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Epoxy Coating on
Imidazole-Treated Copper

SHUJI YOSHIDA and HATSUQ ISHIDA

Department of Macromolecular Science, Case Western Reserve
University Cleveland, Ohio 44106, U.S.A.

Abstract

The effects of undecylimidazole complex on copper and untreated copper surfaces on
polymerization of an epoxy resin were studied using FT-IR reflection-absorption
spectroscopy. Catalytic effects have been observed on the polymerization of epoxy resin
by the copper/imidazole complex and the copper surface. The epoxy resin showed an
appreciable amount of polymerization on the imidazole complex at 100°C on copper.
The thickness of the epoxy coating was increased while the imidazole complex dissolved
into the bulk resin above this temperature. However, only a small amount of epoxy resin
remained on the copper at elevated temperature. This phenomenon was observed only
with the imidazole treated copper surface. The epoxy resin without any added catalysts
polymerized above 150°C on untreated copper surface. The coating thickness increased
rapidly and reached the asymptotic value (2.0 nm) at 150°C. A thicker and random layer
was formed at elevated temperatures. The coating thickness was estimated from a
calibration curve.

INTRODUCTION

Imidazole and its derivatives are of interest not only as curing catalysts
of epoxy resin,!’™* but also as corrosion inhibitors.® By suitable
combination of these chemical reactivities of imidazole toward epoxy

Presented at the Annual Meeting of The Adhesion Society, Savannah, GA, USA.,
February 20-23, 1983.
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resin and metal, it was thought that a new coupling agent could be
designed showing both anti-corrosion effects for metal and adhesion
promotion effects for epoxy coatings on metal. We have previously
studied the molecular structure of undecylimidazole on copper surface
using Fourier transform infrared reflection-absorption spectroscopy.®
In this paper we discuss the chemical reaction between an epoxy resin
and undecylimidazole complex on copper.

The chemical reactions between various imidazoles and epoxy resin
have been studied by several authors.® '® Farkas and Strohm? studied
the reaction between phenyl glycidyl ether (PGE) (I} and 2-ethyl-4-
methylimidazole (2E4MZ) (I1). They observed the disappearance of the

CH
H /3

CgHsO CHZC@J/CHZ HN \/

(1) CoHg (11)

NH band of 2E4MZ at 3430 cm ™! in the first step of the reaction
where no significant curing took place. Therefore, it was concluded
that the true catalytic effects in the later step of polymerization was
not due to the initial imidazole molecule but due to the product of its
addition with PGE, such as (III).
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Proton NMR showed two imidazole resonances of the reaction
product of 1 mole of 2E4MZ and 1 mole of PGE. These bands are due
to the two different protons in the reaction products whose molecular
structures were suggested as in the isomers (I11) and (IV). On the other
hand, only one resonance was observed in the reaction product of 1
mole of 2E4MZ and 2 moles of PGE. Therefore, the true catalyst for
the polymerization was conciuded to have the following structures (V
and VI).

H CHy
CgHs0 CHoCH CHgENI N—CH,C HCH,0 C¢Hs
(l)@ \/ (|)H
s W)
H CHy

CeHsO CH,CHC Hy-N “iCHzcleCHZOCGHs
I
OH 0°

C2H5 (VD)

However, Barton!? compared the reactivity of 1:1 (Il or IV) and 1:2
(V or VI) products by differential scanning calorimetry (DSC) and found
that there was no apparent difference in the reactivity of the two
imidazole N-functions towards the epoxide group. Dearlove'® studied
the difference in reactivity between pyrrole and pyridine with the
epoxide. No reactivity was observed for pyrrole even though it had
NH structure. Slight reactivity was observed for pyridine. From these
results, it was suggested that tertiary nitrogen of the imidazole was the
active nucleophile rather than the secondary nitrogen. Kamon et al.'®
obtained the same conclusion by differential thermal analysis (DTA)
study.

