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ABSTRACT: Surfaces of several styrene (St)—methyl methacrylate (MMA) random copolymers have been
analyzed by ToF-SIMS and XPS in order to detect any possible surface segregation of one of the two
components and/or any specific matrix effect in the fragmentation processes. The observed O/(O + C)
dependency on styrene content observed by XPS indicates that styrene—methyl methacrylate copolymers
exhibit bulklike surfaces over the entire composition range of the copolymer. The absolute intensity of
characteristic peaks from styrene or methyl methacrylate units was monitored by ToF-SIMS as a function
of the styrene content. In positive mode, hydrocarbon fragments such as CHs*, CoHs*, CoHs™, CsHst, and
C/Hqt at m/z = 15, 27, 29, 65, and 93, respectively, decreased with increasing styrene content, while the
intensities of MMA fragments decreased. All fragments exhibited intensity lower than that expected
from a simple linear combination calculated from intensities associated with the MMA and St
homopolymers. By contrast, some characteristic styrene peaks (such as CsHs™, C;H;", CsH7 ', and CgHg™
at m/z = 63, 91, 103, and 105, respectively) showed an absolute intensity higher than those observed for
PSt and PMMA. In negative mode, fragments such as OH~ and C,HO~ at m/z = 17 and 41 exhibited
linear dependence with styrene content at the surface. Intensities for other MMA characteristic fragments
such as C3H3;O~, C4Hs0,~, CgH130,~, and CoH1304~ at m/z = 55, 85, 141, and 185, respectively, strongly
decreased with increasing styrene content. These experiments as well as previous work on polystyrenes
show that specific interactions between adjacent species take place during secondary ion emission,

especially for the C;H;* fragment.

Introduction

Many crucial materials properties such as adhesion
and biocompatibility are governed by the molecular
state at the topmost surface.! As a result, techniques
allowing quantitative polymer surface characterization
are increasingly needed for both the characterization
of existing materials and the design of new surfaces with
well-controlled properties. Static secondary ion mass
spectrometry (static SIMS) is one technique—among
others—used to characterize polymer surfaces.2=> One
of its main advantages resides in its higher surface
sensitivity when compared to other techniques. The
detection limit has been evaluated to be in the ppm
concentration range, reaching the ppb level for some
elements.* SIMS is able to distinguish quite easily the
different molecular structures present on any polymer
surface. Databases containing SIMS spectra of model
compounds are becoming increasingly larger and pro-
vide considerable help in spectrum interpretation.*
SIMS is sensitive among other factors to the polymer
molecular structure,®” branching,®’ cross-linking,® mo-
lecular weight,®~11 tacticity,’213 and isomers.* The main
drawback of SIMS is the difficulty in obtaining intrinsic
quantitative relationships. The difficulty arises from the
different and complex mechanisms induced by the
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collision cascade responsible for the secondary ion
formation.1>-17

Secondary ion generation for polymers containing the
exact same repeat unit is dependent on different pa-
rameters. Experimental parameters are related to the
primary ion source, in particular the nature, impact
energy, incident angle, and charge state of the ion.18-22
This point will not be discussed further as in all the
experiments described here, all acquisition parameters
were maintained constant. Other parameters are sample-
connected and are solely related to the sample molecular
structure and physical state when films are thick
enough to minimize substrate effects.23 All these sample-
related effects are collectively considered in what is
called the “matrix effects” (ME).24#25 Matrix effects
consider two possible cases, depending on whether the
fragmentation of the repeat unit is dependent on long-
or short-range specific interactions. In the former case
(matrix effect of second type or MEII), interactions
depend on neighboring functionalities that are not
covalently attached on the polymer backbone (such as
hydrogen bonding in some polymer blends),?6:27 while
in the second case (matrix effect of first type or MEI),
they depend on short-range interactions between adja-
cent covalently bonded functionalities such as in the
specific rearrangements at end groups.1# The long-range
effect of hydrogen bonding between pyridine and phenol
groups in a polymer blend has been observed in XPS
and static SIMS spectra by Li et al.?6 Binding energy
(BE) shifts in XPS and enhancement of some protonated
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species in SIMS are related to the formation of hydrogen
bonds in these blends. In our previous work, specific
rearrangements due to short-range interactions (MEI)
have been observed to occur at the polymer end groups
of vinyl polymers.1428 Moreover, experiments on selec-
tively deuterated polymers have shown that MEI is, in
general, restricted to the directly adjacent functional-
ities.??:30 Other experiments indicate that these short-
range interactions should occur if a random distribution
of two different units (M; and M, or Mi-r-M;) can be
achieved on the same macromolecular chain.3:32 Such
random distributions are typical of free-radical polym-
erization reactions and can be found in most vinyl
copolymers obtained by a free-radical process.

