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Arylamine-containing dibiock copolymers were prepared via ring-opening metathesis 
polymerization (ROMP) to afford well-defined phase-separated materials. Alteration of 
the functionaity in a block, as well as the size of the blocks, allowed for the synthesis 
of self-assembled monolayers.on a copper surface. 
exhibited a strong binding affinity for the copper surface as seen by neutron reflectivity 
experiments. 
block copolymer monolayers normal to the copper surface. 
this manner al low for the preparation of a wide range of adhesives and corrosion 
resistant materials.The use of ring-opening metathesis polymerization is important 
because it permits the synthesis of a variety of functionalized block copolymers. 
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Amine-Containing Block Copolymers: Long-Term Adhesion 
Promoters and JCorrosion Resistant Coatings. 

James H. Sm all, Randall S. Saunders,' and Michael S. Kent 

Organic Materials Processing Depamnent, Organization 1815, Mail Stop 
0367, Sandia National Laboratories, Albuquerque, NM 8718S-0367 

Corrosion of metal surfaces has been an extremely important ant- Introduction 

persistent problem for thousands of years. The surface corrosion of metals 
initially yields stresses and fractures at the molecular level, although 
continued surface corrosion ultimately affords metal fatigue and overall 

{failure. Consequently, a tremendous amount of research has been focused 
.on the prevention of surface oxidation and corrosion via a variety of 
' methods.' One approach involves the deposition of a hydrophobic organic 
polymer onto a metal surface. Due to the hydrophilic nature of a metal 
surface, however, adhesion to the organic polymer is oftentimes very poor 
due to weak non-covalent interactions. This approach results in little, if 

any, long-term corrosion resistance. 
It is quite well accepted that specific polar organic ligands exhibit 

substantial binding affinities for various metal surfaces. Perhaps the most 
widely recognized examples are nitrogencontaining heterocycles which 
strongly coordinate to copper or a copper oxide surface through multidentate 

'chelation of the aromatic nitrogens. Incorporation of benzotriazole as a 
pendant functionality on an organic polymer would therefore be expected to 
considerably increase surface corrosion resistance due to an increase in the 
overall binding affinity of the polymer. Similar results have been observed 
for the chelation of polyvinylimidazole to a copper surface.) 
Polyvinylimidazole combines both a metal chelating substituent as well as a 
hydrophobic polymer backbone. Therefore, incorporation of a pendant 
metal chelating substituent produces a single monolayer of corrosion 
resistant homopolymer on the metal surface. As a result, corrosion 
resistance has been significantly enhanced compared to molecular chelators 
such as benzotriazole or imidazole. 

Printed Wiring Board Technology 
In the manufacturing of printed wiring boards, adhesion betwen a 

glass weave and an epoxy, or an epoxy and a metal substrate, are of 
paramount importance. 
however, substantial long-term interfacial adhesion has not yet been 
achieved. We wish to report here initial studies for the preparation of block 
copolymers exhibiting long-term adhesion promotion between a 
copperlepoxy and a glassfepoxy interface. Specifically, the synthesis, 
characterization, and evaluation of amine-containing block copolymers 
prepared by ring-opening metathesis polymerization will be 
presented. These welldefined block copolymers exhibit significant 
potential as long-term adhesion promoters and corrosion resistant coatings. 

Aminecontaining block copolymers prepared by ring-opening 
metathesis polymerization exhibit two important advantages not found in 
molecular coupling agents such as benzotriazole and imidazole. First, the 
well-controlled ROMP polymerization conditions used allow for greater 
control over interfacial properties. Second. this approach results in 
enhanced adhesion through polymer chain entanglement as well as 
coordinative interaction between the arylamine substituent and the copper 
surface, 

It has been generally observed that poly(norbomene) block copolymers 
afford phase se arated nanocomposites with phase domains ranging from 

length as well as the nature of functionality introduced into the copolymer 
matrix. Interestingly, due to the "living" nature of the ROMP 
polymen'zationp subtle changes in functionality afford dramatic alteration in 
phase separation between polymer blocks. In the case of the copperlepoxy 
block copolymer, to further enhance phase separation we have combined 
two distinctly different polymer blocks: 1). a metal chelating arylamine 
block and 2). an alkylamine block capable of functionalizing the epoxy. 
The self-assembled diblock copolymer monolayer has a strong binding 
affinity for both the hydrophilic metal substrate as well as the hydrophobic 
organic epoxy separating normal to the surface into two distinct phases. 
Alternatively, a trialkoxysilyl poly(norbomene) block would allow for 
inorganic cross-linking to give an impermeable silicate membrane above the 
arylaminechelating block. 

