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SUMMARY

The effects of stereochemical structure of MMA oligomers on the fragmentation during
ionization process in electron—impact ionization and chemical ienization mass spectrometry
were studied using the oligomers prepared by stereospecific living oligomerization. The
MMA oligomers having 7—C,Hy— group at the lefl end and methine proton at the right end
showed strong tacticity dependence in their fragmentation process. Fragmentation of MMA
tetramer having one hcad ~ro—head linkage in the middle of the chain was also studied.

INTRODUCTION

Structural investigation of oligomers provides useful and important information on the
polymerization mechanism as well as polymer structurel-17. Recent advances in NMR
spectroscopy have made it possible to determine the precise structures of oligomers including
their stereochemistry. We have prepared isotactic oligomers of methyl methacrylate (MMA)
hy +~C,H;MgBrl® in toluene and syndiotactic MMA oligomers by ¢~C,H,Li/(C,Hy),Al
(LIAl=1/3)1 in toluene. Based on the X—ray analysis of the isotactic trimer?4, stereochem-—
istry of these oligomers were fullv characterized by 'H and 13C NMR spectroscopy from the
left end (initiating end) to the right end (terminating end)6. In this work, fragmentation in
electron—impact fonization (EI) mass spectra of dimer, trimer and tetramer of MMA with
well-defined configurations were studied in regard of stereochemical configurations.
Fragmentations of meso and racemic tetramers having kead —to—head linkage in the middle of
the chain were also cxamined by chemical ionfzation (CI) mass spectrometry.

EXPERIMENTAL

Stereospecific oligomerization of MMA in toluene at -78°C with +—C,H,MgBr18 and with
t-C HgLi/{CH h Al (LifAl=1/3 mol/mol)1®, which gave isotactic and syndiotactic oligomers,
respeetively.  From the oligomer mixture formed with +—C,MgBr, meso () and racemo
(r) dimers, m/m trimer (containing 5.7% of rm trimer), mr trimer, mmyn and mmr telramers
were isolated by successive fractionation with GPC (polystyrene gel with a maximum porosi—
ty of 3000, CHCl,) and HPLC (silica gel, 1-chlorohutane/acetonitrile 96/4 v/¥)%. The rr
and rm trimers and rrm and rre tetramers were similarly obtained from the oligomer mixture
prepared with £-C,HgLi~(C,H,);AlL,

MMA tetramer having head—fo—head linkage in the middle of the chain, 2,4,5,7—tetrakis—
(methoxycarbonyl)-2,4,5,7-tetramethyloctane, was cbtained as a mixture of meso and
racemic isomers, according to the procedure of Caciolli et al.?, and the mixture was separated
into meso and racemic isomers by recrystallization from 1-chlorobutane.

Electron—impact fonization(EI) and chemical ionization(CI) mass spectra were recorded
on a JEOL DX-303HF mass spectrometer. Samples were injected through a gas chromato—
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graph connected to the mass spectrometer. lenization voltages in the El and Cl experiments
were 70 and 200 eV, respectively. The column temperatures were set at 145°C for the dimer,
194°C for the trimer, and 230°C for the tetramer. Each spectrum was obtained as the sum of
10} - 24 scans. The Cl mass spectra were obtained by using ammonia as a reagent gas. The
temperature of the jonization chamber was changed from 120 {0 150°C. In both types of
mecasurements reproducibility of relative intensities for the peaks

discussed in the following was within =10%. Table 1 Relative

intcosity of fragment
RESULTS AND DISCUSSION ions in EI mass spec-
Stereoregular MMA oligomer tra of MMA dimers
Figure 1 illustrates Il mass spectra of m and r dimers of MMA Mo p” "

having a -C,H, group at the left end and a methine hydrogen at
the right ¢nd. Both the spectra show a similar fragmentation pat— 57 1.00 1.00
terns. The dimers have four C-C bands along its main chain, and 201 063 0.80
thus four pairs of fragment ions, which should be formed through 71 0.07 0.07
the cleavages at these four C-C bonds as indicated in the formula 187 006 0.07
[1], were observed in the spcetra. Among the other peaks, for 158 035 034
example, the peaks M/e = 143 and 243 are the fragments with one 01 047 046
and two MMA units, respectively, formed through elimination of 171 0.67 0.74
the ester CH, group; the peaks M/e = 128 and 227 are the frag- 88‘ 122129
ments with one and two MMA units, respectively, formed through 199 1.36 149
elimination of the ester OCH, group. Although there are unidenti— 227 047 063
fied fragment ions such as M/fe = 211, 179, and 160, intensities of M- COOCH, ]
fragment ions which directly form through main chain cleavages ™ [M - OCH,]

