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Tailored Nanostructuring of End-Group-Functionalized High-Density
Polyethylene Synthesized by an Efficient Catalytic Version of Ziegler’s
“Aufbaureaktion”**

Saravana K. T. Pillai,””! Winfried P. Kretschmer,'*’ Martin Trebbin,"’
Stephan Forster,” and Rhett Kempe*!?!

Polyethylene (PE) is the most widely used synthetic poly-
mer and is essential for our modern life style due to its low
cost and its broad applicability. Unfortunately, the compati-
bility with other important polymers or materials is limited.
Compatibility agents with a PE block and a block of that
other polymer or a block that is compatible with the materi-
al could solve this problem. Furthermore, PE-based block
copolymers may allow to nanostructure PE through micro-
phase separation and enable new applications of this com-
modity. Both approaches rely on an efficient synthesis of PE
having an end group that allows the easy introduction of the
second polymer block. A polymerization method that pro-
duces metal-terminated PE which can easily be converted
into PE carrying such reactive end groups is coordinative
chain-transfer polymerization (CCTP).? Pioneering work
was done by Eisenberg and Samsel,®l as well as Mortreux
and co-workers.! Meanwhile, a few ethylene/propylene
CCTP catalyst systems by using rare-earth metals (REM)
and transition metals in combination with different chain-
transfer agents (CTA), such as Mg, Zn,>*" and Al alkyls,’®!
have been disclosed. Furthermore, enhancements of the
CCTP concept, such as “chain shuttling” and ‘“ternary
CCTP”, have been developed.'”! Mechanistic studies have
been carried out by the Bochman’s'! and the Norton’s
group.'’>"® The kinetic of chain growth catalyzed by
[(EBI)Zr(p-Me),AlMe,][B(C¢Fs),] (EBI=ethylene-bridged
bis(indenyl)) has been studied. The reaction is first order in
[olefin] and [catalyst] and inverse first order in [AIR;]."*
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These inverse first-order dependencies prohibit the use of
high CTA/catalyst ratios. High amount of CTA resulted in
an overall poor polymerization activity. As a consequence,
most of the described CCTP catalyst systems worked with
CTA/catalyst ratio smaller than 500 and became inactive
with significantly higher CTA/catalyst ratio. This problem
could be solved by the design of new catalyst systems that
undergo fast chain growth compared to chain exchange and
still suppress (3-H elimination/transfer processes. In such a
regime, multiple insertions may compensate efficiency loss
caused by high CTA/catalyst ratio.!'

Herein, we report a new titanium-based catalyst system
that is highly active in the presence of very high CTA/cata-
lyst ratio and undergoes polyethylenyl chain transfer to tri-
ethylaluminum (TEA). No p-hydride elimination/transfer
products were observed. This polymerization process can be
viewed as an efficient catalytic version of Ziegler’s “Auf-
baureaktion”. Through oxidation with O, and subsequent
hydrolytic work-up, the metallopolymers can be converted
to PE-OH in high yield. The generated PE-OH was used to
synthesize block copolymers with polylactide (PLA) as a
counterblock. Microphase separation gave different mor-
phologies by varying the PLA block length. Etching out of
the sacrificial PLA block gave rise to mesoporous polyethy-
lene and polyethylene nanofibers/ribbons.

