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Abstract

Polypropene and poly(1-butene) have been synthesized under very similar experimental conditions with a series of MAO-activated
C2-symmetric and C1-symmetric ansa-zirconocenes. The C1-symmetric zirconocenes bearing the bilaterally symmetric fluorenyl or
bis(2-methylthieno)cyclopentadienyl ligand connected through a dimethylsilyl bridge to substituted indenyl ligands produce isotactic
polybutene of similar or higher molecular mass and with noticeably higher isotacticity, compared to isotactic polypropene prepared with
the same catalysts under comparable conditions. Structural and mechanistic reasons for such behavior are discussed on the basis of QM/
MM calculations.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Stereoselectivity in olefin polymerization is ruled by site
control, chain end control being by far less effective and
apparent only at low temperature when chiral information
from the active metal site is missing [1]. While the influence
of catalyst symmetry, temperature, monomer concentra-
tion, the metal and the type of cocatalyst on enantioselectiv-
ity have been extensively investigated, studies on the
influence of monomer size on the polymer stereoregularity
have been limited. Herfert and Fink have shown that Ewen’s
C1-symmetric Me2C(3-MeCp)(9-Flu)ZrCl2, which is close
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to perfectly hemiisospecific in propene polymerization
(mmmm �19%), becomes slightly isoselective in the case of
1-butene, producing PB with 46% mmmm [2], likely because
the larger olefin substituent, thus the bulkier growing chain,
increases the rate of site isomerization to the less hindered
coordination site: the monomer has then a higher chance
of coordination and insertion at the more isoselective site.
In addition to this example, a (small) increase of enantioface
selectivity in 1-butene vs. propene has been noted before
also in the case of site control with C2-symmetric metalloc-
enes [3,4], and in the case of chain end control [5,6].

We have recently reported on the polymerization of
propene [7] and 1-butene [8] with a series of C1-symmetric
and C2-symmetric zirconocenes. Possibly, the most strik-
ing feature of the C1-symmetric catalysts is the strong
increase in catalyst selectivity on going from propene to
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1-butene. Here we report an updated set of propene and
1-butene polymerization results and an attempt at ratio-
nalizing the observed differences by means of QM/MM
modeling.
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Fig. 1. Comparison of isotactic triad content (% mm) of polybutenes and
polypropenes from C2-symmetric (h), bis(2-methylthieno)Cp-based C1-
symmetric (¤) and fluorenyl-based C1-symmetric ( ) zirconocenes.
2. Results and discussion

2.1. Polymerization results

Selected literature polypropene [7] and polybutene [8]
characterization data from known complexes are compared
in Table 1. In addition to the data already presented in
Refs. [7,8], we have produced and analyzed polypropene
and polybutene samples with three additional C1-symmet-
ric zirconocenes, namely Me2Si(2-MeInd)(9-Flu)ZrCl2 (2)
[9], Me2Si(2,4,6-Me3Ind)(9-Flu)ZrCl2 (3) and Me2Si[2-
Me-4-(a-naphthyl)Ind](BMTCp)ZrCl2 (BMTCp = bis(2-
methylthieno)cyclopentadienyl). The latter complex, for
which only iPP results were previously presented [7], is
the most stereoselective among the C1-symmetric structures
also in 1-butene polymerization, producing iPB with the
highest stereoregularity (mmmm = 98%), and a conse-
quently high melting point (Tm = 109 �C for the crystalline
form II), values almost identical to those obtained with
the most isoselective C2-symmetric complex rac-H2C-
(3-tBuInd)2ZrCl2 [8]. We also prepared and tested
Me2Si(2,4,6-Me3Ind)(9-Flu)ZrMe2 (3a), the dimethyl
derivative of 3 [10]. 3a was originally prepared in order
to generate a more soluble (hence easier to purify) version
of 3. As a matter of fact, 3a is soluble in pentane, a striking
difference with respect to 3 which is sparingly soluble even
in dichloromethane. The results listed in Table 1 clearly
show that 3 and 3a give identical polymers, and
provide additional support to the fact that a dichloro
metallocene and its dimethyl analogue give rise to
Table 1
Stereoselectivity of C2-symmetric and C1-symmetric zirconocenes: propene vs.

