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ABSTRACT: A series of polyesters and polyester polyurethanes were analyzed using time-of-flight 
secondary-ion mass spectrometry (TOF-SIMS). Analysis of poly(buty1ene adipate) samples produced 
spectra containing oligomer ions and fragments corresponding to cyclization via intramolecular ester 
exchange. These cyclic fragments were also observed in the spectra of polyurethane [4,4,11 samples, 
along with cyclic ester-urethane fragments. The mass of the diisocyanate group within the polyurethane 
could be determined from the mass difference between the two major fragment-ion series in the spectrum. 
In general, only limited fragmentation within ester or urethane repeat units was observed. The sample 
molecular weight for both the polyesters and polyurethanes correlated with the relative intensity of the 
cyclic repeat unit series ions to the linear oligomer ions. Additionally, transesterification of polyesters 
and polyurethanes using trifluoroacetic acid was found to selectively cleave bonds between polyester 
repeat units in both types of polymers. 

1. Introduction 
Polyurethanes are an industrially important class of 

copolymers with a wide range of both applications and 
formulations. Typically, analytical characterization of 
polyurethanes involves multiple techniques, such as 
NMR, IR, and pyrolysis mass spectrometry, which 
provide complementary information about the sample. 
Polyurethane analyses using these techniques have 
been studied extensively and are reviewed el~ewhere.l-~ 
In general, the most important information to be gained 
from any type of analysis involves determination of the 
structure and molecular weight distribution of the 
polyurethane sample. Time-of-flight secondary-ion mass 
spectrometry (TOF-SIMS) has been used in polymer 
analysis to provide information about the mass of the 
repeat unit, terminal groups, chain extenders, and 
branching. A variety of polymers ranging from nylons4 
to p~lybutadienes~ have been examined by TOF-SIMS. 
In particular, TOF-SIMS studies of model diol and 
polyester polyurethanes have been conducted to deter- 
mine the structure of terminal groups, diol extenders, 
ester blocks, and diisocyanates.lP2 

In addition to information about polymer structure, 
molecular weight distributions can be determined by 
mass spectrometry. Not only TOF-SIMS6 but also field 
desorption,' electrospray,8 and, recently, matrix-assisted 
laser desorption/ionizationgJO mass spectrometries have 
been utilized to determine the molecular weights of 
various polymers. Poly(dimethylsi1oxane) oligomers of 
up to 8000 Dall have been analyzed by TOF-SIMS, but, 
unfortunately, oligomers of many polymers are not 
observed above ca. 6000 Da. Instead, characteristic 
patterns are observed from -500 to 3000 Da, resulting 
from silver-cationized fragments of the polymer chain. 
For certain types of polymers such as poly(propy1ene 
glycols)12 and poly(dimethylsiloxanes)13 these fragment 
patterns have been shown to change as a function of 
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molecular weight. Previous work by Fowler et al. has 
also demonstrated that the M, of Krytox samples can 
be obtained by using normalized intensities of specific 
high mass fragment ions in the TOF-SIMS spectrum.14 

The purpose of the present study is to characterize a 
series of polyester polyurethanes with a range of mo- 
lecular weights. Although the molecular weights of 
these samples are greater than the mass range acces- 
sible by TOF-SIMS, the fragment patterns of these 
polyurethanes will be compared as a function of molec- 
ular weight and the fragmentation mechanisms exam- 
ined in detail. The polyester prepolymers will also be 
examined and compared with the polyurethanes. Trans- 
esterification reactions will be utilized to gain additional 
information about the structure and fragmentation 
mechanisms of polyesters and polyurethanes. 

