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ABSTRACT: Since its discovery as a crucial cocatalyst in metallocene and post-metallocene olefin polymerizations
methylaluminoxane (MAO) has retained commercial and academic status. In spite of continued interest the MAO
structure remains ambiguously defined. Because of limited alkane solubility toluene emerged as the MAO solvent
of necessity. With time these toluene solutions can develop a gel fraction. The MAO structures proposed include
linear, ring, ladder, and cyclic with the latter involving fused four and six membered rings along with cage and
drumlike architectures. The linear and ring structures have aluminum and oxygen valences of three and two
respectively while the other structures require Al/O co-ordination numbers of four and three. MAO structural
information has been gathered from colligative property measurements, various NMR formats and quantum
chemical calculations. We have used small-angle neutron scattering (SAdi8fied with static and dynamic

light scattering (SLS/DLSyas the primary analysis tool for dilute MAO solutioggg* < 0.6). The main structure
assayed is a linear polymer chain consisting-eA[(CH3)—0O—] monomer units with amM,, of 20 kg/mol and

a negative second virial coefficient. The latter fortifies the recognized state of play that toluene is a poor MAO
solvent. About 0.8 wt % of MAO was captured as large-scale three-dimensional aggregates. Elemental analysis
results show that in these large-scale aggregates the ratio of O/Al is significantly larger than for the smaller
polymer chains. Additionally the large-scale aggregates contain only a small fractioryoin@$i Those structures

may be the precursor aggregates to the previously observed macroscopic gel fraction reported to form over time
at room temperature. The solutions studied in this work did not show gel formation over an 8-month period at
~0 °C.

Introduction is in agreement with that of tricoordinated aluminum found in

Methylaluminoxane ([ACH/O]—MAO) has held, since its the self-assembled linear or ring architectur‘es. Si'nt] thale
discovery as a catalyst activator in 198Da nearly unique referr(ted to thh's _for:n Ofl f’?lg%h)é) -] das classtlﬁ '\c/iIAO.'t
position as the activating cocatalyst for olefin-based polymeriza- 8?}2{;;{2' t?]e%T'; ?avg? tcr :J Ella Sérize e sl,Jt[r)l?:tureg rel?a rt]if/leyto
tions. The absolute structural identities of the MAO aggregates the linear or riny architectSres }I/'he fo?mer acareqates involve
and its catalyst complexed counterparts remain ill-defined. The th dinati 9 b flth d f g% 9 d
need for sufficient propagating headgroup reactivity often € coordination numbers of three and four for oxygen an

requires a MAO/catalyst ratis 10*. Supported catalyst systems aI_umlnum rt_aspectlve_ly. The Lewis amql character of alur_nlnum
can reduce this value. This generic dual catalyst combination with the dative bond is attenuated relative to that of the trivalent

led to the commercialization of olefin homo- and copolymeriza- format. Thus, a structure/activity conflict is in play where the

tions presumably carried by a single active center, the “single tl_rg/v?il;eralltc;‘grkr)r; hogvﬁllrj:/nv::r:en:hs fgsgrrgszifoh;\r/&?utr: rneei?fed
site” systems. The monolithic identity of the propagating site q

has led to unprecedented compositional, molecular weight a!umipum to adppt the quadra-valent format with its attendant
distribution and tacticity control in olefin systems. In certain diminished Lewis acid character.

cases, the propagation mechanism yields living systehat In contrast to MAO's status as a vital co-ingredient in these
provide control over chain molecular weights and polydispersity Systems its molecular structure in solution remains ill-
indices. deciphered. For some commercial forms of MAO the chemical

MAO is taken to be a Lewis acid that substitutes one or both COmpositionsare experimentally approximated as follows: [Al
chlorides on the catalyst precursor with methyl groups, then (CHa)~150~074n wheren is an integer taken to range from
abstracts a chloride or methyl group to form the propagating about 8 to 18. Sirfhhas dubbed this structure “true” MAO.
center. These active sites most commonly involve the cation C2ge and drumlike structufésave been proposed to represent

alkyl complexes with Ti, Zr, Hf, or Ni. The Lewis acid character the MAO architecture. The deviation from the stoichiometric
structure (“classic” MAO) of AI(CH3)O—] appears to be

dependent upon the MAO synthetic route choSe@ryoscopy
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viscosity and dimensions of the diffusing molectdeThis
approach has led to an effective radius of ¥212.4 A for a
MAO anion tethered to a Zr-based cation.

Pulsed field gradient NMR indicates the value of 19.4 A as
the molecular size of the MAO molecul.Reviews are

available that survey proposed MAO structute&14A survey 5 1 0 -1
of this literature reveals that cyclic and long chain linear b)
structures with their tricoordinate aluminum character seemingly 4 2

\
have been dismissed as viable aggregate architectures. An _/_,DM

accepted rationale for this is the conclusforthat “such , . ,
coordination is rare in aluminum chemistry and can be found [ 0 -1
only when higher coordination is sterically hindered”. The MAO Chemical shift [ppm]
structure literature is generally mute, in a quantitative manor, Figure 1. *H NMR spectra of PMAG-IP in ds-toluene at 20C. (a)
as to why large-scale aggregates involving trivalent aluminum ©riginal PMAOG=IP. (b) After removal of TMA.
are unfeasible.

We have examined the structure of MAOdgtoluene using

ature. A white solid remained. The weight corresponded to 17.7%

. ; . . of the original solution. Deuterated toluene (99% d, Chemotrade)
small-angle neutron scattering (SANS) complimented with static was purified by three degassing cycles, stirred for several days (on

and dynamic light scattering (SLS and DLS). In general we e yacyum line) over sodium dispersion at room temperature
found three different regimes in the scattering behavior of all fo|owed by 3 h stirring at 110°C. Finally the dg-toluene was

MAO solutions. (i) At small scattering vector®, < ~6 x 1073 distilled into a second flask.
A-1 as covered by SLS and partly by SANS, we obseaved a8  samples fotH NMR, SLS/DLS, and SANS were obtained by
strong power law decay of the scattering intendif) ~ Q™*, dissolving solid PMAG-IP in dg-toluene. Before use thi-toluene

typical for sharp interfaces between dispersed particles andwas filtered (in the glovebox) using a 0.@2n Anotop membrane
solvent® (asymptotic regime, Porod scattering). (ii) At inter- filter (Whatman, U.K.). Static light scattering demonstrated that
mediateQ vectors, 6x 103A-1 < Q < 0.03 A1 as covered theds-toluene was dust free. All cells, flasks, and pipettes used for
by SANS only, we observed a concentration dependent intensity this work were likewise prepared dust free by extensively rinsing
plateau. Finally (iii) at large vectors,Q = 0.1 A-%, a second with filtered acetone in the glovebox. The cells containing the
asymptotic regime is found with a,power law aecay of the solutions were prepared in the glovebox and transferred to the
A . _ . . vacuum line, cooled te-—80 °C, evacuated, and flame-sealed off.
scattering intensityl(Q) ~ Q~2, typical for a Gaussian polymer ' y S .
coil 17 Th?s scena??cg c)an be in?(;[r)preted by the preseelcz of two For some samples the PMAGP solutions were centrifuged for

