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Abstract. Copper complexes formed in the interlayer between the thiokol-epoxy adhesive anda brass 
substrate were studied by electron spin echo envelope modulation. The goal of the study was to help 
gain better understanding of the nature of the adhesion mechanism of polymer macromolecules with 
the brass substrate. Previous investigations revealed that square-planar copper complexes with sul- 
phur-containing ligands form in the interlayer. However, a detailed structure of the copper-sulphur 
complex was not known. To get structural information we used a method that can be applied for 
weakly coupled nuclei with axially symmetric hyperfine interactions. The number of protons near 
the copper complex was estimated. Observation of nitrogen nuclei in the copper complex structure- 
confirmed an earlier conjecture that dimethylaminomethylphenol acts as an initiator. The structure of 
the copper complex formed in the interlayer between the thiokol-epoxy adhesive and the brass sub- 
strate was proposed. 

1 I n t r o d u c t i o n  

Knowledge about the nature of the bond between polymer and substrate is of  
primary importance for optimizing the characteristics of  adhesives. The study 
of the mechanism of adhesion of a thiokol-epoxy adhesive to a brass substrate 
was the subject of  several investigations [1-3].  Electron paramagnetic resonance 
(EPR) studies of the interlayer between the adhesive and the brass substrate re- 
vealed the formation of square-planar copper complexes with sulphur-contain-  
ing l igands.  This conclusion was made by s imula t ing  the exper imental  EPR 
spectra and by comparison with the data on similar  systems. It was found that 
the number  of  complexes depends on the free-sulphur concentrat ion [1]. The 
diffusion of  the copper ions from the substrate into the thiokol-epoxy polymer  
was studied with EPR imaging [2]. A correlation was found between the con- 
tent of  the free sulphur in the thiokol-epoxy adhesive and the adhesion strength 
to the substrate. However, a detailed structure of  the copper-sulphur complex 
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was not known. In this work we used the electron spin echo envelope modula- 
tion (ESEEM) to probe the ligand arrangement of  the copper complexes. This 
method proved to be very useful for obtaining strucmral information in ordered 
and disordered materials [4-6]. 

2 Experimental  Procedure 

The samples were prepared as described in reŸ 1. They consist of 100 mass parts 
(m.p.) of  thiokol polymer, 20 m.p. of epoxy polymer and 1.5 m.p. of  a mixture 
of  dimethylaminomethylphenol with 2,£ For our 
study we used mainly the sample with the maximum EPR signal (free-sulphur 
content, 20 m.p.). Several experiments were performed on the sample without 
free sulphur. Only the thin layer of adhesive with a thickness of less than 0.5 
mm, contiguous with the brass was used. ESEEM and relaxation measurements 
were made at liquid helium temperatures on a homebuilt pulse X-band spectrom- 
eter in Kazan and at 18 K on a Bruker X-band pulse ESP 380 spectrometer at 
the ETH in Zurich. We used two-, three-, and four-pulse ESEEM, HYSCORE, 
and pulse electron nuclear double resonance (ENDOR) techniques. 

3 Results and Discussion 

Figure 1 shows the echo-detected EPR spectrum of  the adhesive with sulphur. 
The two-pulse echo sequence 8 n s - r - l £  ns was used with a time delay of  
r =  200 ns between microwave pulses at the microwave frequency 9.714 GHz. 
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Fig. 1. Field-swept two-pulse ESE spectrum of  the copper complex in the thiokol polymer adhesive 
with free sulphur. Numbers 1-3 denote the field positions where ESEEM measurements were made. 
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Fig. 2. Field-swept two-pulse ESE spectrum of the thiokol polymer adhesive without free sulphur. 

The magnetic field was swept from 293.0 to 393.0 mT with steps of  0.1 mT. 
The echo-detected EPR spectrum of  the sulphur-free sample is shown in Fig. 2. 

The spectrum of the copper complex is considerably less intensive and is 
superimposed by a strong and narrow line at g = 2.018 (designated by R in Fig. 
2). We suppose that this peak is due to broken bonds of the epoxy polymer. At 
18 K this line saturates much easier than the spectrum of  the copper complex; 
this strongly testifies the different nature o f  the two overlapping spectra. After 
adding free sulphur we could observe only the spectrum of the copper complex 
indicating the formation of chemical bonds. In addition, in the sulphur-free sample 
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Fig. 3. Two-pulse ESEEM magnitude spectrum of the copper complex in thiokol epoxy polymer 
adhesive. 
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the EPR spectrum of  the copper complex is considerably less resolved than the 
spectrum of the sample with sulphur. We suppose that this is an indication for 
more structural disorder in the area surrounding the copper in the sulphur-free 
sample. 