Nanoporous PE has been generated from hydrogenated
1,4-polybutadiene (hPB). Block copolymers from hPB and
polystyrene obtained by anionic polymerization allow excel-
lent structuring, but need rather harsh and difficult condi-
tions to control etching processes to remove the polystyrene
block.™! Furthermore, polymeric bicontinuous microemul-
sion templates were generated by using hPB and block co-
polymers carrying a hPB block.® Unfortunately, the PE
mimic hPB suffers from the unavoidable presence of
branches. Ring-opening metathesis polymerization of cyclo-
octene was discussed as an alternative and gave rise to
pseudo PE blocks after hydrogenation. Triblock copolymers
carrying this block were successfully converted into porous
PE.'l The fabrication of polyethylene nanofibers/ribbons
through the block copolymer approach has not been report-
ed yet'™" End-group-functionalized PE synthesized by
CCTP was already used to make block copolymers,?>%9:2]
among them PE-PLA block copolymers.F]
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Recently, we developed REM-based CCTP catalysts/®2!]
and varied the nature as well as the steric bulk of the mono-
anionic ligand used. In addition, the size of the REM atom
was varied to find a catalyst system that tolerates high CTA/
catalyst ratio.”"#? Unfortunately, these variations did not
lead to CTA/catalyst ratio above 500. Thus, our attention
was shifted to Group 4 metals, especially, towards titanium
catalysts. Titanium catalysts stabilized by bulky aminopyridi-
nato (Ap) ligands showed attractive polymerization activi-
ties, however, suffered from ligand-transfer problems.”!

The Ap ligand was transferred to the CTA (aluminum
alkyls) and a higher electron-donor ability of the ligand in-
creased ligand-transfer rates instead of decreasing them.?!
Bulky guanidinates®®! are chemically related to Ap ligands
and were expected to change the ligand-transfer rates, but
may instead maintain high polymerization activity.

The reaction of amido titanium trichloride complexes®
with N,N'-methanediylidenebis(2,6-diisopropylaniline) led to
the complexes A, B, and C through methanediimine inser-
tion into the titanium—amide bonds (Figure 1). NMR spectra
showed a single signal set for the symmetrically substituted
complexes A and C. Signal splitting was observed for com-
plex B indicating a dynamic behavior, presumably rotation
around the C—N bond of the noncoordinated nitrogen atom.
Variable temperature NMR studies indicated a coalescence
temperature of 88°C for the methine proton signal of the
isopropyl groups and a rotation barrier of about 73 kJmol ™.
X-ray diffraction crystal-structure analysis of A and B re-
vealed monoguanidinate trichloro complexes and a distorted
trigonal bipyramidal coordination of the titanium atoms.
The variation of the substituents at the noncoordinated ni-
trogen atom only slightly altered the titanium coordination
(Figure 1, bottom).

Ethylene polymerization studies by using complex A as a
precatalyst and different activation protocols revealed that
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Figure 1. Polymerization precatalyst synthesis and structure. Top: synthe-
sis of the complexes A (R=R’=ethyl), B (R=cyclohexyl, R"=methyl),
and C (R+R’=pentamethylene). Bottom: molecular structure of A and
B determined by X-ray diffraction single-crystal structure analysis. Select-
ed bond lengths [A] and angles [°] of A (bottom left): N1-Til 2.015(3),
N2-Til 2.027(4), N1-C1-N2 106.0(3); and of B (bottom right): Til—N1
2.0081(14), Til—N2 2.0180(15), N1-C1-N2 106.40(14).
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A can be highly active, if activated with MAO (methyl al-
umoxanes), d-MAO (dry MAO, free trimethyl aluminum
content of MAO was removed), and a combination of alu-
minum alkyls and perfluoroarylborates (Table 1).*") Investi-

Table 1. Initial polymerization studies by using complex A. Conditions:
A (2 umol), ethylene pressure (2 bar), toluene (150 mL), polymerization
time (15min), ammonium borate: [R,N(CH3)H]*[B(CsFs),]- (R=
CisH3—CsHsp), Ti/B=1:1.1 (TMA =trimethyl aluminum, TiBA =tri-iso-
butyl aluminum).