2. Experimental Section 
2.1. Synthesis of Polyester Polyurethane [4,4,1]. Poly- 

urethane (4,4,1) (PU[4,4,11) samples were prepared using the 
polycondensation reaction of the diisocyanate, 4,4'-diphenyl- 
methane diisocyanate (MDI), with poly(buty1ene adipate)s 
(PBA) of three different molecular weights. The nomenclature 
PU[4,4,11 is based on the length of the acid and alcohol 
moieties within the polyester repeat unit and the type of 
diisocyanate, as per the nomenclature described in ref 2. 
Varying amounts of polyester and tetrahydrofuran (THF) were 
added to a 500-mL three-neck flask, fitted with a thermometer, 
drying tube, and stirrer. After heating to 60 "C with stirring, 
an appropriate amount of 4,4'-diphenylmethane diisocyanate 
and 3-5 drops of stannous octoate catalyst were added. The 
reaction mixture was stirred overnight at 60 "C. Isocyanate 
detection paper was used to determine that all the isocyanate 
was reacted. The solutions were then removed from the flask 
(as 30% solids by mass in THF) and prepared for TOF-SIMS 
analysis. A total of nine PU[4,4,1] samples with different 
molecular weights were synthesized. 

2.2. TOF-SIMS Instrumentation. The instrument used 
in these studies was a time-of-flight secondary-ion mass 
spectrometer, TOF-SIMS 111, designed and manufactured by 
Ion-Tof GmbH, Miinster, Germany. In essence, the instru- 
ment consists of two main components: (1) a pulsed Ar+ 
primary ion source and (2) a TOF reflectron analyzeddetector 
system. The TOF-SIMS has been described in more complete 
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detail elsewhere.15J6 The primary ion gun consists of a 
standard electron impact argon ion source combined with a 
pulsed 90" deflector for beam chopping and primary ion mass 
separation, followed by an axial buncher for pulse compression. 
The resultant mass-separated primary ion bunches have a 
typical pulse length of about 1 ns and a variable-spot diameter 
between 5 and 50 pm. 

Secondary ions generated by a primary ion pulse on the 
target surface are extracted and accelerated to an energy of 3 
keV. An Einzel lens and reflectron optics are integrated for 
focusing the secondary ion beam and for energy compensation, 
respectively. To achieve high detection efficiency, the ions are 
postaccelerated to 10 keV, where they are then detected by a 
channel plate-scintillator-photomultiplier combination. The 
data collection system consists of a time-to-digital converter, 
a fast buffer memory, and an accumulating memory board. 
The spectra are accumulated in the single ion counting mode 
with a maximum of 256 stopslpulse, a time resolution of 1.25 
nslchannel, and a total time range of 320 ps. The cycle time 
was set at 200 ps, allowing investigation of ions from 1 to 4000 
Da. During the analysis the target was bombarded by a 10- 
keV Ar+ beam with an average pulsed primary ion current of 
0.1-0.5 pA for a total collection time of 200 s. The total 
primary ion current density was less than 1013 ions/cm2 (static 
SIMS). The typical mass resolution (mlAm) was 8000 at mlz 
= 1000. 

The samples were prepared for analysis by dissolving the 
polymer in tetrahydrofuran. Typical solution concentrations 
were M with respect to the mass of the repeat unit. A 
total of 1 p L  of the sample was deposited onto a silver target 
with an area of -12 mm2, The silver had been etched in nitric 
acid (20 ~01%) and rinsed with deionized water and methanol. 
Transesterification reactions were carried out on the polyesters 
and polyurethanes using trifluoroacetic acid (TFA). An amount 
of 1 mL of TFA was reacted overnight with approximately 2 
mg of the polymer. A total of 1 pL of this solution was 
deposited on an etched silver substrate and analyzed. 

2.3. Gel Permeation Chromatography. The PBA and 
PU[4,4,1] samples were also characterized by gel permeation 
chromatography (GPC) using a Waters high-temperature gel 
permeation chromatograph. PU and PBA samples were 
dissolved in THF, and a 1% (wt %) sample solution was 
injected onto lo4, lo3, 500, 100, and 50 A Ultrastyragel 
columns (in series). Polystyrene calibration standards were 
used for the polyurethanes and poly(ethy1ene glycol) standards 
for the polyesters. 

