Macromolecules 2002, 35, 4919—4928

Quantitative Analysis of Copolymers: Influence of the Structure of the
Monomer on the lonization Efficiency in Electrospray lonization FTMS

Sander Koster,'* Bela Mulder, Marc C. Duursma,’ Jaap J. Boon,!
Harry J. A. Philipsen,® Jan W. v. Velde,' Michel W. F. Nielen,"
Chris G. de Koster,*© and Ron M. A. Heeren*'

Unit for Macromolecular Mass Spectrometry, FOM-Institute for Atomic and Molecular Physics,
Kruislaan 407, 1098 SJ, Amsterdam, The Netherlands; Océ Technologies, P.O. Box 101,

5900MA Venlo, The Netherlands; Akzo Nobel Chemicals Research Arnhem, P.O. Box 9300,
6800SB Arnhem, The Netherlands; RIKILT, P.O. Box 230, 6700AE Wageningen, The Netherlands;
and DSM Research, P.O. Box 18, 6160MD Geleen, The Netherlands

Received July 16, 2001; Revised Manuscript Received March 26, 2002

ABSTRACT: The influence of the ionization efficiency on the measured copolymer sequence distribution
is presented. Large differences in ionization efficiency were observed for mixtures of homopolyesters
containing dipropoxylated bisphenol A/adipic acid and dipropoxylated bisphenol Alisophthalic acid and
the corresponding copolyester dipropoxylated bisphenol Alisophthalic acid/adipic acid. The adipic acid
structure has a higher affinity for the sodium cation, which results in more intense peaks for adipic acid
containing oligomers. Relative sodium affinities of the oligomers were found to increase with an increasing
number of acid end groups in favor of adipic acid containing oligomers. The ESI response of the oligomers
depends on the polymer concentration in the sprayed mixture. This makes it impossible to correct for the
ionization efficiency necessary for copolymer analysis. If differences in ionization efficiency are not
corrected, the ion intensities in the copolymer mass spectra will show large deviations from the real
composition and no conclusion can be drawn about the chemical (in)homogeneity of the MWD nor the
random or block structure of the copolymer. This will also be valid for other cationization techniques like
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MALDI and FAB.

Introduction

Copolymers consist of a complex mixture of molecules
that differ in size, chemical composition and sequence.
Complete characterization of such complex materials
demands new analytical approaches. A technique that
has become increasingly popular for copolymer analysis
during the last 10 years is mass spectrometry. Soft
ionization techniques like matrix-assisted laser desorp-
tion ionization (MALDI) and electrospray ionization
(ESI) have been successfully used to ionize intact
oligomers,=® which made it possible to study the
chemical composition distribution of the copolymer
directly from the mass spectrum.”~1! Accurate end group
and monomer masses have been obtained using MALDI
and ESI coupled to TOF and FTICR-MS instru-
ments. 12715

Two mass spectrometric methods are being used to
obtain information about the copolymer sequence. The
first method is based on MS/MS experiments, which
allows determining whether the copolymer has a ran-
dom or block sequence.’®1° This approach fails for
oligomers with a low degree of polymerization because
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of the absence of sequence specific fragments in the MS/
MS spectra.l® A further drawback of this approach is
that only block and random sequences can be distin-
guished. It is not possible to demonstrate the partial
block/partial random structure of statistical copolymers.

The second method for copolymer sequence analysis
overcomes this drawback and provides information
about random, block, and partially block/partially ran-
dom sequences. This method is based on Bernoullian
and Markovian chain statistics applied to the intensity
profile of the oligomer distribution.2°=23 The Bernoullian
chain statistics are used to model random copolymeri-
zation reactions. Markovian statistics can be used if the
deviation between the Bernoullian statistics and ex-
perimental oligomer distribution is large. Markovian
statistics allow the modeling of both random and non-
random copolymerization reactions. Nonrandom polym-
erization reactions in step (radical) polymerization
normally result in the formation of block copolymers.

The chain statistical models rely on a uniform re-
sponse i.e., an equal ionization efficiency (IE) for the
various components in the molecular weight distribution
(MWD), but this uniformity is questionable because the
overall efficiency of a molecule to become charged in
electrospray ionization is influenced by several pro-
cesses. lons with relatively low solvation energy or a
high surface tension will be situated preferentially on
the surface of the droplets and are desolvated more
easily during ESI. lons with larger solvation energies
will be distributed throughout the entire droplet and
will be ionized less easily.?4~30 Other effects that influ-
ence the ionization efficiency of an analyte are the
polarity of the solvent, the structure of the ion, i.e., the
organic functionalities in the molecule and the flexibility
of the chain for example cyclic vs linear oligomers, pH,
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and the nature of the cation,3132 charge state, counterion
effects,®® drying gas flow rate, and the ESI source
temperature (selective nozzle skimmer ion activa-
tion).34739 Several studies have been reported in the
literature in which ionization efficiencies of mixtures
of different cyclic compounds like crown ethers and
peptides with a variety of cations were studied using
FABMS, 4041 MALDIMS,*2 and ESIMS.26:3242-48 \ost
studies indicate that a good correlation exists between
the selectivity of analytes toward metal ions in the
liquid phase and the intensity in the mass spectrum
which allows a correction for differences in ionization
efficiency. Synthetic polymer mass spectrometric studies
carried out sofar do not take the ionization efficiency
(or response factors) of the different components in
copolymers into account. This is probably because
synthetic polymers are not single molecules but consist
of mixtures with a distribution of different molecules,
which are difficult to quantify with techniques like NMR
and LC. Besides, the determination of the ionization
efficiency of all individual oligomers would be a very
laborious process.