Run Activator T M, Activity M, M,/

[°Cl [g]  [kgpemol 'h'bar™] [gmol] M,
1 d-MAO!! 30 3.64 3640 141000 5.9
2 d-MAO!! 50 1.36 1360 52000 3.2
3 d-MAO!! 80 1.22 1220 28000 2.7
4 MAOM 30 2.82 2820 16000 2.0
5 MAOM 50 1.67 1670 8400 25
6 MAOM 80 0.1 100 7700 4.0
7 TMA/B- 50 0.7 700 3900 1.9
(CoFs),
8 TEA/B- 50 1.62 1620 2200 1.9
(CoFs),
9 TiBA/B- 50 1.1 1100 40000 2.0
(CgFs) 9
10 TEA/B- 50 1.8 1800 1800 1.9
(CFs),
11  TEA/B- 50 3.7 930 2300 1.7
(C6F5)4[d'°]
12 TEA/B- 50 7.0 880 2300 1.7
(C6F5)4[d'r]

[a] Ti/Al1=1:650; [b] Ti/Al=1:500; [c] Ti/Al=1:500; [d]Ti/Al=1:1000;
[e] 60 min; [f] 120 min.

gations at different temperatures revealed that the catalyst
is stable in the temperature window between 30 and 80°C.
Activation by MAO and d-MAO led to significant differen-
ces of the molecular weight of the polymers indicating a pol-
ymeryl chain-transfer catalysis to aluminum (Table 1, run 1-
6). '"HNMR spectroscopy investigations of the hydrolyzed
polymers obtained by MAO activation support this hypothe-
sis, because no olefinic end groups were detected. Polymeri-
zation reactions by using a borate activator and different
aluminum alkyls (Table 1, run 7-9) indicated that TEA is a
better transfer agent than trimethylaluminum (TMA). A
CCTP mechanism with a very fast chain transfer compared
with chain growing did not seem to operate. The molecular
weight of the polymers did not increase with increased poly-
merization time (Table 1, run 10-12). In a time regime from
15 to (60 to) 120 min a larger amount of polymer with essen-
tially the same molecular weight was produced. The number
of aluminum alkyl chains extended increases from 17 to (27
to) 50%, respectively. Control over the molecular weight
can be obtained by the catalyst, the temperature, and the
CTA to catalyst ratio (Table 2). The molecular weight of the
polymers decreased with CTA/catalyst ratio increasing from
500 to 1000 (Table 2). Furthermore, different catalysts have
different insertion rates leading to different molecular
weights of the polymers at the same CTA/catalyst ratio
(Table 2). Polymerization run at very high CTA/catalyst
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Table 2. Ethylene polymerization studies by using complexes B and C,
activation with TEA and ammonium borate. Conditions: precatalyst
(2.0 pmol), ammonium borate (2.2 pmol; [R,N(CH;)H]*[B(C¢Fs),]” (R=
C,H33—CsHy,)); Ti/B=1:1.1; CTA=TEA; toluene (150 mL); 7=50°C;
p=2bar; t=15 min.

Run Precat. All M,

Activity M M,/

Ti  [g]  [kgeemoly 'h'bar’]  [gmol] M,
1 B 500 1.70 1700 2800 22
2 B 750 1.75 1750 2100 2.0
3 B 1000 1.80 1800 1600 2.0
4 C 500 1.40 1400 3100 2.4
5 C 750 1.40 1400 2700 2.4
6 C 1000 1.55 1550 2500 2.3

ratio were performed and subsequently oxidized by using O,
as an oxidant to give PE-OH (Table 3). Aluminum alkyl
chains (78 %) of run 1 in Table 3 were extended. Remarka-

Table 3. Ethylene polymerization studies by using complex A, activation
with TEA and ammonium borate, and subsequent oxidation by O,. Con-
ditions: ammonium borate [R,N(CH;)H]*[B(C¢Fs),]~ (R=C;sHs—
CigHs); Ti/B=1:1.1; CTA=TEA; toluene (150 mL); p=35bar; =
60 min.

