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Abstract

Comprehensive two-dimensional liquid chromatography—size-exclusion chromatograplySEC) was investigated as a tool for the
characterization of functional poly(methyl methacrylate) (PMMA) polymers. Ultraviolet-absorbance and evaporative light-scattering detectio
(ELSD) were used. A simple method to quantify ELSD data is presented. Each data point from the ELSD chromatogram can be converted
into a mass concentration using experimental calibration curves. The qualitative and quantitative information obtained on two representative
samples is used to demonstrate the applicability o8 EEC for determining the mutually dependent molar-mass distributions (MMD) and
functionality-type distributions (FTD) of functional polymers. The influence of the molar mass on the retention behavior in LC was investigated
using LCx SEC for hydroxyl-functional PMMA polymers. The critical conditions, at which retention is — by definition — independent of
molar mass, were not exactly the same for PMMA series with different end-groups. Our observations are in close agreement with theoretical
curves reported in the literature. However, for practical applications of ISEC it is not strictly necessary to work at the exact critical solvent
composition. Near-critical conditions are often sufficient to determine the mutually dependent distributions (MMD and FTD) of functional
polymers.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction thetic polymers may be built up from several different repeat
units (copolymer), and possibly be initiated by different com-
Synthetic polymers are very complex mixtures of many pounds or terminated in different ways, to give rise to var-
different chemical compoundg]. In “simple” homopoly- ious end groups. Polymeric chains may be linear, branched
mers the individual molecules vary unavoidably in the num- to variable extents, or even cyclic. In addition, some poly-
ber of polymer repeat units. The individual molecules in syn- mers exhibit variations in chain (stereo-) regularity or “tac-
ticity”. Variations in the chemical structure, such as the num-
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Liquid chromatography (LC) is eminently suitable for During the 1970s Erni and Frig] were probably the first
separating soluble polymers. A number of different mech- to explore the on-line approach, which has become known as
anisms (size exclusion, adsorption, partition, etc.) can be“comprehensive” two-dimensional LC. In this method, se-
exploited[1]. Size-exclusion chromatography (SEC) is the quential aliquots from the first column are transferred on-
most commonly applied technique for separating polymers line to the second one using an automated switching valve
based on the size (hydrodynamic volume) of molecules in [5-10]. The transfer volume is taken sufficiently small, so
solution and the extent to which they are excluded from that each chromatographic peak from the first dimension is
porous particles. The molar-mass averages and the molardivided into several fractions of equal volume. The result-
mass distribution (MMD) can be obtained using a calibra- ing data is a three-dimensional matrix, usually represented
tion curve that relates the (logarithm of the) molar mass to as a contour plot, with each chromatographic retention time
the retention time or volume, or using on-line molar-mass along one axis and the detector signal as the intensity pa-
detectors such as light scattering or viscosimetry. “Interac- rameter. Comprehensive two-dimensional operation greatly
tive” LC, which is based on molecular interactions between increases the peak capacity of LC systems. Consequently, the
the polymer molecules and the mobile and stationary phasednformation content of the resulting chromatogram is greatly
in the column, can be used to separate polymers based orenhanced. Several other research groups have contributed
chemical composition or functionality (functional groups or significantly to the development of two-dimensional sepa-
end-groups). As in conventional LC techniques, the com- rations of polymers. Especially relevant in the context of the
position of the mobile phase is varied to achieve the de- presentwork are the studies from the group of P§st{2]
sired separation. Gradient elution is often needed to elute With respect to nomenclature, heart-cut two-dimensional lig-
a variety of polymer molecules within a reasonable time, uidchromatography is usually referredto as LC—-LC, whereas
because the molecular interactions vary dramatically with for on-line coupling with complete transfer of the eluate from
the size and structure of polymer molecules. Between (or the first dimension (i.e. comprehensive 2D-LC) the notation
beside) the SEC mode and the interactive mode, there is aLC x LC is preferred13].
specific mode of isocratic LC, in which retention is inde- In LC x LC of polymers several different separation
pendent of molar mass and solely influenced by the chem-mechanisms can be exploited in the first and second dimen-
ical composition or functionality of the molecules. These sions. The choice for either dimension is dependent on the
so-called critical conditions are hard to achieve and main- distributions of interest. Following the method of van der
tain, but they are extremely useful for separating polymer Horst et al.[5], we used LCx SEC in this work to investi-
molecules according to the number of functional groups gate the FTD and MMD of functional polymers. The total
present. analysis time is the product of the analysis time in the sec-

Complex polymers feature several simultaneous dis- ond dimension and the number of fractions collected from
tributions. For example, all functional polymers exhibit the first dimension effluent. To limit the total analysis time
functionality-type distributions (FTD) and all copolymersex- in LC x SEC and to conserve the chromatographic separa-
hibit chemical-composition distributions (CCD). As a rule, tion (resolution) obtained in the first dimension, it is very
the different distributions are mutually dependent. To char- important that the second dimension be fast. We opted for
acterize multiple, mutually dependent distributions, multi- size exclusion in the second dimension and fast SEC analy-
dimensional separations are indispensable. In this work, func-ses were performed, using short columns packed with small
tional polymers featuring an MMD and an FTD will be ana- particles.
lyzed. To characterize these two dependent distributions, we In a comprehensive set-up, a 10-port switching valve
need a two-dimensional separation. Ideally, but not necessar-equipped with two loops was used in a symmetrical con-
ily, one separation step distinguishes between molecules offiguration[5]. While one loop is being filled with the first-
different molar mass, while the other step reveals differencesdimension eluate, the fraction that has previously been col-
in functionality. lected in the second loop is analyzed in the second-dimension

