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What Kind of Image is Drawn by a MALDI-Experiment
of Grafted Nanoparticles? - How to Distinguish
between Chemically and Physically Adsorbed Parts

Wibke Dempwolf, Lars Nothdurft, Gudrun Schmidt-Naake™

Summary: The modern MALDI-TOF mass spectrometry is a powerful technique for the
fast and accurate determination of a number of polymer characteristics like end
group analysis. It can also be used to analyze the grafted shell around silane modified
nanoparticles. This shell contains physically and chemically adsorbed parts. It is a
question of great interest what kind of adsorbent can be visualized by using
MALDI-TOF mass spectrometry, while it is not possible to ionize the whole AEROSIL™
particle. Therefore we chose the system MPTMS/AEROSIL™200 to address this issue.
We grafted AEROSIL®200 with methacryloxy(propyl)-trimethoxysilane (MPTMS)
under acid conditions. The grafted nanoparticles were treated via Soxhlet extraction.
The resulting fractions (the washed nanoparticles and the Soxhlet extract) were
systematically analyzed by using MALDI-TOF MS as well as the grafted nanoparticles
themselves. As a crosscheck MPTMS was homopolymerized and analyzed. Our results
show that for the system under investigation there is strong evidence that only the

Introduction

The combination of synthetic polymers
with inorganic materials is a research field
of steadily growing interest and importance
because of their potential applications in
optics, electronics, engineering and bio-
sciences.!! Especially, the synergism of
polymeric properties like elasticity with
organic properties as e.g. hardness, stability
orelectrical conductivity offer a high potential
concerning new materials and applications.
Preparation of polymer composite mate-
rials does not always result in the desired
synergetic effects. Due to the complemen-
tary properties of the components phase
separation can occur, which can lead to
unsatisfactory material properties. This
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physically adsorbed part can be analyzed via MALDI-TOF MS.

Keywords: inorganic materials; matrix-assisted laser desorption/ionization mass
spectrometry (MALDI MS); modification; nanoparticles; polysiloxanes

problem can be solved by linking organic
and inorganic parts covalently. An inter-
esting application is the encapsulation of
inorganic particles by polymers, the so
called core-shell particles synthesis. There-
fore, inorganic cores were produced, vary-
ing from silica cores to ALOs, ZrO, and
TiO, cores with polymerizable functional-
ities. In this contribution MALDI-TOF
mass spectrometry was used to investigate
the polysilsesquioxane shell of modified
particles. These shells consist of covalent
bound and physically adsorbed fractions.

During the last years MALDI-TOF
mass spectrometry has become an essential
tool for endgroup characterization of syn-
thetic polymers. It was also used for the
investigation of polyalkoxysiloxanes, >
silsesquioxanes,*®  silsesquioxane-based
nanoparticles’® and silane modified sur-
faces.!

The functionalization of inorganic oxide
particles (AEROSIE<R"200) was performed
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using methacryloxy(propyl)trimethoxysilane
(MPTMS). The trialkoxysilane MPTMS
was hydrolyzed under acid conditions to
form trihydroxysilanes which consequently
condensate to formsiloxane bounds (Si-O-Si).
This condensation step takes place between
two hydroxyl groups. The surface of silicon
dioxide particles like AEROSIL®200 also
contains hydroxyl groups. Thus in addition
to the condensation of the different trihy-
droxysilanes, which results in the formation
of polysilsesquioxanes with the general
formula (RSiO;p), (n=-even) (Figure 1la),
the condensation of those polysilsesqui-
oxanes and the AEROSIL® particles
(Figure 1b) can take part. The physical
adsorption of unbound polysilsesquioxanes

is caused by interactions with the modified
AEROSIL"Y particle (Figure 1b).

The aim of this study is to differentiate
between the chemically bound and the
unbound structures (physically adsorbed
fraction) because it is not possible to ionize
the whole AEROSIL® particles. Within
this contribution we would like to show
which parts are ionized during the MALDI
process.

Silicon dioxide particles (AEROSIL®
200) modified with MPTMS are used for
this investigation and the separation ofthe
chemically bound and physically adsorbed
fractions is performed with the help of a
Soxhlet extraction. The resulting fractions
are analyzed by different techniques.

Figure 1.

Hydrolysis of trialkoxysilane (MPTMS) followed by a) homocondensation to form silsesquioxane structures
e.g. Tg species (RSiO,.,)s, b) silane modification of a nanoparticle and indication of physical adsorbed

silsesquioxane structures.
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Experimental Part

Synthesis of MPTMS Modified

Nanoparticles

The modified nanoparticles were prepared
according to a procedure reported in ref.
[10]. 2.5 g of AEROSIL®200 (DEGUSSA),
150 mL acetone, 0.037 g maleic anhydride
(MA; MERCK) and the corresponding amount
of MPTMS (2 mmol/g; SIGMA-ALDRICH) were
put into a flask and heated to reflux for two
hours. Afterwards the reaction mixture was
cooled down to room temperature. Then
the solvent was removed and the modified
nanoparticles were dried in an oven at 50 °C
overnight followed by drying under vacuum
(5 mbar) for two days at 40 °C.

