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The separation of functional poly(n-butyl acrylate) (PnBA) polymers based on the number of end-groups under critical liquid chrom
hy (LC) conditions has been studied using a bare-silica column. The (near-) critical solvent compositions for non-, mono-, and d
telechelic) carboxyl-PnBAs were determined in normal-phase LC, using mixtures of acetonitrile, acetic (or formic) acid, and dichlor
f varying composition. Some formic or acetic acid had to be added to the mobile phase to elute PnBA polymers with carboxyl en
he critical solvent compositions obtained were not exactly the same for non-, mono-, and difunctional PnBA polymers. These we
xperimental observation, but they were in agreement with theoretic predictions. Nevertheless, low-molecular-mass PnBA sam
uccessfully separated according to the carboxyl functionality at (near-) critical conditions. With the aid of mass spectrometry
near-) critical separation of low-molecular-mass PnBA polymers was confirmed to be mainly based on the carboxyl functionality. C
urves for evaporative light-scattering detection (ELSD) were used for quantitative analysis of carboxyl-functional PnBA polym
esults proved that nearly ideal functionalities (average number of carboxyl end-groups per molecule up to 1.99) were achieved fo
nBAs prepared by one-step reversible addition–fragmentation chain-transfer (RAFT) polymerization of PnBA.
2004 Elsevier B.V. All rights reserved.
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. Introduction

The matrix of polymer coatings are generally made of
wo precursor components, which form during process-
ng a three-dimensional molecular network. The complete-
ess of these network structures, the (average) distance be-

ween the cross-links and the amount of dangling ends in-
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fluence strongly theTg of the coating and the final mat
rial properties, such as hardness, scratch resistance and
bility. Unfortunately, limited knowledge is available abo
the relation between these network characteristics an
material properties of the final coatings and therefore
practice, coatings with an optimum set of such pro
ties can hardly be made yet. For a better understandi
the structure–property relationships of such coatings,
chain highly pure polymers or oligomers with well-defin
molecular masses and low polydispersities and with w
characterized amount and type of reactive groups ar
quired. To study the influence of dangling ends in these
works, oligomers/polymers with monofunctional as wel
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bifunctional reactive end-groups are required. For example,
highly pure, linear telechelic poly(meth)acrylates, bearing
hydroxyl or carboxyl end-groups and corresponding mono-
functional polymers are very attractive candidates for such
a study. However, it is difficult to produce these and other
telechelic well-defined polymers with the desired end-groups
by radical conventional polymerization methods. The func-
tional polymers in this work have one or two hydroxyl or
carboxyl end-groups and their functionality means the num-
ber of hydroxyl or carboxyl end-groups.

In the past 20 years, numerous research groups have
devoted their efforts towards the control of radical-
polymerization processes. The most important methodolo-
gies include nitroxide-mediated radical polymerization[1],
atom-transfer radical polymerization (ATRP)[2], and, most
recently, reversible addition–fragmentation chain-transfer
(RAFT) polymerization[3]. Among these, RAFT may ar-
guably have the greatest commercial impact, because the pro-
cess only involves organic substances and because it works
very well with most vinyl monomers, including acrylic acid
[4]. RAFT can be employed in many polymerization pro-
cesses (e.g. bulk, solution, suspension, emulsion polymer-
ization[5]).

Therefore, we have selected RAFT polymerization to pre-
pare linear�,�-functional polymers (commonly known as
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suppression effects are encountered in polymer MS[9]. To
determine accurate FTDs and specific MWDs for molecules
of a given functionality, the functional polymers must be sep-
arated based on the number of end-groups.

The application of critical liquid chromatography (LC) in
polymer science and industry is still new and challenging
[10–17]. In principle, this technique can be used to sepa-
rate polymers exclusively according to the number of func-
tional groups, for example, into non-, mono-, and difunctional
polymers[18–21]. However, critical conditions do not nec-
essarily provide good functionality-based separations[10].
In a previous study[22], we have established robust criti-
cal LC conditions for the separation of hydroxyl-functional
poly(methyl methacrylate) (PMMA) samples. With the aid
of mass spectrometry, separation was confirmed[8] to be
mainly based on the number of hydroxyl groups present in
the low-molecular-mass RAFT polymers, either with or with-
out end-group modification. In this work, a similar strategy
is employed for a different polymer with different functional
end-groups. As model polymers for this study, poly(n-butyl
acrylate) (PnBA) with COOH end-groups were synthesized
by using one-step RAFT polymerization, according to the
procedure described by Lai et al.[4]. The resulting polymers
had to be separated based on the number of end-groups. Var-
ious possible (near-) critical solvent compositions for PnBA
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t ere
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elechelic polymers) with either hydroxyl or carboxyl e
roups and low polydispersities. Lima et al.[6] have de
cribed various reaction schemes and procedures to s
ize well-defined telechelic poly(meth)acrylates using f
ionalized initiators and RAFT agents. Their work has
ulted in polymers with predictable molecular masses
ow polydispersities. Ideally, linear telechelic polymers h

functionality of two. It is a serious challenge to appro
his limit, mainly because of side reactions inherent to gr
ng radicals, such as termination by bimolecular combina
r disproportionation[7]. Moreover, chain transfer to so
ent molecules or to monomers will always occur. Fina
n some cases, post-polymerization modifications are
ssary. Experience with macromolecular reactions indi

hat hydroxy-endcapping reactions do not proceed with
onversion[7], and that they are accompanied by side r
ions[6,8].