Two-dimensional liquid chromatographic (2D-LC) sys- separation. The collection time for each fraction in the first di-
tems have been used for many years to separate and charactemension is equal to the analysis time in the second dimension.
ize synthetic polymers, biomolecules and complex mixtures As a consequence, the analysis time in the second dimension
[2]. The most common form of 2D-LC in the earlier stud- and the loop volume together determine the (maximum) flow
ies was an off-line approadB-5]. In this so-called “cross-  rate for the first-dimension separation. Therefore, to realize
fractionation” or “heart-cut” method, a few fractions from truly comprehensive L& LC (i.e. without splitting after the
the first-dimension column were collected and re-injected first column), the flow rate of the first-dimension separation
into a second liquid-chromatographic system. The resulting cannot be very high. We prefer to use a micro-bore LC column
data are two or more chromatograms. This technique requiresfor the first-dimension separation. This ensures comprehen-
knowledge of the retention of specific sample components, sive operation of the systeff].
before the fractionation can take place. It is very useful for  In this work, we demonstrate the use of comprehensive
the separation of (a) specific component(s) in a polymer or two-dimensional LC (specifically L& SEC) to obtain the
copolymer. MMD and FTD for functional poly(methyl methacrylate)



X. Jiang et al. / J. Chromatogr. A 1076 (2005) 51-61 53

(PMMA) polymers. Also, the influence of the molar mass Table 1 o
on the so-called critical conditions in LC was investigated PMMA samples used in this study

for hydroxyl-functional polymers. Sample name Mn Mp PDI  Intended number
(kg/mol)  (kg/mol) of OH end
groups

2. Experimental PMMA 6207 5.50 620 135 0
PMMA 13102 116 131 112 0
) PMMA 1680 1.33 168 115 0
2.1. Chemicals PMMA 1990* 184 199 109 0
PMMA 2990 2.76 299 108 0
Dichloromethane (DCM) and acetonitrile (both HPLC PMMA 3800% 344 381 107 0
grades), were from Rathburn Chemicals (Walkerburn, PMMA5270" 4.98 527 106 0
Scotland). Non-stabilized tetrahydrofuran (THF, Biosolve, iMMQ gggg _8 50 %gg 1'82 8
Valkenswaard, The Netherlands) was used as the mo-pyua 13936 1249 1393 106 0
bile phase in size-exclusion chromatography. Poly(methyl PMMA-OH 3310 243 331 122 1
methacrylate) standards were obtained from Polymer Labo-PMMA-OH 13,95¢ 10,93 1395 121 1
ratories (Church Stretton, Shropshire, UK). These standards{\/"g%Aogox 21;‘3 i?g 1-‘253 i
are terminated with hydrogen end-groups and they are re-\ 37gd 285 268 129 1

ferred to as “non-functional polymers in this paper. The The molar-mass\,, Mp) and polydispersity-index (PDI) values of samples

molar-mass Mr_h. MP) and p0|ydi3per3ity'index (PDI) val- were measured by SEC. The values for PMMA standards were supplied by
ues were specified by the manufacturer. The (“RAFT”) poly- the manufacturer.

mers with one hydroxy (OH) end-group were synthesized 2 PMMA standards obtained from Polymer Laboratories.
by reversible addition-fragmentation chain-transfer (RAFT) ° Polymers with one OH group synthesized by reversible addition-
polymerization, using a hydroxy-functional initiator and a fragmentation chain-transfer (RAFT) polymerization using a hydroxy-
L . functional initiator and a hydroxy-functional RAFT chain-transfer agent.
hydrqu'funcuonal RAFT chain-transfer agd4]. A Com_' ¢ Synthesized via end-group modification of well-defined RAFT polymers
mercial telechelic PMMA (TEGO DIOL MD-1000X) with 14,
two OH groups was obtained from Tego Chemie Service ¢ Synthesizedby RAFT polymerization using a'2a2obisisobutyronitrile
(Essen, Germany). The molar masses and molar-mass dis(_A;IBN) initiator and a hydroxy-functional RAFT chain-transfer aggit].
tributions were measured by SEC using a Waters (Milford, ~ Mn value notknown.
MA, USA) instrument equipped with a Waters model 510 ) . _ _
pump and a model 410 differential refractometer (@J. sil "bare” silica columns (150 mm 1.0 mmi.d., 3um parti-
A set of two linear columns (Mixed-C, Polymer Labora- cles; 100A pore size; ThermoQuest, Breda, The Netherlands)
tories, 300 mnx 7.5mm i.d., 40C) was used. The cal- Were used in the first (LC) dimension at room temperature.
ibration curve was prepared with polystyrene (PS) stan- The second-dimension (SEC) system consisted of a Kratos
dards and the molar masses were estimated based on thePectroflow 400 pump (ABI, Ramsey, NJ, USA), a Kratos
universal-calibration principle and Mark-Houwink param- Spectroflow 757 UV-absorbance detector (ABI) operated at
eters [PSK=1.14x 104dLg ! and a=0.716; PMMA, a wavelength of 220 or 300 nm, and a Sedex 55 evaporative
K =0.944x 10-4dLg ! anda=0.719][15-17} The effect light-scattering detector (ELSD; temperature’62 N, pres-
of the hydroxyl end-groups on the Mark-Houwink param- Sure 2.2bar). The ELSD is positioned in the flow line after
eters was neglected. All the PMMA standards and samplesthe UV detector. This causes a shift of a few seconds in the
used are summarized Fable 1 Numbers after PMMA (or ~ chromatograms (at 0.9 ml/min). The two-dimensional con-
PMMA-OH, or PMMA-20H) refer to the peak molar mass. tour plots are slightly shifted, but this does not affect the in-
All the samples injected in the first dimension were dissolved terpretation. One or two 50 mm4.6 mmi.d. PLgel columns
in DCM, which is a good solvent for PMMA, but a weak (Polymer Labprator|es, ﬁm partlgles with lOG\lpore size
eluent on bare silica. In this way breakthrough peaks were and/or 6um oligoPore particles with 108 pore size, 25C)
avoided[18]. All the samples analyzed by SEC (as a stand- Were used with THF at a flow rate of 0.9 ml/min in the SEC_
alone technigue) were dissolved in THF (Samples analyzedSystems. The LC and SEC systems were coupled with an air-
in SEC as a second-dimension separation were dissolved ir@ctuated VICI two-position 10-port valve (Valco, Schenkon,