are collected in Table 1. The intensities are normalized as the {M=parent molecule)

intensities of +~C,H, ion (M/e=57) to be 1.00. The o 187 101 88

table also includes the relative intensitics of the peaks . iCHz i ;_fllﬂg
M/c=199 and 227, which correspond to the fragments  t-CgqHg+CH2 -C———CH2-CH 1]
formed through elimination of COOCH,; and OCH,, 1C=0] 1 €=0
respectively. All the relative intensities for the m and _} _OCHy | OCH3

r dimers are close to each other; the stereochemical 707 158 171

effects on the fragmentation in the EI process are Table2  Relative intensity
small for the dimers. of fragment ions in EI mass

Figurc 2 shows El mass spectra of four MMA trimers spectra of MMA irimers
with different configurations. The trimers have six C-C M/c
bonds along its main chain, and six pairs of fragment
ions formed through the main—chain cleavages, indicat—
ed in the formula [2], were observed in the EI mass
spectra. Their peak intensities ate collected in Table 2, 71012 009 012 012
together with those of [M - COOCH;] (M/e=299) and ~ 257 043 060 028 029
[M - OCH,] (M/e=327). The relative intensities of the 158 2.62 155 214 123
latter two fragments are almost the same among the four 20+ 135 195 125 238
stereoisomers, indicating no tacticity dependence of the }gl 0.15 010 0.13 0.14
fragmentation of the side group, as in the case of the 8 189 3.66 2.69 417
dimer. Some of the fragment ions formed through 298 098 040 101 028
main—chain scission, however, showed large depend- 101 115 1.03 097 1.00
ence of relative infensity on the stereochemical configu— 271027 031 027 026
ration. For example, the intensity of M/c=188 (I,4,), the 88‘ 033 042 040 047
peak of which corresponds to the right-side fragment 299, 303 278 278 259
formed through cleavage at m; in formula [2], is greater 327 1.64 148 144 1.78

mm mr rm rr

57 100 100 1.00 1.00
301 0463 0.78 046 0.48

for the mr isomer than for the mm isomer; I gelmr)  [M - COOCH,], "[M - OCH,]
(3.66)>1 45(mm)(1.89), and also preater for 7 than for (M=parent molecule).
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Figure 1 El mass spectra cf (A) mand (B) rdimers of MMA

mr 5 Ligglrr ) (4.17)>] 55 (rm1)(2.69). The intensity of the left-side fragment ion formed through
cleavage at ;, M/e=258, also depends on the stereochemical configuration but in ar oppo-
site way; Lo (rm2)(0.98)>1,55(mr)(0.40) and L[sp(rm)(1.01)>1556(rr)(0.28). In both cases, the
diffcrence between I(mr) and I(##) or that between I{#m) and I(rm) is rather small; that is, the
intensity ratios are more scositive to the diad configuration at the right end than to that at the
left end.

o %y Qs Wy )y y
301 287 201 188 101 38
i i e e
: | CHaz | { CHz P GH3
t—C4Hg—%—CHZ%—dc———%CHz—F—g———%Cﬂz—+—§H [2]
1 | C=0 ; C=0 | C=0
} | OCHg! { OCEg ' OCHg
57 BN B8 M TR

The relative intensities of fragment ions obscrved in EI mass spectra of mmm, mmr, rre,
and ##m tetramers are listed in Table 3. A similar tacticity dependence of the relative inten—
sities were found for several fragment ions; for the peak M/e=188, L go(mmr)>1yge(mmm), and
Tgalree)>] g(rrm); for the peak M/e=258, Lg(mmm)>lysg{mme), and Liggrrm)>lyg(rrr). As
in the case of the trimer, the right—end diad configuration affects these intensities more
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strongly than the configuration at the left end. The relative intensities of the fragment ions
for [M - COOCH,] (M/e=399) or [M — OCH,] (M/e=427) are again quite similar among the
four stereoisomers as in the cases of the dimer and trimer.

