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Determination of chemical composition distributions
in synthetic polymers
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Abstract

A characteristic feature of synthetic polymers is their dispersity in molar mass and, in many cases, chemical composition. Since dispersity
is highly relevant in relation to polymer properties, ongoing efforts are being put in the development of appropriate analysis methods. In
this respect, size-exclusion chromatography (SEC) is well known for the determination of molar mass distributions. Methods for chemical
composition distributions are less mature than SEC and mainly include liquid chromatography and mass spectrometry and the combination of
these techniques. The term chemical composition distribution is considered broad in this paper, i.e. for the chemical composition distribution
of a (co)polymer backbone, for the functionality type distribution of a polymers’ functional end groups, for the block length distribution of
a block copolymer, for the branching distribution and for the tacticity distribution. In this paper, analysis methods for all types of chemical
composition distributions are reviewed. Special attention is paid to practical requirements and common misconceptions that sometimes arise.
Applications within the last 5 years are summarized.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

During the past decade there has been a growing interest
in the chemical heterogeneity characterization, i.e. all types
of chemical composition distributions of synthetic polymers.
This is due to increasing demands on polymer properties
with respect to for instance mechanical and chemical resis-
tance and biodegradability, necessitating the development of
tailor made products such as copolymers and terpolymers,
block copolymers and polymer blends. For this purpose, new
polymerization processes such as atom-transfer radical poly-
merization (ATRP) and reversible addition-fragmentation
chain-transfer (RAFT) are being developed[1,2].

Chemical composition distributions in complex synthetic
polymers unlike for biological macromolecules results from
the stochastic character of all polymerization processes[3].
Therefore, all synthetic macromolecules consisting of more
than one monomer type are disperse with respect to chain
length (molar mass) and chemical composition. In this pa-
per, the term chemical composition is used not only for the
composition of the polymer backbone but in a broad sense:
for the chemical composition distribution (CCD) of the poly-
mer backbone, composition distribution according to func-
tional (end) groups (functionality type distribution (FTD)),
composition distribution with respect to chain topology, e.g.
tacticity or linear molecules versus cyclic products, branch-
ing distribution (BD), block length distribution (BLD), etc.
A schematic overview of the various heterogeneity types is
given inFig. 1.

Since properties of a polymer largely depend on all its
distributions, it is important to have access to appropriate
analysis methods for the various distribution types. Distri-
bution analysis can only be performed after separation of
the chemical inhomogeneous polymer mixture into its con-
sisting components, since any bulk technique (light scatter-
ing, NMR, titration) will only provide an average value of a
specific compositional feature[4]. In this respect, the anal-
ysis of molar mass distributions (MMDs) by size-exclusion
chromatography (SEC) is well known since many years[5].

Therefore, chromatographic separation methods (espe-
cially LC) and other hydrodynamic methods such as field
flow fractionation (FFF) have become popular in this re-
spect[6,7]. This is largely due to developments in interac-
tion based LC techniques like gradient elution LC (GE-LC)
and liquid chromatography at critical conditions (LCCC)
during the 1990s. However, due to recent developments
in mass spectrometry (MS) with respect to soft ionization
techniques, i.e. electrospray ionization (ESI) and matrix as-
sisted laser desorption ionization (MALDI), MS has become
amenable to higher molar mass components. Since MS be-

haves itself in this respect as a separation technique of intact
polymer molecules it can be used for the characterization
of polymer distributions, especially when coupled to LC,
for which purpose it is rapidly becoming important[8,9].

For the complete characterization of complex polymer
systems being disperse in more than one dimension (for in-
stance both molar mass and chemical composition) a com-
bination of separation methods is needed, each of which
preferably responds to only one specific structural feature.
Therefore there is increasing interest for the on-line coupling
of separation methods for polymer characterization, such as
LC × LC [10,11] and LC–MS[8,9].

Fig. 1. Schematic representation of chemical inhomogeneities in polymers.
A, B: monomeric repeat units; C, D: end groups.
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It must be emphasized here that the application of sepa-
ration methods to intact polymer mixtures can only be used
for the determination of the so-called intermolecular mi-
crostructure: CCD, FTD, BLD, and BD. The intramolecular
microstructure, i.e. the sequence distribution, which refers
to the distribution of micro blocks of A and B along the
polymer chain (Fig. 1) cannot be obtained in this way. From
spectroscopic methods such as NMR and FT-IR[12,13] or
pyrolysis followed by GC[14,15] some information with
respect to sequence, actually: average block lengths, can be
obtained. This however, goes beyond the scope of this re-
view.

In this paper, methods for characterization of the vari-
ous types of chemical composition distributions of synthetic
polymers are reviewed. Since LC techniques are dominant
in this respect, first a brief theoretical description of the var-
ious chromatographic modes for polymers is given. This is
followed by an overview of the most important analysis tech-
niques including mass spectrometry, and their recent devel-
opments. To this end literature between 1998 and 2003 was
reviewed. Special attention was paid to practical require-
ments and common misconceptions that sometimes arise.

2. General theory of liquid chromatography of polymers

In liquid chromatography, generally porous column pack-
ings are used as stationary phase. High molar mass solutes
can, depending on their size, partly penetrate into the pores
of the column packing and subsequently undergo interac-
tions with the active stationary phase, which is mainly lo-
cated inside the pores. Therefore, two main processes can
be distinguished in LC of polymers: steric exclusion and
enthalpic interactions. The latter can either be ‘true’ adsorp-
tion or partition but will further be indicated as ‘adsorption’.
The retention volume,Vr can therefore be expressed as[6]:

Vr = Vi + KsecVp + KadsVs (1)

whereVi is the interstitial volume,Vp the pore volume and
Vs is the stationary phase volume.KsecandKadsrepresent the
chromatographic distribution coefficients (KD) for steric ex-
clusion and for adsorption, respectively. A chromatographic
distribution coefficient is defined as:

KD = cs

cm
= exp−�µ0/RT (2)

wherecs andcm represent the concentration of a solute in the
stationary and the mobile phase, respectively and�µ0 is the
standard chemical potential difference for solute molecules
in both phases.

In the case that a thermodynamically good solvent for
the polymer which also effectively suppresses enthalpic in-
teractions with the stationary phase (a strong ‘displacer’)
is used as the mobile phase,Kads = 0 and retention is
governed by entropic exclusion effects. In thermodynamic
terms this means that�h = 0 and �µ = −T �s > 0
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Fig. 2. Separation modes in the chromatography of polymers. Polystyrene
standards on a Nucleosil C18 column, in various compositions of
acetonitrile–dichloromethane at 25◦C. % (v/v) ACN as indicated in figure.

(�h and �s are the partial molar enthalpy and entropy
change, respectively). This chromatographic mode is known
as size-exclusion chromatography (SEC).Ksec varies be-
tween 0 for large molecules, which are totally excluded from
the pores (total exclusion) to 1 for small molecules, which
can completely enter the pores (total permeation). Retention
therefore decreases with increasing molar mass.

When the thermodynamic quality of the solvent is de-
creased by either the addition of a poor solvent[16] or a
temperature change[17], Kadsmay increase as enthalpic, ad-
sorptive interactions start contributing to the total retention.
These interactions increase exponentially with the degree of
polymerization,p, due to the fact that more monomeric units
are available for interactions with the stationary phase. In
practice, a linear dependence between the logarithm of re-
tention factor, log(k), andp is found (the Martin rule[6]).
At a certain pointKads is large enough such thatKsecVp +
KadsVs > Vp and retention is dominated by adsorption. In
that case�µ = �h − T �s < 0 and retention increases
with increasing molar mass. The two separation modes and
the transition from SEC to adsorption are shown inFig. 2.

From this figure, it can be seen that under certain con-
ditions, entropic exclusion effects and enthalpic adsorption
effects are (nearly) balanced, such thatKsecVp + KadsVs =
Vp and�µ = 0, and retention is (almost) independent of
molar mass. These conditions, commonly referred to as crit-
ical conditions, have both been predicted theoretically[18]
and found experimentally[16,17] for various polymer sys-
tems. Chromatography under these conditions will further be
called liquid chromatography at critical conditions (LCCC).

From the above it can be concluded that terms like ‘SEC’
and ‘adsorption chromatography’ refer to a thermodynamic
condition of a separation system, rather than to the use of a
specific column. The latter is a common misconception. It
should be emphasized that for instance SEC can in principle
be carried out on any porous column packing, provided that
thermodynamic conditions (eluent, temperature) are chosen
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properly. The main reason for the existence of dedicated
SEC columns is that for realizing enough separation capacity
more column packing (pore volume!) is needed than for
adsorption chromatography. Furthermore, the range of pore
sizes is more critical than in adsorption chromatography.