Similarly, for the glasslepoxy interface. a trialkoxysilyl 
poly(norbomene) block would be expected to strongly adhere to the glass 
surface via covalent siloxane linkages. Hydrolysis and condensation of the 

Due to the dissimilarity of the components, . 

-100 to 500 A. Ji! The resulting morphology is dependent upon both block 

trialkoxosilyl poly(norbomene) block with residual surface silanols 
accounts for the increased adhesion of the block copolymer to the glass 
surface. The second block, a secondary alkylamine-containing 
poly(norbomene), would bond to the epoxy layer resulting in increased 
adhesion at the glasslepoxy interface. 

ExperimentaI 
General 

The amines. cyclopentadiene, and vinyltriethoxysilane were purchased 
from Aldrich Chemical Company and distilled from calcium hydride and 
stored under N2. Tetrahydrofuran was distilled from sodium benzophenone 
ketyl immediately prior to use. Diels-Alder cycloadditions were conducted 
in a Parr 300hXL-L pressure reactor between 80 and 100 psi at -185OC for 
15 h. The ROMP catalyst used, (2, 6diisopropylphenyl) neophylidene- 
molybdenum-bis(t-butoxide) was purchased from Strem Chemical 
Company and used as received. Partially deuterated monomers were 
prepared using either deuterated dicyclopentadiene or a deuterated 
dienophile. All polymerizations were conducted under an inert atmosphere 
(N,) in a Vacuum Atmospheres dry box, in THF. and terminated with p- 
anisealdehyde. 

For the glass/epoxy interface, a clean silicon wafer was submersed into 
a solution of the appropriate polymer in isopropanol (0.02 g l d )  for 3 h. A 
small amount of tin octoate was added as a catalyst for the sol-gel 
polymerization of the triethoxysilane norbomene monomer. The wafers 
were removed, rinsed with isopropanol, and dried. For the copperlepoxy 
interface, a clean.silicon wafer coated with a copper layer was submersed 
into a solution of the appropriate polymer in tetcahydrofutan or methanol 
(0.02 g / d )  for 3 h. The wafers were removed, rinsed with 
tetrahydrofuran or methanol, and dried. 

Small angle x-ray scattering experiments (SAXS) were performed 
using a Rigaku instrument with a 1.54 A CuKa rotating anode point 
source, a Charles Supper double mirror focusing optics. and a Nicolet two- 
dimensional detector. Neutron reflectivity experiments were performed 
using the Posy II reflectometer at the Intense Pulsed Neutron Source at 
Argonne National Laboratory. 

Mononier Synthesis and Characterization 
Allylamine dienophiles were prepared by amine condensation with 

allybromide in triethylamine. 5-Aminomethyl-2-nocbornene monomers (1- 
4). and 5-triethoxysilyl-2-norbomene (5) (Figure 1). were synthesized by 
the Diels-Alder cycloaddition of neat cyclopentadiene with the appropriate 
dienophile in 50-70% yield. All monomers were purified by reduced 
pressure distillation from (and stored over) calcium hydride and obtained as 
clear, colorless oils. Monomers 1-5 were characterized by 'H and ''C 
solution NMR. FTDR. GC-MS. 

(4) (9 

Figure 1. 5-Substituted-2-norbomene monomers (1-5) used in the 
preparation of diblock copolymer self-assembled monolayers. 

