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Abstract

Matrix-assisted laser desorption ionization (MALDI) time-of-flight (TOF) mass spectrometry (MS) is applied to examine the products
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rising upon the preparation of chain-end functional polymers via living anionic polymerization techniques. Both post-polymeriza
ionalizations as well as the use of functionalized initiators are investigated. MALDI-TOF MS is shown to be a sensitive probe for the q
nalysis of the major and minor oligomers from novel functionalization reactions whose mechanisms are not yet well established. T

s particularly valuable for the identification of the end groups of the minor, and often unexpected, distributions that may be undet
ther analytical means. Complete characterization of all oligomers generated during functionalization reactions provides an esse

he synthetic chemist for understanding the corresponding mechanisms. This insight is necessary for selecting alternative route
odifications to the reaction conditions. It is demonstrated that MALDI-TOF MS can convey quantitative information about the

he chain-end groups introduced during functionalization. From the cases presented it is evident that post-polymerization reaction
etter control of chain-end functionality and molecular weight than functionalization with the limited number of currently available p

unctionalized initiators.
2004 Elsevier B.V. All rights reserved.
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. Introduction

The synthesis of functionalized polymers is important
n numerous applications, including colloidal stabilization,
ispersion of fillers and the synthesis of new block copoly-
ers [1]. Living anionic polymerization is particularly

uited for introducing functional groups at either chain end
f a polymer while providing well-defined structures and

ow degrees of compositional heterogeneity[2]. Due to the
tability of the living anion there is neither chain transfer
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nor termination. The stable carbanionic chain end, resu
after consumption of all monomer, can react with a varie
electrophilic reagents to yield the desired functional gr
at the terminal (�) chain end[3]. Introduction of a functiona
group to the initiating end (�) can be accomplished b
the use of functionalized alkyllithium initiators[3]. The
combination of these two synthetic methods make
possible to generate�,�-difunctional (telechelic) polyme
[3]. It is of great importance to characterize all produ
created by such novel approaches for polymer functio
ization in order to understand the underlying mechani
For this, sensitive analytical techniques must be utili
as the detection of minor products is a prerequisite
gaining a greater understanding of the functionaliza
processes.
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Due to its high sensitivity, mass spectrometry (MS) pro-
vides an ideal method for the separation and identification
of individual oligomers based on their different architec-
tures and end groups as long as the corresponding structures
differ in mass. In order to acquire the mass spectrum of a
sample, the polymer must be volatilized and ionized with
very little fragmentation (soft ionization) so that the mass-
to-charge ratios (m/z) of its constituent oligomers can be
measured[4–10]. Matrix-assisted laser desorption ionization
(MALDI) [11,12]and electrospray ionization (ESI)[13] have
made this possible for a wide variety of polymers that have
never been directly analyzed by mass spectrometric methods.
MALDI time-of-flight (TOF) mass spectrometry in particu-
lar has emerged as the most widely used MS technique in
polymer analyses because it is applicable to more types of
synthetic polymers than any other MS method and gener-
ally leads to simple spectra, displaying only singly charged
quasi-molecular ions with little or no fragmentation[10,14].
This study utilizes MALDI-TOF mass spectrometry to iden-
tify the microstructure and sample composition of function-
alized polymers prepared by living anionic polymerizations
[15–22]. The intricate details unveiled help to elucidate how
the polymers are formed, thereby yielding a deeper under-
standing of the polymerization reactions and functionaliza-
tion mechanisms.
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certain cases the reaction conditions were systematically var-
ied to optimize the yield of the desired end group, as will be
discussed with the presentation of the results below. Solvents
and reagents were purchased from Aldrich (Milwaukee, WI)
or Fisher Scientific (Pittsburgh, PA). The monomers styrene,
butadiene and isoprene were purchased from Aldrich, Math-
eson Gas Products (Montgomeryville, PA) and Goodyear
(Akron, OH), respectively. The alkyllithium initiators were
obtained from FMC, Lithium Division (Gastonia, NC). Sol-
vents, reagents and monomers were purified and/or dried as
has been described by Quirk et al. in refs.[2,3,23–26].