. - . . . : different times using a Heraeus Labofuge 400R at 4500 rpm before
different species of scattering particles with strongly different peing transferred into the cells.

radii of gyr_ation. The Ia_rger particles are too big _for th_eir Si_z_e For the sample that was centrifugedr fb h the amount of

to be precisely determined. Only their asymptotic regime i is precipitate was quantified. After centrifugation the clear solution
seen in our scattering experiments. For the smaller particles,as removed almost quantitatively in the glovebox, new dry toluene
on the other hand, we can precisely determine their radius of was added to wash the precipitate and the centrifugation process
gyration, Ry = 46.2 A, and molecular weightyl,, = 20 kg/ was repeated for another 2.5 h. Again the clear solution was
mol, from regime ii. The asymptotic regime iii of the smaller removed and the flask containing the precipitate was dried under
particles shows that their internal structure resembles those ofhigh vacuum conditions. It was found that the precipitate accounted
linear polymer chains (Gaussian coils). for 0.8 wt % of the solid PMAG-IP originally used for the

With respect to the corresponding weight fractions of the two €XPeriment.

species, we found that the linear polymer chain (Gaussian coil)  Historically MAO has been produced via the reaction of water
was observed to be the main structure in dilute solution. With :lel Tnmethyl a'umt'pl.”m (TMA). 'Il'oluedne sl%lutlons .Ofl this rfnaterlal

. . ) , . lack long-term stability since gels and solid material can form as a
!”Cref".‘g con(;:_entratlog vlve found br&lllnfchlng to 8(3/(:CU; V12 fnction of time. The PMAG-IP studied in this work was produced
interchain coordination. Only a very small fraction@.8%) o by a nonhydrolytic proces§ Generally, the way MAO is produced
MAO is present as large scale particles. No evidence of the a5 strong influence on its chemical composifibis will be

coexistence of the smaller structures conjectured by dtHérs> shown, this synthetic approach yields a product with a composition
was found. approaching that of “classic” polymeric MAG-JAI(CH3)O—].
. . B. IH NMR of PMAO —IP. The purity of PMAO-IP in ds-
Experimental Section toluene was evaluated by proton NMR. One-dimensional NMR
A. MAO Purification and Isolation. Polymethylaluminoxane spectra were recorded on a 14.1 T instrument (Varian Unity Inova

IP (PMAO-IP) was obtained from Akzo-Nobel as a transparent, 600) at 20°C. Eight scans were accumulated for each spectrum
colorless and precipitant free toluene soluti®he aluminum using a long recycling delay (30 s) between scans. The integral
content was 7 wt %. Sample preparation was carried out on a P€ak intensity is proportional to the number of protons contributing
vacuum line and in an MBraun Unilab glovebox under argon to a signal only if the spin system completely relaxes between
atmosphere (@level < 0.1 ppm, HO level < 1 ppm). All consecutive scans.
equipment that was used outside the glovebox was equipped with  The primary impurity was considered to be TMA. NMR spectra
Teflon Young stopcocks to prevent contamination with air or of PMAO—IP in dg-toluene were recorded prior to and after the
moisture. These procedures emulate the protocols previously*given purification procedure described above. The spectrum of nonpurified
for the rigorous handling and purification of the solvents and PMAO-IP, Figure 1la, was obtained after diluting 0.1 mL of the
monomers used in organolithium living anionic polymerizations. original PMAO—IP solution inhg-toluene with 1 mL of drydg-
Hence, the possibility of accidental sample adulteration was virtually toluene. The broad signal 2 extending from abéwi.3 ppm to
eliminated. —0.5 ppm corresponds to methyl protons of PMAIP. The
Using the glovebox, the PMAGIP solution was transferred into  narrower peak 1 at0.3 ppm on top of the broad signal is related
a flask. The toluene was then distilled off at 8D on the vacuum to TMA.22 The molar ratio between (Al(CH—0O) and TMA is
line. To ensure removal of residual trimethyl aluminum (TMA) approximately 95:5 based on the integral signal intensities. NMR
the pumping process was continued overnight at the same tempersignals observed betweetl.5 ppm andt-0.8 ppm (3 and 4) most
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Table 1. Characterization of Methylaluminoxane

sample composition density [g/ém  p[cm™?
h-MAO(nominal) ~ —(AIOCHg)- ~1.036 5.03x 10°
h-PMAO—IP —(AIOC143H3g9- ~1.10 4.45x 10°
(analysis)
amorph. Al,O3 2.85 4.09x 100
aluminum oxide
decomposed MAO  AD,sCH3 ~1.90 1.77x 100
hg-toluene GHs 0.865-0.867 9.38x 10°
dg-toluene GDs 0.943 5.62x 1010

likely arise from aliphatic cosolvents or higher alkyl groups that
are incorporated into the PMAGP structure'®

A H NMR spectrum of PMAG-IP in dg-toluene after removal
of volatile material is shown in Figure 1b. The almost complete
disappearance of the sharp signat-&.3 ppm indicates that most
of the TMA was eliminated. The remaining signals (3 and 4)
between+1.5 and+0.8 ppm most likely represent higher alkyl
groups, which are covalently bound to PMA@P. Octyl groups
are frequently incorporated into PMAGP for solubility enhance-
ment!® We assume that the PMAQP studied here also contains
octyl groups causing the NMR signals observed betweers and
+0.8 ppm. From the intensity ratio of the methyl and octyl peaks
in Figure 1b it was estimated that the molar ratio of octyl to methyl
is approximately 6:94 in the PMAGIP studied.

C. Elemental Analysis of PMAO—IP. The elemental analysis
of the purified PMAG-IP was carried out in the Zentralabteilung
fur Chemische Analyze, ForschungszentruiichuFor the purified
PMAO-IP after removal of TMA the amount of aluminum was
found to be 36.9t 0.7 wt %, while for oxygen 20.8& 1.0 wt %
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Here, ¢ is the volume fractionV,, the corresponding weight-
average molecular volume, an@(Q) the form factor of the
scattering particles, which contains all structural informatitp.

is the scattering contrast given by
_ _ E bO E bmon
Ap=py—p= -
Yo Umon

The ratio pg = Zbg/vg is the scattering length density of the
solvent withby the scattering length of the atoms forming the solvent
molecule andy the corresponding volume. = by or/ vmon IS the
corresponding quantity for the repeat unit of the scattering particle
andN, the Avogadro number. Since dl] terms are well-defined
and tabulated properties of the corresponding nucleus the SANS
data are obtained on an absolute scale and can be unambiguously
interpreted.

