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ABSTRACT: Two-step laser mass spectrometry has been employed for the direct in-situ analysis of a
variety of additives in different polymers. Because of the high sensitivity and optical selectivity of this
approach, mass spectra can be obtained directly from the polymer material. The effects of CO2 laser
irradiation (λ ) 10.6 µm) on samples of poly(oxymethylene) (POM), poly(vinyl chloride) (PVC),
polypropylene (PP), and poly(ethylene terephthalate) (PET) and the mechanism of additive desorption
have been examined. Several hydroxyphenylbenzotriazole (Tinuvin) UV stabilizers as well as a phenolic
antioxidant (Santo White) were successfully detected in typical industrial polymers. The detection limit
for Santo White antioxidant in POMwas found to be as low as 28 ppm. Finally, depth profiling by stepwise
CO2 laser ablation was carried out for a POM injection bar containing 0.1 wt % antioxidant. These
spatially resolved measurements established that the near surface concentration of antioxidant was 40%
lower than in the bulk.

Introduction
Polymers are among the most important materials

used in today’s world. Virtually all polymeric materials,
both of synthetic and natural origin, undergo reactions
with oxygen or degradation under sunlight. Oxidation
can manifest itself in every stage of the life cycle of a
polymer, e.g. during manufacturing and storage of the
material or during processing and use. The UV com-
ponent of sunlight, in the 290-400 nm wavelength
range, leads to photochemical reactions in many poly-
mers, which result in changes in their optical and
mechanical properties. To improve their stability, ad-
ditives protecting them against oxidation, UV radiation,
weathering, etc. are widely used.1,2
Throughout the lifetime of the polymer, the additives

will be depleted by photochemical reactions or by
diffusion out of the host material, which can greatly
influence the material properties. Normally, many
different additives are used in a polymer formulation.
UV stabilizers and antioxidants may be present in the
polymer matrix at a level of only 1 wt % or less. Due to
this low concentration and complex environment, sensi-
tive and selective methods of chemical analysis are
necessary to identify additives in a typical commercial
polymer.
Because of the polarity and nonvolatilty of many UV

stabilizers and antioxidants, gas chromatography is not
commonly employed as an analysis method. However,
other spectroscopic and liquid chromatographic methods
are very powerful in identifying ingredients in com-
pounded polymeric materials. High-pressure liquid
chromatography (HPLC) or its combination with mass
spectrometric detection (HPLC-MS) has been used for
the analysis of additives in polymers.3,4 Approximately
1 g of the polymer is necessary for extraction with

solvents, typically acetone or acetonitrile, which may
take 12 h or longer. Supercritical fluid extraction (SFE)
offers a faster alternative for polymer extraction and
SFE coupled with subsequent chromatographic separa-
tion is also employed for analysis of polymer additives.5,6
However, in extraction-based analytical techniques, all
information on the additive’s spatial distribution within
the polymer is lost.
As an alternative to extraction-based analytical meth-

ods, Lattimer and co-workers advocated the use mass
spectrometric methods (FAB-MS, field ionization MS,
pyrolysis-MS) for direct analysis of nonvolatile agents
in polymer matrices.7-10 Organic secondary ion mass
spectrometry (SIMS) with11,12 or without postioniza-
tion13 can be used for direct analysis of polymer surfaces.
The drawbacks of FAB and SIMS are that they provide
no selectivity for the detection of minor sample compo-
nents. Also, these techniques deposit large amounts of
energy at the sample surface and typically generate
predominantly fragment ions of the polymer itself.
Laser desorption (LD) and laser desorption/Fourier-
transform ion cyclotron resonance (LD-FTICR) mass
spectrometry have also been applied with considerable
success to the detection of many classes of nonvolatile
compounds including organic polymers.14-19 Johlman
et al. demonstrated that LD-FTICR could be used to
identify polymer additives in polyethylene extracts. The
spectra were found to contain intense quasimolecular
ions (Na+ and K+ adducts) as well as fragments.16-19