the first-dimension effluent. Switzerland)5]. This valve was operated using a high-speed
switching accessory (switching-time of 20 ms using nitro-
2.2, Instrumentation gen) and dual injection loops of equal volume (various sizes

between 4 and 4(l) were used.

The first-dimension LC system used consisted of a Shi-
madzu LC-10ADvp solvent-delivery unit (Shimadzu, 's- 2.3. Instrument control
Hertogenbosch, The Netherlands) and a Rheodyne two-
position six-port injection valve (Berkeley, CA, USA) A personal computer with Windows NT was equipped
equipped wih a 1 or a 1Gul loop. Two home-packed Hyper-  with a Keithley KNM-DCV 12 Smartlink interface (Cleve-
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land, OH, USA). Two-dimensional plots and distribution data 067 (a)
were calculated with an in-house program written in a Matlab ] 2
(Natick, MA, USA) software environmeif]. This program 053 A

enabled us to register and control the valve-switching time
for the two-dimensional separations. The program options ]
also allowed us to extract LC and SEC chromatograms at 03]
any positionsinthe L& SEC contour-plot. Furthermore, the ]
software was able to carry out quantification by computing 0.2

0.4

peak volumes for specified retention ranges and to calculate g ]
MMDs for different polymers, using SEC calibration curves, § %3
provided that the detection response was linear or linearized $ o
(see the text in SectioB.3). a 06

= (b)

i

= 05

(]
3. Results and discussion 3

2
04 ﬁ
3.1. Optimization of SEC flow rate . I
The second-dimension separation in kGEC needs to A
be fast, while sufficient separation efficiency needs to be
maintained. Because a conventional SEC analysis, for exam-
ple, using two 300 mnx 4.6 mm i.d. columns at 0.5 ml/min,
shows atypical analysis time of 10—15 min, itis not useful for
LC x SEC. Instead, fast-SEC column(s) should be selected

and relatively high flow rates should be employed. There is _ _ ,
Fig. 1. SEC chromatograms obtained from a standard mixture of PMMA

a trend to perform faSt-SEC §eparatlons on Short (typlcally 620 and PMMA 6950. Dotted line, ELSD response; drawn line, UV re-
50 mm) columns with analysis times of 1-3min. The flow sponse at 220 nm. () One 50 m#.6 mm i.d. PLgel column (Bm parti-

rate is dependent on the column diameter (e.g. 0.5 ml/min cles with 1004 pore size), flow rate 0.45 mi/mim. (b) Two 50 maw.6 mm

for a 4.6 mmi.d. column or 1.0 ml/min fora 7.5mm i.d. col- i.d. PLgel columns (um particles, 10@ pore size and fm oligoPore

umn). However, recent studies from our grd@p—21] pro- particles, 10@\ pore size), flow ratn_'—) 0.9 ml/min. Peak 1: PMMA §_950; peak

vide theoretical and practical support for the use of longer 2: PMMA 620; peak 3: THF. Mobile phase was fresh non-stabilized THF.

columns and higher flow rates in fast SEC. To keep the . ] )

analysis time in the second-dimension SEC separation sim-in the second-dimension SEC separation for thex 8EC

ilar (within 2 min), we selected one column at a flow rate €XPeriments reported in this work.

of 0.45ml/min, or two columns of the same dimension at

a flow rate of 0.9 ml/min. For comparison of the SEC res- 3.2. Molar-mass effects at near-critical LC

olution, a mixture of Standards PMMA 620 and PMMA

6950 was injected using the second-dimension part of the In previous work[23] we have shown the robust critical