SIMS characterizations of random copolymers have
already been reported in the literature, but extracting
relevant information on the unit contents, often based
on the empirical selection of characteristic peaks, proved
to be a difficult task.334° Peaks have to be selected with
extreme care. A study on poly(styrene-r-butadiene)
showed for instance that intensity ratios of selected
peaks can exhibit linear or nonlinear relationships with
respect to the comonomer content.*? A hidden assump-
tion in the use of empirical relationships connecting
peak intensities to monomer concentration is that peak
relative intensities are directly proportional to the
amount of repeat unit precursors present at the surface
and that, as a consequence, matrix effects are negli-
gible.?* As it is known that matrix effects cannot always
be neglected, it can be concluded that copolymer surface
guantification based on SIMS data can only be achieved
if peak intensities insensitive to neighboring function-
alities can be identified in the spectra and/or the
fragmentation pathways can be determined with ac-
curacy. The purpose of this work was to analyze whether
this might an achievable goal, starting from the styrene—
methyl methacrylate copolymer.

To reach that goal, styrene—methyl methacrylate
random copolymers (poly(St-r-MMA), Scheme 1) of
known compositions were analyzed by XPS and SIMS.
Surface compositions as obtained by XPS were used to
interpret SIMS data. The absolute intensities of poly-
styrene (PSt) and poly(methyl methacrylate) (PMMA)
characteristic fragments were monitored by SIMS as a
function of the styrene content, making a direct inter-
pretation of the SIMS results possible based on polymer
fragmentation pathways.

Experimental Section

Samples and Film Preparation. Free-radical copolymer-
izations of styrene and methyl methacrylate were carried out
in bulk at 80 °C using azobis(isobutyronitrile) (AIBN) as the
initiator. Exact experimental conditions are provided in Table
1. The final polymer was obtained by precipitation in methanol
at room temperature, filtered, and dried in an oven under
vacuum. Exact copolymer compositions were determined by
elemental analysis (Microanalysis Laboratory, University of
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Table 1. Experimental Conditions Used during the
Copolymerization and Copolymer Bulk Charaterization?

styrene mole
fraction in the
copolymer (mol %)

styrene mole

reaction fraction in the elemental
ID code  time (min) feed (mol %) NMR analysis
copo-70 15 79 71 70
copo-60 15 58 58 62
copo-46 30 35 45 a7
copo-40 30 25 38 41

a General conditions: bulk, AIBN (0.67 mol %), 80 °C.

Massachusetts) and quantitative *H NMR spectroscopy (Bruk-
er 300 MHz, CDCl3). Copolymerization kinetic parameters
were computed with Prism software (2.0 Power PC Macintosh
version) from GraphPad Software Inc.

Each polymer was dissolved in benzene at a 30 mg/mL
concentration (HPLC grade solvent from Union Chimique
Belge, Belgium). A drop of this solution was spin-coated at
5000 rpm onto a silicon wafer (Wackers, Germany) used as
received. The deposited films were then washed with n-hexane
(Merck, Germany) in order to remove any residual contamina-
tion by poly(dimethylsiloxane) (PDMS) and quickly dried in
air afterward. No further treatment was applied before
analysis. Film depositions were made in a clean room atmo-
sphere just before analysis. All samples were free of additives
and low molecular weight compounds.

X-ray Photoelectron Measurements. The surface com-
position was quantitatively determined by XPS using a SSX
100 spectrometer (model 206, SSI, Surface Science Instrument)
equipped with an aluminum cathode (10 kV, 11.5 mA) and a
quartz monochromator. Surface compensation was obtained
by using a low-energy (12 eV) electron flood gun and by
covering the sample with a grounded nickel grid.