Both SEC and LCCC are isocratic methods. Chromatog-
raphy under adsorption conditions for polymers however,
generally requires the use of gradient elution. This is due
to the rapid increase of retention with polymerization de-
gree in combination with the fact that synthetic polymers
are highly disperse with respect to molar mass. Caused by
the limited solubility of polymers, which is predicted from
the Flory Huggins theory[19], the starting eluent in gradi-
ent elution is often a non-solvent for at least part of the in-
jected polymer. Thus, retention in gradient elution mode is
governed by three parameters: exclusion, solubility effects
and adsorption[6].

Enthalpic interactions playing a role in the critical and
the adsorption mode are affected by both molar mass and
chemical composition of a polymer. Therefore, LCCC and
gradient elution techniques are suited to study various forms
of chemical composition distributions of synthetic polymers
as will become clear in the next sections.

3. Chemical composition determination by
size-exclusion chromatography

As was pointed out in the previous section, SEC is an
entropy governed separation technique. It mainly responds
to differences in molecular size, which is dominated by chain
length/molar mass making the technique especially suited
for the study of a polymers’ MMD. However, molecular size
in solution is also influenced by molecular architecture such
as branching and, to a somewhat lesser extent, by chemical
composition via affinity towards the used solvent.

SEC coupled to more than one detector can provide in-
formation on the average chemical composition as function
of molar mass (or to be more precise: hydrodynamic vol-
ume) via the comparison of the respective detector signals as
function of elution volume. To be successful, the number of
detectors preferably at least equals the number of different
chemical components of a chemical heterogeneous polymer,
each of which should respond differently to those compo-
nents. It should be emphasized that although in this way very
useful information on chemical heterogeneity of synthetic
polymers can be obtained, the method does not reveal a
chemical composition distribution! Furthermore, it is impos-
sible to distinguish between polymer blends and copolymers,
especially when, in the case of a blend, molar masses of the
polymer components are pretty much the same. Finally, the
translation of elution volume to molar mass for copolymers,
in order to obtain the chemical composition as function of
molar mass is not straightforward[20]. The accurate molar
mass determination of copolymers goes beyond the scope of
this review but the interested reader is referred to[7,10,21].

Fig. 3. MMD and chemical composition determination of a PMMA–
PDMA block copolymer by SEC with combined refractive index and
density detection. From[7] with permission.

The most well known and easy to handle multi detector
setup is the combination of ultraviolet (UV) and refractive
index (RI) detection, which, however, is only suited for
copolymers containing a chromophore. Starting with the
analysis of the corresponding homopolymers, the response
factors and their ratios are determined for each detector.
Subsequently for the copolymer the average composition as
function of elution volume can be determined by solving
a set of two equations[10]. Recent examples were shown
by Medrano et al. who described the chemical heterogene-
ity determination of poly(styrene–co-methyl methacryl-
ate) (PS–co-MMA) [22] and by Chiantore et al. for
poly(ethylene–propylene–diene–graft-styrene–acrylonitrile)
(EPDM–graft-SAN)[23]. This method, however, relies on
the assumption that dn/dc is proportional to composition,
which unfortunately is not always true.

An alternative for copolymers that lack a chromophore is
the combination of RI and density detection[21], although
examples are rare due to the restricted availability of com-
mercial instruments. InFig. 3, the simultaneous determina-
tion of MMD and average chemical composition as function
of molar mass for the non-UV-absorbing poly(methyl
methacrylate)–poly(decyl methacrylate) (PMMA–PDMA)
block copolymer by SEC with combined RI and density
detection is shown[7].

A critical feature in each multi detector approach is the
matching of elution volumes, which are slightly different
for the respective detectors due to the interdetector delay.
Furthermore, it may be necessary to correct for resulting
band broadening differences between the detectors. Incorrect
correction leads to erroneous quantitative results, i.e. to high
chemical composition differences[7].

Mourey and Balke presented their so called ‘local
polydispersity’ method, relying on the combination of a RI,
a differential viscosity (DV) and a light scattering (LS) de-
tector[24,25]. In this method, an apparent number-average
molar mass (Mn) is calculated using the DV and RI de-
tectors, assuming that no differences in refraction index
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increment, dn/dc, due to chemical inhomogeneities as func-
tion of molar mass occur. Inhomogeneities cause so-called
local polydispersity, as molecules with equal hydrodynamic
volumes may differ in molar mass due to differences in
chemical composition. Comparably, an apparentMw is cal-
culated from the LS and RI detectors. From the combination
of both results a theoretical RI chromatogram with the as-
sumption of ‘no local polydispersity’ is reconstructed. This
result is compared with the experimentally obtained RI chro-
matogram and differences (as function of molar mass) rep-
resent chemical inhomogeneity. Also for this method, dn/dc
is assumed to be proportional to composition (see before).

The combination of two SEC systems both with RI and
LS detection, with different eluents each being isorefractive
to either one of the constituting components of a PMMA–
graft-poly(dimethylsiloxane) (PMMA–graft-PDMS) copoly-
mer was described by Mrkivickova[26]. By combining the
results of both systems the variation in chemical composition
and molar mass of individual copolymer blocks as function
of hydrodynamic volume could be determined. Results were
in good agreement with those of other fractionation meth-
ods. Nevertheless, the method is of restricted importance
since the requirement of two isorefractive solvents both of
which must also be suited for SEC, will rarely be met.

An alternative for the multidetector approach is the cou-
pling of more informative, spectroscopic techniques either
on-line or off-line, to SEC. From the full spectroscopic data
compositional information as function of elution volume can
be obtained, provided that absorption characteristics of the
constituting chemical components in a heterogeneous poly-
mer are sufficiently different.

Although the most well-known spectroscopic detection
method in LC is UV-photodiode-array detection (DAD), its
application in polymer composition analysis is rare. This
is due to the low specificity of UV spectra in combination
with the fact that the condition of all components being UV
active is rarely met for synthetic polymers.

Therefore, the combination of LC and FT-IR is more
successful. In most cases a semi on-line setup using the
commercially available solvent elimination interface is used
thus bypassing the problem of to much IR background ab-
sorption of the used solvents. Recent applications include
determination of functional group content as function of mo-
lar mass[27], backbone compositional heterogeneities of
polyalkenes[28] and short chain branching in polyalkenes
[29]. Recently, Schoonover et al. described the use of factor
analysis of large data sets obtained by SEC–IR to obtain in-
sights in polymer degradation mechanisms, which were not
readily apparent from visual inspection of raw data files[30].
Furthermore, there is growing attention for difficulties re-
lated to quantitative aspects of SEC–FT-IR coupling which
are affected by factors like film formation during evapora-
tion of the solvent[31,32], eluent flow[33] and molar mass
of the investigated polymer[33].

Until now, the coupling of SEC to NMR is less popular
than LC–FT-IR, which is mainly due to the need of expen-

Fig. 4. Example of on-line SEC–NMR for the determination of backbone
inhomogeneity as function of molar mass in an EPDM sample. Stacked
trace plot of a series of 50 750 MHz SEC–NMR spectra plotted against
elution time. Eluent: [2H]chloroform, data acquisition per spectrum: 90◦C
pulse, 4.5 s interval, eight scans. From[37] with permission.

sive high field instruments and the inherent lack of sensi-
tivity of NMR. Nevertheless, due to its specificity and im-
proved quantification aspects in comparison with IR and
MS, SEC–NMR is very powerful in the compositional char-
acterization of copolymers and functional polymers. An ex-
tensive review on the practical aspects of coupling LC in
general, to NMR has been presented by Albert[34]. Recent
applications include the distribution of end groups in sev-
eral thermoplasts by off-line SEC–NMR[35], the off-line
determination of chemical composition as function of molar
mass for acrylate copolymers[36] and the on-line applica-
tion to backbone heterogeneity of ethylene–propylene–diene
(EPDM) prerubbers (Fig. 4 [37]).

Undoubtedly, the most important development in poly-
mer characterization of recent years is the coupling of LC
to MS using soft ionization techniques. Although MS is a
separation technique itself it is nowadays generally accepted
that for polymer analysis the coupling to another technique,
mostly LC, is necessary for obtaining results that are repre-
sentative for the entire polymer sample. Otherwise, essential
information will be missed due to severe discrimination of
high molar mass species as will be further pointed out in
Section 7.

SEC–MS, especially off-line SEC–MALDI–MS, is nowa-
days frequently used for the absolute molar mass calibration
of SEC [38,39]. But even more interesting in the present
context is its use for chemical heterogeneity characteriza-
tion. Especially during the latest years, examples have been
shown for end group characterization[40–42], detection of
cyclic species[40–42]and evaluation of the chemical com-
position of the polymer backbone as function of molar mass
[36,38,44,45].

A unique feature of SEC coupled to DV and LS detec-
tion is the ability of obtaining information on branching.
Branching seriously affects mechanical and reological prop-
erties of synthetic polymers[46], but the chemical charac-
terization is not always easy. Spectroscopic techniques like
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NMR and FT-IR are rather insensitive to branching, i.e. the
number of branches needed for affecting polymer properties
is often much lower than the detection limits of these tech-
niques. Since adsorption phenomena are hardly influenced
by branching, interaction based forms of chromatography
are also inadequate in this respect.