The SANS measurements were performed at the instruments
KWS1 and KWS2 at the Forschungszentruriliclu We used
sample-to-detector distances, = 20, 8, 4, 2, and 1.25 m, and
collimation lengthsL = 20, 14, 8, 4, and 2 m, using a neutron
wavelengthl = 7.3 A with a wavelength spread of1/1 = 20%
and 10%, respectively. This coverarange of 2x 103 A1 <
Q =< 0.23 A1, which corresponds to a spatial resolution 5AD
= 1/Q < 500 A. To achieve maximum contrast and minimum
incoherent background, we investigated the PMAP structure
in dg-toluene. Using eq 2, we can calculate the coherent scattering

@

were measured. This translates into an O/Al molar, which is close length density for MAO: pwao = 4.45 x 10° cm? and an

to the ideal value for “classic” MAO of 1:1. The elemental analysis

incoherent scattering intensity of341Q)inc. and pg—toluene = 5.62

was also carried out on the precipitate obtained after the centrifuga- < 10'° cm™2 (99% D).

tion process. The amount of aluminum was 46.9.5 wt % while
that of oxygen was 35.3 0.5 wt %. This led to the molar ratio
O/Al of 1.28:1.

D. Density Determination of PMAO—IP. The density of neat
PMAO—IP was estimated from the densities of the corresponding
solutions inhg-toluene usin@pmao-p = (dso. — (1 — XW,PMAO*IP)'

ol )/Xw,pmao—ip- FOr unpurified PMAG-IP solution used in this
study the density has a value of 0.90 gfcat a weight fraction
(solid material) ofx, = 0.177, which had to be corrected for the
amount (5 mol %) of TMA. We thus derived a MAO density of
1.10 g/cni; see Table 1. For comparison: compilation of data from
different suppliers gave a mean valuedgfo = 1.044 0.07 g/cni.
(Aldrich, xymao = 0.1,dsq. = 0.875 g/crd; Albemarle,Xymao =
0.1,dso, = 0.89g/cn3; Albemarle Xy mao = 0.3,dso, = 0.92g/crd).

Combining all results froriH NMR and elemental analysis about
the chemical composition of PMAGIP, we can thus assign the
following sum formula for purified PMAG-IP: AlIOC; 4H3g9and
calculate the mean molecular weight of the PMA® monomer
unit where CH is partially replaced by the-octyl unit: Myao =
64.3g/mol.

E. SANS Experiments.The SANS measurement uses wave-
lengths £) from ca. 5 to 15 A over the angular range ©0.1—

In general, all azimuthally averaged data were corrected for
empty cell scattering and then normalized to the absolute scattering
cross section, [cri], using a 1.5 mm plexi standard. Contributions
due to incoherent background and solvent scattering were subtracted
from all data sets before analysis. Table 2 lists the contrast matching
toluene mixtures used in this work. A useful presentation of the
theory and practice of SANS for polymeric systems is available
from Higgins and Benoit?

F. Static and Dynamic Light Scattering (SLS/DLS).In order
to obtain a maximum degree of comparability between all experi-
ments, the measurements used solutions that were prepared by
dilution of the stock solution used for the SANS experiments.
Samples were prepared, covering a concentration regime between
1% and 10%. The solutions were filtered through @2 Anotop
membrane filters (Whatman, U.K.) into the thoroughly cleaned
sample cells (Hellma). The refractive indey,= 1.49, and density
of the solventdg-toluene,d = 0.943 g/cm were taken from the
literature?! The absolute viscosity was estimated torge= 0.62
cp (ForT = 273 K a value ofyo = 0.81 cp is reported fodg-
toluene compared tgo, = 0.77cp forhg-toluene and assuming a
T-independent ratio).

DLS experiments were performed using an ALV SP-125 (ALV,
Langen, Germany) compact goniometer in a homodyne setup with

20°. Therefore, it probes structural dimensions covering the range an argon ion laser (Coherent, Innova 90-4), operating with vertically
between 15 A and several thousand angstroms. Since in the smallespolarized light at 514.5 nm, 56800 mW TEM. Intensity autocor-
of these spatially resolvable volumes there are many atoms, therelation functiong?(Q,t) were recorded with an ALV 5000 E (fast

system can be described in terms of scattering length dengifies (
The advantage of neutrons over X-rays is the ability to vary the

version, 319 channels) multi-digital correlator covering a time
window from 12.5 ns up to several hours. The scattering vegtor

scattering length densities of different constituents of a hydrocarbon for light scattering is given by = [4ng/A¢lsin ©/2 with Ao the

sample over a broad range by H/D substitution. The visibility of

wavelength in vacuum. Because of the use of a dual detector system

the molecules in solution depends upon the difference between the(ALv —SO/SIPD) operating in the “pseudo” cross-correlation mode

solvent/solute scattering length densities.

The experimental quantity observed in a SANS experiment is
the intensity in terms of the macroscopic cross secti@id@) as
a function of the scattering vect@ = [4:/1] sin ©/2, with 4 the
neutron wavelength and® the scattering angleQ has the

even the first channels could be recorded without any distortion
from electronic noise. All measurements were performed at 20.0
+ 0.1°C in the angular range 28 © < 154°, yielding aQ range
from 7.84x 1074t0 3.56x 1072 A~L. This compliments the SANS
Qrange of 2x 103 < Q < 0.23 AL,

dimensions of a reciprocal length and can therefore be regarded as The measured intensity autocorrelation functgd(Q,t) can be

an “inverse meter stick”.

related to the intermediate scattering functigh®,t) by the well-
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o MAO 1.75% T=20°C

(d=/dQ) [em™]

SLS/DLS
T

10° 00

QIA™]
Figure 2. SANS intensity in absolute units vs scattering vedfr
Solid lines: power law with slope4 (Porod law),—2 (Gaussian chain),
and —(%/5) (swollen chain), respectively. Filled symbols: SLS data
scaled by a factof = 6 x 10".

Table 2. Solvent Compositions Used for SANS Contrast Variation

solvent composition ¢ d-toluene  density [g/cAj? plem™?
dg-toluene 1.000 0.943 5.622 1010
63% 0.634 0.914 3.94 100
41% 0.410 0.897 2.8% 10
18% 0.179 0.879 1.7g 100
hg-toluene 0.000 0.8650.867 9.38x 10°
a293 K.

known Siegert relatic® g{(Q,t) = 4/g?(Q,t)—1. Data were ana-
lyzed independently by (i) the cumulant meth8dyhich expands
IN(g}(Q.t)) in a power series df IN(gYQ, 1)) = uo — uat + (1/2!)

