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ABSTRACT

Various polymers have been studied using a pulsed laser evaporation method for volatilizing
these species and entraining them into a supersonic jet expansion followed by resonance
enhanced multiphoton ionization (REMPI) detection in a reflectron time-of-flight mass spec-
trometer. In most cases the monomer is detected as the dominant ion, although sometimes
smaller characteristic fragments are observed instead. Fragmentation of the monomer can also
be produced for structural analysis. However, larger oligomers are rarely observed with any
intensity unless the average molecular weight distribution is less than 1000. In addition, REMPI
at 266 nm is shown to be a means of selectively detecting absorbing aromatic polymers in
polymer blends without interference from aliphatic or non-aromatic polymers. Among the

polymers studied are polystyrene, EPON epoxy resins and various polyamides.
INTRODUCTION

Resonance enhanced multiphoton ionization (REMPI) has been shown to
be an ionization method with unique properties for mass spectrometry [1-4].
In particular, a two-photon process known as resonant two-photon ionization
(R2PI) has found wide application to problems in chemical analysis. The
R2PI process involves the absorption of two photons by a molecule where the
first photon excites the species to an intermediate electronic state and absorp-
tion of a second photon results in ionization. The sum of the two photons
must therefore exceed the ionization potential of the molecule. However, for
most aromatics studied to date the excess energy deposited in the molecule in
the ionization process remains low when near-ultraviolet photons are used.
The result is that R2PI can produce relatively soft ionization where either
only the molecular ion or minimal fragmentation is observed for identifi-
cation. In addition, with an increase of the laser beam power density, extensive
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fragmentation may be induced for structural analysis. The fragmentation can
be varied simply by changing the laser intensity, and, at high input energy,
fragments as small as C* have been observed [5-7]. Thus relatively versatile
fragmentation can be induced for structural analysis and identification.

The feature that makes R2PI a unique ionization source for mass spec-
trometry is the potential for wavelength selectivity. Although ions are detected
as the final product, the ionization signal reflects the absorption cross-section
of the resonant intermediate state. Thus, selectivity can be based on either the
relative absorptions or ionization potentials of molecules using a single wave-
length. In previous experiments, increased selectivity has been achieved by
tuning the wavelength to produce an optical-ionization spectrum character-
istic of a species [8-11]. The key point here is that R2PI can provide selective
detection of target molecules in the presence of a background matrix.

The use of R2PI has generally been limited to reasonably volatile species.
However, in recent work [1-4,8-10] R2PI has been used for detection of
non-volatile molecules using a pulsed laser desorption technique. The laser
desorption technique involves using a pulsed laser to induce a rapid heating
effect in which the molecules desorb from a surface before they have time to
decompose. In the desorption process, both ions and neutrals are formed in
a ratio that depends to a first approximation on the surface temperature
induced by the laser. However, since the bulk of the species desorbed are
neutral, a two-step process involving desorption of neutral molecules with
subsequent ionization by R2PI will prove to be a much more efficient process
for most applications. In addition, the separation of the desorption and
ionization steps allows for the possibility of selective detection in the ioniz-
ation process based upon R2PI.

In this work, we investigate the R2PI of several aromatic polymers
desorbed into the gas phase using a pulsed CO, laser. The neutral species are
entrained into a supersonic jet expansion and then swept into the acceleration
region of a reflectron time-of-flight mass spectrometer (TOF-MS) where R2PI
is produced. The capability of R2PI for detection of monomer units from the
polymer is studied. We demonstrate that one can identify polymers based
upon the molecular ion of the monomer unit produced by R2PI and/or the
fragmentation that results upon absorption of subsequent photons. In
addition, the selective detection of aromatic polymers in polymer blends is
discussed.