For the sample with sulphur, ESEEM measurements were made at the dif- 
ferent positions of  the EPR spectrum, in particular at the maximum EPR absorp- 
tion (position 2 in Fig. 1) and at the single crystallike positions g,  (positions 1 
and 3). Figure 3 shows the two-pulse ESEEM spectrum obtained at position 2. 
It is distinguished by peaks at the proton nuclear Zeeman frequency of  about 15 
MHz and at twice this frequency close to 30 MHz. Severat tines in the low- 
frequency region can tentatively be assigned to nitrogen that is expected to be 
in the sample. Al1 these lines present at other two-pulse ESEEM spectra are 
obtained in different points of  the echo-detected EPR spectra. Small peaks around 
the proton line were not analyzed because they were within the experimental error. 

We could not find resolved spectra due to hyperfine interactions of  electron 
spins with near protons by pulse EPR methods that are known for their high 
spectral resolution, like four-pulse ESEEM, HYSCORE and pulse ENDOR, so 
the value of  the interactions is smatt. 

To get additional structural information we used a method which can be 
applied for weakly coupled nuclei with axially symmetric hyperfine interactions 
[6, 7]. Here we give some basic relations that are necessary for experimentalists 
to follow the treatment of our expe¡ results. 

The expression for the two-pulse ESEEM time-domain signal for one elec- 
tron spin and one 1/2 nuclear spin with averaging in all orientation for a disor- 
dered system is given by [6] 

3 Ti 2 
(V(r)) = 1 -----2-7-[2 -4F(T• vir ) + cos(4n v~r) + F ( 2 T s ) ] ,  

10 v~ 
(1) 

where T a is the perpendicular component of  the anisotropic hyperfine tensor, 
is the nuclear Zeeman frequency, and r is the time delay between the two mi- 
crowave pulses. Equation (1) is valid in the extremely weak hyperfine interac- 
tion limit, when v �87 T a and the isotropic hyperfine interaction parameter is sup- 
posed to be zero [6]. The function 

15~ 2 2 2 F(T• = -7- [ {cos 0 sin 0 cos[nTlt(1 - 3 cos 0)] sin O} d O, 
4£ 

(2) 

with t = r or 2r, describes the damping due to the hyperfine interaction. It can 
be seen from Eq. (1) that only the Zeeman frequency gives a contribution to the 
damped oscillations. For a quantitative description of the proton modulations in 
the two-pulse ESEEM the parameter 

,~(r) = 1 -  vm,. (r)/Vmax ( r ) ,  (3)  
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was used, where Vmin(r ) and Vmax(Ÿ ) are the minimum and maximum envelope 
amplitudes of  V(r), respectively. 

This parameter is in fact the modulation amplitude and can be easily esti- 
mated from the experimental results. It was found [7] that for small rT• values 
one can expand ,�91 in a series and obtain that '�91 is linearly dependent on 
r 2. i f  the electron spin interacts with N nuclei, the observed modulation ampli- 
tude V(m(r) is the product of  the modulation amplitude Vi(r ) of  each electron- 
nuclear pair (a so-called "product rule") [6]. 

For disordered systems and neglecting spatial correlations of  the magnetic 
nuclei one can write: 

N 

(V~m(r)) = I-I(Vj(r)) .  (4) 
i=l  

According to Eq. (4) for spin systems with more than one nucleus, combination 
frequencies (more than one) will appear in ESEEM. With this relation we find 
for the experimental parameter 2(r): 

N 

l-,�91 = I-[0-'�91 (5) 
i=l 

where 2. (N~ and 2o) designate modulation amplitudes due to N and 1 nuclei re- 
spectively. From these relations one can get only integral values of  the hyper- 
fine interaction tensor. Therefore it is assumed that the nuclei are located in 
several spheres. Usually one or two spheres of  local nuclei are considered in 
disordered systems. In the j-th sphere with a radius rj there are Ni nuclei. In the 
case of  several spheres one should expect linear regions in the experimental 
dependence of 2(r) for small r 2. For two-pulse ESEEM it is important to sub- 
tract the cont¡ of the double Zeeman frequency from the modulation pat- 
tern. The remaining part of  the contribution from the close nuclei can be treated 
to get :.j(m for each sphere and then to express them through ,�91 To calculate 
2 (~) we used a relation obtained from the series expansion of  ,�91 z) [7]: 

,�91 (0)  = 2,�91 (6)  
2aviSA(In 6"�91 + 3.' ' 

where 2 '  = d2(m/dr  2 [~=o, 8,�91 = 1--,�91 and a = 5r~z/42. 

We then find for the anisotropic hyperfine coupling: 

Ti = ~~22 2~ (7) 

and for the number of nuclei: 
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N = ln[1 - ,�91  (0)] 
ln[l_,~(,)(0)] . (8) 

For paramagnetic centers with the localized spin density interacting with rather 
remote nuclei it is reasonable to apply the point-dipole approximation to calcu- 
late the distance to each surrounding sphere: 

Ti -/-t~ g~g"fl~fl~ (9) 
4~ r3h ' 

where Po is the vacuum permeabitity, ge and g ,  are the electron and nuclear g- 
factors respectively, ,ge is the Bohr magneton,  ,g. is the nuclear magneton,  and h 
is the Planck constant, 