Farkas® described that 2E4MZ is incorporated into the epoxy
molecule as the result of the reaction between the active hydrogen of
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2E4MZ and the epoxy group. However, Ricciardi et al.'® indicated the
possibility of « or f§ elimination of 2E4MZ from the chain at elevated
temperatures. They observed the appearance of a new band at 1764
cm ™! and assigned it as the carbonyl of acetone possibly produced by
f elimination.

Okazaki et al.'® studied the kinetics of 2E4MZ and PGE system.
They observed that the polymerization took place in two steps, addition
polymerization and ring opening polymerization. The activation
energies for the two steps were 12.1 kcal/mol and 11.9 kcal/mol,
respectively. The rates of polymerization are,

-d [PGE]/dt = k, [PGE] [2E4MZ] (step 1)
-d [PGE]/dt = k, [PGE] [cat]'/? (step 2)

where [cat] is the concentration of the 2E4MZ and PGE product.

Few reports are available for epoxy polymerization catalyzed by
imidazole complexes, and neither kinetics nor polymerization mech-
anisms have been studied. Hill and Kehr!® observed the catalytic effect
of imidazole metal complexes for the polymerization of epoxy resin. A
mixture of 10 g of diglycidylether of bis-phenol A and 7.7 g of
dicyandiamide containing 0.031 and 1.00% of nickel (I11) imidazolate
had gel points of 5 min and 1 min at 150°C, respectively, indicating
the existence of the catalytic effect of imidazole complexes.

EXPERIMENTAL

Copper substrates were polished and cleaned in a suitable manner as
described previously.® A Fourier transform infrared spectrophotometer
{Digilab FTS-20E with nitrogen-cooled MCT detector) was used at a
resolution of 4 cm™!'. The spectrometer was constantly purged with
dry nitrogen gas in order to minimize the effect of moisture. The copper
substrate after treatment was mounted in the reflection-absorption
attachment (Figure 1) placed in the sample beam. The IR spectrum
was obtained by digitally subtracting the spectrum of the reference
copper substrate from the one with the surface coating. Reflectance
spectra are shown in the absorbance mode with AA as the difference
between maximum and minimum.

The epoxy resin (Epon 828) (VII) and undecylimidazole (C,,Z) (VIII)
were kindly supplied by Shell Chemical Co. and Shikoku Chemical
Co., respectively.
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FIGURE 1 The optical layout of the reflection-absorption attachment.
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RESULTS AND DISCUSSION

A. Calibration curves of the epoxy resin and C,,Z on copper

An ethanol solution of the epoxy resin (0.300 g/l) was prepared and a
known amount of solution was placed on copper substrates by a
microsyringe. After evaporation of the solvent, surface species were
studied by the reflection-absorption method. The observed reflection-
absorption spectra are shown in Figure 2. The film thickness was
calculated using the density of the epoxy resin to be 1.16 at 25°C
assuming ideal uniformity. The transmission spectrum of the epoxy
resin was obtained using a film on a KBr plate (Figure 3). The
comparison between the spectra in Figure 2 and Figure 3 indicates no
specific orientation of the epoxy molecule in this thickness range since
both reflection and transmission spectra are nearly identical. The band

A A
0.147
0.053
0.030
0.010
- _— j - I
1600 cm- 800

FIGURE 2 The reflection-absorption infrared spectra of the epoxy resin of various
thicknesses on copper substrates: (A) 20 nm, (B) 40 nm, (C) 61 nm and (D) 202.0 nm.
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FIGURE 3 The transmission spectrum of the epoxy resin film on a KBr plate.
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FIGURE 4 The calibration curve of the band height of the C==C stretching mode of the
phenyl ring of the epoxy resin at 1510 cm ™" (A) versus thickness of the epoxy film.

height of the C = C stretching mode of the phenyl ring at 1511 cm ™!

was plotted versus thickness of the film as shown in Figure 4. A fairly
good linearity was obtained up to 200 nm.
Boerio et al.2® observed the reflection-absorption infrared spectrum of
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FIGURE S Thecalibration curve of the band height of the CH, antisymmetric stretching
mode of undecylimidazole at 2925 cm ™' (A) versus thickness of the imidazole film.

the copper immersed in 0.02 M epoxy toluene solution for 30 min. Along
with the ellipsometric result, they concluded that the epoxy was
adsorbed with a vertical conformation with probably only a single
oxirane oxygen in contact with the surface in the monolayer region
(1.5 nm thick). However, no specific orientation was observed in the
thicker films studied as seen in Figure 3. As the thickness of the film
increases, the vertical orientation may have been perturbed. This kind
of thickness effect on the orientation of surface species has also been
observed by Debe.?! It is also possible that the difference in sample
preparation method may have resulted in the different orientation.