To evaluate the stability or lability of main-chain C-C bonds in the oligomers in LI
process, the relative peak intensitics for pairs of fragment ions, formed through bond cleav—
age at particular positions (at,, - - - -, ®,) along the main chain, were summed and are listed in
‘Table 4. For example, the bond cleavage at «, in the
tetramer should produce fragment ions M/e=57 and 401, Table3  Rclative intensity of
and thus the sum of the relative intensities for these two  ragment jons in EI mass spec—
fragments, 1#1 = I, + Ly;, Was calculated for cach jsomer. 12 Of MMA tetramers
Similarly, Ie1 for the dimer and trimer are defined as  M/e  mwmm mmr rrm rrr

follows: ' 57 1.00 100 100 1.00
100 = gy + Ly (dimer) 401 0.80 075 077 0.81
@ = L, + Lypy (trimer) 71 0.1t 010 0.13 0.13

The values of Ie? and %! for all the oligomers exam- 387 0.63 058 024 028
incd are little affected by the slereochemistry of the 138 185 142 1.72 147
oligomers. 192 and Iv* for the trimer and tetramer are 301  1.15 123 1.36 1.80
scnsitive to the right-end diad configuration and are 177 017 016 020 0.19
larger for —m ended oligomers than the cerresponding — 288 092 1.32 0.83 1.08

ended ones: for the trimers, . 258 205 077 235 115

[W(mm) > [*(mr), and 1%2(rm) > [9%(rr), 201 0.82 041 0.60 081
for the tetramers.

) 271 025 035 023 03

[2(mmm) > 12naar), 19°(rrm) > 19%rrr), 188 356 4.75 4.19 (5].15

[4(mmm) > 12V (mnr), and 1%(rrm) > [Yrrr). 358 027 0.10 043 047

I»3 and [#* also showed tacticity dependence but in an 101 0.93 093 097 093
opposite way; —r ended oligomers showed the larger 371 (023 018 0.16 0.18

values than —m ended ones: for the trimers, 88 0.19 028 032 025
193{mr)>19%(mnn), and 19%(rr) > [93(rm), 399" 3.06 267 2.66 273
for the tetramers, 427" 165 164 194 186

[m3(mmz)>[(03(mm,ﬂ)’ I”S(P‘Vﬂ>lm3(rr@,

[ed(mmr)>194(mmm), and 1o4(rrr)> [o4(rrm). ™- COOCH,], '[M ~ OCH;]

(M=parcnt molecule).

Table 4 Sum of relative peak intensitics of a pair of fragment ions formed through
the main—chain cleavage in the EI mass spectrum of MMA oligomers

. Dimer Trimer Tetramer
Cleavage
r P! 44 mr m rr nimm  mmr rrm rrr
o, 1.63 1.80 163 1.78 1.46 1.48 1.80 175 177 1.81
o, 0.13 014 055 0.69 040 041 074 0.68 037 041
o, 397 350 339 361 3.00 265 308 329
a, 109 148 103 127
@, 287 118 295 196
, 204 376 282 431 381 510 442 540
a, 0.82 0.80 213 143 198 128 1.20 1.03 140 110
@, 1.89 2.01 060 073 067 073 042 046 048 043
a (‘Xl (12 (13 (14 (I:)4 ﬂ) 0}2 [l):L
| | 1 1 1
‘ | cHy ! CH3I | CHy] | CHg
t- c4ﬂg——CH2auc—hrcnz——c-~CH2{—$——rcnzﬁ—cn
c=ol c= ol ' e=0 ' c=0

| \
OCH, ocH OCH OCH5
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Thus, the effect of right-end diad configuration on the cleavages at w, 10 a4 along the main
chain has an alternating tendency. The effect of the left—end diad configuration is much
smaller than that of the right-end configuration. The right-side fragments from the cleav-
ages at (ty, Oy, and ms, which are the tertiary cations, are always more abundant than the left—
side ones, probably due to the instability of the latter primary cations (Tables 2 and 3). In the
cleavages at o, @y, and w,, however, the relative amounts of the left— and right-side frag—
ments varied inconsistently. This also demonstrates different features in fragmentations at
these two alternate series of cleavage positions (a,—0,~m; and ay—m,—m,).

Tkle I values for the trimers and tetramers are larger for the oligomers having m diad
sequences at the left end or in the interior sequence; 192 values for mm and mr trimers are
larger than those for rm and rr trimers, and 12 values for mmm and mmr tetramers are also
larger than those for rrm and rer tetramers.  [#3 depends on the configuration of the trimer
and tetramer but has no clear tendency, probably because both the left— and right—end diad
configurations influence lability of the cleavage at ¢, in a complicated manner.

Isotactic PMMA is more flexible than syndiotactic PMMA as nbserved from NMR relax-
ation times??, and is thermally more stable at least in the range of molecular weight less than
5x10421.22, The thermal properties seem ta be consistent with larger I92 and To* vatucs for —m
ended oligomers than those for —# ended ones, while they are not consistent with 19* and =4
values. Thus the phenomena are peculiar to the ionization process, which may be complicat—
ed by the occurrence of further fragmentations after the main-chain scission, and are not
directly related to the lability of bond scission along the main chain.