Uz 2 — ..., with a first cumulanf; = T, the mean relaxation
frequency, and a reduced second cumujait,? related to the
polydispersity of the sample, and (ii) the inverse Laplace transfor-
mation using the regularization algorithm of the CONTIN pro-
gram?* To account for particle interactions in dilute solution, a
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Jim (@S0Q) = pksayVr  NiM Ro=gksiVy  (4)

The corresponding contrast factors for SANS and SLS are
given byksans = Ap?/Na andksis = (472n5(dn/dc)?)/(dNal%).
From our SLS data alone, it was not possible to de¥yelue
to the missing (d/dc) value. Therefore, we scaled in Figure 2
the normalized SLS datdge, to the normalized SANS data,
(d=/dQ), to show the scattering profile of MAO over the whole
experimentalQ range. The applied multiplicative factor for the
SLS data shown in Figure 2 fs= 6 x 107. Hence, in principle
we should be able to recalculate the experimentally inaccessible
(dn/dc) value for MAO from the applied scaling factdrby
starting from

(g_é)SANSZ Ksans?sans VuP(Q) =

f Rg_s = fks P51V P(Q) (5)
This then gives

(@) [ _dif A
dC 2.7[2n02 f

Using our experimental parameteng=1.494,1 = 514.5 nm,
Ap? = 2.72 x 10?* cm™, dmao=1.10 g/mol and the applied
scaling factorf = (6.0 & 1.0) x 10" we obtain for the MAO
refractive index increment (ddc) = 0.003+ 0.001. This very
low value confirms our postulated near iso-refractivity of
PMAO—IP and dg-toluene. This explains the difficulties in
performing static and dynamic light scattering experiments; see
also the discussion below. The large scatter in the SLS data

(6)

virial expansion can be made that describes the concentrationalso accounts for the low contrast due to the near iso-refractivity

dependence of the mutual diffusion coefficieDi(¢). After
extrapolation to infinite dilution, lip-oDm(¢) = lim,—ol'1(¢)/Q?

= Dy the hydrodynamic radius of the scattering particles can be
derived from the StokesEinstein relation: R, = [KT/6m70Dg] -

Results and Discussion

SANS/SLS.Figure 2 shows the SANS scattering intensity
(d=/dQ) in absolute units [cm!] as a function of scattering
vectorQ for purified PMAO—IP in dg-toluene at 20C with a
volume fraction¢g = 1.75%. Also shown are static light
scattering (SLS) data (filled symbols, scaled by a fatter6
x 107 that extend the SANS) range to smaller scattering
vectors. We were not able to experimentally determine the
refractive index increment (ddc) needed for SLS since all
MAO solutions are highly sensitive to air and can only be

of PMAO—IP andds-toluene. In addition, one has to keep in
mind that the scaling factdrhas large error bars, due to the
strong scatter of the SLS data. Therefore, the molecular weight
of PMAO—IP given in the following is derived from the SANS
data alone, for which the contrast factaans = Ap?/N,, See

eq 1, is precisely known.

In general we found two power laws separated by an
intermediate plateau in the scattering behavior of all MAO
solutions, see Figure 2. This behavior divides the experimental
Q range into three different regimes. (i) Most prominent is the
power lawl(Q) ~ Q* observed in both data sets, SLS and
SANS, at lowQ-vectorsQ < 6 x 1073 A~1. Such a decay is
typical of the asymptotic regime (Porod scattering), when the
scattering arises from sharp interfaces between dispersed
particles and solver€ (ii) At intermediateQ-vectors, i.e., 6x

handled in an inert atmosphere (glovebox). Both data sets, thel(rg < Q < 10t A1, a plateau is visible, which indicates a

Rayleigh ratio Rg obtained by SLS and the macroscopic
scattering cross section J@Q2) obtained by SANS, were
obtained in absolute units [crH by normalization to either a
toluene or a plexi standard, respectively. In general, the
molecular volumeV,, in cm¥mol of a scattering particle can
only be derived from the experimental scattering intensity in
[cm™], if the contrast factok of the applied scattering technique
is known:

()@ = honmeP@

Ro(Q:#) = ¢ks Vy,P(Q) (3)

and after extrapolation to zero scattering vector and infinite
dilution:

clear separation of length scales. Such a plateau is usually found
if QRy~ 1, with Ry being the radius of gyration of the scattering
particle (Zimm or Guinier regimé® (i) Finally, at high
Q-vectors,Q > 1071, a second power lalQ) ~ Q2 evolves.
That resembles the typical scattering law found for polymer
chains unde® conditions!’ the Gaussian chai?.

This general scenario can be interpreted by the presence of
two different species of scattering particles with strongly
different radii of gyration. The larger particles are much too
large such that their size cannot be precisely determined and
only their asymptotic regime i is seen in our scattering
experiments. For the smaller particles, on the other hand, we
can precisely determine their radius of gyration from regime ii.
The asymptotic regime iii of the smaller particles shows that
their internal structure resembles those of linear Gaussian chains.
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T " 2 T .
. o o MAO 1.62% 20°C 0
104 :%X‘ , < MAO0.89% 20°C o * o=0:
b A MAO 0.42% 20°C o~ M'-2014ldmol
T;‘ g 15 r=4624
= 104 7
S =, 101
N g ,
10 = MAO 1.62% 20°C
8 59 o= o MAO 0.89% 20°C
M, =20008g/mol 4 MAO 0.42% 20°C
A= -5.910%cm'mol/g’
107 0 : ,
a 10° 0 2 4 6
Q+0.005 - @ [ 10°A?]
: : Figure 4. Zimm plot of the data shown in Figure 3. Filled stars:
0 MAO 1.62% 20°C extrapolation tap = 0. Filled black symbols: extrapolation @ = 0.
_ 104 0 Qo o P~ o MAO 0.89%20°C
- rmy 4 MAO 0.42% 20°C L .
g describing theQ dependence of the particle form fact(Q),
- results in the well-known Zimm pld®26 A Zimm analysis is
a performed essentially without any assumption about the detailed
5 molecular structure of the scattering particle (model-independent
Z 10 . analysis) and reflects only its overall or global properties, i.e.,
the molecular volumey,, the radius of gyrationRy, and, if
applicable, the second virial coefficieAt (Using the dimen-

0 M o sionless volume fractiop as commonly applied for SANS data,
b QA7 Ao sanshas the units [mol/cAif 1(Q) is given in units of [crd/

Figure 3. (a) SANS intensity in absolute units vs scattering veQor ~ mol]. The light scattering community rather uses the weight/

for different volume fractions of PMAOIP in d-toluene. Solid lines: volume concentration [g/cfhand therefore),; has the standard

Fit to the Debye form factor; see text. (b) SANS intensity normalized . .
to volume fraction¢ vs scattering vectoQ for different volume units [cn? mol g°7. Both can be easily converted by the

fractions of PMAC-IP in d-toluene. Solid lines: Fit to the Debye form  elation: Az sandd?® = A; with d, the density in [g/cr). The
factor; see text. Zimm plot of our data@ > 102 A-1) is shown in Figure 4.