2.2. Mass spectrometry experiments

MALDI mass spectra were acquired with a Bruker Re-
flex III time-of-flight mass spectrometer (Bruker Daltonics,
Billerica, MA). The instrument is equipped with a nitrogen
laser emitting at 337 nm, a single-stage pulsed ion extrac-
tion ion source, a two-stage grid-less reflector and two dual-
microchannel plate detectors for detection in the linear and
reflectron modes. Mass spectra were measured in the linear
and reflectron mode with the ion source and reflector lens po-
tentials kept at 20 and 22.5 kV, respectively. The mass scale
was calibrated externally using four peaks of a polystyrene
standard at the appropriate molecular weight. Solutions of
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. Experimental methods

.1. Polymerizations and functionalizations

The synthesis of�-functionalized and�-functionalized
olymers was performed by living anionic polymerizat

echniques which have been described in detail elsew
2,3,23–27]. The reactions were carried out in all-gla
ealed reactors using break seals and standard high-va
echniques[28]. The polymerizations were conducted in
rocarbon solutions (benzene unless stated otherwise)
onomer (styrene or butadiene) and were initiated bysec-
4H9Li or a protected functionalized alkyllithium initiato
nce all monomer was consumed, after the desired rea

ime, an aliquot of the living anion solution was remo
rom the reactor and terminated with degassed methanol
rocedure leads to the base polymer, which was analyz
auge the purity, molecular weights (Mn, Mw) and molec
lar weight distribution (MWD) of the compound befo

unctionalization, so that any unwanted side-products an
hifts in the polydispersity brought upon the functiona
ng step could be identified with confidence. Functiona
ion was carried out by reaction of the living anions with
lectrophilic reagent of choice. Termination followed thro

he addition of degassed methanol, unless noted othe
ccasionally, the polymeric living anions were end-cap
efore functionalization, either with butadiene or isopr

o improve solubility, or with diphenylethylene, to decre
ggregation of the chain ends and reduce their reactivi
ithranol at 20 mg/mL (Fluka, Milwaukee, WI), silver trifl
roacetate at 10 mg/mL (Aldrich, Milwaukee, WI) and
olymer (10 mg/mL) were prepared in THF and aliquot

he matrix, salt and polymer were mixed in a 10:1:2 ra
espectively. A small portion, 0.50�L, of the final mixture
as applied to the MALDI sample target for analysis.
escribed conditions yielded singly charged adduct ion
ach oligomer in the sample under study[15–22]. Them/z
alues given in the following section are either monoisot
r average, depending on whether the isotopic clusters
esolved.

The molecular weights and molecular weight distributi
f the polymers produced were analyzed independent
ize exclusion chromatography (SEC) on a Waters 150-C
nstrument (Milford, MA) equipped with a differential refra
ometer, a viscosity detector (Viscotek model 150R) and
henomenex Phenogel columns (Torrance, CA). SEC sp
ere run at 30◦C in THF after calibration with polystyren
tandards (Polymer Laboratories, Amherst, MA).

. Results and discussion

.1. Polystyrene functionalization with ethylene oxide

Polystyryl anions (PS−) are inherently nucleophilic an
hus, can react with a multitude of electrophilic reagen
roduce a variety of chain-end functionalities. One freque
mployed functionalization, which introduces a hydroxy
roup, is the reaction of poly(styryl)lithium (PSLi) with eth

ene oxide (EO), shown inScheme 1. An excess of EO i



M.A. Arnould et al. / International Journal of Mass Spectrometry 238 (2004) 245–255 247

Scheme 1.

generally used for quantitative functionalization. The func-
tionalized polymer is subsequently quenched in methanol.
The mass spectrum of a product, prepared without careful
control of the molar excess and dryness of EO and by us-
ing acidic (HCl) methanol as the final termination reagent,
is depicted inFig. 1. The product has a narrow molecular
weight distribution (MWD), cf.Fig. 1, in agreement with
the low polydispersity (PD) of 1.1 determined by SEC. Such
a result attests that the rates of initiation and propagation
are comparable for this system, as required for living an-
ionic polymerization to yield polymers with a narrow MWD
[2]. The expanded trace of the mass spectrum (Fig. 1) re-
veals that a variety of end groups have been generated dur-
ing this relatively simple reaction. Based on the measured
averagem/z values, all peaks observed are silver cationized
(Ag+) polystyrene (PS) oligomers. The main series A ap-
pears atm/z104.15n+ 210 and corresponds to silver ion (av-
erage mass of 108 Da) adducts of the desired product with
the expectedsec-C4H9 (57 Da) and CH2CH2OH (45 Da) end
groups (108 + 57 + 45 = 210 Da). Note that masses (in Da)
and mass-to-charge ratios (inm/z units) are identical for

F
f
p ks of
t

singly charged ions, which were exclusively observed in this
study. There are three additional unexpected products, giv-
ing rise to series B–D. The oligomers of series B appear
at m/z values that are 44 Da greater than those of the A
oligomers. Considering that the mass of EO is 44 Da, this
series thus provides evidence that dimerization of ethylene
oxide has taken place during the functionalization step to
yield a CH2CH2OCH2CH2OH �-end group, cf.Scheme 2.
Series B′, which is observed 18m/zunits below B, is assigned
to the dehydration product of B, carrying the terminal group
CH2CH2OCH CH2. Finally, series D has a mass that is 44 Da
less than that of A, consistent with the incorporation of H in-
stead of CH2CH2OH at the�-end. Based on the abundances
of series B′, B and D relative to series A (<3, 1 and 4%, re-
spectively), approximately 4% of the�-chain ends contain
two EO units, while another 4% carry no functional group.
At these small proportions, the side products are difficult to
detect by NMR.

