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Abstract: In a study of the reaction system MAO/(CsHs).ZrMe;, the size of the ion pair [(CsHs)2Zr(u-
Me).AIMe,]" [Me-MAO]~ was determined by pulsed field-gradient NMR of its cationic moiety. A mean
effective hydrodynamic radius of 12.2—12.5 A, determined from diffusion rates in benzene solution at different
zirconocene and MAO concentrations, indicates that the ion pair remains associated even at the lowest
concentrations studied. At elevated concentrations, aggregation to ion quadruples or higher aggregates is
indicated by an apparent size increase and by shifts of the CsHs and Me *H NMR signals. The equilibrium
constant for the reaction [(CsHs).ZrMe™++-Me-MAO™] + /,Al,Mes = [(CsHs)2Zr(u-Me)AlMe;]™ [Me-MAO]~
changes at different Al/Zr ratios; this indicates that MAO contains various species that produce Me-MAO~
anions with different Lewis basicities. The volume of the Me-MAO™ anion suggests that it contains 150—

200 Al atoms.
Introduction Scheme 1 _
o . ) MeMAO
Even though polymerization of alkenes with methylalumi-
noxane-activated metallocene catalysts has been the object of «Mer, /Me «MeMAO
substantial interest for more than two decades, the structure of Zr A —_— z,“\ +1/2 AlMesg
e/ Me @ Me

methylaluminoxane (MAO) and the mechanisms of its cocata- @
lytic action are still uncleat.lt is generally assumed that some
particularly Lewis acidic sites of the MAO cluster are capable

of abstracting a Cl or Me™ unit from a zirconocene chloride

or methyl precursor to gltznerate an ion pair of general type (CsHs)2ZrMe* cation in contact with a Ckigroup of a stable
+ _ —_
(CsHs)oZrMe Me MAG™. _ o Me-MAO~ anion (typelV),2 from which Il arises in an
Recent studies have provided some details with regard to thegqjjibrium reaction with AMes (Scheme 1).
§tructure and the nature of the zirconocene species that appear o an understanding of these catalyst systems, it would be
n Fge ‘?&Stem ?"ﬁO/ (€Hs)2ZrMe,. Two of theml, aweak LeWIS i1y desirable to elucidate the nature both of the MA®d
aci 3 UC,‘ of t ,e type (.45!5)2Zrh(Mz).Mel A(MAO) (type of the Me-MAO™ species present in these equilibria. Pulsed
IZ) :;In ani\l/lon pat contlalunlng tde inuciear Catl“{'(_'q"’:'lf’)lz' field-gradient (PFG) NMR methods, which allow the determi-
rl /e}z(ﬂ- _e)] b (tyg_e ), pre ﬁm'nite at re atl\;ey OW  nation of translational diffusion coefficients of a molecule or
[All/[r] ratios but disappear when the excess of MAO is i, “\youid in principle be ideal to estimate the molecular
increased. At ratios of Al/Zr > 200 (as.are typical for active _dimensions of the Me-MAO anions, which are necessarily
ca;alyst systems) only two other speC|es+arg observed, an Ior“produced when dimethyl zirconocene complexes are transformed
pair of the Cat'on_[(@"5)22@";/'38)2A|Me2] with some Me- 4, cationic species. Since signals of the Me-MA®@oieties
MAG™ counteranions (typéll )>> and a species containing a .01 pe identified, however, in thl NMR spectra of these
reaction systems (because of their overlap with signals of neutral
MAO), we have measured the rate of diffusion of the cationic
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Table 1. Relative Reciprocal Diffusion Coefficients and Effective Hydrodynamic Radii of Species Ill, Chemical Shifts and Line Widths of the
1H NMR Signals of Its (CsHs).Zr(u-Me),AlMe,* Moiety, and Concentration Ratios of Species Ill and IV at Different Zirconocene and MAO
Concentrations?