The development and optimization of procedures for
ynthesis of well-defined functional polymers is vitally
endent on effective analytical methods to determine

unctionality-type distribution (FTD) and the molecul
ass distribution (MWD). The traditional analytical te
iques, such as infrared absorption spectroscopy (IR),
iolet spectroscopy (UV), nuclear magnetic resonance s
roscopy (NMR), and specific titrations ofOH or COOH
roups, are inadequate for this purpose, because only tav-
ragefunctionality can be measured, and not the FTD. M
pectrometry (MS) can provide good qualitative informa
n polymer end-groups, but poor quantitative results. Th
ecause of the variation in the ionization efficiency for dif
nt functional polymers. Also mass-discrimination and
-

ere studied in normal-phase LC. Ternary mixtures of
onitrile, dichloromethane, and acetic (or formic) acid w
xplored. The temperature was also varied. Subsequent
as used to identify the repeating units and, especially
nd-groups of the fractionated polymers.

. Experimental

.1. Chemicals

Dichloromethane (DCM), acetonitrile (ACN) (both HPL
rade, from Rathburn Chemicals (Walkerburn, UK), for
cid (FA, analytical-reagent grade, Merck, Darmstadt,
any), and acetic acid (HAc, analytical-reagent gr
cros Organics, Geel, Belgium) were used without

her purification. Non-functional poly(n-butyl acrylate) sam
les were synthesized by reversible addition–fragment
hain-transfer (RAFT) polymerization (“RAFT polymers
sing 2,2′-azobisisobutyronitrile (AIBN, Merck) as initiat
nd a non-COOH-functional RAFT chain-transfer agen
yanoprop-2-yl-dithiobenzoate, RAFT-AIBN). PnBAs w
ne COOH group were synthesized by RAFT polymer

ion using AIBN or carboxyl-terminated azo-initiator 4,′-
zobis(4-cyanovaleric acid) (ACVA, Aldrich, Milwauke
I, USA) as the initiator and a monocarboxyl-termina

rithiocarbonate derivative,S-1-dodecyl-S′-(�,�′-dimethyl-
′′-acetic acid)trithiocarbonate, as the RAFT chain-tran
gent. Linear PnBAs with two COOH groups were s

hesized by RAFT polymerization using AIBN or ACV
s the initiator and a dicarboxyl-terminated trithiocarb
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Table 1
Synthesis data of PnBA samples by RAFT polymerizationa

Sample name Initiator CTAb [RAFT]/[initiator] Conversion (%) Mn,exp (Mn,th) (×10−3)

VL068 (PnBA–2COOH 2510) AIBN A 20 99 2.23 (2.20)
VL103 (PnBA–2COOH 2400) AIBN A 8 95 2.09 (2.20)
VL123 (PnBA–2COOH 3200) ACVA A 8 97 2.83 (3.20)
VL127 (PnBA–2COOH 2500) ACVA A 8 99 2.26 (2.20)
VL131 (PnBA–COOH 2610) ACVA B 20 99 2.38 (2.20)

a All polymerizations were carried out at 80◦C, in a toluene–acetone (1:1, v/v) mixture under an argon atmosphere.

b CTA: RAFT chain-transfer agent.

ate, S,S′-bis(�,�′-dimethyl-�′′-acetic acid)trithiocarbonate,
as the RAFT chain-transfer agent[6]. For the sake of clar-
ity, some synthesis data are reported inTable 1. These data
show the origin of structural differences between different
functional RAFT-PnBA samples. The details of the synthetic
procedures were described in[6]. The molecular masses
and molecular-mass distributions were measured by size-
exclusion chromatography (SEC) with a Waters (Milford,
MA, USA) instrument consisting of a Waters model 510
pump and a model 410 differential refractometer (operated
at 40◦C). Tetrahydrofuran (THF) was used as the eluent
at a flow rate of 1.0 ml min−1. The columns used were a
PLgel guard column (5�m particles) 50 mm× 7.5 mm, fol-
lowed by two PLgel mixed-C (5�m particles) 300 mm×
7.5 mm columns (Polymer Labs, Church Stretton, UK) kept
in an oven at 40◦C. The calibration curve was prepared with
polystyrene (PS) standards (molecular masses ranging from
580 to 7.1× 106 g mol−1) and the molecular masses were
estimated based on the universal-calibration principle and
Mark–Houwink parameters (PS:K = 1.14 × 10−4 dl g−1

and a = 0.716; PnBA:K = 1.220× 10−4 dl g−1 and a =
0.700) [23]. The effect of the carboxyl end-groups on the
Mark–Houwink parameters was neglected. All the PnBA
samples used are summarized inTable 2. All the samples
were dissolved in DCM unless stated otherwise.
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The matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry (MALDI-TOF-MS) measurements
were performed with a Voyager-De Pro instrument (PerSep-
tive Biosystems, Framingham, MA, USA) equipped with a
337 nm nitrogen laser. Spectra were acquired by summing the
data obtained from 200 laser shots in the reflector mode.�-
Cyano-4-hydroxycinnamic acid (about 20 mg ml−1 in THF)
was used as the matrix. The concentration of the polymer
sample was about 1 mg ml−1 in THF.

