Sensitivity Analvsis for Ellipsomeltry

Table 5. Competitive Transport of Several M?* vs. HT18C6
in an Emulsion Liquid Membrane

Percent Transport Percent Transport

M+ M2+

Cu?* / M Cu®t / M2
Mn 996 / 00 Sr 936 / 38
Co 972 / 67 Cd 972 / 34
Ni 914 / 00 Pb 924 / 82
Zn 924 / 82

Transport after 7 minutes.

Table 6. Competitive Transport of Three Component Mixture
in an Emulsion Liquid Membrane

Percent Transport

M 124- M22+

C u2 + M l2 - M 22 +
Mn / Ni 87.0 /13 / 22
Co / Cd 75.2 / ¢ /10
Zn !/ Sr 856 /0 /0
Cd / Pb 86.0 / 16 /15

Transport after 7 minutes.

6 as carrier in this study. Significant transport was observed
for Cu®* over all the other metal ions tested. Experiments
were carried out by placing equimolar amounts of Cu®* ion
and transition metal ions in the source phase. In Table 6
are listed experimentai data of competitive transport for th-
ree component systems containing Cu?* ion and two other
metal ions, Binary result can in most case be extended to
the ternary system since competition for a single ligand oc-
cur in both binary and ternary systems. Cu®** was found
the highest transport in each mixture. Log K data indicate
that the Cu®*-HT18C6 complex is more stable than those
of transition metal cation, which is consistent with high Cu**
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transport and low other metal ion transport in the HT18C6.
Cu?* bind the carrier in the membrane and i transported,
while little carrier remains available to bind and transport
other cations. The selective transport of Cu®* over other
cations with HT18C6 is a reflection of the greater affinity
of HT18C6 for Cu®* compared to that for the other cation.
The highest degree of transport selectivity for Cu** by HT18
C6 carrier in this emulsion membrane system employed may
be applicable to remove Cu?* from the solution containing
several heavy metal ions, especially from waste water.

In a sense for commercial or analytical application, the
emulsion membrane system can be employed for the separa-
tion of Cu’* from several metal-containing species.
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A Sensitivity Analysis for Three-Parameter Ellipsometry
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In the three-parameter ellipsometry (TPE), also known as reflectance-ellipsometry, the ellipsometric measurements,
¥ and A, are combined with the reflectometric measurememnt, R, to determine the optical parameters and the thickness
of a light-absorbing thin fitm, The constant ¥, A, and R surfaces are analyzed graphically to understand the nature
of the TPE solutions. A sensitivity analysis is shown to be useful not only for identifying the film properties which
affect most the TPE measurements, but also for estimating errors in film properties arising from the uncertainties

in measurements,

Introduction

In conventional ellipsometry, the change in the polarization

of the light reflected from surface covered by thin film is
measured to determine the optical properties of the film'2
Because of the surface selectivity and the high sensitivity
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of the ellipsometric measurements to the change of film pro-
perties, the ellipsometry has been a useful tool for studying
thin films formed on substrates. For example, the passivation
of metal surface has been extensively studied by this techni-
que. Since in situ ellipsometry measurements can be perfor-
med in a short time, transient phenomena such as growth
of film can also be studied by ellipsometry’”.

In ellipsometry using the three-phase madel of an ambient
medium-film-substrate system’, the complex refractive index,
n2=n,—ik;, and the thickness, 15, of the film are to be deter-
mined. However, two ellipsometric measurements, ¥ and A,
are not in general sufficient to determine three unknown
properties of the film, (ny, %, v2). In order to overcome this
difficulty of the conventional ellipsometry, the reflectometric
measurement is employed as the third supplementary mea-
surement in the three-parameter ellipsometry (TPE)'. For
this reason, the TPE has also been known as the reflectance-
ellipsometry. The TPE is attractive from experimental point
of view, since the reflectance R can be measured from the
identical instrumental setup used for measuring ¥ and A
with minimum modifications of the measurement routines.
The TPE of this type has been successfully applied for stu-
dying thin surface films since early 1970’s%%77,

Even with the ideal three-phase model, the relations be-
tween the reflectance-ellipsometric measurements and the
film properties are often cumbersome and require a numeri-
cal technique, such as the Newton-Rapson method®, to find
the film properties corresponding to the experimental mea-
surements. Furthermore, there are sometimes more than one
set of solutions for a given set of experimental measureme-
nts®. There are even cases reported in which the TPE fails
to give a solution'®. In this paper, the nature of the TPE
solution is analyzed with three dimensional computer gra-
phics and the contour diagrams. Despite the qualitative na-
ture of the analysis, this type of study should provide more
insight into the nature of solutions obtained in the TPE.