For each sample, a survey scan and detailed scans of O 1s
and C 1s lines were performed with a 600 um X-ray beam and
a pass energy of 18 eV. The calibration of binding energy (BE)
scale was made by setting neutral carbon (C—C and C—H
bonds) peak at 284.7 eV for aromatic hydrocarbons and 285.0
eV for saturated ones. Other contributions to the core-level
shift XPS spectra are listed latter in the text. A Shirley
background subtraction was used, and peaks were synthesized
by a least-squares routine using a set of Gaussian/Lorentzian
(85/15) functions. Intensity ratios were converted into atomic
ratios by using the sensitivity factors proposed by SSI (1 for
carbon and 2.49 for oxygen atoms). No silicon signal from the
substrate was ever observed in any XPS spectrum, implying
that films are thicker than the XPS information depth of silicon
(>10 nm) for all samples.

ToF-SIMS Analysis. Static SIMS measurements were
carried out at UCL, Louvain-la-Neuve, with a Charles Evans
& Associates TFS-4000 MM time-of-flight spectrometer using
a 8%Ga* (15 keV) liquid metal ion source. Secondary ions were
accelerated at 3 keV before being 270° deflected by three
electrostatic hemispherical analyzers (TRIFT).5° Secondary
ions are accelerated up to 6 keV before entering the detector
in order to enhance detection efficiency (especially at high m/z).
A 880 pA dc primary ion beam is pulsed at a 11 kHz frequency
with a pulse width of 23 ns bunched down to 4 ns for high
mass resolution and is rastered over a 130 x 130 um? surface
area. All spectra were acquired with fluence ~10*? ions cm~2
ensuring static conditions. A mass resolution m/Am of ~ 4000
measured at m/z = 28 on a Si wafer was achieved. No charge
neutralization was needed.

SIMS Data Treatments. All spectra treatments were made
with the Cadence 2.0 software from Charles Evans & Associ-
ates. For each peak contributing to the spectrum (j), the
absolute intensity Y;; was measured and a unique ion com-
position (i) was assigned. As much as possible, metastable
peaks were not added to the data.>* Four spectra per polarity
were acquired for each sample. Absolute intensity standard
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Table 2. Sequence Length Distribution of
MMA-(St)i-MMA Fragments in the Random Copolymers

probability (mole fraction)

sequence copo-40 copo-46 copo-60 copo-70
lengthi (41 mol % St) (47 mol % St) (62 mol % St) (70 mol % St)
1 0.87 0.81 0.62 0.38
2 0.11 0.15 0.23 0.23
3 0.014 0.030 0.089 0.15
4 0.0018 0.0057 0.034 0.091
5 0.00023 0.0011 0.013 0.057
6 3.0 x 1075 0.00021 0.0048 0.035
7 3.9 x 1076 4.0 x 1075 0.0019 0.022
8 4.9 x 1077 7.6 x 1076 0.00069 0.014
total 0.9999 0.9999 0.9996 0.9772

Table 3. Sequence Length Distribution of St-(MMA);-St
Fragments in the Random Copolymers

probability (mole fraction)

sequence copo-40 copo-46 copo-60 copo-70
lengthi (41 mol % St) (47 mol % St) (62 mol % St) (70 mol % St)
1 0.57 0.68 0.84 0.94
2 0.24 0.22 0.13 0.058
3 0.10 0.069 0.020 0.0036
4 0.045 0.022 0.0030 0.00023
5 0.019 0.0069 0.00047 1.41 x 1075
6 0.008 0.0022 7.17 x 1075 8.81 x 1077
7 0.0035 0.00069 1.10 x 10> 5.49 x 1078
8 0.0015 0.00022 1.69 x 1076 3.42 x 107°
total 0.9989 0.9999 0.9999 0.9999

deviations for characteristic peaks were about 10%. No silicon
signal was observed.

Results and Discussion

Polymer Synthesis and Characterization. PSt
and PMMA homopolymers were obtained from Poly-
sciences Inc. (Warrington, USA) with molecular weights
of 125 000 and 100 000, respectively. Copolymers used
in this study were synthesized by bulk free-radical
copolymerization of styrene (M;) and methyl methacry-
late (M) at 80 °C. Experimental conditions (Table 1)
were designed to ensure low monomer conversions and
make possible direct assessment of copolymerization
kinetic parameters r; and r, from the experimental
dependence of instantaneous copolymer composition on
monomer feed composition. A computer-assisted statis-
tical analysis of the experimental data by a nonlinear
regression method was used to estimate r; and r,. Such
a statistical approach provides results of comparable or
better quality than values obtained using classical
linearization methods. Values of 0.44 and 0.25 were
obtained for r; and ry, respectively (standard errors:
0.04 on ry and 0.03 on r,, R? = 0.9986). These numbers
compare favorably to values from the literature.