The dual extrapolations to zero concentratign=t 0O, filled

This generic scattering behavior was qualitatively found for squares) and angl€@(= 0, filled symbols) lead to the following
all PMAO—IP solutions. But whereas the intermediate and high characteristic¥ associated with the PMAGIP structure: My,
Q-behavior can be reproduced quantitatively in terms of volume = 20 kg/mol;Dp = ~311;A; = —5.9 x 104 cnm® mol/¢?; Ry
fraction, temperature, and applied contrast and is essentially= 46.2 A; IRAFM = 0.637 & mol/g while C., = 4.3. The
independent from sample preparation protocol/history, the low conversion of the measureeaverage molecular weight to the
Q-behavior, i.e., the Porod lawQ4, depends crucially on  weight is given elsewher.
sample history and shows in addition pronounced time depen- For a detailed analysis in terms of the microscopic intramo-
dence if special precautions are not taken. Only if PMAP lecular structure of the scattering particles, we have to fit our
solutions are centrifuged for an extended time (18 h at 4500 SANS data to different (model) form factors to check if those
rpm) can the lowQ Porod scattering be minimized with respect can describe the experimental data over the QHange. For
to intensity andQ range. It is, though, never completely “classic”, polymer-like MAO, FAI(CH3)O—], in a bad to
suppressed. marginal solvent, the most probable form factor would be those

Figure 3a shows the concentration dependence of SANSof a Gaussian chatfi(Debye function)P(Q) = 2(exp—Q?Rs?)
intensities in the dilute regime witlh < 2%. Theses samples + Q?°Rg? — 1)/Q*Ry*. The corresponding Debye curves obtained
were centrifuged for 2 h. Whereas in the intermediate and high from fitting our SANS data are also shown in Figure 3a as solid
Q-regimes the scattering intensity systematically increases withlines. We fitted the different volume fractions separately, but
increasing volume fraction while in the lo®-regime the fixed My, andA; to the values obtained from the Zimm analysis
intensity level, slope and onset of the Porod-like power law where only Ry was allowed to vary as the free parameter.
changes in a nonsystematic manner. Therefore, a quantitativeCertainly the Q dependence of our SANS data cannot be
analysis, as presented in the following sections, can only be described over the fulD range using the Debye function. These
applied toQ-vectorsQ > 1072 A-1, as can be seen in Figure deviations become even more pronounced if we present the
3b, where the same data (now normalized to volume fraction SANS data in a so-called Kratky representafibne., plotting
¢) are shown. Using this representation the volume fraction 1(Q) - Q? vs Q, as shown in Figure 5. A Kratky representation
dependence of eq 1 should be eliminated, as observed for highreveals the existence of branched polymer structures by a peak
Q-vectors. Here, all data coalesce in thlgange since SANS  whose height crucially depends on the degree of branching. The
exclusively observes the local structure on the length scale of form factor of a linear Gaussian chain (Debye function), on the
several tenths of an angstrom. This proves, without ambiguity, other hand, increases monotonically due to the powen (@)
that almost all of the PMAGIP material is present in the ~ Q2 Such a plateau is found in our experimental data only
polymer chain structure. for the lowest volume fractiop = 0.42%, but the plateau height

Toward the lowQ-vectors the curves split into a volume deviates from those of the Debye function. With increasing
fraction dependent Zimm- or Guinier plateau, indicating the volume fraction a slight peak evolves, which becomes clear for
onset of particle-particle interactiong? The simplest approach  the highest volume fractions = 2.63% and 4.30% indicating
to describe interactions in dilute solution is a standard virial the existence of branched structures.
expansion, i.e../l(Q = 0) = 1Ny + 2Axp + ..., which, when We have to point out that, in Figure 5, we are showing two
combined with the Guinier lawP(Q) ~ exp(—Q?Ry3) for different data sets: different with respect to sample preparation
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Figure 5. Kratky plot of PMAO-IP in d-toluene. Solid line: Fit to 1+ Q2R92/3f
the polydisperse star form factor, eq 6, around the peak region. P(Q) = P 5 (7)
(1+ QPR (F + 1)/60)

and different with respect to the SANS setup. Whereas the high

concentration data shown in Figure 1 and Figure 5 were obtained This form factor, eq 3, is equivalent to those of a nonrandomly
from untreated MAO solutions with a high-resolution SANS branched polycondensate of the ABC-type monomers, where
setup D1.25£14, D4/C14,D8/C14,D20/C20 with D = sample- group A can react with group B with probabiliy/(propagation
to-detector distance ar@@i= collimation length, both in meters),  probability), or group A can react with group C with probability
the low concentration data shown in Figure 3 and Figure 4 were y (branching probability), all other reactions are excluévlah
obtained from purified (filtered/centrifuged) MAO solutions with  this case the mean functionalifyin eq 6 is replaced by

a standard SANS setu2/C4, D8C8, D20/C20). Figure 5 gy g

contains data from both sets, i.e., unpurified/high-resolution Y |

SANS, 4.30%, 2.63%, 1.75%, and 0.88%, and purified/standard =B+ x [(ﬂ LRI ®)
SANS, 0.42%. The peak in the Kratky representation is most . . .
obvious in the unpurified/high-resolution SANS data set due  The Benoit form factot for a regular Gaussian star with
to the betterQ resolution (trivial) and due to the higher ~Monodisperse arms

concentration, which seems to enhance interchain branching.