EXPERIMENTAL

The experimental set-up is shown in Fig. 1. It consists of a reflectron
time-of-flight mass spectrometer (RETOF-MS) equipped with a pulsed valve
molecular beam source (R.M. Jordan Company, Mountain View, CA), a CO, "
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Fig. 1. Schematic of the experimental apparatus.

desorption laser (modified Quanta Ray EXC-1 excimer laser) and a Nd: YAG
laser (Spectra Physics DCR-3) for ionization. The reflectron mass spectro-
meter is constructed of a 6 in diameter stainless steel cross which serves as the
ionization chamber and an 8in diameter stainless steel flight tube. Ions
created in the chamber are accelerated into the flight tube at 2-3kV. At the
reflector the ions are turned back toward the source with an angular displace-
ment from the initial flight axis. The ions are then detected by a two-stage
microchannel plate detector. The RETOF-MS is pumped by two diffusion
pump stacks. Each stack consists of a gate valve, a liquid nitrogen cold trap
and a diffusion pump. A 6in pump is used on the ionization chamber and a
4in pump is used on the flight tube. Additional pumping is provided to the
chamber via a liquid nitrogen cold baffle mounted on the cross. This baffle
pumps away the CO, carrier gas from the jet. Typically the pressure in the
flight tube is 2 x 107® Torr and the pressure in the ionization region is slightly
higher.

Laser desorption (LD) of the sample is accomplished in the following
manner. The LD probe, with a Macor ceramic tip for the desorption surface,
is introduced through a vacuum lock into the ionization chamber on axis with
the pulsed valve and directly above the ionization region. The 10.6 um desorp-
tion beam produced by the CO, laser enters the mass spectrometer through
an NaCl window that is located opposite the LD probe. The desorption beam
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is externally focused to a small spot on the LD probe tip. The power density
of the desorption beam is approximately 5 x 10* Wem™2. The desorbed
neutrals are swept into the ionization region by the molecular beam emitted
by the pulsed valve. The neutrals are ionized by a 266 nm laser beam produced
as the fourth harmonic of the Nd: YAG laser. This output is reduced to a
2mm collimated beam through the combination of a concave lens and a
convex lens. Typical operation of the Nd: YAG laser is at 10 Hz at a power
density of 5 x 10°-1 x 10’ Wem 2.

It should be noted that this experiment could also be performed without the
use of the supersonic jet. However, the jet enhances the performance of the
experiment in several ways. The use of the jet allows the physical separation
of the desorption from the ionization process. If ions are produced in the
desorption process, then these ions will be deflected by the electric fields
before they reach the acceleration region of the RETOF-MS and are not
detected. Only neutral species are transported by the jet into the RETOF-MS
for detection. In addition, the jet expansion is used to enhance the resolution
of the RETOF device owing to the translational cooling and the directed
motion of the molecules in the jet as compared with a thermal expansion. The
resolution of the RETOF-MS is 2300 at m/z 93 using the jet expansion.

The desorption event and the valve pulsing are triggered by the Nd: YAG
laser flashlamp oscillator trigger monitor with appropriate delays to coincide
with the Nd: YAG light pulse. When timed properly, the CO, laser fires such
that the maximum number of resulting neutrals are entrained into the early
portion of the jet pulse profile. This seeded portion of the molecular beam is
synchronized with the 266 nm light pulse in the acceleration region of the
RETOF-MS. The mass spectra are recorded with a LeCroy 9400 digital oscillo-
scope which is interfaced to an IBM compatible computer for data storage.
The digital oscilloscope is equipped with a signal averaging function. All
spectra presented result from a single laser shot or the average of 50 laser
shots.

Several methods of sample preparation were used depending on the nature
of the analyte. The polystyrene GPC standard (MW = 600) was a tacky
solid-stiff liquid which was applied directly to the probe tip as a thick film.
This method provided excellent shot-to-shot stability, allowing for analysis of
the same sample for several hours. The next best method involved melting the
polymer onto the Macor tip. This was accomplished by heating the Macor tip
with a heat gun and pressing it down into the solid sample. The sample melted
onto the tip which was then cooled resulting in a film of sample that is visible
to the naked eye. This method worked well for polystyrene and the poly-
styrene-containing blend and for the EPON resins. When the melting point of
a sample was too high, other methods were used. For poly(9-vinyl carbazole)
and the polyamic acid samples, the crystalline sample was made into a



269

paste-like mixture with methanol. This paste was smeared onto the LD tip and
the methanol was allowed to evaporate, leaving the sample clinging to the
Macor. Another method was used in the case of the polymer KJB-175A which
had a very high melting point and was not soluble in common solvents. In this
case, a small amount of the crystalline solid was placed onto the LD probe tip.
The crystalline material was pressed into a powder with a metal spatula. A
small drop of glycerol was added to the powder and the sample was analyzed
as such.

