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ABSTRACT: The structural characterization of a series of polyesters has been done by time-of-flight
secondary ion mass spectrometry (TOF-SIMS) combined with transesterification. Polymer fragments
and intact oligomers composed of large numbers of repeat units were observed. Transesterification of
polyesters by trifluoroacetic acid (TFA) and chlorodifluoroacetic acid (CFA) was carried out to produce
TOF-SIMS spectra. The shapes and intensities of clusters in transesterification spectra showed good
agreement with theoretical isotope patterns. TOF-SIMS spectra were used to monitor the progress of
the transesterification reaction. Transesterification products of branched poly(1,3-butylene adipate) were
identified in the TOF-SIMS spectra, providing information about polymer branching.

Introduction

Polyesters are well-known polycondensation polymers
and have been investigated by many research groups
in the past few decades.!™* More recently, they have
drawn increasing attention as a thermoplastic molding
material to be used for new applications, e.g., blow
molding for soft drink containers. As a result, new
techniques of molecular and structural analysis have
led to a high degree of understanding of the chemistry,
physical behavior, and utility of polyesters.5-?

Pyrolysis mass spectrometry has been used to exam-
ine thermal degradation processes in polyesters. Typi-
cally, these studies have been done in the low mass
range, generally below 250. The thermal decomposition
mechanisms of several polyesters were studied by direct
pyrolysis mass spectrometry, using low-energy electron
ionization and chemical ionization.!%1! These studies
reported the predominant thermal fragmentation mecha-
nisms of polyesters. Since its introduction in 1981, fast
atom bombardment mass spectrometry (FAB-MS) has
become widely used for the analysis of high molecular
weight and thermally labile compounds. A limited
investigated of polyesters and polyamides was done in
the low mass range using FAB-MS.12

Mass spectrometry has become a valuable technique
for characterization of synthetic polymers in the high
mass range. This technique provides the molecular
weight distribution, data on the sequence of repeat
units, polymer additives, and impurities, and structural
information. Many ionization methods have been ap-
plied in the structural characterization of high molecu-
lar weight polymers. They include field desorption,13:14
fast atom bombardment,1® electrohydrodynamic ioniza-
tion,1617 plasma desorption,!8 electrospray ionization,®
and matrix-assisted laser desorption/ionization (MAL-
DI)2021 magss spectrometry. Of these methods, second-
ary ion mass spectrometry (SIMS) in combination with
time-of-flight (TOF) mass analyzers has been used for
structural characterization of various polymers.22-24 The
masses of the repeat unit and terminal groups and
molecular weight distributions of polymers have been
determined from their TOF-SIMS spectra. TOF-SIMS
provides good sensitivity and structural specificity for
high mass ions so that intact oligomers and large
polymer fragments are observed.
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The purpose of the present investigation was detailed
analysis of the oligomers and fragment ions of polyesters
and the transesterification products of polyesters with
trifluoroacetic acid or chlorodifluoroacetic acid. Trans-
esterification is potentially useful for characterization
of high molecular weight and intractable polyesters.
Transesterification of polyesters in trifluoroacetic acid
(TFA) produced diesters of TFA and polyesters. Chlo-
rodifluoroacetic acid was also used as a transesterifi-
cation reagent to take advantage of the unique isotope
clusters from multiple chlorine atoms. The progress of
such reactions was monitored, and reaction products
were identified using TOF-SIMS.

Experimental Section

A, Instrumentation. A time-of-flight secondary ion mass
spectrometer (TOF-SIMS) was used to obtain mass spectra of
the polyesters.252¢ It has high transmission and detects ions
in the mass range m/z 1—10 000 simultaneously. A continuous
beam of primary argon ions is produced in a conventional
electron impact source. The ions are accelerated to 10 keV
and are focused by slit electrodes. The ion beam passes a 90°
deflector which chops the beam into ion packets having widths
of ca. 20 ns and deflects a short bunch of ions into a magnetic
sector field. These pulses are time focused onto the target by
a second pulsed capacitor, giving a final ion pulse with an
optimal pulse length of 800 ps. This system produces packets
of 100—2000 primary ions focused on the target with a spot
diameter of about 5—50 um. The argon ion beam has an
energy of ca. 10—11.5 kV.

Secondary ions are extracted from the sample and acceler-
ated by an ion lens operating at 3 kV into a time-of-flight (TOF)
mass analyzer. The TOF uses a reflectron to reduce line
widths and has a total flight path of 2 m. A single-stage ion
mirror provides first-order energy focusing. The initial energy
spread of the secondary ions is narrowed to the order of 1% or
less, thus improving the mass resolution. The secondary ion
beam is focused by an Einzel lens onto the detector. To
enhance detection efficiency, especially for high masses, a
postacceleration voltage of up to 10 kV is applied to the
entrance of the detector unit.

The detector is combined with a channel plate which
converts an ion into many electrons, a scintillator which
functions by converting the electrons into photons, and a
photomultiplier. The advantage of this detection system is
high gain and sensitivity, especially in the high mass range.
The detector is used in the single-ion counting mode which
can efficiently enhance the signal-to-background ratio.

