Macromolecules 1999, 32, 2925—2934

Molecular Weight Dependent Fragmentation of Selectively Deuterated
Polystyrenes in ToF—SIMS

X. Vanden Eynde,*"* K. Reihs, and P. Bertrand*

Unité de Physico-Chimie et de Physique des Matériaux, UCL Place Croix du Sud 1,
B-1348 Louvain-la-Neuve, Belgium, and Central Research-Physics, Bayer AG, Bldg E41,
D-51369 Leverkusen, Germany

Received October 5, 1998; Revised Manuscript Received February 12, 1999

ABSTRACT: Two series of monodisperse polystyrenes were synthesized by an anionic polymerization
initiated with sec-butyllithium. The number average molecular weights of the macrochains range from
1700 to 93300. The first series consist of deuterated repeat units and hydrogenated end groups (sec-
PDsS—H). The other one was fully hydrogenated except for one end group, which was selectively deuterated
(sec-PS—D). The sample molecular structures are C4Ho(CgDg)nH and C4Ho(CgHs)nD, respectively. These
polymers were then analyzed by time-of-flight secondary ion mass spectrometry (ToF—SIMS). All
secondary ion intensities are corrected for the carbon and deuterium isotopic distributions. Static SIMS
spectra of sec-PDsS—H show characteristic peaks with even masses (fully deuterated, i.e., C;D;", C¢Ds*
at m/z = 98, 82) and odd peaks (containing at least one hydrogen atom, i.e., C;HD¢", CeHD4* at m/z = 97,
81). Typically, these odd peaks show decreasing intensities as the molecular weight increases. In the
sec-PS—D SIMS spectra, the characteristic peaks are similar to those observed for the usual polystyrene
with a more specific peak at m/z = 92 which is related to the deuterium end group. From the molecular
weight dependent intensities, it can be deduced that a hydrogen transfer occurs from the sec-butyl end
group to the first repeat unit and promotes the formation of the tropylium fragment. A rearrangement
ion formation mechanism is proposed. For both polymers, characteristic peaks of the end group are
detected. With the intensity ratios of a main chain fragment and these end groups characteristic peaks,
we are able to calibrate the number average molecular weight at the polymer surface. Moreover, it is
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shown that the main chain deuteration influences the end group segregation toward the surface.

Introduction

Static secondary ion mass spectrometry (SSIMS)
allows the determination of the number average mo-
lecular weight of polymers by the emission of intact
oligomers (m/z > 1000).! Their emission is obtained by
the cationization of a macrochain with a substrate
atomic ion when a submonolayer polymer film is de-
posited onto a metallic surface.2® However, the charac-
terization of bulk and surface molecular weight is of
great interest for technical polymer surfaces and cannot
be discovered by this method. In the literature and from
our former work, it has been shown that the molecular
weight of polymer chains can be determined by looking
at the intensities of the characteristic end group frag-
ments present in the fingerprint part of the SIMS
spectrum (with m/z < 250).4° A practical example has
been shown by Reihs et al.6 The spectrum calibration
obtained with polycarbonates was used to image the
surface spatial distribution of the polymer molecular
weight in a compact disk. Nevertheless, in many cases,
this M, determination was restricted to the short chains
(below 20 repeat units).

The process of secondary ion formation and emission
is not yet fully understood. Recent studies have shown
that matrix effects are less important for polymers
analyzed in the static mode than for inorganic material
analyzed in the dynamic mode but are still present.”8
Therefore, the fragments to be used for quantification
have to be chosen with care. Weng et al. showed that,
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for some specific fragments, the sensitivity factors of a
chemical functionality can be influenced by its neigh-
boring functionalities.® To progress in this field, it is
important to be able to identify the different fragmenta-
tion pathways, starting from the precursor macromol-
ecule and leading to the formation of specific secondary
ion fragments. The fragmentation of low molecular
weight polymers has been chosen for this purpose.
Several polymers have already been investigated such
as polystyrene (PS),*810-12 poly(ethylene glycol) (PEG),!3
and poly(methyl methacrylate) (PMMA).2* In summary,
it has been shown that SSIMS is sensitive to the nature
of the end groups and to their isomers. The influence of
the end groups on the fragmentation pathways of the
main chain is not clear. For PS oligomers, some specific
interactions with the end groups were deduced from the
studies on cationized deuterated PS5 and from the
molecular weight dependencies of fingerprint fragments
of hydrogenated PS (HPS).®2 A selective deuterium
labeling study was undertaken to gain deeper insights
into the fragmentation schemes.

For this work, two series of selectively deuterated
polystyrenes were synthesized by an anionic polymer-
ization initiated by sec-butyllithium. The final molecular
weights range from 1700 to 93300. The first end group
for all polymers is a sec-butyl functionality due to the
chosen initiator. The molecular structures studied are
drawn in Scheme 1. The polymers are labeled sec-
PDgS—H or sec-PS—D and they exhibit a deuterated or
hydrogenated repeat unit and a hydrogen or deuterium
atom as the second end group, respectively.