Metallocene i

%

1 rac-Me2Si(2-MeInd)2ZrCl2 9
rac-Me2Si(2-MeBenz[e]Ind)2ZrCl2 9
rac-H2C(3-tBuInd)2ZrCl2 9

2 Me2Si(2-MeInd)(9-Flu)ZrCl2 7
3 Me2Si(2,4,6-Me3Ind)(9-Flu)ZrCl2 7
3a Me2Si(2,4,6-Me3Ind)(9-Flu)ZrMe2 7

Me2Si(Ind)(BMTCp)ZrCl2 7
4 Me2Si(2-MeInd)(BMTCp)ZrCl2 7

Me2Si(2-MeBenz[e]Ind)(BMTCp)ZrCl2 8
Me2Si(4,7-Me2Ind)(BMTCp)ZrCl2 8
Me2Si(2,4,7-Me3Ind)(BMTCp)ZrCl2 9

5 Me2Si(2,4,6-Me3Ind)(BMTCp)ZrCl2 8
Me2Si[2-Me-4-(a-naphthyl)Ind](BMTCp)ZrCl2 9

a Polymerization tests in liquid monomer, Tp = 70 �C, 60 min, AlMAO/Zr =
respectively). 13C NMR at 100 MHz. When regioirregularities are present
BMTCp = bis(2-methylthieno)cyclopentadienyl.

b Tp = 60 �C.
c 13C NMR at 150 MHz.
catalytically identical active species upon activation with
MAO.

The observed isoselectivity (in terms of the polymer % mm

triads) of the selected zirconocenes for propene vs. 1-butene
is plotted in Fig. 1. As expected [3,4], the C2-symmetric
zirconocenes rac-Me2Si(2-MeInd)2ZrCl2 (1), rac-Me2Si(2-
MeBenz[e]Ind)2ZrCl2 and rac-H2C(3-tBuInd)2ZrCl2, that
are already highly isoselective for propene polymerization,
show a small increase in stereoselectivity on going from
propene to 1-butene. On the other hand, the C1-symmetric
catalysts show a much more pronounced increase in selectiv-
ity on going to the larger monomer, with the fluorenyl-based
complexes showing the largest difference.
1-butenea

PP iPB

mm % mmmm % mm % mmmm

4.0 90.2 97.6 96.0
6.3 93.8 99.1 98.5
7.9b 96.5b 98.8b 98.1b

8.0c 68.2c 87.0c 79.5c

7.2c 64.8c 97.4c 95.8c

8.0c 66.0c 97.4c 95.7c

8.4b 66.6b 86.0 77.7
9.8 68.6 90.9 85.4
2.2 72.1 95.7 92.9
0.2 69.2 90.8 85.1
0.2 84.2 97.7 96.2
7.0 79.3 97.4 95.7
6.2 93.7 98.8 98.0

500, with AliBu3 as scavenger (2 and 6 mmol for propene and 1-butene,
, % mmmm and % mm values are calculated on primary units only.
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2.2. QM/MM study of the stereoselectivity in propene and

1-butene polymerization

As shown above, a remarkable feature of the zircono-
cene catalysts is the increase in enantioface selectivity in
1-butene vs. propene polymerization. We decided to inves-
tigate the origin of this effect by means of a molecular mod-
eling study of the selectivity of the insertion of propene and
1-butene on the Zr-polymeryl species generated from the
C2- and C1-symmetric catalysts 1–5 shown in Chart 1.

Geometries of the transition structures for the insertion
of the olefin into the Zr–C r-bond were computed by
means of an integrated QM/MM model (see Section 4).
The alkyl groups used to model the polypropene and
polybutene growing chains were 2-methylpropyl and 2-eth-
ylbutyl, respectively. Enantioselectivity (DDE�) was com-
puted as the energy difference between the transition
structures for the insertion of the ‘‘correct’’ and the
‘‘wrong’’ olefin enantiofaces [1]. For this purpose single-
point B3LYP/DZP energy values were used. The computed
selectivities were also converted into isotactic triad intensi-
ties (% mm), to be compared with the corresponding exper-
imental values obtained from the 13C NMR spectra of the
polymers [11].
Fig. 2. Transition structures and relative energies (kcal mol�1) for the stereore
methyl groups have been omitted for clarity.

