
V ’  
A MASS SPECTROMETRIC ANALYSIS OF yGPS FILMS* 

R. G. Dillinghaml, M. R. Savina2, F. J. Goeriol, C. Bertelsenl, 
K. R. Lykke2, and W. F. Calaway2 

IDepartment of Materials Science and Engineering, University of Cincinnati, 

2Materials Science, Chemistry, and Chemical Technology Divisions, Argonne National 
Cincinnati, Ohio 45221-0012 

Laboratory, Argonne, Illinois 60439 

Presented at the 

19th Annual Meeting of the 
Adhesion Society 

Myrtle Beach, South Carolina 
February 18-21, 1996 

and 

Extended Abstract submitted for publication in the Proceedings 

DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi- 
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer- 
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom- 
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 

by a contractor of the U. S. Government 
under contract No. W-31-109-ENG-38. 
Accordingly. the U. S. Government retains a 
nonexclusive. royalty-free license to publish or 
reproduce the published form of this 
contribution, or allow others to do so, for 

*Work supported by the U.S. Department of Energy, BES-Materials Sciences, 
under Contract W-31-109-ENG-38. 



A MASS SPECTROMETRIC ANALYSIS of y-GPS FILMS 

R. G. Dillingham’, M. R. Savina2, F. J. Boerio’, C. Bertelsen’, K.R. Lykke2, W.F. Calaway’ 
Department of Materials Science and Engineering 

University of Cincinnati 
Cincinnati, OH 45221-0012 

1 

2Argonne National Laboratory 
Materids Science and Chemistry Division 

Argonne, IL 60439 

INTRODUCTION 
Preparation of substrates for painting or 

adhesive bonding frequently includes foughening 
through sanding, chemical etching, or gritblasting. 
Increased roughness can improve interfacial strength 
and durability due to increased mechanical 
interlocking, increased surface area, and improved 
wettability of the substrate. The chemical reactivity 
of the surface with the organic phase may be affected 
as well, perhaps related to the strain energy stored in 
the surfhce regions through the intense plastic 
deformation that occurs. Unfortunately, the chemistry 
of interactions taking place near a surface that has 
been roughened is difficult to access analytically by 
some of the more useful techniques such as infrared 
spectroscopy. 

This paper discusses analysis of non- 
reflective grit-blasted surfaces using mass 
spectrometry of species that were either sputtered off 
using an ion beam (Static Secondary Ion Mass 
Spectrometry, or SSIMS) or thermally desorbed as 
neutrals using a pulsed laser and then post-ionized 
using a secondary laser (Laser Desorption-Laser 
Ionization Mass Spectrometry, or LDLIMS). Both of 
these techniques exhibit sub-nanometer sensitivity and 
provide significant information as to the chemistry and 
structure of the surfixe regions. Pulsed laser 
desorption heats the substrate surface to between 150 
and 1500°C above ambient within 20 nanoseconds, 
after which the substrate surfhce cools almost as 
rapidly. Desorption occurs before unimolecular 
decomposition or bimolecular reactions can occur. A 
preponderance of these desorbed species are neutrals 
that exist as a cloud for 1-2 msec above the surface. 
If these are ionized with another laser pulse instead of 

an ion beam, ionization can potentially occur with 
very little or no molecular fragmentation. Choice of 
wavelengths for both the desorbing laser and 
ionization laser skew the sensitivity for different 
elements and affect the sampling depth of the 
technique. Depth profiling can be accomplished by 
changing the desorbing wavelength or by repetitive 
desorption pulses on a single spot. 

Previous studies of silane films using SSIMS 
include investigations of y-aminopropyltriethoxy- 
silane (y-APS) deposited onto glass (1) or silicon and 
chromium (2) surfaces from aqueous solutions. 
Characteristic fragments involving siloxane dimers 
were reported by Wang et al. (l), while Eldridge et al. 
(2) saw only monomeric species. This may well be 
due to the different conditions under which the films 
were applied. Eldridge presented convincing evidence 
for condensation of the organosilanols with surface 
hydroxyls to form covalent bonds with the silicon and 
chromium substrates based on deuterium exchange 
experiments. In general, however, conclusions for 
primary chemical bond formation between a substrate 
and an organic adsorbate based on SSIMS data must 
be made with caution, as rnetaUadsorbate complexes 
have been shown to form in the ion-rich gas phase 
region immediately above the substrate surface (the 
“selvedge”) which is created by the primary ion beam 
during the SSIMS analysis (3). 

