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Abstract

Copper(II) exchanged Na X Faujasite zeolite was cation exchanged at levels from one Cu(II) in 30 unit cells (0.033 Cu(II)/UC) to 38
Cu(II) per unit cell (38 Cu/UC) and was examined by continuous wave and two-pulse and three-pulse electron paramagnetic resonance
(EPR) at temperatures from 10 K to 300 K. In this work exchange of Cu®" into X Faujasite zeolite is shown by EPR spectral and pulsed
EPR relaxation measurements to begin into site I, where it lies coordinated to a hexagonal prism face with Si:Al ratios of predominantly
4:2 and 5:1. Spin—spin interactions influence EPR g-value averaging, spin—spin relaxation, and spin spectral diffusion in a manner highly
dependent on Cu exchange. Spin-lattice relaxation is relatively independent of exchange. The marked increase observed in spin—spin
relaxation and g-value averaging at 8 Cu/UC and an effective Cu—Cu distance of 1.2 nm can be understood in terms of filling sodalite

cages with an average of 1 Cu®" each.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Zeolite; Faujasite; Electron paramagnetic resonance; Copper exchange; Spin-spin interactions; Cation sites

1. Introduction

Copper(II) exchanged zeolites are well-known alumino-
silicate materials and useful as catalysts [1-6]. They have
high catalytic activity for NO, decomposition and for the
selective reduction of certain hydrocarbons [7-9]. Zeolites
have the advantage of physically trapping metal complexes
in the pores and channels of the structure and not solely on
external surfaces [1,2,10-14]. The present study is part of a
study of transition metal ion exchanged NaX, for the pur-
pose of developing a colorimetric sensor array whose ele-
ments are NaX exchanged with different cations. The
hypothesis is that the differently exchanged NaX sensor ele-
ments would display recognizable responses to various
adsorbed molecular gases capable of complexing to the
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exchanged cations in the zeolite. A variety of spectroscopic
methods, including EPR, were brought to bear on under-
standing the responses of the variously exchanged zeolites
to a variety of adsorbed molecules capable of complexing
the transition metal ion. This report is the outcome of
the control EPR study of the uncomplexed Cu®"
exchanged NaX.

Faujastie zeolites have several cations sites [11,15] within
their structure of sodalite cage units, tetrahedrally con-
nected through sodalite hexagonal faces [16,17]. Hexagonal
and subsequent geometrical designations refer to the inter-
connecting framework of metal atom tetrahedra, MOy (see
Fig. 1). The sodalite cage has an approximately 0.66 nm
internal diameter with six-ring windows of approximately
0.26 nm [11,18-20]. The sodalite interconnection creates a
three dimensional structure with twelve-ring windows of
approximately 0.74 nm in diameter about a ‘“‘supercage”
of approximately 1.18 nm diameter [11,18-20]. The sodalite
interconnections are hexagonal prisms whose six-rings are
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Fig. 1. Faujasite X cages and the cation exchange sites I-I11.

those of the adjacent sodalite cages. Cation sites I and I’
are at the center of the hexagonal prism or on the hexago-
nal prism axis, offset toward the sodalite cages, respec-
tively. Likewise II, II' are axial sites slightly offset from
or nearly at the center of the sodalite six-rings, opening into
the supercage, respectively. Site I1I is on the supercage side
of a sodalite four-ring.

Structural studies show Cu®" to occupy primarily sites
I’, 11, and 111, [1,12,14,16,20] in which it is capable of com-
pensating the charges from up to two framework Al. Cu*"
is also known to coordinate with anions, such as OH™,
whereby fewer Al charges are compensated [17,21,22].
Some of these studies suggest that a particular order exists
for Cu?" site preference with degree of exchange, beginning
with site I’ at low exchange, then site 11, and finally to site
IIT at high exchange [12,14].

EPR is an ideal tool for studying the sites occupied by the
paramagnetic ion [8,13,19,23,24] and for learning about the
relative locations of the Cu®" from one another. The former
application has the potential for distinguishing sites by
means of the numbers of observed signals [2,4,14,16,23,25].
The anisotropic g-values and °***Cu nuclear hyperfine cou-
pling constants can shed light on the geometry of and charge
distribution within the Cu*" complex [2.4,14,23,25,26]. Fou-
rier transform (FT) EPR techniques extend these capabilities
for structural determination to the second coordination shell
of Cu”" [24]. Information concerning the relative locations
of the Cu®* from one another from EPR derives from the
distance-dependent magnetic dipole interactions between
paramagnetic copper ions [17,22,27,28].