Branching, however, significantly reduces a molecules’
hydrodynamic volume and therefore also influences reten-
tion in SEC. Furthermore, molecular density increases and
thus the intrinsic viscosity, [η], which in fact is the recip-
rocal density, decreases. [η] is defined as the limiting value
of the ratio of specific viscosity and concentration, given by
Eq. (3) [33]:

[η] = lim
η − η0

η0c
= lim

ηsp

c
; for c ↓ 0 (3)

whereηsp = (η − η0)/η0. [η] can be determined from the
combination of DV and RI detection coupled to SEC. By
comparing [η] of a linear sample with that of a branched
sample, a quantitative impression of the average degree
of branching as function of molar mass can be obtained
from the branching parameterg′ where g′ is defined as
[η]branched/[η]linear at equivalent molar mass[47].

Comparably, branching influences the radius of gyration,
Rg. For large molecules withRg exceeding 10 nm (forq of a
≈680 nm incident source), this parameter can be determined
from combined multi angle light scattering (MALLS) and
RI detection. Without going into detail in light scattering
theory, the angular dependence of the Rayleigh scattering,
P(Θ), of a macromolecule in solution is related to itsRg
according toEq. (4),

1

P(θ)i
= 1 + q2(R2

g)i

3
; q =

〈
4π

λ0

〉
sin

P(θ)

2
(4)

whereλ0 is the wavelength of the scattered light in vac-
uum. Analogous tog′ a branching factorg is defined as
〈R2

g〉branched/〈R2
g〉linear. Finally, g and g′ are interrelated ac-

cording tog′ = gε. ε depends on the conformation of the
macromolecule in solution and varies approximately be-
tween 0.5 and 2. A more detailed description of light scat-
tering in combination with SEC can be found in[48].

It must be emphasized that both SEC–DV and SEC–LS
do not provide a true branching distribution. The only
method by which mainly a separation according to branch-
ing is obtained is temperature rising elution fractionation
(TREF). The application of TREF, however, is restricted
to (semi-)crystalline polymers such as polyalkenes (see
Section 8) making its applicability very limited. Therefore,
SEC coupled to DV and LS is nowadays the most sensitive
and general applicable method for determining chemical
heterogeneity caused by branching, as has been shown in
numerous publications during the past 15 years[49,50].
Recent papers describe its application to macromolecules
with complex architecture such as hyperbranched polymers
[38,39] and starblocks[51]. Tackx and Tacx described the
determination of bothg and g′ for low density polyethyl-

ene using SEC–MALLS in combination with universal cal-
ibration [52]. They showed that a reliable estimate for�
could only be obtained at high molar masses, due to the
inability to measureRg below 10 nm. Podzimek and Kas-
tanek showed that SEC–LS can also be applied for rather
low molar mass polymers such as epoxy resins[53]. The
sensitivity of SEC–DV to differences in architecture other
than branching was recently demonstrated for copolyesters
in work from our own lab[45].

Finally, the author wants to emphasize the practical im-
portance of SEC for the characterization of complex, chem-
ical inhomogeneous polymer systems. Due to its isocratic
character, SEC is a relatively simple method that can easily
be coupled to a large variety of detectors. The combination
of DAD/RI/DV/LS is practically easy to handle and pro-
vides a wealth of information in one single analysis, despite
the fact that no true chemical composition distribution is
obtained. This is especially interesting for ‘unknown’ prod-
ucts for which an overall impression or a comparison with
related products is needed, rather than a quantitatively ex-
act characterization of polymer distributions. This situation
often occurs in industry.

An example from our own lab is given inFig. 5 where
the analysis of an ‘unknown’ sample is shown. MMD in-
formation immediately shows a relatively low molar mass
resin together with high molar mass fractions (Fig. 5a
and b). Both comparison of UV and RI and impurity in-
formation from DAD indicates no significant chemical
inhomogeneity as function of molar mass, except for the
very high molar mass part (Fig. 5a). The UV–Vis spectra
enable the classification of both the polymer type and the
dye that is observed in the low molar mass part (Fig. 5a).
The Mark–Houwinkα value obtained from DV detection
indicates highly branched structures in the high molar mass
fraction (Fig. 5b). And finally a comparison of DV and LS
proves the presence of micro gels in the highest fraction
(Fig. 5c), explaining the impurity indication from DAD. The
excessive response of the LS detector at the low retention
side is caused by these micro gels.

4. Gradient elution liquid chromatography

The potential of GE-LC for polymer analysis was already
recognized in the late 1970s. van der Maeden et al. were the
first to separate oligomer series according to molar mass[54]
and in 1979 Teramachi et al. showed the first example of a
chemical composition separation of a copolymer[55]. Nev-
ertheless it took nearly another 15 years before the technique
became more widely applicable. This was mainly due to a
lack of understanding of the separation mechanisms. Much
pioneerings work in this respect was done by Glöckner[6].
In 1987, a standard work appeared from his hand dealing
with fundamental aspects of polymer properties and poly-
mer chromatography, which is still highly recommended for
studying purposes[56].
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Fig. 5. SEC analysis with combined DAD/VIS, RI, DV and LS detection of an ‘unknown’ product. (a) UV at 277 nm, including DAD purity plot (220–400 nm). (a1) UV spectra (220–400 nm) at three
different elution times. (a2) VIS spectrum (400–790 nm) of a dye. (b) Molar mass results and Mark–Houwink plot from DV/RI detection. (c) Combined RI/DV/LS detection. SEC conditions—columns:
2 × PC mixed C, eluent: THF+ acetic acid (1% (v/v)),T = 35◦C. Explanation: see text.
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GE-LC is more complex than SEC since retention and
separation are governed by more than one mechanism
(Section 2). This also explains why different terms were
proposed for the same technique: liquid adsorption chro-
matography (LAC), high performance precipitation liquid
chromatography (HPPLC) and gradient polymer elution
chromatography (GPEC).

Very recently, Brun presented in an excellent paper a com-
bination of the molecular-statistical theory of polymer solu-
tions in porous media and the conventional theory of GE-LC
resulting in a comprehensive description of gradient sepa-
ration of polymers and all its relevant aspects[57]. To the
authors’ opinion, this paper can be regarded as state of the
art knowledge on GE-LC of polymers.

In short, at the start of the analysis a polymer is injected
in a weak eluent. Due to limited solubility of polymers[19]
this is often a non-solvent causing precipitation of the poly-
mer. By increasing eluent and solvent strength, the polymer
gradually dissolves and desorbs and thus starts eluting. Elu-
tion depends on both molar mass and chemical composition.
At certain eluent strength, the critical conditions are reached
(Section 2). At this point two situations are possible. Ei-
ther the polymer is completely dissolved and at critical con-
ditions the high molar mass fraction elutes independent of
molar mass due to the compensation of adsorption and ex-
clusion effects, i.e. (Φcr > Φsol), whereΦcr is the fraction
strong solvent at the critical point andΦsol is the fraction
at the point of complete solubility. Or, if no complete dis-
solution already occurred due to insufficient affinity of the
eluent towards the polymer, the remaining high molar frac-
tions are eluted later at higher solvent strength, due to re-
dissolution effects (Φcr < Φsol). In the former case molar
mass independent elution is observed above a certain molar
mass (Fig. 6a), in the latter case no such situation exists, as
is shown inFig. 6b [57]. The difference between these two
situations often led to misconceptions in the past.

Fig. 6. GE-RPLC of polystyrene standards with peak molar masses (as determined from SEC): 474 (1), 890 (2), 2630 (3), 5570 (4), 9100 (5), 18 100
(6), 37 900 (7), 96 400 (8), 186 000 (9), 355 000 (10), 710 000(11), 2 890 000 (12). (a) From 0 to 100% THF in ACN linear over 30 min on a Nova-Pak
C18 column. (b) From 0 to 100% THF in MeOH linear over 30 min on a symmetry shield RP8 column. Righty-axis in (a) shows the eluent composition
at the column outlet,Φg (broken line), with indicatedΦcr = 0.48. Detector: ELSD. From[57] with permission.

The practical meaning of the situation where (Φcr > Φsol)
is that after reaching critical conditions elution only depends
on the chemical composition of the polymer backbone, func-
tional groups, etc. A chemical heterogeneous polymer can be
regarded as mixture of fractions with different composition,
each having its own, specific, critical conditions. Each sep-
arate fraction will elute, independent of molar mass, when
its specific critical point is reached.

From the above it is clear that eluent system and pore
size of the column are important parameters that have to be
chosen carefully. The eluent system must be chosen such
that (Φcr > Φsol) which can only be found out experimen-
tally from trial and error. In this respect the recent work of
Schoenmakers et al. is of help who showed that with use of
existing theories and a few experiments, critical conditions
of homopolymers can easily be predicted[58]. Furthermore,
pore size of the column must be chosen such that no poly-
mer fractions are totally excluded from the pores, which can
easily be checked from an experiment under exclusion con-
ditions, i.e. at high eluent strength.