The non-functional polymer (series D) forms by the proto-
nation of polystyryl anions with adventitious impurities. On
the other hand, series B and B′ prove that oligomerization of
EO occurs during the functionalization reaction. This is not
surprising, due to the steric strain and high reactivity of EO
towards nucleophiles. The very small extent of EO oligomer-
ization points out, however, that lithium alkoxides formed
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ig. 1. MALDI mass spectrum of a polystyrene prepared usingsec-C4H9Li
or initiation and ethylene oxide for functionalization (Scheme 1). The ex-
anded trace shows them/z range between the 40-mer and 41-mer pea

he desired product,sec-C4H9Li PS CH2CH2OH.
Scheme
rom the addition of one EO are rather unreactive tow
ther molecules of EO. This could be due to the pronou
ggregation of the chain ends in hydrocarbon solvents.

The discovery of EO oligomerization upon terminat
rovoked intense interest in the reaction conditions u
hich this process occurs[15,17,27]. A close look at th
roducts generated under various conditions of PSLi hyd
lation was therefore undertaken using MALDI-TOF M

series of polystyrenes was synthesized under care
ontrolled conditions using purified and dried solvents
thylene oxide. Polymerization was performed in benze
5◦C with either 4 or 10 equivalents of EO (relative to
SLi concentration), and the reaction times ranged from

o 4 weeks. After the desired reaction time, the samples
uenched with degassed methanol to precipitate the pol
hich was filtered and dried overnight in a vacuum oven p

o analysis by MALDI mass spectrometry.

2.
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Fig. 2. MALDI mass spectra of polystyrenes prepared under carefully con-
trolled reaction conditions usingsec-C4H9Li for initiation and ethylene ox-
ide for functionalization (see text). Only them/z range between the 18-mer
and 19-mer peaks of the desired product,sec-C4H9Li PS CH2CH2OH, is
shown. The entire spectra contain Poisson distributions of oligomers, similar
to the distribution ofFig. 1. The number of equivalents of ethylene oxide
(EO) and the reaction time used are as follows: (a) four equivalents of EO,
12 h; (b) 10 equivalents of EO, 12 h; (c) 10 equivalents of EO, 1 week; and
(d) 10 equivalents of EO, 4 weeks. The asterisks denote fragments from
in-source or metastable fragmentation (see text).

The results of the mass spectrometric analysis can be seen
in Fig. 2. Polystyrenes (PS) of lower molecular weight (Mw)
were prepared for the investigation of reaction conditions
(Mn= 2300 based on SEC); for this reason, the isotopic clus-
ters of the peaks observed are adequately resolved to mea
sure monoisotopic masses (cf.Figs. 1 and 2). Again, all
oligomers are detected as Ag-cationized ions. The mass spec
trum of the product from the reaction of poly(styryl)lithium
with four equivalents of EO after 12 h is shown inFig. 2a.
The spectrum contains a major distribution, A, whosem/z
values correspond to the Ag+ adducts of PS oligomers
with C4H9 and CH2CH2OH end groups. For example, the
18-mer of this distribution is expected to produce a sig-
nal atm/z (monoisotopic) 18× 104.06 (18× C8H8) + 57.06
(C4H9) + 45.03 (CH2CH2OH) + 106.9 (107Ag+) = 2082, as
indeed observed. Dimeric oligomerization of EO would have
led to an increase in mass by 44 Da from series A (vide supra),
which is not observed, i.e., no peak atm/z2126 above noise
level.

The asterisks (*) inFig. 2 denote unresolved peaks that
originate by in-source or metastable fragmentation[29–31].
They are distinguished from peaks for molecular or quasi-
molecular ions by their broad unresolved shape, an intensity
dependence on laser power and disappearance and/or sig
nificantly reduced intensity in the linear mode[29–31]. The
b men-

tation; the laser power dependence is caused by the higher
energy requirements of fragment ions; and the disappear-
ance of metastable fragment peaks in the linear mode re-
flects the fact that fragment ions formed metastably (i.e., in
a field-free region located between the ionization area and
the detector) have the same velocities as the corresponding
precursor ions and, hence, reach the linear mode detector
(reflectron turned off) simultaneously. On the other hand, in
the reflectron mode, the metastable fragments are dispersed
from their precursor ions inside the reflector lens (because
of different kinetic energies) and, thus, appear at distinctm/z
values.