The electrospray ionization mass spectrometry (ESI-MS)
experiments were carried out using a Finnigan LCQ Deca
XP MAX ion trap mass spectrometer (Thermo Finnigan,
San Jose, CA, USA). Polymer samples were dissolved in
an acetonitrile–methanol (1:1, v/v) mixture at a concentra-
tion of around 1 mg ml−1. The flow rate of the sample in-
troduced into the electrospray interface was 20�l ml−1. The
electrospray-source voltage was 5.0 kV and the electrospray-

Table 2
PnBA samples used in this study

Sample name Mn

(×10−3)
Mp

(×10−3)
PDI Intended

funtionality

PnBA 600a NAb 6.0 NAb 0
PnBA 4690a 3.45 4.69 1.32 0
PnBA 7390a 4.24 7.39 1.53 0
PnBA 32 330a 19.28 32.33 1.49 0
P
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e PnBAs with two COOH groups synthesized by RAFT polymerization.
For synthetic procedures, see Section2.
.2. Equipment

A Waters 2690 Alliance liquid chromatography syst
as used to perform the isocratic LC experiments. This H

nstrument contained a built-in auto-injector with a sam
oop allowing injection of variable sample volumes an
as equipped with a Waters 996 photodiode-array dete

DAD) system and a Sedex 55 evaporative light-scatte
etection (ELSD; temperature, 62◦C, N2 pressure, 2.2 ba
ystem. The mobile phase was prepared in situ usin
olvent-mixing capability of the instrument. The formic
cetic acid was added in the form of a premixed solutio
0% (v/v) in DCM. All eluent compositions are given in
v/v). The data collection and the data analysis were
led by Waters Millennium 3.2 software. The columns u
150 mm× 4.6 mm i.d.) were packed in the laboratory w
ypersil silica (3�m particles; 100̊A pore size; Shando
uncorn, UK).
nBA–COOH 2610c 2.38 2.61 1.13 1
nBA–COOH 13 260c,d 4.61 13.26 2.05 1
nBA–COOH 19 090c,d 9.54 19.09 1.63 1
nBA–2COOH 2400d,e 2.09 2.32 1.13 2
nBA–2COOH 2500e 2.26 2.50 1.11 2
nBA–2COOH 2510d,e 2.23 2.51 1.13 2
nBA–2COOH 3200e 2.83 3.20 1.10 2
nBA–2COOH 5540d,e 4.41 5.54 1.21 2
nBA–2COOH 11 450d,e 8.64 11.45 1.22 2

he molecular mass (Mn, Mp) and polydispersity index (PDI) values we
easured by SEC (calibration described in Section2).
a Non-functional PnBA samples synthesized by revers

ddition–fragmentation chain-transfer (RAFT) polymerization u
2,2′-azobisisobutyronitrile (AIBN) initiator and a non-COOH-functio
AFT chain-transfer agent.
b Because the SEC peak overlaps with the solvent peak, the values
olecular masses (Mn, Mw, and PDI) cannot be calculated accurately.
c PnBAs with one COOH group synthesized by RAFT polymeriza

or synthetic procedures, see Section2.
d AIBN initiator used in RAFT polymerization.



126 X. Jiang et al. / J. Chromatogr. A 1055 (2004) 123–133

source temperature was 275◦C. Mass spectra were scanned
over the rangem/z500–4000 in the positive-ion mode. More
than 100 scans were summed to produce the final spectrum.

ESI-MS–MS experiments were carried out on the se-
lected precursor ions by low-energy collision-induced dis-
sociation (CID) using helium as collision gas to obtain the
fragmentation-ion spectrum.

3. Results and discussion

3.1. Critical conditions for PnBA

Our objective was to establish critical LC conditions to
separate linear PnBA samples exclusively based on the num-
ber of carboxyl end-groups. In a previous study[22], robust
critical LC conditions were established for the separation
of hydroxyl-terminated PMMA samples using mixtures of
ACN and DCM as the mobile phase. A bare-silica column
was used, which gave rise to sufficiently strong interactions
with the functional (hydroxyl) groups. DCM is a good sol-
vent for PMMA and also for PnBA, but it is a weak eluent on
a silica column[24]. These properties make it a good injec-
tion solvent in interactive LC, as breakthrough problems can
be avoided[25]. In this study, all samples were dissolved in
D ent,
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Table 3
Approximate critical (“near-critical”) compositions for PnBA samples ob-
tained at different acetic acid concentrations and at different column
temperatures

Functionalities Temperature (◦C) HAc (%) ACN (%) DCM (%)