2.4. Data Analysis. All of the data analysis procedures 
were performed using in-house-generated software (GOOGLY 
by Andrew Proctor) written for an IBM PC-compatible system 
operating under MS/DOS. 

3. Results and Discussion 
3.1. Poly(buty1ene adipate) Samples. Three poly- 

(butylene adipate) (PBA) samples (shown in Chart 1) 
with molecular weights ranging from 1000 to 10 000 Da 
were analyzed by TOF-SIMS. For clarity, the term 
"oligomer" will refer to a polymer chain with an integral 
number of repeat units (RE) and two terminal groups 
(TI-RB-Ts). A fragment ion, corresponding to an 
integral number of repeat units without any terminal 
groups  RE), will be called the repeat unit, or RE, series. 
A representative spectrum for PBA is shown in Figure 
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Figure 1. Portion of the TOF-SIMS spectrum of poly(buty1ene 
adipate), M,, = 2270, showing the fragment pattern. The 
contaminant peak at 783 Da is indicated by a filled triangle. 
Other symbols are as described in Scheme 2. 
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Figure 2. Cluster structures of poly(buty1ene adipate) and 
polyurethane [4,4,1] comparing theoretical and actual isotopic 
patterns. 

1, illustrating a typical fragment pattern. By far the 
most intense ions observed in the PBA spectra are the 
repeat unit, RE, and oligomer, OE, series. These series 
of ions are each spaced 200 Da apart, which corresponds 
to the mass of the repeat unit. Some Na-cationized 
oligomer peaks were also observed, due to Na contami- 
nation in the sample. The RE and OE series have been 
observed as the only ions of significant intensity in the 
TOF-SIMS analysis of various other aliphatic polyes- 
t e r ~ . ~ ~  

The most striking feature of the polyester fragment 
pattern is the presence of essentially one, singly unsat- 
urated, species for the (RE + M)+ and (OE + MIt ions 
where M is the appropriate metal cation. The fragment 
clusters contained within the TOF-SIMS spectra of 
other C-, H-, and 0-containing polymers such as poly- 

or poly(alky1 methacrylates)18 typically contain 
multiple species corresponding to varied degrees of 
unsaturation (0, 1, or 2 double bonds). A comparison 
of the theoretical and experimental isotopic patterns for 
(RE + Ag)+ and (OE + Ag)+ ions is shown in Figure 2; 
good agreement is seen between the theoretical and 
observed spectra. Linear least-squares regression analy- 
sis (LLSRA) showed a correlation coefficient of 0.985 
between the theoretical and experimental patterns for 
the (RE + Ag)+ ion. A species with two unsaturations 
was detected as a low-intensity peak 2 Da below the 
(OE + Ag)+ and contributed ca. 5-10% to the overall 
peak envelope. The overall appearance and relative 
intensities of the peaks within the RE and OE patterns 
are the same regardless of the number of repeat units 
or the molecular weight of the sample. 
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Scheme 1. Fragmentation of Polyesters via 
Intramolecular Ester Exchange 
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One explanation for the absence of saturated or 
doubly unsaturated RE fragments is that the RE ions 
are cyclic species. Cyclization of polyester monomers, 
dimers, etc., occurs readily during pyrolysis mass spec- 
t r0me t ry .3J~~~~  A fast atom bombardment (FAB) mass 
spectrometric study by Montaudo and co-workers21 has 
shown that cyclic fragments have a much better ioniza- 
tion efficiency than linear oligomers, so much so that 
FAELMS spectra can only be obtained for polyester 
samples which contain cyclic oligomers. Hagenhoff et 
al. have also observed better ionization efficiencies in 
TOF-SIMS for cyclic poly(dimethylsi1oxanes) versus 
linear oligomers.'l The amount of cyclic oligomers in 
the original polyester sample is determined by the 
reaction conditions,22 and the polyesters examined in 
this study contained only trace amounts of cyclics, as 
was verified by GPC. Therefore, cyclic species observed 
in the TOF-SIMS spectra must be produced during ion 
formation. 

