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1 | INTRODUCTION

| Hans R. Kricheldorf?

Rationale: Numerous new tin catalysts that enable the synthesis of cyclic
polylactides with broad variation in their molecular mass were recently developed.
The abundance of cyclics in matrix-assisted laser desorption/ionization time-of-
flight (MALDI-TOF) mass spectra is, however, frequently reported to greatly exceed
that of linears. Thus, the MALDI ionization behavior of various end-capped linear
poly(L-lactide)s and one cyclic poly(L-lactide) was investigated and compared.

Methods:

prepared and studied under identical conditions with regard to sample preparation

Neat compounds and various blends of cyclic and linear species were

and instrumental condition, except for the laser power. For this purpose, two
different MALDI-TOF mass spectrometers were applied.

Results: Our results reveal that cyclics indeed show a slightly better ionization in
MALDI, although their ionization as a neat compound seems to be less effective
than that of linear polylactides. The ionization of most linear polylactides
investigated does not depend on the end group structure. However, linear
polylactides containing 12-bromododecyl end groups reveal an unexpected
saturation effect that is not caused by fragmentation of the polymer or the end
group, or by electronic saturation of the detector digitizer. Furthermore, polylactides
with a 2-bromoethyl end group did not show such a saturation effect.

Conclusions: An overestimation of cyclic species in MALDI-TOF mass spectra of
poly(L-lactide)s must be considered, but the commonly assumed peak suppression

of linear polymers in mixtures of both structures can be excluded.

and molar mass, which is referred to as molar mass distribution
(MMD). Moreover, they often exhibit an additional chemical

Since its introduction in the early 1990s, matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF
MS) has suffered from its inability to provide quantitative results.
Peak discrimination is a common problem in MALDI, especially
when mixtures of compounds are measured. Synthetic polymers can
be regarded as a kind of mixture because they always consist of

various long polymer chains with different degrees of polymerization

heterogeneity distribution, expressed by different end groups and

other structural variations (e.g., tacticity and copolymer
composition). Apart from these structural variations, other effects
caused by sample preparation issues (e.g., matrix and cationizing
salt) and instrumental parameters (laser power) significantly
influence the ionization/desorption step in MALDI and need to be

considered too.
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Only a few examples shall be given to highlight the complexity of
ionization in a MALDI instrument. Compared with molar mass and
MMD data provided by size-exclusion chromatography (SEC), MALDI
spectra often exhibit mass distributions with narrower dispersities and
show a loss of peak intensity in the higher mass regions.> This
indicates a mass-dependent ionization behavior and/or a mass-
dependent detector sensitivity. Thus, when blends of lower- and
higher-mass polymers with identical structures were investigated,
the ionization of higher-mass homologous often seemed to be
discriminated against? A variation in the matrix or the addition of
different cationization agents (salts) can change these results. Examples
on how the matrix choice affects the molecular weight distribution and
the analysis of mixtures of polymers having different masses have
been presented by several groups. Matrix vaporability and ionization
efficiency, crystallinity, and homogeneity of matrix/sample spots were
found to affect the quality of spectra.” Likewise, the influence of the
cationizing agent was a matter of investigation from the early MALDI
beginnings.®? Often these salts were added to enable better end group
differentiation in complex spectra. It was also reported, however, that
the variation in dopants due to different cationization efficiency
changed the intensity of the original polymer distribution and shifted
its maximum.2© An attempt to optimize the MALDI-TOF MS sample
preparation of polymers was made by a statistical design of
experiments, which focused on a variation in matrix, matrix/sample
ratio, peak resolution, and signal-to-noise ratio (S/ N).> Others showed
that the molar mixing ratio of several polymers depends not only on
the matrix/polymer combination but also on the solvent.!? The
influence of the applied laser energy was also a matter of investigation.!?

As mentioned before, other important issues caused by the polymer
structure must also be considered. Soon after MALDI was introduced for
polymer analyses, it became clear that the ionization efficiency strongly
depends on the nature of the polymer end group, even when the
structure of the repeating units is identical.'**> This is important when
polymer degradation that often results in various products with
different end groups is investigated. Here, the use of liquid
chromatographic techniques (especially chromatography at the “critical”
point of adsorption) in combination with quantitative detectors often
shows a mismatch with MS results, which is expressed by an
overestimation or suppression of lactides in MALDI spectra.*®'” Many
polymer synthesis processes (e.g., reversible addition-fragmentation
transfer polymerization — RAFT, and ring-opening polymerization —
ROP) reveal side reactions (e.g., hydrolysis, termination by the solvent,
ring-chain equilibrium, cyclization by intramolecular back-biting) that
also result in a formation of different polymer end groups, including
ring formation.®®2> For example, it was reported that the ion
intensities of a- and B-cyclodextrins were much larger than those of
the linear ones (maltohexaose and maltoheptaose).26 Moreover,
differences in ionization efficiencies between a- and B-cyclodextrins
showed an additional effect caused by the size of the alkali metal
cation. It was supposed that the number of coordination sites and the
binding energies were responsible for these effects.