Non-COOH 25 0 11 89
0.5 8.9 90.6
1.0 7.4 91.6
3.0 6.0 91

40 0.5 7.5 92
55 0.5 6.6 92.9

Mono-COOH 25 0.5 6.9 92.6
40 0.5 5.8 93.7
55 0.5 5.8 93.7

Di-COOH 25 0.5 6.7 92.8
1.0 6.1 92.9
3.0 4.0 93

40 0.5 5.7 93.8
55 0.5 5.5 94

vation, because, in principle, the critical composition for
the PnBA backbone should not change with the end-groups.
However, the observed differences could not be ascribed to
experimental error. As shown inTable 3, a variation in the
exact critical composition with variation in the end-groups
present was also observed at other temperatures (25 and
40◦C). Gorbunov and Trathnigg[21] and Skvortsov and Fleer
[26] ratiocinated from theory that the retention of difunc-
tional polymers at the critical point for non-functional poly-
mer depends on the molecular masses. They stated that the
distribution coefficient of functional polymers could exceed
unity and would decrease with the radius of gyration (molec-
ular mass) if the interaction of end-groups with the station-
ary phase was strongly attractive. Our observations are in
agreement with these predictions. At the critical point of non-
functional PnBA (6.6% ACN), carboxyl end-groups show a
strong attractive interaction with the stationary phase. The
relative effect of this interaction will decrease with increas-
ing molecular mass and, therefore, the retention of carboxyl-
functional PnBA sample decreases. To reduce the effect of
the molecular mass on the retention of carboxyl-functional
PnBA samples, slightly less acetonitrile should be present in
the mobile phase. The amount of acetonitrile required de-
creases with increasing number of end-groups. An example
is shown inFig. 1d, with 6% ACN and 0.5% HAc in DCM as
t ◦ al
P trast,
t nc-
t ular
m from
F sep-
a boxyl
e ples.

s
a ich is
i -
c oint
CM unless stated otherwise. ACN is a more-polar solv
hich can desorb PnBA from the silica column. Theref

hese two solvents were selected to make up the mobile p
Following the method of Cools et al.[12], the obtained re

ention times for linear PnBA samples of varying molec
ass were plotted against the percentage of ACN (as s

n Fig. 1). The intersection point provides an indication of
ritical solvent composition, at which the retention time
he polymer is independent of the molecular mass. The
cal point for non-functional PnBA was found to be arou
1% of ACN in DCM at 25◦C (seeTable 3). However, the
nBA samples with one or two carboxyl end-groups w

ully retained on the silica column under these conditions
reasing the concentration of ACN in the mobile phase,
p to pure ACN did not result in elution of these samp
ven though ACN is a good solvent for low-molecular-m
nBAs with carboxyl end-groups. To overcome this prob
ome formic acid or acetic acid, added in the form of a
ixed solution of 10% (v/v) in DCM, had to be added to
obile phase.
Fig. 1a–c show an example of the dependence of

etention time on the mobile-phase composition (perc
ge of ACN in DCM) at a constant concentration of 0.
Ac and at 55◦C for non-functional PnBA, monofunction
nBA–COOH, and difunctional PnBA–2COOH sample
arying molecular masses. The critical solvent composi
btained were about 6.6, 5.8 and 5.5% (v/v) ACN in DCM
on-functional PnBA, monofunctional PnBA–COOH, a
ifunctional PnBA–2COOH polymers, respectively. The

ained critical points for various end-group series were
xactly the same. This was an unusual experimental o
he mobile phase at 55C. The retention for non-function
nBA increased with increasing molecular mass. In con

he retention for monofunctional PnBA–COOH and difu
ional PnBA–2COOH decreased with increasing molec
ass under the same conditions. It also can be seen
ig. 1d that low-molecular-mass PnBA samples could be
rated much more easily based on the number of car
nd-groups, than could high-molecular-mass PnBA sam

It also can be seen inFig. 1 that the critical condition
re rather sensitive to the exact eluent composition, wh

n agreement with the data reported in[27]. Due to the un
ertainty surrounding the exact location of the critical p
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Fig. 1. Dependence of retention time on the mobile-phase composition (at 0.5% HAc) for PnBA samples with different molecular masses. (a) Non-functional
PnBAs: (�) PnBA 600; (�) PnBA 7390; (�) PnBA 32 330. (b) Monofunctional carboxyl-PnBAs: (�) PnBA–COOH 2610; (�) PnBA–COOH 13 260; (©)
PnBA–COOH 19 090. (c) Difunctional carboxyl-PnBAs: (�) PnBA–2COOH 2400; ( ) PnBA–2COOH 3200; (�) PnBA–2COOH 5540; (�) PnBA–2COOH
11 450. (d) Molecular-mass effect on retention time for non-, mono-, and dicarboxyl-functional PnBAs under near-critical conditions (6% ACN and 0.5% HAc
in DCM): (�) non-COOH; (�) mono-COOH; (�) di-COOH. ELSD, laboratory-packed Hypersil silica column (150 mm× 4.6 mm i.d.; 3�m particles; 100̊A
pore size), flow rate, 0.5 ml min−1; column temperature, 55◦C.

and the residual (slight) variation of retention with molec-
ular mass, we speak of near-critical conditions in this pa-
per. The present near-critical conditions are much less robust
than the critical conditions reported previously for hydroxyl-
functional PMMA[22]. From a combination ofFig. 1a–d, we
conclude that a mobile phase containing about 6.0% ACN and
0.5% acetic acid in DCM can be used to separate the low-
molecular-mass PnBA samples (up to 10 000) based on the
number of carboxyl end-groups.

