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ABSTRACT: Statistical modeling of the mass spectral intensities of copolymers has been used to derive
information on the distribution of monomers along the copolymer chain, and an automated procedure to find
the composition and the sequence of the copolymers analyzed has been developed. A deconvolution method
to determine the microstructure of copolymers when different chemical species contribute to the same mass
spectral peak (that is, when a mass spectroscopic peak has an equivocal structural assignment) is presented.
The effect of the partial degradation process on the mass spectra of copolymers is discussed, and a theory
is given for the interpretation of the mass spectra of copolymers when the cleavage of the copolymer chain
occurs by aselective or nonselective mechanism. A method is also reported to obtain the copolymer composition
by direct analysis of the mass spectra. All these theories have been applied to determine the composition
and microstructure of several copolymers (both addition and condensation types) whose mass spectra have

been reported in the most recent literature.

1. Introduction

Although polymers often possess molecular dimensions
too large to be revealed by high-resolution mass spec-
trometers (which usually have cut-offs below 10 000 Da),
mass spectrometry (MS) has been successfully used to
identify the mixture of oligomers formed in the partial
degradation of synthetic and biological copolymers!~? or
of the oligomers contained in low molecular weight
polymers.89

We have recently found that decoding of the information
contained in the mass spectral intensities leads to the de-
termination of composition and microstructure in copol-
ymers, and this represented significant progress, since only
the mass numbers corresponding to MS peaks had been
used in previous work on the structural elucidation of
copolymers by MS.10-12 Mass spectrometry is a powerful
and rapid analytical method and, because it is able to look
at the masses of individual molecules in a mixture of ho-
mologues, is particularly suitable for the detection of a
series of oligomers. However, mass spectra have not been
exploited to estimate oligomer distributions, due to the
ideal? that a lack of correlation existed between EI
(electron impact) peak intensities and concentration of
the oligomers in the mixture. The introduction of soft
ionization techniques, such as chemical ionization (CI),
fast atom bombardment (FAB), secondary ion mass
spectroscopy (SIMS), laser desorption (LD), field de-
sorption and field ionization (FD and FI), etc., has largely
eliminated this problem, and much evidence has now
accumulated showing that in many cases peak intensities
of molecular ions appearing in the mass spectra reflect
therelative amounts of oligomers present in the mixture.!?
Although this point now appears well established, one
should always bear in mind that two major assumptions
are being made when correlating MS peak intensities with
the actual oligomer concentrations: (a) that the extent of
fragmentation of molecular ions deriving from a series of
homologous oligomers is not a function of the chain length
and (b) that the detection efficiency is the same for all of
the oligomers. If that is the case, in order to extract
information about the composition and sequence of
copolymers, one still has to learn how to exploit MS peak
intensities, which depend on the relative abundances of
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the oligomers present in the spectrum and are directly
related to the composition and microstructure of copol-
ymers.

Thestatistical analysis of copolymers makes use of Ber-
noullian and Markovian models to characterize the mi-
crostructure of copolymer samples.!>15 Assuming a the-
oretical distribution and then fitting the calculated
oligomer abundances with the experimental peak inten-
sities (see the example in Figure 1), one can determine the
sequence and composition of the copolymer.1®12 In our
first approach to the problem,!®12 we analyzed some
microbial copolyesters having Bernoullian distributions,
which were subjected to partial methanolysis to reduce
their molecular weights. It was assumed that the chain
cleavage was a nonselective process. This introduced a
limitation in our approach, since the intensity of mass
peaks actually depends both on the distribution of comono-
mers along the chain and on the cleavage process. We
found that, from the analysis of the mass spectra, it is
possible to ascertain if the cleavage of a copolymer chain
occurs by a selective or a nonselective process, therefore
removing the above ambiguity, as discussed in detail below.

In addition, we have extended our computations to
determine the composition and microstructure of several
copolymers whose mass spectra have been recently re-
ported by various authors.811:16-21 These spectrahave been
recorded using different ionization techniques suchas LD,
FAB, FI, and EI and refer both to low molecular weight
copolymers®1? (which can be analyzed directly without
subjecting the copolymer sample to partial cleavage to
reduce their molecular weight) and to high copoly-
mers.!116-21 The copolymers analyzed are of both the
addition and the condensation type, thus removing another
limitation in our previous studies, confined only to
condensation copolymers.1%12 Finally, one of the great
advantages of NMR is that one may immediately get an
estimate of the copolymer composition from the ratio of
suitable peaks in the NMR spectrum, without performing
the statistical calculations necessary to get the sequence
information (from which the composition can also be
derived).1314 Massspectramay provide direct composition
estimates as well, and we have now derived simple
mathematical formulas that allow us to estimate the
copolymer composition, independent of the statistical
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Table I
Number of Peaks Corresponding to Oligomers Expected in
the Mass Spectra of a Two-Component Copolymer

highest
oligomers peaks?® peaks® peaks¢
dimers 3 1 6
trimers 7 3 14
tetramers 12 6 24
pentamers 18 10 36
hexamers 25 15 50
heptamers 33 21 66
octamers 42 28 84
nonamers 52 36 104
decamers 63 45 126
11-mers 75 55 150
12-mers 88 66 176
13-mers 104 78 208
14-mers 119 91 238
15-mers 135 105 270
16-mers 152 120 304

o Highest oligomer group detected in the mass spectrum. ® Peaks
present in low molecular weight polymers or generated by partially-
selective or nonselective cleavage processes (see section 3). ¢ Peaks
generated by totally-selective cleavage processes (see section 3).
@ Peaks present in low molecular weight polymers or generated by
partially-selective or nonselective cleavage processes in the case of
two mass series (see section 6).

calculations, by direct analysis of the mass spectra. The
latter analysis allows us also to ascertain if the process
used to cleave the copolymer chain has been selective or
nonselective. Therefore, MS can now be used to provide
direct estimates of copolymer composition, analogous to
NMR. Statistical modeling of mass spectra of copolymers
has thus reached a certain level of generalization, and it
can be used to complement NMR analysis,!314 which has
been so far the only technique available for sequencing
copolymers.

2. Calculations

Mass spectrometry reveals mixtures of oligomers of
relatively high molecular weight,!12and in our simulation
work we have selected examples of mass spectra showing
peaks corresponding to oligomers ranging from dimers to
12-, 14-, and 16-mers in some cases. The number of MS
peaks corresponding to each oligomer group (dimers, tri-
mers, tetramers, etc.) for an AB copolymer is (n + 1),
where n represents the number of units. Table I, column
2, reports the total number of MS peaks that can be seen
in the mass spectra of AB copolymers. Forinstance, if the
mass spectrum reveals mixtures of oligomers from dimers
up to 16-mers, the detection of 152 peaks (all belonging
to the same mass number series) might be expected. The
high number of MS peaks on which the simulation can be
performed defines the microstructure of copolymers with
great accuracy.

To perform numerical calculations, all the formulas
reported later in the text have been incorporated in a
computer program, MACO 4, written in Standard ANSI
Fortran that runs on a Microvax computer. MACO 4
represents an improved and extended version of MACO 3;10
for a detailed illustration of the program structure we refer
the reader to the original description.1® All of the mass
spectra of the copolymers that appear in the text have
been analyzed employing MACO 4. This work has required
a number of improvements both in the theory and in the
computer programs (MACO 3) used previously.l® The
present version of the computer program (MACO 4)22 can
deal with all the cases which have appeared in the literature
independent of the method by which the partial degra-
dation was performed (methanolysis, aminolysis, photol-
ysis, or pyrolysis).11,16-21
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MACO 4 accepts as input (a) the experimental mass
spectrum, (b) the mathematical model that defines the
distribution of comonomers along the chain, and (c) the
process by which the oligomers subjected to MS were
obtained (i.e., if they are preformed or obtained in a non-
selective or selective cleavage process (see below)). The
program generates the theoretical mass spectrum (see
Figure 1), and, if a best fit is requested, the computer code
varies the parameters associated with the selected math-
ematical model until it finds the best match between the
observed and calculated data. For this purpose the
minimization subroutine MINPACK1-LMDIF1 (belonging to
the Argonne Library) is used.l® MACO 4 yields as output
the parameters that give the best agreement and the cor-
responding theoretical spectrum. The difference between
the observed and calculated values is expressed by means
of the Hamilton agreement factor'%!! (AF):

AF = (qmt)_l(z (Iiexptl - Iicalcd)2)1/2
Qi = (Z(Iiexptl)Z)l/Z 1)

where [;#*Pt! and I;2led are the normalized experimental
and calculated abundances of the oligomers. An average
AF value is usually given by MACO 4 (see tables below).
However, the program also calculates separate AF values
for each group of oligomers, which can be used!%11 to check
the accuracy of the experimental data and the self-
consistency of the calculations. Furthermore, MACO 4
provides an estimate of the composition of the copolymer,
independent of that deriving from the statistical modeling
calculations.

