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ABSTRACT

An ongoing program in our laboratory seeks to elucidate the effect of aluminum
oxide on the cure chemistry of epoxy adhesives. The project includes the use of molec-
ular dynamics (MD) techniques to carry out real time simulations of the interaction of
various epoxy adhesive monomers with idealized alumina surfaces. Adhesive monomers
investigated include the diglycidyl ether of bisphenol A (DGEBA), a brominated form
of DGEBA, diaminodiphenyl sulfone (DDS) and methylene dianiline (MDA). Both crys-
talline and amorphous forms of alumina at different levels of hydration have been simu-
lated. The simulations illustrate the preferred orientations of the organic molecules
with respect to the alumina surfaces and suggest which functional groups are most
influential in determining this orientation. The model and experimental systems corre-
late well, showing similar response to changes in organic molecular structure, alumina
morphology, and level of hydration. Model studies of this type can aid the understand-
ing of the critical interphase region of adhesive bonds, including factors which affect
bond durability, and have the potential to be used in the design of improved adhesives.
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INTRODUCTION

The interaction between the aluminum oxide layer on the surface of aluminum metal and
the chemical components of an adhesive system is critical to the performance of adhesive
bonds to aluminum. The U.S. Army Materials Technology Laboratory (MTL) is conducting
an investigation into the effects of alumina on the cure chemistry of epoxy adhesives. It has
been determined that some forms of alumina are capable of catalyzing epoxy homopolymeriza-
tion in the absence of.any other catalyst or curing agent.' Other experiments are in progress
to study the structure and composition of species chemisorbed on or bonded to alumina
particles (used as model surfaces) which have been exposed to epoxy adhesive systems. In an
effort to shed light on the nature of the interaction of epoxy adhesives with alumina,

S molecular dynamics (MD) simulations have been carried out on constructs of epoxy monomers
and aluminum oxide lattices. Tho goal of these computational studies is to determine if the
behavior of the modeled systems can be correlated to the results of the experimental pro-
gram. If successful, the models may facilitate the rational design of epoxy resin components
with tailored affinities for various surfaces, will help guide future research into the nature of
the interphase, and could lead to the development of theoretical methods to predict the ser-
vice life of adhesively bonded structures.

The molecular dynamics technique utilizes what is essentially a mechanical model of the
molecules under study. Atoms are represented as solid spheres with characteristic masses and
radii. Bonds, specific to the atom types they connect, are represented by springs with a lin-
ear elastic constant and a nominal equilibrium (zero applied force) length. Factors affecting
molecular motion such as temperature, electrostatic charges, and Van der Waal's forces can
be included in the dynamics calculations. The parameter set or "force field" (atomic masses,
bond lengths, bond angles, bond stretching energies, etc.) upon which the model is based is
derived from experimental data such as X-ray crystal structure determinations and vibrational
spectra. In the ideal case, the optimized (lowest energy) geometry of a molecule calculated
using the force field will match the experimentally determined equilibrium structure. In order
to improve the accuracy of the computational results, there are usually several atom types
defined in the force field for each chemical element to be modeled. For example, aromatic
and aliphatic carbon would be defined as separate atom types with different parameters.
There are a rather limited number of force fields in general use.perhaps the most popular
being the MM2 force field developed by Alling Tr and co-workers 2b for small molecules.
The commercially developed Tripos force field, used in these calculations, and the AMBER
force field,4 optimized for biomolecules are other examples. These parameter sets have been
developed and refined over several years and the results obtained using them are usually in
quite good agreement with experiment.

The simulation of real time molecular motion is carried out by integrating Newton's laws
of motion over time for the masses in the system after initial velocity is imparted to them
(typically by using a random number algorithm). Molecular dynamics simulations have been
used to successfully simulate real time physical phenomena in several different systems.

1. ZUKAS, W. X, CRAVEN, K. I., and WENTWORTH, S. E. 1. Adheuion, v. 33, 199, p. 89.
2. a) ALLINGER, N. L, and YUH, Y. QCFE #0395. Quantum Chemistry Program Exchange, Bloomington, IN, b) ALLINGEF_, N. L,

and BURKERT, U. Mtokcui•m Mechiics. ASC Monograph No. 177, American Chemical Society, Washington. DC. 1982.
3. CLARK, M., CRAMER, Ill, R. D., and VAN OPDENBOSCI-K, N. J Corin Chm v. 10, 1989, p.9a
4. WEINER, S. .. , KOLL.MAN, P. A., CASE, 0. A., SINGH, U. C., OIWO, C., ALAGONA, G., PROFETA, S., and WEINER, P. C. J. An.