TOF-SIMS polymer fragmentation mechanisms have 
previously been explained by homolytic radical cleavage 
mechanisms occurring in a more or less random fashion 
during ion formation. The fundamental assumption is 
that any skeletal bond may be broken, but the weakest 
bond will break more easily &e., C-C bond cleavage is 
preferred over C=C bond cleavage). Analysis of poly- 
glycol chain fracture mechanisms has suggested that 
C-0 cleavage may be favored over C-C cleavage.12 
Preferential C-0 cleavage may be favored over C-C 
cleavage.12 Preferential C-0 cleavage during polyester 
fragmentation should produce a greater number of 
fragments, with varying degrees of unsaturation, than 
is observed for the polyesters. If only the cleavage of 
C-0 backbone bonds is considered, then the statistical 
model for the radical mechanism predicts that four 
major fragments should be produced: RE, RE + A, RE + 5A, and RE + 6A (where A corresponds to an oxygen 
or CH, group). Random statistical cleavage of both the 
C-C and C - 0  bonds should produce a total of 12 
different fragments. Since neither of these types of 
fragmentation patterns is observed for the PBAs, other 
types of fragmentation mechanisms must be considered. 

Polyesters fragment during thermal degradation via 
two major pathways: intramolecular ester exchange 
and P-CH t r a n ~ f e r . ~  Scheme 1 shows the cyclization of 
poly(buty1ene adipate) via intramolecular exchange. In 
this process, a linear oligomer undergoes ester exchange 
to produce a small cyclic fragment and another linear 
chain which is two units shorter. It should also be noted 
that there is no net energy change: two identical bonds 
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Figure 3. TOF-SIMS spectra of poly(buty1ene adipate)s. 
Mn: (a) 1290, (b) 2270, (c) 4040. 
are both broken and reformed. An alternative pathway 
to forming OE and RE segments would be cleavage of 
the C-0 ester bond with hydrogen transfer. It seems 
unlikely that this is a major mechanism based on 
spectra for polymers reacted with trifluoroacetic acid.17 
Cleavage of the C-0 ester bond should produce frag- 
ments containing one trifluoroacetate group, which is 
not observed. 

Other possible polyester fragmentation mechanisms 
involving hydrogen transfer are shown in Scheme 2. 
Electron ionization (EI) mass spectrometric studies of 
esters have shown that hydrogen transfer occurs via a 
McLafferty rearrangement.23 Path A shows hydrogen 
transfer to produce two species: OE - 18 and RE + 18. 
Hydrogen transfer on the opposite side of the carbonyl 
group may also occur and is shown in path B, producing 
the species OE + 68 and RE - 68. Interpretation of 
these fragmentation mechanisms is complicated by the 
fact that these pathways may occur for any ester bond 
in the polymer. Each polyester repeat unit contains two 
ester bonds, so paths A and B will actually produce four 
fragments each, assuming equal ion formation prob- 
abilities. However, since the mass of the butylene diol 
terminal group (HO(CH2)40-) is the same as part of the 
polyester repeat unit, many of the fragments produced 
in paths A and B are actually isobaric. These fragments 
are summarized at  the bottom of the scheme. For 
example, the x1 fragment may result from C-C cleavage 
P to the carbonyl to yield the isobars RE - 68 and OE + 
42. For both H-transfer pathways occurring at  both 
ester bonds in a repeat unit, a total of four possible 
fragments will be produced. Examination of Figure 1 
shows that, despite the multiple pathways which might 
produce these fragments, their intensities are quite low 
with respect to the RE + Ag and OE + Ag series. 
a-Cleavage adjacent to the carbonyl group also does not 
produce fragment ions of significant intensity (labeled 
"z" in the figure). Therefore, cyclization via intramo- 
lecular ester exchange shown in Scheme 1 is the major 
mode of fragmentation, and the H-transfer McLafferty 
rearrangements are only minor modes of fragment ion 
formation. 