The recording system consists of a multistop time-to-digital

" converter (TDC), a fast buffer memory, and an accumulating

memory board. The TDC memory size is 256K, with each

© 1994 American Chemical Society



7856 Kim and Hercules

Macromolecules, Vol. 27, No. 26, 1994

Table 1. Structures, Repeat Units, and Molecular Weights of Polyesters Studied

GPC
sample name structure repeat unit (m/z) M, M, M,./M, NMR M,
0O
poly(ethylene succinate) H{O CH, ZOé(CH 2&} O(CH,),OH 144 2427 1510 1.61 1535
o}
poly(trimethylene succinate) H{O(CH 306 CH, 2&] O(CH,},0H 158 5224 2201 2.37 1803
0 0
poly(ethylene adipate) H{O CH,), 00 (CH 4&] O(CH,),OH 172 7935 1830 4.33 1483
0
poly(trimethylene glutarate) H{O CH,) Od(CH 1&] G(CH,),0H 172 3618 1954 1.85 1484
0O
poly(trimethylene adipate) H{O(CH o(f CH ),é -O(CH,},OH 186 3378 961 3.51 1049
poly(butylene adipate) H{O(CHZ)AO&CH ) }O(CHZ OH 200 9813 2540 3.86 2170
CH, 0 CH
poly(neopentyl glycol sebacate) H{OCH;CCH OC(CH;)SC] OCHQCCHZOH 270 7107 2258 3.51 2182
CH, H,
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Figure 1. Positive-ion TOF-SIMS spectrum of poly(ethylene adipate) in the mass ranges (A) m/z 0—600, (B) m/z 600—2000, and

(C) m/z 780—1080.
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Figure 1. cont'd.

channel having a width of 1.25 ns. The TDC can measure
flight times of up to 256 ions per cycle and record these events
in its memory. The maximum tatal count rate is 2.5 x 106
counts/s.

The instrument is also equipped with a pulsed eléctron gun
for charge compensation, which is pulsed after each primary
ion pulse during the analysis of insulating samples. The
electron flood gun provides low-energy electrons (10 eV) to the
surface for a relatively long period of time.

B. Sample Preparation. The following polymer samples
were obtained from Aldrich Chemical Co. (Milwaukee, WI):
poly(ethylene succinate), poly(ethylene adipate), poly(neopen-
tyl glycol sebacate). The source of poly(trimethylene adipate)
and poly(butylene adipate) was Polysciences, Inc. (Warrington,
PA). Poly(trimethylene succinate) and poly(trimethylene glu-
tarate) were obtained from Scientific Polymer Products, Inc.
(Ontario, NY). Branched poly(1,3-butylene adipate) was ob-
tained from Miles Chemical Inc. (Pittsburgh, PA). The

950 1000 1050
mass [amu)

structures, repeat units, and molecular weights of the poly-
esters studied are shown in Table 1. TOF-SIMS spectra of
polyesters were obtained from thin polymer films cast from
solutions of polyesters in N,N-dimethylformamide (DMF) on
a silver substrate. Transesterification of polyesters was car-
ried out by dissolution in trifluoroacetic acid (TFA) or chlo-
rodifluoroacetic acid (CFA) and allowing the reaction to occur
for a specific time. The concentrations of polymers in DMF,
TFA and CFA solutions were in the range of 1-2 mg/ml. After
transesterification 1—5 uL of solution were deposited onto ca.
20 or 80 mm? of silver target that had been etched in 20%
nitric acid and rinsed thoroughly with distilled water and
methanol. Approximately 1-2 ug of each polyester was
deposited on the silver substrate for analysis.

Gel permeation chromatography (GPC) measurements were
carried out in THF at 35 °C at a flow rate of 0.35 mL/min,
maintained by a Perkin-Elmer Series 100 pump. The GPC
instrument was equipped with two Phenomenex narrow bore
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Figure 2. Negative-ion TOF-SIMS spectrum of poly(trimethylene glutarate) in the mass ranges (A) m/z 20—270 and (B) 270—

1100.

GPC columns, a Waters 410 differential refractometer detector,
and a Waters 745 data module. Calibration was performed
using Polystyrene standards from Waters; the typical sample
concentration was 5 mg/mL.

Nuclear magnetic resonance (NMR) spectra were taken on
a Bruker Aspect-3000, AM-500 spectrometer (500 MHz for 'H
and 125 MHz for 13C) to get the number-average molecular
weights.

Results and Discussion

Polyester TOF-SIMS Spectra. TOF-SIMS spectra
of the polyesters studied were obtained in the mass
range m/z 1—-3500. The peaks in the spectra can be
resolved into three well-defined series: oligomer, repeat
unit, and fragmentation series. Desorption of intact
polyesters generates the oligomer series. The repeat
unit series consists of an integral number of ester repeat

units. Formation of large fragment ions from polyesters
involves chain-breaking events to produce fragment
molecules.