C-C bond length along the main chain of the mm trimer was the longest at the linkage o,
(1.565A), as revealed from X-ray single crystal analysis4, Among the six [ values for six
main-chain C-C bends, the mm trimer showed the highest I value for the bond cleavage at
4y, 193(mm}, as seen in Table IV. The results suggest the correlation between bond stability
and bond length in the mm trimer. We have also reported X-ray single crystal analysis of the
rrm tetramer!?, which does not show alternating tendency in the bond lengths of the main—
chain C-C bonds in the crystal. Thus, the alternating tendency in the fragmentation in mass
spectrometry of MMA oligomers could not be correlated to bond-length data available at
present. As a whole, however, the tacticity dependence of fragmentation in EI mass spectra
of the MMA oligomers is evident.

Head—to—head retramer
MMA oligomers with a head~rfo-head linkage havc been studied in connection with
thermal stability of the head—to—head linkage in PMMAT13, the presence of which is consid—
ered to lower the thermal stability of radically prepared PMMA.7.13,23.2
Fallon et al.? reported structural analysis of meso and racemic MMA tetramers [3]:
CHz  GHz CH3  CH3
CH3—C|I:—-CH2—C|1-——CIJ—CH2—CI—CH3 [3]
l13=0 Cll=0 CIZ:O q=0
OCH3 OCH3 OCH3 O0OCH3
They described that €1 mass spectrometry using methanc as a reaction gas was cffcetive 1o
detect the molecular fon. We prepared the meso and racemic tetramers and studied the
fragmentation in CI mass spectra using ammonia as a reaction gas. Figurc 3 shows the CI
mass speetra of the tetramers. The peak for M+1 (M/e = 403) was observed, accompanying
the peak for (M+1)+NH; (M/e = 420). Among the several fragment ion peaks, the peak
M/e=201, also accompanying the peak for 201+NH; (M/e=218), is characteristic because it
should form through the bond cleavage at the head—to—head linkage™9. The absence of the
peaks M/e=301 and 101 indicates the location of the head—to—head linkage to be the middie
of the olignmer chain as depicted by formula [3].
The amount of the fragments with M/e=201 and 218 relative to that of the parent ioms
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Figure 3 Cl mass spectra of {A) meso and (B) racemic tetramers of MMA having

head-to-head iinkage in the middle of the chain

M/e=403 and 420 may be
regarded as a measure of
the stability or lability of
the head—to—head linkage
in each isomer. The rela—
tive intensity {(R), defined
as (Iygy + Ipgg ) / (Lags +
lyp), was determined for
both isomers at various
temperaturcs of ionization
chamber, since the expect-
ed instability of the Aead-
to—head linkage may not
allow one to ignore the
thermal effect on the
fragmentation cduring ion-
ization process. The re—
sults are plotted in Figure
4 togcther with total inten—
sity of these four fragment
ions. The temperature
might not indicate the
actual temperature of the
sample undergoing ioniza—
tion. Thc R value for the
racemic isomer is always
larger than that for the
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Figure 4 Ratio of relative intensities of the fragment
ions, (logq+aqg) @nd {l4g3+lsng), @and the sum of these

four ions observed in the Cl mass speactra cf the meso
and racemic head-to-head tetramers of MMA at various
ionization temperatures
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meso isomer, while the total intensities (I, + Ly 5 + Lz + L) decreased with an increase of
ionization-chamber temperature. Thus, the head-to-head linkage in the racemic tetramer
has lower stability in the chemical ionization process than that in the meso isomer. When the
main chain of the tetramer assumes trans conformation, two ester groups at the head—to-
head linkage in the racemic isomer occupy the same side of the chain so that the steric hin-
drance at the head—to—head linkage becomes larger than that in the meso isomer. This may
be corrclated with the difference in the fragmentations in CI mass spectra of these isomers.

The present work showed the effects of stereochemistry of MMA oligomers on the
fragmentation during ionization process in EI and CI mass spectrometry. The MMA oligom-—
ers having r-C,H, group at the left end and methine hydrogen at the right end showed strong
tacticity dependence in their fragmentation in EI mass spectra and, in particular, the effect of
the right end configuration is greater than that of the in-chain tacticity., Fragmentation of
MMA tetramer with a head—to-head linkage is also affected by the stereochemistry at the
head—to-head linkage. Correlation of these results and other degradation processes such as
thermal degradation may be of some interest.
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