Cen- Sor- v. 106, 1984, p. 765.
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Examipies include simulating the rheological properties or polymers,s ion transport processes,6

gaseous diffusion in polymers, and surface effects in micellar systems. The principal limita-
tion of the MD technique is that it is computationally intensive, since the time step over
which integration is performed must be very small (on the order of one femtosecond (fs)) in
order to avoid unrealistically large molecular motions. The length of simulated events is typi-
cally restricted to nanoseconds using the fastest computers currently available. Given the suc-
cess of the method to date and the rapid advances being made in computer performance, it is
likely that the number of reported MD applications will continue to grow.

EXPERIMENTAL

Molecular dynamics simulations were carried out using Sybyl"' molecular modeling
software 9 on a Digital Equipment Corporation microVAXw cluster. The Tripos force field
was employed in the simulations. 3 Simulations were generally carried out at a constant tem-
perature of 300 K. The contributions of electrostatic forces were included in the calculations.
Partial atomic charges for the organic molecules were determined using the well known
MNDO program.1"°il' b Formal charges of +3 and -2 were assigned to the aluminum and
oxygen atoms, respectively, of the alumina constructs. Published values of aluminum (+3) and
oxygen (-2) crystal ionic radii were used in the constructs." Alumina crystal structure parame-
ters were obtained from the literature.12'13 The amorphous alumina structure used in the sim-
ulations was created as follows: Unit cells of corundum (a-alumina) in random orientations
were packed into a box using an algorithm provided in Sybyl"'. The density of alumina in
the box was set to 3.2 g/cc, an average value for chromatography grade amorphous alumina
which was used in laboratory experiments. The constraints on the atomic positions were
removed, electrostatics turned off, and the Sybyl h minimizer allowed to act on the system
until it achieved an amorphous appearance. A check of interatomic distances in the resulting
structure showed no contacts closer than those in corundum. Water was incorporated into
the amorphous alumina model by randomly placing water molecules in close proximity to the
alumina surface, then equilibrating the system with a one picosecond (ps) dynamics run. In a
typical simulation, four molecules of an epoxy resin component, such as the diglycidyl ether
of bisphenol A (DGEBA), were arrayed at random over a segment; e.g., 30 A x 30 A x 10 A,
of an alumina fragment. The starting positions of the organic molecules were typically 5 A
to 10 A from the alumina surface and from each other. The positions of atoms in the alu-
mina structure were held constant throughout the simulation. The organic molecules (and
water molecules, when present) were then allowed to move without constraint until an equilib-
rium condition was established, as evidenced by the calculated system energy reaching a stable
minimum value. This typically required between 5 ps and 30 pi of real time simulations.
The time step between conformations was 1 fs, so a typical calculation would produce 5000
to 30,000 conformations. Conformations were recorded every 25 fs. Simulations typically
required 40 to 90 hours of CPU time on a microVAXt 3800 computer.

5. CLARKE, J. H. R, and BROWN, D. MacromoL v. 24,1991, p. 2075.
6. FORSYTH, M., PAYNE, V. A, RATNER, Nt A., DELEEUW, S. W., and.SHRI1VER, D. F. Mat Re& Soc. S•,np. Pfor v. 210, p. 203, 1991.
7. BOYD, R. ., and PANT, K. Po/ym. Prer. v.33, no. 1, 1992, p. 635.
& KLEIN, M. L, and HAUTMAN, J. Phy& Rm. LA v. 67, 1991, p. 1763
9. THpos Aswciatem Inc., St. Louis, MO, 1985, 1989.

10. a) DEWAR, M. J. S., and THIEL, W. J. Aj.L C $boc., v. 99, 1977, p. 4899. b) DEWAR, M. J. S., and THIEL, W. 1. Am. Chm
Sac. v. 99, 1977, p. 4907.

11. CRC Handbwok of Chemia"y and Physic 60th ad., IL C. Weast, d., CRC Prea. Boca Ratoo, FL, 1979.
12. WYCKOFF, R. )Wa1 SVUaavM. VoL L InWtuance, New York NY, Chap. V, 1960.
13. WYCKOFiF, R. O)mui Sucturv4 VoL 1l, 2nd aL Intersciencr, New York, NY, Chap. IX, 1965.
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RESULTS

Dynamics simulations were used for this study rather than single point energy minimiza-
tions to overcome the tendency for such static minimizations to become trapped in a local
minimum on the conformational potential energy surface of the system. Although the dynam-
ics calculations are rather computationally intensive for systems of the size studied here (1000
to 3000 atoms), they are the most effective way of achieving a global minimum energy confor-
mation. The dynamics simulations also generate a large amount of data which may be used
to establish relationships between the model and experimental observations. Among these are
energies of interaction between the organic and inorganic components of the system, the bond
lengths and angles for the unconstrained organic molecules as a function of time, and the vi-
sual representations of the structures which directly illustrate the preferred conformation of
the organic molecules with respect to the alumina surface. In addition, instantaneous values
for system potential energy, kinetic energy, and local effective temperature are determined.