TOF-SIMS positive ion spectra of poly(ethylene suc-
cinate), poly(trimethylene succinate), poly(trimethylene
glutarate), poly(ethylene adipate), poly(trimethylene
adipate), poly(butylene adipate), and poly(neopentyl
glycol sebacate) were studied. Interpretation of the
spectra will focus on information for structural charac-
terization. Most of the discussion will consider poly-
(ethylene adipate) as the example polymer; results for
others are similar. Details can be obtained from the
supplementary material. A segment from a typical
spectrum of poly(ethylene adipate) in the mass range
m/z 0~600 is shown in Figure 1A. The dominant peaks
are CzH3+ (m/z 27), CzH5+ (m/z 29), C3H5+ (m/z 41),
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Figure 3. Positive-ion TOF-SIMS spectrum of poly(ethylene adipate) trifluoroacetic acid in the mass ranges (A) m/z 500—2100

and (B) m/z 1020—1320.

CsH7t (exact mass m/z 43.05), CoH3zO* (exact mass m/z
43.02), C4H7* (exact mass m/z 55.05), C3H3zO* (exact
mass m/z 55.02), C4Hyt (exact mass m/z 57.07), and
CsHs0™ (exact mass m/z 57.08). Na* (m/z 23) and K*
(m/z 39) ions are also found in the spectra as well as
Ag* (m/z 107 and 109) from the substrate. The other
peaks in the lower mass range are due to carbon-,
oxygen-, and hydrogen-containing ions which are found
in the positive spectra of nearly all polymers. Silver
clusters (Age*, Ags™, etc.) and uncationized repeat unit
ions are also found in this low region. For example, the
spectrum of poly(ethylene adipate) shows Ags* (m/z
214), Ags* (m/z 321), and a peak of moderate intensity
at m/z 173 which can be attributed to the monomer, R
+ H (R = repeat unit). There are also peaks cor-
responding to the dimer 2R + H, trimer 3R + H,
tetramer 4R + H etc., at m/z 345, 517, and 689,

respectively, with decreasing intensities. Fragment ions
from the repeat units are found at m/z 99,155, 271, and
389. These ions are characteristic for the structure of
the repeat units of poly(ethylene adipate). The same
types of ions are found in the low mass range of the
other polyester spectra.

Figure 1B shows the TOF-SIMS spectrum of poly-
(ethylene adipate) in the mass range m/z 600—2000.
Peaks of the oligomer and repeat unit series of poly-

. (ethylene adipate) are labeled Ora and Rga, respectively;

both oligomers and repeat units show peaks which are
cationized with Agt and Na*. Desorption of intact
polymer chains yields a series of peaks corresponding
to [H+nR+OCH,CH30H + M]*, where R = repeat unit
and M = Ag and Na. The oligomer series consists of
an integral number of repeat units, two terminal groups,
and the metal cation. The repeat unit series comes from
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Figure 4. Comparison between the theoretical isotope pattern
for CosHy0012FsAg and the positive-ion TOF-SIMS spectrum
of poly(butylene adipate) for n = 2 and M = Ag at m/z 789.

an integral number of repeat units plus the metal
cation, corresponding to [nR + MI* where R = repeat
unit and M = Ag and Na. It results from fragments
produced by cleavage of the COO bond along the
polymer backbone. The structure of repeat unit series
is shown below.

e 9 *
—’(EO(CHZ)ZOC(CH».,(':};1 + M]

A smaller segment of the spectrum is shown in Figure
1C. The spectrum is dominated by the repeat unit
series, which extends to m/z 2000. Peaks in the oligo-
mer series are of lower intensity than the repeat unit
series, but the oligomer series extends to m/z 3000. The
abundance of the oligomer series in the higher mass
range indicates that desorption of intact oligomers of
poly(ethylene adipate) occurs more readily than frag-
mentation to produce large fragments.

There are pairs of peaks in Figure 1C having a mass
difference of Am/z 84 in a spacing of one repeat unit,
which are oligomers or fragments cationized with both
Ag* and Na*. For example, in the oligomer series of
poly(ethylene adipate) for n = 5, the mass difference
between peaks for M = Na at m/z 945 and M = Ag at
m/z 1029 is equal to Am/z 84, the mass difference
between Na and Ag. The spacing between consecutive
peaks involving the same cation in the oligomer or
repeat unit series is the same mass as the repeat unit
of polyesters. For example, in the oligomer series of
poly(ethylene adipate) for M = Ag, the mass difference
between peaks for n = 4 at m/z 857 and n.= 5 at m/z
1029 is equal to Am/z 172, the mass of the repeat unit
of poly(ethylene adipate). The mass difference between
oligomer series peaks and repeat unit series peaks,
which have the same number of repeat units and the
same metal cation, is the combined masses of the
terminal groups of the polyesters. For example, the
mass difference between the Oga peak at m/z 1029 and
1031 (n = 5, M = Ag) and the Rga peak at m/z 967 and

Macromolecules, Vol. 27, No. 26, 1994

969 (n = 5, M = Ag) is equal to Am/z 62, the combined
masses of H and O(CHjy);OH. A listing of the peaks and
their relative intensities of the oligomer and repeat unit
series for the polyesters studied is available as supple-
mentary material.