Run A AUTi T M,y Activity M, M,/

[umol] [°C] [g]  [kgepmol, 'h™'bar'] [gmol™] M,
1 4] 2500 50 44.0 5500 1700 1.8
2 2 5000 70 47.0 4700 2100 1.9
3 0.6 17000 65 284 9470 2500 1.8
4 0.4 25000 60  32.0 16000 3300 1.9
5 0.3 33000 65 244 16300 2500 1.9
6 0.2 50000 60 16.7 16700 2900 1.9
[a] p=2 bar.

bly, the catalyst based on A showed activities of around
16000 kgpr mol.,, 'h~'bar~! in the presence of 25000, 33000,
or 50000 equivalents of TEA. The catalyst performance de-
creased slightly during the last 45 min of the one hour poly-
merization experiments indicating a good stability of the
catalyst system at 60 to 70°C. Oxidation of the aluminum-
terminated PE led to PE-OH (after hydrolytic work-up).
The PE-OH produced in run 4 in Table 3 was used for di-
block copolymer synthesis. As was determined by NMR
spectroscopy, it contained 80 % of hydroxyl-group-function-
alized PE. PLA was chosen as sacrificial counterblock, be-
cause diblock-copolymer formation based on OH end
groups was established, and PLA can adopt an amorphous
form, which is in good contrast to the crystalline nature of
linear PE.P*?! Moreover, PLA can be etched out under
mild basic conditions without disrupting the PE structure of
the microphase-separated diblock copolymer.!"”) Tin(II) 2-
ethylhexanoate [Sn(Oct),] was used as a catalyst to polymer-
ize a PLA block onto PE-OH. Different amounts of rac-lac-
tide gave rise to PE-PLA diblock copolymers with different
PLA block lengths [PE-PLA(1) and (2)]. The diblock co-
polymers were characterized by high-temperature gel-per-
meation chromatography (GPC), NMR, TGA, differential
scanning calorimetry (DSC), and IR analyses. Different
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nanostructuring of PE-PLA(1) and (2) through microphase
separation were accomplished in cumene (Figure 2). The di-
block copolymers were dissolved in cumene at 152°C fol-
lowed by slow solvent casting in oil bath at 140°C. The melt
was subsequently annealed at this temperature for six hours.
Annealing of the melt seemed to ensure good segregation of
the equilibrated nanostructures (Table 4).

* L%

w=s= PE-OH
PL
[Sn(Oct),]
© T(50:50)" “70:30)
1. Solvent casting, cumene.
2. Melt annealing.
....... ==
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el

l 0.5M NaOH in MeOH, wet etching. l
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Figure 2. Schematic representation of the synthesis of mesoporous poly-
ethylene and polyethylene nanofibers/ribbons.

The microphase-separated diblock copolymers were inves-
tigated by synchrotron small-angle X-ray scattering (SAXS;
Figure 3) and atomic-force microscopy (AFM). AFM data,
recorded at ambient condition in nondestructive tapping
mode, indicated a rather well-ordered lamellar type of struc-
turing for PE-PLA(1) and a less ordered bicontinuous mor-
phology for PE-PLA(2) (Figure 4a and b and Figure 5a, re-
spectively).

Synchrotron SAXS studies are in agreement with these
observations (Figure 3). The SAXS pattern of PE-PLA(1)
with three peaks at g=0.29, 0.58, and 0.85 nm™' correspond
to the ratio of 1:2:3 indicating a lamellar structure
(Figure 3). Calculations performed by using the software
“Scatter” confirmed this alternating lamellar lattice with pe-
riodic domain spacing (d spacing) of 20 nm.*? Furthermore,
the first-order peak at 0.28 nm~! was used to confirm the d
spacing. Observation of such large domain spacing for these
lower molecular weight copolymers might be caused by the
polydispersity of PE block and the presence of 20% of the
homopolymer in the sample.”® The SAXS pattern of PE-
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Table 4. Summary of the characterization data of the diblock copoly-
mers.