Me2Si ZrCl2 Me2Si ZrCl2 Me2Si ZrC

1 2 3 

Chart 1
In the following, without losing generality, we consider
the (R,R) enantiomer of the C2-symmetric species 1 and
the (R) enantiomers of the asymmetric species 2–5 (these
enantiomers are the ones depicted in Chart 1). As a conse-
quence of this choice, the correct and the wrong olefin
enantiofaces are the re and si ones, respectively.

2.2.1. Enantioselectivity for the C2-symmetric zirconocene 1
We first analyze the behavior of the C2-symmetric bisin-

denyl ansa-zirconocene 1, in which the two coordination
sites are identical. Fig. 2 reports the optimized transition
structures for the propene insertion into the polypropene
growing chain with both the correct (re) and the wrong
(si) enantioface (in the latter case two structures are
shown).

The structure in which propene is coordinated with the
re face (1a) is the most stable. The higher stability of this
structure can be attributed to the orientation of the grow-
ing chain, that develops freely in an open sector, and to
the trans disposition of the chain and the methyl substitu-
ent of the olefin with respect to the reaction plane. Both
this structural features lead to a reduced repulsive interac-
tion between the ansa-ligand, the growing chain, and the
olefin.
gular and irregular insertion of propene for catalyst 1. The silicon-bound

l2 Me2Si ZrCl2
SS

Me2Si ZrCl2
SS

4 5 

.
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Olefin misinsertion can be due to chain misorientation
or to olefin misorientation [12]. In the first case the growing
chain develops in a crowded sector (instead of an open
one), while in the second case the olefin substituent and
the growing chain are placed in a cis disposition (instead
of a trans one) with respect to the reaction plane. We com-
puted the transition structures for the two possible mecha-
nisms of olefin misinsertion (1b and 1c, respectively). Chain
misorientation resulted to be more favored over olefin mis-
orientation by 1.0 kcal mol�1. It is interesting to note that
if we consider the stage of olefin coordination (i.e. the cor-
responding alkyl olefin complexes) the reverse is true (by
3.3 kcal mol�1) since, due to the higher distance between
the olefin and the growing chain, steric repulsion arises
almost exclusively from the ansa-ligand-growing chain
interactions and not from the interaction between the olefin
and the growing chain. However, in order to determine
enantioselectivity the lower energy transition structure
must be taken into account and in the following only the
chain misorientation mechanism will be considered. The
structure corresponding to propene insertion with the si

face is thus destabilized by the unfavorable steric interac-
tions between the ansa-ligand and the wrongly oriented
growing chain of the polymer.

A similar situation was found for the insertion of 1-
butene into the polybutene growing chain. However, the
computed enantioselectivity for propene (3.5 kcal mol�1)
is somewhat lower than that for 1-butene (4.2 kcal mol�1).
The isotactic triad contents (% mm) computed from these
values for polypropene and polybutene (98.2% and
99.4%, respectively) are in fair agreement with the experi-
mental observations (94.0% and 97.6%) [13].

To better identify the factors determining the origin of
the enhanced enantioselectivity of the insertion of 1-butene
with respect to propene we studied two mixed processes,
i.e. the insertion of propene into the growing chain of
polybutene and the insertion of 1-butene into the growing
chain of polypropene. The computed enantioselectivities
for the two processes are 4.0 and 3.7 kcal mol�1,
respectively.

It is interesting to note that the insertion of a given olefin
into the growing chain of polybutene is always more stere-
oselective (by 0.5 kcal mol�1) than the insertion of the same
olefin into the growing chain of polypropene. Moreover,
the insertion of butene into a given growing chain is always
more selective (by 0.2 kcal mol�1) than the insertion of pro-
pene into the same growing chain. From this findings we
can conclude that both the size of (the last inserted unit
of) the growing chain and the size of the olefin substituent
contribute to determine the enhanced enantioselectivity of
the 1-butene insertion process, the former playing a major
role.

This result is in accordance with the broadly accepted
fact that the source of enantioselectivity in the polymeriza-
tion of propene, with both chiral stereorigid metallocenes
and heterogeneous Ti-based Ziegler-Natta catalysts, is the
chiral orientation of the growing chain [14]. However,
due to the larger size of 1-butene, the effect of a direct inter-
action between the ansa-ligand and the olefin becomes
appreciable as well [15].