The purpose of this study is thus to investigate with
EPR the interrelated issues of Cu”" siting in X Faujasite
zeolite and the relative juxtaposition of Cu ions to one
another, as functions of the degree of Cu®’ exchange.
Considerable past work has been done employing EPR
to investigate siting at relatively low exchange levels. Just
a few EPR studies have been attempted to investigate rel-
ative Cu®' siting by EPR at higher exchange levels
[17,22,27-30] and considerable disagreement still exists
among authors concerning the interpretation of the
results. In this study, we examine systematically the con-
tinuous wave (CW) EPR spectra and the electron spin—
spin and spin-lattice relaxation times with pulsed EPR
of copper exchanged NaX zeolite, “CuX”, as a function
of the degree of Cu exchange and temperature in order
to understand these interrelated effects.

2. Experimental methods and theory

Zeolite NaX (Si/Al = 1.23, 2.0 um particle size, Aldrich
Chemical Co., used as received) was exchanged with aque-
ous solutions of Cu(NO;), 2.5 H,O (101.7% by EDTA
complexation, J.T. Baker Chemical Co., as received). To
weighted amounts of NaX in a flask were added amounts
of 1.0 M Cu(NOs), sufficient to achieve the desired number
of Cu ions per unit cell (Cu/UC) of zeolite. The slurry was
brought to 20 mL of aqueous solution per gram of zeolite.
The slurry was refluxed for 72 h at ca. 90 °C. After cooling
and settling, the supernatant was decanted and the residue
was centrifuged at 3500 rpm for 30 min. The centrifugate
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was washed with deionized water (10 mL per gram of zeo-
lite) and centrifuged. This procedure was repeated four
times. Samples were Cu exchanged to levels from 0.033
Cu/UC to 38 Cu/UC.

Dehydrated CuX for the EPR studies was prepared
from the exchanged, hydrated material in two steps.
Firstly, the final centrifugate was air-dried in an oven at
60 °C for 48 h to remove non-coordinated water. Secondly,
the air-dried CuX was dehydrated in a home-made, diffu-
sion pump-driven, vacuum oven by raising the temperature
50 °C every 30 min to 450 °C at reduced pressures suffi-
ciently high to avoid sample “dusting”. Upon reaching
450 °C the evacuation was continued for 4 h at vacuum
approaching 1078 torr. Samples were cooled to ambient
temperature and were flame-sealed under vacuum in quartz
EPR tubes.

The degree of exchange was gauged in the following
way. The Cu/UC was determined from the drop in
Cu(NO3), in solutions as a result of the exchange into
the zeolite. The residual solutions, including washings,
were analyzed for Cu content by flame atomic absorption
(AA) (Perkin—Elmer Model 5000) spectrophotometry.
(See the table of representative nominal and AA-based
numbers of Cu per unit cell given in the Supplementary
Material; http://www.sciencedirect.com).

CW EPR spectra were acquired with an ESP580 Bruker
X-band (~9.5 GHz) spectrometer. Field sweeps 2000-
3500 G were acquired at 1024 points with 100 kHz field
modulation. Spectra were acquired at 10, 50, 70, 150 and
300 K employing an Oxford CF935 liquid helium cryostat
and ITC temperature controller (to 1% of the desired
temperature).

Pulsed EPR measurements of the decays of spin coher-
ence and longitudinal magnetization were made on the
same spectrometer using two- and three-pulse sequences.
Measurements were made at the maximum in the echo
intensity spectrum, found to be approximately at g,.
Microwave power was adjusted for m/2 and m pulses of
16 ns and 32 ns lengths, respectively. Inter-pulse times were
optimized empirically to sample as much of the echo decay
as possible, while avoiding cavity ring down. Decay times
varied with the degree of Cu exchange. Typically 20 scans
and 40 shots per point in the scan were averaged. The shot
repetition time (SRT) was minimized, while avoiding
microwave saturation, by incrementally increasing the
SRT until the echo intensity no further increases. Measure-
ments were all performed at 10 £ 0.1 K.