Since its introduction by Hillenkamp20,21 and Tana-
ka,22 matrix-assisted laser desorption/ionization (MAL-
DI) mass spectrometry has been widely used as a soft
ionization technique that allows desorption and ioniza-
tion of very large molecules, for example polymers.22,23
However, this technique is employed neither as an in-
situ analytical method nor as a selective method for
detecting minor polymer constituents. This is due to
the requirement that in MALDI the analyte must be
well mixed with the matrix prior to analysis. Further-
more, the molecular weights of typical UV stabilizers
and antioxidants are normally a few hundred mass
units, a range that is often obscured by intense matrix
peaks present in MALDI mass spectra.
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Direct laser desorption/ionization mass spectrometry
(LDMS) has proven to be quite useful for direct in-situ
analyses,24-26 but it suffers from ionization matrix
effects. To circumvent this problem, a postionization
step can be used. Lykke et al.27,28 have used this
approach to analyze vulcanizates in rubber and rubber
extracts. They demonstrated that the use of different
wavelengths for the postionization step provides impor-
tant additional information about the chemical composi-
tion of the samples.
In the present study we have applied two-step laser

mass spectrometry (L2MS) to the direct chemical analy-
sis of additives in a range of polymers. It has been
previously demonstrated that L2MS is a highly sensitive
and optically selective method29 which can serve as a
very powerful tool for the direct detection of selected
compounds in complex sample mixtures. This method-
ology decouples the desorption and the ionization step,
allowing each process to be independently optimized.
In brief, an infrared laser is used to irradiate the
polymer and cause ablation, probably by a pyrolysis
mechanism30 (Figure 1a). During this ablation step the
polymer is thermally decomposed and ejected from the
bulk material, together with intact additives (Figure 1b).
After a suitable time delay, the liberated molecules are
intercepted by a pulse from a UV laser. This leads to
soft ionization of the liberated species via a resonance-
enhanced multiphoton ionization (REMPI) process. For
common UV laser wavelengths, two photons are neces-
sary to overcome the ionization potentials of the sub-
stances investigated here. If the first photon is reso-
nantly absorbed by the molecule under study, a greatly
enhanced ionization efficiency is found, providing a high
degree of optical selectivity. The second photon then
raises the energy of the excited molecules above the
ionization threshold. Finally, a reflectron time-of-flight
(TOF) mass spectrometer is used for mass separation
of the ions produced (Figure 1c).
In order to analyze additives in a polymer sample

with L2MS, it is necessary to desorb neutral species
from bulk material. It was first reported in 1982 that
with pulsed UV laser radiation, the surface of an organic
polymer can be ablated to a depth ranging from 0.1 µm
to several micrometers.31 Nearly all organic polymers
can be ablated by UV laser photodecomposition.32-34

However, ionization of the ejected material often occurs
simultaneously, which complicates mass spectrometric
analysis of minority species such as additives. Infrared
laser radiation, in contrast, excites vibrational states

and can induce pyrolysis of polymers. Dyer et al.
examined the irradiation of poly(ethylene terephthalate)
(PET) films by radiation from a TEA CO2 laser tuned
to the 9R42 line (≈9.2 µm).35 They found that the PET
film could be successfully ablated with 9.2 µm laser
radiation. The major volatile ablation products found
were carbon monoxide, carbon dioxide, methane, ethyne,
ethene, benzene, ethanal, similar to products found in
the purely thermal pyrolysis of PET.30 In contrast,
ablation of poly(ether ether ketone) (PEEK) with 9.2 µm
laser light was found to be difficult.30

In this work, several complementary methods have
been used to improve L2MS analysis of polymers and
polymer additives. In preliminary studies, we found
that for many polymers, no signals of polymer additives
(dyes, antioxidants, UV stabilizers) could be detected
by L2MS, although large craters were generated by IR
laser irradiation of the polymer surface. We therefore
studied the behavior of different polymers under 10.6
µm laser irradiation using IR spectroscopy and electron
microscopy. We found that either laser-induced ablation
or laser melting occurred for different polymers, de-
pending on their IR absorption cross section. Informa-
tion about the spatial resolution of IR laser ablation was
also obtained from the electron microscopy studies.
Direct in-situ detection of polymer additives as well as
measurements of mass spectra for the pure additives
were then carried out. Finally, stepwise CO2 laser
ablation was used to study the spatial distribution of
an antioxidant in an injection-molded bar of poly-
(oxymethylene) (POM).