Fig. 2 shows representative ELSD chromatograms of
PnBA samples of varying molecular masses and with differ-
ent numbers of functional end-groups. The two different non-
functional PnBA samples (with no COOH groups, molecular
masses 4690 and 32 330) co-eluted. The two monofunctional
polymers (with one COOH end-group, molecular masses
2610 and 13 260) had similar retention times, but were clearly
separated from the non-functional PnBA samples. The ex-
pectedly telechelic (difunctional) samples (with two COOH
end-groups, molecular masses 2500 and 11 450) were well
separated from the monofunctional polymers. Note that there
was a small amount of non-functional polymers observed in
sample PnBA–COOH 13 260, and a small amount of mono-
functional polymers in sample PnBA–2COOH 11 450, be-
cause an AIBN initiator was used in the RAFT polymeriza-
tion (seeTable 2). It also can be seen clearly inFig. 2 that

the peaks were broader for the high-molecular-mass sam-
ples, which is in agreement with reported observations by
Philipsen et al.[28] and others (see[17] and references cited
therein). The better separation capabilities for low-molecular-
mass polymers do not only result from thermodynamics (see

Fig. 2. Representative separations (chromatograms) of PnBA functional
polymers according to COOH end-groups at 55◦C. Detection, ELSD; mo-
bile phase, 5.7% ACN and 0.5% HAc in DCM; flow rate, 0.5 ml min−1;
injection volume, 10�l; sample concentration, 1 mg ml−1 in DCM; column
as inFig. 1. For sample identification, seeTable 2. Note: The peak heights
of chromatograms were electronically adjusted for the sake of clarity.
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Fig. 1d) but also from kinetics (peak broadening), as can be
seen fromFig. 2. In this study we were dealing with low-
molecular-mass PnBAs (around 1000–2500). These could
easily be separated according to carboxyl functionality under
the near-critical conditions ofFig. 2.

We selected three representative low-molecular-mass
samples (PnBA 600, PnBA–COOH 2610, PnBA–2COOH
2500) and combined these into a single sample, which we
then used to investigate the effects of mobile-phase compo-
sition and column temperature. Some of the resulting chro-
matograms are shown inFig. 3. As shown inFig. 3a, the
base-line separation of this mixture of low-molecular-mass
samples according to the carboxyl functionality was not af-
fected when the column temperature was changed from 25
to 55◦C, although the retention times of mono- and difunc-
tional polymers decreased somewhat when the temperature
increased. However, it should be noted that this result may not
be extrapolated to high-molecular-mass PnBAs (see Section
3.3). The effect of the mobile-phase composition is illustrated
in Fig. 3b. Overlapping peaks were obtained when a mixture

F
s
t
D
c
a
b
A
o

of 10% ACN and 0.5% HAc in dichloromethane was used
as the mobile phase. The separation of the three peaks was
somewhat improved with 8% ACN (and 0.5% HAc) in DCM
(not shown). Base-line separations of this mixture according
to the carboxyl functionality were achieved when the mobile-
phase composition was between 5 and 6% of ACN (and 0.5%
HAc) in DCM at 55◦C.

The experimental results concerning near-critical solvent
compositions for the PnBA samples at different HAc con-
centrations and different column temperatures are summa-
rized inTable 3. A typical error for the precision in the es-
timated critical composition is±0.3% (seeFig. 1a and c).
In some cases, the confidence interval may be a bit wider
(up to±0.6%, seeFig. 1b). This implies that differences in
the ACN (or DCM) concentrations of 0.5% inTable 3are
likely to be significant, whereas differences exceeding 1%
are almost certainly significant. It can be seen inTable 3that
at increased acetic acid concentrations in the mobile phase
lower ACN concentrations were required. This seems quite
logical, because both HAc and ACN are polar solvents with
higher elution strength than DCM on a silica column. Also,
the near-critical solvent composition shifted to lower concen-
trations of ACN with increasing column temperature, because
the interaction of the PnBA backbone with the silica column
decreased. For example, the approximate critical composition
f nd
0
a .0%
A t
d r di-
C hase
a tion
i d
f elute
h com-
p

the
m oil-
i an
a ol-
v rmic
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r e-

T

ig. 3. Effect of temperature (a) and mobile-phase composition (b) on the
eparation of a mixture of PnBA with non-, mono-, and dicarboxyl func-
ional polymers (PnBA 600, PnBA–COOH 2610 and PnBA–2COOH 2500).
etection, ELSD; flow rate, 0.5 ml min−1; injection volume, 10�l; sample
oncentration, 0.3 mg ml−1 (PnBA 600), 0.6 mg ml−1 (PnBA–COOH 2610)
nd 1.2 mg ml−1 (PnBA–2COOH 2500) in DCM; column as inFig. 1. Mo-
ile phase: (a) 6% ACN and 0.5% HAc in DCM; (b) varying percentage of
CN as indicated plus 0.5% HAc in DCM at 55◦C.Note: The peak heights
f chromatograms were electronically adjusted for the sake of clarity.
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or di-COOH-functional PnBA samples was 6.7% ACN a
.5% HAc in DCM at 25◦C, while at 55◦C it was 5.5% ACN
nd 0.5% HAc. A mobile-phase composition of about 6
CN and 0.5% HAc in DCM at 55◦C resulted in a sligh
ecrease in retention with increasing molecular mass fo
OOH-functional PnBA samples. The same mobile p
t 25◦C showed common adsorption behavior, i.e. reten

ncreased with increasing molecular mass[15]. As discusse
urther, higher temperatures can be used to completely
igh-molecular-mass PnBA samples at the near-critical
osition (about 6.0% ACN and 0.5% HAc in DCM).