Determining and quantifying cyclic polymers is a major problem in

the synthesis and analysis of polymers. A general opinion is that cyclic

polymers exhibit a much higher ionization tendency, as demonstrated
in an early paper dealing with mixtures of cyclic and linear
polyethylene terephthalate (PET) oligomers.?” Even after complete
chromatographic separation of cyclic structures from linear
structures, the cyclic structures will be regenerated in the bulk
material (e.g., in PET bottles) due to thermodynamic reasons.

Cyclic polymers can be intentionally synthesized via ring-expansion
polymerization (REP) of cyclic monomers (e.g., lactides and e-
caprolactone).?®?’ As in any other polycondensation, typically
dispersities D > 2 are obtained. These values are too high for a reliable
MALDI-TOF MS analysis because both instrumental and desorption/
jonization issues cause a mass discrimination of polymer species.®°-32
Combined with the aforementioned assumed overestimation of cyclic
polymer species, using MALDI-TOF MS to reliably determine the
exact amount of cyclic or linear polymers in mixtures is problematic.
Thus, it is important to know the structure-dependent MALDI
response of linear and cyclic polymers and their mixtures, especially
when cyclic structures predominate in MALDI-TOF mass spectra.

In this paper we describe a systematic investigation of linear
poly(L-lactide)s synthesized by ROP and their mixtures with cyclic
poly(L-lactide)s obtained by REP. The MALDI responses of both neat
polymers and mixtures were determined at different laser energies in
linear, and particularly, reflectron modes.

Poly(L-lactide)s were selected for this study for two reasons. First,
polylactide is an important, technically produced, biosourced, and
biodegradable material. Second, we have recently developed
numerous new tin catalysts that enable the synthesis of cyclic
polylactides with broad variation in molecular mass, so that cyclic
and linear polylactides with similar low molecular masses and

molecular mass distributions are accessible.>*%”

2 | EXPERIMENTAL

2.1 | Materials

L-Lactide (TCI Chemicals, Eschborn, Germany) was recrystallized
from “Toluene 99.89% extra dry” purchased from ACROS
Chemicals (Geel, Belgium). Tin(ll)-2-ethylhexanoate (SnOct2), 4-
nitrobenzylalcohol, and benzylamine were purchased from Alfa
Aesar (Karlsruhe, Germany) and used as received. Cyclic polylactide
was prepared using spirocyclic catalysts, tin(IV) tert-butoxide and

2,2"-dihydroxy-1,1-bisnaphthol, as described previously.3”

2.2 | Syntheses of poly(L-lactide)s

2.2.1 | 4-Nitrobenzylalcohol, 11-undecenol, and 12-
bromododecanol as initiator

4-Nitrobenzylalcohol (0.1 mmol) was weighed into a flame-dried
50-mL Erlenmeyer flask, and L-lactide (50 mmol) was added under a
blanket of argon. A 0.5 M solution of SnOct, in toluene (0.1 mL) was

then injected using a syringe. The reaction vessel was closed with a
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glass stopper and steel spring and immersed in an oil bath preheated
to 120°C. After 6 h, when the entire reaction mixture had solidified,
the polylactide was broken into pieces with a spatula and removed
from the reaction vessel.

The polymerizations initiated with 11-undecenol, bromoethanol,
and 12-bromododecanol were performed analogously. The neat

alcohols were weighed into the Erlenmeyer flask.

2.2.2 | Benzylamine as initiator

L-Lactide (50 mmol) was weighed under argon into a 50-mL
Erlenmeyer flask, and a 5 M solution of benzylamine (0.2mL) and a
0.5 M solution of SnOct, in toluene (0.1 mL) were injected with a

syringe. The polymerization was performed as described earlier.

2.2.3 | Cyclic poly(lactide)

SnNaph, (0.5mmol) was weighed into a 50mL Erlenmeyer flask;
L-lactide (50 mmol) and a magnetic stirring bar were added under a
blanket of argon. The polymerization was performed at 120°C for
20 h, and the solid polylactide was mechanically isolated.

All poly(L-lactide)s were stored and characterized without
purification for two reasons. First, dissolution and precipitation
enhance the risk of hydrolysis because a larger surface is created.
Second, in the case of cyclic polylactides, cleavage of one single bond

per molecule suffices to change the structure from cyclic to linear.

2.3 | Nuclear magnetic resonance spectroscopy

H nuclear magnetic resonance (NMR) data of cyclic and linear
polylactides were recorded using a Mercury-400 (MHz) NMR
spectrometer (Varian, Palo Alto, CA, USA) and are shown in
Figure S1 (supporting information). Samples were dissolved in CDCl5
and measured with a relaxation delay of 2 (resp. 10). Thirty-two
(resp. 64) scan repetitions were performed. To determine molecular
masses, the integrals of characteristic bands of end group protons
(-CH5-O-, 4.4ppm; CHy-Br, 3.4ppm; aromatic protons, 8.2 ppm)
were related to those of the polymer unit (CH 5.2, ppm; CH3 1.6 ppm).