To separate the physically adsorbed
fraction 2.0 g modified nanoparticles were
extracted with 150 mL of acetone via Soxhlet
extraction. The extraction time was 22 hours.
The solvent was removed and both the
acetone extract and the extracted particle
were dried as mentioned above.

Analytical Techniques

MALDI-TOF-MS measurements were per-
formed on a BRUKER Biflex III equipped
with a 337 nm nitrogen laser. Positive ion
spectra were acquired in linear mode
with 20 kV acceleration voltage. The mass
spectrometer was calibrated with a peptide
calibration standard from BRUKER within
the mass range from 1000 to 3000 Da. The
sample preparations were carried out by
mixing a solution of matrix (20 mg/mL in
THF), sample (10 mg/mL, dispersion in
THF) and sodium trifluoracetate (NaTFA)
(10 mg/mL in THF) in a ratio of 20:10:1.
Dispersions were prepared by sonication
(30 min). In the case of homocondensates
and Soxhlet extracts the samples were
soluble (10 mg/mL in THF) and the used
ratio was 10:1:1. All results presented here
were measured with the matrix 2-[(2E)-3-
(4-tert-butyl)-2-methylprop-2-enylidene |-
malononitrile (DCTB).[! Matrix and salt
were used as provided. The monoisotopic
peak was used for the structure calcula-
tions. Molecules were obtained as sodium
adducts. All calculations concerning the
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possible structures were made by using a
program written in our department.!'"]

Infrared studies were performed on a
FTS 7000 (BiorAD) equipped with a photo-
acoustic measuring cell (model 300 MTEC).

The 'H and CNMR spectra were
recorded on a BRUKER AVANCE NMR
spectrometer at 400 Mhz. All spectra were
taken in CDCl; with tetramethylsilane
(TMS) as internal standard.

The physically and chemically adsorbed
amounts were determined by thermogravi-
metric analysis (TGA) (TGA 850, METTLER
TOLEDO).

The carbon content was obtained by
elemental analysis (EA) (VARIO EL ELEMENTAR
ANALYSE SYSTEME GmbH).

Results and Discussion

In Figure 2 the TGA curves of the different
fractions under investigation are shown. As
expected no weight loss in case of the
unmodified particles (AEROSIL®200) is
observed. In contrast to that the modified
particles show a weight loss of 17.7 wt.-%
which is an indication for a successful
modification. The organic content of mod-
ified particles consists of the chemically
bounds and the physically adsorbed parts.
The difference between the maximum
weight loss of the modified particles before
extraction (17.7 wt.-%) and the modified
particles after extraction (11.3 wt.-%)
represents the physically adsorbed fraction
of the whole organic content of the particles.
In our case the physically adsorbed fraction
is 6.4 wt.-%. The maximum weight loss of
11.3 wt.-% obtained for the modified parti-
cles after extraction specifies the chemically
bound fraction. Figure 2 obviously shows
that the Soxhlet extraction of the modified
particles is almost complete after 22 hours.
A second extraction did not lead to a
further separation of physically adsorbed
parts. A comparison of the Soxhlet extract
and the MPTMS homocondensate shows
similarities, too.

The theoretical carbon content of a poly-
silsesquioxane with the general formula
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TGA curves of MPTMS modified AEROSIL™200 (2 mmol/g), of all resulting fractions of the Soxhlet extraction, of
the MPTMS homocondensate and of the unmodified particles (AEROSIL"200).

(RSiO3,), formed by MPTMS homocon-
densation is 46.9 wt.-%. Therefore the
carbon contents of the Soxhlet extract
(43.9 wt.-%) and the MPTMS homocon-
densate (45.8 wt.-%), obtained via elemen-
tal analysis, are in good agreement with the
theoretical value.

The results of the TGA and the EA
clearly demonstrate a complete separation
of the physically adsorbed fraction by
means of Soxhlet extraction.

The characterization of MPTMS homo-
condensates by means of MALDI MS
is well known in the literature.[*>! The
hydrolysis-condensation reaction of MPTMS
was carried out using comparable conditions
like for the modification of the particles
under investigation. Thus a reference
material with known structures has been

prepared. A complete hydrolysis can be
assumed because no methoxy groups can be
found in the corresponding FT-IR spec-
trum. These should appear in the spectrum
at a wavelength of 2842 cm ', Furthermore
the NMR spectroscopy shows no indication
for methoxy groups which should otherwise
appear in the "HNMR spectrum at 3.57
ppm and at 50.5 ppm in the '*CNMR
spectrum, respectively.

A representative spectrum of the
MPTMS homocondensate is shown in
Figure 3a. The spectrum shows clusters of
more than 20 repeat units. The mass dif-
ference between the clusters corresponds
to the MPTMS repeat unit with 188 Da
(Figure 4).

Every cluster splits up into two or three
series (Figure 3b). The distance between
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Figure 3.