Results and Discussion 
Block Copolymer Synthesis 

Glassfepoxy diblock copolymers were prep+ by sequential 
polymerization of the trialkoxysilyl and armne-conmning norbomene 
monomers. For example, 1 gram of total diblock copolymer was prepared 
in 15 mL of THF by stirring the calculated amount of 5-triethoxysilyl-2- 
norbomene and the molybdenum neophylidene catalyst. After 4 5  minutes, 
the 5-(N-t-butylaminomethyhyl)-2-norbomene monomer was reacted with the 



. I  

"living" polymer. Both blocks were calculated to be -15.000 gho l ,  
however, arylamine blocks (3 and 4) were oftentimes shorter in length 
(-10,000 ghnol) due to solubility constraints imposed on the resulting 
copolymer. The polymerizations were quantitative and complete in -45 
minutes for all monomers except arylamines (3 and 4) which were reacted 
for 3 h to insure complete polymerization. 'H and "C solution Nh4R 
spectroscopy verified complete polymerization by the absence of residual 
vinylic protons at 5.8-6.4 ppm and 130-140 ppm. respectively.. The 
synthetic strategy used for the preparation of a glasdepoxy diblock, 
copolymer X-(5-2), is shown in Scheme 1. 

Molybdenum 
Neophylidene 

Si(OEt)3 Catalyst 

*Indicates active "living" catalyst 

Scheme 1. Synthesis of the silaneamine diblock copolymer X-(5-2). 

Similarly, the synthesis of a copper/epoxy diblock copolymer, X-(2- 
4), was achieved using 5-(Nl-isopropylaminomethyl)-2-norbOmene (2) as 
the first block followed by 5-(benzotriazolylaminomethyl)-2-norbomene (4) 
as the second block. * 

Characrerimtion 
a le X-Rav Scatteri . Small angle x-ray scattering (SAXS) 

expe,%kk%ere conducted to"g..rify the presence of phase-separated 
polymer block domains. Diblock copolymers prepared under "living" 
ROMP polymerization conditions are known to afford ordered block 
copolymers exhibiting phase separation at the mesoscopic level (-100-500 
A). For example, the x-ray scattering data of the N-t-butylhmidazole 
diblock copolymer X-(2-3) gave several well-defined scattering peaks, 
characteristic of mesophase separation of the respective blocks . In fact, a 
third order scattering peak was observed which is characteristic of 
extremely well-defined phase domains. All of the block copolymers 
discussed here exhibited typical mesophase separation. 

Feutron Relfectivity. Neutron reflectivity experiments' were 
conducted to determine if the block copolymers had self-assembled onto the 
copper surface. To establish the morphology of the block copolymer on the 
copper surface, the reflectivity data were fit to theoretical neutron scattering 
profiles examining a variety of surface morphologies. Comparison with 
observed data was then used to confirm the most likely block copolymer 
surface morphology. One block was selectively deuterated to enhance the 
neutron scattering data due to the large difference in the neutron scattering 
amplitude of hydrogens and deuterium, thereby "tagging" one block For 
example, the neutron reflectivity scattering length density profile of the 
imidazolddeuterated N-isopropylamine block copolymer (15W15K) X-(1- 
3D) is most consistent with a self-assembled monolayer with the imidazole 
block adjacent to the copper surface and the amine block layered above at 
the air interface (Figures 2 and 3). Scattering length density profiles 
corresponding to single or multilayer block copolymer surface deposition do 
not coincide with observed data. In addition, the scattering profile of X-(1- 
3D) also suggests a sharp interface between the two blocks. 

Con c I u s i o n 
Arylaminecontaining diblock copolymers were prepared via ring- 

opening metathesis polymerization (ROMP) to afford well-defined self- 
assembled monolayers with the arylamine-functionalized block strongly 
adhering to the copper surface. Due to the strong binding affinity of the 
block copolymers, and the wide range of functionality which may be 
introduced into the second amine block, these materials offer a wide range 
of potential application including adhesion promoters, corrosion inhibitors. 
and microsensors. 
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Figure 2. Neutron reflectivity scattering pattern of imidazolddeuterated 

N-isopropylamine block copolymer X-(1-3D). 
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Figure 3. Neutron refractive index profile of imidazolddeuterated N- 
isopropylamine block copolymer X-(13D). 
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