Two epoxy monomers and two aromatic amine curing agents have been studied. The
epoxies are DGEBA and 3,3',5,5'tetrabromo DGEBA (DGEBA-Br). The curing agents are
4,4'-diaminodiphenvlsulfone (DDS) and methylene dianiline (MDA). Two forms of alumina
were studied in an attempt to correlate the effects of alumina morphology on experimental
and simulated results. The alumina structures used in simulations were corundum (a-alumina)
and an amorphous A120 3 structure prepared as previously described. Water was added to
the amorphous structure to simulate aluminas with 3% and 7.5% by weight adsorbed water.
Figures 1 through 4 illustrate the appearance of the surfaces presented to the organic
molecules by each of the alumina constructs.

Before considering the results of the simulations, it is necessary to review the follow-
ing condensed results of MTL's experimental studies of the effects of alumina on epoxy
resin cure chemistry. Differential scanning calorimetry (DSC) studies of mixtures of
DGEBA and particulate alumina (chromatography grade, neutral, activity I) have shown
that amorphous alumina catalyzes the homopolymerization of the epoxies.1 DSC studies of
mixtures of alumina with DGEBA and DDS show that amorphous alumina also accelerates
the rate of the epoxy-amine reaction. Corundum, however, was found to be completely
inert under the same conditions. 1 Addition of water to the amorphous alumina systems
has different effects on homopolymerization and amine cure. Addition of water apparently
inhibits epoxy homopolymerization in the presence of alumina, based on the shift of the
DSC peak exotherm (Figure 5), but enhances the acceleration of the epoxy-amine reaction
(Figure 6). DSC results also suggest that DGEBA-Br is less susceptible to homopolymeriza-
tion in the presence of alumina than DGEBA (Figure 7).14

The simplest analysis of the simulations is accomplished by visually examining the struc-
tures that result. As might be anticipated, the polar functional groups on the organic mole-
cules are the principal sites of interaction between the organic molecules and the alumina
surfaces in the models. Thus, the oxirane oxygens on the DGEBA molecules are the primary
site of interaction, followed by the ether oxygens linking the epoxy groups to the phenyl
rings (Figure 8). Interestingly, the bromine sites on the DGEBA-Br molecule appear to be
indifferent to or evcr repelled to some extent by the alumina surfaces (Figure 9). In
the case of MDA, the amine nitrogens are the sole sites of observed binding activity
(Figurc 10). In simulations of DDS, both the suifone group and the amine groups are seen

14. ZUKAS, W. X Unpubtialmd result& U.S. Army Materiak Technolao Lbboralory.
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to interact with the alumina surfaces. The most common end state conformation for DDS on
amorphous alumina was that which places the sulfone group and one amine group in close
proximity to the surface with the intervening phenyl ring lying flat on the surface (Figure 11).
This predicted orientation is unanticipated and has not been confirmed by experiment. On
corundum, the sulfone group was almost exclusively the site of interaction between DDS and
the surface (Figure 12), a preliminary indicator of the reduced activity of the corundum sur-
face compared to the amorphous surface. In systems incorporating water, the organic mole-
cules appear to avoid water sites as they interact with the surface suggesting that the
presence of water interferes with adhesive component binding to alumina.

One of the principal quantitative results of these simulations is a calculated binding
energy or surface affinity for the various combinations of organic molecules on inorganic sur-
faces. Surface affinity values were determined by performing single point energy calculations
on several structures at the equilibrium state, subtracting out all contributions to the system
energy not due to organic-inorganic interactions, and averaging the results. Although these
results are reported as kilocalorie values, it is not clear that the absolute magnitude of these
results, as determined by the algorithm used, is meaningful. As such, the numbers reported
are best considered only as relative arbitrary affinity values, the largest negative value indicat-
ing the greatest affinity. These results are presented in Table 1. Calculated binding energies
for DDS on amorphous alumina are higher than those of any of the other systems studied.
This observation compares favorably to the result of simple column chromatography experi-
ments in which DDS is preferentially retained by an alumina stationary phase, relative to
other adhesive components studied. Comparing the forms of epoxy monomer, DGEBA shows
a greater affinity for alumina than DGEBA-Br (Tab1 1). This result correlates well with the
experimental observation of reduced reactivity toward homopolymerization for the brominated
resin in the presence of alumina. As water is added to the systems containing amorphous
alumina, the affinity of organic molecules for the surface decrease in all cases. This trend
parallels the experimental finding that adding water retards the alumina-catalyzed
homopolymerization reaction but does not coincide with the observed increase in reaction rate
for epoxy-amine systems as water is added. This apparent inconsistency may be explained by
the reported catalytic effect of added hydroxyl groups or proton donors on the epoxy-amine
reactions, independent of the alumina surface.