24 | SEC

SEC was performed using a modular system consisting of an isocratic
pump (1 mLmin™%) and a refractive index detector (RI-501-Shodex,
Munich, Germany) at 40°C. Chloroform was used as eluent. Samples
were manually injected (100uL, 2-4mg mL™Y). For instrument
control and data calculation, Clarity software (GPC extension,
DataApex, Prague, Czech Republic) was used. The calibration was
performed using polystyrene standard sets (Polymer Standards

Service — PSS, Mainz, Germany).
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2.5 | MALDI-TOF MS/laser adjustment

Two mass spectrometers (Autoflex Smartbeam and Autoflex Max,
both from Bruker Daltonik, Bremen, Germany) were used for all
investigations. Spectra were recorded in linear mode at 200 Hz
(Autoflex Smartbeam) and 2000 Hz (Autoflex Max) laser shot rate.
DCTB

malononitrile, 1OmgmL'1, tetrahydrofuran—THF) was used as a

(trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]

matrix and doped with potassium trifluoroacetate (KTFA 2mgmL™?,
THF) to selectively enable the formation of potassium adduct ions.
About 50 uL of the matrix solution was pre-mixed with 20 uL of
dissolved polylactides (3 mgmL™2, chloroform) (v/v). Finally, 1 uL of
this solution was deposited on a stainless-steel target. Multiple spots
of each mixture were prepared. About 2000 single spectra recorded
on different positions of each spot were accumulated for one
spectrum. This procedure was repeated three times for every single
experiment using fresh spots. Experimental (concentration, mixing
ratio, etc.) and instrumental conditions (voltages, delay time, peak
suppression, etc.) were kept constant for all experiments, except for
the laser energy, which varied from 10% to 50%. Because a
frequency-tripled Nd:YAG laser (355nm) with a structured focus
profile (Smartbeam, Bruker Daltonik) was used, absolute laser energy
values cannot be given.%®

The average molecular masses were calculated using the
instrument software PolyTools (Bruker Daltonik) at two different
laser intensities (30% and 40%). They showed only minor differences
(maximum one monomer unit mass) and are compared with SEC and
NMR mass data in Table S1 (supporting information).

A compilation of measured and experimentally obtained MALDI
masses of all investigated polylactides is shown in Table S2

(supporting information).

3 | RESULTS AND DISCUSSION

3.1 | Cyclic and linear poly(L-lactide)s

To avoid an additional influence of the molecular masses on the
jonization behavior, polylactides with almost-identical masses and
narrow dispersities were synthesized and used for the experiments.
SEC measurements confirmed narrow dispersities but showed higher
molecular masses especially of linear polymers (see Figure S2,
supporting information). This, however, is not surprising, because the
hydrodynamic volume of linear polylactides differs significantly
(+30%) from that of the polystyrene standard used for calibration.>’
On the contrary, recent investigations have also shown that the
hydrodynamic volume of cyclic polylactides is comparable with that
of polystyrenes.*® Figure 1 shows a series of MALDI-TOF mass
spectra of cyclic poly(L-lactide) and two linear analogues capped with
4-nitrobenzylalcohol and benzylamine recorded at different laser
energies. All spectra exhibited a main distribution with peak-to-peak
distances of 72 m/z units and a second, less-intense peak distribution

(again with 72 m/z unit distances). These two series can be attributed
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FIGURE 1 MALDI-TOF mass spectra of (left) cyclic poly(L-lactide), (middle) 4-nitrobenzylalcohol-capped linear, and (right) benzylamine-capped
linear poly(L-lactides) at different laser energies [Color figure can be viewed at wileyonlinelibrary.com]

to polylactides with even (main product) and odd numbers of monomer
units formed by transesterification during polymerization.** Due to the
addition of potassium trifluoroacetate as dopant, in all spectra only
singly charged K" adduct ions were found.

Spectra could already be recorded for all polymers independent of
their individual structure at 10% laser energy. As shown in the insets
of Figure 1, these spectra are very noisy and are of very low
intensity. Thus, this laser intensity can be regarded as shortly above
the threshold energy necessary for sufficient ionization of these
polymers. Interestingly, the intensity of cyclic polylactides in general
is lower than that of the linear polylactides. Considering the value of
the most intense peak of each distribution, similar peak intensities
could be obtained at 50% laser energy for cyclic polymers, whereas
they could already be observed at 40% laser energy for both linear
species. This point is in contrast to the often-expressed opinion that
cyclic species a priori reveal better ionization behavior in MALDI,
which results in an overestimation of cyclic species in mixtures. A
possible reason might be the end group structure of linear
polylactides. Both linear polymers contain aromatic end groups,

which might be able to coordinate cations in a sandwich structure.
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Such a behavior is considered to be responsible for the ionization of
polystyrenes by silver cations. However, it is still not clear where
exactly adduct ion formation occurs in a polymer chain. Some data
show that the ionization of nonpolar polymers (e.g., waxes and oligo
ethylene) proceeds much better or becomes possible in the first
place after the introduction of a polar end group.*?** Likewise, an
increasing polarity by modification of nonpolar double bonds
improved the quality of MALDI spectra significantly.*> As already
mentioned, an influence of chain end groups was described by
Montaudo and co-workers for blends of nylon 6 and hydroxyl-
(PBT). their
investigations were carried out using low mass oligomers (<2000

terminated  polybutyleneterephthalate However,
Da).***¢ Therefore, a possible influence of end groups on the
ionization behavior of poly(L-lactide)s was checked by an additional
series of experiments involving linear polymers with rather nonpolar
end groups. The corresponding MALDI spectra are shown in Figure 2.