Deuterium labeling has already been used for many

different purposes in SIMS. Fundamental studies used
this method for the determination of the fragmentation
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Scheme 1. Polystyrene Molecular Structures: (a)
SE‘C-PDss*H' (b) sec-PS—D

CH ‘<_CD2_CD>‘CD2 gH
n-1

CHz— CH2

CH <—CH2—CH >’CH2 HD

CHz— CHp

pathways by a selective deuteration of the repeat unit
for PS7-19 and PET.2° For more practical purposes,
dynamic and/or static SIMS on polymer blends contain-
ing deuterated and undeuterated macrochains allowed
concentration depth profiling and surface analysis,
respectively.21=23 With these techniques, the diffusion
of polymer chains through an interface or toward the
uppermost surface was studied.?3~2% Other applications
follow the specificity of chemical surface reactions?® and
plasma functionalizations.?’ In other cases, selective
deuteration was used to overcome the poor mass resolu-
tion of quadrupole mass spectrometers in the first
generation mass spectrometers used in static SIMS.

A model previously established was used to interpret
the influence of the molecular weight on the SIMS
intensities.® In this model, the absolute intensity of a
fragment j, Yj, is expressed as a sum of different
contributions coming from the end groups (Yei; and
Yezj) and from the main chain, Yy ;. An extra parameter
(o) is used to take into account the interaction of the
end group with the first adjacent repeat unit.

n—1+o

Y; = (YE1]+YE21)+ n+2

J n+2

Here n is the average number of repeat units (0h[).
The previous equation is rewritten as follows:
2 n

— R
Yi n+2A+n+2” @)

Yvig (D

Here A and B are the end group and the main chain
parameters, respectively.

On the basis of the fingerprint ions, several methods
have been used to quantify the molecular weight at the
surface. If some fragments appear to be only due to the
main chain (Yuc) and others to the end group (Yeg), a
univariate calibration between their intensity ratio
(Ymc/Yeg) and the average number of repeat units (00
may give a linear relationship used for the calibration.?
However, for hydrogenated polystyrene (HPS), almost
all ion intensities are influenced by the presence of the
end groups and a similar linear calibration cannot be
achieved. Indeed, for low molecular weight PS, there is
no ion exclusively formed by the main chain.? To bypass
this problem, a chemometric method, principal compo-
nent analysis (PCA), was used for quantification but this
method is still restricted to PS molecular weights below
10 000.%8

Experimental Setup

Polymer Materials. The monodisperse selectively deuter-
ated polystyrenes were purchased from Polymer Standard
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Table 1. Number Average Molecular Weights and Repeat
Units (M, and (] Respectively) and Polydispersity
Coefficient (H) Measured by GPC for Deuterated
Polystyrene Samples

no. av molecular av no. of monomer polydispersity

samples weight (Mp) units (0 coeff (H)
PDgS-03 3000 26 1.05
PDgS-04 4170 37 1.04
PDgS-05 5300 47 1.04
PDgS-25 25100 224 1.02
PDgS-64 64100 572 1.02
PDgS-93 93300 833 1.01
PS—D-01 1790 16 1.07
PS—D-02 2280 21 1.06
PS—D-03 2950 28 1.05
PS—D-08 8300 79 1.04
PS—D-16 15600 149 1.04
PS—-D-22 22000 211 1.02

Services (Mainz, Germany). The sec-PDgS—H samples were
synthesized by anionic polymerization?% of deuterated sty-
rene units (CgDg with a deuterium content compared to
hydrogen of about 99%) with hydrogenated sec-butyllithium
initiator (C4HoLi). The polymerization process was stopped
with hydrogenated methanol (CH3;OH) in order to attach one
hydrogen atom at the second end group. The two end groups
of sec-PDsS—H are, respectively, hydrogenated sec-butyl (E;)
and hydrogen (E). The molecular weights obtained range from
3000 to 93300. The sec-PS—D samples were synthesized by
anionic polymerization of hydrogenated styrene units (CsHs)
with hydrogenated sec-butyllithium initiator (CsHgLi). The
polymerization was stopped by the adjunction of deuterated
methanol into the reaction media (CD3;OD) in order to attach
a deuterium at the second end group. Following this procedure,
the two polymer end groups of sec-PS—D are, then, hydrogen-
ated sec-butyl (E;) and deuterium (E;). The obtained molecular
structures are drawn in Scheme 1. The obtained molecular
weights range from 1700 to 22000. The number average
molecular weights and polydispersity coefficients were meas-
ured by gel permeation chromatography (GPC) and they are
listed in Table 1. In this work, the average number of repeat
units is used in place of the molecular weight (Table 1).