Table 1. CALCULATED AFFINITIES OF ADHESIVE MONOMiERS FOR ALUMINA SURFACES (KCAL)

-rdqgxun Amorphous
Couu Amorphou +3% H20 +7.5% H20

DGEBA 4-48 -1187 -1158 -665

DGEBA.Br -533 -1055 -718 -673

DDS -2327 -2714 -2511 -2352

MDA -560 -723 .612

The relative strength of the interactions of alumina with various atoms in the organic
molecules can also be probed by looking at how bonds involving these atoms are affected by
approach to the surface. In every case, critical bond lengths in the functional groups of the

15. SHECHTER, L, WYNSTRA, J., and KURKJY, R. P. hid aid Enm ChOm v. 48, 195% p.9A
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"organic molecules were perturbed as the molecules approached the alumina surface, By the
same token, other bonds in the molecules, such as the C-H bonds in DGEBA, were unaf-
fected. These results were quantified by comparing the equilibrium length of selected bonds
(no alumina present) to their length while interacting with the surface (Table 2). In the case
of C-O bonds in the oxirane ring of the epoxy molecules, approaching the alumina surface
causes an increase in the median bond length as well as in the vibrational amplitude of the
bond. This suggests a reduction in the C-O bond order and an enhanced reactivity of the
epoxy group, and m~y be related to the observed catalytic activity of alumina toward epoxy
homopolymerization. In general, the trends observed in the bond length calculations for the
epoxies are the same as those witnessed in the surface affinity calculations and they support
the same correlations to experimental results. The deviations from the affinity trends in the
values found for the sulfone S=O bond of DDS are unexplained. It should be noted,
however, that the standard deviation of the mean S=O bond perturbations were so large (as
much as 39% in the worst case) that the values may be considered invariant for practical pur-
poses. The only conclusion to be drawn is that the model predicts a major role for the sul-
fone group in the interaction of DDS with alumina. This prediction may be at odds with the
observation that sulfone-containing mono-amines are not incorporated into species bonded to
the surface of alumina particles in model compound studies.' This apparent discrepancy is
the subject of continuing investigation. The behavior of the N-H bonds of the amine groups
of DDS and MDA conforms more nearly to the trends of the affinity calculations for these
molecules. As with the affinity calculations, no obvious correlation can be drawn between the
calculated effect on N-H bond lengths and the experimental observations.

Tabte 2. PERCENT CHANGE IN MEDIAN BONO LENGTHS DUE TO NTERACTON WITH SURFACE

Amorptous Amorphous
Cornmdum Amorphou +3% H2 0 +7.5% H20

Oxirane C-O 25 5.7 4.7 2.4
DGEEA
OxlransAC- 21 4.7 2.5 2.1
DGEBAA
Amne N-H 5.6 4.7 3.7 4.7
DOS
SuLJW S=O 16.3 13.8 17.1 152
DDS
Amne N-H 4.6 4.6 6.5 2.8
MDA

Two forms of alumina were used in the simulations in order to determine to what extent
alumina morphology affects the results. Corundum or a-alumina is the densest and most sta-
ble form of alumina. The alumina layer on an actual metal surface prepared for bonding is
typically amorphous or polymorphic and was represented in the simulations by the amorphous
A120 3 construct described previously. Both binding energy calculations and bond length analy-
ses show that. all of the organic species interact more strongly with the amorphous form of
alumina than with corundum (Tables 1 and 2). This observation correlates with the
experimental result that ,lumina morphology critically affects its activity with resiect to e:poxy
homopolymerization and epoxy-amine reactions, with amorphous alumina being more active
than corundum.

1
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The interaction of epoxy adhesive components with different forms of alumina has been
modeled using molecular dynamics simulation techniques. The method facilitates visualization
of preferred orientations of organic molecules with respect to alumina surfaces, and suggests
which functional groups are critical in determining these orientations. The model also evalu-
atca the relative affinities of organic species for the alumina surfaces and determines to what
extent critical bond lengths in the organic moleculs are affected by proximity to the surfaces.
The calculated results can be qualitatively correlated to experimental observations of the ef-
fects of alumina on the reactivity of epoxy adhesive monomers. The results illustrate how sim-
ulations could potentially be used to aid the design of improved adhesives. The results of
the simulations have already been useful in suggesting future areas of research.

6
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Figure 5. Effect of water addition on epoxy homopolymnerlzatlori
in the presence or alumina, dynamic 030, i100min.
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Figure 6. Effect of water addition on epoxy-amine reactins
in the presence of alumina, dynamic DSC, 1OClmln.
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Quattrex 6410" + 100 phr Alumina, neutral, 3%1120
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Figure 7. DSC comparison of DGEBA and DGEBA-Br reactivity
in the presence of alumina, dynamic DSC, 10C/min.
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