Figure 3 shows portions of the TOF-SIMS spectra for 
three different molecular weight PBAs. The Ag-cation- 
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Scheme 2. Fragmentation of Polyesters via McLafferty Rearrangements 

Path A 

1 

1 
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Table 1. Molecular Weight Determinations of 
Poly(buty1ene adipate) by GPC and TOF-SIMS 

GPC TOF-SIMS 
Mn Mw MwIMn Mn Mw O$(RE+OE) 

1290 2820 2.20 780 833 89 i 2.7 
2270 6200 2.74 734 771 72 f 2.7 
4040 12610 3.12 928 1053 28 f 5.8 

ized RE series is indicated in the figure with open circles, 
and the Ag-cationized OE series, by filled circles. The 
oligomer distributions for these spectra are nearly 
identical and are skewed toward lower masses, which 
is characteristic of condensation polymerization. Al- 
though the calculated Mn and Mw values from TOF- 
SIMS were quite similar, GPC analysis showed three 
different molecular weights for the PBA samples, which 
are listed in Table 1. Generally, TOF-SIMS analysis 
shows skewed molecular weight values for samples with 
broad molecular weight distributions (MwIMn > 1.2). 
Two different factors contribute to this effect: (1) lower 
detection efficiency and (2) lower transformation prob- 
abilities of intact high mass oligomers. An additional 
source of error is the fragmentation of higher molecular 
weight chains to produce ions which still contain the 
terminal groups but have fewer repeat units, which will 

skew the molecular weight distribution towart 
values. 

lower 

The molecular weight of the sample can be estimated 
by comparing the relative intensities of the oligomer 
ions (OE) to the fragment ions (RE). The PBA with M ,  
= 1285 in Figure 3a shows intense OE peaks, with less 
intense peaks for the RE series. As the molecular 
weights of the PBA increases in parts b and c of Figure 
3, the intensity of the OE series decreases relative to 
that of the RE series. The effect may be explained by 
considering the relative number of terminal groups 
compared to the number of repeat units, which de- 
creases with increasing chain length. The relative 
intensity of the OE series can thus provide an estimate 
of the polymer molecular weight. The relative intensity 
of the OE ions was calculated by dividing the OE peak 
area by the sum of the OE and RE peak areas. The Opj 
(OE + RE) values for the three PBA samples are listed 
in Table 1. As the PBA M ,  values increased from 1285 
to 4090, the relative intensity of the oligomer ions 
decreased from 89% to 28%. Direct measurement of 
accurate molecular weights by TOF-SIMS may not be 
possible for these samples, but the molecular weight can 
be semiquantitatively determined from the relative 
intensity of the OE series. 
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Figure 4. TOF-SIMS spectrum of polyurethane [4,4,11. M ,  
= 40 000. Key: (0) (AEU + Ag)+; (0) (RE + Ag)+. 

The change in the relative intensities of the OE and 
RE series with increasing molecular weight is consistent 
with the proposed cyclization mechanism of Scheme 1. 
Cyclization to produce cyclic dimers or trimers may 
involve multiple ester exchanges. As the chain length 
of the PBA oligomers increases, cyclization may proceed 
in a stepwise fashion, with the ratio of cyclics increasing 
in proportion to the number of shorter linear oligomers. 
For example, a PBA chain with M, = 1200 will contain 
6 repeat units. Two cyclic dimers and one oligomer with 
n = 2 could be produced (n = the number of repeat 
units). For a PBA sample with M, = 4000 (n  = 20), 
nine cyclic dimers and one shorter linear oligomer could 
be produced. Of course, this is a gross oversimplification 
since the oligomers may be desorbed intact, cyclic 
trimers or tetramers might be produced, and other 
minor fragmentation mechanisms might occur. Never- 
theless, the general phenomenon of changes in the 
intensities of the RE and OE series with molecular 
weight can be explained by the cyclization mechanism. 
3.2. Polyurethane [4,4,11 Samples. The polyure- 