Experimental Section

Materials. Several different polymers were used in this
study, most of them commercial polymers (PVC and PET
sheets and a POM injection bar), although some samples did
not contain additives and had to be mixed with UV stabilizers
or antioxidants in the laboratory (e.g., POM powder, PP film).
Pure POM powder, antioxidants, and a POM injection bar
stabilized with≈0.1 wt % of an antioxidant were obtained from
DuPont (Geneva, Switzerland). A 100 µm thick PP film as
well as the Tinuvin UV stabilizers were obtained from Ciba-
Geigy (Marly, Switzerland). PVC and PET sheets were
obtained from Notz Plastics A.G. (Brügg bei Biel, Switzerland).
Little is known about the additives present in these two
commercial polymers. The structures of the polymers and
additives used in this study are shown in Table 1. Pyrene and
coronene were used as internal mass standards for mass
calibration and were obtained from Socochim SA (Lausanne,
Switzerland).
Sample Preparation. Pure additives were dissolved in

acetone and dosed onto a glass plate for L2MS experiments.
Commercial polymers that contained the additives were used
as received; the POM injection bars containing Santo White
powder antioxidant were further machined into 1 mm thick
sheets for depth profile experiments. Tinuvin UV stabilizers
were added to several polymer samples in the laboratory using
two different procedures: (i) POM powder was mixed with the
UV stabilizer (0.1-0.3 wt %) and pressed under 400 atm into
a 12 mm diameter by 4 mm thick pellet. This is a quick and
easy sample preparation method, although it is not used in
standard polymer processing. (ii) For the PVC and PET sheets
and the PP film, pure UV stabilizers were spread onto the
polymer surface and covered with an aluminum foil to form a
sandwich. This sandwich was fixed between two aluminum
plates and then kept in an oven at 100 °C in a nitrogen
atmosphere for 12 h, allowing the UV stabilizer to diffuse into
the polymer samples. The residual UV stabilizer was then
washed away from the polymer surface with acetone, a simple
and effective cleaning process also used by other researchers.36
Due to their high solubility, the residual amount of additives
on the surface was negligible.

Figure 1. Principle of L2MS. A, B, and C are different
additives. The polymer is irradiated by an IR laser pulse (a)
and decomposes and is ejected from the bulk together with
intact additives (b). Selective ionization is carried out by a UV
laser with resonant two-photon ionization (c). Finally, the ions
are mass-separated and recorded in a time-of-flight mass
spectrometer.
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IR Spectroscopy. PP and POM were also studied by IR
spectroscopy. The 100 µm thick PP film was used directly,
whereas 7 mg of POM powder were mixed with 159 mg of KBr
and pressed into a pellet. The effective thickness of the POM
was 40 µm, as calculated from the amount of material used to
make the KBr pellet. The spectra were taken on a 5SXC FT-
IR spectrometer (Nicolet Instrument Corp., Madison, WI).
Electron Microscopy. To study the surface appearance

of the polymers after infrared laser irradiation, scanning
electron microscopy was carried out using a S-700 electron
microscope (Hitachi, Japan). The samples were vacuum coated
with a 20 nm layer of Au-Pt alloy. The microscope was
operated with 25 kV acceleration voltage, about 70 V emission
voltage, and a current e1 µA. A standard copper photoresist
stripe was used to calibrate the length scale.
L2MS System. For mass spectrometric analysis, a home-

built L2MS system was used.29 The polymer samples were
cut to size, mounted onto the tip of the sample holder and
directly introduced into the vacuum chamber through a rapid
vacuum interlock. No extraction, purification, or preconcen-
tration steps are required for the L2MS experiment. The beam
of the CO2 laser used for ablation (Alltech model 853 MS,
Lübeck, Germany) was directed into the system by a set of
mirrors and a ZnSe lens. The power density was regulated to
ca. 6 × 106 W/cm2, by two irises and by the size of the laser
focus. The infrared laser (10.6 µmwavelength, e100 ns pulse
width) was operated at 4 Hz repetition rate to avoid cumulative
heating of the polymers. The ionization laser wavelength was
266 nm (fourth harmonic of a Nd: YAG laser, model Surelite
II, Continuum). The UV laser power density was ca. 6 × 107
W/cm2, and this UV laser pulse was delayed with respect to
the CO2 laser pulse by about 20 µs. Mass spectrometric
analysis was achieved using a reflectron time-of-flight instru-
ment (R. M. Jordan Co.) with a mass resolution of ≈1500 at
m/z ) 300. The total acceleration potential in the ion source
of the time-of-flight mass spectrometer was about 5 kV. Ions
were detected by a pair of microchannel plates in a Chevron