3. Effect of the Partial Degradation Process on
the Mass Spectra of Copolymers

When a copolymer sample is subjected to partial
degradation, a mixture of oligomers is formed and the
intensity of each peak in the mass spectrum of a two-
component (AB) copolymer is the sum of contributions
due to oligomers having the same overall formula but
different comonomer sequences. For instance, the in-
tensity of MS peaks associated with the tetramers A;B,
and A3B is

I, = Iaase t Iapan + IagBa t Ipass + IpaBa t Ipaa
Ipp=Taapp + Iaapa + Iagan + Ipasa @

where Ixxxx is the probability of finding the comonomer
sequence XXXX (where X may be A or B) in the mixture
of oligomers. The experimental intensities must therefore
be pointwise deconvoluted to obtain the quantities Ixxxx,
which are directly proportional to R3xxy, the probability
of finding the sequence of comonomers XXXX in the non-
degraded copolymer chain:

I, =0oRy Iy = o,Rg
I,g=0R}3 Igp = osRpp 3

where ¢ are proportionality factors which depend on the
cleavage mechanism. Equation 3 implies that the mass
spectral peak intensity depends on the distribution of
comonomers along the copolymer chain. The initial
assumption on which we developedi®!2 algorithms to
match the experimental mass spectra to those theoretically
calculated was that the partial degradation of the copol-

Ipa = o3Ry,



4266 Montaudo and Montaudo

Macromolecules, Vol. 25, No. 17, 1992

Ph
/N 7N
{eco CO—N  N}{CO~ CHHCO —N N%
‘ \__ /S o8 N/ od,
Ph

a) FAB Mass Spectrum

100 893
347
50 1039
543 gg3 389 1235 1385
. | i 09 |1085 1255 | 143 (981 173 2077
& A ' h i A i, l . i i —
=
)
(=
2
£
As
100 N go1 b) Mass Spectrum Calculated
14o Ay by Statistical Modeling
50 ‘ A28 A8 o A A
‘ 543 883 A,B, 1235 138 B, B A Ay
o 73
‘ 739 1085,y | test OB 173 2077
T T T T T T T T T T I T T T T T T
400 600 800 1000 1200 1400 1600 1800 2000 m/z

Figure 1. (a) Positive-ion FAB mass spectrum of the oligomers generated in the photolysis of copolyamide II1.}7 (b) Theoretical mass

spectrum generated by statistical modeling.

ymer chain occurs by a rigorously nonselective cleavage
process. If all ¢ values in eq 3 are equal to 1, the
relationship

Txxxx = Rxxxx 4)
holds for each sequence XXXX. Nonselective cleavage
may occur in the pyrolysis of olefin and vinyl copolymers?16
and has been actually observed when a condensation
copolymer is subjected to methanolysis,!112 hydrolysis,1®
and aminolysis.!® Instead, a selective cleavage may occur
in condensation copolymers bearing two different func-
tional groups in the chain (for instance, amide and ester
groups). Furthermore, thermal,?! photolytic,'” and ozone?
cleavage may produce totally selective degradation pro-
cesses along the copolymer chain. In fact, as illustrated
in Figure 2, the cleavage process splits in two parts one of
the comonomers, leaving intact the other. In the latter
case, the probability (R, ,papgp) Of finding the sequence
of comonomers AABABBB in an infinite copolymer chain
and the probability (Jaapasss) of finding the sequence
AABABBB in a heptamer are not the same (even the total
number of MS peaks in the mixtures of oligomers is
different from the case of nonselective cleavage, as shown
in Table I, column 3), and a relationship between the two
quantities has to be found for each specific case. In the
following sections we shall derive equations for the
probability of finding an oligomer sequence in the infinite
copolymer chain and then we shall see how to modify them
to match the conditions defined by the occurrence of a
selective cleavage process.

4, Sequence Distributions in an Infinite
Copolymer Chain

In our analysis we consider three different distributions
of monomers along the copolymer chain, namely, first-
order Markovian, Bernoullian, and sequential. We com-
puteforeachdistribution Ryxyx, theprobability of finding
the sequence of comonomers X XXX in the infinite chain.
A Markov distribution is completely defined when the
transition probability matrix (P matrix) is given. The P

a) Pyrolysis

A 00 ~{Op0% 0 —~D)— o0 — CH—CH,— 0 4o —@—o-);/vv\

o B —Hydrogen Transfer
i

A/\N(»co—@)—-oé;co—@)}—co—<>—(:N=<:N, + NOOC—@—O —éco—g@—oq);{w

b) Photolysis
Ph

N N\ /N
AAALCO4 CHE CO—N  NCO CO—N  NA4COL CHF CO—N NI~
e NI e ' —

Ph
[ hv < 300 nm
f

N Ph
AA—CO4 CHFCO—N  N—CO -
- N

+

/N N
o CO— N NA4CO£ CHECO—N N
Ph \_/‘€ £ o L

c) Ozonolysis

APAL CH— ?H-); CH,— CH= CH — CH, & CH,— (‘ZH Foon

Ph Ph

I o,

i

+  OHC — CH, £ CH,— CH 3

NN CH (t:H +F CH,=— COOH

Ph L

Figure 2. Examples of totally-selective chain cleavage processes.

matrix is a square matrix of dimension N, where N is the
number of different components that occur in the chain.
Each matrix element P;;describes the probability of finding
the component i after the component j. For example, a
Markov distribution for a two-component copolymer (AB)
is defined when the four P matrix elements Py, Pag, Ppa,
and Pgp are given. The P matrix elements P;; cannot
assume arbitrary values. In fact, they must be positive



Macromolecules, Vol. 25, No. 17, 1992

and they must satisfy the following property:

The probability of finding the hypothetical monomer
sequences AABBA, AABAB, and BABBA is given by

Ry sppa = RaPaaPasPrePaa
Riapap = RaPaaPasPeaPas
Rpassa = RaPpaPasPpsPpa 6

The quantities R, and Ry (the probability of finding the
sequence A or B in the infinite chain) in eq 6 are given by

Ry =Pgy/(Ppg+ Ppy) Rg=Pyp/(Ppg+Pgy (1)

R}, was called S, in the previous paper,!? since R also
represents the probability that the chain starts with A.

We now compute Ryxxx for a Bernoullian distribution.
A Bernoullian distribution is completely defined when
the molar fraction of A, p(A), and the molar fraction of B,
p(B),aregiven. The probability of finding the hypothetical
monomer sequences AABBA, AABAB, BABBA,A,and B
is given by

Rzapga = p(A)p(A)p(B)p(B)p(A)
Riapa = p(A)p(A)p(B)p(A)p(B)
REasga = P(B)p(A)p(B)p(B)p(A)
Ry = 0(A)
Rg=p(B) 8)

We now compute Ryyxxx for a sequential distribution.
This distribution is defined when the repeating sequence
(Goo) is given. In a first approximation, Ryxxx can be
computed generating an artificial chain by repeating a
large number of times the given sequence G and then
using a “search-substring-in-string” procedure? to com-
pute the number of times, Nxxxx, that a given sequence
XXXX occurs in the chain. We shall refer to this method
for deriving R* values for a sequential distribution as the
“rate-of-occurrence” method. Accordingly, the probability
of finding the sequence XXXX in the artificial chain is
given by

Ryxxx = Nxxxx/L 9

(here L is the length of the artificial chain expressed in
number of comonomer units present). Another quantity
related to the sequence distribution of an infinite chain
is the number-average length of like monomers,!? which
is a measure of the degree of “blockiness” of a copolymer
chain. In the two-component copolymer example the
number-average lengths of component A, (na), and of
component B, (ng), are defined by

(na) = (Q_iRRM)/(Q_Rx)
(ng) = (3 iR/ () _RG,) (10)

If the distribution of comonomers along the copolymer
chain is Markovian, eqs 6 and 7 can be used to rewrite eq
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10 as

(ng) =1-P)" (ng)=1-Pgp?' A1

Ifthe chain follows a Bernoullian distribution, substituting
eq 8 into eq 10 one obtains

(ny) =1 -pANT (ng) =1-pBH? (12

If the chain follows a sequential distribution, number-
average lengths can be evaluated using the definition in
eq 10.

Sequence Distributions in a Finite Chain (Oligo-
mers). In the case of low molecular weight copolymers
and in cases where the copolymer chain cleavages occur
by a nonselective process, the ¢ factors in eq 3 are equal
to 1 and the identity in eq 4 holds for each sequence X XXX,
This means that, in the cases specified above, eqs 6-9 can
be directly applied to predict the MS peak intensities for
copolymers that follow Bernoullian and Markovian dis-
tributions. We report here the pertinent equations in the
final form actually used in our computations (MACO 4).

In the case of Bernoullian distributions,!® from egs 8,
2, and 4 it follows

I, =pA)
Iy =0o(B)
I, = p(A)p(A)
Ig = 20(A)p(B)
Is, = p(B)p(B)
I, = p(A)p(A)p(A)
I, 8 = 30(A)p(A)p(B)
I4g, = 3p(A)p(B)p(B)
Ig, = p(B)p(B)p(B) (13)

In the csae of Markovian distributions,!? from egs 6, 7,
2, and 4 it follows

I, =Ry
Iz =Rg
I, = RiPya

I = RSPyg + B3Py,
IB2 = RyPpp
Iy, = RyPuaPas
Iy p = RiPyaPsp + RiPppPpys + RgPpaPas
I4g, = RxPapPpp + RgPppPyp + RgPppPea

Iy = RgPppPpp (14
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The theory can be extended to the case of sequential
copolymers. In fact, from eqs 9, 2, and 4 it follows

I,=N,/L
Iy = Ny/L
I, = Np/L

Inp = Npp/L + Ng,/L
I, = Ngg/L
I, = Nyu/L
Ipp = Nysp/L + Nypa/L + Npgy/L
Iyp, = Nppp/L + Ngpp/L + Nygp/L
I, = Nygy/L (15)

Equations 13, 14, and 15 constitute a complete group
of equations, valid in the case of nonselective cleavage,
which can be used to compute the theoretical mass
spectrum of a copolymer that follows Bernoullian, Mar-
kovian, or sequential distributions. Before going further
with the theory, it seems appropriate to illustrate (in the
following sections) a few examples where the equations
derived up to now are used to model the experimental
mass spectra.

5. Microstructure Determination in Low
Molecular Weight Copolymers

The analysis of low molecular weight copolymers by
MS is simpler than that of high molecular weight copol-
ymers since their low weight avoids the necessity to subject
the sample to partial degradation prior to the MS analysis.
Furthermore, their mass spectra depend solely on the
variables that describe the distribution of monomers along
the chain and not on the cleavage process, rendering the
simulation procedure straightforward. In many copolym-
erization processes, low molecular weight copolymers are
formed together with high molecular weight copolymers
{bimodal distributions) and both species have the same
microstructure®!® (Bernoullian, Markovian, sequential,
etc.). Therefore, the analysis of (performed) low molec-
ular weight species by MS allows the determination of
copolymer microstructure. We report here two exam-
ples®19 of microstructure determination from preformed
oligomers. The structure of oligomers can be easily
assigned in the original mass spectra®!® and, starting from
the experimental intensities, eqs 13-15 can be directly
applied.