Sample Preparation. Polymer films were prepared by
solution spin coating by deposition of the polymer solution (30
mg/mL in toluene (HPLC grade solvent from Union Chimique
Belge)) onto a polished single crystal silicon wafer (used as
received) at 5000 rpm spinning speed and room temperature
for 1 min.

ToF—SIMS Measurements. The ToF—SIMS measure-
ments were carried out with the Charles Evans & Associates
TFS-4000 MMI system using a %Ga* (15 keV) liquid metal
ion source. In this system, the secondary ions were accelerated
up to a 3 keV energy before being 270° deflected by three
electrostatic hemispherical analyzers (TRIFT).31733 A 800 pA
DC primary ion beam was pulsed at a 5 kHz frequency with
an unbunched pulse width of 23 ns and is rastered over a 130
x 130 um? surface area. All spectra were acquired for 10 min
with a fluence ~ 10%2 ions/cm? ensuring static conditions. A
mass resolution m/Am of ~ 6000 measured at m/z = 28 on a
Si wafer was achieved. No charge compensation was needed
for spin coated films, in this study. As the negative SIMS
spectra of PS contain much less information on the polymer
molecular structure than the positive ones, they are not
discussed in this paper.

All films seemed free of cracks or defects, as checked by the
absence of the silicon substrate signal (Si*, at m/z = 28) in
the spectra. These samples did not contain any additives. The
contaminants for spin-coated films were mainly alkali or
halogens (i.e. Li*, Na*, or ClI~ at m/z = 7, 23, and 35/37,
respectively). Lit at m/z = 6 and 7 remains from the poly-
merization process. The reproducibility of the absolute intensi-
ties was estimated from the variance obtained for at least four
independent measurements. The standard deviation was found
to be ~10% of the mean normalized intensity value.
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Figure 1. SIMS spectra (m/z from 5 to 200) of monodisperse sec-PDgS—H: M, = 4170 (top) and 93300 (bottom).

Data Treatment. The first data treatment of the raw
spectra was performed with Cadence 1 software from Charles
Evans & Associates. For each spectrum i (e.g. Figure 1), all
secondary ion (Sl) peak intensities corresponding to the
different ion structures j were measured and quoted as Yi.
As most as possible, the intensities due to unimolecular
dissociation were not involved into our data. Indeed, if uni-
molecular dissociation occurs, the ionized daughter ions are
observed as new peaks and then this is easy to separate the
additional contributions.®*

Since the high mass resolution is, up to now, insufficient to
discriminate 13C containing ions from the *2C ones, isotopic
corrections have to be performed on all the absolute intensities
in order to take into account the natural isotopic distribution
(NID) of the carbon atom. Carbon has two isotopes at m/z =
12 and 13 with the natural isotopic ratios of 98.9% and 1.1%,
respectively. For a '3C correction, the absolute intensity Y; at
m/z = j is multiplied by 1.011x to obtain the corrected intensity
Yj*, and the absolute intensity Yj+1 at m/z =j + 1 is reduced
by (0.011x)Y; in order to remove the **CC,_;H, contribution at
m/z = j + 1, leaving only the C;Hy+; one. Another isotopic
correction had to be performed due to the incomplete deutera-
tion of the styrene repeat units, which was about 99% D. If a
fragment C,D, is produced, another fragment can be produced
with exactly the same molecular structure and precursor but
with one deuterium replaced by one hydrogen (CxHDy-1). The
intensity of CtHDy-, is then partly caused by the uncompleted
deuteration of C,D,. The correction consisted in the subtraction
of y(1 — d)C.Dy intensity (at m/z = j) from the CyHDy-1
intensity (at m/z = j — 1). For the sec-PS—D data, we assume
that the deuterium attachment yield at the end group is 100%.
After these corrections, the absolute intensities are free of any
isotopic contributions.

Moreover, the normalization is needed in order to eliminate
the systematic differences in the absolute intensities measured
on replicate spectra. These differences between replicate
spectra might be due to slight differences in the experimental
settings. Then before comparing different sets of samples, the
normalization of the different experiments was performed by
the extrapolated intensity at high molecular weight.® This last
value was obtained by fitting the data with the model
presented in ref 8.

N, = L
M limy,
5N

n—oo0

®)

Here N, is the normalized intensity and Y;j,, is the absolute
intensity at molecular weight equal to n for the fragment j.
Results

The hydrogenated polystyrene (HPS) SIMS spectrum
had already been reported in the literature.35737 It is
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Figure 2. Total intensity 12,

number of repeat units ([HD).