Aw Aw
[Zr]ia, [Allior, Drei/ Dy Rus O(II-CsHs), o(ll-Ve), (I11-CsHs), (I-Me),
sample mmol/L mol/L Allzr +0.03 +0.2 ppm + 0.002 ppm + 0.002 Hz+0.1 Hz+0.1 [Iviin
1 12.0 0.72 60 1.88 14.4 5.466 —0.611 1.03 1.18 5.37
2 2.6 0.72 280 1.86 14.3 5.418 —0.634 0.46 0.90 3.23
3 1.36 0.72 530 1.85 14.2 5.414 —0.637 0.42 0.89 2.28
4 0.048 0.72 15 000 1.59 12.2 5.418 —0.640 0.64 <1
5 7.17 0.43 60 1.74 13.3 5.442 —0.632 0.84 1.18 6.79
6 35 0.21 60 1.65 12.7 5.423 —0.647 0.65 0.94 8.71
7 1.54 0.43 280 1.67 12.8 5.405 —0.650 0.45 0.89 3.67
8 0.81 0.43 530 1.63 125 5.403 —0.649 0.43 0.88 2.58
@Measured in @Dg solution at 300 K.
Chart 1 to a procedure previously describednd characterized biH NMR
[(CeDs, 0): 3.80 (s, 4H), 6.67 (d, 4H, 7.8 Hz), 7.00 (d, 6H, 7.2 Hz),
@ 7.04 (t, 12H, 7.2 Hz), 7.08 (d, 4H, 7.8 Hz), 7.22 (d, 12H, 7.2 Hz)] and

13C NMR [(CDCls, signal intensities determined with inverse gated
proton decouplingg): 46.29 (CH, 2C), 58.79 (C, 2C), 125.90 (CH,
© 4C), 126.26 (CH, 6C), 127.91 (CH, 12C), 130.13 (CH, 12C), 131.78
@ (CH, 4C), 137.62 (C, 2C), 138.56 (C, 2C), 146.91 (C, 6C)]. The
@ chemical inertness of this reference compound toward MAO and MAO/
(CsHs)2ZrMe; reaction mixtures in solution was confirmed by separate
experiments.
The StejskatTanner PFG NMR eq 1, whelle= signal intensity,
y = gyromagnetic ratiop = duration of gradient field pulseh =
diffusion time, G = gradient strength, an®; = translational self-
diffusion coefficient can be simplified to eq 2 for measurements with
an internal reference:

metallocene moieties. In this way, we were able to apply PFG
NMR methods for the first time to MAO/metallocene reaction
systems and to estimate the size of the counteranions Me-MAO
that arise in these catalytically active systems.

Experimental Section

I = lgexp{ —(y0G)7A — (6/3)]D 1
Diffusion measurements were performed using a Bruker DRX 600 0 ~(79G) T (013D @
NMR spectrometer, supplied with a BGU Il gradient unit and a probe- _
head with Z-gradient. Sample solutions were prepared by dissolving In (Ii/1x 0) = (Dx/Dyeg) IN(lef 11,0 2
weighed amounts of dry MADIn Cg¢Ds solutions of (GHs),ZrMe,,
directly in an NMR tube, so as to give the final concentrations indicated In(ly) = Aln(l,e) +B (3)

in Table 1. Their'tH NMR spectra were recorded at 600 MHz using

standard 5-mm NMR tubes without spinning. Chemical shifts were Using this simplified equation, signal intensities for the reference
calculated using the solvent signals{isH, 7.15 ppm) as a reference.  compound l) and for the species of interedi), measured at 10

All measurements were carried out at a sample temperature of 300 K, different gradient strengths from 5 to 50 G/cm, were analyzed by least-
stable within+0.1 K and with an uncertainty ot1 K. PFG NMR squares linear regression of the corresponding relation (eq 3), where
experiments were performed using a LED (longitudinal eddy current the regression coefficies is the ratio of the diffusion coefficients of
delay) pulse sequenéel0 different gradient strengths from 5 to 50 speciesX and the referenceDy/Drr. Correlation coefficients were
G/cm, gradient pulse durations of 8 ms, diffusion times of 66 typically 0.999-0.9999. Measurements were repeated several times with
250 ms, longitudinal eddy current delays of-Z8 ms, relaxation delays  various longitudinal eddy currents and relaxation delays and with
of 20—60 s, and 8-32 scans. The 90radio frequency pulse duration  various durations ofA and 9, keepingd A — (6/3)] approximately

(about 11us) was calibrated for each sample withii®.1 us. constant such thag/l remains in the optimal range of-30 atG = 50
Quantitative integral intensity measurements for the samples were G/cm. Values of a diffusion coefficient ratio thus obtained were

done separately at 250 MHz, using relaxation delays ef@Ds and generally within a narrow range af2% and were then averaged.