Again, MALDI-TOF mass spectra beginning at 10% laser energy
were obtained. Their intensity increased with increasing laser
intensity. These data are summarized in Figure 3, where the means

of maximum peak intensities (three measures) of all investigated
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FIGURE 2 MALDI-TOF mass spectra of (left) 12-bromododecanol-capped linear and (right) 11-undecenol-capped linear poly(L-lactides) at
different laser energies [Color figure can be viewed at wileyonlinelibrary.com]
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varying from 10% In Figures S3A-S3D (supporting
polylactide, revealing the individual deviations. Laser energies higher
than 50% were not used, because at these values a complete ablation
of sample/matrix material was observed. At first glance, the results
clearly contradict a possible end group influence. The peak intensities
of the linear 11-undecenol-capped polymer are almost identical to
those of the two polymers having aromatic end groups. A similar
behavior can also be found for the 12-bromododecanol-capped linear
species up to a laser energy of 30%. At higher laser energies a
deviation from other linear polymers was found to begin, indicating a
saturation effect. Apart from a supposed end group effect changing
the ionization in general, other processes might also contribute. In an
earlier paper of McCullough and co-workers dealing with MALDI-TOF
MS of poly (alkylthiophene)s, fragmentation of bromine end groups

depending on the laser power was reported.*” This fragmentation
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occurred especially at the shorter polymer chains, whereas longer
chains remained widely unaffected, because these chains were able
to disperse the energy over a greater number of bonds.

A similar effect could be caused by the bromine itself. However, a
shift in the molecular mass distribution due to fragmentation (in
source) was not observed. Likewise, a peak shift caused by a
formation of allyl bonds due to a loss of bromine (or HBFr), as reported
by other groups, could not be found in mass spectra recorded in
linear mode.*®4? Therefore, additional measurements were performed
at higher laser energy (50%) in linear and reflector modes using the
Autoflex Max mass spectrometer. As shown in Figure 4A the
previously found deviation from exponential behavior, indicated by
the dashed line, was again observed. This deviation became more
evident at even higher laser energy of 50%. The corresponding
MALDI-TOF mass spectrum is shown in Figure 4B. Only a very small
region, indicated by an asterisk, might indicate the formation of a
small number of fragments formed in the source of the instrument at
comparatively high laser energies. Because additional fragmentation
can also occur during the flight in the drift tube (post-source decay)
our experiments with bromine end-capped linear polylactides were
repeated in the reflector mode of the instrument. The data, shown in
Figure 4C, clearly exclude the formation of fragments generated by
in- and post-source decay. Additional peaks caused by polymer
fragments or by end group separation and other non-resolved peaks
characteristic for the occurrence of metastable ions were not
detectable. The deviation from exponential increase of signal
intensities at higher laser energies could also be observed at lower
intensity level in the reflector mode. This becomes much more visible
in the inset showing a log scale plot. Moreover, the shape of the mass
distribution curves and its maximum (m/z 5343 in linear and 5477 in
reflector mode) and the ratio of typically found even- and odd-
numbered polylactides were almost identical in both modes. This
rather supports our assumption of a possible dissipation of an excess
of laser energy by the bromine atoms. To check this unexpected
behavior, another linear polylactide with bromine-containing end
groups (2-bromoethanol-capped) was investigated. Here, the bromine
atom was located close to the polymer backbone in contrast to the
12-bromododecanol-capped end group structure, where the bromine
is located at the end of a long aliphatic structure (-CqoH14-Br).
Surprisingly, data shown in Figure 3 (right ordinate) did not reveal any
peak saturation. Although measured on a different instrument
(Autoflex Max) with different instrumental conditions, the exponential
increase in the peak intensities matched well with the curves of other
linear polylactides obtained previously with the Autoflex Smartbeam
instrument. Likewise, the corresponding MALDI-TOF mass spectra
recorded at these high laser energies in both linear and reflector
modes (see Figure S4, supporting information) did not show any
peaks caused by fragmentation due to an excess of laser energy. In
addition to the expected 2-bromoethanol end group series, a second,
less intense peak series that could be attributed to linear hydroxyl-
terminated polylactides was found. Because these additional peaks
could already be observed at lower laser intensities, their formation by

fragmentation of the bromoethanol end group is rather unlikely. They

were probably formed as byproducts in the polymerization process or
formed afterward by hydrolysis of bromoethanol end groups.

Our results indicate that the ionization of linear polylactides in the
investigated mass range is not affected by the end group structure and
thus does not occur at the end groups of linear polylactides (with one
exception). The postulated dissipation of excess laser energy by
bromine seemed to occur only when bromine is part of a long
aliphatic end group structure. Polylactides with brominated short-
chain end groups (bromoethanol) or long aliphatic end groups
(undecanol) without bromine did not reveal a comparable behavior.
Future systematic investigations are intended to shed more light on

the nature of this process.