configuration, and the data were collected with an acquisition
rate of 100 MS/s on a digital oscilloscope (model 9350, Le Croy,
Geneva, Switzerland). The spectra were then transferred to
a PC for further data processing. Only positive ion spectra
were acquired in these experiments. A two-point mass cali-
bration was performed using pyrene (m/z ) 202) and coronene
(m/z ) 300). For CO2 laser depth profiling experiments, care
was taken to keep all experimental conditions constant for
successive experiments.

Results and Discussion

CO2 Laser Ablation of Polymers. In the present
study CO2 laser ablation of POM, PVC, PP, and PET
was carried out at a wavelength of 10.6 µm. The IR
spectra of all polymers used in this study can be found
in the literature or in handbooks.37-40 As a result of
different polymerization processes (e.g. isotactic and
syndiotactic PP), the spectra of specific polymer formu-
lations may appear quite different. We found that
polymers absorbing strongly at 10.6 µm showed good
laser ablation characteristics whereas weakly absorbing
materials exhibited poor ablation. In order to illustrate
this, infrared spectra for PP and POM are shown in
Figure 2. The absorbance scales were normalized to a
sample thickness of 100 µm, so that these two spectra
are directly comparable. POM absorbs well at 10.6 µm,
whereas PP has almost no absorption at this wave-
length. The IR spectra of PVC and PET, obtained from
the literature,40 show strong IR absorption for PVC at
10.6 µm and weak absorption of PET at this wavelength.
Figure 3a,b shows electron micrographs of ablation

craters in the POM and PVC samples at a laser radiant
exposure of 7.6 J/cm2. The elliptical shapes are due to
the 45° angle of incidence of the focused desorption laser
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beam. Since POM and PVC strongly absorb the 10.6
µm laser light, efficient ablation is observed. The edges
and the crater walls are well-defined. By optimizing
the laser beam focus and the laser power density, a
spatial resolution of 40 µm in diameter can be obtained,
close to the theoretical diffraction limit for our IR optical
system. The crater depth was not measured but is
estimated to be several tens of micrometers in Figures
3a,b. During ablation the polymer is pyrolytically
decomposed and fragments are ejected with high veloc-
ity within a short time after the laser pulse. Compara-
tively little energy will be directly deposited in the
additives at 10.6 µm. We propose that, by analogy with

the MALDI process, the laser only heats up the host
polymer directly, whereas the guest molecules are still
close to their initial temperature at the maximum
desorption rate.41 In addition, collisions in the plume
can assist in the relaxation of the desorbed molecules,
so that intact neutral additive molecules are obtained.
If the laser radiation is only weakly absorbed by the

polymer, as in the case of PP and PET, there is a large
penetration depth, and the energy spreads over a large
volume. Ablation is difficult and the laser power
required is 5 times higher than that needed for ablation
of POM and PVC. These polymers showed extensive
melt flow when irradiated by the IR laser. Figure 3c,d
shows the surfaces of PP and PET after 10.6 µm laser
irradiation. Melted material seems to have flowed over
from the exposed to the unexposed region. The foamlike
region around the center hole on PP is probably due to
internal vapor production. The 200 µm bright streak
in the center in Figure 3d is probably a dust particle on
the PET surface. Under our normal L2MS experimen-
tal conditions it proved difficult to observe additives
directly from the PP and PET samples. However, the
use of higher desorption laser power along with a
considerable enlargement of the desorption spot can lead
to some desorption of additives. In this way, it was
possible to obtain L2MS data for additives in PP beads,
although at lower spatial resolution.42
L2MS Studies of Polymer Additives. Table 1

shows the structures of all additives we investigated.
Figure 4 shows the positive ion L2MS spectra of (a) pure
Santo White antioxidant, and (b) of an antioxidant-
stabilized POM injection bar. Signals characteristic of
Santo White powder at m/z ) 382 and 339 are very
intense in both spectra, although the additive concen-
tration in the polymer was only 0.1 wt %. The peak at
m/z ) 382 is the parent ion, while the m/z ) 339
fragment [M - 43]+ results from the loss of the C3H7
side chain, resulting in a planar fragment ion that is
resonance stabilized. The spectrum in Figure 4b which
was obtained from a freshly exposed interior surface of
the injection bar is virtually identical to the spectrum
for the pure additive. Neither greater fragmentation

