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Rapid screening of atom transfer radical polymerization catalysts
by electrospray ionization mass spectrometry

Fabio di Lena and Krzysztof Matyjaszewski*

Received (in Cambridge, UK) 4th August 2008, Accepted 9th October 2008
First published as an Advance Article on the web 4th November 2008

DOI: 10.1039/b813466a

An ESI-MS-based methodology allows for a rapid assay of
ATRP catalyst performance without prior polymerization
experiments.

Atom transfer radical polymerization (ATRP) is a powerful
technique that enables the facile synthesis of macromolecules
with precisely controlled compositions, architectures and func-
tionalities.! There is a continuous search for more efficient
ATRP catalysts to reduce their concentration, increase selec-
tivity and expand the range of polymerizable monomers.
Thermodynamic and kinetic studies of the ATRP equilibrium
(Scheme 1) provide fundamental understanding of catalyst
structure—reactivity relationships® and, consequently, routes to
more powerful metal/ligand combinations.> However, conven-
tional procedures for catalyst evaluation are laborious and
usually require relatively large amounts of materials, making
the development of new metal complexes for ATRP a slow and
inefficient process. In this work, we present a simple method
for the rapid screening of ATRP catalysts.

Mechanistic studies have shown that, when using the same
alkyl halide in the same solvent, the activity of an ATRP
catalyst depends largely on the electron transfer equilibrium
between the metals of the redox couple, Kgt, and the metal
halide affinity equilibrium, Kx (Scheme 2). These are two of
the four simpler reversible reactions formally representing the
overall atom transfer process‘4 Kgr is related to the redox
potential of the couple, which in turn depends on the ratio
BY/BY, i.e. on the relative stability of the higher (8") and lower
(B" oxidation states of the metal complex.® Consequently,
ligands forming very stable metal complexes are likely to form
active ATRP catalysts.

Recently, it was demonstrated that Cu(1) has a relatively
small preference for specific donor atoms, and the stabilities of
its complexes vary much less than those of Cu(i) complexes, as
the ligands are altered.® Thus, the ligands forming very stable
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Cu(i1) complexes lead to high ratio /8", high Katrp and a
strongly reducing Cu(m)L/Cu(i)L couple. These mechanistic
considerations infer that one can roughly predict the catalytic
activity of a metal complex in ATRP by simply knowing its
stability constants ™ and Kx.

The qualitative and quantitative evaluation of noncovalent
binding interactions such as coordination bonds has been very
successful since the advent of electrospray ionization mass
spectrometry (ESI-MS) and other soft ionization techniques
such as MALDL’ The gentleness by which ESI forms
the ions and transfers them into the gas-phase leaves host—guest
adducts practically intact,® and does not significantly perturb
equilibria in solution.’ Several recent examples demonstrated
the feasibility of using ESI-MS to simultaneously measure
either the relative'® or the absolute'! binding affinities and
selectivity of different hosts (e.g. organic and bioorganic
ligands, enzymes etc.) for various guests (metals, inhibitors
etc.) by means of competitive experiments. This suggests that
ESI-MS could be used for the rapid assay of ATRP catalysts.
Through consecutive competitive experiments, both the rela-
tive binding affinities (") of libraries of ligands and the
relative halidophilicities of the resulting complexes (Kx) could
be evaluated.

A typical screening procedure (Scheme 3) started with
dissolving a library of equimolar amounts of # ligands in a
given solvent and subjecting the resulting solution to ESI-MS
analysis in order to determine the spraying efficiencies of the
ligands and to calculate the relative correction factors
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(Scheme 3a). The intensity of a peak in an ESI-MS spectrum is
a function of both the concentration of the corresponding
species and its ionization efficiency, i.e. the efficiency with
which the particular ion is desolvated and transferred into the
gas-phase.'> Therefore, if two ions have different response
factors, the quantitative comparison of peak intensities
requires determination of the correction factors.'® The correc-
tion factors were obtained by normalizing the peak intensities
with respect to the most intense one. The solution was subse-
quently used to dissolve 1 equivalent of a metal salt
(e.g. Cu(OTY),), which distributed over the array of ligands
on the basis of its specific affinities (Scheme 3b). The analysis
of the mixture at the ESI-MS quickly showed which ligand
had preferentially complexed the metal. Notably, by spraying
a number of different catalyst solutions, it became apparent
that metal complexes could be involved not only in metal-
ligand equilibria but also in equilibria with the solvent, the
counterion, various impurities efc.