MALDI spectra a) whole spectrum of a MPTMS homocondensate, b) zoom of the n = 8 series (all molecules were

observed as sodium adducts).
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MPTMS repeat unit (188 Da).

the series is 18 Da which corresponds to the
loss of one molecule of water. The calcula-
tion shows that the MPTMS homoconden-
sate consists of ladder-like- [Tg(OH)g4],
polycyclic- [Tg(OH),] and high condensed
cage-like-structures [Tg].

BAUER et al. analyzed different organo-
silane  modified nanoparticles  with
*Si MAS NMR and MALDI-TOF
MS."?l To prove the silane grafting on
silica an ultrasonic assisted extraction was
carried out. No silane species could be
found in the extract, but it was stated that it
could not be excluded that after the
extraction unbound oligomeric silane were
still present around the particle which could
be detected by MALDI-TOF MS.!"* The
following investigation clearly shows which
fractions can be detected under typical
MALDI preparation conditions.

In Figure 5 the MALDI spectra of the
modified particle before extraction (a), the
Soxhlet extract (b) and the analogously
produced MPTMS homocondensate (c) in
a mass range of 1400-1900 Da are depicted.
The assignment of the MALDI peaks is
summarized in Table 1. In contrast to

a) h
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Figure 5.

MALDI spectra of the resulting fractions in the mass
range of 1400-1900 Da; a) MPTMS modified particles
before extraction, b) Soxhlet extract, ¢) MPTMS homo-
condensate as a cross check (all molecules were
observed as sodium adducts).
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Table 1.

Assignment of MALDI-TOF MS peaks in the mass
range of 1400-1900 Da; a) MPTMS modified particles
before extraction, b) Soxhlet extract, c) MPTMS homo-
condensate as a cross check (all molecules were
observed as sodium adducts)

Structure theoretical experimental [Da]

[Da] a) b) )
[Ts] 145535  1456.06 1455.94 1456.10
8 [Ts(OH),] 147336 147413 1473.81 1474.18
[Ts(OH),] 149137 - - 149228
[To(OH)] 1643.40  1644.22 1644.18 1644.27
9 [T4(OH),] 1661.41  1662.16 1663.17 1662.26
[To(OH)4] 1679.42 - - 1680.24
[Tl 1813.44 - 1814.18 -
10 [T,o(OH),]  1831.45 1832.40 1832.32 1832.45
[Tw(OH),] 1849.46  1850.50 - 1850.34
[Tio(OH)s]  1867.47 - - 1868.48

Figure 5a the spectrum of extracted mod-
ified particles shows no analyte signals.
Only matrix signals can be detected.

As already discussed above, the spec-
trum of the modified particles before
extraction (Figure 5a) shows the same
polysilsesquioxane series as the MPTMS
homocondensate (Figure 3 and 5c). An
alternating distance of 170 and 188 Da can
be observed.!?!

Looking at the spectrum of the Soxhlet
extract (Figure 5b) nearly the same series
can be found as for the MPTMS homo-
condensate (Figure 3 and 5c¢), but a distinct
tendency to high condensed structures is
observed. For example the signal of the
high condensed Tg structure with an experi-
mental mass of 1455.94 Da (Table 1) shows a
considerable higher intensity than in case of
the modified particles before extraction
(Figure 5a). Additionally the third signal of
this cluster which corresponds to a less
condensed structure [Tg(OH),4] is missing.
The same tendency can be observed for
the other clusters. These results can be
explained by the additional thermal treat-
ment during the Soxhlet extraction and the
second drying process after extraction.

The comparison of the spectra shown in
Figure 5a and 5c leads to the conclusion
that similar oligomeric silsesquioxane
structures can be identified for both the
modified particle before extraction and
the MPTMS homocondensate. Therefore
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we assume that the physically adsorbed
fraction most likely is a MPTMS homo-
condensate. This statement is also based on
the fact that no detectable analyte signals
could be observed in the spectra of the
extracted modified particles. As already
mentioned above we were able to prove
that these particles only consist of chemi-
cally bound structures using TGA. Our
investigations clearly demonstrate that the
MALDI-TOF technique can only be used
to detect the physically adsorbed fractions
of organosilane modified surfaces.

Conclusion

The separation of the chemically bound and
physically adsorbed fractions of modified
AEROSIL"Y particles was achieved by a
Soxhlet extraction. By using TGA the
amounts of the various fractions contained
in the modified particles have been deter-
mined.

The MALDI spectra of the particles
before extraction and of the Soxhlet extract
show the same series like the MPTMS
homocondensate. Highly condensed oligo-
meric silsesquioxane structures which con-
tain more than 20 repeat units can be
observed. The investigation clearly shows
that the MALDI-TOF analysis can only be
used to detect the physically adsorbed
fraction of silane modified surfaces. Based
on these results the analysis of organic/
inorganic hybrid materials is improved
fundamentally.
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The generality of these results will be
shown in a forthcoming publication by
analysis of different other particles.
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