In this paper Bernoullian and Markovian chain
statistics are applied to the ESI FTMS spectra of the
copolyester poly(dipropoxylated bisphenol A/adipic acid/
isophthalic acid). The copolymer composition deter-
mined with the chain statistics will be different from
the real copolymer composition if differences in ioniza-
tion efficiency (IE) between the adipic and isophthalic
acid structures exist. The relative IE of the adipic and
isophthalic acid structures are determined with well-
defined mixtures of the homopolyesters poly(dipropoxy-
lated bisphenol A/adipic acid) and poly(dipropoxylated
bisphenol A/isophthalic acid). Gradient polymer elution
chromatography (GPEC) was used to quantify the
weight fractions of the oligomers in the low molecular
weight part of the molecular weight distribution of the
homopolyesters, a necessary requirement for the deter-
mination of the relative IE. This is the first time
synthetic polymers were measured with GPEC for
guantitative analysis with ESI FTMS.

Materials and Methods

ESI FTMS Analysis. The ESI FTICR-MS (Bruker-Spec-
trospin APEX 7.0e, Fallanden, Switzerland) used in this work
has been described earlier.t54%%0 The cell is an in-house
constructed open cell.5* The electrospray generated ions were
trapped for 2—4 s. Argon gas is introduced through a pulsed
valve to enhance trapping (Par = 5 x 107 mbar). Only the
total ion intensity was influenced by the trapping time. The
relative intensity profile of the ions observed in the mass
spectra was not affected.

The monoisotopic peaks of the oligomers were used through-
out this paper in the copolymerization models and figures. All
intensities of the monoisotopic peaks were corrected for the
number of carbon atoms described in eq 18 and ref 11 because
the intensity of the monoisotopic peak decreases with increas-
ing number of carbon atoms.

GPEC ESI TOF Measurements. GPEC measurements
were performed at Akzo Nobel Chemicals Research as de-
scribed elsewhere.>? The Hewlet Packard LC system model
1050 (Palo Alto, CA) was operated with an autoinjector model
Basic Marathon (Spark Holland, Emmen, The Netherlands)
with a loop volume of 10 L. Solution A contained unstabilized
THF:H,0 5:95 and solution B unstabilized THF:H,O 95:5 (v/
v). To both solutions was added 0.1% glacial acetic acid. The
applied gradient started with 45% of solution A att = 0 to
10% of solution A at t = 35 min with a flow of 1 mL/min. The
column was a Waters Symmetry C18 (5 um particle size), 150
mm x 4.6 mm i.d.. Approximately 30 xL/min of the eluent from
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the column was split with a 0.01 in. i.d. stainless steal T-piece
(Valco, Houston, TX) that was allowed to flow to the Z-spray
TOF instrument (Micromass, Manchester, UK). The eluent
stream was compatibilised with a Nal solution (10 xL/min of
a 250 uM Nal solution in THF/isopropyl alcohol). The remain-
ing eluent was eluted through the UV diode array detector
model 1000S (Applied Biosystem, San Jose, CA).

Materials. The unstabilized THF was obtained from Fluka
(Buchs, Switzerland). The polymers used for this study are
the homopolyesters poly(dipropoxylated bisphenol A/adipic
acid) and poly(dipropoxylated bisphenol A/isophthalic acid) and
the copolyester poly(dipropoxylated bisphenol A/adipic acid/
isophthalic acid). These polymers were a gift from Océ
Technologies (Venlo, The Netherlands) and are from the same
batch as the polyesters described in a previous publication.>®
Dipropoxylated bisphenol A, adipic acid, and isophthalic acid
will be abbreviated by D, A, and | throughout the paper,
respectively. The copolyesters studied have the compositions
DAI31, DAI11, and DAI13, where the numbers denote the
molar ratio of adipic acid and isophthalic acid. DAI31, DAI11,
and DAI13 contain molar ratios D:A:l of 0.5:0.37:0.13, 0.5:0.26:
0.24, and 0.51:0.12:0.37, respectively as was determined with
NMR. These results correspond to the molar ratios of the
monomers used for the preparation of the polymers. Since
identification of the oligomers was not performed using mass
spectrometry, the GPEC experiments were repeated with
online ESI TOF for identification.