Figure 2. Infrared spectra of POM (top) and PP (bottom).
The PP sample was a 100 µm thick film; the POM powder was
pressed into a pellet with KBr. The spectra were normalized
to an effective sample thickness of 100 µm. As shown in the
picture, POM has a relatively strong absorption band at 10.6
µm while PP has almost no absorption.

Figure 3. Electron micrographs of different polymer surfaces
after irradiation with 10 shots from a pulsed CO2 laser at 10.6
µm. POM (a) and PVC (b) show efficient ablation; PP (c) and
PET (d) show only laser melting.

Figure 4. L2MS spectra of (a) a pure antioxidant, Santo
White powder, and (b) in-situ L2MS spectrum of Santo White
powder in a POM injection bar (40 shot average). 266 nm was
used as a postionization wavelength.
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nor significant contamination is observed; the weak
signals in the low mass range are not related to Santo
White antioxidant. The additive signals at m/z ) 382
and 339 persisted with every shot. Given a known
additive concentration in the polymer, and by measuring
the ablated polymer volume, we calculate a detection
limit of 28 ppm (S/N ) 3, 40 shot average) for the Santo
White antioxidant in this POM injection bar.
Figure 5 shows L2MS spectra of Tinuvin 343, ob-

tained from the pure compound deposited on a glass
plate (Figure 5a), and from different polymers (Figures
5 b-d). Pure Tinuvin 343 was deposited on a glass
substrate and mass spectra were averaged over 40 shots
(Figure 5a). The spectrum was very clean, dominated
by an intense molecular ion peak at m/z ) 323. The
peaks at m/z ) 308 and 294 are fragments resulting
from the loss of CH3 and CH2CH3 groups, and that at
m/z ) 202 is a mass standard, pyrene (asterisk), which
is sometimes still present in the background gas of the
chamber after calibration measurements.
The L2MS spectra of a number of other Tinuvin UV

stabilizers as well as Lowinox 22 antioxidant were also

recorded (spectra not shown, refer to Table1). We
observed that fragmentation of the Tinuvin UV stabiliz-
ers always occurred on the aliphatic side chains, mostly
by loss of methyl or ethyl radicals. Although the
ionization potentials (IPs) for these compounds are
unknown, they can be estimated by comparison with
model compounds such as indole, 2,4-dimethylphenol,
or 4-ethylphenol which have IPs of 7.76, 8, and 7.8 eV,
respectively.43 Hydroxyphenylbenzotriazole has a more
extensive conjugated π-electron system and we therefore
assume that its IP is less than 8 eV. The two-photon
energy at λ ) 266 nm is 9.32 eV. This yields ions with
more than 1.32 eV excess energy, which, combined with
some internal excitation (from laser desorption) should
lead to fragmentation. At λ ) 193 nm, the excess energy
is over 4.8 eV and more extensive fragmentation was
observed.42 It is interesting to note that although
Tinuvin 320, Tinuvin 329, and Tinuvin 343 have the
same molecular weight (see Table 1), it was possible to
distinguish between them by the fragmentation pattern
observed in the L2MS spectra.42

Figure 5b shows an in-situ L2MS spectrum of Tinuvin
343 obtained directly from a POM pellet. The concen-
tration of Tinuvin 343 was about 0.15 wt %. For a
signal-to-noise ratio of 3, we estimate the detection limit
to lie in the 10-100 ppm range. The uncertainty is due
to the sample preparation process which does not allow
control over the spatial distribution of the UV stabilizer
in the POM pellet.
No signal was obtained with either the desorption

laser or the ionization laser blocked, confirming that
laser ablation liberates neutral additive species only.
Quasimolecular ions which are typically obtained in
MALDI (e.g. Na, K cationized or protonated species) are
not observed in the L2MS spectra, facilitating spectral
interpretation.
The molecular ion at m/z ) 323 is clearly seen in