Sequence-length distributions for MMA and St blocks
up to the octad level were calculated from the experi-
mental values of r; and r; and the feed composition of
each copolymer. Final results can be found in Tables 2
and 3. The full statistical methodology allowing sequence-
length distributions to be calculated from kinetic pa-
rameters in free-radical copolymerization is covered in
several textbooks and will not be described here.>?

The only assumption made in the statistical treat-
ment of the experimental data is that the distribution
of the comonomers along the polymer chain follows a
first-order Markov statistical distribution (terminal
model). Most experimental evidence accumulated in the
literature suggests that this assumption is indeed
correct in the case of styrene—MMA free-radical copo-
lymerizations.53 With the following kinetic parameters
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Figure 1. Oxygen ratio (O/(O + C)) of St-r-MMA copolymers
as a function of styrene content. The continuous line is
characteristic of a bulklike surface.

(ka(AIBN) =104 x 1076571, ky =6 x 10" M 1s7L k, =
103 M1 s71 [AIBN] = 7.2 x 1073 M, and [M] = 9.35
M), the degrees of polymerization were assumed to be
about 100, and then copolymer molecular weights are
about 10 000. Moreover, no signal from the AIBN
initiator was observed in the NMR spectra and in the
SIMS spectra (no [C4HsN]T peak present at m/z =
68.050).

Surface Characterization by XPS. Surface com-
position was first characterized by XPS. Two contribu-
tions in the PSt C 1s core-level shift were observed:
C—(C, H) at binding energy = 284.7 eV and the shake-
up at BE = 291.2 eV. As expected, no oxygen signal
appeared in the XPS spectrum of the polystyrene
homopolymer. Four different contributions were found
to be present in the PMMA C 1s core-level shift: C—(C,
H) at BE = 285.0 eV, C—C(0O)—0 at BE = 285.8 eV,
C—Oat BE =286.9eV, and O=C—0 at BE = 289.0 eV.
C 1s core-level shifts varied with styrene content in the
random copolymers, the observed signal being made of
the overlap between XPS spectra of both homopolymers.
Two components were observed in O 1s core level shift
for MMA-containing polymers: C=0 at BE = 532.1 eV
and C—0O—C at BE = 533.7 eV. For all samples, the
relative intensities of both oxygen components were
equal, implying that no specific interactions appeared
on the oxygen functionalities.

Figure 1 includes atomic ratios of oxygen (O/(O + C))
plotted as a function of the mole fraction in bulk styrene.
It can be seen that the oxygen ratio decreases linearly
from pure PMMA to pure PSt. The theoretical slope for
a bulklike surface, i.e., same composition at the surface
as in the bulk, is also indicated in Figure 1. The fact
that experimental data are so close to the theoretical
values indicates that, within experimental precision,
styrene-r-methyl methacrylate copolymers present the
same styrene content at their surfaces as in the bulk.
This result is not as trivial as it first seems. It can be
expected indeed that preferential localization of phenyl
rings close to the surface, i.e., at the interface between
the polymer and the vacuum, should occur in these
copolymers due to the difference in surface energy
associated with styrene and MMA units. It must be
pointed out that the possibility of a slight increase in
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Figure 2. Positive SIMS spectra of (a) PMMA, (b) Copo-40, and (c) PS (m/z = 3—200).

local concentration cannot be entirely ruled out on the
basis of our XPS data. Even if present, this reorientation
of the surface cannot explain the differences in peak
intensity variations observed in the second part of this
study and can be considered to be very small and
negligible at first approximation.