Sample ID PE-OH PE-PLA(1) PE-PLA(2)
M, [gmol ] 3300 4500 4000

pDIE 1.9 1.7 1.6
M [gmol™!] 5500 4400
Forald 0.44 0.38
T, [°C] 130.0 126.6 1272

T °C) 115.0 113.1 114.0
AH Y [Tg™ 2522 104.3 128.1

X %] 91 37 46

[a] M, and polydispersity as was determined by high-temperature gel-per-
meation chromatography (HT GPC). [b] Molecular weight of the diblock
copolymer as was calculated by '"H NMR spectroscopy by using relative
intensities of repeating unit signals and end-group signals and M, of PE
as was determined by HT GPC. [c] Weight fraction of PLA in the diblock
copolymer calculated by using NMR spectroscopy and the densities at
25°C reported for the respective components [PLA =1.25;%! LPE=0.95
(at 60% crystallinity)].* [d] Taken as the peak of the melting endotherm
(or the crystallization exotherm) during the heat (or cool) in DSC.
[e] Percentage of crystallinity of the diblock copolymers calculated from
[AHL/(AH,")]x100% with AH, =277 Jg'P!
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Figure 3. Radially averaged synchrotron SAXS patterns for PE-PLA(1)
(0) and PE-PLA(2) (2) indicating a lamellar type and a disordered bi-
continuous morphology, respectively. Color code: grey measured, red and
blue simulated (PE-PLA(1) and PE-PLA(2) fits, respectively).

PLA(2) did not show pronounced peaks, which indicates a
defined lattice. The fit shown in Figure 4 is based just on a
simple-sphere-particle model.

The microphase-separated diblock copolymers were sub-
merged in a NaOH/water/methanol mixture to remove the
PLA block (Figure 2). The completion of the etching proc-
ess was confirmed by FTIR spectroscopy. Removing the
PLA block of microphase-separated PE-PLA(1) afforded a
PE material that can be best described as PE nanofibers/rib-
bons as was indicated by SEM (Figure 4c and d). The PE
layers may fold to fibers/ribbons during PLA removal in
water. Microphase separation of PE-PLA(2) resulted in dis-
ordered bicontinuous morphology. The resultant morpholo-
gy was mainly driven by both copolymer PE-PLA(2) and
homopolymer PE present in the sample. Upon etching the
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Figure 4. Microphase-separated PE-PLA(1). AFM phase images show a
lamella-type morphology (a,b). SEM images of PE nanofibers/ribbons
after etching (c,d).
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Figure 5. Microphase-separated PE-PLA(2). AFM image. Phase image
shows the disordered bicontinuous morphology (a). Nitrogen adsorption
(m)/desorption (A) studies and inset of the resulting pore-size distribution
(b). SEM images of porous PE after etching (c,d).

lactide block, the PE-PLA(2) gave rise to a porous PE ma-
terial with a mean pore-size diameter of 30 nm as was deter-
mined by nitrogen adsorption/desorption studies (Barrett—
Joyner-Helenda method, Figure 5b).

The pore size is in an acceptable agreement with the
domain size of microphase-separated PE-PLA(2) as was ob-
served by AFM (Figure 5a). A surface area of 19 m’g™" was
calculated for the porous PE by using the Brunauer—
Emmett-Teller (BET) method. The pores in the range of
10-50 nm contribute mainly to that specific surface. SEM
studies (Figure 5S¢ and d) supported the porous nature of
the PE material and the structuring indicated by AFM stud-
ies (Figure 5a).

In summary, two main conclusions can be drawn from this
study: 1) monoguanidinato titanium complexes are efficient
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catalysts to give OH end-group-functionalized polyethylene
(PE-OH) through a catalyzed version of Ziegler’s “Aufbau-
reaktion”; and 2) Mesoporous polyethylene or polyethylene
nanofibers/ribbons can be derived from PE-OH by diblock
copolymer synthesis, microphase separation, and etching of
the sacrificial polylactide block.
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Tailored Nanostructuring of End-

Group-Functionalized High-Density
Polyethylene Synthesized by an Effi-
cient Catalytic Version of Ziegler’s
“Aufbaureaktion”
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Monoguanidinato titanium complexes
are efficient catalysts to make OH
end-group-functionalized polyethylene
(PE-OH) by a catalyzed version of
Ziegler’s “Aufbaureaktion”. This PE-
OH can be structured to mesoporous
polyethylene or polyethylene nanofib-
ers/ribbons through diblock copolymer
synthesis, microphase separation, and
etching of the sacrificial polylactide
block.
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