2.2.2. Enantioselectivity for the C1-symmetric zirconocenes

2–5
The most important feature of C1-symmetric zirconoc-

enes is that their two coordination sites are nonequivalent.
As a consequence, the enantioselectivity of two consecutive
olefin insertion steps are (in general) different, since the
selectivity of the two sites are non constrained by symmetry
to be equal (like in C2-symmetric catalysts) or opposite
(like in the syndioselective Cs-symmetric catalysts). More-
over, the structures corresponding to the binding of the ole-
fin at the two nonequivalent coordination sites (in the
following labeled inward and outward, according to the
position of the monomer with respect to the pocket defined
by the ansa-ligand) can have a significantly different stabil-
ity. In this case the sequence of chain migratory steps can
be altered, because after an insertion step at the inward site,
in the absence of a coordinated monomer molecule, the
growing chain can swing back to the previous, more stable,
position (back-skip of the growing chain) [16].

As a consequence, these catalysts can vary in stereoselec-
tivity from hemiisospecific to isospecific, depending on the
substituents on the ansa-ligand that define the enantioselec-
tivity of the two alternating sites and the probability of
back-skip. Enantioselectivities at the two coordination sites
can be easily computed. At variance, a quantitative com-
parison of back-skip and insertion activation energies is
very difficult due to the different nature of the process at
study. In particular, the two processes have different mole-
cularities and an accurate estimation of the entropic cost of
binding the olefin (in solution and in presence of a counter-
ion) is mandatory [16b].

The computed enantioselectivities for the insertion of
propene and 1-butene at both the inward- and outward-
olefin sites of zirconocenes 2–5 are reported in Table 2,
along with the data for the C2-symmetric species 1 (for
which the two sites are identical). Fig. 3 reports the
optimized transition structures for the stereoregular and
irregular insertion of propene at both the inward- and out-
ward-olefin site for catalyst 2.

Enantioselectivities computed for the inward-olefin site
of the fluorenyl derivatives 2 and 3 are high and compara-
ble to that of the C2-symmetric zirconocene 1. This result is
expected, since the steric interactions at work are similar.
However, it is interesting to note that the enantioselectivity
slightly decreases on passing from 1 to 2 and, at variance,
increases on passing to 3. This behavior is consistent with
the presence of a secondary effect attributable to the direct
interaction of the olefin with the ansa-ligand, since the fac-
tors determining the orientation of the growing chain in the
more open sector of the catalyst are approximately the
same in all the three species.

For the outward-olefin site the computed enantioselec-
tivities are much lower, as a consequence of a reduced



Table 2
Computed enantioselectivities (DDE�) and computed and experimental isotactic triad contents (% mm) for propene and 1-butene polymerization with
zirconocenes 1–5

Metallocene Olefin DDE�
inw (kcal mol�1) DDE�

out (kcal mol�1) % mm back-skip % mm no back-skip % mm exp.a

1 Propene 3.5b 98.2
c 94.0

1-Butene 4.2b 99.4
c 97.6

2 Propene 3.2 0.5 97.1 57.1 78.0
1-Butene 3.9 0.7 99.0 64.4 87.0

3 Propene 4.1 1.2 99.3 79.7 77.2
1-Butene 4.6 1.8 99.6 89.8 97.4

4 propene 3.5 0.3 98.2 45.7 79.8
1-Butene 4.1 0.5 99.3 56.6 90.9

5 Propene 4.3 0.8 99.5 66.5 87.0
1-Butene 4.8 1.2 99.7 77.9 97.4

a Experimental values from Table 1.
b The two coordination sites of 1 are identical.
c The occurence of back-skip is irrelevant in determining the isotactic triad contents for 1.

Fig. 3. Transition structures for the stereoregular and irregular insertion
of propene for catalyst 2 at both the inward- and outward-olefin site. The
silicon-bound methyl groups have been omitted for clarity.
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energy difference between the two orientations of the grow-
ing chain inside the pocket of the ansa-ligand.