Polymer Surface Characterization by SIMS. A.
Positive SIMS Spectra. a. Styrene and Methyl
Methacrylate Homopolymers. Observed peaks on the
PMMA SIMS spectrum (Figure 2a) are similar to those
described in the literature.>*5 Fragments associated
with the MMA repeat unit (CsHgO,) appears protonated
(CsHgO2™) or results from the loss of an hydride
(CsH;02™) at m/z = 101 and 99, respectively. Other
oxygen-containing peaks (as C4HsO™", C;HoO™ at m/z =
69 and 109) are characteristic of the main chain with
the pendant group involved in their molecular struc-
tures. The methyl ester pendant group has also char-
acteristic peaks at m/z = 15 (CH3") and 59 (C,H30,™).
Branched hydrocarbon ions observed in the PMMA
SIMS spectrum (C4Hs™, C4H7", CsH7t, CsHo™, CeH7™,
C5Hg+, C7Hg+, C7H11+, and CgHHJr at m/z = 53, 55, 67,
69, 79, 81, 93, 95, and 107, respectively) can be directly
related to PMMA backbone fragmentation.> The SIMS
spectrum of the polystyrene homopolymer is displayed
in Figure 2c and shows typical carbon clusters. PSt
SIMS spectra are mainly composed of hydrocarbon
clusters with unsaturated and/or aromatic fragments
(CaoH2™, CoHs™, CsHs™, CaHst, CsHst, CeHs™, C/H;™,
C8H7+, C8H9+, C9H7+, C13H9+, and C;|_5H;|_3+ at m/z = 26,
27, 39, 51, 63, 77, 91, 103, 105, 115, 165, and 193,
respectively). Several authors determined the molecular
structures of these ions with techniques such as isotopic
labeling®® and tandem mass spectrometry.1516

b. Styrene—Methyl Methacrylate Copolymers.
The SIMS spectrum of a copolymer (Copo-40) containing
38 mol % of styrene is also shown in Figure 2b, in direct
comparison with the spectra of both homopolymers. It
can be observed on one hand that, even at only 38 mol
% of styrene in the copolymer, the styrene characteristic
fragments are very intense when compared to most
peaks associated with methyl methacrylate. This feature
is clearly visible on peaks at m/z = 39, 51, 77, and 91.
Other typical MMA peaks such as C,H30," and [MMA—
H]*, at m/z = 59 and 99, also exhibit quite low intensi-
ties. This behavior is not general; however, other MMA
fragments such as CH3z" and [MMA + H]*, at m/z = 15
and 101, remain intense. It is interesting to note that
no prominent peaks due to combined fragments of
styrene and MMA units can apparently be observed on
our SIMS spectra.

Our previous work on molecular-weight-dependent
fragmentations established that total intensity is an
important parameter for quantitative interpretation of
SIMS data.'* The total intensity (lyr) of all ions is
plotted in Figure 3 as a function of the styrene mole
fraction in poly(St-r-MMA). It can be observed that It
is much larger for the MMA homopolymer than for the
St homopolymer by a factor of ~13 and that total
intensities for St-r-MMA copolymers are below what
would be expected on the basis of a simple linear
combination of homopolymer contributions. These find-
ings indicate that Il normalization procedures could
lead to spurious variations and interpretations since
such a procedure would involve two varying param-
eters.?* As a result, only absolute intensities will be
discussed in the following, except when specified.
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Figure 4. Y(CHs") and Y(CHsO%) at m/z = 15 and 31 and
protonated and deprotonated MMA unit peaks ([M — H]* and
[M + H]* peaks are CsH;0," and CsHyO," at m/z = 99 and
101, respectively) are plotted as a function of styrene content
in St-r-MMA.

Several peaks characteristic of PMMA and PSt were
monitored as a function of the styrene mole fraction in
poly(St-r-MMA). Evolution of signal intensity with
styrene content was found to be very peak dependent.

Fragments from the PMMA fingerprint such as CH3z™,
CHO*, CH30™, Cy;H30,%, CoHs0,™, CoHz0™, CoHs0™,
C4Hs0™, and C4H;O" at m/z = 15, 29, 31, 55, 57, 43,
45, 69, and 71 (Figure 4 includes results for Y(CH3™)
and Y(CH3O0") peaks), and [MMA—H]* or CsH;O," at
m/z = 99 (Figure 4) shows a large decrease in intensity
with styrene content, the signal being systematically
lower than what would be expected on the basis of
simple additivity. The evolution of each individual peak
is slightly different as shown for example in Figure 4
for Y(CHs™) and Y(CH30"). On the contrary, [MMA +
H]™ or CsHeO," at m/z = 101 (Figure 4) displays an
evolution mostly linear with respect to styrene mole
fraction.