The CW EPR spectra were analyzed at low exchange
levels by least squares fits of the g and 4 parameters in
the Hamiltonian [27] in Eq. (1) to the spectra, where S, 1,

H:ﬁe§g§+§A£_gnﬂn§£ (1)

are the electron and nuclear spin angular momenta, respec-
tively, and B is the magnetic field. The g and A are pseudo-
tensor interaction factors assumed to share principal axes
and their principal values take on the symmetry, g = g--,
g =8gn=gyand 4 =A4.., A, = A, = A4,, The Cu d’

system has S = 1/2 and the two Cu isotopes have I = 3/2.
p. and f3, are the electron and nuclear Bohr’s magneton,
respectively.

At high Cu exchange levels the major features of the EPR
spectra were found to be adequately described by Eq. (2)
with symmetry giso = gux = 8yy = 82z and Ao = Ayx =
Ay, = A... The gis, values were compared with theoretical
gav values, calculated as in Eq. (2) for a dynamical process
that would present the fast motion limit average

g = (1/3)2g. +g) (2)

environment of the anisotropic environments at low Cu ex-
change levels [29,31,32].

It is well-known that the presence of nuclear magnetic
moments, coupled to the field-quantized electron spin
through off diagonal interactions, are capable of modulat-
ing the electron spin echo decays. Modulations of this kind
have been observed for the framework >’Al nuclear spin
coupling to the electron spin of the Cu®" in Cu exchanged
Faujasite . In order to determine the echo decay alone, the
modulation must be factored out of the modulated decay.
In a system where the modulations of a single nucleus of
effectively 7= 1/2 in a particular orientation in the mag-
netic field predominates, an experimental modulated echo
intensity decay takes the form [33] given in Eq. (3), a situ-
ation that is found

Tecno = Ae™”*[1 — Csin (w,p7/2) sin’ (weat/2)] (3)

effectively to apply to the modulated decays in this work.
The time 7 is the pulse interval and the other quantities
are variable parameters in the fitting process, including
the observed decay rate b. (The quantities w,p, and w.q cor-
respond to the nuclear magnetic resonance angular fre-
quencies of the nucleus in the upper and lower electron
spin states, respectively.)

In order to determine the spin—spin relaxation rate of
the Cu" spins in the samples, the effects of instantaneous
diffusion [34-39] were subtracted from the observed two-
pulse echo decay rates according to Eq. (4). Here b is the
observed decay rate,

b = by + byp[sin®(0/2)] (4)

by and byp are the true spin—spin relaxation rate and the
instantaneous decay rate constant, respectively. The turn-
ing angle 0 is the tip angle of the magnetization induced
by the microwave pulse, such as ©/2 or n for the pulses
in a n/2-7n pulse sequence.

3. Experimental results

The EPR spectrum of 1 Cu/UC CuX at room tempera-
ture is shown in Fig. 2.

Two Cu(II) spectra can be resolved having g ~ 2.40 and
Au/geﬁe ~ 130 G and g~ 2.35 and AH/geﬁe ~ 150 G. The
spectrum is broad and essentially unchanged, except for
intensity, from 10 K to 300 K (See Supplementary Mate-
rial; http://www.sciencedirect.com).


http://www.sciencedirect.com
http://www.sciencedirect.com

404 C.0. Kowenje et al. | Chemical Physics 330 (2006) 401-409

‘]‘\H'\‘ x10

Experimental

Fitted

d Intensityepr / dH (arb. units)

2500 2600 2700 2800 2900 3000 3100 3200 3300 3400 3500
H(G)

Fig. 2. Experimental (top) and least squares fitted (bottom) EPR spectra
of 1 Cu/UC CuX at room temperature. The intensity of the parallel region
of the experimental spectrum has been expanded to show the hyperfine
lines of the Cu®* species I and II. The least squares spectrum is a sum of
the best fit spectra of Cu®" species I and 1I.
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Fig. 3. The EPR spectra of dehydrated CuX at various degrees of
exchange at room temperature, as indicated by the numbers in units of
Cu/UC.