of sec-PDgS—H vs the average

characterized by a series of unsaturated and aromatic
fragment ions (at m/z = 26, 39, 51, 63, 77, 91, 103, 105,
115, 128, 141, 152, and 165 ...). The deuterated poly-
styrene SIMS spectra are presented in Figure 1 for M,
= 4170 and 93300. The SIMS fingerprint of sec-PDgS—H
is quite different from the HPS one. Most of the
characteristic fragments have the same molecular struc-
ture as in the HPS SIMS spectrum but with their
hydrogen atoms replaced by deuterium atoms. Indeed,
the HPS fragments with CyHy* molecular structures (at
m/z = j) are shifted to C,Dy* (at m/z = j +y) in the sec-
PDgS—H spectrum. For instance, the peak at m/z = 77,
CsHs™, in HPS spectrum corresponds, for the deuterated
PS to CgDs™ at m/z = 82 and similarly, for C;D7*, CgD7™,
CsDo™, and CoD;™ at m/z = 98, 110, 114, and 122,
respectively. All the odd peaks contain at least one
hydrogen atom within their molecular structure, such
as C;HDg™ at m/z = 97. The sec-butyl end group has
the same parent ion (C4Hg" at m/z = 57). It is seen in
the spectra that the intensities at m/z = 57 and 97
decrease when the molecular weight is increased. In
contrast, the peak at m/z 98 remains almost un-
changed.

The total intensity in sec-PDgS—H SIMS spectra is
plotted in Figure 2 as a function of the average number
of repeat units (0h0). An increase at low [MCis observed.
A similar effect has been reported for sec-PS—H.812 This
increase suggests that specific fragmentation mecha-
nisms are significant at low molecular weight. It shows
that polymer end groups play an important role on the
secondary ion formation when their concentrations are



2928 Vanden Eynde et al.

Macromolecules, Vol. 32, No. 9, 1999

Table 2. Different Types of lons in the DPS Spectra as a Function of the Molecular Weight

cluster x CxDy*t (DI) (m/z) CxDy* (DI) (M/z) CxHDy_1* (HI) (M/z)
1 14,16, 18 - 13, 15, 17
2 24,28, 34 26, 30 25, 27, 29, 33
3 36, 38, 40, 42 44, 46 37, 39, 41, 43, 45
4 50, 52, 54 56, 58, 60 51, 53, 55, 57, 59, 61
5 62, 64, 66, 68 70,72 63, 65, 67, 69, 71, 73
6 74,76, 78, 80, 82, 84 86 77,79, 81, 83, 85
7 88, 90, 92, 94, 96, 98, 100 89, 91, 93, 95, 97, 99, 101
8 104, 106, 108 110, 112, 114, 116 107, 109, 111, 113, 115
9 118, 120, 122, 124, 126, 128 119, 121, 123, 125, 127
10 132, 134, 136, 138, 140, 142 133, 135, 137, 139, 141, 143
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Figure 3. Sec-butyl end group parent ion, C,Hg", absolute 0 200 400 600 800 1000
intensity (Y(s7) in sec-PDgS—H vs M <n>

high, at low molecular weight. Indeed, the end group
parent (C4Ho™ at m/z = 57) ion intensity increases also
with the decrease of hl(Figure 3). However, it is
observed that fragment at m/z = 28 is not influenced
by the increase of My, whereas that at m/z = 98 is
slightly influenced and that at m/z = 97 decreases
strongly. Moreover, as in the HPS spectrum,® most of
the characteristic sec-PDgS—H peaks vary with the
amount of the sec-butyl end groups and then, obviously,
with the molecular weight. In the sec-PDgS—H spectra,
three types of fragments can be determined owing to
their molecular weight dependent behavior. The even
peaks (CxDy*) show two different behaviors. The first
type of peaks (DI) exhibits an absolute intensity re-
maining almost constant over the entire range of
molecular weight. The second type (DI1) exhibits a slight
increase of the absolute intensity for the low molecular
weight samples as shown in Figure 4 for C;D;* at m/z
= 98. By contrast, the odd mass peaks (CxHDy-1")
exhibit a large increase of their absolute intensity at
low molecular weight as shown in Figure 4 for C/HDg"
at m/z = 97 and correspond to the HI type. Table 2
summarizes, for each cluster, the different types of ions
present in the sec-PDgS—H SIMS spectra. For the
clusters with less than six carbon atoms, the sec-
PDgS—H characteristic peaks (C,D,", C3Ds*, C4D3™,
CsD3™, CgDs™, and CgDs* at m/z = 28, 42, 54, 66, 78,
and 82, respectively) are unchanged with the molecular
weight (ions of DI type). Therefore, their formation is
independent of the end groups. The various mechanisms
leading to their production were already discussed by
several authors.17719:38-40 For the clusters containing
more than six carbon atoms, the sec-PDgS—H charac-
teristic peaks (C;D7", CgD;", CgDg*, and CgD7" at m/z
= 98, 110, 114, and 122, respectively) are ions of DIl
type with their intensities slightly increasing for the low
molecular weights.

Figure 4, Y(zs), Y(97), and Y(gg) vs Ofor sec-PDgS—H. Peaks
at m/z = 28, 98, and 97 are defined as types DI, DI, and HI,
respectively (see text).