Unlike what is often thought, the occurrence of solubility
effects is generally unwanted since it leads to an increased
molar mass dependence in GE-LC thus complicating chem-
ical composition determinations. The belief, a priori, that
solubility dominates polymer separations in some cases even
leads to wrong choices in practical parameters. For instance,
(separation) results presented in[59] could have been much
better if the authors had realized that sorption dominates
their separations and therefore had chosen a proper analyti-
cal column instead of a pre-column.

Like for small molecules GE-LC can be performed in the
reversed-phase (RP) as well as in the normal-phase (NP)
mode. However, it should be realized that in NP sorptive
interactions are generally much stronger than in RP and
hence the favorable conditionΦcr > Φsol is more easily
met. Therefore, NP is often used for chemical composition
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separations of copolymers and functional polymers despite
its more complex practical character. Recent examples can
be found in[60–69].

Precipitation of the polymer directly after injection is of-
ten unavoidable[6,56]. In many cases, this is not a problem
but due to demixing effects so-called breakthrough may oc-
cur causing parts of the polymer to elute unretained. This
effect should be avoided since breakthrough depends on mo-
lar mass and chemical composition, causing the retained
part of the polymer to be non-representative for the original
product. Recently, the group of Schoenmakers extensively
investigated and explained this effect[70]. They concluded
that (1) the injection solvent should be as weak as possi-
ble, (2) the polymer should be injected at relatively high
concentration in a small injection volume and (3) the initial
solvent strength should be as weak as possible. InFig. 7,
breakthrough is explained schematically[70].

Fig. 7. Simulated representations of the solvent zone in the column. The
horizontal dashed line represents the critical composition (Φcr). (a) A
focusing of the polymer molecules within the solvent zone at the exact
location of the critical point is expected and polymers in the tail of the
solvent plug will be retained properly, giving rise to the second (“real
retention”) peak. (b) When both the sample solvent and the mobile phase
are weaker than the critical composition, we are in the adsorption mode
and the polymer will be retained on the column, producing only one
peak. (c) The percentage of solvent A in the solvent zone will decrease
and the width of the solvent zone will increase along the column. From
[70] with permission.

In the case of (semi)-crystalline polymers a solid crys-
talline phase can be formed after injection[71]. The redisso-
lution of this phase highly depends on practical conditions
and disturbs proper chromatography. To avoid this effect,
it was found that the system temperature should be higher
than the depressed melting point at initial conditions of the
gradient.

Detection in GE-LC is restricted to only a few detec-
tor types, since bulk property detectors such as RI cannot
be used. As many synthetic polymers are non-UV absorb-
ing, evaporative light scattering detection (ELSD) has be-
come popular in this respect. Although very easy to use,
quantification is more complicated than with UV due to its
non-linear response characteristics[72,73]. Especially when
a comparison of obtained distributions with theory is aimed
at, a signal correction is required afterwards to avoid under-
estimation of polydispersity. Furthermore, ELSD response
depends on eluent composition[74,75] and polymer type
[61,75]. A correction for differences in peak width, which,
however, mainly occurs in isocratic elution, was described
by Mengerink et al.[76,77].

Hyphenation of GE-LC with spectroscopic techniques is
nowadays very well possible. Like in SEC such coupling di-
rectly provides chemical composition information as func-
tion of retention time. With respect to quantitative aspects,
situation is more complicated than in isocratic (SEC) sys-
tems. Coupling with FT-IR via the solvent elimination in-
terface suffers from a changing film formation process due
to altered solvent properties during the analysis, which af-
fects quantification[33]. For NMR, solvent suppression be-
comes more difficult due to (slight) changes in chemical shift
with eluent composition[34]. Only few examples have been
shown in literature until now[78,79]. In MS, ionization ef-
ficiency alters during the analysis. In most cases, however,
MS is used only qualitatively. The use of GE-LC in com-
bination with MS to study chemical compositions distribu-
tions has been described for a limited number of relatively
low molar mass polymer types, e.g. copolyesters[45,80,81],
polyethylene–polypropylene block copolymers[63] and hy-
perbranched polymers[82]. Absolute quantitative analysis
of the CCDs, however, is rarely required since in most cases
a relative comparison between different samples is sufficient.

GE-LC nowadays is regularly applied for the deter-
mination of compositional distribution of the polymer
backbone (CCD), in most cases for addition poly-
mers [60–65,67,68,75,83–85], and functional end groups
[62,66,69,86]. In the latter case nearly always NPLC is
used. Few papers describe the characterization of other het-
erogeneity types like grafting distribution[75,87] or block
length distribution[83,84]. As an example, the chemical
composition separation of poly(styrene–co-ethylacrylate)
by GE-RPLC is shown inFig. 8 [79].

Like in SEC, the retention axis must be calibrated with
standards of known composition in order to obtain the
final composition distribution. For the CCD this is often
performed by using low conversion copolymers with a
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Fig. 8. GE-RPLC chromatograms of (styrene)-co-(ethyl acrylate) copoly-
mers (SEA copolymers) of different composition with high conversion.
Styrene content obtained by HPLC calibration (line) and on-line HPLC-1H
NMR (circles) experiments. Column: Nucleosil C18, eluent: THF–ACN
(10:90 (v/v)) linear to (100:0) in 25 min. Detection: ELSD. From[79]
with permission.

subsequent narrow distribution. The average chemical com-
position of these products is determined by NMR or FT-IR.
However, care must be taken to directly translate these
results into retention time, since the peak maximum does
not necessarily represent the average composition[75]. For
those cases where an exact CCD is needed for comparison
with polymerization models, a mathematical procedure to
overcome this problem was proposed by Teramachi and
co-workers[75,88]. Another possibility is the on-line cou-
pling to, e.g.1H NMR to calibrate the retention axis, as was
demonstrated by Pasch and co-workers[78,79] (see also
Fig. 8).

In those cases where separation is affected by more than
one structural feature, translation into distribution of one het-
erogeneity type becomes more complex. Most well known
are molar mass influences next to chemical composition, es-
pecially for low molar mass polymers. This must be dealt
with by the coupling (off-line or on-line) of (at least) two
separation methods as will be discussed inSection 6. The
off-line coupling of SEC and GE-LC for the simultaneous
determination of MMD and CCD was already extensively
described more than a decade ago by Glöckner[6]. Recently
Kawai et al. were the first to determine the two-dimensional
chemical composition distribution of a terpolymer by the
combination of RP and GE-methods[65]. The present au-
thor showed the first example of the CCD determination of
a low molar mass condensation polymer, a copolyester, in-
dependent of its MMD and FTD[68].

5. Liquid chromatography at critical conditions and
barrier methods

The history of LCCC goes back to the seventies when
Russian workers proposed a theory predicting chromato-

graphic conditions for macromolecules on porous media
where entropic exclusion effects are exactly compensated
by enthalpic interactions[18,89]. At these so-called ‘criti-
cal conditions’ retention for homopolymers is independent
of molar mass (Fig. 2) and is solely governed by chemical
differences. This makes LCCC in principal perfectly suited
for studying chemical composition distributions. It was pre-
dicted that LCCC could be used for end group separations of
telechelic polymers and for separation of block copolymers
according to block length.

Theoretical modeling and comparison with practical find-
ings, mainly performed by Gorbunov and Skvortsov, still
goes on until now[90,91]. This work is very relevant since
understanding critical conditions provides insight in the en-
tire ‘spectrum’ of polymer chromatography. It is reminded
here that critical conditions also influence elution behavior
in gradient elution (see previous chapter[57]).

Nowadays LCCC is becoming increasingly popular and
during the latest years the number of papers regarding chemi-
cal composition separations using LCCC even exceeded that
of GE-LC.

The earliest practical examples of LCCC were those,
dealing with end group separations[92,93]. In this case,
conditions are chosen such that under critical conditions
chains with functional end groups are retained more than
non-functionals. Since most functional end groups are more
polar than the polymer backbone, end group separations in
the majority of cases are performed in the NP mode. Ex-
amples were described for polyethers (majority of cases),
polyesters, polybutadienes, oligocarbonates and epoxide
resins. See[17,94] for early references. Recent examples
deal with functionalized PS (seeFig. 9) [94], functionalized
PMMA [95,96], and poly(propylene oxide) (PPO)[97]. The
separation of fatty polyethers according to the length of the
alkyl chain, under RP conditions was shown by Trathnigg
[98].

Fig. 9. LCCC chromatograms of non-functional PS standards (average
Mw = 13700), �-acidic-PS (averageMw = 4000) and�,�-acidic-PS
(averageMw = 2000) in ethyl acetate-hexane (38:62 (v/v)). Column:
Nucleosil silica,T = 25◦C. Detection: UV at 261 nm. From[94] with
permission.
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Pasch presented the characterization of star shaped
poly(l-lactides) (PL) according to the number of arms[99].
Since each arm contained a polar OH group this is in fact a
special case of a functionality separation.