The dithienocyclopentadienyl derivatives 4 and 5 are
more enantioselective than their fluorenyl counterparts at
the inward-olefin site, but at the outward-olefin site the
contrary holds. These two findings seem to conflict with
each other. They can be understood if we admit that the
heterocyclic ligand is sterically more demanding than the
fluorenyl ligand. This assumption leads to an enhanced
selectivity at the site in which the heterocyclic group
directly induces the growing chain orientation (the
inward-olefin) but to a lowered selectivity at the site in
which it indirectly acts as an opposing group to the indenyl
ligand. This result does not conform to the finding of Ewen
that unsubstituted thienocyclopentadienyl derivatives are
less enantioselective than their indenyl analogues [17].
However, the methyl group adjacent to the sulfur atom
in 4 and 5 can be responsible of the opposite behavior here
observed. Indeed, a zirconocene similar to 4 but lacking the
a-methyl groups shows a significantly reduced selectivity in
propene polymerization (70.4% mm) [7].

As expected, selectivity significantly grows on passing
from the 2-methylindenyl derivatives (2 and 4) to the
2,4,6-trimethylindenyl derivatives (3 and 5).

The insertion of 1-butene is always more selective than
that of propene for all the zirconocenes. The difference
between insertion selectivity for the two olefins ranges from
0.2 (for the outward site of 2 and 4) to 0.7 kcal mol�1 (for
the inward site of 2).

Since, as previously stated, a computational comparison
of back-skip and insertion activation energies is difficult and
quantitatively not much reliable, in order to derive the iso-
tactic triad contents from the computed enantioselectivities
some assumptions about back-skip have to be made. Values
computed in the two limiting situations (i.e. assuming that
back-skip occurs after each insertion or that it never occurs)
are reported in Table 2. By comparing these computed lim-
iting values with the experimental triad distributions some
conclusions can be drawn. In particular, back-skip seems
to be always present in 1-butene polymerization (we can



Fig. 4. Schematic view of the [Me2Si(2-MeInd)2Zr(2-ethylbutyl)(1-
butene)]+ cation, in which the QM (ball and stick) and the MM (stick)
parts are highlighted. Hydrogen atoms have been omitted for clarity.
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estimate a back-skip probability of about 0.8–0.9 for cata-
lysts 2–5). In the case of propene, back-skip is not likely
to occur for the fluorenyl derivative 3 whereas we can esti-
mate a back-skip probability of about 0.8 for the dithieno
Cp complexes 4 and 5 [18]. These findings are in accordance
with the known positive correlation between back-skip
occurrence and steric hindrance, once again if we admit that
the heterocyclic ligand is sterically more demanding than
the fluorenyl ligand.

For bent-metallocene catalysts, the ‘bite angle’ [19] is
usually taken as an indirect measure of the steric pressure
exerted by the ansa-ligand. Values computed for the dithi-
enocyclopentadienyl derivatives 4 and 5 (63.2� and 63.4�,
respectively) are only slightly greater than those computed
for the fluorenyl derivatives 2 and 3 (61.9� and 62.0�,
respectively). As it has been previously observed [20], the
bite angle is very sensitive to differences in the number
and type of the ansa-atoms, while it is almost unaffected
by changes in the nature and the substitution pattern of
the p-ligands, which lead only to minor modifications in
the local geometry around the metal atom. As a conse-
quence, it is not easy to forecast the polymerization behav-
ior of a catalyst only on the basis of structural parameters
of the zirconocene.

3. Conclusions

According to the large set of data now available, 1-
butene polymerization with C1-symmetric zirconocene cat-
alysts is confirmed to be significantly more stereoselective
than propene polymerization. A less pronounced stereose-
lectivity enhancement can be confirmed for C2-symmetric
zirconocene catalysts as well.

QM/MM calculations allow to attribute this behavior
mainly to the larger size of the growing chain of polybutene
with respect to polypropene, in agreement with the well
known site control mechanism operating through the chiral
orientation of the growing chain [21]. However, by com-
paring the energy barriers of some ‘mixed’ insertion pro-
cesses, a secondary effect due to a direct steric interaction
between the olefin and the ansa-ligand has been identified.

By comparing the computed selectivities with the
observed triad distributions for the C1-symmetric catalysts,
the importance of back-skip has been revealed. Indeed, the
larger enantioselectivity computed for 1-butene at both the
inward and the outward sites cannot by itself account for
the enhanced isotacticities observed for polybutene with
respect to polypropene and an apparent greater propensity
of the polybutene growing chain to back-skip must be
accepted.

