008 0.021 0.021 0029 0.029
{PPl. 0.003 0003 0108 0.018 0.020 0.020
[PEL, 0.000 0000 0001 0.001 0.001 0.001
[EE] 0.000 0000 0001 0.001 0.000 0.000
[EP); 0.000 0.000 0.000 0004 0000 0.000
[PP); 0.008 0.003 0020 0.014 0025 0.017
[PE}; 0.008 0.009 0018 0.024 0.022 0.030
[EE]; 0.001 0.001 0.007 0.004 0.000 0.000
totalE 0.685 0.698 0.552 0.5564 0480  0.497
std dev 0.010 0.018 0.010

one aliphatic end group and one olefinic end group. A
least-squares approach was not needed to determine the
total end group concentrations because they could be
determined directly and accurately. It was gratifying to
note that the least-squares results over the entire 3C NMR
spectrum yielded end group concentrations close to those
observed directly. This can be seen by comparing the
linear regression results in Table 4 with the experimental
results in Table 3 for the various end groups. There is
little doubt that linear regression analyses for the triad
and diad distributions offer the best approach for treating
the observed resonance areas experimentally.

The value of the Markovian analyses is that they offer
areference point for comparing observed structural trends
in the experimental data. The ethylene mole fractions
are 0.69, 0.55, and 0.48, respectively, and the experimental
triad data closely follow that observed for first-order
Markovian systems. The advantage of obtaining a Mark-
ovian distribution that closely resembles the observed data
is that the Markovian parameters allow any sequence of
any length to be calculated.

The definitions for the Markovian probabilities for
initiation and termination intrinsically correct for com-
position, whereas the observed end group diad concentra-
tions do reflect the overall E/P composition and can be
misinterpreted if compositional effects are not considered.
This point is illustrated below for polymer B, [E] = 0.55:

[PP],=0.017 TPpp =0.037
[EP], = 0.020 TPy, = 0.037
[PE], = 0.001 TPpg=0.003
[EE], = 0.001 TP =0.001
[PP},=0.017  Pp =037
[PE], = 0.018

[EP], = 0.000 P =0.003
[EE]; = 0.002

sample
polymer A polymer B polymer C
Transition Probabilities for Propagation
PP 0.195 0.356 0.352
EP 0.350 0.505 0.627
PE 0.793 0.600 0.607
EE 0.638 0.456 0.313
Transition Probabilities for Initiation
E 0.001 0.008 0.001
P 0.011 0.040 0.049
Transition Probabilities for Termination
EP 0.012 0.039 0.061
EE 0.001 0.001 0.000
PE 0.001 0.003 0.001
PP 0.010 0.040 0.039

The probabilities for initiation in an overall ethylene
mole fraction range of 0.48-0.69 showed a strong preference
for the initiating unitto be propyl. Propylunitsare favored
over ethyl by a 10:1 to 50:1 ratio. This result likely arises
from a propylene initating unit, but consideration must
also be given for ethylene initiation accompanied by a
methyl addition. A corresponding study of butene ini-
tiating sequences, presently underway, willdo a great deal
to distinguish these two possibilities that lead to the same
structural moiety. '

The transfer probabilities for termination unequivocally
establish the preference for transfer reactions involving
propylene as the terminal unit. The probabilities for
transfer involving EP and PP terminating sequences was
favored from 10:1 to 60:1 over the corresponding PE and
EE terminating sequences. The transfer probabilities were
also essentially Bernoullian with no strong effect observed
from the penultimate unit. Inessence,the E/P copolymers
prepared with these metallocene catalysts favor initiating
and terminating propylene units in the ethylene mole
fraction range of 0.48-0.69.

The transition probabilities for chain propagation define
the chain architecture. The “cross” probabilities, that is,
Ppg or Pgp, have the largest magnitudes within the set of
four transition probabilities. The fact that the transition
probabilities for propagation are E/P composition-de-
pendent is the expected result. The surprising result is
the lack of dependence upon composition for the chain-
initiating and chain-terminating sequences.

In summary, a method has been developed for deter-
mining the detailed chain architecture of any E/P co-
polymer independently of choice of catalyst system. A
determination of the concentrations and probability
coefficients for initiating and terminating species has not
been performed previously, probably because of a low
interest in low molecular weight polyolefins historically.

It is possible to use the analytical approach presented
in this report to establish relationships between catalyst
recipes/polymerization conditions, and the structure of
the resulting copolymers. Certainly, the development of
methodology to characterize the initiating and terminating
species can be used to increase our understanding of
initiating and terminating reactions during copolymeri-
zation. Finally, the development of Markovian statistics
for finite chains from Ziegler—Natta copolymerizations is
new and can be used for any polymer or copolymer that
meets the criteria for Markovian behavior.
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