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Final Project Report, Synthesis of Novel Hydrocarbon Soluble Multifunctional
Anionic Initiators, PI Jimmy Mays

In this project, we have carried out what we proposed as a high risk, high payoff effort to
finally synthesize efficient trifunctional and multifunctional anionic initiators that can be used in
hydrocarbon media to efficiently polymerize dienes via living polymerization to high 1,4-
polydienes. Our strategy has been to use alkyllithium reagents derived from multiply
functionalized 1,1-diphenylethylenes (DPEs) bearing bulky substituents and separated through
ether or ethylene oxide linkages. Such a strategy should minimize aggregation and improve
solubility in hydrocarbon solvents. Our new multifunctional anionic initiators also limit
resonance delocalization of anions with a methylene ether or ethylene oxide bridge at the meta-
position of every DPE unit in the core molecule (Scheme 1). This imparts flexibility around the
spacer and avoids extensive aggregation. Moreover, we are investigating using a long
alkyllthium, such as undecyllithium for adduct formation with the diphenylethylene domains of
the precursor initiator to enhance solubility in the hydrocarbon medium.
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Scheme 1:  Synthesis of tris-(diphenylethylene)methylether deriviative of benzenetriol

Failure of the synthesis of trifunctional carbanionic initiator using benzenetriol as
precursor:

We first attempted to make trifunctional diphenylethylene derivative using benzentriol as
precursor.  Accordingly, 1-(m-bromomethylphenyl)-1-phenylethylene = (BrMDPE) was
synthesized using m-methylbenzophenone via the Wittig reaction. The obtained BrMDPE (~60
% yield) was thoroughly characterized using 'H and '*C NMR. The Williamson etherification of
BrMDPE with benzenetriol was performed in acetone under reflex in the presence of K2COs and
18-crown-6. Unfortunately, the rigid, planar, benzenetriol core moiety did not undergo
etherification efficiently (Scheme 1). Limited solubility of benzenetriol during the alkylation
reaction was attributed to poor selectivity and product yield. We obtained incomplete reaction
and multiple alkylated products, and it was difficult to separate the products using column
chromatography. After much work this approach was abandoned.

Successful synthesis of trifunctional carbanion using tris(4-hydroxyphenyl)ethane as
precursor:



We thus switched to another more flexible and highly soluble core moiety, 1,1,1-tris(4-
hydroxyphenyl)ethane (THPE) for the alkylation reaction with BrMDPE (Scheme 2). The
etherification proceeded smoothly with this compound in the presence of K2COs3 and 18-crown-6
in acetone at refluxing conditions for 10 h. The reaction product contained mono-, di- and tri-
substituted THPE with MDPE. Using column chromatography, the individual compounds were
isolated and the targeted product, 1,1,1-tris(4-methoxyphenyl-1-phenylethylene)ethane
(TMPPEE), was characterized by '"H NMR (Figure 1).
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Scheme 2:  Synthesis of 1,1,1-tris(4-methoxyphenyl-1-phenylethylene)ethane
(TMPPEE) and its sec-BuLi adduct formation.
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Figure 1: "H NMR of 1,1,1-tris(4-methoxyphenyl-1-phenylethylene)ethane (TMPPEE)



The DPEs of the TMPPEE were reacted with an equimolar amount of A
sec-BuLi in benzene at room temperature. Upon addition of sec-BulLi,
the pale-yellow color of the TMPPEE solution in benzene changed
immediately to reddish-orange indicating formation of the three
carbanions (Figure 2). Interestingly, the solution remained stable
under stirring conditions, but on standing for an hour without stirring
at room temperature a gel-like precipitate settled partially, which
disperses nicely into solution with stirring. It appears that the tri-
carbanion-containing TMPPEE initiator is in equilibrium with
aggregated species in benzene. Unlike other reported multifunctional

carbanionic initiators, however, this initiator produces a —' ) —
homogeneous suspension in benzene, which is stable at room Figure2: Solution of
trifunctional TMPPEE-

temperature. We have repeated the synthesis of this initiator on a
larger scale and are able to achieve 87 % yield in a simple 2-step ~ Buli adduct in benzene.
reaction. Thus, this initiator could be readily synthesized by others

so that it could become widely used in anionic polymerization, even industrially.

Evidence for aggregation in the polymerization of styrene and isoprene in benzene at low
initiator concentrations (C<2x10-3 M):

The polymerization of styrene was carried out using this initiator in benzene at room
temperature. Here we emphasize that it is critical, in our opinion, to use high vacuum techniques
and butyllithium purged, all glass sealed reactors in the initial work with such an initiator to
insure that there are no terminating impurities present that could deactivate some anions and lead
to a mixture of linear (2-arm) and 3-arm star products. We employed specialized techniques that
we have previously described in detail. Thus any difficulties observed in our work can be
attributed to problems with the initiator rather than experimental conditions (impurities).