This paper also deals with the sensitivity analysis for the
TPE. Mathematical modeling is often necessary to under-
stand the nature of experimentally observed phenomena
and/or to predict the experimental result. In mathematical
modeling, many parameters are employed to represent expe-
rimental conditions and some fundamental characteristics of
the system under investigation. Fundamental physical princi-
ples and some approximations if necessary are introduced
to relate the parameters to the experimental measurements.
In the TPE, for example, the three-phase model with the
Fresnel equations is used to relate the experimental measu-
rements to the properties of the film.

The difficulties in mathematical modeling arise from the
uncertainties of the parameters in the model and the compli-
cated relations between the parameters and the experimental
measurements. Since the parameters in the model are sel-
dom known to high precision, the predictions of the model
are usually subject to uncertainty to some extent. More im-
portantly, the complicated mathematical relations often ma-
kes it difficult to identify the parameter to which the experi-
mental observations are sensitive. The sensitivity analysis
addresses the question of quantitative role of parameters
in the model predictions. It is also useful in estimating the
parameter values fitting experimental data. The sensitivity
analysis is an active research area in many different fields
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such as chemistry, biology, and ecology. Applications of the
sensitivity analysis in chemistry have been reviewed by Ra-
bitz',

In the TPE, there are three reflectometric and ellipsome-
tric measurements, (¥, A, R). And, the optical constants and
the thickness, (#2, £2, ©.), of the film are the parameters to
be determined in the three-phase model. The refractive in-
dex of the transparent ambient medium #,, and the optical
constant of the substrate, n3=n3—1k;, as well as the wavele-
ngth, A, and the angle of incidence of the light, ¢;, are also
included in the parameters. In this case, the measurements
and the parameters are related by the Fresnel equationsl.
Because of the complexities of the relations in the TPE,
it is not evident at all how the measurements are affected
by changes in the parameters. The question of sensitivity
is thus important to understand the nature of the ellipsome-
tric-reflectometric measurements and to select the optimum
experimental conditions for the TPE. For example, the ellip-
sometric measurements have been known as strongly de-
pendent upon the angle of incidence of the light. Thus, the
choice of incident angle is an important factor for the success
of the TPE. The sensitivity analysis can provide the criteria
for choosing the best possible angle of incidence.

In this paper, we present the forward sensitivity analysis
(FSA), in which the sensitivities of the ellipsometric-reflecto-
metric measurements with respect to the film properties are
analyzed by using the analytical expressions for the partial
derivatives. We also present the reverse sensitivity analysis
{RSA), in which the sensitivities of the film properties with
respect to the experimental measurements are studied. The
FSA is helpful in understanding the characteristics of the
TPE measurements, while the RSA provides the information
on choosing the optimum experimental conditions. The de-
pendence of the ellipsometric and reflectometric measure-
ments on the film thickness was studied by Azzam and
Bashara'.

Three-Parameter Ellipsometry

In this Section, a brief theoretical basis for the three-para-
meter ellipsometry is described in order to define the nota-
tions used in this paper. The details of the theory can be
found elsewhere'*4!, '

The ellipsometric and reflectometric measurements, (¥,
A, R), are defined as following,

tan¥ ¢2=-2 8))

R= (100/2) (1ry {2+ 111D 2

where r, and r; are the overall complex reflection coefficients
for polarizations that are parallel and perpendicular to the
plane of incidence, respectively. The constant factor of 100
in Eq, (2) is for the conversion of the fractional reflectance
to percentage. All of these three measurements, ¥, A, and
R, can be obtained simultaneously from a single experimental
setup, thus making the TPE attractive from experimental
point of view.