Copolymerization Models. The copolymerization models
and their links with mass spectrometry have first been used
by Montaudo and co-workers.?°2! In their work, the entire
mass spectrum is used to determine the composition and
“blockiness” of the copolymers. Here, we investigate the
copolymer composition for each end group class separately and
subsequently as a function of the degree of polymerization and
charge state. For example, the composition of the pentamer
with two alcohol end groups in charge state 2 was studied by
searching for the best fit of the experimentally observed
intensity profile with the chain statistical models. This allows
studying the chemical inhomogeneity as a function of the
degree of polymerization, end group class and charge state.
The Markovian and Bernoullian models used were imple-
mented in Matlab 5.3 (The MathWorks, Inc.) and are described
below.

(1) Markovian Chain Statistical Model. Consider a
system composed of linear copolymers constructed from N
different types of monomers, which we will label by the letters
7=A, B, .... Each oligomer consists of M = 1, 2, 3, ... monomers
whose position within the chain is labeled by lowercase letters
m, Kk, I, n, .... Note that we allow bare monomers as “chains” of
length M = 1. We denote the probability for an M-mer to have
a specific monomer sequence by PM)(zy,7,,...,7m). Let us further
define the probability of finding a certain initial segment of
length m in a polymer of total length M.

PM(7,,75,...,T) = PM(z,,75,...,70) (1)

The Markovian assumption now states that the conditional
probability of finding the next monomer 7,11 of a chain to be
of a certain type only depends on the type of the immediately
preceding monomer tp, i.e.

M
PO (T2 o Ty T 1) _

M
POty ...

M —
anll(fm+1|flrfzx---‘fm) =
PTm—Tmsd) (2)

where we adopt the arrow notation to stress the order of the
two monomers in the sequence. Each probability P(tm—tm+1)

corresponds to a matrix element Pj; from the probability matrix
P as described by Montaudo and co-workers.2%2* Note that

Z Pe—1)=1 ®)
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Under this assumption, we find that
Pw)(flrfzn---TM—lny) = Pg\’/\ln—)l(TlJZ*""TM—l)P(TM—l_)TM) (4)

which upon iteration yields
M
P (11,721 Ty-1.7w) = P1(1y) rLP(rmrrm) (5)
M=

The probability P{(z;) is the probability that an oligomer
starts with 7; (an A, B, ...). However, since the choice of the
start of a chain is arbitrary, one could just as well start at the
other end to obtain

M M
PO (71,70 T ) = PO (T T T 1)
M
= Pi 1ty T 10+ TP (177) (6)

or

M
PW)(Tlezy---TM—lvTM) = P(lM)(TM) rI PTm—Tm-1) (7)
m=2

Next, we also assume the probability that a chain starts with
a specific type of monomer does not depend on the length of
the chain i.e., P{(11) = Py(z1) so that eq 6 simplifies to
PO (1,720 T-1T) = P (T T )P (1) (8)
Note that by definition
Pi(t)) = ) Pi(tm) =1 9)
2P0

This relation can be used to obtain a self-consistency condition
on Py(z1) (or Pi(zm)) as follows

Pi(7y) PW)(TMJM—ln---vfszl)

M-1
Pg\/l—l )(TMrTM—lv---vfz)P(Tz_’Tl)

72,--TM

- z Pg\'/\ln:ll)(TMvTM—lv---|Tz)P(Tz_’71)
™
= Pi)P( ) (10)
72

This equation together with the two normalization constraints
shown in eqgs 9 and 3 allows P1(z1) to be expressed in terms of
the transition probabilities P(tm—tm-1).

Consider a copolymer made of monomers A and B. The
probability a sequence starts with an A is given by eq 10 or

Pi(A) = zPl(rz)P(rz—'fA) = P,(A)P(A—A) + Py(B)P(B—A)

’ (11)
Using the notation of Montaudo and co-workers, eq 11 becomes
Sa = SaPaa + SgPega.

Note that eq 8 is the basis of the Markovian model applied
to copolymer mass spectra. By correlating this equation to the

measured intensity 18(z1,75,...tm-1,7m) in @ mass spectrum,
eq 8 becomes

M —
IR GRS WES

M
|E(M)(Tlrfz---TM—11TM)P(1M)(71) rLP(Tm—lﬂfm) (12)
e
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where 1EM)(11,72,...tm-1,7m) IS the ionization efficiency of the
co-oligomer with monomer composition and sequence
(11,72,...tm—1,7m). FOr example, the mass spectrometric intensity
for the specific oligomer with sequence AABBA is given by

19(AAB,BA) =
IE®(A,A B,B,A)PE(A)P(A—A)P(A—B)P(B—B)P(B—A)
13)

The ionization efficiency IEM(t,15,...tm-1,7m) has until now
always assumed to be 1.2°2! This paper will demonstrate that
this assumption is not valid.

