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Angle dependent X-ray photoelectron spectroscopy (XPS) and static secondary ion mass spectrometry (SSIMS) 
were used to study the surface composition of two polyether polyurethane block copolymers. Both were 
synthesised with 2,4-toluene diisocyanate and ethylene diamine as the hard segment, but different soft-segment 
compositions were used. In one case, the soft segment was polytetramethylene oxide (PTMO) while, in the other 
case, it was a mixture of PTMO and polyethyleneoxide (PEO). The selection of the two oligomers for the soft 
segments allowed for an investigation of the influence of an elastomer's polar character on the nature of chemical 
groups detected at the surface. By following the Cls  signal and the atomic concentration of nitrogen with respect 
to take off angle, it was shown that the surface of the films were depleted in nitrogen containing hard segments. 
The study also showed that the sample having both PTMO and PEO soft segments displayed a tendency for the 
PTMO to segregate from the PEO and migrate to the top surface, resulting in a depletion of the top layer in PEO. 
Static SIMS of this sample confirmed this observation. Canadian Crown Copyright © 1998 Published by Elsevier 
Science Ltd. All rights reserved. 
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INTRODUCTION 

Segmented polyurethanes are multi-block co?olymers made 
by one-step or two-step reaction of diisocyanates with 
hydroxyl-terminated, low molecular weght  polymers 
(macroglycols) and diamines or glycols chain extenders ~. 
The segments containing the diisocyanates and chain 
extender are usually rigid and called 'hard' segments, 
while the macroglycol segments are usuall), quite flexible 
and hence called 'soft '  segments. 

Morphologic studies of segmented polyurethanes have 
shown that these polymers separate into two phases, leading 
to domains composed of hard segments and domains 
composed mostly of the soft segments 2'3. It has also been 
reported that, not only does the segregation take place in the 
bulk but, based on studies using surface anal ysis techniques 
such as X-ray photoelectron spectroscopy (XPS) and 
secondary ions mass spectrometry (S IMS) the  surface of 
these polyurethanes is enriched in the soft segment with 
respect to the bulk composition of the polymers 4-13. The 
exact distribution of soft and hard segmenl:s near the very 
top surface is not precisely known. It has been reported that, 
based on angular dependant XPS, there may be very little or 
no hard segment present at the uppermost surface 7"8. On the 
other hand, Hearn and collaborators showed, using SIMS, 
that the surface is interspersed with small qaantities of hard 
segments io. 

X-ray photoelectron spectroscopy is probably the most 
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popular and accessible method to analyse the surface 
chemistry of materials 4. However, when the modifications 
are small and found at the very top surface, XPS alone 
cannot provide much information on the changes in surface 
chemistry. XPS probes a layer of about 7.5 nm thick and the 
presence of only a few additional functional groups on the 
top layer will not be detected. Angle resolved XPS is a 
technique where, by tilting the sample, thereby changing the 
angle of the surface with respect to the detector, a thinner 
layer can be probed ~4. It is possible to obtain information on 
the top 1.5-2.0 nm of a surface. However, the intensity of 
the peaks decreases significantly at high take-off angle and 
it becomes difficult to interpret small differences in the 
shape of the envelopes. 

Time-of-flight secondary ions mass spectrometry (TOF- 
SIMS) is a technique that can be used to probe an even 
thinner layer on the surface of polymers 15 18. The technique 
has been successfully applied to characterise the surface of 
polymers and it has been suggested that, when used in the 
static mode, it is capable of analysing the first 0.5 nm of a 
surface. In the SIMS experiment, a beam of ions is used to 
sputter materials off the surface and generate charged and 
neutral fragments. By controlling the current of the 
impinging beam, it is possible to minimise excessive 
surface degradation while generating enough molecular 
fragments to acquire a reproducible spectrum. This is called 
'static' SIMS. 

Our interest in this study lies in the search for information 
about the behaviour of polyurethanes when two different 
soft segments are used within the same polymer chain. In 
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this paper we report the study, using XPS and SIMS, of the 
surface of two polyurethanes having the same 'hard' 
segment but where the soft segment is polytetramethylene 
oxide (PTMO) in one case and a m~xture of PTMO and 
polyethylene oxide (PEO) in the other case. 