The three-phase model as shown in Figure 1, in which
the film is regarded as optically homogeneous, is often em-
ployed to interpret the TPE result. With this model, the
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Figure 1. Three-phase model for ellipsometry.

complex reflection coefficients, 5, and r, can be expressed,
accordng to the Fresnel equations, as

_ niptryy exp (—iD)
" 1+7ir exp (—iD) (3a)
- riost 7, exp (—iD) (3b)

T 1+ 70n exp (—iD)

The ambient medium, the film, and the substrate are deno-
ted by 1, 2. and 3, respectively, in the subscripts of the r’s.
D={4n/A) wn, cosd, is the change of phase angle inside
the film. And, 7;; and 7; are the Fresnel reflection coeffi-
cients at the interface between the i-th and j-th phase,
n; cos G;— N, Cos O;

Tip=
7 n; cos ¢;+m; cos ¢

(4a)

n; C0s §;—n; Cos ¢y
n; cos ¢;+n; cos ¢

Yig—

(4b)

The p and s in the subscripts of the r’s represent the polari-
zations parallel and perpendicular to the plane of incidence,
respectively, and n;=n,—1k; is the complex refractive index
of the i-th phase. The incident angles, (¢}, in the individual
media are related by the Snell’s law,

n Sin &, =n; Sin G =My sin o 5

With the three-phase model, the experimental measure-
ments in the TPE depend not only upon the properties of
the film but also upon the optical properties of the ambient
medium and the substrate as well as the properties of the
incident light. A judicious choice of the ambient medium
and the incident angle of the light is required to get reason-
able measurements. In order to find the optical properties
and the thickness of the film corresponding to. the experi-
mental measurements, one should invert Egs. (1) and (2)
for (ns, k2 t2) in terms of (¥, A, R). Since these equations
cannot be inverted analytically, however, a numerical itera-
tion procedure such as the Newton-Rapson technique® should
be adopted®. In this procedure, a set of trial values for the
film properties are successively modified until the experi-
mentally measured values of (¥, A, R) are obtained. It is
possible to write an efficient computer program for this pur-
pose using the following analytical expressions for the partial
derivatives.

(56 )78 sn 2w Rl (52), —(5e), ]
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Here, a, B, and y represent the film properties, n, k., or
t,. Re[2] and Im[z] are the real and the imaginary parts
of a complex z, respectively, The complex conjugate of z is
denoted as 2* in Eq. (7c). The analytical partial derivatives
of the overall complex reflection coefficients with respect
to the film properties can be readily derived from Eq. (3)°.

With the Newton-Rapson technique, a few trials of the
initial guess of the film properties are usually sufficient to
find the solutions corresponding to the experimental measu-
rements. There are sometimes two sets of the film proper-
ties, for a given set to experimental measurements, found
from different initial trial values for the film properties'.
They are often called “metal” and “water” branch solutions®
when aqueous solution is used as ambient medium. Only
one set of the solutions are accepted as physically meaning-
ful.

In order to study the nature of the TPE solutions, the
surfaces of constant ¥, A, and R are analyzed qualitatively
by using the three-dimensional graphics and contour dia-
grams, Assuming certain values of the optical properties of
the film, 21, and %,, the thickness of the film, t,, can be found
numerically from Egs. (1) and (2), which give the experimen-
tal value of ¥, A, or R. Repeating this process within reason-
able ranges of n, and %,, one can construct, in the #,-%s-t,
space, the surfaces of constant ¥, A, and R. The ellipsome-
tric solutions are given as the points at which all these three
surfaces intersect. The intersecting points can be more clo-
sely examined by using the contour maps of these surfaces.

The construction of the surfaces of constant ¥, A, and
R becomes complicated for thick films because of the quasi-
periodic natures of ¥, A, and R with respect to t, due to
the presence of exp (—:D} in Eq. (3). However, passive films
formed on metal surfaces as thick as several hundred angst-
roms can be studied without such difficulty.

Ferward and Reverse Sensitivities

A need for sensitivity analysis for the TPE can be recogm-
zed by the complexities of Egs. (1) and (2) relating the ellip-
sometric-reflectometric measurements to the film properties.
From these relations, it is not evident at all which properties
of the film control the experimental measurements and how
the uncertainties in the experimental measurements affect
the properties of the film to be determined. This kinds of
information are important to understand the nature of the
TPE as well as to estimate the accuracy of the film proper-
ties determined by the TPE. It is also important to find
out the optimum experimental conditions for the TPE,

The forward sensitivity coefficients (FSC's) are defined
by Eq. (7). They represent how the ellipsometric-reflecto-
metric measurements are affected by the changes of the opti-
cal constants and the thickness of the film. For example,
(6“1‘/3”2),2_‘2 is the rate of change of ¥ with respect to »;
when £; and v, of the film are kept constant. Thus, by analy-
zing the nine such FSC's, one can identify quantitatively
which properties of the film, n;, k. and/or t, control the
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Figure 2. The surfaces of constant (a) ¥, (b) A, and (¢) R for passive film formed on Ni surface. The experimenta!l data are
taken from Ref. 3. The angle of incidence is 55° and the wavelength is 632.8 nm.

magnitude of an ellipsometric or reflectometric measure-
ment.