LC x SEC set-up (same 10-port switching valve equipped separation of PMMA using a conventional bare-silica column

with two 40pl loops) with the UV and ELSD detectors as (150 mmx 4.6 mm). The PMMA samples could be separated

a stand-alone system. As can be seen clearly firggn 1, according to the number of hydroxyl end-groups with negli-

better resolution was obtained when two columns were usedgible influence of the molar mag&3]. However, this column

at a flow rate of 0.9 ml/min. The PMMA 620 peak (2) was cannot be coupled directly on-line to electospray ionization-

baseline separated from the solvent peak (3) (UV at 220 nm,mass spectrometry (ESI-MS) without splitting. Two micro-

seeFig. 1b). The former was also nearly baseline separated bore columns (150 mm 1.0 mm) were used to study the ef-

from the PMMA 6950 peak (1). Therefore, longer columns fectof molar mass on retention time at near-critical conditions

with higher flow rates are seen to provide better resolution [24]. Because of the limited (low) molar-mass range of ESI-

in fast SEC. However, when using even longer columns, MS and its limited range of applicability to specific (polar)

the pressure drop may become prohibitive. Also, the higher types of polymerg25], LC x SEC was investigated in this

flow rates required would induce higher solvent costs and work as an alternative approach to study the molar-mass ef-

might impart the sustained stable operation of the pump fect. LCx SEC is applicable to all soluble polymers across

[22]. a broad range in molar mass. It also allows quantitative data
In the present case, the selection of columns (one regularto be obtained on mutually dependent distributions, such as

PLGel 1004 column and one 108 OligoPore column)was  the FTD and MMD of functional polymers.

also tailored to the separation of low-molar-mass prepoly-  As shown inFig. 2, a mixture of non-, mono- and di-

mers. Therefore, the two 50 mm columns were used in seriesfunctional PMMA polymers of various (relatively low) molar
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would have obtained overlapping peaks, as is evident from
the one-dimensional projections of the chromatograms in the
LC dimension (shown &Big. 3a) and in the SEC dimension
(shown asFig. 3b). A small peak was observed in the UV
chromatogramtg ~0.6 h,2tg ~1.2 min), but not seen with
ELSD detection. This was probably an unreacted OH-RAFT
agent (see discussion in Secti®d).

Acetonitrile is a more-polar solvent than DCM. It can des-
orb PMMA from the silica column. When the concentration
masses yielded clearly separated peaks using 48% acetonief acetonitrile in the mobile phase increases, the retention
trile in DCM as the mobile-phase in the first dimension (LC). of non-functional and hydroxyl-functional PMMA polymers
Some variation in the retention time with molar mass can be will decrease. When the concentration of acetonitrile in the
observed inFig. 2 The retention times of non- and mono- mobile phase was 52% in DCM, the two mono-functional
functional PMMA polymers increased slightly with increas- PMMA polymers with different molar masses showed the
ing molar mass, displaying a “banana” shape, which indicated same retention time, which suggested that this was the criti-
thatthe mobile-phase was on the adsorption side of the criticalcal solvent composition for mono-hydroxyl PMMA samples
point. Thisis in agreement with what van der Horst et al. have (results not shown). However, the retention of non-functional
reported5]. However, the retention of di-functional PMMA  PMMA standards still increased slightly with increasing mo-
polymers seemed to decrease slightly with increasing molarlar mass, displaying a “banana” shape. This suggested that
mass, suggesting an opposite molar-mass effect at the sam#he mobile phase was still on the adsorption side of the critical
mobile-phase composition. Despite the slight molar-mass ef- point. At the same time the retention of di-functional PMMA
fect, we could obtain the molar-mass and MMD information polymers decreased slightly with increasing molar mass. One
for individual peaks using the SEC calibration curve. Sub- should note that this is not typical exclusion behavior, because
sequently, we could obtain the FTD and MMD for the func- the retention volumes far exceed the total volume of mobile

Fig. 2. LCx SEC chromatograms of a mixture of PMMA standards (peak
1: PMMA 620, peak 2: PMMA 5270; non-functional), mono-functional
RAFT polymers (peak 3: PMMA-OH 3310, peak 4: PMMA-OH 13,950)
and di-functional PMMA (peak 5: MD-1000X) at near-critical conditions.
(a) UV220 nm, (b) ELSD. LC columns: two 150 m®x1.0 mm i.d., 3um,
100A bare silica; 48% ACN in DCM, §l/min. SEC columns: um 100A
plus 6.m oligopore, two times 50 mm 4.6 mm i.d.; fresh non-stabilized
THF, 0.9 ml/min.

tional polymers by LCx SEC at a near-critical composition
(see discussion below in Secti@¥). If only one dimen-

phase in the column.
As shown irFig. 4, with a higher acetonitrile concentration

sional chromatography (either LC or SEC) were used, we (56% ACN in DCM), the retention of non-functional PMMA
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Fig. 4. LCx SEC (a) UV (220 nm) and (b) ELSD chromatograms of the
same mixture of PMMA samples ashiig. 2 The conditions were identical
as forFig. 2 except that the LC mobile phase was 56% ACN in DCM and
the flow rate was 4l/min in the first dimension.