In a current application of y-glyidoxy- 
propyltrimethoxysilane (y-GPS) for the pre-treatment 
of grit-blasted aluminum before adhesive bonding. 
certain factors related to the handling of the primer 
solution and to the application technique were found 
to significantly affect the performance of the adhesive 
bond under long-term aging conditions including 



stress and humidity (4). To understand why these 
parameters are important and to potentially improve 
the pretreatment process even further, we have been 
investigating how the structure and reactivity of these 
silane films are related to the application techniques. 
Much information has been gleaned from studies of 
polished substrates of the same materials, but the need 
for analysis of the authentic grit-blasted surfaces has 
prompted the current application of SSIMS and 
LDLNS and their evaluation as tools for studies of 
this nature. 

Interpretation of mass spectral data requires a 
knowledge of the characteristic fragmentation patterns 
for the molecules in question. This data is available 
for a wide range of organic compounds, and much of 
it appears to translate well to SSIMS experiments (3, 
but little systematic work exists for silanes, and no 
published results have been found for y-GPS. 
Furthermore, fragmentation patterns obtained through 
LDLIMS experiments are even less well understood. 
Therefore, an integral part of this study involved 
analysis of the mass spectra obtained from y-GPS 
under a variety of experimental conditions. This 
included analysis of the silane in both the as-received 
and the hydrolyzed state on gold substrates as well as 
on grit blasted substrates. 

EXPERIMENTAL 
y-Glycidoxypropyltrimethoxysilane (2-6040, 

Dow Corning) was used as received fiom fieshly 
opened bottles. To investigate fragmentation patterns 
of the unhydrolyzed material, pure silane was applied 
to freshly evaporated gold substrates. To investigate 
hydrolyzed material, 1% solutions were prepared in 
distilled, deionized water, stirred until hydrolyzed 
(approximately 30 minutes), then applied to the 
evaporated gold substrates and allowed to air-dry to a 
relatively thick film. For the grit-blasted aluminum 
substrates, the silane solution was allowed to stand for 
ten minutes, excess solution was blown off with 
compressed nitrogen, and the films were then oven 
dried at approximately 100°C for one hour (this 
followed the protocol for the actual adhesive bond 
surface preparation). 

Positive ion static SIMS spectra were 
obtained using an Ar+ primary ion beam. Laser 
desorption-photoionization spectra were obtained 

using several different wavelengths for both 
desorption and ionization as noted in the text. 

RESULTS and DISCUSSION 
Positive ion SSIMS spectra were obtained 

from y-GPS deposited onto evaporated gold and grit- 
blasted aluminum. Features in the low mass region 
(<80 d z )  are common to the spectra of both 
hydrolyzed and unhydrolyzed material, regardless of 
the substrate. Figures la and b show representative 
spectra. The cluster of peaks at m/z 12, 13, 14 and 
15 are CltE, species where n=O to 3. The peaks 
centered near m/z 28 include CZH, species as well as 
silicon (m/z 28), and for the sample on the grit blasted 
substrate, Al ( d z  27). The third series of peaks 
centered near m/z 42 result primarily fiom C a n  
species. The peaks near m/z 23 and 39 are believed to 
be due to sodium and potassium. Sodium is always 
seen in the X P S  spectra of these grit-blasted sufices. 
The origin of the potassium is unknown, but it is so 
commonly seen in SSIMS experiments that it is 
frequently used for calibration purposes. 

Figures 2a and b show the SSIMS spectra 
obtained from hydrolyzed silane on gold for 
comparison. Clear differences between the films on 
the different substrates become apparent in the higher 
mass regions (90-300 d z ) .  The film deposited onto 
the evaporated gold substrate shows a series of peaks 
at 141, 150, 159 and 168 AMU, and at 185, 203 and 
221 AMU which are reminiscent of the siloxane dimer 
and trimer fragments seen in films of aminosilane 
(1,6) when thick, multilayer films are analyzed. The 
absence of these higher molecular weight fragments in 
the films formed on the grit-blasted substrates 
suggests either very high crosslink density, which 
promotes extensive fragmentation (7) or extremely 
low degree of polymerization. RAIR and X P S  studies 
show these films to be extremely thin and probably 
discontinuous, lending support to the latter 
interpretation. 