This significantly complicated the ESI-MS spectra, as dif-
ferent peaks for the same metal-ligand couple were present,
making the extraction of accurate quantitative information
difficult. For this reason, metal-ligand affinities were deter-
mined by measuring not the amount of the formed complexes
but the amount of ligands left free after the addition of metal.
This is based on the assumption that the higher the amount of
free ligand, the lower the stability of the corresponding com-
plex. After the addition of n — 1 equivalents of metal salt, to
quantitatively complex all the ligands (Scheme 3c), the solu-
tion was used to dissolve 1 equivalent of a halide salt, e.g.
N(Bu)4Br. As in the competitive experiment described above,
Br™ distributed over the array of metal complexes on the basis
of its specific affinities (Scheme 3d). This could be estimated by
subjecting the mixture to ESI-MS analysis and measuring the
relative abundances of halide-containing species. The subse-
quent addition of N(Bu),Br in an excess sufficient to form
equimolar amounts of halogenated complexes enabled the
determination of correction factors for each peak intensity
(Scheme 3e). Importantly, since the isolation is done by the
instrument, no reaction workup was necessary in any of the
steps above, and each metal complex could be easily picked
out from the mixture and subjected individually to further
reactions in the MS, including MS".

The part of the methodology concerning the ligand screen-
ing was validated by evaluating the relative binding affinities
for Cu(n) of various ligands employed in ATRP. In a typical
experiment, 3.3 x 107> mol of several ligands: tris[(2-pyridyl)-
methyllamine (TPMA, 9.4 mg), 1,1,4,7,10,10-hexamethyltri-
ethylenetetramine (HMTETA, 9 pL), tris(2-aminoethyl)amine
(TREN, 4.9 pL), diethylenetriamine (DETA, 3.6 pL) and
pentamethyldiethylenetriamine (PMDETA, 6.9 plL) were
dissolved in 10 mL of H;O : MeOH 9 : 1 (v : v). 150 pL
of the resulting solution was diluted in 20 mL of H,O : MeOH
9 : 1 (v:v) and analyzed with ESI-MS to determine the
spraying efficiencies of the ligands and to calculate the relative
correction factors (Fig. 1). Tetra-amines spray better than tri-
amines, alkylated amines better than hydrogenated ones, and
aromatic amines much better than those with alkyl substituents.
The rest of the solution was used to dissolve 3.2 x 107> mol
(11.7 mg) of Cu(OTf),, from which 150 pL were taken, diluted
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Fig. 1 ESI-MS spectrum of ligands before the addition of Cu(OTf),
together with the correction factors for the relative abundances.