In the first example, mixtures of low molecular weight
oligomers of a copolyester containing ethylene tereph-
thalate units (ET) and ethylene truxillate units (TX)
(structure I) were analyzed by means of FAB-MS.1°

Ph
—(-CO—@—COOCHZCHzo—)O—s—+CO —¢—COOCH200H2—)T5
Ph

I

To proceed to the microstructure determination, the
observed!® MS peak intensities of the 15 mass peaks cor-
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Table 11
Experimental* and Calculated? Relative Amounts of
Preformed ET-TX Oligomers (ET = Ethylene
Terephthalate, TX = Ethylene Truxillate)!®

caled® caled® caled® calede
oligomer m/z  obsd® H1 H2 H3 H4

(ET), 401 106 121 0 4.8 19.4
(ET(TX) 531 266 24.2 48.4 38.7 9.6
(ET); 593 3.4 3.1 0 0.5 8.0
(TX), 661 112 121 0 4.8 19.4

(ET)(TX) 723 8.8 9.5 12.6 12.1 4.5
(ETHTX), 853 9.6 9.5 12.6 12.1 4.5

(ET)3(TX) 915 3.9 44 0 2.6 3.5
(TX)3 983 3.7 3.1 0 5.0 8.0
(ET)o(TX); 1046 5.0 6.6 16.5 11.1 3.7
(ETY(TX); 1175 48 44 0 2.6 3.5
(ET)5(TX), 1237 2.1 3.3 4.1 3.9 2.8
(TX), 1305 2.6 11 0 0.1 5.7
(ET)(TX); 1367 3.7 3.3 4.1 3.9 2.8
(ETHTX), 1497 24 1.6 0 0.4 2.6
(ET)3(TX); 1559 16 1.6 1.6 1.6 18
AFf 0.117 0.874 0503  0.652

¢ Relative intensities of the (M") ions in the FAB mass spectrum
taken from Table III, column 6 in ref 19. ® Computed for model H1
using eq 13. ¢ Computed for model H2 using eq 15. ¢ Computed for
model H3 using eq 14. ¢ Computed for model H4 using eq 14. / Agree-
ment factor computed using formula 1.

responding to oligomers ranging from dimers up to hex-
amers (shown in Table II) were given as input to MACO 4.
Since the copolyester composition is known!® to be p(ET)
= (.50, p(TX) = 0.50, theoretical mass spectra were
generated for four different chain models, H1, H2, H3,
and H4, which all correspond to the above composition
(Table IT). Model H1 is a pure Bernoullian distribution
defined by o(ET) = 0.50, p(TX) = 0.50 with associated
number-average lengths (ngr) = 2 and (ntx) = 2. Model
H2 is a pure alternating (ET-TX), distribution with
associated number-average lengths (ngt) = 1 and (nrx)
= 1. Model H3 is a pure Markovian distribution having
P matrix elements Pprgr = 0.20, Per1x = 0.80, Pr£T =
0.80, and Prx 1x = 0.20 with associated number-average
lengths (ngr) = 1.256 and {nrx) = 1.25. Model H4 is a
pure Markovian distribution having P matrix elements
Pgrer = 0.80, Per,rx = 0.20, Prxer = 0.20, and Prxrx
= 0.80 with associated number-average lengths (ngr) =
5 and {(ntx) = 5.

In Table II the theoretical peak intensities are reported
for the four selected models. Model H1 gives the best
agreement (AF = 11.7%; Table II), and, it is therefore
concluded that the TE-TX copolyester is best described
by a pure Bernoullian distribution with (ngr) = 2 and
{ntx) = 2, as would be expected from the method used
in the synthesis.!®

In another case,?low molecular weight oligomers, formed
during ther synthesis of a copolymer containing units of
methyl methacrylates (MA) and units of butyl methacry-
late (BA), were analyzed by laser desorption Fourier
transform MS.2 To find the distribution of MA and BA
units along the chain, the observed intensities® of the 58
mass peaks corresponding to oligomers ranging from non-
amers up to 15-mers (reported in Table 1S) were given as
input to MACO 4 and three different chain models, K1, K2,
and K3, were considered (Table 1S). Model K1 is a pure
sequential distribution having a ten-monomer repeating
unit: (MA-MA-BA-MA-MA-BA-MA-MA-MA-BA),.
This particular sequence was selected because its asso-
ciated composition (o(MA) =0.70, p(BA) = 0.30) coincides
with the composition given by the copolymer’s manufac-
turer.® Model K2 is a pure Bernoullian distribution
defined by p(MA) = 0.74, p(BA) = 0.26, which gave the
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Figure 3. (a) Negative-ion FAB mass spectrum of the oligomers generated in the partial pyrolysis of P(HB-co-15%HV).!! (b)

Theoretical mass spectrum generated by statistical modeling.

best agreement factor in the minimization process among
pure Markovian distributions. Model K3 is a pure Mar-
kovian distribution having P matrix elements Pya ma =
0.78, Pymaa = 0.22, Ppa ma = 0.50, and Pga ga = 0.50 (with
an associated composition p(MA) = 0.69 and p(BA) = 0.31)
which gave the best agreement factor in the minimization
process among pure Markovian distributions.

Considering that a radical copolymerization process was
used to synthesize this MA/BA copolymer,? some quali-
tative predictions can be made based on copolymeriza-
tion theory:1® the pure Markovian distribution (model
K3) is expected to yield the best agreement factor, while
the agreement with experimental intensity data for the
- pure sequential (model K1) and for the pure Bernoullian
(model K2) distributions is expected to be poor. These
predictions are thoroughly confirmed by our computations
(Table 1S), which yielded the following values: for model
K1, AF = 1.273; for model K2, AF = 0.241; for model K3,
AF = 0.092 ((nMa) = 4.5, (npa) = 2).

6. Oligomers Generated by Nonselective Chain
Cleavage Processes

In the case of oligomers generated by nonselective chain
cleavages of copolymers, eqs 13~15 can be directly applied
to obtain the microstructure. Some examples of analysis
of mixtures of oligomers generated by methanolysis and
pyrolysis of microbial copolyesters (both nonselective chain
processes in these specific cases) have been previously
reported.1%12 However, the best fit copolymer composi-
tions were calculated separately for each group of oligo-
mers. As a matter of fact, previous computer programs
(MACO 111 and MACO 319 do not allow display of the full
mass spectra calculated by statistical modeling. In Figure
3ais reported the negative ion FAB mass spectrum of the
partial pyrolysis residue of P(HB-co-15%HV) (ref 11,
sample 3), and in Figure 3b is displayed the mass spectrum
calculated for a Bernoullian distribution (eq 13) by MACo
4. We may notice that the observed intensities of MS

peaks corresponding to monomers in Figure 3a were not
included in the simulation. Infact,for all the other groups
of oligomers (from dimers to heptamers), the volatility
difference in the MS is negligible. Instead, for the two
monomers HB and HV the difference in volatility cannot
be neglected, and thus the ratio of their peak intensities
(Iup/Iuv = 75/25) does not reflect the copolymer com-
position (Iyp/Iuv = 85/15).11 Also, peaks beyond m/z =
643 in Figure 3a were not included in the calculation
because they are known!! to be scarcely reproducible.
Besides these straightforward examples, in some in-
stances it is necessary to consider more complex models
such as the case of binary mixtures of copolymers and/or
the case of uncertainties in the structural assignment of
MS peaks. Therefore, prior to discussing these cases, we
shall derive the theory necessary to analyze these systems.
If the sample to analyze is a binary mixture of two
copolymers, say C1 and C2, having the same comonomers
but different sequence distributions along the two chains,
the resulting MS peak intensities shall be the weighted
sum of the contributions due to C1 and C2, and, therefore,
eq 2 cannot be directly applied. If we call X the molar
fraction of copolymer C1 in the mixture and (1 - X) the
molar fraction of copolymer C2, we can rewrite eq 2 as

_ 1 1 1 1 1
IsB,= XUpsps + IapaB + Iappa t Ieass + Ipapa +

Ippan) + (1= X)URaps + Iapag + Iippa + Joaan +

Baga + Iipan)

Iap = XUasp + Thapa + Lipan + Toaan) +

(A= X)W pap + Bppa + Bpas + 2oy (16)

where Ixxxx and Ixxxx are the contributions to the MS
peak intensities deriving from copolymer C1 and from
copolymer C2. To derive some explicit expressions from
eq 16, we must specify the type of distribution followed
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by chains C1 and C2. If copolymer C1 follows a Bernoullian
distribution defined by molar fractions p;(A) and p(B)
and copolymer C2 follows a sequential distribution, then,
inserting eqs 8, 4, and 9 into eq 16, one obtains

I, = Xoy(A) + (1 - X)(N,/L)
Iy = Xp,(B) + (1 - X)(Ng/L)
I, = Xpy(A)py(A) + (1 - X)(N,u/L)
Ig = 2Xp,(A)p,(B) + (1 - X)(N,p/L + Ng,/L)
Iy, = Xp,(B)p,(B) + (1 - X)(Ngg/L)
I, = Xp,(A)p,(A)p;(A) + (1~ X)(Nyup/L)

IAQB = 3X91(A)01(A)91(B) +

IA32 = 3XP1(A)P1(B)P1(B) +

Ig, = Xp,(B)p(B)p,(B) + (1 - X)(Nppa/Ly (1T
If copolymer C1 follows a sequential distribution with
repeating sequence Go; and also copolymer C2 is described

by a sequential distribution with repeating sequence G,
then, using eq 9, eq 16 becomes

I,=XNY/L+1-X)NQ/L

Ig=XNY/L+ (1-X)NP/L

I, = XNQ/L+(1-X)NG/L

Lip=X(NO + NSV/L+ (1- X)(NG + NZ)/L
Iy = XNgp/L + (1~ X)NG/L
I, = XNQW/L+ (- XNG/L

I,z = XN + N /L + (1 - X)@NGg + Nig/L
Inp, = X@Nggp + Nap)/L + (1- X)@N 3 + Nijp)/ L

Iy, = XNga/L + (1 - X)NGp/L (18)

where N{kxx and Ny are the number of times that
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the given sequence XXX occurs in the chains C1 and C2.
If copolymer C1 follows a Bernoullian distribution defined
by molar fractions pi(A) and p,(B) and copolymer C2
follows a Bernoullian distribution defined by molar
fractions ps(A) and po(B), eq 16 takes the well-known!!
form

I, = Xp,(A) + (1 - X)py(A)
Iy = Xp,(B) + (1 - X)p,(B)
Iy, = Xp(A)py(A) + (1= X)py(A)py(A)
Ig = 2Xp,(A)p,(B) + 2(1 - X)p,(A)py(B)
Iy = Xp,(B)py(B) + (1- X)py(B)py(B)  (19)