Fig. 3 gives the room temperature EPR spectra of CuX
as a function of the degree of Cu exchange. The spectra have
been transformed to a g scale with the Bruker spectrometer
software. The spectra show the parallel features to be pro-
gressively more spread out and less pronounced with
increasing Cu®" exchange. Concomitantly, there appears
at giso ~ 2.16 a signal progressively increasing in intensity
with increasing exchange. However, at 20 Cu/UC, the sig-
nal associated with low concentration at g, ~ 2.006 is still
present but less pronounced. At 38 Cu/UC the only resolv-
able feature is the g;, ~ 2.16 signal. A spectrum of a sample
at 38 Cu/UC exhibiting predominantly the g, ~ 2.16 sig-
nal is largely unchanged, except for intensity, from 10 K
to 300 K However, a subtle narrowing of the averaged
feature can be seen to occur progressively with increasing
temperature. (See Supplementary Material; http://www.
sciencedirect.com).

Fig. 4 shows the decay of the two-pulse (n/2-7) time-
integrated echo signal for Cu at two exchange levels. Both
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Fig. 4. Two-pulse echo decays of CuX, exchanged at 0.2 Cu/ UC (top)
and 8 Cu/UC (bottom). Echo intensity is plotted against the time b = 21,
the spin dephasing time of which 7, is a measure, where 7 is the time
between microwave pulses.

appear as approximately exponential decays with modula-
tions superimposed over them. The modulations superim-
posed on the decays are due to the hyperfine interactions
of the copper electron spin with neighboring Al nuclei
[27,28]. This figure highlights the increase in the coherence
decay rate with increasing Cu exchange level. The modula-
tions are more pronounced at low Cu exchange than at
high exchange. Two-pulse echo decays were recorded on
samples from 1 Cu/UC to 10 Cu/UC at 1 Cu/UC exchange
level increments, as well as at 0.033, 0.1, and 0.2 Cu/UC.
The time constants of these decays can be seen in Table
1, which also reports the analysis of the measured data to
be discussed in the next section.

Fig. 5 shows a typical three-pulse (n-m/2-x) “inversion
recovery,” where the measured time-integrated echo inten-
sity is shown versus time elapsed between the first, “inver-
sion” pulse and the /2w probe part of the sequence. The
measured curves have two regimes, a slowly recovering
part over several hundred microseconds (top) and a quickly
recovering part over several microseconds (bottom), not
resolvable on the scale of the slowly recovering regime.
The slowly recovering regime, which is not highly depen-
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Table 1

Two-pulse echo decay times (7y) and rates (1/Ty) and the spin—spin
relaxation times 7> derived from the echo decays at 10 K at various
degrees of Cu®" exchange into the zeolite

Copper exchange (Cu/UC) EPR 2-pulse echo decay parameters

Tm (ns) 1/Tvy (MHz) T (ns)
0.033 3710 (40) 0.270 (.003) 3710 (40)
0.1 1210 (70) 0.826 (.046) 1210 (70)
0.2 1920 (40) 0.591 (.015) 2660 (6)
1 820 (520) 1.22 (0.77) 2100 (1300)
2 285 (12) 3.51 (0.15) 285 (12)
3 187 (45) 5.35(1.29) 187 (45)
4 150 (24) 6.67 (1.05) 150 (24)
5 136 (15) 7.35(0.81) 136 (15)
6 98.0 (8.7)  10.2 (0.9) 98.0 (8.7)
7 119 (3) 8.40 (0.19) 119 (3)
8 66.2 (2.6) 15.1(0.6) 66.2 (2.6)
9 54.9 (1.8)  18.2(0.6) 54.9 (1.8)
10 47.6 (2.0)  21.0(0.9) 47.6 (2.0)
Bracketed quantities are the associated standard deviations.
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Fig. 5. Three-pulse inversion recovery of the 0.033 Cu/UC sample. The
experiment was broken into two time regimes. The top plot shows the
recovery up to 1200 ps and was fitted (solid line) to obtain 7. The bottom
plot shows the early part of the recovery up to 5000 ns and was fitted (solid
line) to obtain Tsp.

dent on the degree of Cu exchange, was recorded on sam-
ples from 1 Cu/UC to 8 Cu/UC at 1 Cu/UC exchange level
increments, as well as at 0.033, 0.1, and 0.2 Cu/UC. The
quickly recovering regime, which is very dependent on
the degree of Cu exchange, was measured over the same
range of Cu exchange, except that the fast recovery was
not measurable in the 8 Cu/UC sample. The time constants
of these recoveries can be seen in Table 2.