The models used by Montaudo and co-workers assume that
the probability a chain starts with 7; is proportional to the
molar fraction of the monomer in the copolymer. Here we
provide a simple proof of this assertion based on the Markovian
assumption itself. Consider thereto the probability Pm(7m) that
a given monomer at position 1 < m < M within the chain is of
a certain type

P(M)(rl,rz,...,rM)

71,72 Tm=1Tm+1,Tm 25+ -+ TM

Pn(Tm) =

M-1
Py(ry) P(ri—7i11)
i=

1,725 Tm—1Tm+1:.Tm+2--,TM
m—1
Pi(@)| |P(Ei—Tisg) x

1,72, Tm—1 =

Tm+1,Tm+2;--,TMJ=M
m—1
Pi(w)| |PGi—Tisa) x

72,73y Tm—1 =

Tm+1,Tm+2;---,TM-1J=M

= {repeat the same steps}
= Py(tr) (14)

where we repeatedly employ egs 3 and 10. As the position m
is arbitrary we can simply define the probability that an
arbitrary monomer has a given type to be P(7) = Pn(7) = P1(7)

(2) Bernoullian Chain Statistical Model. In the case of
Bernoullian chain statistics, the addition of a new monomer
does not depend on the nature of the previous monomer, and
it is assumed that it also does not depend on the chain length

P(tn—tm-1) = P(tm) (15)

The intensity of an ion in the mass spectrum becomes

M
|$\'/\|A)(711721---TM—1JM) = |E(M)(T1r72:---TM—1:TM) I_lP(Tm) (16)
L

or for the oligomer with sequence AABBA
19(A,A,B,B.A) = IEM(AAB,BAPA)®PB)Y (17)

The Bernoullian model (random copolymerization) uses the
molar fraction as determined by NMR and the degree of
polymerization as input. The output of the model is the
theoretical intensity profile. The Markovian model (nonrandom
copolymerization) has as input the mass spectrometric relative
intensity profile for an oligomer intensity distribution with a
degree of polymerization n. The program searches for the best
fit using two variables: the molar fraction of the monomers
and the probability to find two monomers A after each other.
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Figure 1. ESIFTMS spectrum of DAI11 (1 mg/mL, 5 mM Nal, sprayed in THF). The inset shows the intensity profile of the
tetramer with one alcohol and one acid end group. ~ denotes electronic noise.

The probability to find two monomers A after each other can
be used to calculate the “blockiness” of the copolymer.202

Results and Discussion

ESI FTMS Spectra of Copolyesters. The ESI
FTMS spectrum of the copolyester poly(dipropoxylated
bisphenol A/adipic acid/isophthalic acid) DAI11 is pre-
sented in Figure 1. The oligomers observed are sodium
cationized and contain two alcohol end groups (DI)n-
(DA)mD, one alcohol and one acid end group (DI)a(DA)m
or two acid end groups A(D1)n(DA)m, 1(D1)n(DA)m. Cyclic
oligomers, ¢(DI),(DA)m, were also observed. D denotes
the dialcohol dipropoxylated bisphenol A, A and | denote
the diacids adipic acid and isophthalic acid, respectively,
n and m denote the degree of polymerization, and ¢
denotes the cyclic structure of the oligomers.

The inset of Figure 1 shows a typical intensity profile
of the composition of the tetramer with one alcohol and
one acid end group. Bernoullian and Markovian chain
statistics were used to fit the oligomer intensity profile
in the mass spectra using the model described earlier
and first applied to copolymer mass spectra by Mon-
taudo et al.2921 Here we have determined separately the
copolymer composition as a function of the degree of
polymerization and the charge state for each end group
class.

Copolymerization Statistics Applied to Mass
Spectra. The experimentally observed relative intensi-
ties, denoted by a closed triangle (a), of the tetramer
with two acid end groups electrosprayed in acetone is
plotted in Figure 2, parts a—c for three copolymers with
different molar compositions of adipic and isophthalic
acid. The intensity profiles in Figure 2, parts a—c
originate from copolymers containing a molar ratio of
3:1, 1:1 and 1:3 adipic (A):isophthalic acid (1) denoted
by DAI31, DAI11, and DAI13, respectively. The oligo-
mer intensities presented in Figure 2, parts a—c cor-
respond to A(DA)s, A(DA)2(DI), A(DA)(DI),, A(DI1)s3, and
I(DI1)s. The measured m/z values and normalized inten-
sities are presented in Table 1. Random copolymeriza-
tion (Bernoullian) chain statistics were used to calculate
the theoretical intensity profile, denoted by a closed
circle (®). The molar fraction of adipic acid and isoph-
thalic acid in the bulk determined by NMR were used
for the calculations. The results of the Bernoullian
calculations are presented in Table 1. It can be seen