Number-average lengths (ns) and (ng) for a binary
mixture of copolymers are the weighted sum of number-
average lengths for the two pure copolymers. Therefore,
to evaluate (na) and (ng), one must first compute the

number-average lengths (n{’), (nd)), (n¥), and (n?)
for copolymers C1 and C2 making use of eq 12, 10, or 11
and then combine these quantities according to the
formulas

(ny) = X(n) + 1-X)(n?)
(ng) = X(n) + (1 - X)(n2) (20)

The molar fractions of comonomers A and B in the binary
mixture are computed by inserting the values for I, and
I obtained from eq 19, 17, or 18 in the expressions

T s
I, +1; I,+1;
The theoretical MS peak intensities obtained using eqs
13-19 are valid when all peaks in the mass spectrum belong
to the same mass number series, i.e., when all peaks
correspond to oligomers A,,B,, which start and end with
the same chemical groups. Therefore, once a theoretical
MS spectrum ([c2ld) is generated using egs 13-19, a
comparison between theoretical and measured MS in-
tensities can be readily done by computing the agreement
factor (eq 1). However, often the mass spectrum displays
peaks associated with two different mass series, say S1
and S2, which correspond to the same oligomer but have
different end groups. Therefore, the total number of MS
peaks that can be seen in the mass spectra of AB
copolymers increases as 2(n + 1) (Table I, column 4). In
these cases, one must first compute the theoretical MS
intensities ISlcaled gnd S2.caled for the two series and then
evaluate separately the agreement factors AFS! and AFS2

for the two series using eq 1. The total agreement factor
is obtained as a combination of AFS! and AFS2:

AF = (1/q,,)[q,AF*! + ¢,AFS?]
q, = (Z(I?l,exptl)2)1/2 g, = (Z(IiSLexptl)Z)l/Z

p(A) = p(B) = (21)

(22)

where [SLexptl gnd JS2exptl gre the intensities of MS peaks
belonging to the series S1 and S2. In Table 2S is reported
an example of this type (discussed below). Copolymer
mass spectra displaying two different mass series may show
a further complication. In fact, it can happen that the
MS peak seen at mass number g has an uncertain
structural assignment since it can be associated with the
oligomer A, B, belonging to series S1 or associated with
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Figure 4. (a) Positive-ion FAB mass spectrum of the oligomers generated in the partial aminolysis of RE-BP copolycarbonate IIa.1

(b) Theoretical mass spectrum generated by statistical modeling.

the oligomer A B, belonging to series S2. A deconvolu-
tion procedure must be applied in these cases, since the
intensity of the peak associated with mass number p is the
weighted sum of the contribution from the isobaric oli-
gomers A,B, and A/B,. Therefore, one must compute the
theoretical intensities ISLcaled gnd [S2.caled for geries S1 and
S2 and then combine the intensities of isobaric oligomers
using the formula

ISI+SZ,culcd = tISl,ca.lcd + (1 _ t)IS2,calcd (23)

where ¢ is an unknown parameter. In this case, the
copolymer composition will be a linear combination of the
compositions associated with IS!1+S2caled JS1.caled gnd [S2caled
and it is also necessary to modify eq 22 for the agreement
factor in the following way:

F = (q15/qu o) AFSS2 + (q,/0, ) AF® + (g,/q,, ) AFS?
12 = (Z(I?1+S2,exptl)2) 1/2 (24)

where IS1+32exptl gre the intensities of MS peaks belonging
to both series S1 and S2 and where AFS1+52 i3 obtained
by inserting [Si*82expt! and [S1+82calcd jp gq 1.

To illustrate some complex systems, we have selected
an aromatic copolycarbonate (structure Ila) containing
resorcinol units (RE) and Bisphenol A units (BP). The
copolymer was synthesized by interfacial polymerization1®
with the purpose of obtaining an (exactly) alternating
copolymer. to check its microstructure, the copolycar-
bonate was amminolyzed using piperidine, and the FAB
mass spectrum of the mixture of products obtained was
recorded. Experimental MS datal® are reported in Figure
4a and in Table 25, and, from inspection of these data, it
appears that several peaks do correspond to sequences
containing blocks of two, three, and four consecutive BP
units, thus demonstrating that the copolymer is not exactly
alternating.1® Peaks in the MS spectrum can be grouped!8
in two mass series: series S1 (structure Ilc) has one pip-
eridine end group and series S2 (structure IIb) has two
piperidine end groups.

—eo-@—oco-);(- ooco-},-,,-
CHj

JOF:

CH,

{ N—CO-(-O@—OCO-);(— OCO-)-,,-,-N )
CH,
b

CH,
vor oL o)

IIe

To proceed to the microstructure determination, the
observed!® MS peak intensities of the 22 mass peaks cor-
responding to oligomers ranging from dimers up to hep-
tamers (Table 2S), were given as input to MACO 4, and eq
22 was used to compute the agreement factor. Since the
amminolysis cleavage is a nonselective process, eqs 13-19
were used to generate theoretical intensities and five
different chain models, M1, M2, M3, M4, and M5, were
considered. Model M1 is a pure alternating (RE-BP),
distribution, which implies a composition p(RE) = 0.50,
p(BP) = 0.50. Model M2 is a pure sequential (RE-BP-
RE-BP-BP), distribution, with an associated composition
p(RE) = 0.40, p(BP) = 0.60. Model M3 is a Markovian
distribution having P matrix elements Prg rg = 0.00, Prg sp
=1.00, Ppp g = 0.76, and Ppp pp = 0.24 (with an associated
composition p(RE) = 0.43, o(BP) = 0.57), which gave the
best agreement factor among pure Markovian distributions
in the minimization process. Model M4 is a mixture of
two pure sequential copolymers containing 86% alter-
nating (RE-BP), and 14% sequential (RE-(BP)2), dis-
tribution with an associated composition o(RE) = 0.44,
p(BP) = 0.56. This model takes into account spurious
sequences containing consecutive BP units by introducing
asecond chain containing long (BP), blocks. Thevalue X =
0.86 gave the best agreement factor in the minimization
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Table III
Experimental® and Calculated?° Relative Amounts of the Partial Pyrolysis Products from an AN-ST Copolymer (AN =
Acrylonitrile, ST = Styrene)!s

caled’ caled® caled? caled®
oligomer m/z  obsd® G1 G2 G3 G4

caled® caled® caled? caled®
oligomer m/z  obsd® Gl G2 G3 G4

(AN)3s(ST), 367 139 7.8 12.5 124 13.3

(AN)s(ST) 369 0 1.7 0 0 0
(AN)+ 371 0 0.2 0 0 0
(AN)2(ST); 418 111 7.8 12.5 12.4 11.1
(AN)4(ST), 420 4.6 4.3 0.1 1.4 2.8
(AN)6(ST) 422 0 0.9 0 0 0
(AN)(ST), 469 0 3.9 0 0 0
(AN)3(ST); 471 12.0 5.8 185 15.7 14.2
(AN)5(ST); 473 0.4 2.6 0 0 0.5
(8T)s 520 0 0.8 0 0 0
(AN),(ST); 522 1.8 4.3 0.1 1.4 15
(AN)4«(8T); 524 8.8 4.3 7.9 7.7 8.4
(AN)§(ST), 526 0.3 1.2 0 0 0
(AN)ST)s 573 0 1.7 0 0 0
(AN)x(8T)y 575 6.9 4.3 7.9 7.7 6.7
(AN)5(8T)s 577 0.9 3.2 0.1 1.0 2.0
(AN)o(ST); 626 0 2.6 0 0.1 0.1
(AN)(ST), 628 9.2 2.9 10.6 8.5 7.6
(AN)6(ST); 830 0.3 L1 0 0.1 0.3
(AN)s(ST), 632 0 0.4 0 0 0
(AN)(ST)e 677 0 0.9 0 0 0
(AN)2(ST)s 679 0.5 2.3 0.1 1.0 1.0
(AN)4(ST); 681 4.2 1.7 3.5 3.4 3.7
(AN)s(ST); 683 0 1.1 0 0 0.1

{AN)2(ST)e 730 0 1.2 0 0 0
(AN)4(ST)s 732 2.8 17 3.5 3.4 2.8
{AN)(ST)4 734 1.8 1.9 0.1 1.1 2.0
(AN)s(ST)s 736 0 0.7 0 0 0
(AN)10(8T); 738 0 0.1 0 0 0
(AN)(ST), 781 0 0.3 0 0 0
(AN)3(8T)s 783 0.1 11 0 0 0.1
(AN)5(ST)s 785 6.9 2.2 9.1 7.0 6.1
(AN)7(ST),4 817 0 13 0 0.1 0.5
(AN)4(ST)s 836 0.4 19 0.1 1.0 1.0
(AN)s(8T)s 838 3.7 1.9 4.2 4.0 4.4
(AN)s(ST)4 840 0 0.7 0 0 0.1
(AN)(ST)s 885 0 0.1 0 0 0
(AN)5(ST), 887 0 11 0 0 0
(AN)5(ST)e 889 4.6 1.9 4.2 4.0 3.2
(AN)7(ST)5 891 0.9 11 0.1 0.7 13
(AN)4(ST); 940 0 1.3 0 0.1 0.1
(AN)§(8T)s 942 4.2 1.2 5.5 4.1 3.5
(AN)(8T)q 989 0 0.1 0 0 0
{AN)3(ST)s 991 0 0.7 0 0 0
(AN)5(ST), 993 0.5 1.1 0.1 0.7 0.6
AF/ 0.586  0.323 0.185 0.111

4 Relative intensities of the (M™) ions from the field ionization mass spectrum taken from Figure 3c in ref 16. ®» Computed for model G1
using eq 13. ¢ Computed for model G2 using eq 15. ¢ Computed for model G3 using eq 17. ¢ Computed for model G4 using eq 14. / Agreement

factor computed using formula 1.

process. Model M5 is a binary mixture of copolymers
containing a 77% sequential (RE-BP), and a 23% Ber-
noullian distribution with composition ps(RE) = 0.27,
p2(BP) = 0.73. The overall composition of this mixture
is p(RE) = 0.45, p(BP) = 0.55. The values X = 0.77 and
p2(RE) = 0.27 gave the best agreement factor in the
minimization process.