20—200 scans. Spinlattice relaxation timesTy) corresponding to By use of an internal reference, the effects of such experimental

different signals were estimated by progressive saturation and wereimperfections as gradient strength and temperature instabilities can be
about 3-4 s for GHs protons, 1.5-2 s for Me protons of zirconocene  minimized. However, since noise and artifacts limit the useful dynamic
activation products, and 0.25 s for ghbrotons of the reference range of signal attenuation in PFG NMR experiments, the diffusion
compound GHap, (bis-o,o(trityl)-4,4'-dimethylbiphenyl) (Chart 1). coefficient of a reference compound should be close to that for the
The singlet CH signal of this internal reference compound at 3.80 ppm species under investigation, preferably within a factor of 2. This was
was used for all diffusion and integral intensity measurements. For this achieved by using the reference compoungHg, (Chart 1), which
purpose, bisx, o (trityl)-4,4'-dimethylbiphenyl was prepared in analogy  combines a large size with a suitaft¢ NMR spectrum (a singlet signal

in an otherwise uncluttered region and other signals not overlapping

(5) Methylaluminoxane (10% in toluene solution, total Al content 4.88 mass sjgnals of the species under investigation) and with chemical inertness.
%, Al content as TMA 1.74 mass %, average molar mass 900) obtained as 9 P 9 )

a gift from Witco-Crompton GmbH, Bergkamen, was evaporated to dryness For an approximately spherical particle much larger than a solvent
i?] va?uohunder stirridng to ()j/ield a finely divi?ceczlasﬂlolid residue, which was  molecule, the diffusion coefficient is given by the Stok&nstein
then further exposed to a dynamic vacuum fer42h at room temperature ; — _ —
to remove most of its TMA content. As determined ¥y NMR, C¢Ds equation, Dy kT/(67nR), where k Boltzman constantT
solutions of MAO samples thus obtained were free of oxidation-derived
OCH; groups and contained ca. 5% of their Al content in form of free (7) Jamart-Ggoire, B.; Fort, Y.; Quirin, M.-J.; Caubere, B. Chem. Soc.,
TMA. Chem. Commuril992 1459.

(6) Gibbs, S. J.; Johnson, C. S., JrMagn. Res1991, 93, 395. (8) Stejskal, E. O.; Tanner, J. BH. Chem. Phys1965 42, 288.

12870 J. AM. CHEM. SOC. = VOL. 124, NO. 43, 2002



Activation of Dimethyl Zirconocene ARTICLES

IV gives unsymmetrical, broad NMR signals, which are not
suitable for precise PFG NMR measurements and their un-
equivocal interpretation, while the ion pair containing the cation
[Cp2Zr(u-Me),AlMe;]* and the counteranion Me-MAQ(type
[11') is highly suitable for diffusion studies, since each of the
IH NMR signals of their cationic parts is a sharp singlet line
(Figure 2). PFG NMR measurements of the Me signal of species
[l at—0.6 ppm gave a higher diffusion coefficient than those
based on its €Hs signal at 5.4 ppm; in addition, the Me signal
intensity deviates from the exponential decay Withrequired
by eq 1. These observations are most likely caused by the
chemical exchange of Me groups between spedtiesand
Al,Mes. Measurements based on theHg 'H NMR signal of
speciedll were thus used for evaluation of its diffusion rates.
Diffusion coefficient ratiosD,e#/Dy;; and mean effective radii
Ry derived from them according to eq 5 are listed in Table 1.
For the effective radius of specidl$ , values ofRy, in the
range of 12.2-14.4 A are obtained at different zirconocene and
MAO concentrations. This value is much larger than any
reasonable estimate for the radius of the cationic part of species
Nl (e.g., for (GHs)2ZrMe, we find R~ 3.3 A by PFG NMR).
Figure 1. Schakal drawing of the van der Waals outline of'GbPM) Ther-e can thus be no doubt that the hetemdinu?lear cation of
modeled on the basis of the crystal structure of @PM)s;,° (projectio3}1 speme_slll d_lffuses’ together \_Nlth th? Me_MAO_amon’_ asan
along aCs axis) superimposed by a sphere with radius 6.0 A. associated ion pair. The fraction of time for whildh exists as
separated ions can be estimated to be so small that its
temperaturey = solvent viscosity, an& = particle radius. If the shape  contribution to the observed diffusion rates is insignificant:
of the reference compound can be assumed to be spherical, the effectivex\most identical values 0Dre/Dyi , Obtained at zirconocene
hydrodynamic radius for speciésis given by eq 4: concentrations differing by a factor of 17 (samples 4 and 8),
R, = (D.{D) R @ indicate a dissociation constatt of the ion pa_lir that is
X ref =X e substantially smaller than the lowest concentration (Kes