Formic acid was also tested instead of HAc as
odifier in the mobile phase. Because of the low b

ng point of formic acid, it might be more favorable th
cetic acid when coupling LC with MS. Near-critical s
ent compositions for the PnBA samples, using 0.5% fo
cid at column temperatures of 25 and 50◦C, are summa
ized in Table 4. The effect of the formic acid on the r

able 4
pproximate critical (“near-critical”) compositions for PnBA samples

ained with a mobile phase containing 0.5% formic acid and at diffe
olumn temperatures

unctionalities Temperature (◦C) ACN (%) DCM (%)

on-COOH 25 10.2 89.3
50 9.5 90.0

ono-COOH 25 8.3 91.2
50 7.5 92.0

i-COOH 25 8.2 91.3
50 7.4 92.1
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Fig. 4. ELSD calibration curves (logarithmic scale) for PnBAs with one
and two carboxyl end-groups: (�) PnBA–COOH 2610; (�) PnBA–2COOH
2500. Mobile phase, 6% ACN and 1.0% HAc in DCM; flow rate,
0.5 ml min−1; column as inFig. 1.

tention of carboxyl-functional PnBAs was similar to that
of HAc.

3.2. Quantitative aspects

In order to obtain quantitative information on the FTD of
the PnBA samples, as described in[22], ELSD had to be used.
Because the ELSD response does not usually increase lin-
early with the polymer concentration, the calibration curves
should be established carefully. An exponential calibration
curve, such as in Eq.(1), is often used:

A = amb
i (1)

whereA is the observed peak area,mi is the injected sam-
ple amount (in mass units), anda andb are constants. The
values ofa andb can easily be determined from a logarith-
mic plot. As shown inFig. 4, the ELSD calibration curves
for mono- and di-COOH-functional PBAs established using
samples PnBA–COOH 2610 (VL131) and PnBA–2COOH
2500 (VL127), respectively, can be described very well by
Eq. (1). The values ofa andb are shown inTable 5. We did
not obtain a similar calibration curve for non-functional PBA,
because no sufficiently pure standard was available. It can be
seen fromFig. 4andTable 5that the COOH end-group had
a significant influence on the ELSD response. This is due to
t hich
i ers
(

ti-
t the
s ith

T
E
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P 8
P 9

L

Table 6
Quantitative analysis of carboxyl-functional PnBAs by LC-ELSD

Sample ELSD

Monofunctional
(%)

Difunctional
(%)

VL103 (PnBA–2COOH 2400) 3 97
VL123 (PnBA–2COOH 3200) 1 99
VL068 (PnBA–2COOH 2510) 1 99
VL127 (PnBA–2COOH 2500) 1 99

Isocratic conditions and column as inFig. 4(samples as indicated inTable 1).

a flow rate of 0.5 ml min−1 at 25◦C) assuming a negligi-
ble effect of molecular mass on the ELSD response in the
low-molecular-mass range investigated[22]. Some represen-
tative results for functional polymers are shown inTable 6.
It can be seen clearly inTable 6 that all the PnBA sam-
ples obtained from RAFT polymerization contained predom-
inantly molecules with two carboxyl end-groups, as expected.
The relative amount of monocarboxyl polymer chains was
higher in the case of polymer VL103 than for VL068. This
is consistent with the relatively high amount of AIBN ini-
tiator used in preparing VL103 (seeTable 1), which is more
than twice that used for preparing VL068[6]. Higher per-
centages of dicarboxyl polymer chains in samples VL123
or VL127, as compared with sample VL103, can also be
observed inTable 6. This result is expected from polymer
chemistry. The ACVA initiator, which contains two COOH
groups, was used for preparing both VL123 and VL127 (see
Table 1). The initiator moiety, [HOOC(CH2)2C(CH3)CN ]
from ACVA, was introduced as one end-groups in some of
the obtained RAFT polymers. The AIBN initiator, which con-
tains no COOH groups, was used in case of VL103[6]. The
initiator moiety, [(CH3)2CCN ] from AIBN, was introduced
as one end-group in some polymer chains (the other end-
group containing the leaving group [HOOC(CH3)2C ] of
the RAFT agent). This resulted in a relatively high percent-
a hese
s ssion
i ei-
t ed,
o tor
( the
p ble
i ties
( up to
1 one-
s

3

for
t s
[ nc-
t e
c can
i as
he peak broadening encountered in interactive LC, w
s greater for difunctional than for monofunctional polym
see[29] for a more detailed explanation).

The calibration curves ofFig. 4 were used in the quan
ative analysis of COOH-functional PBA samples under
pecified LC conditions (6% ACN, 1.0% HAc in DCM, w

able 5
nd-group effect on ELSD calibration curves for functional PnBAs

ample a b R2

nBA–COOH 2610 11.64 1.64 0.999
nBA–2COOH 2500 5.53 1.71 0.999

C conditions as inFig. 4.
ge of monocarboxyl polymers in these samples. All t
tructures were confirmed by mass spectra (see discu
n Section3.4). To achieve high carboxyl functionalities,
her a COOH-containing initiator (ACVA) should be us
r a low concentration of a non-COOH-containing initia
AIBN) relative to that of RAFT agent. In the latter case,
olymerization rate is much lower, which is not favora

n case of industrial application. Nearly ideal functionali
average number of carboxyl end-groups per molecule
.99) were achieved for telechelic PnBAs prepared by
tep RAFT polymerization of PnBA.