This now raises the crucial questions, whethkr andRy are PealQ =——— ’Q Rg arm —-(1-e —Q? Rgarm) +
varying with concentration. Actually we cannot derive a clear fQ* Rg arm
answer from our data for the moment without any further f—1

—0? 2
analysis. However, we can consider two limiting scenarios: (a) (1-e @ Foar )2 (©)
fixed, concentration independem,, and Ry, but a strong
negative second virial coefficient, which is responsible for the also gives a peak in the Kratky representation, but is very
larger “apparentM,, andRy with increasing concentration; (b)  unlikely considering the synthesis protocol of PMA®.
a “real” variation ofM,, and Ry with increasing concentration In analyzing our SANS data we found that none of the form
due to aggregation of individual linear PMAGP chains. factors given above can describe the data over the full
Probably our system is in between. Any aggregation between experimenta range. Either we could describe the intermediate
individual particles can only occur if there exist attractive Q range aroun® ~ 1072A-1 i.e. the Guinier or Zimm regime,
interactions. However, as noted, attractive interactions would or the peak regionQ = 5 x 102 A-1 in the Kratky
immediately manifest themselves as a negative second virialrepresentation. Whereas the former results corroborate the
coefficient. Thus, it is difficult to distinguish. An aggregation model-independent Zimm analysis for dilute solutigns 2%,
of linear PMAO-IP chains leading to some branched structures the latter gives a volume fraction dependent mean functionality
would also explain the occurrence of a peak in the Kratky f, which ranges fronfi~ 10 at¢ < 4.3% tof ~ 6 at¢ = 0.88%.
representation, Figure 5, with increasing concentration. The corresponding fit curves using eq 6, that describes the data
Considering the synthesis of PMAOP, which is formed best, are also shown in Figure 5. Translatimgto a branching
by a step growth reactiotf,randomly branched structures might probability (eq 7) we found that only a very small degree of
be expected. If all three methyl groups of a trimethylaluminium branching,s < 1%, is needed to describe our data. Certainly
monomer are replaced by oxygen atoms, this monomer can formthere exist some other models that also give a peak in the Kratky
a trivalent branching point. But in this case covalent-8l— plot, e.g., the so-called soft sphere model for hyperbranched
Al bonds are formed, which should not be broken simply by structure$? So we do not claim that the polydisperse star form
dilution. Alternatively, the branching points could be created factor (eq 6) we used for our analysis data is the one and only
via coordinative bonds between linear MAO chains as shown correct form factor for MAO, but at least it is one reasonable
in Figure 6. Here the aluminum atom switches to the coordina- interpretation of our SANS data. All other models describe far
tion number of 4, instead of 3 as in the linear chain. Such a too regular structures, if one considers the synthesis protocol
coordinative bond can depend on concentration, since the freeof MAO. The main point is, that peak in the Kratky plot clearly
energy of the system contains enthalpic and entropic contribu- indicates that we observe some increasing branching with
tions. With decreasing concentration the increase of translationalincreasing concentration. The structure of the PMABR branch
and conformational entropy favors the formation of the indi- site could involve aluminum atoms linked to either two oxygen
vidual linear chains. atoms (a four membered ring) or three oxygen atoms (a six
However, the form factor for randomly branchieflinctional membered ring). Examples of these potential branch site
polycondensates given by Burch#ffdhows no peak in the  architectures are given in Figure 6. The generic SANS scattering
Kratky representation and is therefore not applicable. Other data combine to support the notion that PMAIP is a polymer
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chain with a molecular weight (or chain length) well above those SANS data for untreated MAO solutions with volume fraction

exhibited for the structures that have been based upon various? = 0-8% at different contrast conditions. The generic scattering
theoretical exercisg§:13-15 behavior is the same for all contrasts. A l@Worod scattering

If we have a concentration dependent molecular weight due '€9ime separated by a more or less well-developed Zimm-
to interchain branching, we also have to reconsider the resultsPlatéau from the polymer-like intensity profile found at higher
of our Zimm analysis given in the previous paragraph. In a zero Q-Vectors is seen. The Porod scattering at (@wectors varies
order approximation we can assume thatis independent of discontinuously and still remains visible even in fully protonated
molecular weight and branching, which is reasonable for the tolue_ne. The decrease Is only a factor%c_yl compared to its
low degree of branching observed in our experiments. So we Maximum value found in a solvent withy—o = 63.4%.

can modify the virial expansion in the following way: Surprisingly this maximum is observed exactly for the solvent
composition, which matches the scattering length density of
PN(Q=0)=1N,(¢) + 2Ap + ...= amorphous aluminum oxidepaj,o, = 4.1 x 10 cm 2

However, we have to keep in mind the following experimental
difficulties while interpreting this finding: (i) We cannot
overcome the time-dependent precipitation of the material
forming the large-scale aggregates, although we tried to perform
all experiments approximately at the same time after sample
Ef)reparation. (ii) The chemical composition of the precipitating
material forming the large-scale aggregates might also show a
time dependence and in addition vary slightly between the
samples. Therefore, we can only conclude that the particles,
which are responsible for the Porod scattering, still contain
protonated material and do not consist solely ofG3l

1f(¢)V,(¢ = 0) + 2A,¢ + ... (10)

Here we have taken the linear chain wity, = 20 kg/mol
found at infinite dilution as the primary building block of the
branched structures observed at higher concentrations. For th
concentration dependent functionality or degree of branching
f(¢), we used the values obtained from fitting the peak height
in the Kratky representation. Finally we derive a corrected
second virial coefficienf, = —1.3 x 1074 cm? mol/g?, which
is considerably lower tha®, = —5.9 x 1074 cm® mol/c?
obtained from the standard Zimm analysis, but still negative, i ) ) )
i.e., reflecting the known bad solvent quality of toluene for MAO I contrast, at intermediate and highvectors, the scattering
and also in agreement with the observed Gaussian chainintensity continuously decreases by approximately 2 orders of
behavior. magnitude with increasing volume fraction of protonated toluene

Contrast Variation. In order to investigate in greater detail until nearly no intensity at all is left. For parametrizing the data
the origin of additional low® scattering and corroborate the We fitted the decay from the plateau level either by a Guinier
composition of the underlying scattering particles we applied function, 1(Q) = A exp(-Q?Rg%3), or by the Beaucage form
contrast variation techniquési.e. dissolving unpurified PMA© factor® separately for each contrast. Within error bars the
IP in different isotopic mixtures dfg- anddg-toluene (for details, ~ corresponding radius of gyration remains at a constant value of
see Table 2). Most of the PMAGIP is present as a polymer- Ry ~ 40 & 2A, only for ¢a—i = 18.0% we found a slightly
like structure, f-Al(CH3)O—], and only a small fraction of the ~ smaller value ofR; ~ 34 + 5 A. The forward scattering or
material is insoluble in toluene and finally forms a precipitate amplitude is given byA = I(Q = 0) = (omao — p0)¥/NapVu;
with a chemical composition near that of,8k. In general, the ~ see eq 1. Therefore, if we plé{¢ vs po we can derivepmao—
contrast in a SANS experiment is given by the difference in Wwhile fixing all other parameters to the previously obtained
scattering length density between solgtand solvenpo, eq 2, results-and compare it to the expected value calculated from
and crucially depends on its chemical composition. In particular chemical analysis. (Or we can deri, while fixing pwao).
the difference between proton Hy{= —3.74 x 10-%%cm) and The SANS data in terms 6{Q=0)/¢ vs pp and the resulting fit
deuteron Dlfp = 6.65 x 10-13cm) allows the matching of the  curves are shown in Figure 8. We obtain valuesogfo =
scattering contributions from different components by applica- (1.4 + 0.8) x 10° cm~2 (dashed line) oM,, = 22000+ 1000
tion of H/D-labeling and contrast variation. Ideally we should g/mol (solid line), respectively. The large error bapgho and
be able to match either the polymer-like structure or the large- its substantially lower value compared to the expegigth =
scale aggregate®4,o, = 4.1 x 10 cm™2). 4.45 x 10° cm2 shows the insensitivity of the fit to this