On the other hand, the reverse sensitivity coefficients
(RSC's) are defined by the partial derivatives of the form
of (00/0Mu, 3, Here, a is one of the film properties and
Mj's represent the experimental measurements, {¥, A, R).
These RSC’s indicate how sensitive the film properties are
with respect to the experimental measurements. For exam-
ple, {g1:/3¥)a ¢ is the rate of change of n, with respect to
¥ when the other experimental measurements, A and R,
are kept constant. Thus, these RSC's can be regarded as
representing the extents of error in the film properties de-
termined by the TPE arising from experimental inaccuracies
in measurements.

Since Egs. (1) and (2) cannot be analytically inverted for
ng, ko, and vy, it is not possible to find directly the expres-
sions for the RSC's. However, the partial derivatives used
for the FSC's in Eq. (7) can be utilized and the RSC's can
be written in the following form',

(ﬂz_) N
. OM; /M, M, z

Here, o; denotes #;,, k., and 1, for i=1, 2, and 3, respectively.
M/s represent the ellipsometric-reflectometric measure-
ments, ¥, A, or R And, g is the Jacobian determinant'? given

as
( —gn% )"’z- 2 (% )"2 %2 (S{T‘Y; )"z'kz
(&) (o). (%)

(k. (). (B

Fin Eq. (8) is the cofactor of the Jacobian determinant for
the (i #) element, which is (—1¥*/ times the complementary
minor of the (5 {) element of g

)

B

)

Pl

%

Results and Discussion

In this Section, we present the results obtained for nickel
oxide film formed on nickel surface in the process of electro-
chemical passivation in weakly acidic solution®. For our
analysis, we have chosen the case in which 8%= —0.128°,
8A=—1.077 and 8R=—0.854 at ¢,;=55" with A=632.8 nm.

3.0

2.0

1.0

Figure 3. Contour map of the ¥, A and R surfaces for passive
film on Ni. All contour lines correspond to t,=116 A,

The film properties for this case are determined as #,=1.96,
£=038, and ;=116 A We also found the other set of
solutions, #,=1.86, k=254, and 1:=179 A, where & is
clearly too large to be acceptable. Thus, the former set of
the solutions has been accepted as physically meaningful.
The results presented in this section are selected from much
larger set of calculations and they are believed to exhibit
the typical characteristic features of the TPE.

Constant ¥, A, and R Surfaces. In Figure 2, the con-
stant ¥, A, and R surfaces are presented. A point on the
¥ surface, for example, represents the hypothetical film with
(n2, k2, ©2) which would give rise to the experimental value
of ¥ irrespective of the values of A and R. The constant
A and R surfaces can be interpreted similarly. The surfaces
are cut at ©.=20.0 A for the sake of convenience and the
flat parts on the top of the surfaces are the artifact. The
optical properties of the real film, which is the solution for
the TPE, is given as the point at which these three surfaces
intersect simultaneously. The intersecting point can be more
closely examined from the contour map in Figure 3. The
contour lines for ¥, A, and R in the upper region of Figure
3 intersect at t;=17.9 A which corresponds to the second
set of the solutions mentioned above.

As shown in Figure 2, the constant ¥, A and R surfaces
are in general saddle-shaped with a valley in the middle
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Figure 4. Changes in ¥, A, and R produced by passive film
formation as function of the angle of incidence, calculated for
experimental conditions of Figure 2.

and steep walls at small and large %.. In many cases, the
constant A surface appears to be relatively flat compared
to the constant ¥ and R surfaces. The shapes of the constant
¥ and R surfaces change drastically with the experimental
values, while the shape of A surface is relatively insensitive
to the experimental value. Especially, the regions of steep
wall in the ¥ and R surfaces change significantly for small
changes of ¥ and R

The three surfaces usuvally intersect simultaneously in the
regions where the walls start to rise from the saddle region.
The presence of the multiple solutions can be understood
from Figure 2 and 3 as arising from the saddle shapes of
these surfaces. Since the shape of the saddle point regions
for the constant ¥ and K surfaces changes drasticatly with
the experimental vatues, the TPE solutions are expected to
be very sensitive to the measurements of ¥ and R. This
can be seen more quantitatively in the sensitivity analysis
presented below.