Table 2

The spectral diffusion times (7sp) and rates (1/7Tsp) and the spin-lattice
relaxation times (7)) and rates (1/7)) derived from the three-pulse
inversion recoveries at 10 K at various degrees of Cu®" exchange into the
zeolite

Copper exchange
(Cu/UC)

EPR three-pulse inversion recovery parameters

Tsp (ns) 1/Tsp (MHz) T (us)  1/T) (kHz)
0.033 4390 (500)  0.228 (0.026) 171 (7)  5.85(0.24)
0.1 2730 (80)  0.366 (0.011) 106 (2)  9.43 (0.18)
0.2 2400 (200) 0.417 (0.035) 169 (8)  5.92 (0.28)
1 2280 (100)  0.439 (0.019) 127 (7)  7.87 (0.43)
2 2440 (90)  0.409 (0.015) 160 (2)  6.25(0.08)
3 2100 (200)  0.465 (0.045) 63 (7) 159 (1.8)
4 2240 (60)  0.446 (0.012) 100 (10) 10.1 (1.0)
5 1300 (50)  0.769 (0.030) 106 (5)  9.44 (0.44)
6 1770 (60)  0.565 (0.019)  98(5)  10.2 (0.5)
7 940 (30)  1.06 (0.03) 100 (5)  10.0 (0.5)
8 - - 116 (4)  8.62(0.30)

Bracketed quantities are the associated standard deviations.

4. Analysis

The experimental EPR spectra of CuX at 1 Cu/UC in
Fig. 2 and at 38 Cu/UC in Fig. 3 were fitted by the spin
Hamiltonian parameters by adjustment of the g and A
pseudo-tensor principle values and Gaussian linewidth fac-
tors with the Bruker WINEPR Simfonia software version
1.2, 1995. The parameters were varied until least-squares
best-fit agreement between the calculated and experimental
spectral intensities was obtained. The existence of two spec-
tra in the spectrum of 1 Cu/UC CuX in Fig. 2 was handled
by fitting a linear combination of the intensities of two
computed spectra to the experimental spectrum. This was
accomplished with the additional variation of the intensity
ratio of the two spectra. The linewidth and spin Hamilto-
nian parameter results are given in Table 3. The best fit
at 1 Cu/UC also gave an intensity ratio of spectrum I to
spectrum II of 1.28 + 0.03:1. As a further measure of the
temperature independence of the low exchange CuX
spectra, these spectra at various temperatures were
similarly fitted (See Supplementary Material; http://
www.sciencedirect.com).

In order to test the hypothesis that the observed 38 Cu/
UC spectrum is an average of the anisotropic spectra
observed at 1 Cu/UC, Eq. (2) was employed to calculate
Zav = 2.156 +0.001 for species I and g,,= 2.159 + 0.004
for species 11.

The peak to trough intensity of the g;s, = 2.16 EPR peak
or feature, normalized to the total degree of Cu exchange,
is presented in Fig. 6 as a function of Cu exchange in units
of Cu—Cu distance. It is labeled “Int. of Avg. EPR Peak”
standing for intensity of the averaged EPR peak, because,
as will be discussed in the discussion section, it will be
assigned to a dynamical average of the low concentration
spectrum.

The two-pulse integrated echo intensity decays, such as
the examples in Fig. 4, were least squares fit by Eq. (3) in
order to determine the decay contstants b. The other
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Table 3

Spin Hamiltonian and linewidth parameters, L, for CuX at 1 Cu/UC and at 38 Cu/UC at room temperature

CuX exchange g g BAy/h (G) BA /K (G) L (G) L. (G)
38 Cu/UC 2.159 (0.008) 24 (3.02) 115 (5.2)

1 Cu/UC species 1 2.363 (0.001) 2.051 (0.001) 127.0 (3.8) 5.0 (0.1) 55.0 (2.1) 45.5(2.0)
1 Cu/UC species 1T 2.337 (0.002) 2.071 (0.006) 148.3 (4.8) 5.0 (0.1) 60.0 (3.0) 45.0 (2.5)

Bracketed quantities are the associated standard deviations. The values at 38 Cu/UC are isotropic and one value is given for both of the anisotropic
parameters. The values for the species I and II both observed at 1 Cu/UC are given separately. The ratio of the two species was also analyzed and is given

in the text.
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Fig. 6. Normalized peak-to-trough intensities of the isotropic, averaged,
EPR peak (Int. of Avg. EPR Peak) observed in the CW EPR and the spin
relaxation rates 1/7%, given as a function of the degree of Cu exchange. See
Eq. (3) and accompanying discussion for the definition of the abscissa in
terms of average Cu—Cu separation.