The sec-PS—D SIMS spectra of a low and a high
molecular weight sample are displayed in Figure 5.
They look very similar to the spectra for sec-PS—H.
Indeed, the characteristic peaks appear at the same
mass: m/z = 26, 39, 53, 63, 77, 91, 103, 105, 128, 141,
152, and 165 .... Their exact molecular structures are
much more difficult to define exactly due to the presence
of the D isotopic labeling at one end group. For the high
molecular weight spectra, this effect can at first be
neglected and the fragment molecular structures are
similar to those observed for HPS and sec-PS—H. A peak
at m/z = 57 is also observed in the SIMS spectra that
is also related to the sec-butyl end group parent ion
(C4Hg™). This peak exhibits a higher intensity for the
low molecular weight samples. The absolute intensity
of the fragment at m/z = 91, just like the relative
intensity compared to the peak at m/z = 92, increases
for low molecular weight polystyrenes (Figure 5).

The total intensity of the SIMS sec-PS—D spectra is
also seen to decrease when M, increases similarly to
previous sec-PDgS—H results. This increase is due to a
specific fragmentation induced by the large presence of
the end groups at low molecular weights. Indeed, the
butyl parent ion intensity at m/z = 57 increases at low
mOand follows the same behavior than in SIMS sec-
PDgS—H spectra. The most intense peak in these SIMS
spectra is associated with C;H7™ or tropylium ion at m/z
= 91. In Figure 6, the absolute intensity of C;H7" is
plotted as a function of (Ml Its intensity decreases when
increasing hll Similarly, the peak at m/z = 92 exhibits
an intensity decrease for the high molecular weight
samples. Usually, in SIMS PS spectrum, the peak at
m/z = 92 is due to the natural isotopic distribution of
the carbon atoms present in the C;H;" fragment. But,
compared to that at m/z = 91, this peak exhibits an
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Figure 5. SIMS spectra (m/z from 5 to 150) of monodisperse sec-PS—D: M, = 2430 (top) and 22500 (bottom).
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additional intensity believed to be due the deuterium
end group and associated to the C;HgD™' molecular ion.
In Figure 7, the peak intensities at m/z = 103, 104, 105,
and 106 for sec-PS—D are displayed as a function of the
number of repeat units, 0h{J As a general observation,
their intensities decrease when [m0is increased. More-
over, this decrease is stronger for the fragments with
high hydrogen content.

Discussion

The following discussion is divided in three parts. In
the first part, the molecular weight dependent intensi-
ties of the characteristic PS secondary ions are discussed
for both series of deuterated samples and compared to

previous data obtained with hydrogenated polystyrenes,
sec-PS—H.8 In the second part, it will be shown that the
selective deuteration of the main chain induces a
reorientation of the end groups at the surface. In the
last part, a specific fragmentation pathway for the
polystyrene chains, namely the H transfer, is proposed
to interpret the molecular weight effects. This fragmen-
tation scheme is generalized for a possible main chain
rearrangement leading to the formation of PS charac-
teristic secondary ions.

(1) Molecular Weight Dependent Intensities. The
end group parent ion (C4Hg") is present in sec-PDgS—H
and sec-PS—D SIMS spectra at m/z = 57. This ion
exhibits a decrease of its intensity for high molecular
weight (Figure 3) as for sec-PS—H samples (see Figure
4 in ref 8). But its intensity does not vanish at high My,
and it exhibits a saturation value that is observed for
all the samples. This is explained either by an alkyl
contamination, or its formation comes from either the
styrene units, or from the end group. Since the C4Dg™
ion is absent in the sec-PDgS—H spectrum, the butyl
fragments are not produced by a main chain rearrange-
ment whatever the M,. An end-group peak intensity
should approach zero at infinite macromolecule length;
thus, the remaining part of the intensity at high
molecular weight cannot come from the end group. This
contribution is believed to be due to a residual hydro-
carbon contamination.

Before the absolute intensities observed in the sec-
PDgS—H SIMS spectra are interpreted, they have to be
corrected for the carbon NID and for the uncompleted
deuteration of the styrene repeat unit (as described
above). In Figure 8, the corrected intensity of m/z = 97,
Yon*, is plotted as a function of the average number of
repeat units ((M0). The saturation value observed for Y g7
at high mO(Figure 4) disappears after corrections and
the corrected intensity approaches zero for an infinite
molecular weight. The appearance of this saturation
value was due to the uncompleted deuteration of the
styrene repeat unit and the tropylium fragment formed
within the main chain can have two equivalent molec-
ular structures, C;D;™ and C;HDg". The corrected peak
intensity, Y(97)*, can be fitted with our molecular weight
model® (full line in Figure 8) and is proportional to 1/(n
+ 2). This shows that the peak at m/z = 97 could, after
corrections, be interpreted as a characteristic end group
fragment.