Changing the scattering length dengigyof the solvent allows parameter. Here we have to mention that if we only analyze
us, in addition, to confirm the results from the previous full samples withpq—1o = 41.0%, i.e., those data sets with highest
contrast experiments with respect to the molecular weight of experimental accuracy, we nearly obtain the calculated value
the polymer-like PMAG-IP aggregate. Figure 7 presents the of puao. In contrary, while fittingM,, we obtain a value that
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differs only by approximately 10% from the results of the Zimm
analysis.

PMAO—IP Phase Separation.A feature of MAO is its
recognized nonsolubility in alkane solvents and the poor
solubility in toluene. The negative nature of the measuked
fortifies this latter conclusion. FloryHuggins theory* predicts
that a polymer solution phase separates if the polyrsetvent
interaction parameter becomes larger than a critical valye
which can be approximated by ~ 1/, + Dp %2 In generaly
is a function of temperature, concentration and molecular weight,
i.e.,x(T,¢,Dp) and for dilute solutions it can be calculated from
the second virial coefficiend; by y ~ Y, — d?V1A;, with d the
polymer density andvi, the molar volume of the solvent.
Analysis of the scattering data using the corrected Zimm plot,
see Figure 4, gives a value Af = —1.3 x 10~ cm® mol g2
for PMAO—IP in dg-toluene. Therefore, we can calculates
0.52 usingv; = 100.2 g mot1/0.964 g cm® = 105.9 cni mol~1
for dg-toluene andivao =~ 1.10 g/cni for MAO. From the same
fit, we obtain a molecular weighil,, ~ 20 kg/mol for the
PMAO—IP polymer and a degree of polymerizati@p =
20 000/64.3~ 311 using the molecular weight 64.3 g/mol of
the monomer unit AlOgssH3 0 Finally we can estimate the
critical value of the interaction parameteys ~ Y, + (Y317) "2
~ 0.56. That isy ~ y. and PMAG-IP in ds-toluene at room
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reduced time axis the diffusive dynamics are clearly revealed,
which is further corroborated by plotting the mean relaxation
frequencyl” vs Q?, which follows a straight line (inset Figure
9). Using the StokesEinstein relation we can finally derive
an apparent hydrodynamic radifs = 124 A. Compared to
the Ry value found for this volume fractiorR;=116 A (see
Figure 9), we found a rati®/R, ~ 1, which is substantially
larger than the expected value of 0.66 for a free-draining
polymer chair#®

This obvious disagreement raises the questions of possible
(partial) heterodyning in our DLS experiments. Since all data
we obtained in aQ range where the scattering is strongly
dominated by the large scale particles, the Porod regime in
Figure 2, those might act as a quasi-static background (“local
oscillators™).

In the heterodyne limi€ the Siegert relation §Q,t) =

Vg(Q)—1 is no longer valid and has to be replaced by
g Q,t) = g¥Q,t) — 1. Partial heterodynirf§ would manifest

itself as a decrease of the amplitude or intercept %€d).
Indeed we found such very small amplitudes in all our DLS
data; see Figure 9. However, a small contrast factor (isorefrac-
tivity) would also result in a decreased amplitudegdfQ,t),

that finally would be zero in the case of exact matching of the
refractive indices of solvent and solute. As already explained
above, the static light scattering data corroborated the near-
isorefractivity of PMAO-IP and toluene. Another support for
isorefractivity comes from direct observation of samples with
¢ ~ 5%, which we used to explore the phase behavior of MAO
at low temperatures (not mentioned in this manuscript). After
1 week atT = —20 °C, we found some phase-separated “gel
fraction” at the bottom of the sample vial, whose meniscus was
extremely difficult to see, due to the near-isorefractivity. Only
if one tilted the sample vial, could one clearly see that there
was an immobile bottom phase.

On the other hand, the crucial ratic= lfyct/lior, Which rules
the amount of partial heterodyning is independent from the
contrast, if both types of scattering particles have the samfe (d
dc). Herelqy: is the fluctuating or dynamic component of the
scattered Intensitygithe static or frozen component (the “local
oscillator”) and liot = lfuet + lstar IS the overall intensity.

temperature is apparently close to phase separation. NevertheTherefore, partial heterodyning is an important issue. We did
less. we found that all solutions under investigation were stable the following calculation to estimate its effects. We fitted the

at room-temperature even for long storage times (weeks).
DLS. As static light scattering, all DLS experiments are rather
difficult to perform and yield, in general, data with low statistics
due to the already mentioned isorefractivity of PMA® and
ds-toluene system. This results in intensity autocorrelation
functions g3(Q,t) with a very low amplitude (intercept) of
approximately 102 Nevertheless a clear decay can be observed
for all scattering vectors, which in turn can be described by a
slightly broadened stretched exponentiabxp(—T't)?, with a
B-parameter on the order of 6:8.9. Figure 9 showsg?(Q,t)
measured at different scattering ang@sbtained for PMAG-
IP at a volume fraction of approximately 5%, which has been

SLS intensity shown in Figure 2 to a power law dedays =
aQ™®, to smooth the fluctuating experimental data. We then
calculated for each scattering angle, at which DLS experiments
have been performed, the ratkogiven above. Here we used
the results obtained from fitting the intermediQeSANS data

to calculate {,c:. Finally the real diffusion coefficienD was
calculated from the “apparent” diffusion coefficiemapp
obtained by analyzing?(Q,t) assuming pure homodyne detec-
tion, by use ofD = (2 — X)Dapp® The corresponding results
are given in Table 3. By this estimation it becomes obvious,
that for all scattering angles the DLS data are obtained in the
strong heterodyning regime, provided that the scattering from

allowed to sediment for several days; see below. Using the the large particles is frozen within the experimental time range

Table 3. Effect of Partial Heterodyning for the DLS Data Shown in Figure &

© [deq] Ists,explcm™] IsLs it [cm™Y] Isans[cm™Y] X Dapp[m?/s] D [mZs]
30 5.67E-03 7.08E+03 2.17E+00 3.07E-04 2.39E-11 4.78E-11
60 4.22E+-02 3.96E+02 2.17E+00 5.48E-03 2.61E-11 5.21E-11
90 1.09E+02 8.67E-01 2.17E+00 2.50E-02 2.98E-11 5.89E-11
120 1.558-01 3.57E-01 2.17E+00 6.08E-02 2.82E-11 5.47E-11
154 3.57E-01 2.13E-01 2.17E+00 1.02E-01 2.67E-11 5.07E-11

aSee text.
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T I A PMAO—IP Structures. The solution architecture of PMA©