from Figure 2, parts a—c that the intensity profile (a)
observed with mass spectrometry and the intensity
profile as determined by random copolymerization
statistics (®) do not agree at all. In all cases, the
experimental intensity profiles are shifted in favor of
adipic acid. A better agreement between experiment and
the Bernoullian intensity profile for copolymer DAI11
is obtained when ~ 10% more adipic acid (A) is used in
the calculation. The calculated molar fractions of adipic
acid and isophthalic acid P(A) and P(l), presented in
Table 1, suggest that the copolymers contain more
adipic acid than determined by NMR. The disagreement
between the intensity profiles obtained with mass
spectrometry and the Bernoullian calculation is more
prominent for copolymers with a high molar ratio of
isophthalic acid.

A better agreement between experiment and theory
is obtained using Markovian chain statistics, denoted
by a closed square (M), resulting in a calculated molar
fraction of adipic acid P(A) that is ~10% higher as
determined by NMR for the copolymer DAI11. This is
similar to the results of the Bernoullian model, but with
a slight block formation of the monomers. The calculated
molar fraction adipic acid and isophthalic acid with the
Markovian chain statistics are presented in Table 1.
Oligomers with another degree of polymerization and
with other end groups give similar results compared to
those obtained from the analysis of the tetramer with
two acid end groups. When the ESI experiments are
performed in THF under the same experimental condi-
tions, approximately 5% more adipic acid is found with
the Markovian calculation (results not shown).

The average molar fraction of adipic acid determined
by NMR is plotted in Figure 3, parts a and b as a
function of the molar fraction determined by a Mark-
ovian fit of the ESI FTMS spectrum (sprayed in THF).
The curves represent the oligomers of five copolyesters
with two alcohol end groups in charge states 1 and 2,
respectively. The molar fraction of adipic acid as calcu-
lated with the Markovian model increases with increas-
ing charge state and decreases with increasing degree
of polymerization.

The ~10% higher molar fraction of adipic acid as
calculated with the Bernoullian and Markovian models
for the copolyesters (sprayed in acetone) can be ex-
plained in two ways. One possibility is that the molec-
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Figure 2. Experimental relative intensity profiles (a) of the tetramers with two acid end groups for the copolyesters DAI31 (a),
DAI11 (b), and DAI13 (c) sprayed in acetone. The numbers denote the molar ratio of adipic acid and isophthalic acid. The figures
also display the Bernoullian (®) and Markovian theoretical intensity profiles (M with dotted line).

Table 1. Experimentally (o) Observed m/z and Intensity Profile for the Tetramer with Two Acid End Groups?

m/z calcd molar fraction
A(DA); A(DA)(DI) A(DA)(DIl).  A(DIl)3 1(DI)3 P(A) P(I)
measured 1531.754  1551.723 1571.691  1591.660 1611.629
NMR DAI31 0.74 0.26
DAI11 0.52 0.48
DAI13 0.24 0.76
experimental (a) DAI31 0.339 0.505 0.156 0.000 0.000
DAI11 0.101 0.335 0.342 0.168 0.054
DAI13 0.000 0.166 0.320 0.376 0.138
Bernoullian theory with NMR data (@) DAI31 0.300 0.421 0.222 0.052 0.005
DAI11 0.073 0.270 0.374 0.230 0.053
DAI13 0.003 0.042 0.200 0.421 0.334
Bernoullian fit with ~10% more A DAI31 0.355 0.420 0.186 0.037 0.003 0.772 0.228
DAIl11 0.113 0.328 0.356 0.172 0.031 0.580 0.420
DAI13 0.022 0.140 0.336 0.359 0.144 0.384 0.616
Markovian fit () DAI31 0.333 0.501 0.159 0.007 0.000 0.790 0.210
DAI11 0.119 0.324 0.348 0.174 0.034 0.580 0.420
DAI13 0.021 0.136 0.333 0.362 0.148 0.380 0.620

a The experimentally observed intensity profile has been used for the calculation of the molar ratio of adipic and isophthalic acid with
Bernoullian (®) and Markovian (M) chain statistical models. The molar ratio of adipic and isophthalic acid determined by NMR has also
been used for the calculation of the Bernoullian theoretical intensity profile.

ular weight distribution is chemically inhomogeneous,
a feature that cannot be determined by NMR since it is
impossible to make a distinction between the different
oligomers. In that case the low part of the MWD would
contain more adipic acid than isophthalic acid, while
the high part of the MWD would contain more isoph-
thalic acid than adipic acid. Another explanation is that
the ionization efficiency of adipic acid is higher than
isophthalic acid in the ESI process. This will result in
a shift of the intensity profile in favor of adipic acid.
The chemical inhomogeneity of the copolymer MWD
can only be studied quantitatively with ESI FTMS if
the relative ionization efficiency of the individual com-
ponents in the MWD is known. Therefore, the remaining

part of this paper will focus on the relative ionization
efficiency of adipic and isophthalic acid in the ESI
process. Quantification of the oligomers with gradient
polymer elution chromatography (GPEC) is required to
test the ionization efficiency.