The calibration curve of C,,Z on a copper substrate was obtained
in the same manner as the epoxy resin and the result is shown in Figure
5. The band height at 2925 cm ™' due to the CH, antisymmetric
stretching mode is plotted against the thickness of the film. Again a good
linearity was obtained up to 80.0 nm.

A quantitative study is possible in reflection-absorption spectroscopy
providing that the orientation of the molecule is unchanged as a function
of thickness. Only the change in dipole moment perpendicular to the
metal surface can be observed by this method.2272¢ If another



16: 10 22 January 2011

Downl oaded At:

EPOXY COATING ON IMIDAZOLE-TREATED COPPER 225
independent method is applied for the thickness measurement, one can
evaluate the relative degree of orientation of the surface film. Beyond a
certain thickness, the intensity begins to show nonlinearity with thick-
ness and the distortion in the band contour begins to show.25-27

The orientation of polymerized epoxy resin and undecylimidazole
complex on copper are random. Therefore, the calibration curves can
be used to estimate the thickness of the film formed on the copper
substrate. The density change due to polymerization and complex
formation were not considered in our study.

B. Polymerization of the epoxy resin on the imidazole
treated copper

A C,,Z film with thickness about 70.0 nm was placed on a copper
substrate. After heat treatment at 80°C for 5 min.,, it was immersed in
the epoxy resin and heated at various temperatures for 15 min. Then
the copper substrate was washed by hot ethanol repeatedly. The
reflection-absorption spectra obtained for the imidazole/copper system
immersed in the epoxy bath at 60, 100 and 150°C are shown as spectra
A, B and C in Figure 6, respectively. In Figure 6-A, only undecyli-
midazole copper complex is observed. In Figure 6-B, the characteristic
C=C stretching mode at 1510 cm ™! of the epoxy resin began to show.
The relative intensity of the epoxy resin increased at a higher
temperature (150°C) in Figure 6.

1310

¢ 1250 A A
2028
0.024)
8
00234
2923
2085
A 1463
00173

3000 2000 1000 cm”

1 | | ' P L PO PR S

FIGURE 6 The reflection-absorption infrared spectra of undecylimidazole and the
epoxy resin on a copper substrate after heat treatment in the intital epoxy resin for 5
min. at; (A) 60°C, (B) 100°C, and (C) 150°C.
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FIGURE 7 Absorbance of the band at 1510 cm ™' of the epoxy resin (black bar) and
the band at 2925 cm™' of the undecylimidazole (white bar) versus heat treatment
temperature.

The amount of each component can be obtained by digitally subtract-
ing the pure component from the reflection spectrum. The intensity of
the bands at 1510 cm ™! and 2925 cm ™! are plotted versus the heat
treatment temperature for the epoxy resin and C,,Z complex, respec-
tively (Figure 7). The amount of the imidazole initially placed on the
copper substrate is shown by the white bar on the left in Figure 7. There
areseveral interestingaspects observed in thisfigure. Upon heat treatment
at 40°C in the epoxy bath, only 1/4 of the C,,;Z complex was observed
after washing. More C,,Z remained on the surface as the temperature
was increased to 80°C. The increase of the residual C,,Z complex is
possibly due to the hardening of the complex by the heat treatment,
thus reducing the solubility in the epoxy. At 100°C, the polymerized
epoxy resin initiated by the imidazole complex began to appear on the
surface. At 150°C, the amount of polymerized epoxy resin further
increased as C,,Z complex decreased, indicating the progress of the
polymerization. However, only a smaller amount of epoxy film was
observed at 200°C whereas the imidazole complex is no longer existent.
This is because the imidazole complex was consumed by the chemical
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reaction with epoxy resin and the polymerized epoxy resin on the
copper surface diffused into the bulk resin. Following the complete
dissolution of the complex, the epoxy resin polymerized on the copper
surface without imidazole.