During the latest years, much attention has been paid to the
analysis of block copolymers by LCCC. This is an important
application, since information on block length distributions
is very difficult to obtain from other methods. GE-LC for
instance is not suited for this purpose. Although blockiness
has several times been shown to influence retention time in
GE-LC [83,84,100], elution is dominated by a polymers’
average chemical composition thus masking block length
information.

For block copolymers, critical conditions are established
for one of the blocks, using homopolymer standards. The
phase system is mostly chosen such that those conditions
are exclusionconditions for the other block, which is to
be investigated. For example: when the most polar block
is of interest, critical conditions for the less polar block
are established at an RP system. According to theory the
‘critical’ block becomes ‘chromatographically invisible’ and
elution is solely governed by the block length of the other
block. Thus, a BLD can be obtained.

In the early 1990s, Pasch was one of the first to explore this
principle, mostly for ‘simple’ di- and tri-blocks. See[17] for
old references. Recent examples deal with the analysis of di-
and tri-blocks of PMMA and poly(tert-butyl methacrylate)
(PtBMA) by Falkenhagen et al.[101] and the characteriza-
tion of di-blocks of PS and PMMA by Pasch et al.[102].
Unfortunately, the concept of chromatographical invisibility
was in most of these cases adopted without being checked.
Very recently, however, Falkenhagen et al. obtained experi-
mental proof for this concept from systematic investigations
on PMMA–block-PtBMA [103]. By varying the length of
the PMMA block and keeping the other block constant they
found that retention behavior under critical conditions of
PMMA was independent of the PMMA block length. In this
case, however, both block lengths were in the same order of
magnitude.

In contrast, from the same type of experiments on
poly(styrene–block-isoprene) (PS–block-PI) Lee et al. con-
vincingly proved a distinct dependence of elution behavior
on the block length of the ‘invisible’ block[104,105]as can
be observed inFig. 10. A molar mass difference between
both blocks of a factor of two led to a molar mass error for
the visible block of about 10%. This indicates that more
theoretical and thorough experimental research is needed on
this topic. Until then results from BLD analysis by LCCC,
especially the ‘absolute’ values must be handled with care.

Examples of LCCC investigations of more complex sys-
tems, i.e. star copolymers having three or four arms of
different chemical composition were shown by Pasch and
co-workers[106,107].

Systems with blocks not widely differing in polarity or
of low molar mass can sometimes be characterized in the
adsorption mode for the ‘visible’ block within acceptable

Fig. 10. LCCC chromatograms of PS–block-PI samples under the criti-
cal conditions of PI. PS block length is constant (M = 12.0), PI block
length increases with sample number—SI-1:MPI = 3.0, SI-2:MPI = 6.0,
SI-3: MPI = 11.1, SI-4: MPI = 21.4, SI-5: MPI = 34.2 (molar masses in
kDa). Notice the distinct effect of PI block length on elution time, de-
spite the critical conditions for PI! LCCC conditions—column: Nucleosil
C18, 100+ 500+ 1000 Å, T = 47◦C, eluent: DCM–ACN (78:22 (v/v)).
Detection: UV at 235 nm. The vertical dashed line at 18 min indicates the
elution time of the critical component (PI). Calibration curve for the cal-
culation of block molecular mass is shown in the plot. Calculated molar
masses deviate from 12% for SI-1 to 23% for SI-5 from the expected
value (12.0). From[104] with permission. Copyright (2001) American
Chemical Society.

retention times. Examples were shown for PEO–PPO blocks
[63] and a PEO–co-polymethylene system[108]. Lee et al.
studied a tri-block PL–block-PEO–block-PL system in the
adsorption mode and found that when the total molar mass
of both PL blocks was kept constant retention was influenced
by the distribution of mass between both blocks[109]. This
again emphasizes the need for more systematic research on
LCCC.

Interestingly, Berek and co-workers demonstrated the po-
tential of LCCC to separate polymers according to tactic-
ity. Syndiotactic and isotactic PMMA[110] and poly(ethyl
methacrylate) (PEMA)[111] were successfully separated,
where conditions were chosen such that critical conditions
for one of the species were exclusion conditions for the other
one. The obtained tacticity distribution for unknown sam-
ples excellently agreed with values determined from on-line
coupling of LCCC to NMR[112].

As was already predicted in the early papers of Russian
workers, linear and cyclic species can be separated using
LCCC [113]. Furthermore analogously to block copoly-
mers, the application to graft copolymers was described
[87,114,115].

A distinct advantage of LCCC over GE-LC is its mo-
lar mass independence, making separation results more
unambiguous. The isocratic character allows for a relative



340 H.J.A. Philipsen / J. Chromatogr. A 1037 (2004) 329–350

facile on-line coupling to, e.g. SEC in order to obtain ad-
ditional molar mass information (Section 6) [116]. And
next to this, a large variety of detectors, such as RI and LS
[105,114]can be used, allowing for direct (average) molar
mass determinations.

Hyphenation to spectroscopic techniques is relatively
easy, although few practical examples have been shown until
now. The on-line coupling to NMR for the tacticity deter-
mination of PEMA was demonstrated in[112]. The appli-
cation of off-line MALDI–MS was described for end group
separations of PPO (96,117) and polyamides[76] and the
BLD determination for a tri-block PL–block-PEO–block-PL
copolymer[109].

Unfortunately, LCCC suffers from several practical draw-
backs[17,118], which, remarkably seem to be neglected in
many papers.

(1) Excessive peak broadening may occur, especially
for high molar mass polymers as was found in
the authors’ lab. for polystyrenes, polyesters and
poly(dimethylsiloxanes)[17,119,120].

(2) Small deviations in composition of sample solvent and
eluent sometimes lead to peak splitting[17,119].

(3) Sample recovery may decrease with increasing molar
mass especially on narrow pore column packings[118].
Recently, Berek suggested that this may be caused by
strong adsorption effects followed by slow desorption
due to reptation of macromolecules into small pores
[121].

(4) LCCC is very sensitive to small deviations in both tem-
perature and eluent composition[17,105] thus hamper-
ing sufficient reproducibility.

In some cases, even the principle of molar mass indepen-
dence is doubtful as was discussed above for block copoly-
mers[104,105]and found from other experiments in our lab
[17,119,120,122].

The finding of a suitable eluent system is still a matter
of trial and error. Due to the isocratic character of LCCC,
separation in a certain system may be insufficient or lead
to excessive retention. This is especially the case for func-
tionality separations[94,120]. A practical solution in the
latter case may be the combination of LCCC with gradi-
ent elution or temperature programming in order to elute
highly retained fractions[105,123]. Furthermore one may
work slightly ‘off-line’ critical conditions at slightly higher
eluent strength in order to speed up the separation. In the
case of sufficient resolution of respective fractions this is
advantageous, since in the same analysis also molar mass
information can be obtained, as was shown by Falkenhagen
et al.[108]. For block copolymers a large polarity difference
between both blocks may lead to problems with respect to
solubility [103].

Recently, the group of Olesik described the use of
so-called enhanced fluidity (EF) solvents, mixtures of liq-
uid CO2 with an organic solvent, i.e. THF[117,124].
Due to the low viscosity of these solvents, diffusion of

macromolecules is enhanced, leading to a considerable de-
crease in peak broadening as compared to normal situations
[17]. Furthermore, due to relatively low backpressure long
columns can be applied which further enhances separation
efficiency. Finally it was shown that when using EF sol-
vents, next to temperature also pressure could be used to
establish critical conditions. This additional degree of free-
dom as compared to common systems allows for instance
for thermodynamic studies in which temperature must be
varied. For above-mentioned reasons the approach is highly
interesting and deserves further attention.

In order to overcome some of the drawbacks of LCCC,
Berek extensively investigated so called ‘barrier methods’
[118,125,126]. This term refers to the practice that the
sample solvent composition differs from the eluent com-
position. The differing adsorption/desorption or precip-
itation/dissolution properties of the sample solvent plug
make this plug to act as a ‘migration barrier’ for poly-
mer molecules. For instance in the ‘limiting conditions
of adsorption (LCA)’ case, the sample is dissolved in a
chromatographically strong solvent, which promotes des-
orption, and subsequently injected on a column containing
a weak, adsorption promoting eluent. Due to the solvent
plug properties, the polymer sample exhibits a local exclu-
sion regime and therefore migrates faster than the small
solvent molecules. At the front of the plug the adsorption
promoting eluent is met, causing the sample to be retained
due to adsorption. After the solvent plug captures the sam-
ple again, this process is repeated, causing accumulation
of the polymer molecules irrespective of their molar mass.
Thus, like in LCCC molar mass independent elution for
homopolymers can be obtained when conditions are chosen
properly, as is demonstrated inFig. 11a.