It is found that the degree of oligomerization increases
with the reaction time or the amount of EO added to PSLi.
The spectrum of the product after functionalization using
10 equivalents of EO and a reaction time of 12 h (Fig. 2b)
reveals two additional products at very low abundance but
discernable from noise. Series B is now observed at 44m/z
units above A. As previously discussed, such a product arises
from the incorporation of one more unit of EO at the�-chain
end via an ether linkage, viz. CH2CH2OCH2CH2OH. The
intensity of B increases significantly, relative to that of A,
in the spectrum of the product obtained from the reaction
time of 1 week,Fig. 2c. A further dramatic increase in the
intensity of series B is observed after a reaction time of 4
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eeks (Fig. 2d). In fact, EO oligomerization is so efficie
t this longer reaction time that a third series (C) is dete
t 44m/z units above B and 88m/z units above A. Series
epresents polystyrene chains with three units of EO a
-chain end. All spectra also show traces of unfunctiona
olymer (series D), which is most abundant in the spec

or the reaction time of 1 week (Fig. 2c). This product i
ttributed to adventitious impurities introduced during fu

ionalization, which apparently were highest in the synth
ith a functionalization reaction time of 1 week. It is no
orthy that the dehydration product of B (series B′) is not
bserved. Evidently, this side reaction is avoided when

unctionalized product is treated with degassed methan
nal termination instead of with acidic (HCl) methanol.

A PS with an authentic CH2CH2OCH2CH2OH group a
he�-chain end can be prepared by reacting PSLi with th
-toluenesulfonate (ditosylate) of ethylene glycol[17]. This
unctionalization leads to a mixture of monomeric PSCH2-
H2OCH2CH2OTs and dimeric PSCH2CH2OCH2CH2
S which can be separated quantitatively by silica
olumn chromatography[17]. Subsequent removal of t
osyl protecting group in the monomeric polymer by sod
aphthalide gives rise to CH2CH2OCH2CH2OH-terminated
olystyrene. The mass spectrum of the polymer prod

his way, usingsec-C4H9Li as initiator, is shown inFig. 3.
nly distribution B is observed, confirming that the

ification and deprotection steps proceeded quantitat
he 18-mer of this product would appear atm/z (mono-

sotopic) 18× 104.06 (18× C8H8) + 57.06 (C4H9) + 89.06
C2H4OC2H4OH) + 106.9 (107Ag+) = 2126, which matche
he observedm/zvalue (Fig. 3) as well as them/zvalue of the
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Fig. 3. MALDI mass spectrum of the model polystyrenesec-
C4H9 PS CH2CH2OCH2CH2OH prepared usingsec-C4H9Li for initia-
tion and the ditosylate of ethylene glycol for functionalization. The expanded
trace shows them/z range between the 17-mer and 19-mer peaks of the de-
sired product. The asterisks denote fragments from in-source or metastable
fragmentation (see text).

product that was increasing in intensity inFig. 2as reaction
time and EO concentration increased.

The extent of EO oligomerization upon functionalization
with 10 equivalents of EO can be assessed from the relative
intensities of the B and A series. The monoisotopic peaks
from the corresponding 18-mers are observed atm/z 2126
and 2082, respectively (Fig. 2). Based on the abundance ratio
[m/z2126]/[m/z2082], the proportion of PS with two EO ter-
minal units increases from 3.4% to 4.9% to 35% if the reaction
time is increased from 12 h (Fig. 2b) to 1 week (Fig. 2c) to 4
weeks (Fig. 2d); a replicate experiment on a PS functionalized
with 10 equivalents of EO for 12 h led to 3.6% dimeric�-
end group, attesting excellent reproducibility. Similarly, the
ratio [m/z2170]/[m/z2082] reveals that the amount of poly-
mer with three EO terminal groups is 1.0% after 1 and 5.0%
after 4 weeks. The quality of such quantitation was evalu-
ated by comparison to H NMR data. Using NMR resonances
specific to the CH2CH2OH and CH2CH2OCH2CH2OH ter-
minal groups, the percentage of the sample containing two
EO units was calculated at 3.7% (3.4% in the replicate exper-
iment), 5.5 and 33% for reaction periods of 12 h, 1 week and 4
weeks, respectively. The excellent agreement between NMR
and MALDI mass spectrometry results clearly shows that
MALDI-TOF MS can be used as an absolute, independent

method for both the qualitative as well as quantitative anal-
ysis of side products, provided their structures and sizes do
not vary substantially from those of the main product[17].
The high sensitivity and dispersive nature of MS allow for
the detection of minor products at the parts-per-thousand
(or lower) concentration level; in contrast, the integrative
NMR method requires unique signal(s) that stand(s) out from
those created by the polymer backbone as well as signifi-
cantly larger concentrations (>3% for the hydroxylated PS
studied).