The negative-ion spectrum of poly(trimethylene glu-
tarate) is the mass range m/z 20—1100 is shown in
Figure 2. The peaks observed in the spectrum are due
to [nR — H]", [H + nR — CH2CO]~, and [H + nR + O],
where R = repeat unit. [H + nR — CHyCO]~ is found
at m/z 131, 3083, 475, 647, 819, 991, 1163, etc. A series
of peaks corresponding to [H + nR + O]~ are m/z 189,
361, 533, 705, 877, 1049, etc. Peaks at m/z 343, 515,
687, etc., come from [nR — H]~. Negative-ion spectra
of polyesters give the information about the repeat unit
and fragment series. However, oligomer series of
polyesters are not seen in the negative-ion spectra.

Transesterification of Polyesters in Trifluoro-
acetic Acid. TOF-SIMS spectra of polymers are ob-
tained from polymer solutions deposited on a silver
substrate. If polymers are insoluble or of high molecular
weight, it is difficult to characterize them using TOF-
SIMS. For intractable high molecular weight polymers,
selective cleavage reactions or chemical derivatization
could be used if they occur at specific bonds, do not
change the structure of the polymer, and produce chain
segments that are large enough to contain information
about more than one repeat unit. These reactions can
be used to cleave specific bonds of intractable polymers
or modify polymers by incorporating desirable chemical
functions in the backbone. Studies on polyurethanes
have demonstrated that transesterification can be used
to selectively break bonds in copolymers.2” The feasibil-
ity and progress of such reactions can be monitored by
TOF-SIMS.

Transesterification of polyesters in trifluoroacetic acid
(TFA) occurs at ester bonds and produces diesters of
TFA and diols. The equation of the transesterification
reaction for poly(ethylene adipate) with TFA is shown
below. Products were identified from TOF-SIMS spectra

o] o o o] [e]
I I [l il 1 [ Il [
/\/\C(CH2)4CO(G{1)20C(CH1)4C{-O(CH;)zO(E(CH;).C}nO(CHz),OC(CHz)‘C NN

o

2 ? 1 2 9 s
cy,cowng,oc(cuz).c{—owuo,oacnmc};omﬂzhoccr;

+
? 9
2 HOC(CHpC ™~

of polyester thin films cast from TFA solutions.

Figure 3A shows a spectrum of the transesterification
products of poly(ethylene adipate) and TFA in the mass
range m/z 500—2100 after 8 h of reaction. Figure 3B
shows the structure of clusters in detail. Diester ions
of poly(ethylene adipate) are labeled Tga, while repeat
unit peaks of poly(ethylene adipate) are labeled Rga.
Peaks of the oligomer for poly(ethylene adipate) are not
observed in the spectrum after the reaction.

The Tga ions arise from diesters of the diol and TFA.
They consist of an integral number of polyester repeat
units plus an additional ethanediol and two trifluoro-
acetates at the diol ends. The structure of Tgs which
is cationized with Ag* or Na' is given below. The

? 2 9 ?
[cp,c{omiz),ocwu,).c};qcnz»occp, + M]
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(&), [CF3CO + 2R + COCF; + Nal* (m/z 705) (<), and [CFs-
CO + 2R + COCF; + Agl* (m/z 789 (@) of poly(butylene
adipate) for different reaction times with CF3COOH.

spacing between consecutive Tga peaks involving the
same cation corresponds to the mass of the repeat unit
of poly(ethylene adipate). For example, in the Tga series
of poly(ethylene adipate) for M = Ag, the mass differ-
ence between peaks forn =4 at m/z 1049 and n =5 at
mi/z 1221 is equal to Am/z 172, the mass of the repeat
unit of poly(ethylene adipate).

The peaks in the transesterification spectra of other
polyesters studied are listed in the supplementary
material. Diester peaks of polyesters indicate that all
polyesters studied reacted with TFA and produced
fragments containing two tagged groups. Figure 4
shows the isotopic pattern for the di-TFA ester of poly-
(butylene adipate) for n = 2 and M = Ag at m/z = 789.
The lower peaks represent the theoretical isotope pat-
tern for CasH40012FsAg, and the upper peaks are for the
ion observed in the TOF-SIMS spectrum. As can be
seen, the peak pattern and intensities of the spectrum
measured for poly(butylene adipate) after transesteri-
fication are quite consistent with the theoretical isotope
cluster.

A negative-ion spectrum for the transesterification of
poly(trimethylene glutarate) in TFA shows the domi-
nant peaks which are F~ (m/z 19), CocHO™ (m/z 41), CF3~
(m/z 69), and CF3COO~ (m/z 113). There are also [H +
nR — CH3COJ™ (;m/z 475, 647, 819, 991, etc.), [nR — H]~
(m/z 515, 687, 859, 1031, etc.), [H + nR + O]~ (m/z 533,
705, 877, etc.), [CF3CO + nR + O(CHg);COCFs]~ (m/z
612, 784, 956, 1128, etc.), and [CF3CO + nR —
CH.CH,CO1~ (m/z 557, 729, 901, 1073, etc.).