Figure 5b but the M - CH3 and M - CH2CH3 fragments
are not observed. We believe that in the case of efficient
polymer ablation, the additive molecules were collision-
ally cooled in the plume, reducing fragmentation in-
duced by the UV ionization laser. The fragments in the
low mass range, however, appear to be fundamentally
different from those seen in Figure 5a. Since the
repeating unit of POM is [OCH2], these peaks are not
derived from the polymer itself. We interpret these
signals as degradation products of the Tinuvin 343 (or
fragments thereof) produced during preparation of the
POM pellet. For example, the peak at m/z ) 92 is
interpreted as a fragment peak (either C6H4O or C7H8)
based on a phenyl ring permitting REMPI detection;
other aromatic and alkane fragments originating from
such degradation products (C2H5, C3H7, and C4H9 atm/z
) 29, 43, and 57) are also detected. From visual
inspection of the sample surface, we speculate that
during preparation of the POM pellet under 400 atm
pressure, the sample melted. The temperature at that
moment must be several hundred degrees Celsius,
which might have induced some thermal degradation
of the additives.44

Figure 5c shows a L2MS spectrum of Tinuvin 343
diffused into a commercial PVC sheet.36 No other UV
stabilizers had been added to this PVC sample by the
manufacturer. Again, the molecular ion and the M -
CH3 and M - CH2CH3 fragments were observed. This
sample of commercial PVC sheet was filler reinforced,
and several new peaks of unknown origin were observed
in the lower mass range (m/z ) 27, 70, 135, 180). As

Figure 5. (a) L2MS spectrum of a pure UV stabilizer, Tinuvin
343, deposited onto a glass substrate from an acetone solution.
(b) in-situ L2MS spectrum of Tinuvin 343 in a POM pellet
(concentration 0.1 wt %). (c) in-situ L2MS spectrum of Tinuvin
343 diffused into a commercial PVC sheet. (d) L2MS analysis
after CO2 laser transfer from a 100 µm PP film to a glass
backing plate. Peak assignments are given in the text.
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shown in the electron micrograph in Figure 3b, the PVC
sheet has a foamlike morphology, and the apparent
polymer density is low. Laser ablation from this sample
was less efficient than from POM, resulting in a lower
detection sensitivity for the Tinuvin 343. Another
possible reason for the lower detection sensitivity for
Tinuvin 343 from PVC is the sample itself, prepared
by additive diffusion into the PVC film rather than by
pressing as in the case of POM.
As mentioned above, irradiation of PP and PET did

not lead to any ablation, only laser melting was ob-
served. It was very difficult to liberate additives by
pulsed CO2 laser irradiation (λ ) 10.6 µm) of these
materials.40 Therefore, a “laser transfer” experiment
was carried out.45 The PP film, stretched over a clean
glass substrate, was attached to the tip of the sample
holder. The sample holder was then exposed in vacuum
to the CO2 laser operated at a slightly elevated power
density. This resulted in melting of the PP film and
partial transfer of the material to the glass substrate.
The sample holder was then retracted from the mass
spectrometer and the polymer film removed, revealing
the transferred material on the glass substrate. Finally,
the glass plate was reintroduced into the mass spec-
trometer for L2MS analysis.
Using this approach, the additive signal could be

detected with regular CO2 laser desorption from glass.
Figure 5d shows the result of such a laser transfer
experiment for Tinuvin 343 diffused into a 100 µm PP
film. Besides the molecular ion peak and the known
fragments, low mass peaks similar to the data in Figure
5b were found. Additionally, peaks at m/z ) 306 and
321 were observed (insert in Figure 5d). These peaks
are two mass units below the molecular ion and M -
CH3 fragment signals. They are interpreted as the
result of dehydrogenation of the isobutyl side chain of
Tinuvin 343. A fairly stable structure could result from
conjugation with the aromatic rings of Tinuvin 343. This
dehydrogenation pathway seems to open up in conjunc-
tion with the laser transfer process, where a high
temperature might persist for a relatively long time,
facilitating dehydrogenation.46 In spite of these added
complications, the data in Figure 5d show that laser
transfer makes additives from the host polymer avail-
able for regular L2MS detection by accumulating them,
probably together with some polymer, on the backing
plate. Although this method is only applicable to thin
samples such as films and the spatial information is
partially lost, the selective nature of the ionization
process removes the requirement for any wet chemical
separation procedures to be performed prior to mass
spectral analysis. Furthermore, laser transfer might be
an interesting option for detection of the transferred
species with other analytical methods, for example
optical spectroscopy.
Spatially Resolved L2MS by Stepwise Ablation.