.3. Analyte recovery in isocratic LC of polymers

Although critical LC has been successfully employed
he separation of polymer blends[13,30], block copolymer
15,31] and for the separation of polymers based on fu
ional groups or end-groups[18–22], there remains som
ontroversy over whether precise co-elution conditions
ndeed be achieved[28,32–34]. Also, reduced recovery h
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Fig. 5. Analyte recovery in isocratic LC of polymers. Column tempera-
ture: (a) 55◦C, all samples eluted at isocratic conditions; (b) 25◦C, high-
molecular-mass samples eluted under gradient conditions, low-molecular-
mass samples (top trace) eluted under isocratic condition. Mobile phase:
first isocratic, 0–5 min, 6% ACN and 0.5% HAc in DCM; then 5–10 min,
linear gradient to 15% ACN and 1.0% HAc in DCM (the dashed line in-
dicates the composition of the mobile phase at the outlet of the column).
Detection, ELSD; flow rate, 0.5 ml min−1; injection volume, 10�l; low-
molecular-mass sample mixture, 0.3 mg ml−1 (PnBA 600), 0.6 mg ml−1

(PnBA–COOH 2610) and 1.2 mg ml−1 (PnBA–2COOH 2500) in DCM;
high-molecular-mass samples, 2 mg ml−1 (PnBA 32 330, PnBA–COOH
19 090, PnBA–2COOH 11 450); column as inFig. 1. See explanation in
text.Note: The peak heights of chromatograms were electronically adjusted
for the sake of clarity.

been observed for high-molecular-mass polymers at critical
(or near-critical) conditions[35,36]. It is generally recom-
mended to verify complete recovery in LC experiments on
polymers to avoid misinterpretation. Following an approach
described by Mengerink et al.[20], an isocratic mobile phase
(near-critical conditions) was first employed during a time ex-
ceeding the sum of the dwell time and dead time. Then, the
elution strength of the mobile phase was increased by pro-
gramming a gradient to reach genuine exclusion conditions,
where all the PnBA samples (either with or without COOH
groups) were rapidly eluted. If we only observed peaks before
the start of the gradient, no recovery problem was diagnosed,
as in the case ofFig. 5a. All the PnBA samples were fully
eluted under the near-critical (isocratic) conditions at 55◦C
with 6% ACN and 0.5% HAc in DCM as the mobile phase.
The retention time of the non-functional low-molecular-mass
PnBA was lower than that of non-functional high-molecular-
mass PnBA, but the retention time of the difunctional low-
molecular-mass PnBA was slightly higher than that of di-

functional high-molecular-mass PnBA as shown inFig. 5a.
With the same mobile phase at a different temperature of
25 ◦C, we observed peaks after the onset of the gradient for
high-molecular-mass PnBA samples, as shown inFig. 5b. We
identified this as a recovery problem, because a fraction of
the high-molecular-mass sample was not eluted at the initial
isocratic critical conditions (during the time allowed). How-
ever, it is important to note that at the same conditions as in
Fig. 5b, there were no recovery problems for low-molecular-
mass PnBA samples (molecular masses up to 7000). The
mono-hydroxyl RAFT-PnBA samples (VL28:Mp = 12 560,
Mn = 8960, PDI = 1.32; VL29:Mp = 5430,Mn = 3980, PDI =
1.19) were also investigated using 6% ACN and 1.0% HAc in
DCM at 25◦C. In this case, the recovery of the analyte was
incomplete (not shown). This indicated that the interaction
of OH end-groups with the stationary phase was not weaker
than that of COOH end-groups under these conditions.

3.4. Mass spectrometric characterization

The near-critical solvent composition was applied to an-
alyze the carboxyl-functional PnBA polymers obtained by
RAFT polymerization. Some representative quantitative re-
sults for functional RAFT polymers are shown inTable 6.
To confirm the critical separation of PnBA polymers based
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n the carboxyl functionality, MS was used. It is relativ
traightforward to collect fractions and to perform off-l
S. Our aim was to synthesize telechelic PnBA with
OOH end-groups in one step. We did not observe a s

rom the ELSD system at the position of the non-functio
olymer. Therefore, two fractions were collected for e
ample, at the positions corresponding to mono- and di
ional polymers (4.5–5.0 and 5.5–7.5 min, respectively).

The ESI-MS spectra for the two fractions of sam
L103 are shown inFig. 6a and b. In the spectrum ofFig. 6b,
family of triplets is observed, each “triplet” being separa

rom the next by a mass of 128.1 u, which clearly corresp
o a single butyl acrylate (BA) monomeric unit. Within t
riplets, the peaks are separated by 22 u. After subtractin
ass of the PnBA chain, the remainder of the main s
f peaks (highest peaks of the triplets, one sodium ca
orresponded to the same structure as the RAFT agent
hich contained two leaving groups [HOOC(CH3)2C ] of

he RAFT agent at the polymer-chain ends and the tri
arbonate moiety inside the polymer chain. This struc
s shown inFig. 7a. It was further confirmed by ESI-CID