Four separate samples of polystyrene were analyzed. One was a polystyrene
standard with an average molecular weight of 3100 (Polymer Laboratories,
Stretton, UK). Two others were identical blends which were made up of three
separate polymers provided by Shell Oil Company. Two of the polymers in
the blend were completely aliphatic. The third was a copolymer containing
styrene and an aliphatic residue. Both blend samples contain compounds
added in small amounts to give the blend stability. Each blend contains the
same two additives, but in different amounts. These additives are aromatic in
nature. In addition, a standard polystyrene sample with an average molecular
weight of 600 was provided by Polysciences Inc. (Warrington, PA). This
sample is a GPC standard which is commercially available. Poly(9-vinyl
carbazole) was obtained commercially from Aldrich. Several amide samples
were synthesized by the Paul Rasmussen group at the University of Michigan
and other polyamide samples were provided courtesy of Dr. W. Weber of
Ciba-Geigy Corp. (Ardsley, NY 10502).

RESULTS AND DISCUSSION

Figures 2 and 3 show REMPI induced mass spectra of a polystyrene
standard (MW = 3100) obtained from Polymer Laboratories and a polymer
blend provided by Shell Development Co. In these experiments the poly-
styrene samples were vaporized by pulsed CO, laser vaporization into a
supersonic expansion of CO, carrier gas and ionization was performed at
A =266nm. The REMPI mass spectra obtained from both samples are
essentially identical. The key feature is that the dominant ion peak at m/z 104
corresponds to that of the monomer unit, styrene, obtained at a power
density of 2 x 10° Wcem™? (Fig. 3). As the laser power density is increased to
1 x 10”7 W cm ™2 the various C,H," fragments characteristic of the structure of
styrene are observed (as shown in Fig. 2). In Fig. 3 the laser induced REMPI
mass spectra of polystyrene at lower laser power where mainly the molecular
ion of the monomer is observed are shown over an extended mass range. At
times small peaks possibly corresponding to higher repeat units are observed,
but never those typical of the molecular weight distribution. However, a
significant point is that in the Shell polymer sample only the aromatic styrene
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Fig. 2. Laser desorption-laser REMPI (266 nm) mass spectra of polystyrene: (A) Shell blend;
(B) standard (MW = 3100).
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Fig. 3. Laser desorption-laser REMPI (266 nm) mass spectra of polystyrene up to 800 u of:
(A) Shell blend; (B) standard.
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is observed, although this sample is a polymer blend mixture including at least
three other aliphatic polymers. Thus, selective detection of target polymers
can be achieved in polymer mixtures via laser REMPI based upon the
absorption of the target polymer, while the aliphatic polymers remain trans-
parent to the laser radiation. Several polymer blends provided by Shell were
studied by REMPI at 266 nm and each laser induced ionization mass spec-
trum resulted in detection of the monomer unit molecular ion at m/z 104
without interference from the aliphatic polymers.

In contrast, Fig. 4 shows the LD-REMPI mass spectrum of the polystyrene
GPC standard obtained at 266 nm at a power density P = 3 x 10°Wcm™2. In
this case a distribution of oligomers is observed at n = 1 to 4, where, as shown
in the accompanying structure, the total number of styrenes =n + 2. In
addition, an n-buty! styrene ion is observed at m/z 162 and also the styrene
monomer, which is not shown in this figure. Molecular weight averages and
the polydispersity were determined from this spectrum. The weight average,
M, = IN,M?|EN,M,, was found to be 499u. The number average,
M, = TN, M,/ZN,, was found to be 487 u. Because the sample analyzed was
from a very old batch, Polysciences Inc. could not provide data for com-
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Fig. 4. Laser desorption-laser REMPI (266nm) mass spectrum of polystyrene 600
(3.0MWcm™2).
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parison with these results. However, data were available for their most recent
batch where M,, was determined by light scattering to be 517 u and M, was
determined by NMR and vapor pressure osmometry to be 504u and 503u
respectively. Although the weight averages vary it is interesting to note that
the pmyunspersny, N= 1V1w/1v1,,, was found to be 1.026 by LD-REMPI which
is in excellent agreement with N = 1.027 for the recent batch. A polydispersity
near unity suggests that the polymer was prepared by an anionic initiator such
as n-butyl lithium. This is consistent with our results in which a peak is seen
for butyl styrene and all oligomers contain a butyl styrene terminating group.