Gorbunov and Trathnigi@7] and Skvortsov and Fle§28]
developed a unified theory of the combination of interaction
(adsorption) LC and SEC for polymers. Theoretical models
suggested that the retention of di-functional polymers at the
critical point (Fig. 15 in ref[28]) or at conditions of very weak
adsorption (Fig. 14 in ref28]) for non-functional polymers
should depend on the molar mass. Gorbunov and Trathnigg
[27] reported some experimental and theoretical results in-
dicating that the retention of di-functional polymer at the
critical conditions of the non-functional polymer decreased
with increasing molar mass. They stated that the distribu-
tion coefficient of functional polymers could exceed unity
and that it would decrease with increasing radius of gyration
(molar mass) if the interaction of end-groups with the station-
ary phase was strongly attractive. Our observatiortsdn 2
are in close agreement with the theoretical curves reported
in Fig. 14 of ref.[28] for the low-molar-mass range. The re-
sults shown irFig. 4 of the present paper are similar to the
data published in Fig. 4 of ref27]. It would be interesting
to study the molar-mass effect for high-molar-mass polymers
by LC x SEC, if samples with various molar masses and end-
groups were available.

At this point it is worth noticing that for practical applica-
tions of LCx SEC it is not strictly necessary to work at the
exact critical solvent composition. Near-critical conditions
often suffice to determine the mutually dependent MMD and
FTD for functional polymers.

3.3. Quantitative aspects

In LC x SEC, the detector monitors the signal after SEC.
Therefore, the detectors used in common SEC can, in princi-
ple, be usedin L& SEC. The most frequently used detectors
in SEC of polymers are refractive-index (RI) and ultravio-
let absorbance (UV) detectors. However, both of them have
their limitations. For instance, RI detectors exhibit a low sen-

standards in the first dimension still increased slightly with sitivity. Because two-dimensional separation gives rise to a
increasing molar mass, displaying a “banana” shape, whichstrong dilution of the analytes, it is not easy to use RI de-

indicated that the mobile phase was still on the adsorption tectors in LCx SEC. Moreover, a significant dependence of

side of the critical point. However, the retentions of mono- RI on molar mass was observed for samples with low molar
and di-functional PMMA polymers decreased slightly with masg[29], due to influence of the end-groups. Since in our

increasing molar mass. When the concentration of acetoni-case low-molar-mass RAFT-polymers and the corresponding
trile in the mobile phase was 70% or above, the retention of non-RAFT polymers (lost RAFT end-group) must be ana-

all PMMA polymers decreased with increasing molar mass lyzed, the effect of the RAFT end-group on the Rl response
and typical exclusion behavior was observed. greatly complicates the quantitative analysis.

We may conclude that the critical conditions, at which UV detection is limited to UV-active polymers. It can only
retention is independent of molar mass, are not the samebe used when chromophores, which may be the repeating
for PMMA series with different end-groups. Apparently, the unit, the end-groups, or both, are present in the analyte. In
critical composition is (slightly) less than 48% ACN for di- case both the polymer backbone and the end-groups show
functional PMMA, about 52% for mono-functional PMMA  a high UV absorbance at the selected wavelength, it is also
and more than 56% ACN for non-functional PMMA. This difficult to obtain accurate quantitative results for low-molar-
may be surprising, because, in principle, the critical compo- mass samples. Tetrahydrofuran is a common solvent in SEC,
sition for the PMMA backbone should not change with the but it is not transparent at short wavelengths, especially due
end-groups. Variations in the exact critical composition with to its oxidization in air. Acrylate polymers exhibit UV ab-
different end-groups has also been observed for pdiuty! sorbance only at short wavelengths (210-235nm). The UV
acrylate) polymer§26]. absorbance at 220 nm for fresh non-stabilized THF was 0.47
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AU with water as a reference. As an example, the UV ab- LC using a non-linear detector. In this discussion we assume
sorbance at 220 nm was 0.83 AU for standard PMMA 1680 at that the chromatographic profile (analyte concentration vs.
a concentration of 0.5 mg/ml with non-stabilized THF as the time) is Gaussian, an approximation that is often satisfactory.
reference. When fresh, helium-covered non-stabilized THF Ifthe detector response is such that at any time the sigrial,
was used as SEC mobile phase, UV detection with a selectedelated to the analyte concentratid®) (see plateau method
wavelength of 215-233 nm clearly showed peaks of acry- below) by

late polymers. As shown above Kigs. 1 and 3, the UV )

signal at 220 nm provided a good qualitative impression of y = a’ x c? 2

the PMMA samples. However, this signal could not be used L )
to obtain accurate quantitative results on functional PMMA Wherea'is the response factor, then the recorded peak profile

polymers, because the response was due to the polymer back?Y ELSD is also a Gaussian curve, because of the properties
bone as well as to end-groups. Both contributions are signif- Of the exponentigB5]. Only the standard deviation observed
icant and variable in case of low-molar-mass samples with bY ELSD @ELsp) is changed from the standard deviation

different end-groups. The response neither reflects the samPtained by using a linear detector to

ple mass, nor the number of the polymer chains. For example, 5
the UV absorbance at 220 nm was 0.53 AU for RAFT poly- o’éLSD = Uf/ (3)
mer PMMA-OH 3310 at a concentration of 0.1 mg/ml with b