thane (PU) copolymers studied were produced by reac- 
tion of the PBA samples with 4,4'-diphenylmethane 
diisocyanate (MDI), resulting in the polyurethane shown 
in Chart 2. A typical TOF-SIMS spectrum of PU[4,4,11 
is shown in Figure 4. Two intense fragment ion series 
were observed in the spectrum, corresponding to silver- 
cationized polyester fragments (RE + Ag)+ and polyure- 
thane fragments (AEU + Ag)+. The mass of the diiso- 
cyanate group (340 Da) can be determined directly from 
the mass difference between the polyester and the 
polyurethane fragments. Depending on the molecular 
weight of the sample, the OE peak series was also 
observed. These OE species must be the shorter linear 
oligomers produced by cyclizatiodintramolecular ester 
exchange of the original (longer) oligomer chains, since 
GPC analysis indicated no unreacted PBA in the PU 
samples. 
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Figure 5. Fragment patterns for polyurethane [4,4,11 with 
M ,  (a) 14 000, (b) 39 000, (c) 48 000. 

In general, due to the high molecular weights of the 
PU samples, main-chain fragments rather than poly- 
urethane oligomers were observed. The fragment pat- 
terns of PU[4,4,11 samples having three different mo- 
lecular weights are shown in Figure 5.  Examination of 
the cluster structure for the RE, OE, and AEU series 
showed a singly unsaturated species, indicating that the 
cyclizatiodintramolecular ester exchange reaction of 
Scheme 1 is the major mode of fragmentation for 
polyester polyurethanes. The cluster structure of the 
AEU ion and the corresponding theoretical pattern are 
shown in Figure 2. The RE and OE clusters in the PU 
samples were identical to those in the PBA samples. 
Similar to what was observed from the PBA samples, 
as the molecular weight of the PUS increased, the 
relative intensity of the oligomer (OE) series decreased 
and the relative intensity of the fragment (RE) series 
increased, indicating that fragmentation rather than 
desorption of intact oligomers predominates for higher 
molecular weight samples. The relative intensity of the 
AEU series also increased as the PU molecular weight 
increased, although not in as dramatic a fashion as the 
RE series, due to much lower absolute intensities for the 
AEU ions. 
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within the polyester repeat unit occurred to a limited 
extent for poly(ethy1ene azelatel-, poly(buty1ene aze- 
late)-, and poly(hexy1ene azelatebbased polyurethanes, 
producing fragments corresponding to RE + Ru + CO, 
RE + Ru + 0, and RE + Ru + CO + 0. However, these 
fragments were not observed for polyurethanes based 
on poly(ethy1ene adipate), poly(buty1ene adipate), or 
poly(hexy1ene adipate), including PU[4,4,11. Thus, the 
results from this study agree with those from Bletsos 
et aL2 Fragmentation within the polyester repeat unit 
may be related to the length of the acid moiety, i.e., 
HOOC(CH2)7COOH for azelaic acid versus HOOC- 
(CH2)&OOH for adipic acid.2 Since the isotopic pat- 
terns of the fragment clusters in the original spectra 
by Bletsos et a l .  could not be resolved, the generality of 
the cyclization-ester exchange mechanism cannot be 
assessed from their data. Additional experiments under 
high-resolution conditions may help clalify this issue. 

3.3. Transesterification Reactions. Transesteri- 
fication is a particularly useful "derivatization" since it 
allows analysis of high molecular weight and branched 
polymers. In addition, transesterification offers the 
ability to cleave only the ester bond within the polyester 
chain. Using transesterification with chlorodifluoro- 
acetic acid, Kim and Hercules have determined the 
number of branches in an unknown poly(l,3-butylene 
adipate) ~amp1e.l~ In the present study, transesterifi- 
cation of polyurethanes was conducted to compare the 
fragmentation behavior of transesterified polyurethane 
with unreacted samples. A diagram of the transesteri- 
fication reaction is shown in Scheme 3. Transesterifi- 
cation of PBA produced spectra similar to those reported 
by Kim and Hercules17 and Bletsos et a l .  for other 
polyesters.2 The prominent peak series observed cor- 
responded to termination on both ends of the PBA chain 
to produce (RET + Ag)+ and (RET + Na)+ ions, and less 
intense RE peaks were also observed. OE ions corre- 
sponding to unreacted polyester oligomers were not 
observed, since all of the samples were reacted overnight 
to ensure complete transesterification. 