Upon addition of styrene to the active TMPPEE initiator, the color of the solution
changed from orange to deep yellow. However, at the end of the polymerization, it was noticed
that the color of the reaction mixture did not immediately disappear in regions of the reaction
mixture upon addition of methanol. The observation that the color of reaction mixture
disappeared slowly in the presence of methanol confirms that a portion of trifunctional initiator is
highly stabilized via aggregation. The PDI of several polystyrenes made thus far using this
initiator are in the range of 1.2 to 1.25 (Figure 3). Note that a rather sharp distribution is
obtained with tailing at low molecular weights. Very high molecular weights may also be
achieved (Figure 3). This would be considered a narrow PDI for most controlled/living
polymerizations and the initiator even at this stage could be considered a success, however we
are convinced that because of the aggregation initiation is not efficient, leading to tailing at low
molecular weight, and the aggregation also creates heterogeneity in the polymerization medium.
Furthermore, the recovered polystyrene from the reaction exhibited somewhat higher molecular
weight, taking into account the effects of branching, than theoretically calculated based on the
feed ratio of monomer to initiator. This suggests that some of the anions that exist in aggregated
form did not contribute to initiation and thus the product is almost certainly a mixture of linear
polymer and 3-arm star.

The polymerization of isoprene using the trifunctional organolithium TMPPEE initiator
at low concentration was performed using high vacuum technique according to standard



protocol. The polymerization was performed in a custom glass reactor containing ampoules of
sec-butyllithium (0.36 mmol), the unsaturated TMPPEE (0.113 mmol), isoprene (4.85 g, 71.2
mmol), methanol (~ 1 mL) and a purge flask with a solution of n-butyllithium in benzene. The
main reactor for polymerization was washed with the purge solution to remove impurities from
the glassware. The n-butyllithium was subsequently removed by repeated distillation of benzene
from the purge flask. The initiator precursor TMPPEE and sec-BuLi were sequentially added to
the reactor containing 300 mL of benzene by fracturing the break-seals which resulted in the
immediate development of a yellow color, transitioning to orange and finally to red within five
minutes. After 14 hours the solution was observed to be opaque orange in color with visible
aggregates in solution. The isoprene added to the solution by fracturing the break-seal and the
color converted to a pale yellow. The polymerization was terminated by degassed methanol after
24 hours. The resulting polymer was of higher than expected molecular weight and broad
molecular weight distribution.

It must be emphasized that this aggregation behavior of the trifunctional initiator in
hydrocarbon solvents is in no way surprising but was anticipated based upon our extensive
prior experience with similar dilithium initiators. In our prior work with a “double DPE
initiator”, addition of lithium sec-butoxide in varying ratios caused PDIs to be reduced from 1.2
(no butoxide) to 1.03 when the butoxide to initiator anion ratio was 14. Also, in the absence of
butoxide gelation was seen in the reactor and the color of the anions failed to disappear
completely upon addition of methanol, in agreement with earlier work by Tung. Addition of
appropriate amounts of lithium sec-butoxide eliminated these problems and a highly efficient and
useful difunctional initiator was obtained and subsequently used to generate a host of well-
defined controlled architecture polymers and copolymers.

Figure 3. SEC of PS made with the trifunctional initiator of Scheme 2 (note tailing at low MW).

Synthesis of Near-Monodisperse PS and PI Stars at High Initiator Concentrations
(C>2x10-3 M)



Before exploring the use of polar additives, we decided to investigate the effect of initiator
concentration on the polydispersity of the star polymers synthesized using the new initiator. Our
motivation here is the fact that aggregation of organolithium compounds is concentration
dependent and in our system there is a complex competition between intramolecular aggregation
and intermolecular aggregation which should be shifted upon changing concentration.

Polymerizations of styrene and isoprene were carried out in all glass, custom-made,
evacuated, n-BuLi-washed and benzene-rinsed reactors. The reagents were added via break-
seals, for characterization purposes aliquots were removed by heat-sealing at constrictions.
Styrene and isoprene were polymerized in benzene using trilithium initiator of TMPPEE in the
absence of any polar additive. Deliberate termination was completed using degassed methanol.
Polymerization was performed in a custom made glass reactor equipped with ampoules
containing sec-BuLi (1.08 mmol), TMPPEE (0.345 mmol in 10 mL of benzene), styrene (10 g,
96 mmol), and methanol (2 mL). Initially, the ampoules with TMPPEE and sec-BulLi were
introduced by smashing the break-seals in the reactor containing 130 mL of purified benzene and
left to react overnight at room temperature. The solution after couple of minutes obtained a pale
yellow color that within minutes (~30 min) turned into orange and finally accumulated a clear
red-orange color (next day). Then, styrene was added in the reactor the color fade from red-
orange to orange-yellow and left to polymerize for 20 hours before the polymerization was
terminated by the degassed methanol.

The three-arm PS and PI stars exhibit very narrow molecular weight distributions
(Mw/Mn < 1.06) in all cases, with very high initiator efficiency. As shown in Table 1, the
molecular weights determined from light scattering are very close to the theoretical ones which
lead us to the conclusion that all initiator molecules participate in the polymerization and more
importantly that all initiation centers are essentially equally efficient. Our last conclusion is
supported from viscometry studies discussed below. Only in our first polymerization using the
trifunctional initiator a small excess of sec-BuLi was used (3-4% compared to the double bonds)
and a second peak with higher molecular weight was seen in the SEC eluogram which was
attributed to linear PS (Figure 4). The two peaks were separated by fractionation and the star
branch structure was confirmed through the measurement of g’.
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Figure 4. SEC chromatograms for the three-arm star PS before and after fractionation.