Transesterification of polyesters was carried out in
TFA for different reaction times. In order to get
information about the progress of the transesterification
reaction, TOF-SIMS spectra of poly(butylene adipate)
were taken after 15 min, 1h, 3h, and 8h, respectively.
Relative peak intensities for different times are shown
in Figure 5. The oligomer series peaks, [H + 2R +
O(CHj)4OH + Nal* (mz 713) and [H + 2R + O(CHy),-
OH -+ Agl* (m/z 797), still exist in the spectrum taken
immediately after poly(butylene adipate) was dissolved
in TFA. However, they have disappeared in the spec-
trum for 3 h of reaction; the relative intensities of diester
ions, [CF3CO + 2R + COCF; + Nal* (m/z 705) and [CF3-
CO + 2R + COCF; + Agl* (m/z 789), have increased
after 1 h of reaction. The increasing abundance of two
tagged ions indicates that the reaction has progressed
with time.

Transesterification of Polyesters in Chlorodif-
luoroacetic Acid. Chlorodiflucroacetic acid was also
investigated as a transesterification reagent for poly-

Structural Characterization of Polyesters 7861

esters to take advantage of its unique isotope pattern.
The CCIF,CO (m/z 113) group in chlorodifluoroacetic
acid provides a good mass marker, and cleaved frag-
ments can readily be identified because of the chlorine
isotope patterns.

When the peaks are weak, or the high mass fragments
are not well-resolved, it is helpful to compare the
spectrum of TFA transesterification and that of CFA
transesterification for the same polyester. The mass
difference between peaks including one CF3CO group
(m/z 97) and peaks including one CCIF,CO group (m/z
113) is 16, and the mass difference of two labeled
fragments is 32. Therefore, the peaks can be easily
identified as the mass difference between them is 0 for
not tagged, 16 for one-tagged, and 32 for two-tagged
fragments.

Transesterification of polyesters in chlorodifluoroace-
tic acid selectively cleaves the ester bond and produces
diesters of chlorodifluoroacetic acid and diols. Figure
6 shows spectra of poly(ethylene adipate), after trans-
esterification with chlorodifluoroacetic acid, in the mass
ranges m/z 600—2000 (A) and m/z 880—1180 (B). Chlo-
rodifluoroacetates of poly(ethylene adipate) are labeled
Cga, and repeat unit peaks of poly(ethylene adipate) are
labeled Rga. Oligomer peaks for poly(ethylene adipate)
are not seen in the spectrum after reaction, indicating
that all oligomers have reacted. The Cga ions arise from
diesters of the diol and CFA, corresponding to an
integral number of polyester repeat units plus an
additional ethanediol and two chlorodifluoroacetates at
the diol ends. The structure of cationized Cga is given
below. The mass difference between consecutive Cga

+

0 o o 0
] 10 ]
{cq&c{-acuﬁoqcm).c]iqcu,),occrza M

peaks with the same cation represents the mass of the
repeat unit of poly(ethylene adipate). For example, in
the Cga series of poly(ethylene adipate) for M = Ag, the
mass difference between peaks for n = 3 at m/z 909 and
n = 4 at m/z 1081 is equal to Am/z 172, the mass of the
repeat unit of poly(ethylene adipate).

The peaks in the CCIFsCOOH transesterification
spectra of the polyesters studied are listed in the
supplementary material. Diester peaks of polyesters
indicate that all polyesters studied reacted with CFA
and produced two-tagged fragments involving two chlo-
rines. Figure 7 shows how the theoretical isotope
pattern compares with that observed for a real spec-
trum. The isotopic pattern for the di-TFA ester of poly-
(butylene adipate) for n = 2 at m/z 821 in the TOF-SIMS
spectrum is shown in the top of the figure, and the
theoretical isotope pattern for CasH40012F4ClyAg is at
the bottom of the figure. Clearly there is good agree-
ment.

The progress of transesterification of poly(ethylene
adipate) in CFA was monitored at 15 min, 1 h, 3 h, and
11 h. Figure 8 gives relative intensities of important
peaks for four different reaction times. The oligomer
series peaks, [H + 4R + O(CHy);OH + Nal* (m/z 773)
and [H + 4R + O(CH;)2:OH + Agl* (m/z 857), are still
found in the spectra taken immediately and after 3 h.
The spectrum for the 11-h reaction does not have
oligomer peaks. The relative intensities of chlorodif-
luoroacetate ions, [CC1F,CO + 3R + COCCIF; + Nal*
(m/z 825) and [CCIF2CO + 2R + COCCIF; + Aglt (m/z
787), increase after 1 h of reaction. This indicates that
TOF-SIMS can potentially monitor the progress of such
a reaction.
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Figure 6. Positive-ion TOF-SIMS spectrum of poly(ethylene adipate) in chlorodifluoroacetic acid in the mass range (A) m/z

600—-2000 and (B) m/z 880—1180.