3.2 | Blends of cyclic with linear poly(L-lactide)s

Based on these results, four blends consisting of cyclic and different
linear polylactides were prepared and investigated with regard to their
intensity ratio at various laser energies. The first blend was composed
of cyclic and linear 11-undecenol-capped polylactides. The results are
displayed in Figures 5 and 6 (MALDI mass spectra are shown in
Figure S5, supporting information). As shown in Figure 3, the intensity
of both linear and cyclic species in a blend again exponentially

increases with increasing laser energies. In contrast to the
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FIGURE 5 Peak intensities of four blends of cyclic and linear 11-
undecenol-capped polylactides (exponential fitting of mean values of
three measurements) [Color figure can be viewed at
wileyonlinelibrary.com]
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measurements of the neat compounds (see Figure 3), cyclic structures
show a higher abundance in blends than linear 11-undecenol-capped
polylactides. In a mixture with a fourfold excess of linear polymers
(80/20L/C)

approximately twice as high as those of the cyclic species. However,

the peak intensities of linear species are only
even at a 40/60 C/L ratio the intensity of peaks representing cyclic
polylactides exceeds that of the linear polymers. At C/L 60/40 their
intensities are approximately three times higher than those of linear
species. With an even higher excess of cyclic polylactides (80/20)
peaks representing linear species are only visible at a laser power
value above 20%. This is shown in a different way in Figure 6A where
the absolute value of the overexpression of the cyclic peak intensity at
different laser power values is shown as a plot of the intensity ratio
versus the amount of cyclics. For example, supposing an identical
ionization behavior of cyclics and linears, a 1:1 mixture of both species
should result in a value of one, whereas a mixture containing 80%
cyclics (4:1) at this ideal ionization behavior should show a fourfold
higher signal intensity of cyclics (see red arrows in Figure 6A).
However, this could not be observed. All values in Figure 6A were

|n

higher than an “ideal” 1:1 response for both species would provide.

Interestingly, the intensity ratios of both species in mixtures in
general seem to be less affected by the applied laser energies,
especially at those values that are typically used (20-40%). This is
expressed by Figure 6B, where the intensity ratio of cyclic-to-linears
of four different blends is plotted versus the laser intensity, as
indicated by the blue arrows for a mixture containing 80% cyclics.

In another experiment these measurements were repeated using
blends of cyclic and 4-nitrobenzylalcohol-capped linear polylactides.
Characteristic MALDI mass spectra of blends recorded at different
laser energies are shown in Figure S6 (supporting information). As
shown in Figures 7 and 8 similar trends regarding peak intensities
and intensity ratios in blends were found. Again, an exponential
increase in the peak intensities was observed with increasing laser

intensities, accompanied by a higher response of those peaks
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FIGURE 7 Peak intensities of four blends of cyclic and linear 4-NBA-
capped polylactides (exponential fitting of mean values of three
measurements) [Color figure can be viewed at wileyonlinelibrary.com]

characteristic for cyclic polymers. In an analogy to the results
presented earlier, the ratio of peak intensities of cyclics-to-linears
investigated for four blends is widely unaffected by the applied laser
a blend with

polylactides showed the largest overestimation of cyclic peaks (3-4

energy. Interestingly, lower amounts of cyclic
times), whereas blends with a large excess of cyclics (80%) reveal the

ideal 1:1 abundances of cyclic and linear species (see Figure 8A).

O 10% laser energy|
9 O 20% laser energy
A 30% laser energy
84 ¥ 40% laser energy 4
u-- ideally (1:1)

Intensity,.,, (cyclic / linears)
(9]

w(cyclic) [%] Laser intensity [%]

FIGURE 8 Intensity ratio of cyclic and linear 4-NBA-capped
polylactides of four blends versus the amount of cyclic species in the
mixtures (with a graph showing an “ideally” 1:1 response of both
species, dotted line) (A) and at different laser intensities (B)
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3.3 | Blends of two linear poly(L-lactide)s

In a final experiment three blends of those two linear polylactides used
before in blends with the cyclic analogues were investigated at
different laser energies up to 50%. Their mass spectra are shown in
Figure S8 (supporting information). The peak intensity information
from these mass spectra (see Figure 9) reveals only a slightly higher
abundance of linear 4-nitrobenzyl-capped polylactides in blends with
linear 11-undecenol-capped species. The laser intensities at a 50/50
ratio were almost similar over a broad range. This is shown in a
different way in Figure 10A. Moreover, especially in the laser
intensity range of 30-40%, the peak intensity ratio of both linear
polylactides remained unaffected by the blend composition (see
Figure 10B). The results shown in this figure also indicate that a
medium laser intensity might perform best. In other words, working
slightly above threshold levels, as often recommended for soft
ionization, seems to be disadvantageous for MALDI measurements
of polymer blends. Obviously, a higher amount of laser energy is
required to enable stable and reproducible ionization conditions in
the MALDI process.
These data allow for the following conclusions.

|—The steady increase in the laser intensity caused an
exponential increase in the peak intensities of both linear and cyclic
polylactides.