Table 1

Entry Sample Cix107 M, (th) x M,/M," M, x10° [Mlsa’ g kuf

(mol/mL) 103 (g/mol) (g/mol) (dL/g)
1 PI 3.7 43 1.47 306° - - -
2 PI 7.5 47 1.48 225°¢ - - -
3 PI 55.5 10 1.03 114 0.163 0.84 0.37
4 PS 12.6 81 1.23 116° - - -
5 PS 21.3 29 1.05 314 0.148 0.81 0.43
6 PS® 62.0 8 1.06 X® 0.078 0.82  0.41
7 PS-b-PI 21.3 1.09 x4 - - -

2 PS end-capped with (CH3)3-Si-Cl, determined by ° Size Exclusion Chromatography in THF, ©
determined by Low Angle Laser Light Scattering in Cyclohexane (PI) and Toluene (PS) at 25
°C, 9 determined by laser light scattering with a laser of 809 nm at 15° and 90° angles using dn/dc
values of 0.186 mL/g and 0.128 mL/g for PS and PI, respectively, ¢ determined by 'H NMR, and
fdetermined by viscometry in Cyclohexane (PI) and Toluene (PS) at 35 °C.

To further confirm the branched architecture and determine the functionality, g” values
were measured and compare to the ones reported in the literature for 3-arm stars. As is well
known, star polymers have smaller hydrodynamic volume, smaller radius of gyration, Rg, and
smaller intrinsic viscosity, [#], as compared to linear polymers with the same composition and
molecular weight. So, through measurements of intrinsic viscosity of the branched and the
corresponding linear polymers, g” values may be determined from the equation below:

g'= [nloe/[n]in (1)

The absolute molecular weights of the polystyrene star in toluene, and of polyisoprene star in
cyclohexane were determined by light scattering and through the following equations, the
intrinsic viscosities of the linear analogous were determined.

[1]iin = 9.27 x 10 My"** PS in toluene (2)
[7]in=1.97 x 102 My*™*  PI in cyclohexane (3)
In Table 1 the values of intrinsic viscosities of the star samples, the g’, and the Huggins

coefficients kn are shown. The ku coefficient was determined from the slope at the Huggins plot
(4) and provides additional proof of the polymer’s branched structure.

nso/c =[]+ Ku [y ¢ (4)



Literature values of g’ for three-arm star polymers are in the range between 0.8 and 0.94,> but
especially for three arm PS stars the values obtained in toluene at 35 °C are between 0.81 and
0.85. These values are in very good agreement with the ones obtained from viscometry, in the
same solvent and at the same temperature, for our two PS samples. Also, g” values are sensitive
to the asymmetry of the arms. It has been shown that PS stars with three arms of different
molecular weights have increased g” values (~0.92). An additional evidence that the obtained
polymers have star branch structure comes from Huggins coefficient, ku. The increased value of
the Huggins coefficients for our materials, as compared to the ones obtained for analogous linear
polymers in good solvents (kn~0.3), provides additional strong evidence for higher chain
segment density as expected for stars.

To confirm the ‘living’ nature of the polymerization, sequential addition of a second
monomer (isoprene) was performed after the polymerization of styrene. Upon addition of
isoprene the color of the polymerization solution changed rapidly (a few seconds) from orange to
pale yellow, which demonstrates fast initiation of the second block. The polymerization of the
2" block was left to proceed for one day at room temperature before terminatation with
methanol. The synthesis of three-arm star with diblock copolymer arms was confirmed by SEC
(Figure 5) where an obvious shift of the peak corresponding to the diblock copolymer arm star
towards higher molecular weights was observed. Also, as it can be seen at the eluogram about
3% contamination at the final star product with the three-arm polystyrene star. Further,
confirmation was obtained by 'H-NMR where resonances of both blocks are present in the

spectrum.
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Figure 5: Size exclusion chromatography eluograms of the three-arm PS star and of the
corresponding diblock copolymer star after the polymerization of isoprene.

Conclusions

In summary, we carried out the synthesis of a novel trifunctional anionic initiator that is
effective in hydrocarbon solvents without the addition of polar additives. Using this initiator,
well-defined three-arm star homopolymers of PS and PI were synthesized, as well as star-block
copolymers having arms of PS-b-PI. Rigorous molecular characterization by a combination of
NMR, SEC, light scattering, mass spectrometry, and viscometry confirmed the well-defined



three-arm star architecture of these materials and confirms the highly efficient nature of this
initiator.

Future work will report the use of this new initiator for the synthesis of highly complex
macromolecular architectures. We also plan to conduction light scattering experiments designed
to probe the association behavior of the active trifunctional initiator in hydrocarbon solvents at
different concentrations in order to gain insight into the interesting effect of concentration on
initiator efficiency.