Branched Polyester TOF-SIMS Spectra and
Transesterification. Transesterification can be ex-
tended to study branched polyesters. For a branched
polymer, branch points will give fragments containing
three or more tagged groups per fragment; the linear
part will show only two tags. The four- and five-tagged
fragments can arise from branched or cross-linked
polymers which have two and three branch points,
respectively. Figure 9 shows a schematic diagram of
how two-, three-, four-, and five-tagged fragments can
be generated from branched polymers.

Branched poly(1,3-butylene adipate) was prepared
from 1,3-butanediol, adipic acid, and trimethylol pro-
pane (TMP). The number-average molecular weight
(M) for branched poly(1,3-butylene adipate) was 960,
and the functionality was 2.8. The spectra of branched

poly(1,3-butylene adipate) with and without transes-
terification by CFsCOOH or CCIF;COOH were obtained
for the mass range m/z 0—350. All three spectra show
major peaks due to CoHsz™ (m/z 27), CoHs™ (m/z 29),
C3Hs™ (m/z 41), CgH;+ (exact mass m/z 43.05), CoHz0+
(exact mass m/z 43.02), C4H;* (exact mass m/z 55.05),
and C3H3O" (exact mass m/z 55.02). Peaks from Na*,
K*, Ag*, Aget, and Ags* are also observed at m/z 23,
39, 107, 214, and 321, respectively. In the spectra of
branched poly(1,3-butylene adipate) peaks at m/z 256
and 273 are from [(CH3);OCO(CH;3)4COO(CH,)4]* and
[(HO(CH32)4OCO(CH3)sCOO(CHg)4l*, respectively. The
spectra of branched poly(1,3-butylene adipate) with CF3-
COOH includes peaks from F+ (m/z 19), CF3* (m/z 69),
CF3COO(CHy)4+ (m/z 169), and CFsCOO(CH;),0CO-
(CH2)4CO™ (m/z 297). Peaks from F* (m/z 19), C1* (m/z
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Figure 7. Comparison between the theoretical isotope pattern
for CosHyg012F4CloAg and the positive-ion TOF-SIMS spectrum
of poly(butylene adipate) for n = 2 and M = Ag at m/z 821.
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Figure 8, Relative intensities for [H + 4R + O(CH;);OH +
Na]* (m/z 773) (O), [H + 4R + O(CH2):0H + Agl* (m/z 857)
(&), [CCIF,CO + 3R + COCCIF; + Nal* (m/z 825) (¢), and
[CCIF:CO + 2R + COCCIF; + Ag]* (m/z 737) (@) of poly-
(ethylene adipate) for different reaction times with CFsCOOH.

35), CCIF2* (m/z 85), CCIF2COO(CHg)4* (m/z 185), and
CCIF;COO(CH3);OCO(CH2)4CO™ (m/z 313) are observed
in CCIF.COOH transesterification spectra.

Parts A—C of Figure 10 show spectra in the mass
range m/z 350-750 for branched poly(1,3-butylene
adipate) and after transesterification with CFsCOOH
and CCIF;COOH. In Figure 10A, peaks at m/z 507 and
707 come from {2R + Agl* and [3R + Agl*, R = repeat
unit. Oligomer and water-loss peaks are seen at m/z
597 ([(H + 2R + OCH;CH,;0H) + Agl™) and 579 ((H +
2R + OCH;CH,0H) — H0 + Agl™), respectively. Peaks
at m/z 441 and 641 correspond to the branched oligomer
ionwhere ! + m + n = 1 and 2, respectively; [/, m, and n

a‘lzCHa +
H—aam.oqulmC—omzcaxzo[-iméo(mwhn . Ag

ai,o{-qa{,).cqmg.o]-u

are the numbers of repeat units included in the branched
oligomer. Loss of water from the ion at m/z 641 is
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+HA]
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@ =taggroup

Figure 9. Schematic diagram of the two-, three-, four-, and
five-tagged fragments from the branched polymers.

Table 2. Specific Fragment Ions of Branched
Poly(1,3-Butylene Adipate) after Transesterification with
CF3COOH and CCIF;COOH in the Mass Range m/z

350-750
CF,COOH CCIF,COOH
8 CH, r o CH, 1t
CF4 -R~0CH2CH2CH CCIF,C-R- OCHZCHZCH
- (M2 369) } (v 385)
r CHy 7t 8 CH,§
CF, & 2R-OCH,CH,CH } CCIF,C-2R-0CH,CH,LH
(mvz 566) ) {miz 585)
r CH,CH; + r 8 CHCH, O +
CF,COCH,CCH,OR- écF3 } CCIF,COCH,CCH,0-R- cccmz}
L CH, - EH,
{m/z 509) (m/z 541)
CHLHy O + r CH,CHy © +
[ca “R-OCH,CCH,0-R-CCF, } CCIF,C-R-OCH,CCH,0-R-CCCFF }
CH, L EH,
(mz 709) (m/z 741)
8 CH.CHO + r CHCHO +
[ca OCH,CCHOCCF, :{ CCIF,COCH,CCH,0CCCF, }
CH;Og(CHz) g - EH,OC(CH,),C
(mvz 437) (mfz 468}

observed at m/z 623. The dominant peaks in parts B
and C of Figure 10 are not cationized with silver. The
specific peaks and their structures in the spectra are
shown in Table 2. Peaks at m/z 509, 709, 541, and 741
come from a fragment of the branched chain. In the
low mass range peaks containing one and two chlorines
can be readily distinguished as they show unique isotope
patterns.