II—With one exception, ionization of linear polylactides (in the
investigated molecular mass range) is not significantly affected by
the polarity of the end groups, whether as neat polymer or in
mixtures with cyclic polylactides.

llI—At higher laser energies the presence of bromine in

combination with long aliphatic end groups seems to cause a
dissipation of excess laser energy. Other possible mechanisms such

O 4-NBA (mean)
O 11-undecenol (mean)

10 O 20% laser energy| 4-NBA/11-undecenol B
= 9 O 30% laser energy (A) 4 —mB—75/25 ( )
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8 g% 50% laser energy 4 —&— 25/75
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FIGURE 10 Intensity ratio of linear 4-NBA- and 11-undecenol-
capped polylactides in three blends versus the amount of 4-NBA
species in the mixtures (with a graph showing an “ideally” 1:1 response
of both species, dotted line) (A) and at different laser intensities (B)

as in-source and post-source fragmentation processes were

excluded, for example, by measurements in the reflector mode.

IV—The variation in the laser energy shows only little effect on
the intensity ratio of cyclic-to-linear polylactides in blends.
Nevertheless, this ratio is almost always above the ideal 1:1
intensity ratio for cyclic species; that is, cyclic polylactides in

general show higher responses than linear polylactides.

V—The higher response of cyclic polylactides in the MALDI mass
spectra is far less distinct than frequently reported for other
polymers.

VI—The response of two linear species in blends is almost similar.

This clearly supports our assumption that ionization in MALDI is

probably unaffected by the end group structure.

o
1,4x10° - . . a
1,2x10° . .
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é /
£
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/ //@
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E/ FIGURE 9 Peak intensities of three blends
00 fo) - of linear 4-NBA- and 11-undecenol-capped
' 2'0 3'0 4'0 5'0 2'0 3'0 4'0 5'0 polylactides and exponential fitting of mean

Laser intensity [%]

values of these measurements [Color figure
can be viewed at wileyonlinelibrary.com]
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VII—To achieve stable ionization conditions for polymer blends,

laser energies significantly over threshold values seem to be

favorable.

4

| SUMMARY

In conclusion, our results show that an overestimation of cyclic species

in MALDI-TOF mass spectra of polylactides must be considered, but a

peak suppression of linear polymers in mixtures of both architectures

can be excluded. This also means that polylactides showing only peaks

of cyclic compounds in their MALDI-TOF mass spectra do not contain

a significant fraction of linear analogues. This result is also widely

independent of the applied laser intensities and of the blend

composition. In contrast to other results obtained for other polymers

(e.g., PA and PBT), end group ionization efficiency appears to be a

less significant parameter in determining the peak intensities in the

MALDI spectra of blends of cyclic and linear and blends of two

linear polylactides studied in this work.

ORCID

Steffen M. Weidner

https://orcid.org/0000-0001-8111-2765

REFERENCES

1.

10.

Rashidezadeh H, Guo BC. Investigation of metal attachment to
polystyrenes in matrix-assisted laser desorption ionization. J Am Soc
Mass Spectrom. 1998;9(7):724-730.

. Gabriel SJ, Steinhoff RF, Pabst M, et al. Improved analysis of ultra-high

molecular mass polystyrenes in matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry using DCTB matrix and
caesium salts. Rapid Commun Mass Spectrom. 2015;29(11):1039-1046.

. Nielen MW. MALDI time-of-flight mass spectrometry of synthetic

polymers. Mass Spectrom Rev. 1999;18(5):309-344.

. Falkenhagen J, Weidner SM. Detection limits of matrix-assisted laser

desorption/ionisation mass spectrometry coupled to chromatography
- a new application of solvent-free sample preparation. Rapid
Commun Mass Spectrom. 2005;19(24):3724-3730.

. Wetzel SJ, Guttman CM, Girard JE. The influence of matrix and laser

energy on the molecular mass distribution of synthetic polymers
obtained by MALDI-TOF-MS. Int J Mass Spectrom. 2004;238(3):
215-225.

. Garden RW, Sweedler JV. Heterogeneity within MALDI samples as

revealed by mass spectrometric imaging. Anal Chem. 2000;72(1):30-36.

. Gabriel SJ, Schwarzinger C, Schwarzinger B, Panne U, Weidner SM.

Matrix segregation as the major cause for sample inhomogeneity in
MALDI dried droplet spots. J Am Soc Mass Spectrom. 2014;25(8):
1356-1363.

. Scrivens J, Jackson A, Yates H, et al. The effect of the variation of

cation in the matrix-assisted laser desorption/ionisation-collision
induced dissociation (MALDI-CID) spectra of oligomeric systems. Int J
Mass Spectrom lon Processes. 1997;165:363-375.

. Wang YQ, Rashidzadeh H, Guo BC. Structural effects on polyether

cationization by alkali metal ions in matrix-assisted laser desorption/
ionization. J Am Soc Mass Spectrom. 2000;11(7):639-643.