non-stabilized THF as the reference. However, it was approx- The power constants used in Eq(1) andb/ in Eq. (2) are

imately 3 for the OH-containing RAFT agent (with the same  jgentical[34,35] The constantain Eq.(1) anda’ in Eq.(2)
end-groups as those of PMMA-OH 3310 polymer, but with-  5re related by34,35]

out MMA units) at the same concentration. In the functional
RAFT polymer VL37A every polymer chain has a RAFT u— a
group, which exhibits UV absorbance at high wavelengths = — b b—1
(300 nm). It is reasonable to assume that the UV absorbance Vb x Y x (o x /2m) ]
at this wavelength is proportional to the number of RAFT whereF is the flow rate. The constaatwill not vary when
polymer chains with a negligible effect of molar mass. For the LC conditions do not change. Therefore, the calibra-
such a polymer we can obtain quantitative information by tion curves can be established based on the measured in-
LC x SEC (see Sectiod.4). dividual response (Eq2), see plateau method below) us-
Infrared (IR) spectrometry has proven to be a powerful ing ELSD (column is not necessary), on the integrated peak
tool for the selective detection of (either UV-active or non- area (Eq(1), see method 2 below) or on the integrated peak
UV-active) functional groups in polyme[82]. However, the volume (see method 1 below). As a consequence, the cali-
practical use of IR detection in LC is still quite limited, be- bration curves can be established in three different ways in
cause of the possible occurrence of inconsistent absorption1.C x SEC. First, by individually injecting each standard in
band intensities in solvent-elimination LC-IR spectra, the various amounts into the L& SEC, we obtain a series of
low detection limits for flow-cell interfaces and other rea- integrated peak volumes (equivalent to summing the peak
sons[22]. areas obtained from each fraction of the first dimension
Evaporative light-scattering detection (ELSD) hasbecome in LC x SEC, similar to summing all data points in one-
increasing popular in HPLC, due to its “universal” applica- dimensional LC; the power constamwill not change). Sec-
bility and high sensitivity for all non-volatile analyt¢30]. ond, by injecting each standard in various amounts only into
However, quantitative analysis using an ELSD is not easily the second-dimension SEC system we can obtain the calibra-
achieved30-32] because the ELSD response does not usu- tion curves based on integrated peak areas from SEC. Third,
ally increase linearly with the polymer concentration. Cali- by injecting each standard in various concentrations directly
bration curves should be established and applied carefully.into the ELSD to get the stationary (plateau) signal using the
An exponential calibration curve, such as in ED), is often 10-port switching valve equipped with two big loops, such

/

4)

used[32-34} that a flat peak (plateau) can be obtained. The height of the
plateau refers to the real injected analyte concentration, with-
A=ax mf’ Q) out dispersion in the connecting capillary tubes between the

injector and the detector. Thus, the ELSD calibration curves
whereA is the ELSD response areaa, is the injected mass  can be obtained (Eq2)). Each response (data point) from
of sample, ané andb are constants. The valuesafndb the ELSD chromatogram can be converted into the analyte
can easily be determined from a logarithmic plot, in which concentration using the above calibration curves. The same
the exponenb is obtained from the slope and the cons@ant  power constan or b’ should be obtained in any case. How-
from the intercept of the regression line. ever, it is time-consuming to obtain the calibration curves by

It should be noted that E{Ll) was established and proven the first method due to the long analysis time in kGEC.

in one-dimensional LC. There is a serious difficulty in deriv- The third method is fast and allows easy data processing.
ing quantitative data from comprehensive two-dimensional Therefore, it is recommended.
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Fig. 5. ELSD calibration curves (plateau height versus injection concentra- (b)
tion, logarithmic scale) for PMMAs with different end-groups. Open squares,
drawn line: PMMA standards (non-funtional); circles, dashed line: PMMA-
OH 3310 (mono-funtional); triangles, dotted line: MD-1000X (di-funtional).
Mobile phase: THF, flow rate 0.9 ml/min at 2€; injection loop volume
800ul; no column used.

0.03
0.025
0.02
00 0.015
The above discussion refers to one compound. However, 0.01
polymers are mixtures of (large) series of molecules with dif-
ferent molar masses, which strongly overlap even after elu- U:00s
tion from the SEC column. It is impossible to calculate the 0
responses for the individual molecules and add them up, due 00
to the non-linear characteristics of the ELSD. Therefore, we s
assume polymers to consist of one compound, neglecting the 12 14 16 18 2 22
molar-mass effect on the ELSD response. This can be jus- Time LG [hours]
Flﬁed' pecause .”° obvious molar-mass effect was Obs(:"r\l(:"dFig. 6. LCx SEC chromatogram of sample VL37A. (a) UV detection at
in previous studief23,32,36-39]Most of these papers deal 300nm. (b) ELSD. The conditions were identical asfay. 2 except that
with high-molar-mass polymers. In our work we deal with  the LC mobile phase was 50% ACN in DCM and the flow rate wasiin
relatively low-molar-mass polymers, where the effect of mo- (for peak identification see text).
lar mass on the response may be greater. In our own work,
some variation in response was discerned, but no systematidon- and mono-functional polymers. The calibration curves
trend could be observed. in Fig. 5 were used for quantitative analysis of functional
We selected the third method described above to obtain PMMA prepolymers under the specified SEC conditions (see
calibration curvesFig. 5shows ELSD calibration curves for ~ Section3.4).
PMMAs with different end-groups. The values @fandb’
are shown infable 2 It can be seen frorRig. 5andTable 2 3.4. Application
that the OH end-groups had a smaller influence on the ELSD
detection in SEC than on the observed (peak area) in critical ~ Fig. 6 shows an example of L& SEC for a real RAFT
LC [23]. Thisis mainly due to the use of integrated peak areas Sample (VL37A). In the ELSD trace &fig. 6o two peaks are
in the latter case. The standard deviation (&) observed observed. Peak 1 represents non-functional PMMA and peak
for the di-functional polymer was larger than those of the 2 mono-OH PMMA. Both peaks are in agreement with the
observations in one-dimensional near-critical [2@]. How-