Depth profiling experiments have also been carried out
to study the additive distribution perpendicular to the
sample surface. The sample used was the POM injec-
tion bar containing Santo White powder. In this sample
the antioxidant was well mixed and distributed in the
polymer matrix. However, polymer processing such as
injection and molding can change the additive distribu-
tion and result in concentration gradients, especially
near the surface. Similarly, diffusion of the additive
into the ambient air can lead to a depletion in the near-
surface region.

The depth profiling experiment was carried out in a
stepwise fashion: 200 laser shots (using <1 J/cm2 of
laser energy density) were fired at the sample, and
L2MS spectra were recorded simultaneously. After 200
laser shots, the experiment was paused and the L2MS
data (200 shot average) were stored. Then the next 200
shots were accumulated, and so on. Figure 6a shows
an electron micrograph of a cross section of the resulting
ablation crater. During 200 shots the polymer was
ablated by about 7 µm, as judged from the staircase-
like structure. Since the desorption laser beam was
focused at a 45° angle with respect to the sample
surface, the resulting ablation crater assumes a tilted
shape. Because the laser focus was located behind the
surface of the polymer piece under study, the volume
sampled in each profiling step was not constant. A
calibration experiment was therefore carried out. The
interior of the injection bar was analyzed in the same
fashion after removing a layer of about 1 mm thick from
the surface. Assuming that the additive concentration
at any depth is homogeneous in the interior and equals
0.1 wt %, the resulting peak areas can be taken as a
measure of the volume sampled.
The combined peak areas of the M and M - C3H7

signals in each L2MS spectrum were used as a measure
of the additive concentration. The normalized additive
signal versus depth was plotted to show the spatial
distribution of the additive in the near-surface region
of the injection bar (Figure 6b). Since the exterior
surface turned out to be contaminated, the first point
is omitted in the figure. We found that the additive
concentration near the surface is 40% lower than that
in the bulk. This may be a result of the polymer
injection process: the melting points of POM and the
antioxidant are 175 and 209 °C, respectively, whereas
the mold temperature was only 90 °C. Therefore,
during injection, the POM would have solidified first,
and the additive concentration near the surface is
expected to be lower than bulk. Furthermore, the
sample was exposed to air for more than 1 year, so
depletion of the antioxidant near the surface by diffusion
processes is also possible.

Conclusions
The analysis of UV stabilizers and antioxidants both

as pure compounds and in a variety of polymers has
been successfully carried out using L2MS. This method
shows considerable potential for direct in-situ chemical
analysis of small concentrations of additives in a range
of polymers. The effects of far infrared laser irradiation
of the polymers and the desorption mechanism of
additives from the host polymer have been studied. It
was found that for strongly absorbing polymers, such

Figure 6. Spatial distribution of Santo White powder anti-
oxidant in a POM injection bar near the surface. The concen-
tration near the surface is 40% lower than in the bulk.
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as POM and PVC, laser-induced pyroablation decom-
poses the host matrix but liberates intact neutral
additives. Hydroxyphenylbenzotriazole UV stabilizers
and phenolic antioxidants were efficiently and selec-
tively postionized with a UV laser pulse by two photon
REMPI. The detection limit for Santo White powder
antioxidant in a POM injection bar was found to be as
low as 28 ppm.
Weakly absorbing polymers, such as PP and PET,

showed only laser melting. Additives in these polymers
are not easily detectable by L2MS. For this case
detection of the additives after laser transfer from a
polymer film to a substrate has been demonstrated,
although thermal decomposition has been found to occur
concomitantly. Depth profiling L2MS experiments were
carried out for the first time and enabled the spatial
distribution of an antioxidant within an injection-
molded bar of POM to be determined with micrometer
resolution. In this sample, the near-surface concentra-
tion of the antioxidant was found to be about 40% lower
than that in the bulk.
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