S–MS. The weak CS bonds between the acrylate ch
nd the thiocarbonate group easily break, releasing the tr
arbonate moiety. The leaving group [HOOC(CH3)2C ]
tays attached to the acrylate chain. A second sodium
ay exchange with the hydrogen ion of the carboxylic
roup. This does not affect the total charge of the ion, b
esults in an increase in the observed mass of the po
hain by 22 u. The polymer chains in VL103-2 contain
OOH groups. The substitution of zero, one or two hy
ens of the carboxylic acid groups explain the presence
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Fig. 6. ESI mass spectra for: (a) monofunctional fraction VL103-1 collected
at 4.5–5.0 min; (b) difunctional fraction VL103-2 collected at 5.5–7.5 min.
LC conditions: mobile phase, 6% ACN and 0.5% HAc in DCM; flow rate,
0.5 ml min−1 at 25◦C; column as inFig. 1.

family of three peaks separated by 22 mass units. Also one
minor series of peaks can be observed in the region of low
mass-to-charge ratios (towards the left) inFig. 6b. The main
peaks in this series are separated by 64 u. This can be read
ily attributed to doubly charged ions with the same structure.
Therefore, the structure of the VL103-2 fraction was con-

Fig. 7. The main structures of carboxyl-functional PnBA samples synthe-
s

firmed to be poly(butyl acrylate) with dicarboxyl end-groups
as shown inFig. 7a.

In the spectra of the VL103-1 fraction inFig. 6a, two dif-
ferent series can be observed with a repeating unit of 128.1 u,
corresponding to a single BA monomeric unit (and singly
charged ions). The remainder mass calculated for the main
series of peaks (one sodium cation) is consistent with the
leaving group [HOOC(CH3)2C ] of the RAFT agent and of
the initiator AIBN moiety [(CH3)2CCN ] as the end-groups
and a trithiocarbonate moiety inside the polymer chain. This
structure is shown inFig. 7b. It has also been confirmed by
ESI-CID-MS–MS. This series was absent in the spectrum of
the VL127-1 fraction (not shown), as is expected from poly-
mer chemistry (see discussion in Section3.2). However, we
were not sure to assign another series of peaks with mass
increments of 128.1 and shifted by +47 u relative to the main
series. The ESI-CID-MS–MS spectrum indicated that this
structure contained no weak bonds (CS or other) in the
middle of the polymer chain. This series was also present
in the spectrum of the VL127-1 fraction. One possibility is
that it is a product of chain transfer caused by an impurity in
the RAFT agent. In any case, we conclude that the VL103-
1 fraction contained poly(butyl acrylate) with one carboxyl
end-group.

In a previous paper[8], we reported that the active (weak)
b MA
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m
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i
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ized by RAFT polymerization.
-

onds, such as dithioester moiety, in the RAFT PM
amples led to easy fragmentation in MALDI-MS exp
ents. Nonaka et al.[37] suggested that the terminal CCl
roup of poly(methyl acrylate) (PMA) obtained by ATR
as relatively stable in comparison with that of PMMA d

ng MALDI-TOF-MS analysis. Matyjaszewski et al.[38]
eported that only very little fragmentation was obser
n the MALDI-TOF-MS spectrum of PnBA synthesized
TRP. Similarly, we observed less fragmentation in
ALDI-TOF-MS spectra for the RAFT-PnBA samples th

or RAFT-PMMA. When the experimental conditions w
arefully tuned (reducing the laser energy), intact molec
ons were observed in the MALDI-TOF-MS spectra. An
mple is shown inFig. 8, which represents the MALDI-TOF

ig. 8. MALDI-TOF mass spectrum for difunctional fraction VL127-2 c
ected at 5.5–7.5 min. LC conditions as inFig. 6.
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MS spectrum of the difunctional fraction VL127-2. Three
different series can be seen inFig. 8 with repeating units
of 128.1 u, again corresponding to the BA monomeric unit.
The main series of peaks results from the difunctional PnBA
polymers with one sodium cation (Na+). This series contains
two leaving groups [HOOC(CH3)2C ] of the RAFT agent at
the polymer-chain ends. This is the same structure as that of
sample VL103-2 (seeFig. 7a). The first minor series can be
assigned to the potassium cation (K+) series (with mass in-
crements of 16 u relative to the Na+ series). The second minor
series arises from another type of difunctional PnBA poly-
mers with one sodium cation (Na+), which contains one end-
group [HOOC(CH3)2C ] from the RAFT agent and one end-
group [HOOC(CH2)2C(CH3)CN ] from the initiator moiety.
This structure, which is expected from polymer chemistry,
is shown inFig. 7c. Therefore, only dicarboxyl-terminated
structures were identified in this fraction of VL127-2.

It should be mentioned here that the monofunctional poly-
mers identified in samples VL127 and VL068 could not be
clearly observed by ESI-MS or MALDI-TOF-MS without
prior LC separation of the sample. Therefore, critical LC
coupled with MS provides additional information about the
polymer structure.
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titative data and MS spectra were consistent with the expected
results from the mechanism of the RAFT polymerization.
To achieve high carboxyl functionalities, either a COOH-
containing initiator (ACVA) or a very low concentration of
a non-COOH-containing initiator (AIBN) should be used. In
the latter case the polymerization rate is much lower. Near-
ideal functionalities (average number of carboxyl end-groups
per molecule up to 1.99) were achieved for telechelic PnBAs
prepared by one-step RAFT polymerization of PnBA.
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