3.2. Polystyrene functionalization with ethylene oxide
homologs

Oligomerization of the functionalizing reagent should be
prohibited by using a bulkier epoxide, such as propylene ox-
ide or 1-butene oxide (1,2-epoxybutane)[17,25]. The lat-
ter reagent was selected for investigation of its termination
chemistry by MS. In this case, the living poly(styryl)lithium
anion was functionalized at 25◦C with a nine-fold ex-
cess of 1-butene oxide (Scheme 3) [16]. The reaction mix-
ture was stirred for 2 days and then quenched with acidic
methanol to recover the polymer. The MALDI mass spec-
t and
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rum (Fig. 4) reveals the presence of one dominant
ne side product. The main distribution A originates fr

he desired polymer shown inScheme 3. The measure
/z values of this series agree well with the composi

C4H9 PS C4H8OH + Ag]+; for example, the peak center
tm/z2942.2 (monoisotopic value) represents the Ag+ adduc
f a 1-butene oxide end-capped polystyrene 26-mer, w

he adjacent peak atm/z3046.2 is the corresponding 27-m
otentially, the PSLi anion can attack either ring C-atom
-butene oxide, leading to isomeric end groups (Scheme 3).
he primary alcohol, which is formed from the less favora
ttack on the more hindered methine C-atom, is not det
y 13C NMR [16]; hence, the reaction of PSLi with 1-bute
xide is highly regioselective and preferentially produc
econdary alcohol at the�-chain end. Note that such reg
hemistry information cannot be obtained by mass spect
try; obviously, the best possible structural characteriz
f a polymer often necessitates the combination of com
entary analytical techniques.
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Fig. 4. MALDI mass spectrum of a polystyrene prepared usingsec-C4H9Li
for initiation and 1-butene oxide for functionalization (Scheme 3). The ex-
panded trace shows them/z range between the 26-mer and 27-mer peaks
of the desired product,sec-C4H9 PS C4H8OH. The asterisks denote frag-
ments from in-source or metastable fragmentation.

The minor series B, which has a mass that is 72 Da (mass
of butane oxide) lower than series A, represents unfunction-
alized oligomers (H as the�-end group). The low peak in-
tensity of series B (∼3% of series A) reveals a high degree
of functionalization viaScheme 3. It is important to note
that there are no peaks at 72m/z units higher than series A;
this result provides strong evidence that a second unit of 1-
butene oxide is not added to the�-chain end, in concert with
the above stated expectation that bulkier epoxides do not un-
dergo oligomerization during the functionalization step.

An alternative means to suppress oligomerization of the
functionalizing reagent is by using a less strained and,
hence, less reactive electrophile. This is exemplified in
Fig. 5 by the mass spectrum of a PS prepared by reacting

F
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poly(styryl)lithium with oxetane, a cyclic ether with a 4-
membered ring. The only distribution detected (A) are Ag+

adducts of the desired polymer, [C4H9 PS CH2CH2CH2-
OH + Ag]+.

A positive aspect of oligomerization is that it may
be useful for the preparation of tailored end groups via
the sequential addition of different epoxides to the living
anion. In a pilot experiment without careful control of
reaction conditions, EO and propylene oxide (PO) were
added sequentially to poly(styryl)lithium. After isolation,
the resulting polystyrene gives rise to the MALDI mass
spectrum ofFig. 6. The main distribution observed (A)
corresponds to polymer chains that incorporated one EO unit
at their�-end, viz. [C4H9 PS C2H4OH + Ag]+. There is a
second significant distribution (B) that appears 58 Da above
A and arises from the incorporation of EO and PO units, viz.
[C4H9 PS C2H4OC3H6OH + Ag]+. A third distribution (C)
appearing just above baseline is attributed to Ag+ adducts
of C4H9 PS CH2CH2OCH CH2, generated via water loss
from C4H9 PS CH2CH2OCH2CH2OH oligomers which
themselves are barely detectable. Oligomerization of mixed
epoxides could develop into a promising method for creating
customized end groups if optimum reaction conditions can
be found that make polymer B the main product.
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ig. 5. MALDI mass spectrum of a polystyrene prepared usingsec-C4H9Li
or initiation and oxetane for functionalization. The expanded trace s
hem/z range between the 95-mer and 97-mer peaks of the desired po
ec-C4H9 PS CH2CH2CH2OH.
.3. Polystyrene macromonomers

