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Analysis of Nitroxide-Mediated Polymerization of
Styrene by Soft-lonization-MS - A Challenging Task

Wibke Dempwolf, Silke Flakus, Gudrun Schmidt-Naake™

Summary: A suitable method to synthesize well defined polymers with different
architectures is the application of functionalized alkoxyamines in the controlled
radical polymerization. The analysis of such nitroxide capped polymers by MALDI-
TOF-MS is complex. Unexpected results of the mass analysis of our polymers lead us
to study the influence of the structure of the analyte and the experimental conditions
of the measurements in detail. In addition to common nitroxides like TEMPO,
TEMPO-derivates, TIPNO and BIPNO, other alkoxyamines with special structure
requirements were synthesized. These alkoxyamines were tested in different MALDI
experiments. Supported by a comparison with other methods we postulate a
fragmentation mechanism inside the nitroxide-group which takes place during
the MALDI measurement. To the best of our knowledge such a fragmentation of
the nitroxide-group itself during a MALDI-TOF experiment has not been described
before.

Keywords: matrix-assisted laser desorption/ionisation mass spectrometry (MALDI-MS);
nitroxide; polystyrene; radical polymerisation

Introduction

The modern MALDI-TOF mass spectro-
metry is a powerful technique for the fast
and accurate determination of a variety of
polymer characteristics. The determination
of absolute molecular weights of individual
polymer chains provides much information,
such as the repeat unit and the kind of end
groups.

The analysis of nitroxide capped poly-
mers by MALDI-TOF mass spectrometry is
complex, which was shown by various
groups.l"# The detection of species depends
on the analytical conditions of the measure-
ment.>3

Since the initial report by Rizzarpo,P!
who used the nitroxide TEMPO for con-
trolled polymerization, much progress has
been made in the field of NMRP. A good
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overview about the history of the nitroxide
development is given in some special
reviews.®!. While TEMPO and TEMPO
derivatives are mainly used for styrene
polymerization the use of nitroxides such as
B! C® and D! now permits the poly-
merization of a wide variety of monomers
(Figure 1).

Unexpected results of the mass analysis
of our styrene-polymers derived from
nitroxide C and D lead us to study the
influence of the structure of the analyte and
the experimental conditions of the mea-
surements in detail.'”!

The aim of this contribution is the
investigation of different alkoxyamines
with MALDI-TOF MS. Those are the
commonly used unimolecular initiators
for the NMRP. The MALDI technique is
not considered to be designed for such
small masses — that is true and some inter-
fering signals derived from the matrix will
be discussed later on — but this investigation
should be seen as completion for the analy-
sis of the corresponding polystyrenes.!'")
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Figure 1.
Different nitroxides TEMPO and TEMPO-derivates (A), DEPN (B), TIPNO (C) and BIPNO (D).
Unfortunately, alkoxyamine PhEt-NPPNO ethyl)-hydroxylamine = were  synthesized

(Figure 2b) was not suited to control a
polymerization. This is another reason why
also further alkoxyamines were investi-
gated by means of MALDI-MS. In this
way a comparison of different structures
was possible and a deeper insight into
fragmentation processes during the mea-
surement could be made.

Experimental Part

Synthesis

CI-BZEt-TIPNO  N-tert-Butyl-O-[1-(4-
chlormetyl-phenyl)-ethyl]-N-(2-methyl-1-
phenyl- propyl)-hydroxylamine, PhEt-
BIPNO N-tert-Butyl-O-(1-phenyl- ethyl)-
N-(1-isopropyl-2-methyl-propyl)-hydroxyl-
amine, PhEt-DTBNO N-di- tert-Butyl-O-
(1-phenyl-ethyl)-hydroxylamine and PhEt-
NPPNO Norpseudopelletierine-O-(1-phenyl-

a)

Cq 5H27NO

Figure 2.

according to a procedure reported by HAWKER
et all'!l They were synthesized by mixing
TIPNO and 4-Vinyl-benzyl-chloride in a ratio
of 7 to 10 in isopropyl alcohol in case of
Cl-BzEt-TIPNO or by mixing the according
nitroxide with styrene in a ratio of 1 to 1 in
isopropyl alcohol or a mixture of isopropyl
alcohol, methanol and toluol.">"! To this
mixture the Mn(salen)Cl catalyst!!¥ and
sodium borohydride were added in small
amounts. The reaction mixtures were stirred
for 24 h at room temperature and chloroform
was added. Hydrochloric acid (0.5 M) was
added as long as the catalyst and sodium
borohydride were removed. After that the
mixture was washed with water until the
solution became acid-free. The organic phase
was dried over sodium sulfate and the solvent
was removed under reduced pressure. Puri-
fication occurs by column chromatography
(20:1 petrol ether/ethyl acetate).

b)

/N

C16H21NO2

Synthesized alkoxyamines derived from the nitroxides a) di-tert-butyl-N-oxyle and b) norpseudopelletierine-

N-oxyle.
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Characterization

MALDI-TOF MS measurements were
performed on a Bruker Biflex III equipped
with a 337 nm nitrogen laser. Positive
ion spectra were acquired in linear mode
and 20 kV acceleration voltages. 2,5-
Dihydroxybenzoic acid (DHB) (>99%
purity; Fluka) was chosen as matrix and
no salt was added. Samples were prepared
from THF solution by mixing matrix
(16 mg/mL) and sample (10 mg/mL) in a
ratio of 10:1. All spectra shown in this paper
represent original data without any filtering
or background subtraction.