The molecular shape of the reference compougdHs is highly 5 X 105 mol/!_). This result.|s in line Wl.th earlller reports on
nonspherical, however; therefore, its effective hydrodynamic radius had various alkyl erconogene Cat'?moraFe anion pairs, which were
to be determined by use of a primary reference. The complex &S0 found to remain associated in the hydrocarbon solvent
Cd"(DPM); (DPM = di(pivaloyl)methanate, (CiC—CO—CH—CO— used®
C(CHg)s™), has a shape close to a sphere with van der Waals radius The Ry, values obtained at different zirconocene or MAO
Reopmy, = 6.0 A (Figure 1) much larger than a solvent molecule.  concentrations show some minor but significant changes. As
Therefore, its diffusion coefficient can be used to determine the effective discussed above, these changes are unlikely to arise from any
hydrodynamic radius of speciésaccording to eq 4. Furthermore, the significant degree of ion pair dissociation. Rather, they might
surface of this complex is formed by 18 methyl groups; this minimizes be caused by two concurrent effects: Increased radii might arise
the probability of anyz-stacking or other specific interactions with " formation of ion quadrupoles or higher agaregates at
benzene solvent molecules and makes this complex an optimal primary rom . q P . 9 . 99 g .
reference for MAO and Me-MAO particles, the surfaces of which gle_vated zirconocene concentratl_éhsuch an increase |n_S|ze
are also thought to be lined with methyl groups. Co(DR&§nnot be is indeed observed when total zirconocene concentrations are
used as an internal reference, however, since it reacts with aluminumincreased, either at constant MAO concentrations (samples 4,
organyls. It was thus used to calibrate the diffusion coefficient of the 3, 2, and 1, and samples 8, 7, and 5) or at constant Al/Zr ratios
reference compound sg¢Hs.. Measurements in ¢Ds at 300 K gave (e.g., samples 6, 5, and 1).
Deopmy/Dret = 1.278. The effective hydrodynamic radii for species Aggregation of two associated ion pairs to an ion quadrupole
were thus determined using eq 5. would be expected to increase the effective radius by a factor
of approximately (2% = 1.26. Factors of 1.18 and 1.06, by
which the effective radii of speci¢d increase between samples
4 and 1 and between samples 8 and 5, respectively, are thus in
a reasonable range. For decreased zirconocene concentrations,

Of the two species (typd andIV) found in GDs solutions the IH NMR signals of the gHs and Me groups of specidh
containing (GHs)2ZrMe, and MAC? at high Al/Zr ratios, species  move upfield to limiting valued.In parallel, the signals narrow

o | eiod baced on 1 | T significantly (Table 1). These effects are most likely due to the
©) sponding Fe(lly complex. Fe(dPMYBaidina 1. A Stabikoy P. A formation of ion quadrupoles or higher ion aggregates at elevated

Alexeev, V. I.; Igumenov, I. K.; Borisov, S. VZh. Strukt. Khim1986 concentrations dfl . The limiting values of the chemical shifts
27-3 102) by reducing metalO distances from 1.99 to 1.89 A, as found
in the corresponding metahcac complexes, and by minimizing intramo-
lecular repulsions (Program HYPERCHEM). The van der Waals volume (10) (a) Beck, S.; Prosenc, M.-H.; Brintzinger, H.-H.Mol. Catal. A: Chem.