Macromonomers or macromers® are macromolecule
ith a polymerizable end group[32] that can copolymeriz
ith a backbone forming monomer to yield comb-type g
opolymers[33,34]. Hard segments in the grafts (for exa
le, polystyrene chains) and a soft-segment backbone
xample, polydiene-based) often give rise to thermopl
lastomers[35]. A convenient and efficient route to dien

unctionalized macromonomers involves reaction of liv

ig. 6. MALDI mass spectrum of a polystyrene prepared usingsec-C4H9Li
or initiation. The polymer was functionalized by sequential additio
thylene oxide (EO) and propylene oxide (PO). The expanded trace

hem/z range between the 9-mer and 10-mer peaks of the main pro
ec-C4H9 PS CH2CH2OH.
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Scheme 4.

poly(styryl)lithium with 3,4-epoxy-1-butene (EPB) to pro-
duce butene-ol end groups (Scheme 4) that are later dehy-
drated[18,20]. This reaction is typically carried out for 5 h at
25◦C with 1.2 equivalents of EPB[20]. Poly(styryl)lithium
can undergo 4,3-, 3,4- or 1,4-addition to EPB, ultimately gen-
erating three isomeric butene-ols (Scheme 4) which cannot be
distinguished by mass spectrometry. NMR experiments indi-
cated that all three isomers are formed under the conditions
stated in approximately equal proportions[20].

The MALDI mass spectrum of the compound of the crude
sample before dehydration is depicted inFig. 7. It essentially
contains one distribution (A), whosem/zvalues are assigned
the composition [C4H9 PS C4H6OH + Ag]+, as the calcu-
lated monoisotopic mass-to-charge ratios of this series (for
example, 2420.3 for the 21-mer) match the observedm/zval-
ues (2420.1 for the peak of the 21-mer). The expanded view
shows traces of a second series, distribution B, correspond-
ing to unfunctionalized polymer, [C4H9 PS H + Ag]+ (ca.
2%); calculated and observedm/z values of the 21-mer of
this minor series are 2350.3 and 2350.2, respectively. The

F
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mass difference between the samen-mer of distributions A
and B is 70 Da, i.e., the mass of the EPB reagent. The minor
product can be removed completely by column chromatogra-
phy using basic alumina as the stationary phase and toluene
as the eluent[20].

Dehydration of the purified butene-ol-terminated polyst-
yrene was effected withp-toluenesulfonic acid or
Amberlyst® 15 ion-exchange resin[18,20]. The mass spec-
trum of the dehydrated product obtained with the sulfonic
acid is shown inFig. 8. Its major distribution corresponds to
Ag+-cationized dehydrated oligomers, having the structure
[C4H9 PS C4H5 +Ag]+, with the 21-mer expected at
(monoisotopic)m/z 2402.3 and actually measured atm/z
2402.0. The mass difference observed between EPB-
functionalized and diene-functionalized oligomers with the
same number of repeat units is 18.1 Da, which corresponds
to water loss, confirming the formation of a diene-
functionalized macromonomer. It should be mentioned that
the spectrum ofFig. 8 displays several other minor distri-
butions whose composition is difficult to discern; they most
likely result from side reactions occurring during the dehydra-
tion process. Further investigation into the dehydration con-
ditions is needed to understand the formation of these byprod-
ucts and determine reaction conditions that eliminate them.

F
C ic
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ig. 7. MALDI mass spectrum of a polystyrene prepared usingsec-

4H9Li for initiation and 3,4-epoxy-1-butene (EPB) for functionalizat
Scheme 4). The expanded trance shows them/z range between the 21-m
nd 23-mer peaks of the desired product,sec-C4H9 PS C4H6OH.
ig. 8. MALDI mass spectrum of the dehydration product ofsec-

4H9 PS C4H6OH (Scheme 4). The peak atm/z 2402.0 (monoisotop
alue) corresponds to the ionized 21-mer ofsec-C4H9 PS C4H5.
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Scheme 5.