EXPERIMENTAL 

Materials 
The materials used for the synthesis included toluene 2,4 

diisocyanate (TDI) (Eastman Kodak, Rochester, USA), 
polytetramethylene oxide (PTMO) of average molecular 
weight 1000 (Dupont, Wilmington, DE, USA), polyethy- 
lene oxide (PEO) of molecular weight 1000 (Aldrich 
Chemical Company, Milwaukee, WI, USA) and ethylene 
diamine (ED) (Aldrich Chemicals Company, Milwaukee, 
WI, USA). Prior to use, TDI was vacuum distilled at 70°C 
and 0.025 mmHg. PTMO and PEO ~ere degassed for 24 h 
at 40°C and 0.5 mmHg. ED was distilled under atmospheric 
pressure. The two polymers were synthesised using a 
standard two step solution polymerisation, carried out in a 
Labconco Controlled Atmosphere glove box containing 
dried nitrogen gas and the solvent was dimethylsulfoxide 
(DMSO), distilled within 24 h of the synthesis, 

Details for the synthesis have been published else- 
where 19. The stoichiometry of the reaction was 2:1:1 of 
TDI:PTMO:ED and 2:0.5-0.5:1 for TDI :PTMO-PEO:ED 
respectively. In the first step of the synthesis, an approx- 
imate 15% wt/vol solution of  TDI in reaction solvent 
(DMSO for PTMO and dimethylacetzmide for PTMO/PEO) 
were mixed with an approximate 25% wt/vol solution of  
diol in the respective reaction solvent. This mixture was 
allowed to react at 50-60°C for a period of 3 h. Following 
this, the solution was cooled to 25°C and a 4% vol/vol 
solution of  ED was added dropwise to the reaction mixture 
with stirring. After the reaction was complete, the polymers 
were precipitated in distilled water, finely chopped and 
further washed in distilled water witt" vigourous agitation in 
order to remove unreacted monomers. The polymers were 
then redissolved in their reaction solvent and the resulting 
solution centrifuged at 1500G (Sorvall model number 
RT6000B, Dupont Instruments) for 10 rain, in order to 
remove any non-soluble polymer gels. This solution was 
then precipitated in distilled water, chopped and washed 
three times. The polymers were dried in a vacuum oven at 
50°C for 48 h. Molecular weights were determined by size l ro 19 exclus'on ch matography . The molecular weight data are 
reported as calibration grade polystyrene molecular weight 
equivalents. 

Film preparation 
The polymer samples were cast ~nto a clean aluminum 

pan, at 20-25°C. The concentration of casting solution was 
20% wt/vol in dimethyl acetamide (DMAc). Solutions were 
centrifuged at 1500 G for 10 min and then filtered through 
glass wool sheets. The solvent was allowed to evaporate 
overnight in an oven at 50°C then further dried under 
vacuum at 50°C. All films were optically transparent, and 
about 0.3 mm thick. 

XPS analysis 
The surface of  the samples was analysed using a 

KRATOS AXIS HS X-ray photoelectron spectrometer 
(Kratos, Manchester, UK). The size of  the analysed area 
was about 1 mm 2. Monochromatised AI K~ radiation was 
used for excitation and a 180 ° hemispherical analyser with a 

three channel detector was employed. The X-ray gun was 
operated at 15 kV and 20 mA. The spectrophotometer was 
operated in Fixed Analyser Transmission mode (FAT) 
throughout the study using electrostatic magnification. 
Survey and high resolution spectra were collected using 
160 and 20 eV pass energy respectively. The pressure in the 
analyser chamber was 10 -8 to l0 -9 torr. An electron flood 
gun was used to neutralise the charge during the experiment. 
In order to verify that the surfaces were not damaged during 
angle dependent studies, the surfaces were scanned at zero 
degree take-off angle both before and after the angle 
dependence measurements. Binding energies were refer- 
enced to the carbon-carbon bond which was assigned a 
binding energy of 285 eV. Atomic composition was 
estimated using standard software provided with the 
instrument and using the following sensitivity factors: 
0.25 for C 1 s, 0.66 for O 1 s and 0.42 for N 1 s relative to F 1 s at 1.00. 