11 il’:.'f:{‘ﬁ‘f;fgh IP has been found to be that of a polymer chain where the extent
A . of branching increases as concentration increases. Figure 6
shows the structure of the potential branch sites. The model
1 independent Zimm plot (involving the dual extrapolation to zero
angle and concentration) demonstrates that the PMAQOIn

1 toluene at 20C forms a stable polymer chain. The-AD bond
strength Dgggj (Al trivalent/O divalent) is 443 kJ while that of

1 C—C is 607 kJ/moP! The MAO literature has been, for the
most part, silent as to the perceived unsuitability of linear (or
'(;O.ls " 13.14 " 1"(;.12 1(;.10 i 10* near linear) MAO chains.

D [m%s] The negative nature of the second virial coefficient displays

Figure 10. Intensity weighted distribution of diffusion coefficierdD) Lh%r%(ég:bs;’#’fg:n sz‘reicttiesr ;mg’(’tﬂ?e”% ff?r:eor‘:]re%aslzr‘g’;‘te'{e the
obtained by inverse Laplace transformation (CONTIN) for untreated Y pon i Y Y
(m,0) and centrifuged MAO solutionsal). ¢ = 4.8%, T = 20°C, and groups. Normally, this negativ&, would be expected to lead
6 = 120. to polymer precipitation. However, precedence for the PMAO

) ) IP polymer solution behavior exists in the literature. Paby(
of DLS. The effect of partial heterodyning would also remove methylstyrene) shows ® temperature &, = 0) of 35 °C
the discrepancy of the previously given valuezet for the in cyclohexane. The same is found for its counterpart, polysty-
ratio between hydrodynamic radii% obtained by DLS and  rene. The precipitation temperatures though show marked
Ry obtained by SANS. Using the corrected diffusion coefficient jifferencedo-42 where the polyg-methylstyrene), at a given

G(D) [a.u.]

S
[}
h

we find now a valueR, = 6.5+ 5 A, which then givesRy/Ry molecular weight and concentration, will remain in solution
= 0.56. This is a perfect match for the expected values of 0.57 yhjle the equivalent polystyrene has precipitated. These dif-
of a polydisperse cait (monodisperse colRy/Ry = 0.66). ferences narrow (at constant concentration) as chain molecular

Figure 10 shows the results of an inverse Laplace transforma-yeights increase.
tion (CONTIN?4) of the DLS data as a function of sample
history. Shown is the intensity weighted distribution of diffusion Conclusions
coefficientsg(D). Directly after dissolving PMAG-IP in dg-
toluene the sample shows a bimodal distribution that reflects
the low-Q Porod scattering observed in the SLS/SANS experi-
ments. After~2 days these large-scale aggregates have com-
pletely precipitated and only the fast mode, reminiscent of the
polymer-like MAO structures, remains. Also shown are DLS
data obtained from purified samples (centrifuged), which do
not show the large scale aggregates peak. In addition the pea
of the polymer-like MAO structures is slightly less broadened.
The presence of these large aggregates (wher®theegime
was encountered) is similar to what has been seen itetite
butyllithium initiation of butadiene inn-heptane’ SANS
measurements showed that those large three-dimensional stru
tures diminished in concentration as chain length increased.

PMAO—IP Chain Polydispersity. It is recognized that
MAO and toluene are a near-isorefractive system (see below).
This limits the use of light scattering as a quantitative structural
tool. For example this effectively eliminates an accurate
evaluation of the width of the polymer size distribution obtained
by inverse Laplace transformation techniques (CONFIN
These analysis programs are quite sensitive to baseline variation
in the intensity autocorrelation functiog(Q,t). This results in
a broadening of the main peak in the distribution of relaxation
times G(z). Therefore, we have limited the use of this DLS
data to show the occurrence of a slow mode that reflects the Note Added after ASAP Publication. This article was
presence of large-scale objects that are independent from thepublished ASAP on June 12, 2007. In the second paragraph of
small-sized structures. the Results and Discussion Section, the contrast factors for

A more robust approach involves the standard cumulant SANS and SLS have been changed. The correct version was
analysis?® From the reduced second cumulaatl™ the MAO published on June 13, 2007.
chain polydispersity can be estimatedrom u/T = v2(My/
(Mn — 1)) with » denoting the Flory exponent;= 0.5. From References and Notes
the MAO concentration o = 4.73% we obtained the mean

The unanticipated high polymer structure of the PMAI®
as deduced from SANS, SLS and DLS is vastly different from
the small, compact architectures favored for many y&ai%!4
The IH NMR, elemental analysis and scattering experiments
have clearly shown that most of the PMA@ forms polymeric
structures with +AI(CH3)O—], as monomer unit where GH
I(is partially replaced by higher alkyl chains. Model-independent
analysis in terms of a Zimm-plot gived,, = 20 kg/mol, which
corresponds to an average degree of polymerizddipn 311
and a radius of gyratioRy = 46.2 A. The observed negative
virial coefficient A, = —1.3 x 104 cm® mol/¢? reflects the
Jpoor solubility of PMAGO-IP in toluene. With increasing volume
fraction these polymeric structures become slightly branched
with a branching probabilityy < 1%, probably by interchain
coordinative A-O branch points (see Figure 6).

About 0.8% of the PMAG-IP forms large-scale aggregates
with a sizeR = 1000 A. Because of the higher oxygen/
aluminum ratio and lower alkyl content compared to the overall
material we can assume these aggregates are located compo-

itionally and structurally between “classical” MAO;-Al-
CH3)O—], and aluminum oxide AlOs. This work has led to
the finding of a new and unsuspected organometallic polymer
species.

(1) Sinn, H.; Kaminsky, W.; Vollmer, H. Angew. Chem., Int. EA.98Q

value uo/T = 0.26 & 0.04 over the scattering angle range of 19, 390.

60° to 154. This in turn leads taM/M, of 2.1 + 0.1. This (2) Sinn, H.; Kaminski, WAdv. Organomet. Chen1.98Q 18, 99.
value, within experimental error limits, is identical to the (3) (a) Resconi, L.; Cavallo, L; Fait, A.; PiemontesiGhem. Re. 2000
anticipated polydispersity (the most probable disribufidof 100, 1253. (b) Coates, G. WChem. Re. 200 100, 1223. Deviation

| le f linki . from single site behavior was reported herein. Evidence was given
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