Several aromatic fragments observed in the copolymer
SIMS spectra can be related to the styrene unit.
Y(CgHs™), Y(C7H7T), Y(CgH; ™), and Y(CgHg™) are plotted
in Figure 5 as a function of styrene content. Surpris-
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Figure 5. CgHs*, C;H;*, CgH,*, and CgHo™ as a function of
styrene content in St-r-MMA.

ingly, all these characteristic styrene fragments exhibit
higher peak intensities for the copolymers than what
would be expected on the basis of their composition.
Their intensities are even higher than those observed
for the homopolymers. For instance, Y(C;H;") for the
copolymer containing 38 mol % of styrene is multiplied
by a factor ~3.3 and ~3.4 with respect to the signal for
PMMA and PSt, respectively. It must be noted that the
peak at m/z = 115 must be manipulated with great care
as two different molecular ions contribute to the signal.
These peaks at m/z = 115 are displayed in Figure 6 for
both homopolymers and a copolymer. CoH;" is almost
absent from the PMMA spectrum but not entirely as
indicated by the presence of some metastable frag-
ments.>? Molecular structures for these interfering
metastable ions are very difficult to determine. Never-
theless, it shows the almost complete disappearance of
the oxygenated contribution at m/z = 115 for 38 mol %
of styrene though any residual peak from the oxygen-
ated fragments would be hidden by the CgH;™ peak
width.

It can be observed in Figure 5 that absolute intensi-
ties for the C;H;" ion, which is usually assigned to the
tropylium ion, are similar for both homopolymers,
meaning that the C;H7;* molecular ion can be formed
from either the styrene or methacrylate units with the
exact same yields, but via two different pathways. The
CsH;" ion can be formed from many hydrocarbon
rearrangements or metastable decays close to the
surface, and all the precursors for this ion have not been
identified with certainty. Previous studies have shown
that the C7H;™ ion is generated from a styrene repeat
unit but needs at least one hydrogen atom from the
neighboring repeat units.® Styrene units have a H/C
ratio equal to 1 whereas the MMA H/C ratio is 1.6
(counting all hydrogens, including those on the methyl
ester). This higher hydrogen concentration for MMA
units should improve the C;H7* formation from St units
when only MMA neighbors are available. This is roughly
what is observed experimentally: the C;H;" signal is
much more abundant for copolymers than homopoly-
mers. It seems reasonable indeed to assume that ef-
ficient mechanisms might exist to generate C;H;"
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Figure 7. (top) Cs and (bottom) Cs hydrocarbon clusters as a
function of styrene content in St-r-MMA. All the intensities
were normalized to one for PMMA.

fragments by loss of neutral fragment like CO,, Hy, or
C,H; from metastable ions of higher m/z.151651

Intensity variations for two hydrocarbon clusters (C4
and Cs) normalized with respect to the PMMA homo-
polymer signal are plotted in Figure 7 as a function of
styrene content. Fragments with low hydrogen content
exhibit behavior similar to C;H;" (shown in Figure 5)
whereas those with high hydrogen content decrease as
observed for most PMMA peaks (Figure 4). The transi-
tion from one regime to another varies with the hydro-
gen content in the fragment molecular structure, ex-
treme behaviors being obtained in the Cy4 (or Cs) series
for C4H2™ (or CsH,™) and C4H7* (or CsH7™). It has been
observed previously that hydrocarbon peaks can be
classified according to their hydrogen content and can
describe systematic trends.14.57:58

B. Negative SIMS Spectra. Negative SIMS spectra
for the homopolymers and a copolymer containing 38
mol % styrene are included in Figure 8. The spectra for
the styrene and MMA homopolymers are comparable
to those described in the literature.*>* In negative mode,
fragments characteristic of the PMMA main chain are
C3H30~, C4Hs50,7, CgH130,7, and CgH130,4~ at m/z = 55,
85, 141, and 185, respectively. The methyl ester pendant
group is mainly characterized by a CH3;O™~ peak at m/z
= 31. O~ and OH~ ions are also present in the spectra
and are directly related to MMA content in the macro-
molecule. Hydrocarbon fragments (CyH,~) are emitted
by both homopolymers. Like for positive SIMS spectra,
no prominent peak containing combined styrene and
MMA units could be observed in the spectra.

The total intensity (li:) is plotted in Figure 9 as a
function of the styrene mole fraction in the St-r-MMA
copolymers. A slight decrease in total intensity by a
factor of about 1.3 appears between the two extremes
(PMMA and PSt homopolymers). For the copolymers,
lot Seems to be slightly larger than expected on the basis
of a linear contribution of each comonomer.