4. Experimental

4.1. Computational details

Geometries were optimized at the ONIOM level of the-
ory [22]. In this integrated method the molecular system
being studied is divided into two layers which are treated
with different model chemistries. The results are then
automatically combined into the final predicted results.
In the present work the model system was the [H2SiCp2Zr-
(ethyl)(propene)]+ cation, which was treated at the HF
level. A basis set incorporating the ‘‘small core’’ effective
core potentials of Hay and Wadt was used for silicon
and zirconium along with valence double-f functions
(LanL2DZ). The standard valence double-f basis set
3-21G was used for carbon and hydrogen [23]. The remaining
parts of the molecules were treated by molecular mechan-
ics, employing the Universal Force Field without the elec-
trostatic term [24]. Default scale factors were employed to
determine bond distances between atoms in the real system
and their link atoms in the model system [22f]. The parti-
tion of the systems under study between the QM and
MM parts is shown in Fig. 4, using the [Me2Si(2-
MeInd)2Zr(2-ethylbutyl)(1-butene)]+ cation as an example.
The structures of the dimethyl derivatives of all the cata-
lysts were previously optimized at the same level. For these
calculations the model system was [H2SiCp2ZrMe2].

Transition structures were located using the STQN
method. Geometries were optimized in redundant internal
coordinates until the maximum (root-mean-square) force
was less than 0.00045 (0.00030) a.u. Calculations were done
without the imposition of any symmetry. Analytic fre-
quency computations were done to check the nature (true
minima or transition-state) of all the stationary points.

Single-point energy were subsequently computed at the
B3LYP level. A basis set incorporating the ‘‘small core’’
effective core potentials of Hay and Wadt was used for sil-
icon, sulfur, and zirconium along with valence double-f
functions (LanL2DZ) augmented with a single polarization
function (ad,Si = 0.45, ad,S = 0.65, af,Zr = 0.875 [25]). The
standard valence double-f basis set with a single polariza-
tion function 6-31G(d,p) was used for all remaining atoms.
All the computations were performed with GAUSSIAN 03
[26].



Table 3
Propene and 1-butene polymerization tests with 3/MAO and 3a/MAOa

Metallocene Olefin MC (mg) Activity (kg/gMC/h) Mv
b Tm (�C) % mm c % mmmmc

3 Propene 1 38 149000 109.5 77.15 64.8
3a Propene 1 39 134000 107.8 77.99 66.0
3 1-Butene 3.0 14 309000 98.4 97.44 95.8
3a 1-Butene 4.1 12 284000 97.1 97.41 95.7

a Polymerization tests in liquid monomer, Tp = 70 �C, 60 min, AlMAO/Zr = 500, with AliBu3 as scavenger (2 and 6 mmol for propene and 1-butene,
respectively). MC = metallocene.

b Viscosity average molecular weights were obtained from intrinsic viscosity measurements (tetrahydronaphthalene, 135 �C).
c NMR data were obtained at 150 MHz.
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Conversion of the computed enantioselectivities into
triad intensities was done assuming enantiomorphic site
control and a polymerization temperature of 70 �C. A
Monte Carlo simulation of 100 polymer chains each con-
taining 1000000 stereocenters was employed. This conver-
sion can also be done on the basis of Markov chain matrix
mathematics [27].

4.2. Polymer syntheses and characterization

Detailed metallocene syntheses, and polymerization and
polymer analysis procedures can be found in Refs. [7]
(polypropene) and [8] (polybutene). Me2Si(2-MeInd)(9-
Flu)ZrCl2 (2) has been prepared following the protocol in
Ref. [9], Me2Si(2,4,6-Me3Ind)(9-Flu)ZrMe2 (3a) has been
prepared as described in Ref. [10].

13C NMR spectra were acquired on a Bruker Av-600

spectrometer operating at 150.91 MHz in the Fourier
transform mode at 120 �C. The samples were dissolved in
1,1,2,2-tetrachloroethane-d2 at 120 �C with a 8% wt/vol
concentration. Each spectrum was acquired with a 90�
pulse, 15 s of delay between pulses and CPD (WALTZ
16) to remove 1H–13C coupling. 1500 transients were stored
in 32 K data points using a spectral window of 9000 Hz.

The peaks of the mmmm CH3 carbon for iPP and of the
mmmm CH2 carbon of the ethyl branch for iPB were used
as internal reference at 21.8 ppm and 27.73 ppm, respec-
tively. The polymerization results for 3/MAO and 3a/
MAO are listed in Table 3.
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