The results of these calculations (Table 28) specify that
the distribution of monomers along the copolycarbonate
chain is best described by a pure Markovian distribution
(model M3; AF = 5.9%), which accounts for the presence
of consecutive sequences of BP units found in the mass
spectrum!8 by setting Pgp-pp (the probability of finding
unit BP after unit BP) to a value different from zero. The
number-average length of BP sequences is (ngp) = 1.3,
and the average number of RE-BP bonds over 100
repeating units in the chain is given by 100Rgg gp = 43.
In Figure 4a is reported the FAB mass spectrum!® of the
partial aminolysis residue of copolymer Ila, and in Figure
4bis displayed the mass spectrum calculated by statistical
modeling (Table 2S). As discussed above for P(HB-co-
15% HV) (Figure 3), also in the present case the observed
intensities of MS peaks corresponding to monomers in
Figure 4a were not included in the simulation.

In another example, we analyzed a copolymer obtained
by free-radical copolymerization, an AN-ST copolymer
(AN = acrylonitrile, ST = styrene), studied by means of
pyrolysis—field-ionization MS.16 To proceed to the mi-
crostructure determination, the observed!® MS peak
intensities of the 45 mass peaks corresponding to oligo-
mers ranging from pentamers up to 12-mers (shown in
Table III) were given as input to program MACO 4. The
pyrolysis cleavage was considered to be a nonselective
process, and four different chain medels, G1, G2, G3, and
G4, were considered. Model G1 is a pure Bernoullian
distribution defined by p(AN) = 0.50, p(ST) = 0.50, which
gave the best agreement factor among Bernoullian dis-
tributions in the minimization process. Model G2 is a
pure alternating (AN-ST), distribution. This model was

chosen because it predicts the systematic absence of MS
signals at m/z = 422, 469, 520, 573, 632, 677, 991, which
is a relevant feature of this mass spectrum!® (Table III).
Model G3 is a binary mixture of copolymers containing
96 % of an alternating (RE-BP),, and 4% of a Bernoullian
distribution with composition pa(AN) = 0.50, p3(ST) =
0.50. The value X = 0.96 gave the best agreement factor
in the minimization process. Model G4 is the pure Mar-
kovian distribution having P matrix elements Panan =
0.11, Pangr = 0.89, Psr st = 0.11, and Pgt an = 0.89 (with
an associated composition of p(AN) = 0.50, p(ST) = 0.50),
which gave the best agreement factor among pure Mar-
kovian distributions in the minimization process.

Table III reports the theoretical mass spectra for the
four models. The results show that the chain is best
described by a Markovian distribution (model G4; AF =
11.1%). These results are in agreement with free-radical
copolymerization kinetic theory,!s which predicts that the
microstructure of those copolymers is seldom described
by a pure Bernoullian or sequential disrtibution but usually
is first order Markovian (in fact, agreement factors for
modeis G1, G2, and G3 are poor). The Markovian
distribution predicted by the theoryl® has P matrix
elements given by

rafa rafB

PAA=fB+"AfA PBB=fA+"BfB

where ra and rp are the copolymerization reactivity ratios
for radical A* and radical B* and f and /g are the molar
fractions of the two comonomers in the feed.

For the AN-ST 50:50 copolymer, the quantities ran,
rst, fan, and fst are available from the literature.?s
Inserting these experimental values in eq 25, we obtain
Panan = 0.114 and Pgrgt = 0.114, which are in excellent
agreement with the values Payan = 0.11 and Pgr g7 =0.11
derived from the analysis of the mass spectrum (Table
III). As mentioned above, uncertainties in the structural
assignment of MS peaks increase the difficulty of mass

(25)
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Table IV
Experimental® and Calculated?d Relative Amounts of the Partial Pyrolysis Products from an AN-ST Copolymer (AN =

deprotonated  protonated deprotonated  protonated

oligomer oligomer m/z  obsd® caled® caled® oligomer oligomer m/z  obsd® caled® calede
(AN)s (AN)3(ST) 264 4.6 0.6 4.5 (AN)4(ST)s (AN)2(ST), 835 1.8 1.6 1.1
(AN)4(ST) (AN)4(8T) 315 4.6 2.9 4.8 (AN)s(ST)s (AN)4(ST)s 837 3.9 2.4 4.0
(AN)3(ST), (AN)(ST)s 366 3.5 5.8 3.4 (AN)s(ST), (AN)s(ST)s 839 3.9 1.6 3.7
(AN)5(ST) (AN)3(ST), 368 3.8 1.2 3.8 (AN)10(ST)3 (AN)s(ST), 841 0.3 0.3 1.0
(AN), (AN)5(ST) 370 0.2 0.1 0.1 (AN)3(ST), (AN)(ST)s 886 0.01 0.9 0.1
(AN)2(ST); (ST)4 417 2.7 5.9 2.8 (AN)5(ST)s (AN)3(ST), 888 3.3 24 34
(AN)4(ST), (AN)2(ST); 419 2.9 3.1 3.0 (AN)7(ST)s (AN)s(ST)e 890 3.9 2.6 4.1
(AN)6(ST) (AN)4«(S8T). 421 1.0 0.7 0.9 (AN)o(ST), (AN)7(ST)s 892 1.4 0.8 1.3
(AN)5(8T), (AN)ST), 470 44 4.1 4.3 (AN)uST);  (AN)o(ST), 894 0.1 0.3 0.1
(AN)5(ST); (AN)3(8T)s 472 4.0 2.1 4.0 (AN)4(ST); (AN)2(ST)s 939 0.3 1.7 0.5
(AN)7(ST) (AN)5(ST). 474 0.5 0.3 0.4 (AN)g(ST)e (AN)4(ST), 941 3.2 3.0 3.3
(AN)y (AN)7(ST) 476 0.04 0.01 0.1 (AN)s(ST)s (AN)s(ST)e 943 3.4 1.5 3.3
(AN)2(ST), (ST)s 521 0.5 31 0.4 (AN)19(ST)4 (AN)s(ST)s 945 0.7 0.1 0.6
(AN)4(8T); (AN)o(8T)s 523 2.3 3.4 2.2 (AN)3(ST)s (AN)(ST)e 990 0.01 0.9 0.8
(AN)6(ST) (AN)4(ST)3 525 2.7 1.2 2.8 (AN)5(ST), (AN)3(ST)s 992 0.9 2.6 0.7
(AN)s(ST) (AN)s(ST)2 527 0.2 0.1 0.2 (AN)7(8T)g (AN)5(ST)7 994 1.8 2.0 1.8
(AN)3(ST)4 (AN)(ST)s 574 2.2 3.4 2.4 (AN)o(ST)5 (AN)7(ST)e 996 1.5 1.1 1.5
(AN)5(ST); (AN)3(ST), 576 2.2 2.3 2.2 (AN)11(8T)4 (AN)s(ST)s 998 0.2 0.7 0.3
(AN)+(ST), (AN)5(ST)3 578 0.9 0.6 0.8 (AN)(ST)s (AN)2(ST)g 1043 0.01 1.62 0.01
(AN)4(ST)4 (AN)2(ST)s 627 2.8 2.9 2.9 (AN)6(ST)7 (AN)((ST)s 1045 1.29 2.05 1.16
(AN)e(ST)3 (AN)4(ST)4 629 3.1 14 2.9 (AN)s(STs (AN)6(ST)1 1047 1.82 1.33 2.01
(AN)s(ST), (AN)¢(ST); 631 0.5 0.3 0.5 (AN)10(8T)s (AN)s(S8T)g 1049 0.53 0.07 0.51
(AN)2(8T)s (AN)(ST)s 678 0.9 2.3 0.8 (AN)12(8T)4 (AN)1o(ST)s 1051 0.06 0.12 0.01
(AN)4«(ST), (AN)(ST)s 680 1.7 2.0 1.8 (AN)5(ST)s (AN)3(ST)g 1096 0.15 0.15 0.05
(AN)6(ST)3 (AN)4(ST)4 682 1.6 0.9 2.0 (AN)7(ST), (AN)5(ST)s 1098 1.14 0.91 1.10
(AN)s(ST), (AN)5(ST)3 684 0.2 0.3 0.1 (AN)o(ST)e (AN)7(ST), 1100 1.34 0.75 1.62
(AN),(ST)s (AN)2(ST)e 731 1.5 2.0 14 (AN)11(8T)s (AN)o(ST)s 1102 0.03 0.17 0.02
(AN)6(ST)4 (AN)4(ST)s 733 15 1.6 1.5 (AN)¢(ST)s (AN)4(ST)s 1149 0.30 0.50 0.37
(AN)s(ST)s (AN)6(ST),4 735 0.6 0.8 0.5 (AN)s(ST)7 (AN)6(8T)s 1151 0.58 0.65 0.57
(AN)3(ST)g (AN)(ST), 782 0.1 1.4 0.4 (AN)10(ST)s (AN)s(ST), 1153 0.43 0.21 0.38
(AN)5(ST)s (AN)3(ST)s 784 1.7 1.9 1.6 (AN)12(8T)s (AN)1p(ST)s¢ 1155 0.12 0.11 0.10
(AN)7(ST), (AN)5(ST)s5 786 1.9 1.7 1.9
(AN)9(ST);3 (AN)7(ST); 788 0.3 0.7 0.3 AF¢ 0.439 0.037

¢ Relative intensities of the ions from the electron impact mass spectrum taken from Figure 4 in ref 16. > Computed using eqs 14 and 26
with X = 1.0, Panan = 0.12, Paxst = 0.88, Pstan = 0.92, and Psygr = 0.08. ¢ Computed using eqs 14 and 26 with X = 0.5, Panan = 0.12,
Panst = 0.88, Pstan = 0.92, and Pgrst = 0.08. 9 Agreement factor computed using eq 24.

spectral interpretation because the contributions of all
isobaricstructures that determine the total peak intensity
must be considered. Suchequivocal structural assignment
of MS peaks occurred when the above-discussed AN-ST
copolymer was analyzed by means of direct pyrolysis—
electron-impact (EI-MS).!18 The resulting EI-MS€shows
signals up to 18-mers, which can be grouped in two series
which correspond, respectively, to deprotonated and pro-
tonated AN-ST oligomers (Table IV). Most mass peaks
can be assigned to both series (as shown in Table IV), and,
therefore, these MS peaks have an uncertain structural
assignment. Sincethe intensities of these MS peaks derive
from two contributions, the calculation of theoretical MS
intensities can be performed by computing the contribu-
tion due to deprotonated oligomers, Igeprot, and the
contribution due to protonated oligomers, Iy, and by
combining these values using the formula