Polyester Quantification with GPEC. GPEC was
applied using an UV diode array detector for quantifica-
tion and online ESI TOF for identification of the
oligomers in the MWD. GPEC is based on a combination
of precipitation/redissolution, sorption, and exclusion
processes.?®% The technique requires a gradient LC
system with at least two solvents. One of the solvents,
which is often a bad solvent for the polymer of interest,
results in a precipitation of the polymer after injection
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Figure 3. Molar fraction of adipic acid determined by NMR
vs molar fraction as determined by the Markovian fit of the
ESI FTMS intensity profiles of the oligomers with two alcohol
end groups sprayed in THF for charge states 1 (a) and 2 (b).
Degrees of polymerization shown are n = 3 (4), 4 (x), 6 (@),
and 7 (-).

on the column. The other solvent is a good solvent that
enables the redissolvation of the polymer. Because most
components from the MWD have different solubilities,
the components will not redissolve at the same time
while the LC column enhances the separation of the
eluting molecules. Oligomers of various homopolyesters
were end group separated with this technique up to the
7-mer (~3500 Da).>® The technique fails to separate
larger homooligomers due to smaller differences in
solubility and hydrodynamic volumes. Quantification of
copolymers with GPEC is difficult because the number
of oligomers with different compositions increases dra-
matically with increasing degree of polymerization n,
which results in coelution.

The GPEC chromatogram of DAI31 is presented in
Figure 4a. The oligomers are end group separated to n
= 2. This limited amount of information does not allow
the quantification of the oligomers in the low molecular
weight part of the MWD, which is a requirement for
the determination of the relative ionization efficiency
(IE) in the ESI process. Therefore, we did not further
consider these GPEC measurements.

The homopolyesters poly(dipropoxylated bisphenol
Aladipic acid) (polyDA) and poly(dipropoxylated bisphe-
nol Alisophthalic acid) (polyDI) are better candidates
for 1E studies because the low molecular weight part of
the MWD can be separated with GPEC (see Figure 4,
parts b and c). The oligomers in the MWD are end group
separated up to n = 6 and n = 7 for polyDA and polyDl,
respectively, providing quantitative information.
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Electrospray lonization Efficiency (IE). Mixtures
of the homopolyesters were analyzed to determine
whether differences in IE between the adipic acid and
isophthalic acid structures occur in ESI. The concentra-
tion of one of the polymers was held constant while the
concentration of the other one was increased. The
intensity ratio of oligomers from polyDA:polyDlI in the
mass spectra should vary proportionally with the molar
ratio of homopolyesters present in the sample, when
differences in IE are absent. Differences in the relative
IE between adipic acid and isophthalic acid containing
polyesters should become apparent when comparing
structurally similar oligomers. For example, (DA)3; and
(D)3 are of the same degree of polymerization and both
have one acid and one alcohol end group. If we compare
(DA); and (Dl)s, the relative IE is only influenced by
the adipic acid and isophthalic acid structures.

The ESI FTMS mass spectra of polyDA and polyDlI
show oligomers up to a degree of polymerization of 14
in charge states 1—4 (spectra not shown). The oligomers
are isotopically resolved with a resolution of 20000 at
m/z 1000 (128kB data points, bandwidth 500 kHz). The
M, measured with size exclusion chromatography is
approximately 3000 Da higher than the M,, measured
with ESI. This demonstrates that the low part of the
MWD is preferably ionized resulting in a discrimination
against the higher molecular weight oligomers and/or
the detection efficiency is in favor of the lower masses.
The comparison of the intensity of an oligomer with, for
example, n = 2 with an oligomer of n = 5 is therefore
not performed because they are ~1500 Da separated,
for the polymers studied in this paper. A difference in
the response between these oligomers will be influenced
by the size of the molecule and the chemical composi-
tion. The influence of the size of the oligomers is
negligible if we assume that the intensity of an oligomer
of n = 3 of polyDA can be compared with an oligomer
of n = 3 of polyDI since they are separated by only n x
19.97 Da.*®

The peak intensities in the ESI FTMS spectra will
correlate with the number fraction n(M) of a certain
oligomer if all oligomers have the same IE. The number
fraction is N(M)pi=Ipi/ltotal, in Which Ip; and lya are the
peak intensity of oligomer DI and the total intensity of
the MWD, respectively. However, the relative IE of the
different oligomers during ESI is not known and there-
fore n(M)p, has only a limited meaning. The ratio N(M)
is introduced which allows the comparison of the rela-
tive IE of structurally similar oligomers. This ratio is
given for the trimer with one acid and one alcohol end
group by N(M)oi; = lons/(Ionstloay)-