Several characteristic peaks were monitored as a
function of styrene mole fraction (Figure 10). The
intensity for low-mass fragments containing oxygen (O,
OH~, CHO, CH30~, and C,HO™ at m/z = 16, 17, 29
31, and 41, respectively) decreases linearly with styrene
content in the copolymer. The other molecular secondary
ions observed in PMMA decrease also but have their
intensities below the expected linear relationship (Fig-
ure 11). The intensity of high-mass PMMA fragments
involving several MMA units (CgH130,~ and CoH1304~
at m/z = 141 and 185) decrease more rapidly with
styrene content than C3H3O0~ and C4HsO,~ at m/z =55
and 85. CgHsO~, CsHgO~, and C¢H7;O~ peak intensities
at m/z = 93, 94, and 95, respectively, are plotted in
Figure 12 as a function of the styrene content. Three
different behaviors are observed for these ions with
respect to the expected linear relationship: CgHsO~
exhibits higher intensities while CgHgO~ and CgH;O~
peak intensities are lower, Y(CsHsO™) decreasing slower
than Y(Ce¢H;O™). Negative hydrocarbon ions appear in
the spectra of both homopolymers. As in positive mode,
observed behavior depends on the hydrogen content of
the ion, but in the opposite direction. In the Cj3 cluster
(Figure 13), Y(C37), Y(C3H™), and Y(CsH2™) (at m/z =
36, 37, 38 and 39, respectively) increase while Y(C3H3™)
decreases with styrene content. No linear dependencies
can be observed for these fragments.

Other parameters could interfere with the observed
peak intensity behaviors as a function of the styrene
mole fraction: trace of residual solvent and molecular
weight of the copolymers. No trace of residual solvent
could be observed in the SIMS spectra, in agreement
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Figure 9. Negative total intensity as a function of styrene
concentration.

with results presented by Leeson et al.>® These authors
showed that, with the exception of THF, PMMA peak
intensities are not influenced by the solvent (chloroform,
2-butanone, and toluene) used for the deposition. In the
THF case, the molecule parent ion is observed in the
SIMS spectrum. Deuterated polystyrene films deposited
from toluene solution also did not exhibit contributions
from the solvent.58 Due to our experimental conditions,
the copolymers exhibit lower molecular weights than
homopolymers. It has already been shown in the litera-
ture that when molecular weight is decreased, the end
group signals become prominent in the SIMS spectra,
especially at low molecular weight.1#5758 Thus, this
parameter cannot be excluded by the interpretation, but
its influence in the experiments described in this paper

1.2 10°

40

60 80
%Styrene

Figure 10. Y(O"), Y(OH"), Y(CHO"), and Y(CH3O™) at m/z
=16, 17, 29, and 31 as a function of styrene concentration.

seems to be minor. For instance, the C;H;* peak
intensity, at m/z = 91, is increased by a factor of 1.5
when M, is decreased from 10° to 10%. (This factor is
deduced from the molecular-weight-dependent fragmen-
tations previously published in refs 14, 57, and 58.) By
contrast, Y(C7H;") is multiplied by 3.2 between homo-
polymers (PSt and PMMA) and copo-40 (Figure 5). In
summary, the expected increase of characteristic peak
intensities by changing the molecular weight from 10°
to 10 cannot explain the major variations observed as
a function of styrene mole fraction in the poly(St-r-
MMA).
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H13047) at m/z = 55, 85, 141, and 185 as a function of styrene
concentration.
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Figure 12. Y(CsHs07), Y(CsHsO7), and Y(CeH;O™) at m/z =
93, 94, and 95, respectively, as a function of styrene concentra-
tion.

Identification of Useful lons for Quantitative
Characterization. Fragmentation pathways are much
more complex in SIMS than in traditional mass spec-
trometry due to the additional factors associated with
the surface macromolecular structure and morphology.>®
The characterization of a copolymer is even more
difficult as the polymer chemical structure of the
random copolymers increases significantly the number
of theoretical precursors for a given molecular ion. Some
significant trends can be drawn from our study on
MMA-r-St copolymers.