Rashidzadeh H, Wang Y, Guo B. Matrix effects on selectivities of poly
(ethylene glycol)s for alkali metal ion complexation in matrix-assisted

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

WILEY-#) Shmmctionsin

laser  desorption/ionization.
2000;14(6):439-443.

Brandt H, EhmannT, Otto M. Investigating the effect of mixing ratio on
molar mass distributions of synthetic polymers determined by MALDI-
TOF mass spectrometry using design of experiments. J Am Soc Mass
Spectrom. 2010;21(11):1870-1875.

Wetzel SJ, Guttman CM, Flynn KM, Filliben JJ. Significant parameters
in the optimization of MALDI-TOF-MS for synthetic polymers. J Am
Soc Mass Spectrom. 2006;17(2):246-252.

Spickermann J, Rader HJ, Millen K, et al. MALDI-TOF
characterization of macromonomers. Macromol Rapid Commun.
1996;17(12):885-896.

Puglisi C, Samperi F, Alicata R, Montaudo G. End-groups-dependent

MALDI spectra of polymer mixtures. Macromolecules. 2002;35(8):
3000-3007.

Volcker NH, Klee D, Hanna M, et al. Synthesis of heterotelechelic poly
(ethylene glycol) s and their characterization by MALDI-TOF-MS.
Macromol Chem Phys. 1999;200(6):1363-1373.

Rittig F, Fandrich N, Urtel M, Schrepp W, Just U, Weidner SM.
Structure determination of polyacetals by liquid chromatography and

Rapid Commun Mass Spectrom.

hyphenated techniques. Macromol Chem Phys. 2006;207(12):
1026-1037.

Weidner SM, Just U, Wittke W, Rittig F, Gruber F, Friedrich JF.
Analysis of modified polyamide 6.6 using coupled liquid
chromatography and MALDI-TOF-mass spectrometry. Int J Mass
Spectrom. 2004;238(3):235-244.

Schilli C, Lanzendorfer MG, Miller AH. Benzyl and cumyl

dithiocarbamates as chain transfer agents in the RAFT polymerization
of N-isopropylacrylamide. In situ FT-NIR and MALDI- TOF MS
investigation. Macromolecules. 2002;35(18):6819-6827.

Favier A, Ladaviére C, Charreyre M-T, Pichot C. MALDI-TOF MS
investigation of the RAFT polymerization of a water-soluble
acrylamide derivative. Macromolecules. 2004;37(6):2026-2034.

Charles L. MALDI of synthetic polymers with labile end-groups. Mass
Spectrom Rev. 2014;33(6):523-543.

Fandrich N, Falkenhagen J, Weidner SM, Staal B, Thiinemann AF,
Laschewsky A. Characterization of new amphiphilic block copolymers
of N-Vinylpyrrolidone and vinyl acetate, 2-chromatographic
separation and analysis by MALDI-TOF and FT-IR coupling. Macromol
Chem Phys. 2010;211(15):1678-1688.

Gooden JK, Gross ML, Mueller A, Stefanescu AD, Wooley KL.
Cyclization in hyperbranched polymer syntheses: Characterization by
MALDI-TOF mass spectrometry. J Am Chem Soc. 1998;120(39):
10180-10186.

Burgath A, Sunder A, Frey H. Role of cyclization in the synthesis of
hyperbranched aliphatic  polyesters. Macromol Chem  Phys.
2000;201(7):782-791.

Eugene DM, Grayson SM. Efficient preparation of cyclic poly (methyl
acrylate)-block-poly (styrene) by combination of atom transfer radical
polymerization and click cyclization. Macromolecules. 2008;41(14):
5082-5084.

Montaudo G, Montaudo MS, Puglisi C, et al. Evidence for ester-
exchange reactions and cyclic oligomer formation in the ring-opening
polymerization of lactide with aluminum complex initiators.
Macromolecules. 1996;29(20):6461-6465.

Choi S-S, Lee HM, Jang S, Shin J. Comparison of ionization behaviors
of ring and linear carbohydrates in MALDI-TOFMS. Int J Mass
Spectrom. 2009;279(1):53-58.

Weidner S, Kihn G, Just U. Characterization of oligomers in poly
(ethylene terephthalate) by matrix-assisted laser desorption/


https://orcid.org/0000-0001-8111-2765

10 of 10 WI LEY—;@ Rapid

28.
29.
30.

31

32.
33.
34.
35.
36.
37.
38.

39.

40.

WEIDNER AND KRICHELDORF

ications in

Mass Spectrometry

ionization mass spectrometry. Rapid Commun Mass Spectrom.
1995;9(8):697-702.

Kricheldorf HR, Lee SR, Schittenhelm N. Macrocycles, 1. Macrocyclic
polymerizations of (thio) lactones-stepwise ring expansion and ring
contraction. Macromol Chem Phys. 1998;199(2):273-282.

Kricheldorf HR, Eggerstedt S. Macrocycles 2. Living macrocyclic
polymerization of e-caprolactone with 2, 2-dibutyl-2-stanna-1, 3-
dioxepane as initiator. Macromol Chem Phys. 1998;199(2):283-290.