Itot = XIdeprot +d- X)Iprot (26)

Intensities Jgeprot 8nd Ipro in eq 26 depend on the
distribution of comonomers along the AN-ST copolymer
chain. The quantities X and (1 - X) in eq 26 describe the
probability of forming a deprotonated or protonated oli-
gomer. These probabilities should be equal (X = 0.5),
since both species derive (in the proposed!® ion fragmen-
tation reaction scheme) from the same homolyticscission.!é
To use eq 26 to simulate the AN-ST copolymer mass
spectrum, the chain was assumed to follow Markovian
statistics (according to the results of the previous analysis),
and the thermal cleavage process was assumed to be non-
selective. The observed!® MS peak intensities of the 64
mass peaks corresponding to oligomers ranging from tri-

mers up to 15-mers (shown in Table IV) were given as
input to MACO 4, and a minimization was performed to
search for the values of X, Psnan, PansT, PsTaN, and
Pgr gt which identify a minimum in the agreement factor
(eq 24 was used to compute the AF). These values were
found to be X = 0.50, PAnan = 0.12, PansT = 0.88, PsT AN
= 0.92, and Pgrgt = 0.08 with an associated AF = 3.7%

(Table IV). Comparing the P matrix elements obtained
from the simulation of the EI mass spectrum in Table IV
with those found for the same AN-ST copolymer analyzed
by FI-MS (Table III), it can be noticed that the two sets

of values are very close and that, furthermore, they are in

excellent agreement with the values obtained from ki-

netics?® through eq 25 (see above). Also, the value X =

0.50 found for this system (Table IV) indicates that the

probabilities of forming a protonated and a deprotonated

oligomer are equal, as required by the ion fragmentation

process.!® If a value X = 1.0 is selected for the simulation,

a much worse agreement is obtained (Table IV, AF =

43.9%).

Uncertainties in the structural assignment of MS peaks
can also occur when, in a copolymer, molecular weights of
the two comonomer units differ by one mass unit and
both protonated and nonprotonated species are present.
This is the case of a copolymer containing acrylonitrile
(AN) and butadiene (BU) units studied!¢ by direct py-
rolysis-field ionization MS. Inthissystem it happens that
the BU units (m/z = 54) appear always as nonprotonated
species, whereas the AN units (m/z = 53) may appear as
protonated and nonprotonated species. Therefore, pro-
tonated AN species are isobaric with BU species (Table
3S). This copolymer produced a mass spectrum containing
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peaks ranging from monomers up to 16-mers.'®6 The
inspection of the mass spectrum!6reveals that the intensity
of MS peaks corresponding to AN protonated oligomers
(observed at m/z 107, 160, 213, 266, 319, and 372) are
incompatible with the overall 2:1 molar ratio of comono-
mers in the copolymer,1® and, therefore, it was inferred!®
that some AN homopolymer ought to be present, mixed
with the copolymer. This means that the observed MS
intensities derive from three contributions—the contri-
bution of AN~BU nonprotonated oligomers (referred to
as I‘:ﬁ;}fg}, the contribution of AN-BU protonated oli-

gomers (refered toas I :ﬁ; BU), and the contribution of AN

protonated homopolymer sequences (referred to as

Ig‘,’(’)‘tm)—and that the resulting mass spectrum, I, is the

weighted sum of the above three intensities:

Itot - T1 IAN—BU +T JQS;BU + T3 Ihomo 27)

nonprot prot

In eq 27 T + T, is the molar fraction of AN-BU oligo-
mers, T3 is the molar fraction of AN homopolymer, and
intensities I} oy and I PV depend on the AN-BU chain
model. For our numerical simulation we considered 101
peaks in the mass spectrum (Table 3S) corresponding to
oligomers ranging from dimers up to 12-mers. The chain
was assumed to follow the Markovian chain model, the
cleavage process was assumed to be nonselective, and MACO
4+ was used to find the values of Ty, Ty, T3, Pangu, and
Pgyan that gave the best agreement. These values are T
= 0.55, T2 = 0.37, T3 = 0.08, PAN,BU = 0.80, and PBU,AN =
0.39 and imply that the sample analyzed!® is a binary
mixture of a 92% Markovian AN~BU copolymer and an
8% AN homopolymer with a resulting overall Bu/AN
molar ratio of 62:38. The agreement factor (AF =8.9%),
evaluated using eq 24, is reported in Table 3S together
with the resulting mass spectrum. For comparison, other
theoretical spectra, obtained using eq 27 with T} = 1.0, T
= (), and T3 = 0 and with T, = 0.92, T, =0, and T3 = 0.08,
are also reported, but the AF obtained with these values
is much poorer (Table 3S).

7. Composition of Copolymers by Direct Analysis
of Their Mass Spectra

The peak intensities displayed by the mass spectra of
copolymers contain direct information about the relative
abundance of comonomers, and a copolymer composition
estimate can be directly extracted from the analysis of the
mass spectra®® without making any hypothesis on the
distribution of comonomer units present in the copolymer.
In the case of a four-component copolymer (ABCD), it is
possible to make an estimate of the copolymer composition
c*cBeSe? from a knowledge of the x-mer peak intensities,
I,,,B,c,D, using the formulas

1 X x X
A
c, = gzm[zax,rﬂ—mIAmBn + Zax,;ﬁmIAme +
x0. m=6  w=0 =0

Y 8, qemla D} (28)
q=0

1 & x x
C? = ?{Zn[zax,m+nIBnAm + Zaz,p+nIBnCp +
p=0

X0, n=0 m=0

Zax,q+nIBan]} (29)
q=0
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1 X X
CS = _{zp[m=oax,m+pICpAm + nz=06x,n+pICpB" +
Zéx,qﬂ;ICqu]} (30)
q=0
D 1 X X X
¢, = _{Zq[zax,m+qIDqu + Zax,n-f-qIDan +
xﬁx qg=0 m=0 n=0
D depraln e} (3D
p=0

where 3, is the sum of x-mer intensities and ¢ is the Kro-
necker symbol (defined by é; = 1if i = j and 6;; = 0 if i
= j). If we specialize eqs 28-31 for a two-component
copolymerand forx =1,x = 2, x = 3, and x = 4, we obtain

monomers c‘f‘ = I d, + 1™

dimers ca =1/, A, T Iap)Uy, + g + IBZ)'1

trimers ey =1/,3I a,t2ppgt i) X
Up+LaptIp +1p)"

tetramers  cf =/,(4l, +3[, g+ 2[, 5 + L) X

Uy * Iyg+Iyp + g +1g)" (32)

Equation 32 implies that each oligomer group (i.e., dimers,
trimers, tetramers, etc.) provides an independent estimate
of the copolymer composition. Formulas in eq 32 have
been used to compute the composition of the copolymer
samples listed in Table V, starting from the peak intensities
published in the original mass spectra of all the copolymers
analyzed here.811.1216-21 From inspection of Table V two
different behaviors can be noticed. Inthe cases where the
reported mass spectrum refers to preformed cooligomers®19
(Table V, columns 11 and 15) and also in the cases of
copolymer samples which have been subjected to partial
degradation by means of a nonselective chain cleavage
process!11618 (Table V, columns 2-5, 8-10, 14), the
estimated compositions are roughly the same (Figure 5¢,d).
In these cases, one can safely compute an average
copolymer composition by means of eq 33, which provides
a weighted average of the data appearing in Table V for
each oligomer group:

p(A) = (Y 81D 1B, 33)
However, there are a few cases in Table V (columns 6, 7,
12, 13, and 16) where the estimate provided by each oli-
gomer group varies continuously (Figure 5a,b). This
behavior distinguishes cases where the copolymer samples
have been subjected to partial degradation by a selective
chain cleavage process (Figure 2). Therefore eq32provides
only a diagnostic test of whether the copolymer sample
has been subjected to a selective cleavage process but does
not allow a determination of copolymer composition.
Instead, in this case, copolymer composition must be
computed indirectly, by finding copolymer microstruc-
ture and calculating the associated composition (see below).
As a matter of fact, a selective chain cleavage favors the
production of oligomers with a certain type of end group.
The resulting mass spectrum is no more a transparent
image of copolymer microstructure, and the correspon-
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dence with the sequences present in the nondegraded
copolymer chainis altered. This effect is more pronounced
in short oligomers so that the composition estimates
associated with low ¢ differ sensibly from the actual
composition value.

8. Oligomer Distributions Generated by
Totally-Selective Chain Cleavage Processes

The case of selective chain cleavage occurs when one or
more than one o factor in eq 3 takes a value different from
1 and, therefore, for the sequence, say XX XX, associated
with that ¢ one has

Ixxxx # Ryxxx (34)

As a consequence, the solutions of eq 3 given by egs 13,
14, and 15 are not applicable and a new theory has to be
developed.

An exact solution of eq 3 valid for all types of cleavages
cannot be found (see section 9). However, an exact solution
can be derived when copolymer chain cleavage is totally
selective (e.g., when the mixture of oligomers is formed
only by oligomers of the type AXXXXA, which start and
end with the same comonomer). Assuming that only A
units are cleaved (Figure 2), ¢ factors in eq 3 can take only
two values, namely, 0 and 1, and, therefore, we may rewrite
eq 2 as

s, = IaBa

Inp = IaaBat IsBaa (35)

In the case of Bernoullian distributions, from eqs 8, 35,
and 34 it follows

I, = p(A)p(A)

Iyg=0

Iy, = p(A)p(A)p(A)
I = p(A)p(B)p(A)
Ipp, =0
Iy =0
I, = p(A)p(A)p(A)p(A)
I g = p(A)p(B)p(A)p(A) + p(A)p(A)p(B)p(A)
148, = p(A)p(B)p(B)p(A)
Ip, =0

Ig =0 (36)

In the case of Markovian distributions, from eqs 6, 7,
35, and 34 it follows
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IA2=R:PAA
Lip=0
Iy =0

I =0 @

In the case of a sequential chain, from eqs 9, 35, and 34
it follows

I, =N/L

I; =0 (38)