A first important conclusion is that some oxygen-
containing ion peaks (O~, OH™, and in a less perfect way
CHO™ and CH30™) exhibit linear relationships with
respect to the comonomer content at the surface (as
measured by XPS oxygen atomic ratio). No matrix effect
seems to influence their fragmentation/ion formation
pathways. We propose that these ions, being emitted
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Figure 13. C; hydrocarbon cluster as a function of styrene
content in St-r-MMA. All the intensities were normalized to
one for PMMA.

by high-energy processes, can minimize the influence
of structural factors on their emission yield. However,
molecular fragments exhibit strong nonlinear relation-
ships. PMMA characteristic fragments have intensities
below what would be expected from MMA content in
the copolymer and ion emission yield in the MMA
homopolymer. By contrast, positive PSt fragments
present intensity maxima at or below 38 mol % styrene.
(The exact location of the maxima cannot be measured
with certainty due to the lack of data in this concentra-
tion range.)

High-mass secondary ions present in the PMMA
spectrum exhibit strong decrease in intensity in poly-
(St-r-MMA\) spectra, in particular at high styrene con-
tent. This behavior can be expected from the random-
ness of unit distributions in the polymer. As shown in
Tables 2 and 3, (MMA); segments in the copolymer chain
have low probabilities that range from 25 to 6% at the
diad level (two adjacent units) and from 11 to 0.4% at
the triad level (three contiguous units).

As already discussed earlier in the case of the C;H;*
ion, hydrogen transfer from styrene to MMA units
seems possible for [MMA + H]*, occurring at a similar
probability as for transfer between adjacent MMA units.
Similarly, C;H;" and most low hydrogen content and
aromatic ions are enhanced by the presence of adjacent
MMA units in the St-r-MMA chains. By contrast, the
formation of [MMA—H]" is strongly inhibited by the
presence of adjacent styrene units.

Difference in total secondary ion yields for PSt, poly-
(St-r-MMA), and PMMA samples are more substantial
in positive than in negative acquisition mode. Polysty-
rene has a lower secondary ion yield than PMMA in
both polarities, but the difference is much more signifi-
cant in spectra obtained under positive rather than
negative polarity. This change in the secondary ion
emission yield is very important, in particular when
trying to obtain quantitative data. Deviations with
regards to the key parameter of interest for quantitative
analysis—namely, the styrene content—indicate that
normalization by this factor to obtain quantitative data
is inadvisable.?*

All our results on these random copolymers reem-
phasize the difficulty one has in SIMS when trying to
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identify the “most suitable” peak for quantitative work.
Our study indicates that atomic ions might be the most
appropriate to use to determine surface composition,
although structural information is lost. Establishing a
universal relationship allowing quantification based on
molecular ions, while definitely more valuable, seems—
on the basis of our present knowledge—to be behind
what is presently feasible. Before such a goal can be
reached, a better understanding on how the structural
environment affects the emission yields of a functional
group in a specific environment will have to be gained.

Conclusion

Surfaces of random styrene—methyl methacrylate
copolymers (poly(St-r-MMA)) have been characterized
by XPS and ToF-SIMS. Peak intensities were monitored
as a function of the styrene content. XPS data indicate
that copolymers present bulklike surfaces, irrespective
of the comonomer composition. As expected, SIMS data
are more complex to analyze. Most molecular secondary
ions emitted from MMA units (such as C,H3z0,", [M—H]*,
CgH130,7, and CgH130,4~ at m/z = 59, 99, 141, and 185,
respectively) are inhibited by the presence of nearby
styrene units, while some PSt fragment intensities are
enhanced in the St-r-MMA copolymer (such as C;H;"
and CgH;"™ at m/z = 91 and 103). New favorable
pathways occur for their formation clearly due to the
presence of surrounding MMA units.

Our present data confirm that prominent matrix
effects play a major role in secondary molecular ion
formation and/or emission from polymer targets, what-
ever the secondary ion polarity. Simple molecular ion
intensity ratios are not directly useful for obtaining
guantitative data from SIMS. Atomic or quasi-atomic
secondary ions are much less sensitive to the polymer
molecular structure, and direct quantitative relation-
ships with sample content at the surface can be identi-
fied.

Without a much better understanding of fragmenta-
tion pathways, identification of useful molecular ions
for quantitative work will be difficult. Studies on
copolymers containing deuterated styrene or methyl
methacrylate units or experiments on random copoly-
mers with other molecular structures might help in
approaching that goal and also give some new insights,
by pinpointing specific fragmentation mechanisms.
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