TOF-SIMS analysis of the transesterification products 
of PU[4,4,11 is shown in Figure 7. The most intense 
peak series correspond to the cyclic species RE and 
transesterified RET (+ Na+ and Ag+) species. Examina- 
tion of the RE and RET cluster structures reveals a single 
species for both types of ions (results not shown). Less 
intense AEU ions were also present, depending on 
sample molecular weight. In general, intense ions for 
transesterified PU fragments containing the diisocyan- 
ate group were not observed (AEUT in Scheme 3). Due 
to the high molecular weights of the PBA chains within 
the polyurethanes, the ratio of the number of polyester 
repeat units to diisocyanate groups was very large (L 70: 
1). Transesterification must occur preferentially at  the 
ester chain ends of the copolymer, producing predomi- 
nantly RET species, and production of tagged species 
containing both ester and urethane units is not statisti- 
cally preferred. 

As with the unreacted PUS, the relative intensities 
of the major ion series in the spectra of transesterified 
PUS were highly dependent on the molecular weight of 
the sample. Figure 8 shows the spectra of three 
different molecular weight PUS following transesterifi- 
cation. The transesterified polyester fragments (RET) 
are the most intense series in Figure 8a. When the 
molecular weight is increased for the samples in parts 
b and c of Figure 8, the relative intensity of the RE series 
increases and the relative intensity of the RET series 
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Figure 6. Relative intensity of RE series versus OE series as 
a function of molecular weight. 

Table 2. Molecular Weight Determinations of 
Polyurethane [4,4,1] by GPC 

sample ID no. Mn Mw MwlMn 
728-1 
728-2 
728-3 
730-1 
730-2 
730-3 
732-1 
732-2 
732-3 

14 160 
38 530 
47 810 
25 420 
40 120 
57 690 
19 340 
32 280 
41  430 

22 870 
62 020 
80 600 
40 620 
67 410 
10 0270 
30 730 
51  450 
70 670 

1.61 
1.61 
1.69 
1.60 
1.68 
1.74 
1.59 
1.59 
1.71 

The relative intensities of the OE series versus those 
of the RE series were calculated for the nine PU samples 
and are shown as a function of molecular weight (M,) 
in Figure 6. M, values were obtained by GPC; results 
are shown in Table 2. The results in Figure 6 are the 
averages of three replicate analyses. Linear least- 
squares regression showed a slope of 0.209 and a 
correlation coefficient of 0.851, which is significant at  
the 95% confidence level. For higher molecular weights, 
the scatter in the data is largely caused by the decrease 
in the absolute OE peak intensities, which become more 
difficult to discern above the noise level. The error in 
the measurement therefore increases with molecular 
weight. Despite these difficulties, this method can 
provide a reasonable estimate of molecular weight. A 
similar relationship has been observed between cyclic 
and linear fragment ions for the poly(dimethylsi1ox- 
anes).l3 

Not surprisingly, the fragmentation behavior of the 
polyester polyurethanes appears to be quite similar to 
that of the polyesters. Once again, cyclization via 
intramolecular ester exchange is the major pathway for 
fragment ion formation, with the mechanisms in Scheme 
2 producing ions of relatively low intensity in the PU 
fragment patterns. Thermal degradation of polyure- 
thanes also occurs primarily via cyclization and in- 
tramolecular ester e x ~ h a n g e . ~ , ~ ~  The RE and OE cluster 
structures for the PUS reveal singly unsaturated spe- 
cies, as does the AEU cluster. The AEU series, although 
not shown in Figure 4, actually begins at  647 Da for a 
cyclic species consisting of one polyester (RE) and one 
urethane (Ru) repeat unit. This is somewhat unex- 
pected since the presence of two phenyl rings along the 
urethane backbone might be expected to prevent cy- 
clization due to rigidity. 