Equations 36-38 constitute a complete group of equations
which can be used to compute the theoretical mass
spectrum of a copolymer that follows a Bernoullian, Mar-
kovian, or sequential distribution in the case of totally
gelective cleavage processes. It is immediately apparent
that the predicted intensities of MS peaks obtained using
eqs 36-38 are different from those valid for nonselective
cleavages (eqs 13-15). In fact, since only A units are
cleaved, eqs 36-38 predict the appearance of oligomers
containing at least two A units. The above equations also
predict the systematic absence of peaks associated with
oligomers B,and AB,, (n =1, 2, 3, ...), and this implies that
the maximum number of peaks expected in the mass
spectra in the case of totally-selective cleavage processes
is(n-1) (TableI). Furthermore, for anexactly alternating
chain (AB),, eq 38 predicts that peaks associated with
even oligomers (dimers, tetramers, hexamers, octamers,
decamers, etc.) cannot appear in the mass spectrum.28

Another notable difference between selective and non-
selective cleavages concerns the composition estimates.
For nonselective cleavages, composition estimates ch for
the oligomer groups are predicted to be equal, as can be
demonstrated by substituting the intensities of the MS
peaks obtained using one of the equations (13), (14), and
(15) into eq 32. The result is

Ao A=, A_ A_ A_ A_ A_ A
Cl=Cy =Cy =Cy =C; =Cg =C7 =Cq (39)

Experimental evidence of these predictions is found in
Table V and in Figure 5¢,d. An analogous calculation for
the totally-selective cleavage can be performed by sub-
stituting the intensities of the MS peaks generated by eqs
36, 37, and 38 into eq 32. The result is
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Table V
Composition Estimates? for Various Copolymers
x-mers cHBb (HBc  (HBd  HBe OB/ (OBg (BUh  STi ST (BAk ¢TP! ¢TPm  (REn  (TXo cBup
2 91.5 83.0 76.5 71.5 33.3 58.8 100 100 43.1 50.5
3 92.0 86.0 79.3 74.0 29.3 35.1 62.4 56.4 93.3 83.2 440 51.0 100
4 93.0 84.8 77.8 72.3 24.4 40.0 63.6 55.9 90.6 75.5 42,6 49.2 83.3
5 92.9 84.2 80.0 73.6 33.3 41.2 61.1 53.8  52.2 27.7 86.2 70.4 42.8 49.8 79.3
6 92.6 85.5 79.5 72.8 63.2 52.3 51.8 27.3 814 66.6 43.5 49.7 74.2
7 62.5 51.56 499 27.8 42.0 76.0
8 62.5 49.8 504 26.1 73.5
9 60.5 496  49.7 27.0 68.5
10 62.6 508 49.6 28.1 70.4
11 64.1 490 503 26.0 76.4
12 62.7 49.7 504 78.6
13 60.5 50.0
14 66.7 49.5
15 50.5
16 50.1
av? 92.3 84.6 78.4 72.9 62.7 52.5  50.7 27.56 43.1 50.1

@ Computed using eq 32. > Molar fraction for comonomer HB estimated using spectral intensities taken from Table V (sample 2) in ref 11.
¢ Molar fraction for comonomer HB estimated using spectral intensities taken from Table V (sample 3) in ref 11. ¢ Molar fraction for comono-
mer HB estimated using spectral intensities taken from Table V (sample 4) in ref 11. ¢ Molar fraction for comonomer HB estimated using
spectral intensities taken from Table V (sample 5) in ref 11. / Molar fraction for comonomer OB estimated using spectral intensities taken
from Figure 3 in ref 21. £ Molar fraction for comonomer OB estimated using spectral intensities taken from Figure 4 in ref 21. *» Molar fraction
for comonomer BU estimated using spectral intensities taken from Figure 2 in ref 16. | Molar fraction for comonomer ST estimated using
spectral intensities taken from Figure 3¢ in ref 16. / Molar fraction for comonomer ST estimated using spectral intensities taken from Figure
4inref 16. ¥ Molar fraction for comonomer BA estimated using spectral intensities taken from Figure 2c in ref 8. } Molar fraction for comonomer
TP estimated using spectral intensities taken from Table I, column 2, in ref 17. ™ Molar fraction for comonomer TP estimated using spectral
intensities taken from Table II, column 3, in ref 17. * Molar fraction for comonomer RE estimated using spectral intensities taken from Table
I in ref 18. ° molar fraction for comonomer TX estimated using spectral intensities taken from Table III, column 6, in ref 19. » Molar fraction
for comonomer BU estimated using spectral intensities taken from Figure 6a in ref 20. 9 Average composition computed using eq 33.

CALCULATED COMPOSITION Ph
100- + & —co CO—N/_\N—)—(-CO-(—CHZ %) —N/—\N-)—
L i u n 4 \_/ m
80 - J‘\\4\ ™ G - Ph
N Ly T e 101
Y - 2b). Experimental data are available!” for two copolya-

mide samples having different AP/TP ratios: 20/80 for
sample 1 (Table 4S) and 50/50 for sample 2 (Table VI).
To proceed to the microstructure determination, the
20r observed!” MS peak intensities (Table 4S and Table VI)
corresponding to oligomers ranging from dimers up to hep-
tamers were given as input toMACO 4. Bothsamples turned
out to follow a pure Bernoullian distribution: Sample 1
has a best-fit composition p(AP) = 0.20, o(TP) = 0.80 (AF
=7.3%, Table 4S) and sample 2 has a best-fit composition
p(AP) =0.50, o(TP) =0.50 (AF = 6.2%, Table VI). Figure
1a reports the FAB mass spectrum!” of the partial pho-
tolysis residue of sample 1, and Figure 1b displays the
mass spectrum calculated by statistical modeling (Table
4S). We may notice that monomer peaks do not appear
in the experimental spectrum, in agreement with the
selective character of the cleavage process. Also the

40~

0! . L O PR
1 3 5 9 11 13 15 17 19

7
OLIGOMERS GROUP

Figure 5. Composition estimates (cf‘) versus oligomer group (x)
for various copolymer samples computed using eq 32: (a) molar
fraction of BU units;2 (b) molar fraction of TP units;!? (¢) molar
fraction of BU units;!® (d) molar fraction of BA units.?

c5 =1.00 (40)

A
A>cA>eA>cA>cd> > >

We used eqs 32 and 36 to compute composition estimates
¢ for a Bernoullian copolymer and we plotted c2 versus
n for different values of the composition p(A). The
resulting diagram (Figure 1S) shows that the difference
¢® - p(A) is never negligibly small (c? is the asymptotic
value). Experimental evidence of these predictions is
found in Table V and in Figure 5a,b.

We proceed now to illustrate some examples of totally-
selective processes. A random copolyamide containing
adipoylpiperazine units (AP) and truxilloylpiperazine units
(TP) (structure III) was subjected to a partial photolysis
process that resulted in the cleavage of the photolabile
TP units contained in the copolymer main chain.” Such
cleavages are totally selective; in fact, oligomers produced
in the degradation process were identified by FAB-MS!?
and were all found to contain cinnamoyl end groups (Figure

reduced number of MS peaks appearing in Figure 1is due
to the selective cleavage of the copolyamide chain.

If the experimental MS peak intensities of sample 1 are
inserted in eq 32, we can obtain the estimated molar
fraction of comonomer TP for the various groups of oli-
gomers (c;rp) and may see how well these values fit the
theoretical predictions (eq 40). The results, reported in
Figure 6, confirm the predictions and show that c,cTP
decreases steadily when the oligomer size increases.

Another totally-selective cleavage process is the ozo-
nolysis of a butadiene/styrene (BU/ST) copolymer, syn-
thesized by a free-radical process.?’ The ozonolysis split
the butadiene units into two parts (Figure 2¢), and the
partial ozonolysis residue was analyzed by FAB-MS.? To
proceed to the microstructure determination, the ob-
served? MS peak intensities of the 41 mass peaks cor-
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Table VI
Experimental* and Calculated” Relative Amounts of the
Partial Photolysis Products of an AP-TP Copolyamide (AP
= Adipoylpiperazine, TP = Truxilloylpiperazine)!’

obsd® FAB-MS  caleb calet caled

oligomer m/z

(TP), 347 21.3 21.3 21.3 21.3
(AP)(TP) 393 0 0 0 0
(AP), 439 0 0 0 0
(AP)Y(TP), 543 20.1 24.0 20.0 16.0
(AP)3(TP) 589 0 0 0 0
(AP)s 635 0 0 0 0
(TP); 693 19.8 16.0 20.0 24.0
(AP)(TP); 739 6.5 9.9 6.9 2.0
(AP)(TP) 785 0 0 0 0
(AP)g 831 0 0 0 0
(AP)(TP)g 889 141 13.2 13.8 13.2
(AP)3(TP); 935 0 2.1 1.2 0.6
(AP)s(TP) 981 0 0 0 0
(TP), 1039 7.0 44 6.9 9.9
(AP)2(TP); 1085 4.6 4.1 3.6 2.7
(AP)4(TP); 1131 0 0.2 0.1 0.1
(APYTP), 1235 4.9 2.7 3.6 4.1
(AP);(TP); 1281 0 0.6 0.5 0.4
(TP)s 1385 0 0.3 0.3 1.0
(AP)(TP)¢ 1431 1.5 0.6 1.0 1.0
AFe 0.193 0.062 0.190

sRelative intensities of the (MH)* ions in the FAB mass spectrum
taken from Table II column 3 in ref 17. ®Computed using formula
36 with p(AP) = 0.4 and p(TP) = 0.6. ‘Computed using formula 36
with p(AP) = 0.5 and p(TP) =0.5. ¢Computed using formula 36 with
p(AP) = 0.6 and p(TP) = 0.4. cAgreement factor computed using
formula 1.