Ry = 1.2780,,/Dy) x 6.0 A (5)

Results and Discussion

of a Co(DPM} molecule would be equivalent to that of a sphere with radius 1998 128 41. (b) Schaper, F.; Geyer, A.; Brintzinger, H.-Blrganome-
5.9 A; this value is likely to underestimate the effective hydrodynamic tallics 2002 21, 473.

radius, however, since the crevices betweenténebutyl groups appear (11) Beck, S.; Geyer, A.; Brintzinger, H.-H. Chem. Soc., Chem. Commun.
inaccessible to solvent molecules. 1999 2477.
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Figure 2. H NMR spectra of a €D solution containing (6Hs)>ZrMe; (1.6 mmol/L) and MAO ([Al},: = 0.7 mol/L) at field gradients of 5 G/cm (front)
to 50 G/cm (rear); duration of gradient field pulsg&s= 2 ms, diffusion timeA = 200 ms.

for dilute solutions can thus be considered to be those for the and 2.95 are thus predicted for the diluted samples 5, 6, 7, and

nonaggregated, associated ion péir.

When samples with similar zirconocene concentrations (e.g.
samples 3 and 7 or samples 2 and 6) are compRyed)creases
with MAO concentration. On the basis of the reasonable
assumption that MAO molecules with different Lewis acidities

8, respectively, based on the relative decrease in MAO

, concentrations and on the corresponding{[Ill ] ratios of the

undiluted samples, which have the same Al/Zr ratio (samples
1, 2, and 3, respectively). The experimental values of 6.79, 8.71,
3.67, and 2.58, respectively, agree surprisingly well with this

differ also in their size, one would expect a gradual change of prediction.

the average size of the associated ion piiirsvith the degree
of occupation of the available Lewis acidic sites of MAO. If

more strongly acidic sites correspond to bigger MAO molecules,

then the average size of speci#swould increase-at constant
zirconocene concentratiotwith increasing MAO concentration,

Keq= [ IIV] Al ,Meg ™2 (6)

These considerations alone are not sufficient, however, to
explain the observation that the concentration ratios of species

as is indeed observed. When Al/Zr ratios are changed by IV andlll change considerably when zirconocene concentra-
decreasing the zirconocene concentration at constant MAQtions are decreased at constant MAO concentration. Sizable
concentration, the average degree of aggregation of ion pairschanges are observed even when all other measurable indicators
Il and the effect of nonuniform MAO sizes described above chemical shifts, signal widths, and diffusion coefficients for

would affect the average size of specids in opposite
directions. This would explain why an increase of the Al/Zr
ratio by a factor of 4.7 (samples 1 and 2) has only negligible
effects onRy; while dilution with solvent by a factor of 3.4
(samples 1 and 6) diminishé¥, by a factor of 1.13.

specieslll —remain essentially unchanged and correspond to
nonaggregated, associated ion pairs (cf. samples 7 and 8). A
decrease in the rati®\[ J/[ 11l ] with decreasing Zr concentrations

at constant AlMes concentration implies a change K, in eq

6 and can be explained only by some nonuniformity in the

Another interesting phenomenon concerns substantial changesomposition and properties of the Me-MAGanions, which

in the concentration ratios of speci® and Ill , which are

causes a distribution dfeq values. Our present data allow us

observed when zirconocene or MAO concentrations are changedto observe these effects of MAO nonuniformity separately from

The interconversion betweéih andlV (Scheme 1) is described
by the equilibrium constarkeq (eq 6). Since the concentration
of free AlLMegs in these solutions can be assumed to be
proportional to that of MAGZ the ratio [V]/[Ill ] should
increase with the square root of the dilution factor when a
particular sample is diluted with solvent at constant Al/Zr ratio
(e.g., samples 1, 5, and 6)V[J/[lll ] ratios of 6.95, 9.94, 4.18,

(12) MAO solutions always contain some quantity of free triimethyl)aluminum
in form of the dimer (A}Meg), as shown by the signals of free Mes in
theirH, 13C, and?’Al NMR spectra: Babushkin, D. E.; Semikolenova, N.
V.; Panchenko, V. N.; Sobolev, A. P.; Zakharov, V. A.; Talsi, E. P.
Macromol. Chem. Physl997 198 3845. Compared to the zirconocene
concentration range, Mleg is always in excess.

12872 J. AM. CHEM. SOC. = VOL. 124, NO. 43, 2002

those of ion pair dissociation and aggregation and provide new
evidence for conclusions made in this regard before.

The surprisingly strong effects of MAO nonuniformity on
Keq can be qualitatively explained if we assume that at high
Al/Zr ratios the MAO sites of strongest Lewis acidity give, upon
abstraction of Cht™ from (GsHs)2ZrMe,, a Me-MAO™ anion
of particularly low basicity. As a consequence, such an anion
will be displaced by AIMe more easily than more basic Me-
MAO ~ anions formed at lower Al/Zr ratios from residual MAO
molecules with lower Lewis acidity.