parameters in Eq. (3) are not of interest in this work and
are not reported. However, we note that the w,, and w.q
were reasonable in view of detailed echo modulation anal-
yses [21,24]. An example of a fit to the echo decay in the
case of the 6 Cu/UC CuX sample is shown in Fig. 7. The
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Fig. 7. Two-pulse echo decay of 6 Cu/UC CuX and the least squares fit to
it with Eq. (3). Echo intensity is plotted against the time b = 21, the spin
dephasing time of which 7, is a measure, where 7 is the time between
microwave pulses.

observed de cay times Ty; and decay rates b = 1/T; are
presented in Table 1.

All of the samples were examined for the effects of
instantaneous diffusion by plotting the observed decay rate
b versus the sin’(6/2) function of the magnetization turning
angle 6, according to Eq. (4). Instantaneous diffusion was
observed only in the 1 Cu/5 UC and 1 Cu/UC samples, a
limited region of observation of instantaneous diffusion
that has also been reported by others [35]. An example of
the analysis of such a plot is given in the Supplementary
Material; http://www.sciencedirect.com. The decay times
1/b = T,, checked and corrected in these two cases for
instantaneous diffusion, are also presented in Table 1 and
are plotted as a function of a measure of Cu—Cu distance
in Fig. 6. No dependence on turning angle 6 was observed
for the other concentrations and thus the T and 7, entries
are identical at these other concentrations.

The three-pulse echo recovery curves, due to their nat-
ure, were acquired both at short times in the rapid recovery
limit and at long times in the slow recovery limit.

In the homogencously broadened EPR lines of CuX
samples the Cu”" electron spins have resonance frequencies
spanning nearly 1000 G, whereas the © “inversion” pulse
“burns” an inverted “hole” of the order of only 5 G. Like-
wise the n/2-n probe pulse sequence also only probes a nar-
row portion of the spectrum.

The recovery will thus be governed by two, non-energy-
conserving types of processes [35-37]. In one process, pairs
of unlike spins exchange magnetization with one another,
spreading the inversion outward into parts of the EPR line
to the sides of the burned inversion hole and diminishing
the inversion at the “hole”. Such processes are spectral diffu-
sion processes and are know to have rates comparable with
1/T>, the spin-spin relaxation process in which like spins
exchange magnetization. The second type of process is the
spin-lattice relaxation process in which a spin flip exchanges
energy with the zeolite crystal lattice at a rate 1/7}.

Thus, the three-pulse echo recovery data were analyzed
by least squares fitting the data with exponential recovery
curves. The fast recovery times, that will be seen to be com-
parable with 7, and should be associated with spectral dif-
fusion, are called Tsp and are tabulated in Table 2 along
with the corresponding spectral diffusion rates, 1/Tsp.
Likewise the slow recovery time constants, associated with
spin-lattice relaxation and known as T, are tabulated in
Table 2 along with the corresponding spin-—lattice relaxa-
tion rates 1/7}.
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Fig. 8. Model of Cu*" coordinated to hexagonal ring site I’ of the zeolite
framework. Coordination to three of the hexagonal ring oxygens is shown.
X—Xe are the six framework metal sites occupied either by Si or Al

In view of the importance of the Al ion distribution
found in the FTEPR studies [21,24], we performed a statis-
tical analysis to derive the probabilities of the various Si—Al
distributions around a Cu* ion trigonally coordinated to
the zeolite at site I’. Fig. 8 shows a Cu ion coordinated
to three oxygen atoms in the six-ring of an X Faujasite hex-
agonal prism, site I'.

The Si:Al ratio of the starting X Faujasite was 1.23,
making the Si and Al occupation probabilities, 0.55 and
0.45, respectively. For a simple, hypothetical example of
our approach, consider a hypothetical site in which there
are only two framework metal sites which may be occupied
by Si or Al. Then the relative probability of both sites being
occupied by Si would be 0.55% the relative probability of
occupation by one Si and one Al would be 2(0.55)(0.45),
and the probability of both sites being occupied by Al
would be 0.45%. The sum of these relative probabilities,
which would also be the normalizing factor to obtain actual
probabilities, would be 0.55% + 2(0.55)(0.45) + 0.45%. For
the present case where there are six sites for the framework
metal, the relative probabilities are given in the first column
of Table 4.