This result indicates that undecylimidazole copper complex can
initiate the polymerization of the epoxy resin. However, the reaction
mechanism is not yet well understood. A question arises as to whether
the complex itself can initiate the polymerization or whether it is
necessary to reduce the complex to the original form, Cu and C,,Z,
in order to initiate the polymerization. Although C,,Z reacts both with
the metal surface and the resin, the chemical reaction with the epoxy
resin depends on the curing temperature and time as well as the pretreat-
ment conditions of the imidazole on copper before the reaction with
epoxy resin. The residual amounts of C,;Z and polymerized epoxy
resin vary depending on heat treatment conditions which influence the
physical properties of the interface.

C. Polymerization of the epoxy resin on untreated copper
surface

In order to understand the polymerization of the epoxy resin without
C,,Z on the copper surface at 200°C, untreated copper substrates were
kept in the epoxy resin bath at elevated temperatures. The surface
species were observed after washing by hot ethanol repeatedly. Spectra
obtained after immersion in the epoxy resin at 150°C for 2, 10, 30, 60
and 120 min. are shown in Figure 8 as spectra A, B, C, D, and E,
respectively. Very little amount of polymerized epoxy resin was observed
on the copper surface. The noise level achieved by the employed
conditions was +0.0002 in absorbance unit around 1500 cm ™! whereas
the AA of the observed spectra range up to 0.002 indicating a very thin
film.

At temperatures lower than 150°C, no surface species was observed
after immersion for 30 min. The intensity of the phenyl mode of the
epoxy resin at 1510 cm ™! is plotted versus the heat treatment time at
150°C in Figure 9. If the orientation is assumed to be random, the
band height at 0.001 absorbance units corresponds to 1.5 nm in
thickness. The epoxy band at 915 cm ! was not observed, indicating
the polymerization of epoxy resin on copper. The coating thickness
increased rapidly during the initial heat treatment, but reached the
asymptotic value at longer treatment time.
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FIGURE 8 The reflection-absorption infrared spectra of the polymerized epoxy resin
on copper surface after immersion in the initial epoxy resin at 150°C for: (A) 2 min., (B)
10 min., (C) 30 min., (D) 60 min., and (E) 120 min.
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FIGURE 9 Intensity of the C—C band of the epoxy resin at {510 cm ™! (A) versus the
heat treatment time at {50°C.
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FIGURE 10 The reflection-absorption spectrum of the polymerized epoxy resin on
copper surface after immersion in the epoxy resin at 200°C for 1 hr.

Higher temperatures yielded thicker epoxy films on the copper. In
Figure 10 a reflection-absorption spectrum is shown for the copper
mirror immersed in the epoxy resin at 200°C for 60 min. No epoxide
band was observed at 915 cm !, indicating the existence of the
polymerized epoxy resin on the copper surface. The resion of 1150-1050
cm ™} was intensified compared to the uncured resin as shown in Figure
3 due to the C-O-C stretching mode which results from the epoxy ring
opening reaction. The relative intensity of the antisymmetric and
symmetric vibration modes is a good indicator for the orientation of
a molecule.® The ratio between the in-plane and out-of-plane vibrations
similarly provides useful information because the dipole moment of
these two vibrational modes are perpendicular to each other and the
reflection-absorption method detects only the dipole moment change
normal to the metal surface. As a reference for the random orientation
of epoxy resin on copper, the transmission spectrum of the polymerized
epoxy resin cured with 5% by weight C,,Z at 80°C for three hours is
shown in Figure 11. Spectra A, B, and C in Figure 11 correspond to
the epoxy resin before the polymerization, after the polymerization and
the difference spectrum (C = B-A), respectively. By comparing Figures
10 and 11, the relative intensity of the C-O-C antisymmetric stretching
mode at 1247 cm ™! and the symmetric stretching mode at 1035 cm ™!,
and the C-H in-plane deformation mode at 1184 cm ™! and the out-of-
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FIGURE 11 The transmission spectrum of the polymerized epoxy resin cured by
undecylimidazole at 5% by weight. (A) before the polymerization, (B) after the
polymerization at 80°C for 3 hr., and (C) the difference spectrum (C = B-A).

plane deformation mode at 830 cm ! are quite similar to each other.