Fig. 11. Schematic representation of liquid chromatography under limiting
conditions of adsorption (LC–LCA) (a) and limiting conditions of des-
orption (LC–LCD) (b). Peak ‘A’ corresponds to the polymer peak eluted
from a wide pore column, at least partially permeated by macromolecules
in the SEC mode. Peak ‘B’ refers to polymer eluted from a narrow pore
column packing from which macromolecules are fully excluded in the
SEC mode. From[121] with permission.
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In the ‘limiting conditions of desorption (LCD)’ case the
situation is the other way round, i.e. the sample is dissolved
in a weak solvent and the eluent is a strong solvent. This
causes the sample to accumulate at the backside of the sol-
vent plug (Fig. 11b). Likewise, solvents promoting dissolu-
tion or precipitation, respectively can be used. For a more
extensive description of all variants, the reader is referred to
[118,125].

Since the adsorption or precipitation processes at the
edges of the plug depend on chemical composition it is
imaginable that composition distribution information can be
obtained from barrier methods. Critical parameters in this
respect are the volume of the barrier plug and the difference
in strength between sample solvent and eluent[121].

Claimed advantages as compared to LCCC and depending
on the chosen barrier method[121,127,128]are improved
recovery, better peak shape and improved tolerance towards
small deviations in eluent composition or temperature. The
number of practical applications is, however, very limited
until now. Hunkeler and co-workers demonstrated in several
papers the determination of CCD of random PS–co-MMA
[127–129]. They found that this application is limited to
a restricted chemical composition range. Nevertheless, it is
the authors’ opinion that barrier methods deserve serious
attention as a variant to LCCC for chemical composition
distribution determinations of synthetic polymers.

6. Two-dimensional liquid chromatography

For complex polymers being disperse in more than one
compositional feature, a combination of separation methods
must be used to completely unravel their structure. Only in
specific cases a combination of mechanisms in one sepa-
ration step allows a separation with respect to more than
one feature, as was shown in[108]. In [130], the group of
Berek described a combination of adsorption and exclusion
mechanisms in one system to completely separate a poly-
mer blend consisting of poly(butyl methacrylate) (PBMA),
PMMA, poly(tetrahydrofurane) (PTHF) and poly(vinyl ac-
etate) (PVAc) and subsequently characterize the respective
components according to their individual MMD. Lee and
Chang used temperature programming (see alsoSection 8)
to separate a mixture of PMMA and PS and to simultane-
ously obtain MMD information of the individual polymers
[123]. The present author demonstrated the separation of
functional copolyesters by NPLC, where both the CCD of
the polyester backbone and the FTD could be determined
in one separation step[69]. In order to obtain the complete
MM-FT-CCD, however, a preceding step by SEC was nec-
essary[68].

Although in principle all types of separation methods can
be coupled, for polymer analysis almost exclusively a com-
bination of LC methods is used. This is in (rough) agreement
with the findings of Schure who predicted the potentials of
different two-dimensional (2D) combinations based on the-

ory [131]. The combination of methods should be chosen
such that their orthogonality is as large as possible, in order
to maximize the total peak capacity[10]. Ideally the meth-
ods are completely independent, each of them responding to
only one specific molecular characteristic. In practice, how-
ever, this is hardly ever possible. SEC for instance is always
affected by chemical composition differences since hydro-
dynamic volume is a function of composition, and GE-LC
suffers from molar mass influences.

Coupling of LC techniques, mainly off-line, for copoly-
mer characterization have been described since the early
80’s. Much pioneers work was done by Glöckner[6]. In his
book he presented several examples of MM-CCD determina-
tions of mainly statistical copolymers, via off-line coupling
of SEC with GE-LC, which he called ‘cross-fractionation’.
Recent examples regard the full characterization of surfac-
tants (fatty polyethers). To this end, Trathnigg et al. used
the combination of LCCC under RP conditions with GE-LC
in the NP mode[98]. By LCCC, the polyethers were sep-
arated according to the length of the fatty alkyl chain and
subsequently the obtained fractions were further separated
according to the polyether length by GE-LC (seeFig. 12).

Fig. 12. Fractionation of a fatty alcohol ethylate macromonomer by LCCC
(a) and subsequent analysis of LCCC fractions (as indicated in (a))
by GE-LC (b). LCCC conditions—column: Spherisorb ODS2, eluent:
MeOH–water (90:10 (v/v)). Detection: RI. GE-LC conditions: Spherisorb
S3W, eluent: acetone–water (100:0 (v/v)) to 80/20 linear over 50 min.
Detection: ELSD. From[98] with permission. Copyright (2001) American
Chemical Society.
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To obtain a comparable result Murphy et al. explored a com-
bination of two GE-LC systems, i.e. RP followed by NP
[132]. The off-line combination of two GE-LC systems was
also used by Kawai et al. for the characterization of a ter-
polymer system consisting of styrene, methyl methacrylate
and acrylonitrile[65].

At this moment, most papers dealing with coupled tech-
niques describe the on-line approach. To this end, an auto-
mated injection valve is used for the transfer of fractions
from the first into the second dimension, according to the
approach of Kilz et al.[133].

An essential difference with off-line coupling where only
a few fractions according to the method of ‘heart-cutting’
are selected is the transfer of the complete eluate of the first
dimension into the second one. The transfer volume is taken
sufficiently small such that each chromatographic peak from
the first dimension is divided into several fractions. This

Fig. 13. Analysis of poly(styrene–block-butadiene)-graft-butyl acrylate by SEC (a), LCCC (b) and LCCC× SEC (c). SEC conditions—column: PL Mixed
D, eluent: THF. Detection: UV at 254 nm (—) and ELSD (- - -). LCCC conditions—column: Si-300+ 1000 Å, eluent: THF–cyclohexane 15.5:84.5 (v/v),
detection: UV at 254 nm (—) and ELSD (- - -). LCCC× SEC contour plots: ELSD (upper) and UV at 254 nm (lower). From[115] with permission.

largely enhances the amount of information to be obtained
from samples thus visualizing aspects that remain hidden
when the separation techniques are used ‘stand alone’. With
respect to nomenclature, off-line coupling is often referred
to as LC–LC, whereas for on-line coupling with complete
transfer of the eluate from the first dimension, the notation
LC × LC is used[134].

As a rule of thumb the method with highest selectivity for
the separation ofonly onestructural feature and no (or mi-
nor) selectivity towards the other feature(s) should be chosen
as the first dimension[10,11]. For high molar mass copoly-
mers this is often GE-LC, since molar mass effects are neg-
ligible in many cases. This is also advantageous due to the
adjustable character of GE-LC, allowing for optimization for
a specific polymer. SEC is in the majority of cases selected
for the second dimension, which allows for the selection of
many different detectors. For low molar mass copolymers,



H.J.A. Philipsen / J. Chromatogr. A 1037 (2004) 329–350 343

however, SEC may be a better choice for the first dimension
due to severe molar mass dependence in interaction based
separations as was shown by the present author[68]. What-
ever the order of methods, compatibility of solvents used in
both systems always needs attention in order to avoid, e.g.
breakthrough effects. Further practical considerations for LC
× LC can be found in[10,11,116].

Recent LC × LC examples mainly describe the use
of LCCC in the first dimension, combined with SEC
[87,99,101–103,111,115]. A major advantage of this com-
bination is the molar mass independence in LCCC. The
rather low peak capacity of this method is overcome by the
2D approach. LCCC× SEC was applied for block copoly-
mers to obtain the complete BL-MMD[101–103], tacticity
separations[111] and complex, grafted systems[87,115].
In Fig. 13, results from LCCC, SEC and LCCC× SEC
for poly(styrene–block-butadiene–graft-butyl acrylate) are
shown[115]. From the 2D plots (Fig. 13c), a larger compo-
sitional heterogeneity can be deduced than would have been
expected from ‘the sum’ of both techniques alone (Fig. 13a
and b).

7. Mass spectrometry

Until a decade ago, MS of polymers was mainly restricted
to methods based on chemical or thermal degradation pre-
ceding to the MS step itself. This approach only reveals
information on the constituting monomers and the average
chemical composition, but not on the polymer distributions.
This situation changed with the introduction of soft ioniza-
tion techniques, i.e. MALDI and ESI, affording the analysis
of intact polymer ions with no or little fragmentation[8,9].
Since MS is a separation technique, information on polymer
distributions can in principle be obtained.