in 20 mL of H,O : MeOH 9 : 1 (v : v), and sprayed for the
actual competition experiment. The peak intensities corres-
ponding to each ligand were multiplied by the correction
factors and normalized to 100 (Fig. 2), resulting in the
following order of ligand affinities towards Cu(i1): PMDETA
< HMTETA < DETA < TPMA < TREN. This is the same
order as reported in the literature on the basis of the stability
constants determined by conventional potentiometric or
calorimetric titrations in water.'* Also, since high values of
B"/B" correspond to high values of Kargrp, this order corres-
ponds also to the order of catalytic activities of the copper
complexes (PMDETA < HMTETA < TPMA).> TREN is
the most reducing complex and could be an even stronger
ATRP catalyst, but its activity has not yet been quantified.
As a control experiment, tris(2-(dimethylamino)ethyl)amine
(MegTREN), which could not be used in the previous compe-
tition, since it has the same m/z as HMTETA, was employed in
a one-to-one competition experiment with TPMA for
Cu(OTY),, employing the same procedure described above.
A normalized relative intensity of 71 was found for free
MesTREN. This value, with respect to the affinity for cop-
per(m), places it between HMTETA and TPMA, in agreement
with the B values from the literature. Additional series of
control experiments proved that: (i) metal complexes are in
thermodynamic equilibrium one with the other; and (i)
ligands can compete not only by reacting with uncomplexed
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Fig. 2 Relative amounts of ligands remaining uncomplexed in the
competition experiment.
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copper, but also via direct ligand exchange. The affinity of the
five above ligands for Cu(i1) was determined also in methanol,
acetone and acetonitrile, solvents in which conventional
potentiometric or calorimetric titration methods were not
reported. The results will be presented in a follow-up
publication.

The part of the methodology concerning the halidophilicity
screening was demonstrated by evaluating the relative bromi-
dophilicity of [PMDETA/Cu(m**, [HMTETA/Cu(m)]*",
[DETA/Cu(m)]**, [TREN/Cu(u)]**, and [TPMA/Cu(u)]*"
in acetonitrile. This solvent was preferred to water because it
is known that, in protic solvents, Kx is several orders of
magnitude smaller.” In a typical procedure, 3.3 x 107> mol
of PMDETA, HMTETA, DETA, TREN, and TPMA were
dissolved in 10 mL of acetonitrile together with 16.5 x 10> mol
(5 eq., 59.5 mg) of Cu(OTf),. The resulting solution was
used to dissolve 3.3 x 107> mol (10.6 mg) of N(Bu),Br, from
which 150 uL were taken, diluted in 20 mL of acetonitrile, and
sprayed for the actual competition experiment. The mass
spectrum clearly showed that only [HMTETA/Cu(u)]* " and
[TPMA/Cu(i)]*" complexed the bromide, showing higher
bromidophilicity than the other three complexes. The absence
of the bromide anion in the negative mode suggested that most
of Br~ was complexed to copper. Control experiments ruled
out the possibility that doubly halogenated copper complexes
were formed. It was not possible to measure the spraying efficien-
cies of the five bromo-containing complexes at once as the
addition of four equivalents of N(Bu),Br resulted in the precipita-
tion of a white solid. The individual reaction of each ligand with
CuBr; revealed the relatively poor solubility of [DETA/Cu(i)Br]
and [TREN/Cu(m)Br] " in acetonitrile. The spraying efficiencies
of [HMTETA/Cu(n)Br] and [TPMA/Cu(u)Br]* were then
determined by dissolving 3.3 x 107> mol of HMTETA and
TPMA together with 6.6 x 107> mol of CuBr, in 10 mL of
acetonitrile, diluting 150 pL of the resulting solution in 20 mL
of the same solvent and carrying out the ESI-MS analysis. As
during the screening of ligands, the so calculated correction
factors were used to quantify the relative amounts of
[HMTETA/Cu(11)Br] " and [TPMA/Cu(i)Br] " in the competi-
tion zexperiment (Fig. 3). The lack of halidophilicity data in
the literature does not allow the cross-validation of these
results but, on the other hand, shows the importance and
the utility of the present approach.

In conclusion, a general ESI-MS-based strategy allows for
the rapid assay of ATRP catalyst performance without prior
polymerization experiments, using only a few milligrams of
compounds, and with no reaction workup necessary. This
novel methodology could significantly contribute to the devel-
opment of a new generation of ATRP catalysts of wide
academic and industrial interest and applicable to a larger
range of monomers. A similar impact on the synthesis of small
organic molecules via the mechanistically analogous atom
transfer radical addition (ATRA)'® is also anticipated. The
description of the gas-phase study of copper complexes will be
published elsewhere.
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Fig. 3 Relative amounts of halogenated metal complexes formed in
the competition experiment.
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