Imernational Journal of

)

Mass Spectrometry

S VN L
ELSEVIER International Journal of Mass Spectrometry 195/196 (2000) 377—383

Mass spectrometric assay of polymerization catalysts for
combinational screening

Christian Hinderling, Peter Chen*

Laboratorium fur Organische Chemie der Eidgéssischen, Technischen Hochschuléridty Switzerland

Received 3 June 1999; accepted 27 September 1999

Abstract

Electrospray ionization mass spectrometry of a homogeneous Ziegler-Natta polymerization catalyzed by a Pd(Il) diimine
complex shows two distinct distributions of metal-bound oligomeric ions corresponding to catalytic centers which have not
undergone chain transfer and those that have. A fit of two distributions by numerical integration of the kinetic equations
describing the polymerization gives the absolute rates for initiation, propagation, and chain transfer in the polymerizatior
reaction, from which the bulk polymer properties can be predicted. The mass spectrometric method requires mg quantities
catalyst, requires only a few minutes, and is suitable for both pooled and parallel screens of catalyst libraries. (Int J Mas
Spectrom 195/196 (2000) 377-383) © 2000 Elsevier Science B.V.
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1. Introduction heat release in the thermographic assay, which is
appropriate for assays of overall catalytic activity. For
Methods for high-throughput screening of organo- polymerization reactions [7], on the other hand, cat-
metallic catalysts occupy a central position in the alytic activity is only one of several important catalyst
emerging area of combinatorial materials science [1]. properties for which high-throughput screens would
There have been a variety of strategies employed to be needed. The key properties of average molecular
correlate some aspect of catalysis to a measurableweight [8], M,, or M,,, and molecular weight distri
quantity that can be, moreover, measured quickly on bution,M,/M,, are currently not accessible in any fast
very small samples. Chromatographic [2], thermo- assay. The usual methods of size-exclusion chroma-
graphic [3], fluorescence quenching [4], microwell tography (also termed gel permeation chromatogra-
parallel reactions [5], and polymer-supported “bead” phy or gpc), light scattering, viscosity, or colligative
methods [6] have been tried with varying degrees of property measurement require bulk samples and/or
success. The strategies typically assay reaction rate orcareful calibration, and are poorly suited to high-
turnover number. For example, rate is correlated with throughput screening. In a previous report [9], we
showed that electrospray ionization tandem mass
spectrometry could screen according to chain length
~ *Corresponding author. for metal-bound polymer chains. We report here
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Scheme 1.

method for high-throughput screening of catalysts to polymerize for 26 minutes, and then quenched by
[10] according to the likelyM,, of the resulting bulk  saturation with CO gas [15]. A sample was removed,
polymer, including polymer chains that do not remain diluted to fifty-fold, and analyzed by electrospray in a
on the catalyst. The screen, demonstrated for a homo-modified Finnigan MAT TSQ-7000 mass spectrome-
geneous Ziegler-Natta polymerization, requires a few ter. The instruments and operating parameters have
milligrams of catalyst, assay times measured in min- been previously described [9,16]. The resulting mass
utes, and can work for either a pooled, simultaneous spectrum is shown in Fig. 1. Examination of the
screen of multiple catalysts, or a parallel, sequential m/z= 1000-2500 region reveals two distinct distri-
screen of one catalyst at a time. butions of oligomeric ions. Metal-bound oligomer
chains with methyl endgroups, designated odd chains,
correspond to chains built on a catalytic center that
2. Results has not undergone chain-transfer. Metal-bound oli-
gomer chains with hydrogen endgroups, designated
As a test system, the Brookhart Pd(ll) system even chains, correspond to chains built on a catalytic
[11,12], procatalyst 1, was chosen, although the center that has undergone chain-transfer at least once.
method is general to most classes of polyolefin Although both the odd and even chains are built by
catalysts. As in many of the Ziegler-Natta catalysts, addition of ethylene units, they are displaced from one
the final polymer molecular weight is largely deter- another by 14 mass units. Using the general kinetic
mined by chain-transfer with monomer (or polymer if scheme for Ziegler-Natta polymerization, with adap-
the concentration becomes high enough). The elemen-tations to the specific class, in this case Brookhart
tary steps in the polymerization [13] have been catalysts, the two distributions can be fitted, by
explored computationally by Ziegler and co-workers integration of the differential rate equation, to yield
[14], and experimentally for this particular family of unique, absolute rates for initiation, propagation, and
catalysts by Brookhart. Because of very fast monomer chain-transfer for the particular set of conditions in
complexation, the resting state of the Pd(ll) diimine the reaction. The fit fok;,; = 0.01, k.., = 0.044,
catalysts is the ethylene complex; the ethylene con- andk,,s = 0.00045 s*, for initiation, propagation,
sumption rate was found accordingly to be zero-order and chain-transfer rates, respectively, is shown in Fig.

in ethylene [11]. 2.
A thermostatted CECl, solution (5 ml, 9.8 °C), The entire procedure can be repeated at several
presaturated with ethylene, in which 2 mgg uwmol) temperatures to obtain rates for Arrhenius plots. A

of 1 was dissolved, was activated by AgOTf, allowed preliminary attempt in this direction finds non-Arrhe-
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Fig. 1. Electrospray mass spectrumiloffter activation, reaction with ethylene, and quenching with CO. The expanded region shows the odd
and even-chain distributions.

nius behavior for the initiation rate, understandable solution. With these assumptions, the polydispersity is
because it is heterogeneous; we find, on the otherM, /M, = 2, as expected from theory. In the event
hand,ER™P = 18.9 andEY®"S = 21.4 kcal/mol. The  that more realistic conditions, e.g. high polymer
rates can also be used to compute the average molec€oncentration, need to be simulated, the rate expres-
ular weight and extent of polymerization as a function sions with chain-transfer to either monomer or poly-
of time, shown in Fig. 3, under the assumption of mer can be integrated. One expects in such a case that
constant ethylene concentration and dilute polymer M,/M,, > 2.
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Fig. 2. Fit of the odd and even-chain distributions to the rates for initiation, propagation, and chain transfer.