The GPEC measurements are used to determine the
weight fraction w(M) of a certain oligomer e.g. for DI:
W(M)D| = Api/Atotal, iN Which Ap; and Agtal are the peak
areas of DI and of the entire molecular weight distribu-
tion (MWD), respectively. The number ratio N(M)
determined with ESI FTMS must be converted into the
weight ratio W(M) to compare the ESI results with
GPEC. The weight ratio is calculated for ESI FTMS by
WM)Ea, " = ToaMoay/(loaMpas + 1onMos)-
However the intensity of the monoisotopic peak de-
creases with increasing number of carbon atoms. There-
fore, the peak intensity in the mass spectrum should
be corrected for this effect with P(n)pa), and P(n)or),.1*
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P(N)on
W(M)ESIFTMS — . (18)
(DA), loa,Mon),  TonMon,
P(N)on), PNy,
For GPEC, W(M)&4° is given by
W(M)(DA) MyoiypA
WM)EAC = vy o)

W(M)(DA)nmpolyDA + W(M)(Dl)nmpolyDl

where Mpoypa and myypr are the amounts of homo-
polyesters in the mixtures (in gram). In Figure 5a, a

plot is presented of W(M)@Sa ™ (sprayed in acetone)

as a function of W(M)g.° for oligomers with one acid
and one alcohol end group (n = 1—3) observed in charge
state 1. Note that each series of peaks corresponds to
the concentration dependence (by changing the mix-
ing ration polyDA:polyDI) of two structurally similar
oligomers e.g. DA3 and Dls. In the absence of differ-
ences in IE a linear relation between W(M)ESIFTMS gnd
W(M)CPEC with a slope of 1 and intercept of 0 should be
obtained (see dotted line in Figure 5a). However, more
adipic acid is detected with ESI FTMS than is present
in the mixture as can be seen by the curved lines in
Figure 5a, which all lie above the dotted line. Similar
but less dramatic results were observed in THF. This
is probably due to the lower permittivity of THF
(compared with acetone) resulting in ESI generated
droplets with a smaller radius and higher surface area
from which ions, with a different nature, can desorb
more efficiently.5%¢ These results demonstrate that
oligomers with adipic acid are more efficiently ionized
than the oligomers with isophthalic acid. The relative
difference in IE has not been quantified here because
too many parameters influence the IE (see also further).

The relative difference in IE can be attributed to a
difference in solvation energy of polyDA and polyDI. If
polyDA has lower solvation energy than polyDlI, this will
lead to a relatively high surface activity, and therefore,
an efficient ion desorption from the surface of an
electrosprayed droplet. The solvation energies of the
molecules studied in this work are unfortunately un-
known and an explanation based on a difference in the
solvation energy will remain an inference. Several
authors have shown a large influence of the surface
activity on 1E.24=2° An additional indication that the
solvation energy of polyDA is relatively low is seen by
comparison of different charge states. The intensity of
PolyDlI in charge state 2 has a negligible abundance
compared to the intensity of polyDA. PolyDI has not
been observed in charge states 3 and 4 although polyDA
has been observed in charge states 1—4. This is probably
because most charges are located on the surface of the
droplets together with polyDA making it more probable
for polyDA to be multiply charged than polyDI.

The W(M)ESIFTMS yalues of the oligomers with two
alcohol and two acid end groups observed in charge state
1 are plotted as a function of W(M)GPEC in Figure 5, parts
b and c, respectively. The results demonstrate that
relative differences in 1E become larger with an increas-
ing number of acid end groups. The intensity of the
isophthalic acid containing oligomers has almost become
zero for the oligomers with two acid end groups. Dif-
ferences in IE for the cyclic oligomers are between that
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of the oligomers with two acid end groups and oligomers
with one acid and one alcohol end group. The difference
in 1E increases in favor of adipic acid with increasing
degree of polymerization n as can be seen in Figure 5,
parts a and b.

The increasing difference in IE with increasing num-
ber of acid end groups can be explained by a higher
sodium affinity of adipic acid compared to isophthalic
acid. Oligomers with two adipic acid end groups will
have a higher chance to interact with the sodium cation
than oligomers with one acid and one alcohol end group
as was observed experimentally.