For the angular-dependant experiments, an 8 ° solid angle 
aperture was placed in the electron lens system. The 
measurements were made with the experimental geometry 
shown in Figure 1. In our instrument, the angle between the 
X-ray source and the electron collection optics is fixed at 
65 °. The sample was tilted in such a way as to change the 
angle ® between the normal to the sample and the analyser. 
At ® = 0, the sample was perpendicular to the detector, 
leading to the maximum sampling depth. The effective 
sampling depth, z, was derived by 

z = 3 X c o s  ® (1) 

where X is the effective mean free path for electrons to 
escape the surface and was set to the value of  2.5 nm 
based on previous studies 2°m. Therefore at ® = 0, z = 
7.5 nm and at ® -- 80, z =  1.3nm. 

The TOF-SIMS spectra were obtained by using a 
KRATOS PRISM instrument (Kratos, Manchester, UK). 
The sample was bombarded with 25 keV Ga + ions with a 
current less than 1 × 10 -9 A. Data acquisition required 
between 60 and 200 s. The total primary ion dose was 
always less than 10 ~2 ions/cm", which is within the 'static' 
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Figure l Geometry of angular-dependent experiments 

Table 1 Molecular weight and polydispersity of the two polyurethanes 
studied 

Polymer Mw Mn Polydispersity 

TDI-ED-PTMO 1.3 × l0 t 6.3 X 10 4 2.0 
T D I - E D - - P T M O /  7.3 × 10 4 4.1 × 10 4 1.8 
PEO 
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limit for SIMS experiment. Charge neutralisation by means 
of a beam of electrons synchronously pulsed on every 
primary gun cycle, in antiphase with the ion extraction 
voltage, was used. 

CH3 

O ~ ~ ' ~  N/~ ) H, I~I 
( -C \ - ( - N - C H z - C H 2 - N - )  

H H 

RESULTS AND DISCUSSIONS 

The molecular weights and dispersity of the samples 
(Table l) are representative of conventional polyurethanes. 
The bulk chemistry characterised by FTIR spectroscopy 

( - O - C H = - C H = - C H = - C H 2 - )  14 ( -O 'CH2-CHz- )  =3 

T D I  E D  P T M O  P E O  

[-  T D I  - E D  - T D I  - P T M O  -] n 

[ -TD I  - E D  - T D I  - P T M O  - T D I  - E D  - T D I  - P E O  -] . 

Figure 2 Sequence of the two copolymers and chemical structure of their components 
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Figure 3 XPS survey spectrum of TDI-ED-PTMO showing the peaks 
corresponding to oxygen, nitrogen and carbon 

depicted the characteristic urethane/urea chemistry that has 
been described by Dillon 22. The two copolymers studied 
have the same hard segment, made of 2,4-toluene 
diisocyanate and ethylene diamine, but have different soft 
segments. The basic chemical structure of the constituents 
and their theoretical sequence are shown in Figure 2. 

Figure 3 shows the XPS survey spectra of T D I - E D -  
PTMO. Peaks corresponding to carbon, nitrogen and 
ox~,gen are detected. A quite similar spectrum was obtained 
for TDI-ED-PTMO/PEO but with slightly different peak 
intensities. High resolution spectra of the carbon signal 
shows an envelope that can be curve fitted into a series of 
peaks corresponding to different functional groups (see 
Figure 4). The peak usually at the lowest binding energy 
1285 eV) is assigned to carbon atoms that are linked only to 
carbon (C-C) and/or hydrogen atoms (C-H). '[he peak 
shifted by approximately 1.5 eV correspon&s to carbon atom 
linked to carbon/hydrogen atoms and one oxygen atom via a 
single bond (C-O). Carbon peaks corresponding to 
carbonyl (C=O) and N - C = O  functions appear shifted by 
about 2.5 and 4 eV re~ectively from the C - C  peak. 
Because of the complexity of the polymers an'd the large 
number of possible ways to curve fit the envelope, we have 
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Figure 4 High resolution XPS spectra showing the deconvoluted C l's envelope for the TDI-ED PTMO sample at f)' and 8(F take-off angles 

POLYMER Volume 39 Number 11 1998 2 3 6 3  



XPS and SIMS characterisation: Y. Deslandes et al. 