However, a widely recognized restriction in the compo-
sition of an aluminosilicate material is that no two Al
atoms occupy adjacent sites in order to avoid local concen-
tration of charge [40]. This will change the relative proba-
bility distribution as a result of not all of the Si-Al
distributions being permissible. We subtracted by inspec-
tion the number of forbidden arrangements from the coef-
ficients of the relative probabilities, as shown in the second
column and as evaluated in the third column of Table 4. In
the last column of Table 4, we present the absolute proba-
bilities based on the relative probabilities corrected for for-

Table 4

bidden distributions. With the exception of two
distributions with less the 10% probability, the ratio of
the two most likely Si:Al compositions (4:2 and 5:1) is
1.23:1.

5. Discussion

The existence of two Cu”>" EPR spectra at low degrees of
exchange has been explained in several different ways.
Some authors associate the two spectra with Cu®" at the
sites I’ and II of the zeolite framework [8,25,29] (see
Fig. 1). Pierloot et al. [14] however, have noted that in
examining a number of different zeolite types the number
of Cu®" EPR spectra observed does not match the number
of sites available and similar observations have been
reported by other authors [19,41]. Other authors associate
the two species observable at low Cu exchange levels with
different Al distributions at a single Cu®" site [14,21,25].
Structural studies indicate that there is a preference for
Cu?" occupation of site I’ at low exchange [9,12,42]. This
preference is not consistent with a site I’:II occupation ratio
as low as 1.28:1, the ratio observed for the two Cu®" spec-
tra. Finally, the calculated ratio of 1.23:1 of the 4:2 Si:Al
distribution to the 5:1 distribution in the site I’ hexagonal
ring is remarkably close to the observed ratio of 1.28:1
for the two observed Cu?" EPR spectra. Thus our work
provides further evidence that the two observed Cu®"
EPR spectra at low Cu exchange are from the predomi-
nantly site I' Cu®" occupancy, which has mainly two Si:Al
distributions in the site I’ hexagonal ring. We note also that
the site intensity ratio is not in as good agreement with the
Cu isotope ratio and the 4 value ratio does not agree with
the ratio of the magnetic moments of the Cu isotopes. Thus
we also rule out the assignment to the two Cu isotopes.

This conclusion raises one new unanswered question
about the nature of the overall charge compensation in
the 5:1 Si:Al distribution, where the Cu?" charge over-com-
pensates the single negative charge on the hexagonal ring.
The 4:2 ratio hexagonal rings are perfectly compensated
by a Cu’*.

It is well-known that magnetic dipole interactions
between electron spins, which vary with inter-spin distance,
r, as r >, lead to EPR line broadening phenomena [27,32].
Spins S = 1/2 generally become susceptible in the neigh-

Statistical analysis of the Si and Al distributions around a Cu®" coordinated at the hexagonal face site I’

Si:Al Relative probability Corrected relative probability Evaluated corrected relative probability Absolute probability
0:6 1(0.45)° (1-1)(0.45)° 0 0

1:5 6(0.55)(0.45)° (6-6)(0.55)(0.45)° 0 0

2:4 15(0.55)%(0.45)* (15-15)(0.55)%(0.45)* 0 0

3:3 20(0.55)%(0.45)* (20-18)(0.55)%(0.45)* 0.03032 0.08407

4:2 15(0.55)%(0.45)* (15-6)(0.55)*(0.45)* 0.16677 0.46240

5:1 6(0.55)°(0.45) (6-0)(0.55)%(0.45) 0.135887 0.37678

6:0 1(0.55)° (1-0)(0.55)° 0.027681 0.07675

For each Si:Al ratio the relative probability calculation is shown in the first column, the second and third columns show the probabilities corrected for
forbidden distributions and the fourth column shows the probabilities normalized to a total probability of one.
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borhood of r ~ 0.8 nm [43] and this phenomenon is recog-
nized as a difficulty in determining Cu®" g values at high
Cu?" concentrations [31]. This work confirms the conclu-
sion of other workers [21,28,44-46] that the rise of the
EPR signal at g;;, = 2.16 with increasing Cu exchange, seen
in Fig. 3 and plotted in Fig. 6, results from dynamic spin—
spin interactions of proximate Cu®>". The excellent agree-
ment between the average g values calculated from the
two Cu’" spectra at low concentration, g,,=2.156 +
0.001 and g,, = 2.159 + 0.004 for the species I and II and
the observed value of gjs, = 2.159 4 0.008 is strong confir-
mation that dynamical averaging is occurring. The obser-
vation that the dynamically averaged spectrum in a 38
Cu/UC sample remains unchanged down to 10 K suggests
a rapid process with a rate in excess of ~2x10°s™! at
300 K. The well-known ion site dependence on concentra-
tion [17,19,20,25] does not appear to provide a sufficient
explanation of the observations in this study.