Parts A—C of Figure 11 illustrate the TOF-SIMS
spectra of branched poly(1,3-butylene adipate) in the
mass range m/z 750—1700 before and after transesteri-
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Figure 10. Positive-ion TOF-SIMS spectra of branched poly(1,3-butylene adipate) (A) without transesterification, (B) in
trifluoroacetic acid, and (C) in chlorodiflucroacetic acid in the mass range m/z 350~750.

fication, Figure 11A shows oligomer and fragment
peaks of the branched polymer which are cationized
with silver ions. Codes Rpa, O, O, and Ogp, indicate
repeat unit series, linear oligomer series, one-branched
oligomer series, and two-branched oligomer series,
respectively. In parts B and C of Figure 11 Ag cation-
ized transesterification products containing two, three,
and four tags are observed. Ty, T3, and Ty represent
two-tagged, three-tagged, and four-tagged fragments
with CF3CO groups. Ca, Cai, and Cy are two-tagged,
three-tagged, and four-tagged fragments with CCIF;-
CO groups. The characteristic peaks and the relative
intensities of each spectrum are given in Tables 3—5.

Tables 3—5 also show the structures of oligomers and
fragments that generate the series of peaks in the TOF-
SIMS spectra before and after transesterification. The
mass difference between oligomers or fragments in the
same series is the repeat unit of branched poly(1,3-
butylene adipate).

Figure 12. shows the detail of the clusters for the H
+ 4R + O(CH;)4,0H (R = repeat unit) peak (A), CFsCO
+ 4R + COCF; diacetate peak (B), and CCIF3CO + 4R
+ COCCIF; peak (C) in branched poly(1,3-butylene,
adipate). The peak in Figure 12A is the linear oligomer
(n = 4) for branched poly(1,3-butylene adipate). The
peaks in parts B and C of Figure 12 are the linear
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Figure 11. Positive-ion TOF-SIMS spectra of branched poly(1,3-butylene adipate) (A) without transesterification, (B) in
trifluoroacetic acid, and (C) in chlorodifluoroacetic acid in the mass range m/z 750—1700.

diacetate ions (n = 4) formed from linear oligomers by
transesterification. The theoretical isotopic distribu-
tions for the silver cationized ions of CyyH7401s,
C4sH72020Fe, and C43H72020F 4012 at m/z 997, 1189, and
1221 are also shown in the figure. Comparison with
observed spectra shows that the comparable cluster
patterns are almost identical.

Peaks can be identified by their m/z values and
isotope patterns as shown in parts D—F of Figure 12.
It shows detail of peaks for [+ m + n =3 and M = Ag
for branched poly(1,3-butylene adipate) before and after
transesterification with CF3COOH and CCIF.COOH.
Figure 12D shows the pattern for an oligomer having

one branching point. Parts E and F of Figure 12
illustrate three-tagged fragments with CF3;CO and
CCIF;CO groups, respectively. The structure of each
ion is shown above the spectrum. The theoretical
isotope cluster of each peak is also given in the figure.
As can be seen the isotope patterns of the peaks in TOF-
SIMS spectra are almost identical to the theoretical
isotope distributions.

A two-branched oligomer peak is shown in Figure
12G. This peak has two branching points and the
terminal groups are hydroxyl groups. Figure 12H is the
peak which comes from the four-tagged polyester re-
acted with CFgCOOH. Figure 12I shows a four-tagged
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Table 3. Oligomers and Fragments of Branched Poly(1,3-butylene adipate) in the Mass Range m/z 750—1500

code n miz intensity
Rpa 4 907 937
nR + Ag 5 1107 491
3 797 9004
H-(NR)-O(CH)OH + Ag Oy 4 997 3867
5 1197 1698
6 1397 754
7 1597 229
code I+m+n m/z intensity
3 841 5043
CH,CHy (o 4 1041 3092
H-{IR)-OCH,CCH,0-(MR)-H + Ag
CH,0-(nR)-H
5 1241 1440
6 1441 569
code l+m+n+p mlz intensity
3 885 1326
CHCHy CH.CH, Oz 4 1085 1071
H-{IR)- OCH,CCH,0-C(CHy) C-OCH,CCH,O-(MRIH + Ag
CH;O'(HR)-H CHzO‘(PR)'H
5 1285 746
6 1485 514