It is also noted that the walls of the constant ¥ and R
surfaces are very similar. In Figure 3, it can be seen that
the contour lines for ¥ and R run nearly parallel to each

(b)
Figure 5. The surfaces of constant (2) ¥, (b) 4, and (¢) R for passive film formed on Ni surface when the angle of incidence
is 80°. The same passive film as in Figure 2 is assumed.
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other. If these two contour lines run paralle] without crossing
each other, then TPE should fail to give a solution. It was
possible indeed to make two contour lines parallel, thus ma-
king the TPE fail, by simply changing the experimental va-
lues by small amounts which cap be considered as experime-
ntal errors. We believe that the failure of the TPE reported
earlier® is due to errors in experimental measurements, es-
pecially in ¥ and/or R.

In addition, it is also noted that the shapes of the constant
¥, A, and R surfaces depend significantly upon the experi-
mental conditions, especially on the angle of incidence, be-
cause §Y¥, 8A, and SR vary with the angle of incidence as
shown in Figure 4. Here, 8M; denotes the change of the
optical measurement, M;, produced by film formation. We
found that as the angle of incidence increases, the walls
of Figure 2 in general become fatter and the valley near
the saddle point region goes up as shown in Figure 5. Fur-
thermore, the contour lines of ¥ and R appear to become
more parallel for large incidence angle, thus increasing the
possibility of the failure of the TPE. Therefore, it seems
that a choice of too large angle of incidence should be avoid-
ed for the success of the TPE. It can be seen again that
the constant A surface is relatively insensitive to the change
of experimental conditions compared to the constant ¥ and
R surfaces. The change of surface shape with the angle of
incidence can be utilized to resolve the difficuity in finding
TPE solutions by employing a slightly different angle of inci-
dence for TPE experiment. It is noted in this regard that
the measurement of R is very sensitive to fluctuations in
experimental setup.

Sensitivity Analysis. There are nine FSC’s and nine
RSC’s as defined in Eq. {7) and (8), respectively. These coef-
ficients vary with the experimental conditions such as the
angle of incidence, the optical properties of the ambient me-
dium and the substrate, the wavelength of the light. Among
these factors, the angle of incidence is the most important
one affecting the sensitivities. It is noted that only the mag-
nitude of the sensitivity coefficients are mmportant.

In order to compare the sensitivities for the three optical
properties of the film, we normalize the sensitivity coeffi-
cients with the experimentally determined optical properties
of the film, ¢*®. In other words, a;/0,"" is used instead of
the optical properties of the film q; for the sensitivity coeffi-
cients in Egs. (7) and (8). The normalized FSC, (gMi/aa,).
now represents the sensitivity of the measurement M; (=¥,
A, or R) for the fractional change of the film property,
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Figure 6. The dependencies, on the angle of incidence, of the normalized forward sensitivity coefficients with respect to (a) #,,
(b) &, and () t.. The same passive film as in Figure is assumed.
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Figure 7. The dependencies, on the angle of incidence, of the normalized reverse sensitivity coefficients of (a) ms, (b) &, and

(c) 1. The same passive film as in Figure 2 is assumed.

o;/a7*". Likewise, the normalized RSC, (80;/@M)),, is the frac-
tional change of the film property, ;/q,*®®, caused by infinite-
simal change in experimental measurement M.

Figures 6 and 7 show the dependencies of the normalized
FSC’'s and RSC's, respectively, on the angle of incidence,
¢, for the case of passive film formed on Ni surface. These
are the typical cases for passive films on metal surfaces
which we studied most extensively using the TPE. It is seen
that the sensitivity coefficients are strongly dependent on
. For the air-gold-glass system studied by Azzam and Ba-
shara’ in which the substrate is transparent, the singularities
at the Brewster angle are observed in the FSC’s with respect
to t.. However, such singularities are absent for the passive
films on light absorbing Ni surface. The sensitivity coefficient
for the air-gold-glass systems show in general the features
similar to those presented below.

From Figure 6, it is seen that, in the range of incident
angle between 50° and 70°, A and R are more sensitive
than ¥ to all of the film properties, #2, #; and t.. On the
other hand, ¥ is fairly sensitive to 4. When ¢,=55°, which
is a judicious choice of incident angle in the TPE!, A is
most sensitive to n, and T, while R is most sensitive to
k,. Furthermore, ¥ is least sensitive to n, and vt In the
case of air-gold-glass system!, R is almost independent of

k; and t; while ¥ and A are sensitive to the film properties
when ¢, is close to the Brewster angle. Especially in air-
gold-glass case, A is most sensitive to the film properties.