We would like to point out that the formulae we  used for the analysis were 
obtained under the assumption that the microwave pulses excite the whole EPR 
spectrum. In our experimental conditions we can excite only a part o f  the EPR 
spectrum. In our case the linewidth o f  the EPR spectrum is defined mainly by 
g-value anisotropy and not by the ligand hyperfine interaction anisotropy. The 
criterion o f  the application of  the analytical formulae under partial excitation of  
the EPR spectrum in the weak hyperfine interaction limit was given in ref. 6 
(chapter 9, fig. 5). Because the ratio of  the amplitude o f  the microwave  pulses 
v~ and the proton Zeeman frequency vi are close to 4 in our experimental  con- 
ditions, the amplitude o f  vz and 2vz harmonics is close to the m a x i m u m  (see 
reŸ 6, fig. 5 in chap. 9). This means the strong vi limit and corresponding a n a -  
lytical formulae can be used in our analysis. 
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Fig. 4. Dependence of the experimental parameter 2,(Ÿ on r z. The parts I-3 of the curve represent 
the contribution of the first and the second sphere and of the matrix protons to the modulation pat- 

teta, respectively. 
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Figure 4 shows the dependence of ,�91 o n  z -2, obtained from the experiment 
at position 3 of  Fig. 1. The double Zeeman frequency was removed from the 
plot with fast Fourier transformation (FFT) of  the time-domain pattem, subtract- 
ing the double Zeeman frequency peak and with backward FFT. 

For the first proton sphere the application of  Eqs. (6)-(9) to our experimen- 
tal data yields N ~ 2, with a dipolar hyperfine coupling T i ~ 3 MHz, and r ~ 0.3 
nm, and for the second sphere it yields N ~ 4, with T l ~ 1.4 MHz, and r ~ 0.4 
nm. 

As this method is rather approximate, we tried to fit the time-domain ESEEM 
data with the obtained parameters. For example,  the time-domain ESEEM plot 
(measured at position 3 in Fig. 1) and best fit according to Eqs. (1) and (2) are 
given in Fig. 5. It should be noted that we did not take into account the modu- 
lation due to N nuclei. Hence one can see low-frequency oscillations on the time- 
domain plot. We could achieve best fit for a proton arrangement taking N ~ 6 
with T_L ~ 1.4 MHz, and r ~ 0.4 nm. The time-domain ESEEM plots at posi- 
tions 1 and 2 in Fig. 1 can be fitted with approximately the same set of  the 
parameters, confirming the structure model of  the copper-sulphur complexes we 
suggest below. 

The low-frequency lines in two-pulse ESEEM FT spectra are probably due 
to 14N nuclei. From structural considerations they should be rather remote from 
the copper. Hence one expects a weak coupling case, i.e, the hyperfine coupling 
small compared with the nuclear Zeeman interaction. We suppose that the ob- 
served frequencies are close to the nuclear quadrupole resonance frequencies of  
I4N given by 

v_ = 2 K r l ,  v o = K ( 3  - r/), v+ = K ( 3  + r/), ( 10 )  

where K = e2qQ/4h is the quadrupole coupling constant, and q is the asymme- 
try parameter. 

Assigning the 14N lines as v 0 = 0.980 MHz, v = 2.696 MHz, v§ = 3.676 MHz 
in Fig. 3, we obtained K ~ 1.06 MHz, and r /~  0.461 for the nitrogen nuclei. 
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Fig. 5. Time-domain ESEEM plot (dashed line) and best fit (solid line) according to Eqs. (1) and 
(2). Low-frequency oscillations are due to N nuclei. 
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Fig. 6. Proposed structure of the square-planar copper-sulphur complex in the interlayer between 
thiokol epoxy polymer and the brass substrate. The copper ion (Cu) is encircled by four sulphur ions 

(S). The closest two protons are marked by 1, the next four protons are marked by 2. 

On the basis of our experiments we propose the structure for the square-pla- 
nar copper-sulphur complexes shown in Fig. 6. Two closest protons 1 form hy- 
drogen bonds. They compose the first proton sphere. The number of protons in 
the next sphere can vary from four to eight depending on the number of  thiokol 
polymer molecules. Our experimental results support that the copper complexes 
have four protons 2 in the second proton sphere. The detection of  remote nitro- 
gen nuclei 3 agrees well with the assumption [3] that dimethylaminomethylphenol 
acts as an initiator. 

4 Conclusions 

The structure of  the copper complex formed in the interlayer between the thiokol- 
epoxy adhesive a n d a  brass substrate was presented. Observation of  nitrogen 
nuclei in the copper complex structure agrees well with an earlier conjecture that 
dimethylaminomethylphenol acts as an initiator of  the reaction of  polymerization. 

The interaction unit [3] of  the polymer macromolecules with copper ions could 
be evaluated, giving an idea about the polyme¡ mechanism of thiokol epoxy 
polymers and about the heterogenic function of the copper sulphide in the poly- 
merization process. 

The application of  ESEEM methods to study the interaction mechanism of 
the polymer macromolecules with the brass substrate is proved to be very useful 
for a better understanding of  the nature of  adhesion. 
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