Table 4. Oligomers and Fragments of Branched Poly(1,3-butylene adipate) after Transesterification with CF3COOH in
the Mass Range m/z 750—1500

code n miz intensity
2 789 16351
3 989 6221
Q Q Tat 4 1189 2144
CF4C-(NR)-O(CH,),OCCF, + Ag
5 1389 707
6 1589 120
code I+m+z miz intensity
2 929 7354
C CHCHy O Tt 3 1129 4621
CFyCHIR)-OCH,CCH,O-(MR)-CCFy + Ag
CH,O-nR)-CCFy
(o]
4 1329 2093
5 1529 758
code l+m+n+p miz intensity
0 869 784
1 1069 1341
9 C'H,CH, gHchj ‘Q Ty 2 1269 1285
CFC-{IR)-OCH,CCH,0-C(CHy) C-OCH,CCH,O-(mR)-CCFy + Ag
CH,O-(nR)-CCF, CH,O-(pR)-CCF4
3 o
3 1469 902
4 1669 462

fragment after a two-branched polyester reacts with
CCIF:COOH. The observed spectra compared with the
ideal isotope distribution give similar isotope patterns
and intensities. After transesterification with CFs-
COOH or CCIFoCOOH, the m/z values of peaks are
different enough to characterize the transesterification
products. Moreover, CCIF;COOH transesterification
has the additional benefit that the isotope patterns of
linear, one-branched, and two-branched fragments are
quite different after transesterification. Comparison of
spectra A, B, D, E, G, and H in Figure 12 illustrates
that the isotope patterns before and after CF3COOH
transesterification do not show any significant differ-
ence, although there is an absolute mass difference due
to the presence of F atoms in place of hydrogen; also
little difference between isotope patterns is observed for
linear, one-branched, and two-branched oligomers. How-

ever, linear, one-branched, and two-branched fragments
can be distinguished qualitatively by the isotope pat-
terns after CCIF:COOH transesterification as can be
seen by comparison of parts C, F, and I of Figure 12.
Therefore, transesterification of polyesters with CCIF,-
COOH is very valuable for characterization of both
linear and branched polyesters.

It would be desirable to have a less subjective method
for comparison of patterns than visual inspection. To
this end, we carried out cross correlation of the spectra
for transesterification by chlorodifluoroacetic acid (parts
C, F, and I of Figure 12), with their commensurate
theoretical spectra. Given the similarity of the spectra,
a high level of correlation was found for any measured
spectrum with any theoretical pattern. However, the
correlation coefficient for each measured spectrum with
its theoretical pattern exceeded 0.99, while correlation
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Table 5. Oligomers and Fragments of Branched Poly(1,8-butylene adipate) after Transesterification with CCIF;COOH
in the Mass Range m/z 750—-1500

code

n miz intensity

Q Q Cat
COIFEHNR)-O(CH,) OECCIF, + Ag

821 21268
1021 8024
1221 2617

LRl ]

5 1421 987
6 1621 235

code

l+m+n miz intensity

CHCH, O Cat
CCIF,C- (aayocmcc»—ip(mn)ccqa +Ag
CH,O-(nR) }-CCCIF,
o

1 777 7517
2 977 6222
3 1177 3756

4 1377 1766
5 1577 395

code l+m+n+p miz intensity

Q CH,CHy CH,CH,
COF - (m)ocwccuzoqcu,)‘c OCH,CCH,O-(MR)-CCCIF, + Ag
CHO-(R)- gccu:z CHO-(pR)- gCC'Fz

coefficients with other theoretical patterns were typi-
cally 0.92—0.94. Thus it appears (based on fragmentary
evidence) that a correlation coefficient >0.99 can be
applied to the identification of theoretical and measured
patterns.

Conclusions

High-resolution time-of-flight secondary ion mass
spectrometry (TOF-SIMS) is-a powerful technique for
structural characterization of polyesters. TOF-SIMS
gpectra of a series of polyesters with different diols and
diacids were obtained in the mass range m/z 0—3500.
Intact oligomers and fragments consisting of a large
number of repeat units were observed. The mass of the
ester repeat unit can be determined from spacings
between consecutive oligomer and/or fragment peaks.

Transesterification of pelyesters by trifluoroacetic acid
(TFA) and chlorodifluoroacetic acid (CFA) was studied.
Diesters were produced by transesterification, giving a
large number of peaks for polyester repeat units with
an additional diol and two trifluoroacetates or chlorodi-
fluoroacetates. The structural characteristics of the
polymer backbone are retained after transesterification,
providing definitive information about the repeat unit.

Transesterification products can be identified by peak
patterns in TOF-SIMS spectra. The shapes and inten-
sities of clusters in transesterification spectra:show good
agreement with theoretical isotope patterns. TOF-
SIMS spectra were used to obtain information about the
progress of the transesterification reaction. The in-
creasing abundance of tagged ions indicates that the
reaction has progressed with time.

Transesterification was also applied to branched poly-
(1,3-butylene adipate). Transesterification products
such as two-, three-, and four-tagged fragments were
identified in the TOF-SIMS spectra to give information
about polymer branching. The CCIF3CO group in
chlorodiflucroacetic acid provides a good mass marker.
Linear, one-branched, and two-branched polyesters
tagged with CCIF:CO groups can be readily identified
from the unique chlorine isotope patterns. This study

0 933 774
1 1133 1101
Cat 2 1333 551

3 1533 503
4 1733 204

shows that TOF-SIMS combined with transesterifica-
tion reactions is a potentially powerful technique for the
characterization of highly branched or cross-linked
copolymers.
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