Further differences in the structure become 
apparent after ion milling of the top few Angstroms. 
Figure 3, obtained after a 2 second raster, still shows 
silicon as well as an appreciable signal from C& 
species, but very little C?,E-L, and C&L. This suggests 
that the ion milling has preferentially removed much 
of the glycidoxy pendant groups from the silome, the 



source of the C2Hn and C f i  moities. Furthermore, 
the intensity of the CH3 signal relative to the C, CH 
and CH2 signals after ion milling is much greater for 
the unhydrolyzed material. The greatest contribution 
to this peak must be from the methoxy groups of the 
unhydrolyzed silane. Its residual presence in the 
spectra obtained from hydrolyzed material may 
indicate incomplete hydrolysis. 

Several modes of operation are possible in 
laser desorptiordlaser ionization mass spectrometry 
experiments. In the current investigation, 527, 248, 
and 212 nm lasers were available for desorption and 
post-ionization. In general, longer desorbing 
wavelengths resulted in larger direct ion signals 
(material desorbed as ions instead of neuirals) and 
little organic structural information. Longer 
ionization wavelengths likewise resulted in more 
fbgmentation and less structural information. Figure 
4 shows the mass spectrum obtained from a silanated, 
grit-blasted surface using a 248 d 2 1 2  nm 
desorbinghonization pulse. In addition to the Si, Cy 
Cz, and C 2 0  series due to the silane, there is a strong 
Ai signal at m/z 27, demonstrating that the film is 
extremely thin and probably discontinuous. The 
strongest peaks in the spectrum at m/z 64,66,67 and 
68 are due to zinc. The source of this ion is unknown, 
but it is commonly seen in laser desorption-laser 
ionization spectra, and may be due to extremely high 
ionization efficiency for very small amounts of 
impurities. Other features at m/z 85, 99 and 111 
correspond to Al-O-Si-(CH2)n, where n = 1,2,or 3. 
While the identity of these mass fragments is fairly 
certain, it is not clear if they were present on the 
surface before analysis or if they resulted from 
recombination reactions during desorption and 
ionization. 

Overall, fragmentation is excessive and 
structural information is difficult to obtain fiom these 
spectra. Few high mass fragments have been detected, 
however, these provide the most structural 
information. Laser desorption and laser ionization 
mass spectra of polymers obtained with much less 
fragmentation have been reported by at least two other 
investigators. The use of shorter wavelength light 
(1 18 nm) for ionization of 66-polyamide gave spectra 
with strong signals due to monomer, dimer and trimer, 
while 248 nm ionization gave only small mass 

fragments ( d z  < 80) with no specific structural 
information (5). In another study using direct 
ionization of polymer films with a C02 laser (8), it 
was shown that doping the polymer with salts such as 
KBr or NaCl gave strongly enhanced ion currents with 
little fragmentation. It was argued that cationization 
of the desorbed neutrals occurs readily in the presence 
of these cations with little fragmentation, and the 
spectra were claimed to provide a direct measure of 
the moIecular weight distribution. 
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Figure la. Positive SSIMS spectrum of hydrolyzed y- 
GPS on grit-blasted aluminum. 
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Figure lb. Positive SSIMS spectrum of hydrolyzed y- 
GPS on grit-blasted aluminum. 
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Figure 2a. Positive SSIMS spectrum of hydrolyzed y- 
GPS on evaporated gold. 
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Figure 2b. Positive SSIMS spectrum of hydrolyzed y- 
GPS on evaporated gold. 
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Figure 3. Positive SSIMS spectrum of hydrolyzed y- 
GPS on grit-blasted aluminum after raster. 
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Figure 4. Positive LDLlMS spectrum of hydrolyzed y- 
GPS on grit-blasted aluminum. 