Molar mass [g/mol]

Table 2 ever, four separate peaks were detected by UV at 300 nm, as
End-group effect on ELSD calibration curves. LC conditions a8ign 5 shown inFig. 6a (similar results were obtained using UV at
Sample ae a R 220 nm). Peaks 1 and 2fg. 6a are similar to those iRig. &b
obtained using ELSD. Peak 3Hig. 6a represents molecules
PMMA standard® 0.066 1.52 0.9929 : . )
PMMA-OH 3310 0076 149 09964  With a very low molar mass and without OH end-groups;
HO-PMMA-OH (MD-1000X) 0.167 1.33 09995 peak 4 may represent residual (unreacted) RAFT agent used

a parameters in EqQ2). in the polymerization process. This latter peak was not ob-
b PMMA standards used include PMMA 620, PMMA 1990, PMMA 3800,  Served if PMMA standards were subjected to kGEC. If
PMMA 9200. only one-dimensional LC or SEC is used, peaks 3 and 4 are
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Table 3

Quantitative results obtained for sample VL37A using UV at 300 nm and calibrated ELSD

Peak name UV (300 nm) Calibrated ELSD

Mp (kg/mol) Mp (kg/mol) PDI Conc. (mole%) M, (kg/mol) Mp (kg/mol) PDI Conc. (mole%)

weight% weight%

Peak 1 (non-OH) 2.3 2.3 128 1603 2.1 25 124 (199

Peak 2 (mono-OH) 2.7 3.2 1.28 84 87 2.4 29 1.27 (99 91

Peaks 1 and 2 (combined) 2.6 3.0 1.30 N/A 2.3 2.9 1.28 N/A

The conditions and the peak numbers are d5dn 6.
@ Indirect estimate.

hard to separate completely. Therefore, xGEC provides  well as relative amounts in weight% or mole% (indirectly) as
more information and is demonstrated to be useful in polymer shown inTable 3 It can be seen frorfiable 3that the molar
analysis. mass valuesM,, Mp and PDI) for each peak and for the to-

On-line LC-ESI-MS confirmed that non-functional tal sample obtained from the UV chromatogram were close
RAFT (m/z244 + 100 with sodium cation) and OH-RAFT  to those obtained from the calibrated ELSD chromatogram.
polymers (n/z288 + 10M) existed inthe VL37A sample.On-  However, there were some differences between the calcu-
line LC-ESI-MS showed that the 288 peak (without MMA lated relative amounts of non-functional PMMA in mole%
unit) had a higher intensity than the 388 (1 MMA unit) and when calculated directly using UV and when calculated in-
488 peaks (2 MMA units) and that the 444 peak had a higher directly using ELSD and the second-dimension molar-mass
intensity than the 244, 344, and 544 peaks. We also in- calibration. Likewise, there were some differences when cal-
jected the pure non-functional RAFT and mono-functional culating the weight% directly (from ELSD) and indirectly
OH-RAFT agents. The results support the peak identifica- (from UV). This is likely due to uncertainties in the SEC
tion above. calibration curves.

The quantitative results obtained for sample VL37A by The relative amount of non-functional PMMA in weight%
LC x SEC are summarized ifable 3 Because every poly- isclose to that obtained by (one-dimension) critical LC (10%,
mer chain possesses a RAFT end-group, which exhibits UV obtained using ELSD, see rdR3]). When the ELSD re-
absorbance at high wavelengths (300 nm), we can calcu-sponse was assumed to be proportional to the mass (an as-
late the relative molar concentration for each peak shown sumption that is likely to be incorrect), the calculated av-
in Fig. 6a directly from the UV chromatogram at this wave- erage molar masse#if and Mp) from the original ELSD
length. The concentration of molecules in peaks 3 and 4 in chromatogram were close to those obtained from the UV
Fig. 6combined was only about 1 mole% in sample VL37A. chromatogram or from the calibrated ELSD chromatogram.
The average molar masség{andM,,) and the molar-mass  However, the PDI value calculated from the original ELSD
distribution (MMD or PDI) calculated from all four peaks chromatogram (1.21) was much lower than that from the UV
together (1, 2, 3 and 4, iRig. 6) were very close to those  chromatogram (1.30) or that from the calibrated ELSD chro-
obtained summing only peaks 1 and 2 (results not shown). matogram (1.28). This is logical when we consider &),
Since we want to compare the results from ELSD and UV and because the power constanis usually larger than 1 (see
since the lowest molar mass of the PMMA standards used in Table 2. Similar results were observed for other samples (re-
the second-dimension calibration is 620, quantitative results sults not shown). Therefore, we can use the original ELSD
for peaks 3 and 4 ifrig. 6a are not included iffable 3 As chromatogram to get the approximate molar-mass vaMgs (
seen froniTable 3 there was a small difference between the andMy), but we have to bear in mind that the PDI (and, thus,
molar mass informationMy, Mp and PDI) obtained for the  also the weight-average molar maby) is somewhat un-
non-functional PMMA (peak 1) and for the mono-OH RAFT derestimated.