McEwen CN, Jackson C, Larsen BS. Instrumental effects in the analysis
of polymers of wide polydispersity by MALDI mass spectrometry. Int J
Mass Spectrom lon Processes. 1997;160(1-3):387-394.

Schriemer DC, Li L. Mass discrimination in the analysis of polydisperse
polymers by MALDI time-of-flight mass spectrometry. 1. Sample
preparation and  desorption/ionization issues. Anal  Chem.
1997;69(20):4169-4175.

Byrd HM, McEwen CN. The limitations of MALDI-TOF mass
spectrometry in the analysis of wide polydisperse polymers. Anal
Chem. 2000;72(19):4568-4576.

Schriemer DC, Li L. Mass discrimination in the analysis of polydisperse
polymers by MALDI time-of-flight mass spectrometry. 2. Instrumental
issues. Anal Chem. 1997;69(20):4176-4183.

Kricheldorf HR, Weidner SM. High molar mass cyclic poly(L-lactide) via
ring-expansion polymerization with cyclic dibutyltin bisphenoxides. Eur
Polym J. 2018;105:158-166.

Kricheldorf HR, Weidner SM, Scheliga F. Cyclic poly(L-lactide)s via
ring-expansion polymerizations catalysed by 2,2-dibutyl-2-stanna-1,3-
dithiolane. Polym Chem-UK. 2017;8(9):1589-1596.

Kricheldorf H, Weidner SM, Scheliga F. Ring-expansion polymerization
(REP) of I-lactide with cyclic tin (ll) bisphenoxides. Eur Polym J.
2019;116:256-264.

Weidner SM, Kricheldorf HR. Spirocyclic bisphenoxides of Ge, Zr, and
Sn as catalysts for ring-expansion polymerizations of |- and meso-
lactide. J Polym Sci A Polym Chem. 2018;56(24):2730-2738.

Holle A, Haase A, Kayser M, Hohndorf J. Optimizing UV laser focus
profiles for improved MALDI performance. J Mass Spectrom.
2006;41(6):705-716.

Piedra-Arroni E, Ladaviere C, Amgoune A, Bourissou D. Ring-opening
polymerization with Zn(C6F5)(2)-based Lewis pairs: Original and
efficient approach to cyclic polyesters. J Am Chem Soc. 2013;135(36):
13306-13309.

Kricheldorf HR, Weidner SM, Scheliga F. Synthesis of cyclic poly(l-
lactide) catalyzed by bismuth salicylates-a combination of two drugs.
J Polym Sci A Polym Chem. 2019;57(19):2056-2063.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Weidner SM, Kricheldorf HR. The role of transesterification in
SnOct(2)-catalyzed polymerizations of Lactides. Macromol Chem Phys.
2017;218(3):1600331.

Weidner S, Hollander A, Kuhn G. Matrix-assisted laser desorption/
ionization mass spectrometry of C-36-alkane following degradation
by vacuum-ultraviolet radiation. Rapid Commun Mass Spectrom.
1997;11(5):447-450.

Bauer BJ, Wallace WE, Fanconi BM, Guttman CM. "covalent
cationization method" for the analysis of polyethylene by mass
spectrometry. Polymer. 2001;42(25):9949-9953.

Lin-Gibson S, Brunner L, Vanderhart DL, et al. Optimizing the covalent
cationization method for the mass spectrometry of polyolefins.
Macromolecules. 2002;35(18):7149-7156.

Kuhn G, Weidner S, Decker R, Hollander A. Derivatization of double
bonds investigated by matrix-assisted laser desorption/ionization
mass spectrometry. Rapid Commun Mass Spectrom. 1997;11(8):
914-918.

Alicata R, Montaudo G, Puglisi C, Samperi F. Influence of chain end
groups on the matrix-assisted laser desorption/ionization spectra of
polymer blends. Rapid Commun Mass Spectrom. 2002;16(4):248-260.

Liu JS, Loewe RS, McCullough RD. Employing MALDI-MS on poly
(alkylthiophenes): Analysis of molecular weights, molecular weight
distributions, end-group structures, and end-group modifications.
Macromolecules. 1999;32(18):5777-5785.

Matyjaszewski K, Nakagawa 'Y, Jasieczek CB. Polymerization of n-butyl
acrylate by atom transfer radical polymerization. Remarkable effect of
ethylene carbonate and other solvents. Macromolecules. 1998;31(5):
1535-1541.

Biedron T, Kubisa P. Atom transfer radical polymerization of acrylates
in an ionic liquid: Synthesis of block copolymers. J Polym Sci A Polym
Chem. 2002;40(16):2799-2809.

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

How to cite this article: Weidner SM, Kricheldorf HR. MALDI
jonization behavior of neat linear and cyclic poly(L-lactide)s
and their blends. Rapid Commun Mass Spectrom. 2020;e8673.
https://doi.org/10.1002/rcm.8673



https://doi.org/10.1002/rcm.8673


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG (Modified PDFX1a settings for Blackwell publications)
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