Similar laser induced REMPI distributions for polystyrene of MW < 1000

have also recently been observed in other work [12]

It should be noted in comparison that laser photoionization mass spec-
trometry of polystyrene vaporized by several different methods has been
studied by a number of research groups, and generally the molecular ion of
the monomer was detected with only a few ion peaks of low abundance to
higher mass. Feldmann et al. [13] for example, used 193nm radiation
produced by an ArF excimer laser for photoablation of polystyrene with
detection via VUV photoionization at 118.4nm (10.5eV) in a TOF-MS. The
vaporization in this case is thought to occur via a photochemically induced
bond breaking process in the bulk materials producing a high pressure
gaseous plume and resulting in little of the incident laser energy remaining in
the substrate [14]. This is compared with longer wavelength vaporization
where substantial thermal heating may be present. In this work the M*"
(m/z 104) ion of polystyrene appeared as a strong ion peak, whereas only a
negligibly small dimer peak was observed (m/z 208). In related work Stuke
and Larciprete [15] used a 248 nm KrF laser for photoablation from poly-
styrene with detection via a picosecond laser (290 nm, 1 ps) in a TOF-MS.
The use of picosecond laser ionization is significant in that it may prevent
fragmentation induced by the ladder-switching process using nanosecond
laser radiation [16]. In the present work the monomer species (m/z 104) was
observed as the dominant ion peak, although species heavier than the monomer
but of lower molecular weight than the dimer were detected. These species
could not be attributed to simple direct fragments of the polymer chains, but
rather were due to fast chemistry and/or photochemistry during the ablation
process. In other work, ion beam sputtering or electron stimulated desorption
has been used to study bulk polystyrene. In the work of Pallix et al. [17] single
photon ionization using pulsed coherent VUV radiation at 118 nm was used
to detect polystyrene desorbed via these methods in a reflectron TOF-MS.
Once again the monomer was detected with considerable intensity accom-
panied by other fragments at lower mass due to fragmentation of the monomer.
Small ion peaks up to m/z 265 were also observed but no distribution of larger
oligomers was observed. In these experiments the CO, laser desorption power
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Fig. 5. Structure of EPON epoxy resins.

was varied over the range 5 x 10° Wem™?-5 x 10’ Wcem~2 with no signifi-
cant effect upon the mass spectrum. Even at the lowest desorption power
used, no enhancement in the detection of larger oligomer units was observed.
Similar results were also observed by Hrubowchak and Winograd [18] where
ion sputtering followed by REMPI at 266 nm detected essentially monomer
species in a TOF device. Thus, it appears that large oligomers desorbed from
the bulk either photochemically or thermally decompose upon desorption
whether laser vaporization or particle sputtering is utilized. Polymer distri-
butions have been observed in thin films using various methods [19]. We
attempted to desorb polystyrene from thin films prepared on the heated probe
tip by merely passing the tip across the surface of the sample rather than
immersing it into the sample. These films are estimated to be ~ 1 um thick.
However, only small signals were observed and insufficient intensity was
available to observe any oligomers at higher mass.

Several other polymer samples were studied including EPON resins provided
by Shell Development (Westhollow, TX). Two different EPON resins with
various additives were studied. In general, EPON resin structures of these
samples are shown in Fig. 5. The samples were desorbed by pulsed CO, laser
radiation over a range P = 5 x 10°-5 x 10’ Wcem™? into the jet expansion of
CO, carrier gas and ionized by 266 nm radiation in the TOF-MS. The REMPI
mass spectrum of EPON resin A is shown in Fig. 6 obtained at a laser power
of P~ 2 x 10° Wem™2. The dominant ion peak is the #» = 0 ion at m/z 325
(see Fig. 7). In addition, several small peaks at higher signal are observed
which appear to correspond to the (M — 15)* ions of n =2, 4, 5 and 8
(Table 1). It is known from the chromatographic separation of oligomers of