For sec-PS—D, similarly to sec-PDgS—H, the isotopic
corrections have to be performed. In Figure 9, the
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Figure 9. Absolute intensities at m/z = 92 and 106 after the
isotopic corrections, Yex* and Yquoe)*, respectively, vs hfor
sec-PS—D.

corrected intensity of the peak at m/z = 92, Yy*, is
plotted as a function of 0h[J. Indeed, the carbon NID of
the tropylium ion has an influence on the peak intensity
at m/z = 92 due the 3CCgH;" molecular fragment. After
the correction (see experimental part), the Y(g)* inten-
sity is still significant, especially at low h[l This means
that there exists another fragment than 13CC¢H- ™. This
other molecular structure is related to the deuterium
end group which can produce C;HgD™ secondary ion at
m/z = 92. Its corrected peak intensity (Y(92)*) approaches
zero for an infinite M, and varies as 1/(n + 2), in
agreement with our model.® Then, this molecular frag-
ment is exclusively characteristic of the deuterium end
group. Similarly, the corrected intensity at m/z = 106
is displayed in Figure 9. When compared with the
uncorrected Y106 intensity (Figure 9), it is easily seen
that part of the m/z = 106 absolute intensity is due, on
one hand, to the natural isotopic distribution of carbon
in the CgHo" fragment and on the other hand, to the
deuterium end group contribution. Thus the two mo-
lecular structures interfering with this peak are 13CC;Hg"
and CgH8D+.

To compare the sec-PS—H,% sec-PDgS—H, and the sec-
PS—D data, the peak intensities were normalized to the
extrapolated peak intensity for an infinite molecular
weight, see eq 3. The comparison was performed for the
fragments that are influenced by the presence of the
end groups such as peaks at m/z = 91, 92, 97, 98, 105,
and 106. Between sec-PS—H and sec-PS—D, the differ-
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Figure 10. N1 + Nz vs hOfor sec-PS—H and sec-PS—D.

Table 3. A/By Ratios of Different Fragments at m/z = 91
and 92 and at 105 and 106, and Their Sums for Two
Series of Polystyrenes PS—D and PS—H

A/Bgj
X sec-PS—H sec-PS—D
91 64.4 50.3
92 66.2 370.3
91 + 92 64.6 65.3
101 6.6 7.1
102 9.7 10.1
103 12.3 13.4
104 22.3 23.6
105 69.7 65.1
106 71.6 141.2
105 + 106 70.2 70.5

ence is only the second end group —H or —D, respec-
tively. The influence of this second end group is mainly
observed at m/z = 92. Figure 10 presents the sum of
the peaks at m/z = 91 and 92 normalized as explained
by eq 3 as a function of the number of repeat units (0h[).
The A/B; parameters for the peaks at m/z = 91, and
92 and their sum are listed in Table 3. For both end
groups, —H or —D, the sum of 91 and 92 exhibits a
similar A/Bg ratio confirming the same end group
dependence. The A/B; ratio for the sum of several peaks
can be modeled as follows according to the equations
detailed in ref 8:

k
A
£

§§w=k @
i J;Bj

Here A;j and B; are the end group and the main chain
parameters for the fragment j, respectively (eq 2).

In the sec-PS—H case, the three A/B values for Y gy,
Y2, and Ye1)+Y 92 are very close. Then it can be
assumed that these fragments have very similar frag-
mentation pathways and that Y gy is due to the natural
isotopic distribution of C;H7". On the contrary, the A/By;
parameters for the sec-PS—D samples are very different.
The A/B(g) ratio is very high whereas at m/z = 91 it is
lower than the one observed for sec-PS—H. The high
value of the A/B gy ratio for sec-PS—D is due to the fact
that, for PS—D, this peak is more characteristic of the
deuterium end group with the C;HgD™* composition than
the main chain with the 3C2CgH;* one. Nevertheless,
the A/Bgy) ratio remains significant for the sec-PS—D
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Figure 11. N(g]_) + N(gz) + N(g3) from sec-PS—H, N(g7) + N(gg) +
N(9g) from sec-PDgS—H vs Mand N1y + N2 + Ne3) from sec-
PS—H vs SthOwith S = 0.75 (top scale).

polymers, meaning that the other end group, namely
the sec-butyl one, has an influence on the C;H;*
formation. As for the tropylium fragments, the A/B1os+106)
values (Table 3) are very close for both polymers and
also close to the A/B(105) and A/B(106) Values observed for
sec-PS—H. These A/B(105) and A/Boe values for sec-
PS—D are lower and higher than the A/Bos+106) ONE,
respectively. It seems obvious that peak at m/z = 106
is also directly influenced by the deuterium end group
but less than peak at m/z = 92. By contrast, A/B; for
the other peaks in the Cg cluster (at m/z = 101, 102,
103, and 104) are not influenced by the replacement of
the hydrogen by a deuterium end group (Table 3).
Unfortunately, the A/Bs7) ratio of parent end group ion
(C4Hgo™) cannot be used in the sec-PS—H/sec-PS—D
comparison because, as was said before, the intensity
at high My, is only due to a hydrocarbon contamination
on which there is no control.