With rates as high as estimated from the averaging of
high Cu exchange samples at 10 K, it is natural to inquire
about the relation of the spin—spin dynamical averaging
processes to spin—spin and spin-lattice relaxation and spin
spectral diffusion processes. The data in Tables 2 and 3
confirm that both spin—spin relaxation and spectral diffu-
sion processes are strongly dependent on the degree of
Cu exchange, but spin-lattice relaxation has little depen-
dence. This is not surprising in that both of the highly
dependent processes have a contribution from the mutual
spin—spin flip-flops that could also serve to average the
EPR line at sufficiently high rates.

In order to demonstrate more effectively that the
highly Cu exchange dependent relaxation process is prob-
ably the same process that averages the EPR line, we
have plotted in Fig. 6 both the growth in intensity of
the averaged EPR line and the spin-spin relaxation rate
1/T, versus the degree of Cu exchange in units of Cu—
Cu distance r,

r=[Ne/V)"" (5)

where N¢,/V is the number of Cu?" per unit volume in the
sample. It is remarkable that two scales can be chosen that
achieve a respectable continuity between these two quanti-
ties and that the behavior of these two quantities points to
a Cu—Cu distance, r =~ 1.2 nm at which spin—spin relaxation
rates and the averaging of the EPR line are changing dra-
matically with the degree of Cu exchange. This corresponds
to an exchange of about 8 Cu/UC.

One may legitimately inquire why the 1/T, rates in
Table 2, which we attribute to the spin—spin relaxation
rates are not in agreement with the width of spin aver-
aged feature in Fig. 3. The present study does not make
it altogether clear why this is but one may speculate that
either the low 1/T, rates are not sufficiently fast to have
reached the extreme narrowing regime or their may be
residual heterogeneous broadening in the EPR line from
different Cu sites and different environments around the
Cu sites.

Finally consider the significance of 8 Cu/UC exchange
in terms of the occupancy of sites versus degree of
exchange. Assume, as confirmed still more conclusively
by this work, that with increasing exchange, sites I’ simply
fill up until the onset of the filling of sites II. There are eight
(8) sodalite cages per unit cell and each sodalite cage has
four sites I’ or a total of 32 sites I’ per unit cell. On a purely
statistical basis, in approaching 8 Cu/UC the system is
going from a Cu in every other sodalite unit to one Cu
per sodalite (see Fig. 1). At 8 Cu/UC about 6% of Cu pairs
lie very close to one another at opposite ends of a hexago-
nal prism, around 19% lie approximately one sodalite
diameter of ~0.7 nm apart, and the other approximately
75% lie nearer to two sodalite diameters or 1.4 nm apart.
However, on average every Cu’" added after 8 Cu/UC
must lie less than 0.7 nm apart from another Cu®" in the
same sodalite unit. Thus as the value of 8 Cu/UC is tra-
versed, this detailed Cu siting analysis shows the effective
Cu—Cu distance going from greater than 1.2 nm to mark-
edly less than 1.2 nm in agreement with the marked relax-
ation and EPR averaging transitions at these degrees of Cu
exchange in Fig. 6.

6. Summary

In this work the exchange of Cu”" into X Faujasite zeolite
is shown by EPR spectral and pulsed EPR relaxation mea-
surements to begin into site I’, where it lies coordinated to
a hexagonal prism face with Si:Al ratios of predominantly
4:2 and 5:1. Spin—spin interactions influence EPR g-value
averaging, spin—spin relaxation, and spin spectral diffusion
in a highly Cu exchange dependent manner. Spin-lattice
relaxation is relatively independent of the degree of Cu
exchange. The marked increase observed in spin—spin relax-
ation and g-value averaging at 8 Cu/UC and an effective Cu—
Cu distance of 1.2 nm can be understood in terms of filling
sodalite cages with an average of 1 Cu®" each.
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