For MALDI, a polymer solution is mixed with a matrix
and, in some cases, with an additional salt. After drying on
a target, the sample is brought in high vacuum and part of it
is desorbed by a laser pulse, the energy of which is absorbed
by the matrix. This matrix also donates the charge to the
analyte, although the exact mechanism of ionization is still
unclear[135]. In most cases, final products of ionization are
protonated or cationized (e.g. sodiated) species. The matrix
can be added before, during or after deposition of the sam-
ple solution. Both the order and the method of deposition
influence final results with respect to ionization efficiency
and observed polymer distributions[136,137]. MALDI suf-
fers from bad reproducibility, even from shot to shot in
the same sample spot and the selection of an adequate ma-
trix is still a matter of trial and error. MALDI is mostly
coupled to a time-of-flight (TOF) type mass spectrome-
ter, which in principle is unlimited in mass range. In an
extensive review by Nielen, detailed information with re-
spect to practical aspects, including matrix selection is given
[9]. Rather new is the development of atmospheric pressure
MALDI (AP-MALDI) allowing an easy combination in one

instrument with other AP ionization techniques such as ESI
[138,139]. Benefits and drawbacks of this method are still
under investigation. MALDI is nowadays extensively ap-
plied to bio-macromolecules, but has also become popular
for synthetic polymers, both polar and moderately to low
polar such as PS and poly(isobutylene)[140].

In ESI, a liquid stream is broken down into fine droplets by
an electrospray. After evaporation of the solvent, (associates
of) intact (macro) molecules remain, carrying one or more
charges[141]. ESI is even a softer ionization technique than
MALDI, although this is not a general rule. In contrast to
MALDI, ionization occurs in atmospheric conditions, after
which ions are transferred (in two or three steps) to the
vacuum analyzer. Like in MALDI, ionization is mostly due
to protonation or cationization. For ESI various analyzer
types can be used, i.e. quadrapole, ion trap, TOF and Fourier
transform ion cyclotron resonance (FT-ICR) instruments.
For polymer analysis in most cases TOF instruments are
used[80,142,143], due to their high molar mass range. An
additional advantage is the relatively high resolution, which
is especially important for copolymer analysis where the
number of different product grows exponentially with molar
mass. Even better in this respect are FT-ICR instruments
[144–146], which, however, are very expensive.

The molar mass range of ESI is considerably lower
than MALDI. The frequent occurrence of multiple charged
species in ESI extends this range but also complicates the
spectra. In practice, ESI is mainly applied for relatively
low molar mass polymers—up to mass values of approxi-
mately 10 000. The polarity range of ESI is somewhat less
broad than MALDI varying from polar polymers such as
poly(ethylene glycol)[80] to moderately polar products
such as polyesters[80] and PS[147]. The most critical
parameters influencing ion intensity and observed polymer
distribution are the solvent type, cone voltage and the type
of salt used to enhance ionization[148–151].

A major drawback of both ESI and MALDI for the anal-
ysis of synthetic polymers is the fact that the observed dis-
tributions next to several practical parameters (see above)
largely depend on the polydispersity. This is due to the fact
that MS sensitivity varies with molar mass and chemical
composition caused by severe discrimination in ionization,
transmission and detection towards high molar mass species
[8,9,42,146,150,151]. The way to overcome this is the cou-
pling of MS to separation methods, mostly LC. From the
LC pre-separation according to a specific structural feature
(in many cases molar mass) quantitative information from
a concentration detector is obtained and fractions of suffi-
ciently low dispersity become available for further MS anal-
ysis. By MS the sample is subsequently further separated
without the drawback of suppression effects allowing for
qualitative and, to some extent, quantitative evaluation.

The need in polymer analysis for coupling MS to a
pre-separation is nowadays widely accepted. Nevertheless
some recent papers still describe efforts to characterize
polydisperse systems solely by MS. In some cases, this
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may be sufficient such as the qualitative characterization of
different end group types[152,153]or macrocycles[154] in
disperse, hyperbranched polymers. Furthermore, for prod-
ucts with polydispersity< 1.1–1.2 (exact value depends on
the molar mass of the polymer) fair agreement is generally
found between molar mass averages from SEC coupled to
DV or LS and MALDI [152,153], thus eliminating the di-
rect need for pre-separation. In other cases, a correction for
discrimination effects is made. Van Rooij et al. described
such method for an FT-ICR system, by which correct MMD
values for PEO–PPO block copolymers could be deter-
mined. From this information, the BLD for the respective
blocks were derived[155]. An extensive review on copoly-
mer analysis by MS including chemical distribution anal-
ysis recently appeared from Montaudo[156]. Murgasova
and Hercules reviewed the developments on MALDI for
synthetic polymers in general, for the period 1999–2003
[157].

Because of easy practical implementation, the coupling of
ESI to chromatographic methods nowadays usually is per-
formed on-line. Since optimum flow rates for ESI are in the
order of magnitude 30�L/min the use of conventional scale
LC columns requires post column splitting[80]. In contrast,
the vast majority of LC–MALDI–MS uses off-line coupling,
examples of on-line coupling are rare[158]. Even off-line
coupling is still immature and suffers from bad reproducibil-
ity. Lou et al. described a theoretical and experimental study
to the number of (SEC) fractions needed to obtain reliable
distributional information from MALDI[159], which was
found to be remarkably low. Like for LC–FT-IR, a commer-
cial interface is available for LC–MALDI–MS using targets
pre-coated with matrix. Practical aspects on the use of this
interface were studied by Esser et al.[160].

Although most papers describe the coupling of SEC to
MS until now, coupling of GE-LC techniques and LCCC is
very well possible[80,81]and some cases even more advan-
tageous due their larger orthogonality compared to MS. In

Table 1
Overview of separation techniques for synthetic polymers and their characteristics for coupling with MS

Family Technique2 Separation according to On-line ESI–MS Off-line MALDI–MS

LC SEC Molecular size Large columns (i.d.≥
4.6 mm) are typically used

Very narrowMr fractions

Gradient LC Chemical composition;
chemical functionality

Separation mechanism very different
from that of MS (‘orthogonal)

Fractions vary mainly main
in molecular mass

Great variations in mobile phase
composition (polar and apolar)

(Optimum) depositionm
conditions vary with time

Isocratic
(‘critical’) LC

Chemical functionality Constant mobile-phase composition Constant deposition conditions
Typically short retention times Complex fractions are obtained

(in which Mr varies)
Limited resolution Retention times may vary with

fluctuations in mobile phase
composition and temperature

FFF Thermal FFF Molecular size and chemical
composition (confounded)

Used mainly for very large
macromolecules (Mr ≥ 105)

Very narrowMr fracntions

From [143] with permission.

Table 1, some characteristics of the coupling of separation
techniques to MS are given[143].

LC–MS can be used for studying various types of chemi-
cal composition distribution. The detection of cyclics forma-
tion in polyesters by SEC–ESI–MS or SEC–MALDI–MS
was described in[41,42,150]. Studies to the FTD and the
formation of various end group types by LC–ESI–MS and
LC–MALDI–MS was shown for functional polyesters[80]
and polyethers[80,97,117,142,144], acrylic and epoxide
resins [144] and polycarbonates[43]. In [80,97], LCCC
was used as separation mode for this purpose.

Applications of LC–ESI–MS and LC–MALDI–MS
for the CCD of the copolymer backbone were described
for acrylic based copolymers[145,160], epoxide resins
[161] and copolyesters[45]. Also in these cases the pre-
ferred LC mode was SEC. However, an example obtained
by GE-RPLC on-line coupled to ESI-TOF-MS from the
authors’ lab is shown inFig. 14, demonstrating the CCD
of a copolyester with a specific degree of polymerization
(p = 3) and a specific end group combination. In this ex-
ample, next to the chemical composition distribution of the
polyester backbone, an additional distribution according to
degree of propoxylation of the diol was found. See also[45].

Determination of the BLD by LC–MS is until now only
possible for relatively simple di-block systems of low molar
mass (up to a few thousands Dalton) and published applica-
tions are rare[63]. More complex systems such as tri-blocks
require the use of MS–MS methods as was demonstrated
for tri-blocks based on PEO–PPO[63,109] and PEO–PL
[162]. Alternatively, a combination of MS with more sophis-
ticated LC methods such as LCCC being able to discrim-
inate against differences in block length[63] can be used.
For more randomized systems successful attempts in deter-
mining the copolymer sequence using MS in combination
with chain statistics[163,164]or MS–MS [165,166]were
described. Nevertheless, for complex systems even the pos-
sibilities of MS–MS methods coupled to LC in this respect
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Fig. 14. RP-GE-LC–ESI-TOF-MS spectra (positive mode) for copolyester oligomersp = 3 of two batches of the same copolyesters type. GE-LC
conditions—column: Nova-Pak C18, eluent: THF–water (35:65) to (15:85), linear in 50 min. Detection: UV at 277 nm. MS conditions—ESI capillary:
3 kV, sample cone: 120 V, RF-lens: 1000 V, source temperature: 100◦C, desolvation temperature: 300◦C, desolvation gas: nitrogen at 350 l h−1.

are limited as was recently demonstrated by Koster and
co-workers for, e.g. copolyesters[146,167].

Further development of sophisticated separation meth-
ods and methods relying on partial chemical degradation in
combination with MS–MS is necessary to gain further in-
sight in block length and sequence distributions of complex
systems.