Analysis of other polyester polyurethanes by Bletsos 
et aL2 has shown that the major ion series observed by 
TOF-SIMS correspond to polyester and polyurethane 
oligomers and RE and AEU fragments. Fragmentation 
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Figure 7. TOF-SIMS spectrum of polyurethane [4,4,1] after 
transesterification, showing details of a fragment pattern. 
Sample Mn = 14 160. 

decreases. Unfortunately, the relative intensities of the 
RE versus the RET ions do not display a linear relation- 
ship for the range of sample molecular weeights as was 
observed for the RE versus the OE ions in the unreacted 
polymers. This is caused by the additional complication 
of transesterification, which chemical cleaves or "di- 
gests" a high molecular oligomer into smaller TFA- 
tagged chains, which can then undergo further frag- 
mentation during TOF-SIMS analysis. The number and 
size distribution of smaller tagged fragments from 
transesterification may not necessarily display a linear 
relationship with PU molecular weight. 

Transesterification is not a suitable method for esti- 
mating the molecular weights of polyesters and poly- 
urethanes, but it is a useful tool for comparison of the 
fragmentation mechanisms. The detection of singly 
saturated species in PBA, PUS, and transesterified PUS 
suggests that intramolecular ester exchange to produce 
cyclic fragments and short linear oligomers is the 
dominant mode of fragmentation for the PBAs and 
PUS, regardless of the identity of the terminal group 
(CF&=O- versus HO(CH2)40-). An additional justi- 
fication for the cyclization mechanism is that cation- 
ization should occur more readily for cyclic polyesters, 
compared with linear chains. The functional groups in 
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Figure 8. TOF-SIMS spectra of Transesterified Polyurethane 
[4,4,11 with Mn (a) 14 000, (b) 39 000, (c) 48 000. Key: (0) (RE 
+ Ag)+, (0) (RET + Ad+. 

the polyester fragments should coordinate easily to the 
metal cation, similarly to  what occurs for crown ethers. 

4. Conclusions 
TOF-SIMS analysis of poly(buty1ene adipate) samples 

produced spectra containing oligomer ions and frag- 
ments corresponding to cyclization via intramolecular 
ester exchange. These cyclic fragments were also 
observed in the spectra of polyurethane [4,4,11 samples, 
along with cyclic ester-urethane fragments. The mass 
of the diisocyanate group within the polyurethane could 
be determined from the mass difference between the two 
major fragment-ion series in the spectrum. In general, 
only limited fragmentation within ester or urethane 
repeat units was observed. 

Although direct molecular weight determinations 
were not possible, the sample molecular weight for both 
the polyester and polyurethane samples could be esti- 

Scheme 3. Transesterification of Polyurethane [4,4,11 

+ 
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mated from the relative intensity of the cyclic repeat 
unit series ions to the linear oligomer ions. Addition- 
ally, transesterification of polyesters and polyurethanes 
using trifluoroacetic acid was found to selectively cleave 
bonds between polyester repeat units in both types of 
polymers. The spectra of transesterified polyurethanes 
followed the same trend as the unreacted polyurethanes, 
with the relative intensity of the RE fragments to the 
CF&=O- terminated fragments changing when the 
sample molecular weight was varied. 

The fragmentation mechanisms of polyesters and 
polyurethanes, which are synthesized by stepwise con- 
densation reactions, appear to be quite different from 
the fragmentation mechanisms of polymers produced by 
ionic or radical polymerization. Rather than random 
homolytic chain cleavages, fragmentation occurs via 
stepwise cyclizations, or, in essence, “depolymerization”. 
Further investigations will be conducted to determine 
if the cyclization mechanism is generally applicable to 
other classes of condensation polymers. 
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