COMPOSITION ESTIMATE
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Figure 6. (O) Molar fraction of TP units in copolyamide III,
estimated using MS peak intensities!” reproduced in Table VI,
column 3. The overlying curve (continuous line) represents the
theoretical composition estimates ¢¥, computed using eq 32.
() Molar fraction of BU units in BU/ST copolymer, estimated
using MS peak intensities® reproduced in Table 5S, column 3.
The overlying curve (continuous line) represents the theoretical

composition estimates B, computed using eqs 32 and 36.

responding to oligomers ranging from trimers up to 12-
mers (Table 58) were given as input to MACO « employing
eqs 36 and 37. Three different chain models Z1, Z2, and
Z3, were considered: Model Z1 is a pure Bernoullian
distribution defined by p(BU) = 0.65, o(ST) = 0.35, which
gave the best agreement factor among pure Bernoullian
distributions in the minimization process. Model Z2is a
pure Markovian distribution having P matrix elements
Pgypy = 0.69, Pgyst = 0.31, Pstgy = 0.39, and Psrgr =
0.61 with an associated composition p(BU) = 0.53, p(ST)
=0.47 and (npy) = 3.22, (ngr) = 1.64, which gave the best
agreement factor among pure Markovian distributions in
the minimization process. Model Z3 is a pure Markovian
distribution having P matrix elements Pgy gy = 0.22, Pry st
=0.78, Pgr,pu = 0.90, and Pgr gt = 0.10 with an associated
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Figure 7. Comparison between experimental peak intensities
(X) and the theoretical probability curve of the pentamer
(ET)4(OB), generated by applying eq 36 to four samples of co-
polyester IV of different compositions.

composition p(BU) = 0.52, p(ST) = 0.48 and (ngy) = 1.28,
(ngr) = 1.11. This model is an almost alternating
distribution (number-average lengths almost equal to
unity), having the same monomer ratio as model Z2.

The theoretical mass spectra (Table 5S) reported for
these three models show that the copolymer chain is best
described by a Markovian distribution (model Z2, AF =
6.2%), as could be expected from free-radical copolym-
erization theory.!> The molar ratio of comonomers as-
sociated with model Z2 (BU/ST = 53/47) is in good
agreement with the 55/45 molar ratio found by !H NMR.20
Analogous to the previous example (see data in Figure 6),
we can compare the composition estimates predicted by
eq 40 with the estimates obtained inserting the experi-
mental MS peak intensities from Table 5S in eq 32. The
results reported in Figure 6 do not fit as well as in the
previous example, and only the general trend predicted
by eq 40 is confirmed in this case.

The last example considered concerns four copolymer
samples (structure IV) containing different amounts of
ethylene terephthalate units (ET) and p-oxybenzoate units
(PO).#1 The copolymers were examined by direct-pyrol-

—(-co—©— Ot CO—@—COOCHchgo-);
v

ysis MS, which results in thermally degrading the copol-
ymer directly in the spectrometer.2! EI massspectrawere
recorded at temperatures below 480 °C. At these values,
the chain cleavage process is totally selective, since PO
units are stable and chain cleavage occurs exclusively at
ET units?! (Figure 2a). Mass spectra of these copolyes-
ters are quite complex?! since they display many mass
series corresponding to PET units and to different
copolymer fragments. Each mass series contains only a
small number of peaks, and furthermore the EI peak
intensities may not reflect the actual oligomer abundances.
We attempted to perform our simulation by using only
one mass series (Tables VII and VIII). Despite this,
significant statistical analysis could be performed, because
the selective character of the pyrolysis greatly reduces the
number of oligomers produced in the partial degradation
process. To proceed to the microstructure determina-
tion, the observed MS peak intensities corresponding to
oligomers generated in the partial pyrolysis of two samples
of copolyester IV (molar ratio OB/ET = 30/70 and 60/40,
respectively?!) were given as input to MACO 4 using eqs 36
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Table VII
Experimental® and Calculated?d Relative. Amounts of the
Partial Pyrolysis Products from an OB-ET Copolymer (ET
= Ethylene Terephthalate, OB = p-Oxybenzoate)?!

obsd®

oligomer m/z  FAB-MS  calcd? caled®  caled?
(ET)5(0OB) 312 30.8 30.8 30.8 30.8
(ET),(0OB), 432 9.9 6.3 9.6 14.2
(ET)3(0B) 504 46.9 50.5 47.2 42.6
(ET)2(OB); 552 0 0.1 0.4 0.9
(ET)3(0B), 624 2.5 2.2 3.1 4.1
(ET)4(OB) 696 8.6 8.7 7.6 6.1
(ET)3(OB)3 744 0 0.1 0.3 0.4
(ET)4(OB), 816 1.2 1.0 1.0 0.9
AFe 0.088 0.026 0.119

@ Relative intensities of the ions from electron impact mass
spectrum taken from Figure 3 in ref 21. ®* Computed using eq 36 with
p(OB) = 0.2 and p(ET) = 0.8. ® Computed using eq 36 with p(OB)
=0.3 and p(ET) = 0.7. ¢ Computed using eq 36 with o(OB) = 0.4 and
o(ET) = 0.6. ¢ Agreement factor computed using formula 1.

Table VIII
Experimental® and Calculated®>? Relative Amounts of the
Partial Pyrolysis Products from an OB-ET Copolymer (ET
= Ethylene Terephthalate, OB = p-Oxybenzoate)?!

obsde
oligomer m/z  FAB-MS  caled®  caled®  caled?

(ET)2(0B); 432 27.0 221 28.4 35.7
(ET)3(0B) 504 39.3 44.2 319 30.6

(ET)2(0B); 552 4.1 2.6 4.2 6.3
(ET)3(0B); 624 9.8 7.7 83 8.2
(ET)4(0OB) 696 4.1 7.7 5.5 3.5
(ET)3(0B)s 744 74 6.2 7.7 9.5
(ET)4(OB); 816 8.2 9.3 7.8 6.1
AFe 0.167 0.058 0.778

@ Relative intensities of the ions from the electron impact mass
spectrum taken from Figure 4 in ref 21. ® Computed using eq 36 with
o(0B) = 0.5 and p(ET) = 0.5.  Computed using eq 36 with p(OB)
= (0.6 and p(ET) = 0.4. ¢ Computed using eq 36 with p(OB) = 0.7 and
p(ET) = 0.3. ¢ Agreement factor computed using formula 1.

and 37, valid for totally-selective processes. Bothsamples
turned out to follow Bernoullian distributions, with best-
fit values p(OB) = 0.30 and p(OB) = 0.60, respectively
(Tables VII and VIII). The good agreement between the
known?' and the computed composition confirms the
validity of our statistical modeling.

In the case of copolyester IV, the availability of MS
data for four copolymer samples of different compositions?!
allows us to test the predictions of eq 36. Figure 7 reports
the normalized intensities measured?! for each copolymer
forthe peak at m/z = 696 (corresponding to the (ET)4,(OB)
pentamer) versus the molar fraction of the ET component
inthe copolymers. The experimental data?! are compared
in Figure 7 with the theoretical probability curve of the
pentamer (ET)4(OB) applying eq 36 to the four copolymers,
and it can be seen that the agreement between the two
curves is acceptable.?® Remarkably, the probability curves
generated by eq 36 (valid for the totally-selective processes)
have the same shape as those generated by eq 13 (valid
for nonselective cleavages) and they differ only by a
proportionality factor.

9. Oligomer Distributions Generated by
Partially-Selective Chain Cleavage Processes

Equation 3 is an exact formula, but of very limited
applicability because it describes the cleavage process
making use of many variables, denoted generically as o.
An approximate solution of eq 3 can be derived on the
assumption that the cleavage process can be described by
a composition-independent variable, ¢, which is an index
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of partial selectivity. The starting implicit equation is

Iyyxx = f(Rxxx€) (41)

where f indicates a generic dependence. For a chain that
follows Bernoullian statistics, three limiting cases have to
be considered. In the case of totally-selective cleavages
at the comonomer B, eq 41 must reduce to

I,=0
I,g=0

Iy = p(B)p(B)

Iyp=0
Iy, = p(B)p(A)p(B)

Ig, = p(B)p(B)p(B) (42)

In the case of totally-selective cleavages at comonomer A
the explicit form of eq 41 is given by eq 36. Furthermore,
eq 41 must reduce to eq 13 in the case of nonselective
cleavages. We have found that these three constraints
are sufficient to define a solution of eq 41, which is the
following:

I, = eep(A)
Ig=(1-¢(1-¢pB)
Iy, = ep(A)p(A)
I,g = (1 - )(p(A)p(B) + p(B)o(A))
I, = (1 -6 -ep(B)p(B)
I, = ep(A)p(A)p(A)

Iyp = €1 -9 (p(A)p(A)p(B) + p(B)p(A)p(A)) +
eep(A)p(B)p(A)

Ing, = (1 - ) (p(A)p(B)n(B) + p(B)p(B)p(A)) +
(1= e(1 - e)p(B)p(A)p(B)

I, = (1= e)(1 - e)p(B)p(B)p(B) (43)

Analogously, if a chain follows Markovian statistics, one
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obtains

I, = ek’
Ig=(1-9-oRy
I, = eRiPys
Iyg = e(1- §(RyPyp + RpPp,)
I, = (1- (1 - OR3Ppg
I, = «RiPAPas
Iop = (1~ OR;PosPan + RiPorPay) + «R3PysPos

IA82 = 5(1 - e)(RZPABPBB + R;PBBPBA) +
(1 - €)(1 - G)R;PBAPAB
IB3 = (1 - G)(l - G)R;PBBPBB (44)
In the case of a sequential disrtibution we have
I, =eN,/L
Ig=(1-¢(1-¢Ng/L
IA2 = GENAA/L
I32 = (1 - é)(l - G)NBB/L
I, = cNypy/L

IA82 = 6(1 - 6)(NABB/L + NBBA/L) + (1 - 5)(1 - G)NBAB/L

Iga =(1-¢€(1—-eNggg/L (45)

Equations 43-45 constitute a complete group of equations
that can be used to obtain the intensities of the MS peaks
of Bernoullian, Markovian, and sequential copolymers in
the case of partially-selective processes. Although exam-
ples of partially-selective cleavage processes are not yet
available, it is possible at least to check the correctness of
eq 43. For this purpose, the observed!” MS peak intensities
for copolyamide III were given as input to MACO 4, using
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Figure 8. Agreement factor (AF) between experimental and
computed MS peak intensities as a function of the index of partial
selectivity (¢) in the case of copolyamide III (molar ratio AP/TP
= 20/80).

eq 43. The values of p(AP), p(TP), and ¢ which yielded
a minimum for the AF were p(AP) = 0.20, o(TP) = 0.80,
and ¢=1.0. Figure 8 reports the agreement factors between
the observed and calculated MS peak intensities for the
AP/TP copolyamide as a function of the index of partial
selectivity ¢ in the cleavage process. The plot, which
displays the best AF for ¢ = 1.0, was obtained keeping
fixed the copolymer composition at values p(AP) = 0.20
and p(TP) = 0.80 in eq 43, and the result is the expected
one, since the photolysis of copolyamide III is totally
selective.
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are reported in Figure 6 of ref 21.