Recently, the coupling of ESI and MALDI to ion mobility
measurements was described[168,169]. Since ion mobility
is related to the size and shape of an ion, this may allow
for the determination of composition distributions based on
conformational differences such as tacticity and branching,
in the near future.

8. Other methods

Finally, in this chapter three less commonly used methods
able to provide chemical composition distribution informa-
tion in specific cases will be briefly discussed.

8.1. Temperature gradient interaction chromatography
(TGIC)

TGIC was recently developed by Chang and his cowork-
ers. This LC method is operated isocratically, near the crit-
ical conditions, in slight adsorption mode. By applying an
appropriate temperature gradient, high resolution according
to molar mass, far superior to SEC, can be obtained. This
was observed for PS, PMMA and PI[170–172].

Regarding chemical composition separations, the method
can be used for the separation of polymer blends. To this
end, conditions are chosen such that one of the components
elutes in SEC mode whereas near critical conditions are
established for the other component. Elution for the latter
component is performed by TGIC as was shown for blends
of PS and PI, and PS and PMMA[123,172,173]. Next to
this, TGIC is suited for functionality type based separations
as was demonstrated for functionalized PS using the NP
mode[174]. Temperature programming may overcome the
problem of highly retained end group fractions, which is
frequently encountered in LCCC[94,120]. An advantage of
TGIC that should not be underestimated is the applicability
of detectors like RI and LS[171,175], which is not possible
in GE-LC.

To the authors’ opinion TGIC is a valuable addition to the
more commonly used LC methods for polymers that should
be further explored. For instance, TGIC may be suitable for
chemical composition separations of copolymers consisting
of strongly resembling monomers showing little differences
in adsorption properties. Furthermore, tacticity separations
that were shown to be possible using LCCC[110,111]may
be performed with much higher resolution in TGIC, although
this is speculative. For a specific review on TGIC the reader
is referred to[176].

8.2. Thermal field flow fractionation (ThFFF)

FFF was originally developed by Giddings[177]. Like
in chromatography, residence time of analytes, in all cases
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polymers, is measured and related to a polymers’ structural
feature. Analytes are forced through a narrow, ribbon shaped
channel. Perpendicular to the flow direction an external field
is applied, which influences residence time and enhances
separation selectivity. The field type characterizes the form
of FFF that is dealt with[178].

One of the few commercialized FFF types is thermal FFF
(ThFFF). This technique is especially suited for lipophilic
polymers. Residence time is determined by the Soret co-
efficient, which is equal to (DT/D). D is the components’
diffusion coefficient, which mainly depends on molar mass,
whereasDT, the thermal diffusion coefficient, is determined
by chemical composition and independent of molar mass.

This implies that ThFFF, next to the determination of
MMD of mainly high molar mass homopolymers (M > 104)
can also be used for CCD measurements of random copoly-
mers. For the latter purpose, an (off-line) coupling to SEC is
needed for a pre-separation to molar mass. A recent exam-
ple of this approach was shown in[179]. Unfortunately the
method has its limitations for branched and block copoly-
mers sinceDT values in these cases fail to change in a
predictable fashion with copolymer composition[180]. This
together with the moderate fractionating power, little advan-
tage to more commonly used techniques and experimental
difficulties make ThFFF a rarely applied method. More de-
tails regarding the technique can be found in a recent review
by Schimpf[181].

8.3. Temperature rising elution fractionation (TREF)

TREF is a non-chromatographic separation technique,
which fractionates polymers according to differences in
crystallizability [182]. Crystallizability is determined by
branching, tacticity, chemical composition in copolymers
and, for low molar mass polymers (M < 104), molar mass.
This implies that TREF is a good means for obtaining
information on chemical composition distributions, e.g.
CCD, BLD and SD. Its applications are limited to (semi)
crystalline polymers, in practice always polyalkenes. These
polymers types are less or not amenable to GE-LC or LCCC
techniques due to solubility difficulties and to small polarity
differences between the various monomer types. Therefore,
TREF is a technique of great value to polyalkenes.

A TREF analysis starts by gently cooling down
a heated polymer solution causing gradual precipita-
tion/crystallization on a packed column. Subsequently, a
good solvent is pumped through the column, which is
subsequently slowly heated again. This causes gradual re-
dissolution depending on crystallizability, e.g. branching,
chemical composition, etc. The final elution is monitored
by a detector.

After calibration with well-defined standards, the elugram
can be translated into a chemical composition distribution. In
many cases, the obtained fractions are further characterized
by SEC and spectroscopic techniques. Some recent examples
describe the characterization of propylene–butene-1[183],

ethylene–propylene[184] and ethylene–1-hexene copoly-
mers[185]. For further details on TREF and its applications
the reader is referred to[182].

9. Conclusions and future developments

During the past decade large progress has been made in
the development of analytical tools for the characterization
of chemical composition distributions of all types in syn-
thetic polymers. One of the most important steps in this re-
spect was the introduction of soft ionization techniques in
mass spectrometry and further developments in this direc-
tion are to be expected in the near future. Important topics
are the on-line coupling of MALDI–MS to LC, ionization
techniques for relatively apolar polymers such as, e.g. at-
mospheric pressure photoionization[186], and MS–MS to
obtain information on sequence distributions. Ion mobility
measurements coupled to MS may provide a new fashion of
studying topology differences in polymer systems providing
insight in tacticity and branching distributions. Apart from
this a major topic to deal with is data treatment. LC–MS is
engaged with the generation of huge amounts of data. Al-
though routines for chemometric reduction of LC–MS data
in general have become available recently[187], the devel-
opment of procedures for treatment of polymer data is only
in its infancy[188].

Next to MS, the understanding of the chromatography of
polymers has largely increased. LCCC is developing rapidly
to a widely used technique, especially in 2D-LC applica-
tions where its main drawback of limited peak capacity is
largely overcome. Enhanced fluidity solvents as a means to
reduce some of the practical drawbacks of LCCC deserve
serious attention. Further efforts should be also made to ex-
plore the advantages (and drawbacks) of barrier methods in
comparison to LCCC and the same holds for TGIC.

2D-LC for the simultaneous determination of multiple dis-
tributions is becoming popular, especially since commercial
software for (quantitative) data treatment became available.
Nevertheless, its final success will mainly depend on fac-
tors like flexibility, versatility and repeatability, which were
hardly discussed in literature until now. Next to this, the an-
swer to the question how generic a chosen 2D-LC setup can
be used will largely affect its final adaptation in polymer
analysis.

The development of new column packings introduces new
possibilities in polymer LC. Monolithic columns were al-
ready shown to provide impressive oligomer separations
[76]. Flow through particles seem very well suited for fast
SEC separations, which is especially of interest for 2D-LC
[116]. Functionality separations by LCCC mostly require
NPLC. Unfortunately the number of commercially avail-
able, essentially different column packings is very limited
until now [189]. Further development of tailor made col-
umn materials for NPLC would be of great help for polymer
chromatographers.
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Detection remains an issue of interest in LC, since still
no real universal detector exists. ELSD comes close to this
ideal but suffers from quantification problems. Therefore,
developments like the argon ionization detector[190] are of
special interest for polymer LC.

Hyphenation of LC, or even better: LC–MS to NMR[191]
has not reached wide acceptance yet, mainly due to its costs.
Nevertheless due its unsurpassed possibilities it seems only
a matter of time before this combination will dominate poly-
mer analysis. The final addition of FT-IR, which is already
possible since a decade may then complete the ‘hypernation’
towards what has already been called the ‘Total Organic
Analysis Device’[192].

10. Nomenclature

cs concentration of a solute in the stationary phase
(mol l−1)

cm concentration of a solute in the stationary phase
(mol l−1)

D diffusion coefficient (cm2 s−1)
DT thermal diffusion coefficient (cm2 s−1)
dn/dc refractive index increment
g branching parameter (quotient of radii of

gyration)
g′ branching parameter (quotient of intrinsic

viscosities)
k retention factor
Kads chromatographic distribution constant for

adsorption
KD overall chromatographic distribution constant
Ksec chromatographic distribution constant for size

exclusion
Mn number-average molar mass
Mw weight-average molar mass
p degree of polymerization
P(θ) angular dependence of the Rayleigh scattering
Rg radius of gyration
T temperature (K)
Vi interstitial volume (ml)
Vm volume of the mobile phase (column dead

volume) (ml)
Vp pore volume (ml)
Vr retention volume (ml)
Vs volume of the stationary phase (ml)
�h partial molar enthalpy change (kJ mol−1)
�s partial molar entropy change (J mol−1 K−1)

Greek letters
ε conformation parameter
Φcr fraction strong solvent at the critical conditions
Φsol fraction strong solvent at the point of complete

solubility
η viscosity of the sample solution
[η] intrinsic viscosity (dl g−1)

η0 viscosity of the solvent
ηsp specific viscosity
λ0 wavelength of the scattered light in vacuum (nm)
�µ partial molar free energy change (kJ mol−1)
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