(2) Surface Segregation. In the previous paragraph,
it has been shown that, for sec-PS—H and sec-PS—D
polymer, N1y + N2 exhibits the same molecular
weight dependence (Figure 10). Therefore, the —D end
group does not segregate preferentially toward the
surface as compared to the —H one. Then the too slight
difference between —H and —D end groups of the sec-
PS—H and sec-PS—D samples, respectively, is not
sufficient to promote the segregation of this —D end
group.38:3°

In Figure 11, the sum of all the normalized intensities
contributing to the tropylium structure is plotted for
each type of samples as a function of the average
number of repeat units (In0). These sums correspond to
the normalized peak intensities at m/z = 91, 92, and
93, in sec-PS—H and sec-PS—D SIMS spectra, and at
m/z = 97, 98, and 99, in sec-PDgS—H. Both sums
increase for the low [MC]but these two molecular weight
dependencies do not follow exactly the same tendencies.
The sec-PDgS—H series exhibits lower normalized in-
tensities than the sec-PS—H one. It has been shown that
the end group present at the surface can have a direct
influence on the tropylium formation in SIMS. The
value of the A parameter in eq 2 is related to the number
of end groups, and then it can be used to look at the
end group segregation toward the surface. Indeed, if
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such segregation occurs, for a given molecular weight,
the end group signal will be increased.

The two curves can be superposed, if we plot N1y +
N2y + N3y as a function of SOwhere S < 1 is an
adjustable parameter. The best fit (also shown in Figure
11) is obtained for S = 0.75. This indicates that the
number of end group at the surface compared to the
main chain is lower in the case of sec-PDgS—H than sec-
PS—H and sec-PS—D. Indeed, when the hydrogenated
styrene units are replaced by deuterated ones, the
average number of end groups sampled by the SIMS
technique for a given molecular weight decreases by
about 20—25%.

Because the C—D bonds contributes to make the
surface energy lower than for C—H ones,*® the H end
groups are expected to be more oriented toward the bulk
for sec-PDgS—H than for sec-PS—H and sec-PS—D. The
difference of surface free energy between an hydro-
genous and a deuterious polystyrene has been calculated
to be 0.08 mJ/m2.4% Indeed, the main chain deuteration
in sec-PDgS—H seems to decrease the number of butyl
end group at the surface and then, the hydrogenated
end groups seems to be less present at the surface than
for sec-PS—H and sec-PS—D. This preferential surface
segregation of the deuterated moieties was already
observed in SIMS in a previous work with block
polystyrene, P(HgS-b-DgS).*® However, a segregation of
the —D end groups at the sec-PS—D surface is not
observed within the limit of the technique.

(3) Proposed Polystyrene Fragmentation Path-
ways. In the following paragraphs, the molecular
weight dependent mechanisms of fragmentation are
discussed in a general way for the sec-PS—H polymers.
Two separate pathways are thought to take place:
direct scission and the rearrangement before or during
secondary ion emission. Due to the collision cascade
from the primary ion impact, all the species around the
impact region are excited. Several fragmentation path-
ways can follow this excitation. The first mechanism is
the direct scission of the polymer bonds. This explains
the formation of the parent end group ions such as
C4Ho*, at m/z = 57, characteristic of the butyl end group
for all studied polystyrenes, C;HgD* at m/z = 92 in sec-
PS—D, and C;DgH™ at m/z = 97 in sec-PDgS—H (Scheme
2).

This second mechanism could be a rearrangement of
the sec-butyl end group and the first adjacent repeat
unit leading to specific ion formation. Two possible
mechanisms are proposed. The first one is the McLaf-
ferty rearrangement**! and the second is the 1,2
hydrogen shift.8 Up to now, there has been no proof to
distinguish between them. As a first step, the initiation
of these molecular rearrangements assumes the ioniza-
tion of the phenyl ring. This occurs by the release of
one electron due to the energy dissipation of the primary
impact in the collision cascade.*? Then, the first mech-
anism (MacLafferty rearrangement) is favored through
a six-membered ring transition state combining the sec-
butyl and the first adjacent repeat unit that is promoted
by the lability of a butyl hydrogen atom (Scheme 3). The
hydrogen atom at the first carbon atom (y) is transferred
from the end group to the phenyl ring (y-H rearrange-
ment). This is followed by the scission of the C,—Cgp1
bond of the first adjacent repeat unit (5-cleavage), and
finally, a pentene molecule is released. This mechanism
is in good agreement with our previous results about
the influence of the different isomer of the butyl end
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Scheme 2. Fragmentation of the —D End Group and
Subsequent Dehydrogenation