Table 2 Tabulation of the theoritical number of different atoms contributing to the XPS signal for each segment and the resulting 'bulk'  composit ion (in 
atomic %) for the homogenous polymers, basecL on the stochiometry shown in Figure 1: (a) [ - T D I - E D - T D I - ( P T M O ) 1 4 - ]  

TD1 segment ED segment PTMO 'Bulk '  

C - C  10 - -  28 38 

C - O ,  C - N  4 2 28 34 

O = C - N  4 - -  - -  4 

N 4 2 - -  6 

O 4 - -  14 18 

Table 3 Tabulation of the theoritical number of different atoms contributing to the XPS signal for each segment and the resulting 'bulk'  composit ion (in 
atomic %) for the homogenous polymers, based on the stochiometry shown in Figure 1: (b) [ - T D I - E D - T D I - ( P T M O )  4 - T D I - E D - T D I - ( P E O ) 2 ~ - ]  

TDI segment ED segment PTMO PEO 'Bulk '  

C - C  20 - -  28 - -  24 

C - O ,  C - N  8 4 28 46 43 

O = C - N  8 - -  - -  - -  4 

N 8 4 - -  - -  6 

O 8 - -  14 23 23 

Table 4 Experimental  atomic compositions ct lculated from the XPS intensities as a function of take-off angle (TO angle) for the polyurethane [ - T D I - E D -  
TDI- (PTMO)  14-] 

TO angle C - C  C - O ,  C - N  O = C - O  0 N 

0 ° 45 31 2.3 18 3.4 

20 ° 45 31 2.5 17 3.5 

40 ° 48 30 1.7 17 3.0 

60 ° 52 27 1.7 17 2.6 

80 ° 56 24 1.3 17 1.1 

Table  5 Experimental  atomic composit ions calculated from the XPS intensities as a function of take-off angle (TO angle) for the polyurethane [ - T D I - E D -  
TDI- (PTMO)  1 4 - T D I - E D - T D I - ( P E O )  z3-] 

TO angle C - C  C - O ,  C - N  O = C - O  O N 

0 ° 34 40 3.2 20 3.8 

20 ° 34 41 3.0 19.5 2.6 

40 ° 35 40 2.6 20 2.8 

60 ° 39 38 2.2 18 2.2 

80 ° 42 39 1.4 18 0 

ignored secondary neighbour effects and we have consid- 
ered C - O  and C - N  as having a similar chemical shift with 
respec--t to the C-C peak. 

Table 2 and" Table 3 show the theoretical number of 
different types of chemical groups th at actually contribute to 
the XPS signal based on the chemical formula for the hard 
and soft segment and the resulting 'bulk' composition for 
the homogeneous polymer. This is simply based on the 
average stoichiometry of the polymers. Note that both the 
nitrogen peak and the component of the Cls envelope 
assigned to the O = C - N  groups solely belong to the hard 
segment. Consequently, these peaks will allow the dis- 
crimination between the hard and so Ft segments. In addition, 
it is possible to differentiate between the PTMO and the 
PEO by following the C - O  peak. In the case of PEO, all the 
carbons atoms in the backbone of the chain are linked to one 
oxygen atom while for PTMO, there is an equal amount of 
carbon atoms linked to carbon/hydrogen only (C-C) and 
carbon linked to a carbon/hydrogen and an oxygen via a 
single bond (C-O). Therefore any variation in the relative 
intensity of the peaks corresponding to these groups (285 

and 286.5 eV), as the angular resolved experiment is 
performed, can be related to the location of the PTMO 
and PEO segments with respect to each other, 

Figures 4 and 5 show the curve fitted Cls envelopes for 
the TDI-ED-PTMO and the TDI-ED-PTMO/PEO 
respectively, recorded at take-off angle of 0 ° (thickness 
probed of about 7.5 nm) and 80 ° (thickness probed 
<1.5 nm), Clearly, differences in the intensity of the 
peaks are observed, particularly the contribution of the 
O = C - N  group at about 290 eV. The variation of the atomic 
concentration as a function of take-off angle for both 
samples are given in Table 4 and Table 5. Both samples 
showed a reduced nitrogen concentration at the immediate 
surface (i.e. 80 ° take-off angle) as well as a continuous 
depletion of nitrogen as the take-off angle increases. 