TABLE 1
Oligomers for EPON epoxy resins

Mass observed Ion

893 M—15forn=2
1461 M-—15forn=4
1745 M—-15forn=>5

2597 M-—-15forn=38
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Fig. 6. Laser desorption-laser REMPI (266 nm) mass spectrum of EPON resin A.
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275

these samples [20] that these species are indeed present, although the actual
size distribution of oligomers in this sample is unknown. In addition, as shown
in Fig. 7, fragmentation can be induced in these polymers with fragments that
are clearly assignable to structural units characteristic of the EPON resin. The
fragments obtained are very similar to that obtained by fast atom bombard-
ment mass spectrometry (FAB-MS) [21] for monofunctional epoxy which has
a very similar structure to the EPON resin studied herein. In the FAB study, the
usual proton addition mechanism was barely observed and the radical cation
was present. The result was an electron-impact-like mass spectrum which is
also observed in REMPI since the radical cation is the dominant peak. In
addition, the polymer additives were not observed by REMPI in EPON resins
A or B and the two samples thus provided very similar spectra. Laser induced
REMPI was also studied for both the EPON resins and polystyrene samples at
213nm (fifth harmonic of the Nd: YAG laser) and 193nm (ArF excimer
laser). At 213 nm the monomer units were generally observed as at 266 nm,
although higher oligomers were never observed. At 193nm extensive frag-
mentation of the monomer was observed even at the lowest laser power used
(P~ 1x 10° Wem™2). At lower energy (280nm) the monomer units were

POLYAMIC ACID MODEL COMPOUND
OS2 J0
N
HO,C CO.H

CMHZQNZOB

588 a.m.u.

POLYAMIC ACID

0, 0]
O A~ 2 O
N N N/.\Q(

N
LI T el iy
O,

Cs6HagN4Oys
1,004 a.m.u.

Fig. 8. Structure of polyamic acid model compound and polyamic acid.
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Fig. 11. Proposed fragment ions for peaks obtained in the laser REMPI induced fragmentation
of polyamic acid in Fig. 10B.

distinctly observed; however, the much lower energy available from the fre-
quency doubled dye laser, as opposed to the fourth harmonic of the Nd: YAG
laser, provided much less versatility in inducing fragmentation.

Polyamic acid and a polyamic acid model compound obtained courtesy of
Dr. W. Weber of Ciba-Geigy were also studied. The structures of these
compounds are shown in Fig. 8. The REMPI mass spectrum (266 nm) of the
model compound obtained by laser desorption-entrainment into a jet of CO,
carrier is shown in Fig. 9. At a laser power of 1 x 10° Wem™2, the highest
mass ion observed is a fragment at m/z 186. No molecular ion of the monomer
is observed. The REMPI mass spectrum of polyamic acid is shown in Fig. 10.
The highest mass ion observed is a fragment at m/z 200 and the corresponding
structure is shown in Fig. 11. As the power is increased to 5 x 10° Wcem ™2,
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Fig. 12. Laser desorption-laser REMPI (266 nm) mass spectrum of KJB 175A polyamide.

fragmentation is observed and the proposed structure of these fragments is
shown in Fig. 11. In this case though, it is not clear whether fragmentation is
due to the desorption or ionization process. It is significant to note that both
the polyamic acid and the model compound produce fragments via cleavage
of the amide bond (as expected) with retention of the amines. Thus, the model
compound is useful for predicting the mass spectrum of the polymer. REMPI
at 266 nm was also applied to KJB175A-polyamide prepared by the group of
P.G. Rasmussen at the University of Michigan as shown in Fig. 12. In this
case the monomer unit at m/z = 242 is observed at a laser power P =2 x
10° Wem 2. In addition, a minor peak due to n = 2 is observed as well as
various fragments of the monomer unit which are observed as the major peaks
of the spectrum. Other related polyamides were studied and similar results
were obtained in each case. Other related compounds studied by REMPI at
266 nm include poly(9-vinyl carbazole). Similar results were obtained here,
but only minor peaks at best were observed for higher repeating units.

In conclusion, laser evaporation-laser REMPI at 266 nm serves as an
excellent method for detection of aromatic polymers. This in turn can allow
for identification of unknown polymers via relatively soft ionization resulting
in production of the molecular ion of the monomer or some diagnostic
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fragment. In addition, further fragmentation resulting in C,H, cluster frag-
ments of the monomer can be produced by increasing the laser power.
However, larger oligomer units are rarely observed with any significant
intensity. This appears to be due to photodecomposition or thermal decom-
position of the polymer in the bulk material due to the desorption process.
However, in polymers with an average molecular weight less than 1000 u,
various repeat units can sometimes be observed as in the case of polystyrene.
Thus, at present, this is not a successful technique for determination of
molecular weight distributions. However, the selectivity of REMPI at 266 nm
does allow the ability to detect these aromatic polymers without background
interference from aliphatic polymers or additives in these polymer blends.
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