Therefore, the orientation of the epoxy resin polymerized on the copper
surface is considered to be random at this thickness, approximately
20.0 nm based on the calibration curve shown in Figure 10. Metal
oxide or metal hydroxide is known as an anionic catalyst for the
polymerization of ethylene and propylene oxide.?®3® However, the
detailed reaction mechanism is not known at the present time.

It is interesting to notice the appearance of a new band at 1730 cm !
in Figure 10 which is possibly due to the carbonyl group. Byrne et al.3°
observed new bands in the carbonyl region during the model study of
amine-cured epoxy resin. They assigned the band at 1760 cm ™! as the
carbonyl of an oxazolidone formed from 3-(p-chlorophenyl)-1, and 1-
dimethyl-urea. As mentioned already, Ricciardi et al.'® assigned the
band at 1764 cm ™! to the C=0 of the ketone produced by the reaction
of 2E4MZ and trichloromethylethylene oxide or PGE. They suggested
that this was due to the elimination at elevated temperatures.

The adhesion property of the coating may be significantly influenced
by this polymerized epoxy coating on the metal surface. Tanaka et al.3?
observed a rapid increase in shear strength of an adhesive joint by the
heat treatment of a steel plate in uncatalyzed epoxy resin bath before
placing adhesives on the surface. They immersed steel test pieces in
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numbers of epoxy resins at various heating conditions with the variation
of time and temperature. After immersion, the metal coupons were
cleaned in an ultrasonic 1,1,1-trichloroethane bath. The shear strength
began to increase by the heat treatment at 120°C for 30 min. and
showed the maximum value around 200-250°C, where the shear
strength was increased by more than 100%. Above 150°C, this effect
was obtained by the heat treatment for only 2 min. and further increase
in shear strength was not observed by longer heat treatment. This may
be related to the fact that the coating thickness is a function of
temperature but not a strong function of time except for the initial
build-up. They reported that this effect was obtained not only on steel
but also on other metals. Our molecular observation showed in Figures
8 and 10 clearly indicates the polymerization of the epoxy resin on the
copper surface. It is likely that the rapid increase in the shear strength
corresponds to the build-up of the polymerized epoxy resin of more
than 2.0 nm in thickness.

CONCLUSIONS

The chemical reaction between C,,Z on a copper substrate and an
epoxy resin was studied using FT-IR reflection-absorption spectro-
scopy. Imidazole/copper complex formed on the substrate dissolved in
an epoxy bath at low temperatures where only a small amount of
residual imidazole was observed. The residual amount of the imidazole
increased as the temperature of the epoxy resin increased due to the
hardening effect of the imidazole complex. The polymerized epoxy resin
can be observed at and above 100°C. The thickness of the epoxy film
increased and the C,,Z complex again decreased as the temperature
increased. Only a small amount of the epoxy resin was observed at
200°C while no imidazole complex remained on the surface. Following
the complete dissolution of the complex, the epoxy resin polymerized
on the copper surface.

No epoxy film was observed until 150°C when the copper substrate
was not treated by the imidazole. The coating thickness increased
rapidly during the initial heat treatment but reached the asymptotic
value of 2.0 nm at a long treatment time at 150°C. A thicker polymerized
epoxy layer of thickness 20.0 nm was observed at 200°C. The orientation
of the epoxy resin on the copper substrate was found to be random
under the conditions employed. A new band at 1730 cm ™! possibly due
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to the carbony! was observed. The thickness of the epoxy and imidazole
layers were estimated by calibration curves. The existence of a very
thin layer of the polymerized epoxy resin on the metal surface has been
suggested to give a significant influence on the mechanical properties
of an adhesive coating.
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