The effective hydrodynamic radit&e-mao Of the anion Me-
MAO itself can be assumed to be close to the valud®of=



Activation of Dimethyl Zirconocene

ARTICLES

12.2-12.5 A, obtained for nonaggregated, associated ion pairsthe following light: Al/Zr ratios of 1008-2000 would cor-

of typelll , since corrections for the volume of the cation are
negligible in comparison. To derive the number of Al atoms
per Me-MAO™ anion from theseRyve-mao Values, we have
estimated, from several experimentally or theoretically deter-
mined structures of (Al@-x,Meyn Clusters witl = 6—1213.14
volume increments oW ~ 40—45 A3 per Al atom. This
approach leads to an estimate of 300 Al atoms per Me-
MAQO ™ anion.

This number is higher by one order of magnitude than
numbers of 1620 Al atoms per MAO molecule, hitherto
assumed on the basis of average molar masses of BIID
Da, determined for MAO primarily by ebullioscopy measure-

respond to about-515 MAO molecules per Zr center, if each
MAO would likewise contain 158200 Al atoms!® Taking into
account the nonuniform Lewis acidicity of different MAO
species apparent from our results, it would appear plausible that
only the most acidic 520% of these MAO molecules form
Me-MAO~ anions of sufficiently low basicity to allow their
displacement from (§Hs).ZrMe*, either by TMA to form
reactive speciel or directly by an olefin to initiate polymer
growth. It remains to be clarified which structural changes
accompany the formation of Me-MACanions from their MAO
precursors and how~s 150—200 AlOg-xy2Meyx+1/m units might

be arranged in Me-MAO anions of particularly low Lewis

ments! This discrepancy is most likely due to the inherent basicity!6
weakness of colligative methods, which can provide only a

number-averaged molar mass of all dissolved patrticles present, Acknowledgmgnt. We thank Dr. Frank Schaper fgr help with
including variable amounts of free, dimeric trimethylaluminum, Structural modeling and for helpful comments. Gifts of MAO

whereas our results pertain selectively to the Me-MAQ DY Witco-Crompton and financial support of this work by
counteranions associated with alkyl zirconocene cations. Al- INTAS (project 2000-841) and by funds of the University of
ternatively, formation of each of these anions might require more Konstanz are gratefully acknowledged.
than one MAO moleculé?

At any rate, Al/Zr ratios of about 106200, reported to be
necessary for the conversion of a dimethyl zirconocene precursor(15) We have tried to estimate also the effective hydrodynamic raglius of

. . . MAO using its own'H NMR signal. While this signal is nonuniformly

to some marginally active complex speciespuld thus just
be sufficient to generate one Me-MAQanion per Zr center.
The question why a much greater excess of MA®rresponding
to Al/Zr ratios of 1000 or moreis generally needed for full
activation of a zirconocene catalyst can now be considered in

JA020646M

cal interpretation) and while the Me groups of MAO exchange with much
faster diffusing free AlMeg, the data obtained lead to a rough estimate of
Rwao ~ 12 A, which is somewhat larger than (but still in reasonable
agreement with) that distance recently reported on the basid 6fMR

T, measurementslts close agreement with the mean effective radius of
the Me-MAO™ anion would indicate that formation of this anion requires
only one MAO molecule and is not associated with any substantial
enlargement of its size.

For first attempts to solve this problem by means of graph theory see:
Babushkin, D. E.International Memorial K. |. Zamarae Conference
“Physical Methods for Catalytic Research at the Molecularvel;
Novosibirsk, 1999; Abstracts, p 146.

(13) Mason, M. R.; Smith, J. M.; Bott, S. G.; Barron, A. R.Am. Chem. Soc.
1993 115 4971.

(14) Zakharov, V. A.; Zakharov, I. |.; Panchenko, V.Gkganometallic Catalysts
and Olefin PolymerizatiorBlom, E., Follestad, A., Rytter, E., Tilset, M.,
Ystenes, M., Eds.; Springer-Verlag: Berlin, 2001; p 63.

(16

=
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broadened (so as to prevent precise PFG measurements and their unequivo-