Epoxide substituents constitute an alternative polymer-
izable end group. Epoxide-functionalized styrene-based
macromonomers can be prepared using epichlorohydrin
(EPC) as the functionalizing reagent (Scheme 5) [36]. EPC
carries two electrophilic CH2 groups with which PSLi can
react. The favored pathway is substitution of Cl− by PS−,
but addition of PS− to the epoxide ring also is possible. To
eliminate the latter pathway, the polystyryl anion was end-
capped with diphenylethylene (DPE), which slows down the
attack at the epoxide carbon due to steric effects, and the
mixing of living anion and functionalization reagent was
performed in reverse addition mode (anion solution added
to EPC solution)[36]. Based on MALDI mass spectrome-
try (Fig. 9), reaction of the DPE-extended polystyryl anions
with EPC indeed mainly produces oligomers that are�-end-
capped with 2,3-epoxypropyl groups (Scheme 5). Such an
end group can be hydrolyzed to form the corresponding 1,2-
diol which is a condensation macromonomer. A minor dis-
tribution of oligomers at ca. twice the mass is also observed,
however, and corresponds to a dimeric product in which an

F
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r

additional DPE-extended anion has been added to the epox-
ide ring (Scheme 5). Overall, quantitative functionalization
is obtained (no trace of any product other than the mentioned
ones), indicating that DPE-extension (combined with the use
of THF[2]) reduces aggregation of the lithiated living anions;
aggregation is a major cause for the production of unfunc-
tionalized polymer[2]. End-capping by DPE also reduces
significantly the yield of the dimeric product, although it does
not eliminate it completely[36].

3.4. Functionalization with amine groups

When termination is effected by a reagent that can only
undergo nucleophilic substitution with the living polymeric
anion, oligomerization of the terminating electrophile and
often other side reactions are avoided[37]. One exam-
ple of such a reagent is ClCH2CH2CH2N(CH3)2, which
is suitable for quantitative�-amination. A polybutadiene
(PBD) was prepared by mixingsec-C4H9Li with butadi-
ene and LiCl in cyclohexane and reacting the resulting
poly(butadienyl)lithium first with the mentioned reagent and
subsequently with CH3Cl in methylene chloride. The lithium
salt cross-associates with the chain ends of PBDLi to form
mixed aggregates; this affects the reactivity of the living
organolithium compound (i.e., the living anion), which in
t
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ig. 9. MALDI mass spectrum of a polystyrene prepared usingsec-C4H9Li
or initiation and EPC for functionalization; before the latter reaction
iving polystyryl anion was end-capped with 1,1-diphenylethylene (D

nly one product is observed in both the low- and high-mass distribu
see text). The peaks atm/z 4881 and 9598 (average values) correspon
he ionized 43-mers of the desired polystyrene and the dimeric bypro
espectively (cf.Scheme 5).
urn may lead to a more quantitative functionalization[2].
H3Cl converts the N(CH3)2 end group into a quaterna
mmonium chloride, N+(CH3)3Cl−. The MALDI mass spec

rum of the product (Fig. 10) displays only one distribu
ion (A), whose monoisotopicm/z values reveal the comp
ition C4H9 PBD CH2CH2CH2N+(CH3)3. Analogous nu
leophilic substitutions can be employed to introduce o
eteroatoms at the�-chain end with high yield[37].

The ions observed in the spectrum ofFig. 10do not con
ain Ag+. Further, the same mass spectrum is obtained w
ithout addition of silver trifluoroacetate upon sample pre

ation. Any not permanently charged PBD byproducts w
e ionized by Ag+ addition. The covalently pre-charged po
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Fig. 10. MALDI mass spectrum of a polybutadiene prepared usingsec-
C4H9Li for initiation and Cl CH2CH2CH2N(CH3) for functionalization
followed by precipitation of the product as a quaternary ammonium chloride
with CH3Cl. The expanded trace shows them/z range between the 28-mer
and 29-mer peaks of the product,sec-C4H9 PBD CH2CH2CH2N+(CH3)3.
Note that this is the only spectrum in which the observed ions do not contain
Ag+.

mer could, however, produce a larger ion flux upon MALDI
than any non-charged admixtures, thereby compromising the
detection sensitivity for the latter products. In such a case, the
MS characterization of the minor functionalization products
requires prior chromatographic separation.

3.5. Initiation with protected functionalized
alkyllithiums

A protected functionalized initiator introduces a sub-
stituent at the initiating or�-chain end of every macromolec-
ule synthesized; consequently, functionalization should be
more quantitative than with post-polymerization reactions,
where aggregation of the chain ends may prevent com-
plete functionalization (vide supra). Furthermore, com-
bining the use of protected functionalized initiators with
post-polymerization functionalization offers a promising
route to telechelic or star-branched polymers. The initia-
tor (CH3)3Si OCH2C(CH3)2CH2Li, which contains a pro-
tected hydroxy group, was used for the preparation of a PBD
in cyclohexane. The MALDI mass spectrum of the prod-
uct obtained by termination with methanol (H at�-chain
end) displays a major and a minor distribution of oligomers
with the expected repeat unit of 54 Da (Fig. 11). All peaks
are Ag+ attachment ions. The main series, A, arises

form the expected polybutadiene oligomers, viz. (CH3)3Si
OCH2C(CH3)2CH2 PBD H. The minor distribution, series
B (ca. 14%), arises from oligomers that are missing the pro-
tecting group, i.e., HOCH2C(CH3)2CH2 PBD H, presum-
ably formed during isolation of the product. It can be con-
cluded that complete functionalization was achieved, sub-
stantiating the promise of this non-traditional type of initia-
tor. A drawback is the generation of a low molecular weight
tail, which is also observed upon SEC. A plausible cause of
this tail is a significant difference in initiation and propaga-
tion rates; these rates must be comparable for the formation
of well-defined, narrow molecular weight polymers[2].