In order to verify that no damage due to the irradiation 
took place during the experiments, we have recorded 
another spectra at zero take-off angle after completing the 
angle dependent measurements for both samples. The 
spectra were identical to the one obtained before the 
experiments, therefore indicating minimal changes were 
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induced to the surface throughout the collection of data and 
that the differences in intensities observed between the 
spectra recorded at 0 ° and 80 ° take-off angle were genuine. 

It is apparent that changes in the types of chemical 
function at the surface occur within the XPS sampling 
depth. Examination of the data for T D I - E D - P T M O  
(Table 4) showed that the intensity of  the nitrogen peak, 
attributed to the diisocyanate (hard segment), decreases 
from 3.4 atomic % at 0 ° take-off angle to about 1 atomic % 
at the uppermost surface (80 ° take-off angle). Correspond- 
ingly, the carbon peak centred on 289.2 eV is reduced from 
2.3 to 1.3 atomic %. These data are indicative of  a hard 
segment depletion at the surface. However, the presence of 
these two signals at the 80 ° take-off angle suggest that, 
although depleted, there exists a small quantity of  hard 
segment in the outer 1.3 nm. 

Some contamination of  the surface by adventitious 
carbon or by impurities generated during fihn casting is 
probably present on the surface of the sample. However, the 
relatively constant oxygen signal, even at the largest take- 
off angle, suggests a low level of contamination by 
carbonaceous materials. The O/C ratio of  0.22, which is 
reasonably close to the value that would be expected for 
pure PTMO (O/C = 0.25) supports this assumption. 

For the polymer with both types of soft segments, T D I -  
ED-PTMO/PEO,  results of the angle resolved experiment 
(Table 5) are similar to T D I - E D - P T M O .  As the take-off 
angle increases, the signals for nitrogen and O : C - N  
functions decrease. This depletion of hard segments at the 
surface is expected based on the similarities of  the chemistry 
of the two polymers. In this case however, nitrogen is barely 
detectable at 80 ° take-off angle, although the signal for the 

O : C - N  groups at 289.0 eV is observed and account for 
about 1.4atomic %. The decrease in the N l ' s  peak at 
400 eV from 3.0% at 0 ° to being almost undetectable at 80 ° 
again could suggest an almost complete hard segment 
surface depletion. However,  because of the relatively low 
intensity of the signal at high take-off angle, the signal to 
noise ratio decreases, and the estimate of low concentration 
of carbamate groups is not accurate. We believe that some 
hard segments are present in the top 1.5 nm of the sample 
This is consistent with previous results reported in the 

v3 ~4 
literature for similar copolymer  systems . . . .  . 

It is interestin# to observe that changes in the relative 
intensities of the C - C  and C - O  peaks of T D I - E D - P T M O /  
PEO occur as the~hicknessof  the probed layer diminishes. 
Comparison of  the carbon envelopes recorded at 0 ° and 80 ° 
take-off angle (Figure 5) indicates that the peak associated 
with C - O  (286.5eV) has significantly diminished in 
intens~y compared to C - C  (285 eV). This suggests that 
the PEO segments, for which all carbon atom are linked to 
one oxygen ( C - O )  is in relatively lower concentration at the 
very top layer. The very top layer is enriched in PTMO 
segments. Therefore we can propose a model for this 
particular polymer in which a PTMO rich layer is actually 
present at the very top surface of the sample. PEO segments 
w'ill be found somewhat buried under PTMO and finally 
even deeper, the majority of the hard segments will be 
found. Note that a small quantity of hard segments is present 
in the top 1.5 nrn. 