(peak 2). The concentration of non-functional PMMA (peak Fig. 7 shows an example of L& SEC for a real sample

1) was 16 mole% in sample VL37A, calculated directly from without UV-active groups (VL37B). Only the ELSD chro-
the UV chromatogram. The second-dimension molar-massmatogram could be used for quantitative analysis, as summa-
calibration (retention time converted into molar mass) can rized in Table 4 As seen from this table, there were small
be used to convert this number to a weight%. A value of 13 difference between the molar mass characterisig Mp
weight% was obtained for the non-functional PMMA (peak and PDI) of the various functional polymers [non-functional
1). (peak 1), mono-OH (peak 2) and di-OH PMMA (peak 3)].

To compare UV and ELSD detection, quantitative results This was especially true for the di-functional PMMA, which
were obtained from the ELSD chromatogram. Each data pointshowed the highest molar mass. The relative amounts of
of the ELSD chromatogram was converted into a concentra- non-, mono-, and di-functional polymers in weight%, calcu-
tion using the ELSD calibration curves shownFig. 5and lated directly from the calibrated ELSD chromatogram, are
Table 2 Similarly, we obtained the molar mass information close to those obtained by (one-dimension) critical LC (non-
(Mn, Mp and PDI) for each peak and for the total sample, as funct. 6%, mono-funct. 83% and di-funct. 11% obtained us-
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Table 4

Quantitative results obtained for sample VL37B using calibrated ELSD

Peak name Mn (kg/mol) M, (kg/mol) PDI Conc. (mole%) weight%
Peak 1 (non-OH) 2.4 25 1.25 76

Peak 2 (mono-OH) 2.6 3.0 131 @®5

Peak 3 (di-OH) 3.2 5.2 1.35 9

Peaks 1, 2 and 3 (combined) 2.7 3.0 1.32 -

The conditions and the peak numbers are d@sdn7.
2 Indirect estimate.

ELSD functional low-molar-mass PMMA polymers by LCSEC

was discussed for various detection techniques, including
refractive-index, ultraviolet-absorbance (UV), and evapora-
tive light-scattering detection. A simple method to establish
ELSD calibration curves was presented. Each response (data
point) from the ELSD chromatogram could be converted
into the corresponding mass concentration, using calibration
curves obtained by injecting each standard directly into the
ELSD without a column. The height of the flat area (plateau)
is related to the injected concentration.

Qualitative and quantitative information was obtained on
real samples (VL37A and VL37B). This demonstrated the
usefulness of LG SEC in determining the MMD and FTD
121416 13 2 22 24 2628 3 for functional polymers. The peak capacity was greatly en-

Time LC [hours] hanced by LCx SEC in comparison with one-dimensional
separations and accurate molar-mass informafidq M,
M, and PDI) could be obtained for individual peaks or for
combinations of peaks. Experimental results suggested that
the original (uncorrected) ELSD chromatograms could be
ing ELSD, see ref23]). Using the second-dimension molar- used to obtain the approximate molar-mass valiksgnd
mass calibration, the concentrations by weight can be con-Mp), but that the resulting PDI arld,, were somewhat un-
verted into molar concentrations for individual peaks. As derestimated.
seen inTable 4 the molar concentration was larger than the The influence of the molar mass on the retention behavior
weight concentration for non-functional polymer (and vice in LC was also investigated for hydroxyl-functional PMMA
versa for the di-functional polymer), because the molar masspolymers using LG« SEC. The critical conditions — by def-
of the former was lower than that of the latter. It also can inition — independent of molar mass were not exactly the
be seen fronTables 3 and 4hat the molar mass of the non- same for PMMA series with different end-groups. Our ob-
functional fraction was very similar for samples VL37A and servations are in close agreement with theoretical curves re-
VL37B. Iltwas also similar for the mono-OH PMMA fraction.  ported in the literature. However, for practical applications
Therefore, we established a method to calculate the molarof LC x SEC it is not strictly necessary to work at the exact
mass informationNln, Mp and PDI) and the relative amount ~ critical solvent composition. Near-critical conditions often
(mole or weight percentages) for any fraction or peak(s) suffice to determine the mutually dependent MMD and FTD
in LC x SEC to obtain the MMD and FTD for functional  of functional polymers.
polymers. Quantitative results obtained by LCSEC are still sub-

jected to some error, especially in case ELSD is required.
This is the subject of ongoing research.
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Fig. 7. LCx SEC chromatogram of sample VL37B detected by ELSD. The
conditions were identical to those Big. 6.

4. Conclusions
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