Results and Discussion

Polymers which are capped with TEMPO
(23] and TEMPO-derivates ['*! are stable
during the MALDI-TOF measurement by
using DHB as matrix without any additives.
Using this preparation method protonated
chains can be detected which is an unusual
behavior in the analysis of synthetic poly-
mers. The same can be found for the analysis
of small alkoxyamine molecules derived
from TEMPO and TEMPO-derivates.
Passing over from such cyclic structures
without o-H-atom to acyclic nitroxides

0.8+
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containing an «-H-atom like TIPNO and
BIPNO the mass spectra look different.
Besides the expected masses of the proto-
nated complete alkoxyamine other lower
masses can be detected (Figure 3). But it is
shown by NMR data that no other side
products have been present in the samples
under investigation (not included in this
short communication).

Taking this into account an interesting
parallelcanbe drawnbetween the resultsof the
alkoxyamines derived from TIPNO and
BIPNO. Starting from the identified signal of
the expected product, which is called I in both
cases, the distance to Il is 56 Da in each case.

As stated before, both molecules differ
in the structure of the nitroxide-group,
which are shown in Figure 1. The structural
element which is present in both structures
C and D is the r-butyl-group with a mass of
57 Da. Thus we suppose a fragmentation
inside the nitroxide-group resulting in the
loss of the #-butyl-group with a subsequent
addition of a hydrogen atom. II can then be
assigned to (CI-BzEt-TIPNO - t-butyl +
H)H"' with a mass of 318.16 Da (exp.
318.92 Da) in case of TIPNO as nitroxide
and (PhEt-BIPNO - t-butyl + H)H" with
amass of 236.20 Da (exp. 236.90 Da) in case
of BIPNO for instance (Table 1).
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MALDI mass spectrum of the alkoxyamine PhEt-BIPNO. Two signals can be clearly resolved, assumed structures
are shown; exact data expressed in Table 1. Matrix: 2,5-dihydroxybenzoic acid.
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Table 1.

Comparison of experimental and calculated values for the assumed structures. All displayed masses are
monoisotopic masses (Da). For an explanation of variations between the calculated and the experimental

observed masses see discussion

Alkoyamine Signals Cation

exp. theor.

I PhEt-BIPNO 292.78 292.26 HT

Il [PhEt-BIPNO - t-butyl + H] 236.87 236.20 HT

I CI-BzEt-TIPNO 374.85 374.23 HT

I [CI-BZEt-TIPNO - t-butyl + H] 318.92 318.16 HT

I PhEt-DTBNO 250.87 250.22 HT

I [PhEt-DTBNO - t-butyl + H] 194.92 194.15 HT

I PhEt-NPPNO 260.87 260.17 HT

matrix DHB'* 154.79 154.03

matrix [DHB - OH]"™ 137.71 137.02

matrix DHB 177.77 177.02 Na™

matrix DHB 193.70 192.99 Kt

It can be seen that there are variations
between the calculated and the experimen-
tal observed masses. For verification of the
interpretation the variation between the
known mass of the matrix signals[lg‘w] and
their experimental observed masses can be
consulted which show the same variation
(Table 1).

The formal loss of a r-butyl group has
also been found by analyzing neat nitr-
oxides.'' In a recently published paper
about nitroxide decomposition TIPNO
was subjected to thermally decomposition
experiments.'®! BrRasLAU et al. proposed a
new mechanism for the thermally decom-
position of «-hydrogen nitroxides by a
“head-to-tail”’-arrangement. Their result,
the loss of the #-butyl-group, is the same as
our finding. In another publication the
photo excitation of the nitroxide DTBNO
was analysed. The loss of the #-butyl-group
was interpreted as a a-scission.[!”]

To figure out which role is played by the
a-H-atom in case of the assumed fragmen-
tation during the MALDI analysis a
systematic study of different nitroxides
has been performed, Figure 4 shows the
considerations. As stated before TEMPO
and TEMPO-derivates are cyclic structures
without a-H-atom. BIPNO and TIPNO are
acyclicstructures which content an «-H-atom.
To round up the discussion two other
structures are required: an acyclic structure

Copyright © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

without an a-H-atom and a cyclic nitroxide
which includes such an a-H-atom. The pre-
pared alkoxyamines which meet those
demands are shown in Figure 2 and the results
of the analysis in Table 1 respectively.

The PhEt-DTBNO also fragments dur-
ing the MALDI analysis. As stated before
in case of BIPNO and TIPNO a formal loss
of the r-butyl-group accompanied by a
proton transfer can be assumed resulting
in a mass difference of 56 Da. The complete
alkoxamine has a theoretical mass of 250.22
Da (exp. 250.87 Da) for the protonated
analyte, the fragment has a mass of 194.15
Da (exp. 194.92 Da). The analysis of PhEt-
NPPNO shows no lower masses compared
to the complete alkoxyamine except to
signals derived from the matrix material as
is shown in Table 1.

The performed studies show that specific
nitroxide structures tend towards fragmen-
tation during the MALDI process. Due to a
systematic investigation of different nitr-
oxides with special structural requirements
the influence of the structure on the
properties could be displayed. It could be
shown that not the presence of an o-H-atom
is the essential criterion for the observed
fragmentation behavior but rather if the
structure is cyclic or acyclic. A related
observation has been performed by
KENTTAMAA et al. by analyzing radical-
radical recombination reactions in the gas
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Figure 4.

Classification of different nitroxide structures which were analysed within this study. The results of the MALDI

analysis are shown in Table 1.

phase of nitroxides and substituted phenyl-
radicals by using FT-ICR mass spectro-
metry.[zo]

Conclusion

Due to careful MS analysis we suppose a
fragmentation inside the nitroxide-group
during the analysis via MALDI TOF mass
spectrometry resulting in the formal loss
of a tbutyl-group in case of acyclic
nitroxides BIPNO, DTBNO and TIPNO.
However cyclic structures like TEMPO,
TEMPO-derivates and NPPNO are stable
under the applied conditions.
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