SIMS analysis 
Figure 6a and b show the positive ions SIMS spectra of 

the T D I - E D - P T M O  and the T D I - E D - P T M O / P E O  

Figure 5 
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Figure 6 Positive ions time-of-flight static SIMS speclra of: (a) TDI ED-PTMO, qb) TD1-ED-PTMO/PEO. and (c) pure PEO 
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samples respectively. There are many similarities between 
them. For both samples, the base peak is at 55 (C~H +) .  
Peaks at 27 (CzH+), 41 (C3H+), 43 (C3H + and C2H30 +) 
and 71 ( C 4 H 7 0 + )  a re  also very int, ense, although there are 
some differences in the relative inlensity of each of them. 
These peaks are characteristics of the SIMS spectrum of 
PTMO as reported by Hearn et al.l°. 

The strong peaks mentioned above are not observed in the 
spectrum of PEO alone (Figure 6c). Surprisingly, the 
spectrum of the sample containing both PTMO and PEO 
segments does not show the presence of any significant 
quantity of fragments usually observed in the SIMS of pure 
PEO. The positive SIMS of PEO is characterised by a base 
peak at 45 amu (C2H50 +) with vel T weak peaks above this 
value• Notice that the peak at 45 aFnu is very weak in the 
TDI-ED-PTMO/PEO sample (Figure 6b). 

These findings are in agreement with those from Burrell 
et al. who studied copolyether-e,;ters containing mixed 
polyether 24. Their study showed an enrichment of PTMO 
relative to PEO at the top surface. I~iowever, contrary to the 
case reported herein, they were abl,e to detect a significant 
peak at 45 ainu, suggesting that, although depleted with 
respect to PTMO, there was a significant quantity of PEO 
segments at the very top layer. One can speculate about the 
reasons for this discrepancy. First it can be the result of 
sample preparation techniques. Their films were either 
moulded plates or cast films from fluorinated solvents. Our 
films were cast (l mm thick) from DMAc. These different 
methods of preparation can certainly lead to different 
morphologies in the bulk as well as at the surface. 
Differences in surface composition from polymers having 
the same chemistry but prepared differently have been 

• 95 
reported in the scientific literature--. 

Another possible explanation for the discrepancies can be 
related to the difference in the length of the hard segment• In 
fact, the hard segments of the samples reported on in this 
paper are quite short (one or two monomers) compared to 
the samples studied by Burrell's group 24. Their hard 
segments contained approximately I I monomers. This 
implies that, in this case, there are much longer hard 
segments linking two soft segmerkts, making the whole 
macromolecular chain significantly less flexible and hinder- 
ing the movement of the soft segments which cannot 
migrate as easily as when linked by short hard segments. 
Consequently, the short hard segments of our polymers can 
actually be visualised as acting as 'swivels' between two 
relatively long flexible chains, allcwing for an increased 
freedom of movement for the soft segments relative to the 
corresponding materials reported c,n by Burel124, having 
longer hard segments. As a result of the longer hard 
segments' restrictive effect on the mobility of the soft 
chains, the coexistence of PEO/PTMO segments would 
eventually be forced into the top ,mrface since the PEO 
segments could not migrate away from the surface so 
readily. These observations are inleresting because they 
actually suggest that one could modify the soft segment 
nature at the surface of these polymers by proper selection 
of, not only the chemical nature and length of the soft 
segment, but also the dimensions of the hard segments. 

CONCLUSION 

In conclusion, angular dependent XPS measurements 
revealed a surface composition which decreased in nitrogen 
and carbamate signals as the thickness of the probed layer 
decreased and correspondingly an increase in carbons 
belonging to the soft segments. These findings indicate an 
enrichment in soft segments at the uppermost surface of 
these segmented polyurethanes when compared with the 
expected bulk composition. The study also showed that, for 
the polymer having both PEO and PTMO soft segments, the 
segment with the lower surface energy, PTMO, was 
preferentially found on the uppermost layer suggesting a 
significant depletion of PEO in the very top surface. Time- 
of-flight static SIMS analysis of the surfaces confirmed 
these observations. 
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