~—CHg —CH CHz CHD

—
C7HgD* *tH=cp
*CHp — CHD +
CoteD*
@Q—>
*oH=cH
-HD
CatgD*
Cghy*

group.? Indeed for the tert-butyl, no major H transfer
was observed in SIMS because the y carbon atom is
completely substituted and then, the absence of the
labile H atom does not permit the rearrangement.®
Moreover, classic mass spectrometry literature showed
that this rearrangement does not occur if the ortho
positions of the phenyl ring or the y carbon atoms are
completely substituted.*® This mechanism is proposed
to explain the formation of DIl and HI ions observed in
sec-PDgS—H SIMS spectra. Indeed most of the odd
peaks (HI) present in the sec-PDgS—H SIMS spectra can
be explained through this rearrangement mechanism
(Scheme 3). For example, the C;HDg* at m/z = 97 can
be formed after the H transfer toward the deuterated
phenyl ring followed by the scission of a C,—Cg, bond
(Scheme 3). If, in SIMS, the fragments have enough
internal energy, the tropylium molecular structure
(charged seven carbon atom ring) will be favored
because it exhibits an energy of formation lower than
other structures such as, e.g., the benzyl ion (charged
phenyl—methylene).#* This induces a scrambling of the
hydrogen (or deuterium) atoms around the seven carbon
atom ring as observed by Chilkoti et al. on selectively
deuterated PS.Y” With this first H transfer, a similar
pathway is deduced for the formation of CgHo™ at m/z
= 105 in sec-PS—H or CgHDg" at m/z = 113 in sec-
PDgS—H (Scheme 3). After their formation, these ions
can, depending of their molecular structure and internal
energy, suffer an unimolecular dissociation especially
with loss of H, Hy or loss of CyH5.3445746 |n sec-PDgS—
H, a subsequent dehydrogenation of these H transferred
ions leads to either C;Ds* or C;HD4" (at m/z = 94 and
93, respectively), and CgD;" or CgHDg™ (at m/z = 110
and 109, respectively). These secondary reactions would
be favored for the fragments with enough internal
energy. These reactions could also be the reason for the
increasing intensity of the DIl ions. A similar dehydro-
genation would lead, for the sec-PS—H polymers, to the
formation of C;Hs* and CgH;" at m/z = 89 and 103,
respectively.

In this last section, a possible mechanism of H
transfer is proposed for the end group interaction;
however, the tropylium formation within the main chain
is still unknown. The tropylium is mainly formed from
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Scheme 3. Proposed Rearrangement Mechanism at
the sec-Butyl End Group and Subsequent
Fragmentations
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the interaction of the phenyl ring with the backbone.”
Moreover, this fragment is not produced by the subse-
guent fragmentation of higher mass fragments as shown
by the tandem measurements.*>4 From Chilkoti's
results, it is known that, in the C;H;* fragment, two
hydrogen atoms come from the backbone.l” The first one
is the H atom attached to the a carbon and the second
one should come from somewhere else in the chain.
Other results from Affrossmann, on random and block
copolymers with deuterated and undeuterated styrene
repeat units, showed that this interaction occurs mainly
between neighboring repeat units.’®1° Moreover, with
use of the Huan et al. work on substituted polyacety-
lenes, a phenyl—phenyl interaction can be excluded as
a pathway for the formation of a C;H;" ion.#” It can be
also deduced from these results that some H atoms from
the backbone are needed to form the tropylium ion.
Then, by analogy with the proposed H transfer mech-
anism detailed in the previous paragraph, we think that
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Scheme 4. Proposed Rearrangement Mechanism
within the Main Chain
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the six-membered ring rearrangement could be rewrit-
ten within the main chain by involving two adjacent
repeat units in the mechanism (Scheme 4). The products
of the fragmentation are a radical ionic and a neutral
unsaturated end group. This unsaturated end group on
large PS fragments was already observed as a major
product of the ion beam interaction in SIMS analysis.*®
The radical ionic part remains active and can lead to
the formation of C;H;™ or CgHgt at m/z = 91 and 105
(as shown in Scheme 3). However, the above mechanism
is one probable event among other competitive frag-
mentation pathways that could also take place.’? More
investigations are needed to point out all these proc-
esses.

Conclusion

Selectively deuterated polystyrenes with H- and sec-
butyl end groups have been analyzed by time-of-flight
secondary ion mass spectrometry (ToF—SIMS). The
usefulness of the selectively deuterated molecular struc-
ture has been demonstrated to obtain some new insights
in the fragmentation schemes for the secondary ion
formation. Indeed the influence of each end group on
the polystyrene fragmentation has been enlightened.
Specific mechanisms of ion formation have been pro-
posed for each end group. An H transfer between a sec-
butyl end group and the first adjacent styrene repeat
unit seems to be confirmed. The proposed mechanism
is a McLafferty rearrangement. In addition to this, the
hydrogen end group promotes a direct scission mecha-
nism.

When the main chain is deuterated, it is shown that,
for a given molecular weight, the number of end group
at the surface is lower than for hydrogenated one. This
observation is related to the lower surface energy
associated to the C—D bonds as compared to the C—H
ones.
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