This type of information is important in understanding
the characteristics of ellipsometric-reflectometric measure-
ments. For example, when the film with the constant com-
plex refractive index is growing on a substrate, A is the
most sensitively changing ellipsometric measurement and ¥
remains almost constant. This is indeed the case which is
seen from the growth of passive film on Ni surface®’. Furthe-
rmore, this type of information can provide important criteria
for determining optimum angle of incidence for the TPE
experiment. It is seen from Figure 6 that the TPE measure-
ments might appear most sensitive to the change of film
properties when ¢, is between 70° and 80°. It is interesting
to note that ¢,~70° has been widely used in the conven-
tional two-parameter ellipsometry. It has been however
pointed out later*" that the change of the TPE measureme-
nts with the angle of incidence, as shown in Figure 4, should
also be taken into account for determining the optimum
angle of incidence,

The RSC’s are the convenient measures of the relative
errors of the film properties determined from the experimen-
tal TPE measurement which are inevitably subject to some
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extent of experimental uncertainties. Figure 7 shows typical
dependencies, on the angle of incidence, of normalized RSC’s
of the same system as for the Figure 6. According to Figure
7, n; is least sensitive to A and most sensitive to ¥ for
wide range of ¢ At $,=55° k; and t; are most sensitive
to & and ¥, respectively, while t; is least sensitive to A.
Thus, for example, the experimental error in A would not
affect the values of #: and t2 as much as the errors in ¥
and R. This agrees with the observations mde earlier
based on the shapes of the constant ¥, A, and R surfaces.
If the thickness of the film, T, is the most important property
to be determined, then ¥ and R should be carefully measu-
red.

From these RSC's, it can be clearly seen that the proper-
ties of the film are very sensitive to ¥ and R at ¢1=70°.
At this angle of incidence, any experimental errors in ¥,
and R would be magnified in #s, %, and t, thus making
experiment extremely difficult. Moreover, it is also noted
that the measurement of R is most susceptible to fluctuations
in the experimental set-up. This agrees with the previous
conclusion of Paik ef al.* in which ¢x55° is preferred over
;=70° used in the conventional two-parameter ellipsometry.

The sensitivity coefficients are also affected by the refrac-
tive index of the ambient medium, .. As #, increases, the
RSC’s generally increase slightly in magnitudes although the
overall dependencies on ¢, are similar to Figure 7. The opti-
cal properties of the substrate aiso show minor effect on
the RSC's.

In order to determine the optimum experimental condi-
tions, the measurements should be sensitive enough to dis-
cern the films of different physical properties. At the same
time, the film properties to be determined should not be
too sensitive to the experimental errors in the measure-
ments. Therefore, both of the FSC's and RSC’s should be
carefully examined to find the optimum compromise.

In this paper, we clarified the nature of the solutions for
the film properties obtained by the TPE by closely examining
the constant ¥, A, and R surfaces. We also identified,
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through the FSA, the properties of the film which affect most
the ellipsometric-reflectometric measurements. Furthermore,
it is shown that the RSA can provide a measure of estimating
errors in film properties arising from the experimental un-
certainties in measurements. It is also shown that the opti-
mum experimental conditions can be determined by sensiti-
vity analysis.
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Synthesis of New Tetraaza Macrocyclic Ligands with Cyclohexane
Rings and their Ni(Il) and Cu(ll) Complexes

Shin-Geol Kang®, Jae Keun Kweon, and Soo-Kyung Jung

Department of Chemistry, Taegu University, Kyungsan 713-714. Received May 15, 1991

The tetraaza macrocyclic ligand 3,14-dimethyl-2,6,13,17-tetraazatricyclo[ 14,4,0",0"*]docosa-2,12-diene(B), that contains
two cyclohexane rings, has been prepared as its dihydroperchlorate salt by the nontemplate condensation of methyl
vinyl ketone with 1.2-diaminocyclohexane and perchloric acid. Reduction of B with sodium borohydride produces
3.14-dimethyl-2,6,13,17-tetraazatricyclo[ 14,4,0' ®.0"?]docosane(C). Square planar Ni() and Cu(ll}) complexes of B and
C have been prepared by the reaction of the metal ions and the ligands. Synthesis, characterization, and the properties

of the ligands and their metal complexes are reported.

Introduction

Synthetic polyaza macrocycles and their metal complexes

often exhibit unusual chemical properties which enable prac-
tical applications of these compounds.'”® Since the proper-
ties of the macrocyclic compounds are correlated with struc-