Chain extension of the initiator with isoprene (C5H8)
would make the initiator and growing polybutadienyl an-
ions structurally analogous, which in turn should lead
to more similar initiation and propagation rates. To test
this expectation the commercially available initiator shown
in Scheme 6was used; it contains a protected hydroxy
group and is chain-extended with one equivalent of iso-
prene. The PBD prepared in cyclohexane with this ini-
tiator and with methanol for termination furnishes the
MALDI mass spectrum shown inFig. 12. Four distribu-
tions with the butadiene repeat unit (54 Da) are readily de-
tected (A–D). Based on the corresponding monoisotopicm/z
values, the A–D series contain Ag+-cationized polybutadi-
e
(
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heme 6.
Sc
ne oligomers with the general structure (CH3)3C OCH2C
CH3)2CH2 (isoprene)x PBD H, wherex= 0 (series A), 1

ig. 11. MALDI mass spectrum of a polybutadiene prepared u
he protected functionalized initiator (CH3)3Si OCH2C(CH3)2CH2Li
nd no�-functionalization reagent. The expanded trace shows them/z
ange between the 64-mer and 66-mer peaks of the desired pr
CH3)3Si OCH2C(CH3)2CH2 PBD H. The asterisks denote fragme
rom in-source or metastable fragmentation.
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Fig. 12. MALDI mass spectrum of a polybutadiene prepared using
the protected functionalized initiator (CH3)3C OCH2C(CH3)2CH2

CH2CH C(CH3)CH2Li and no �-functionalization reagent (Scheme 6).
The expanded trace shows them/z range between the 46-mer and 49-mer
peaks of the main product, (CH3)3C OCH2C(CH3)2CH2 PBD H.

(series B), 2 (series C) or 3 (series D). Presumably, small
amounts of polymer containing more than three units of iso-
prene are also present. Even though the initiator was reacted
with one equivalent of isoprene (vide supra), the PBD product
shows a substantial amount of chains without any isoprene
(series A) as well as substantial amounts of oligomers with
two and three isoprene units (series C and D). This distri-
bution points out that the rate for adding one isoprene unit
to the unextended initiator is lower than that for adding a
second or third isoprene molecule to an already extended ini-
tiator. Further studies are necessary to overcome this problem
and develop well-characterized protected functionalized ini-
tiators.

A closer look atFig. 12also reveals that only distribution
A extends into the lowMw tail; series A contains PBD that
was formed from the unextended initiator. In sharp contrast,
the polymer derived from the chain-extended initiator, viz.
series B–D, exhibits the narrow MWD characteristic of well-
controlled anionic polymerizations. Gratifyingly, the initiator
molecules that were chain-extended lead to competitive initi-
ation versus propagation rates and, hence, a narrow molecular
weight distribution with low polydispersity.

4. Conclusions

MS
i inor
o ions
w tech-
n end

groups of the minor distributions that may be undetectable
by other analytical means. Complete characterization of all
the oligomers generated during functionalization reactions
provides an essential tool to the synthetic chemist for un-
derstanding the reactions occurring, which facilitates the se-
lection of alternative synthetic routes or the optimization of
existing methods.

An important finding reported in this study is that MALDI-
TOF MS can be used for the quantitative determination of the
end groups of oligomers with similar size. Mass spectrome-
try allows for the detection of unexpected reaction pathways
that proceed with low yield. In the same vein, MS is a partic-
ularly sensitive method for monitoring any unfunctionalized
product.

Analysis of the products from novel functionalization
reactions by MALDI-TOF MS provides fast, accurate
and detailed insight into the corresponding end group mi-
crostructures. The method is especially suitable for polymers
prepared by living anionic polymerization techniques, for
which molecular weights are spread over a relatively narrow
range; this precludes dramatic differences in ionization
and/or detection efficiencies, so that (at least qualitatively)
all components of the polymer mixture can be observed
above noise level. This sensitivity, combined with the speed
of mass spectral acquisition, is resulting in a steadily increas-
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