3. Discussion length, and therefore the polymer molecular weight, is
determined primarily by the ratio of the propagation
In the general mechanism for homogeneous to chain-transfer rates. Whereas the former rate can be
Ziegler-Natta polymerization, the limiting chain measured by a number of techniques, there are ex-
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Fig. 3. Computed average molecular weight and extent of polymerization at 9.8 °C, calculated using the rates determined from the fit to th
odd- and even-chain distributions.
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tremely limited ways to obtain the latter. Brookhart Although an analytical proof of linear independence
reported propagation rates [11] for catalysts related to has not been done, an examination of the behavior of
1. In control experiments on these catalysts, our the fitting functions as the parameters are varied
propagation rates were approximately a factor of two suggests that the three rates can be uniquely deter-
slower than that in the literature. Given that the mode mined. Qualitatively, the absolute propagation rate is
of activation was different, giving triflate as the primarily responsible for the position of the maximum
counterion in the present work, as opposed to tet- and the shape of the leading edge of the odd distri-
rakis(pentafluorophenyl)borate, the factor of two is bution. The ratio of propagation to initiation rate
completely understandable. Brookhart reports no determines the width and the shape of the trailing
chain-transfer rates, so no direct comparison can beedge of the odd-chain distribution. The ratio of the
made. One could proceed to compute the polymer propagation to chain-transfer rate determines the rel-
molecular weight to compare to thd,, reported in ative magnitude of the odd versus even chain distri-
the literature, but that value was measured under bution. The shapes, bell-shaped for the odd-chain
conditions which are far from ideal for the compari- distribution, and monotonically decreasing with a
son, e.g. 45 g polymer formed in 100 ml solvent, sharper drop at the leading edge for the even-chain
making a direct test again difficult. Nevertheless, one distribution—are consequences of the kinetic model
should note that 1 was not rated as one of the betterand not otherwise adjustable. The good fit of these
catalysts in the Brookhart work, consistent with the shapes with the three rates suggests that the model is
modestM,, seen in Fig. 3. adequate for the deconvolution.

Procatalyst 1 was chosen for the test because it Important for the interfacing of the assay to a
gave odd-chain and even-chain distributions which complete screening procedure is the ability of the
are easily seen in Fig. 1. If a better catalyst were to be assay to handle a pooled screen, i.e. multiple simul-
used [17], the same exercise could be done to extracttaneous catalysts at once, and the facility by which the
the three rates, but the difference in magnitude be- assay can be automated for a parallel screen. For both
tween the odd-chain and even-chain distribution kinds of screens, the mass spectrometric method is
would have been greater. With commercial quadru- well-suited. We have already shown that, for a pooled
pole or sector instruments delivering a dynamic range screen, the implementation of a parent ion scan on the
of ~10,000 to 1, one can estimate that the present B-hydride elimination daughter ion produced by col-
screening method should function up t™,, lision-induced dissociation of the metal-bound oli-
~500,000. Theupper-bound applies only if one isin  gomers generates the equivalent to Fig. 1 for a single
fact concerned with using the mass spectrometric catalyst in the presence of many others [9]. For a
method to quantifyM,,. In practice, as a screening parallel screen, automation can be done with autosam-
method, only trends and gross magnitudes need to beplers available for the commercial spectrometers.
measured, because the actual polymer molecular Compared to conventional methods for polymer mo-
weight would be determined conventionally for a lecular weight determination, the present mass spec-
“hit” anyway. This same argument applies in case the trometric method is faster, requires much less sample,
actual rates for propagation and chain-transfer, con- and is more amenable to automation. Other mass
trary to assumption, do in fact depend on chain length. spectrometric approaches [18] suffer from the disad-
As long as the variation is smooth and slow as a vantage that they operate directly on the polymer
function of chain length, the integrity of the mass rather than on the metal-bound oligomers, meaning
spectrometric screen is not impaired. that the ionization process (in the case of electrospray)

Ideally, one would want the three rates in the fit to and/or the mass range of the spectrometer (for elec-
the odd- and even-chain distributions to be linearly trospray of MALDI), become problematic, especially
independent so that an unique fit can be achieved. for polyethylene and polypropylene.
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4. Experimental 5. Conclusion

CH,CI, was distilled from CaH before use. Elec A mass spectrometric assay for polymerization
trospray ionization was conducted with flow rates of 5 catalysts is introduced that provides the connection
to 15 uL/min, N, sheath-gas, and a spray-voltage of between the microscopic world of ion distributions
5.0 kV. Very mild desolvation-conditions (heated and the macroscopic world of bulk polymers proper-

capillary 150 °C, tube lens potential 52 V) were ties. The procedure is fast, robust, and adapts readily
employed. to a variety of screening strategies.
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