The results described in Figure 5, parts a—c, at low
polyDI concentration were performed at relatively high
polyDA concentration since the concentration of polyDA
was held constant in the experiments. To exclude
possible concentration effects induced by the high
polyDA concentration a new series of experiments was
performed. A series of dilutions of a 1:1 mixture of
polyDA and polyDI (w/w) was made in acetone and THF
to which 5 mM Nal was added. The stock solution
contained 2 mg/mL polyDA and 2 mg/mL polyDI and
was diluted to samples with 0.01-2 mg/mL of each
polymer. Figure 6 shows the molar ratio polyDA:polyDI
for the structurally similar dimers observed in the
FTMS spectra sprayed in THF. A molar ratio of 1
indicates that the oligomers in polyDA and polyDI are
present in equimolar amounts. The differences in rela-
tive IE show similar effects as observed in Figure 5,
parts a—c. As can be seen clearly, the effects decrease
significantly at low homopolyester concentration, which
points to concentration effects. The measured molar
ratio has become lower than one for most of the
oligomers at the detection limit of the experiment. This
indicates that polyDI is more efficiently ionized at low
concentration. The detection limit was approximately
3 fmol for A(DA), (m/z 1077) in the electrospray source
not taking losses due to ion transport into account. The
strongest concentration effects were observed for the
oligomers with two acid end groups A(DA), and I(DI),
(n = 1-2) sprayed in acetone (results not shown). The
molar ratio A(DA)»/I(DI), at 0.01 mg/mL was 2.5 and
increased to 60 at 2 mg/mL. It is unclear why the
relative IE becomes larger for polyDI, or lower for
polyDA, at concentrations near the detection limit.

Copolymer Sequence Quantification with Mass
Spectrometry: A Comment. Our results demonstrate
that differences in IE between the monomeric structures
of copolymers can influence the copolymer composition
as measured with electrospray ionization mass spec-
trometry. The concentration and nature of the solvent
influence the relative IE of the oligomer ions in the ESI
process. Other important parameters that may influence
the ionization efficiency of co-oligomers are the chemical
composition (i.e., the number of A’s and B’s in the
oligomers), the sequence of the monomers, the polydis-
persity (D) but also spray conditions (SC) and instru-
mental parameters (IP). To deal with these variables,
the ionization efficiency IEM)(r1,75,...Tm-1,Tm) Was intro-
duced in eq 12. When all parameters are taken into
account that can influence the ionization efficiency, the
ionization efficiency should in principle be written as
IEM(D,SC,IP)(t1,72,...Tm—1,Tm). 1t Will, however, be very
difficult to determine the IEM(D,SC,IP)(r1,72,...TM-1,TMm)
for each component separately but should be performed
for a good characterization of the copolymer chemical
composition and sequence distribution. Better results
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Figure 4. Gradient polymer elution chromatograms of polyDAI (a), polyDA (b), and polyDI (c).

may be obtained by using nanospray as demonstrated Differences in IE have also been demonstrated for the
by others for a mixture of polydimethylsiloxane and copolymer poly(ethylene glycol/propylene glycol) studied
poly(ethylene glycol).3° with MALDI by Chen and co-workers.5” The study of
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Figure 5. W(M)ESIFTMS gprayed in acetone plotted as a
function of W(M)CPEC: (a) oligomers with one acid and one
alcohol end group; (b) oligomers with two alcohol end groups;
(c) oligomers with two acid end groups observed in charge state
1. Degrees of polymerization shown are n =1 (#), 2 (W), 3 (),
and 4 (x).

Chen and the work presented here demonstrate that
the statistical copolymerization models can only be used
to model the mass spectra successfully when differences
in IE have been quantified.

Conclusions

Bernoullian and Markovian chain statistics were
applied to analyze ESI FTMS spectra of the copolyester
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poly(dipropoxylated bisphenol A/adipic acid/isophthalic
acid), but the calculated molar fraction of adipic acid
was much higher than that determined with NMR. This
discrepancy can be explained by a chemically inhomo-
geneous MWD or by differences in the ionization ef-
ficiency (IE) between the adipic and isophthalic acid
structure. An inhomogeneous MWD can only be studied
if the relative IE of the oligomers is known. Therefore,
the weight fractions of the various oligomers in the
MWD of the homopolyesters poly(dipropoxylated bisphe-
nol A/adipic acid) and poly(dipropoxylated bisphenol
Alisophthalic acid) were quantified with gradient poly-
mer elution chromatography (GPEC). Quantification of
the copolyester in this way is not possible. Still this
guantification is required to determine the origin of the
high molar fraction of adipic acid predicted by the
Bernoullian and Markovian chain statistical models.
Differences in the IE were studied by analyzing mix-
tures of homopolymers with ESI FTMS.

Large differences in IE were indeed observed between
adipic and isophthalic acid containing homooligomers.
On the basis of these results, we can conclude that this
will occur for copolyesters as well. The same phenomena
have been observed for MALDI®” and will probably be
true for other ionization techniques like FAB. The
relative difference in IE has not been quantified here
because too many parameters influence the IE (solvent,
charge state, end group, polymer concentration). If
differences in IE are not corrected, the ion intensities
in the copolymer mass spectra will show large deviations
from the actual composition, and no conclusions can be
drawn about a random or block structure or even the
chemical (in)homogeneity of the copolymer using chain
statistical models. It is clear from our measurements
that the relative IE in the mass spectra has to be taken
into account when polymer mass spectral distributions
are described using statistical models.
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