
A

c
a
t
a
c
p
f
©

K

1

t
a
s
i
g
c
a
t
m
c
m
s
T
p
c
c
r

0
d

Journal of Chromatography A, 1131 (2006) 130–141

Comparison of retention models for polymers
1. Poly(ethylene glycol)s

Mubasher A. Bashir, Wolfgang Radke ∗
Deutsches Kunststoff-Institut (German Institute for Polymers), Schlossgartenstr. 6, D-64289 Darmstadt, Germany

Received 25 April 2006; received in revised form 10 July 2006; accepted 18 July 2006
Available online 11 September 2006

bstract

The suitability of three different retention models to predict the retention times of poly(ethylene glycol)s (PEGs) in gradient and isocratic
hromatography was investigated. The models investigated were the linear (LSSM) and the quadratic solvent strength model (QSSM). In addition,
model describing the retention behaviour of polymers was extended to account for gradient elution (PM). It was found that all models are suited

o properly predict gradient retention volumes provided the extraction of the analyte specific parameters is performed from gradient experiments

s well. The LSSM and QSSM on principle cannot describe retention behaviour under critical or SEC conditions. Since the PM is designed to
over all three modes of polymer chromatography, it is therefore superior to the other models. However, the determination of the analyte specific
arameters, which are needed to calibrate the retention behaviour, strongly depend on the suitable selection of initial experiments. A useful strategy
or a purposeful selection of these calibration experiments is proposed.
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. Introduction

Liquid chromatography has become a powerful tool for
he characterization of polymers. Separations can be achieved
ccording to molecular size, functionality or chemical compo-
ition, etc. depending on the particular chromatographic exper-
ment [1]. Once a suitable method is established, the chromato-
raphic experiment can be performed in short time allowing
hromatographic methods to be used in research laboratories
s well as in quality control. However, although the analysis
imes are short, the time and effort to develop a suitable chro-

atographic method is high. This is especially true in polymer
hromatography, where the retention behaviour is of macro-
olecules influenced by their molar mass and other types of

tructural features like chemical composition or functionality.
hus, a method resulting in a good separation for a particular
olymer sample might fail if the molar mass or the chemical

omposition is varied only slightly. Thus, optimization of the
hromatographic method for the particular sample is frequently
equired in polymer chromatography.
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For low molar mass compounds, the retention behaviour can
ften be predicted on the basis of only a few initial experi-
ents using suitable chromatographic models [2–6]. The model

escribes the general dependence of retention time or retention
olume on the eluent composition, which might vary during
gradient experiment. The model contains a small number of

nalyte specific parameters that have to be determined from a
pecific number of initial experiments. Once the analyte spe-
ific parameters are known, the retention times under different
hromatographic conditions can be calculated. Using this proce-
ure, it is possible to calculate the retention times and therefore
he quality of a separation for a large variety of experimen-
al conditions within short time on a computer. Doing so, the
umber of actual experiments is largely reduced, resulting in
ower costs and shorter time for method development. How-
ver, in polymer chromatography such an approach has not yet
ecome popular, despite considerable improvements in the the-
ry of polymer chromatography during the last decade [7–18].
choenmakers and Fitzpatrick investigated the suitability of the

inear solvent strength model (LSSM, to be described below)

o describe the retention behaviour of polystyrenes (PS) and
oly(methyl methacrylate)s (PMMA) in gradient chromatogra-
hy [16,17]. They were able to show that the LSSM adequately
escribes the gradient retention of these polymers. From gra-
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of a macromolecule results in pronounced differences in the
retention behaviour as compared to ordinary low molar mass
compounds. Therefore, the question arises, whether the retention
models used in chromatography of low molar mass compounds
M.A. Bashir, W. Radke / J. Ch

ient experiments, the analyte specific model parameters were
xtracted. By correlating these model parameters with molar
ass, it was possible to predict the critical eluent composition

t which PS elutes at the same elution volume in isocratic condi-
ions, irrespective of their molar mass. This result is surprising,
ince for principle reasons the LSSM cannot predict SEC or
ritically behaviour, as will be discussed later. Fitzpatrick et al.
howed that the correlation of the model parameters with molar
ass allow predicting the elution behaviour even for other molar
asses than those used in the experiments. According to the

uthors at least nine gradient experiments had to be performed
n samples of different molar mass for a proper description. No
ttempts have been made to predict isocratic elution in adsorp-
ion or SEC mode from gradient runs. Brun et al. extended a

olecular model describing the isocratic elution behaviour of
olymers to gradients [13,15]. According to this work, gradient
lution can be described by two molecular parameters, the criti-
al eluent composition and a parameter combining the effect of
olar mass and the change of interaction strength with varia-

ion in eluent composition. It was shown that high molar mass
amples elute irrespective of their molar masses at the same elu-
ion volume. This retention time is completely determined by
he time at which the composition within the solvent gradient is
qual to the critical eluent composition. Due to neglecting the
ariation of solvent composition along the column, the calcu-
ations yield a composition at elution slightly above the critical
luent composition. The corrected equation, however, results for
igh molar mass samples in elution slightly below or at the crit-
cal solvent composition. In the following, comparison is made
n the suitability of different retention models to predict the
etention behaviour of PEGs under gradient and isocratic chro-
atographic conditions.

. Basics of polymer chromatography

The retention volume, VR, at which an analyte elutes from a
hromatographic column, can be described by the general chro-
atographic equation:

R = Vi + KVP (1)

here Vi and VP are the interstitial and pore volume, respec-
ively, while K is the distribution coefficient. The distribution
oefficient is defined as the ratio of the analyte concentration in
he stationary phase to that in the mobile phase. Due to their large
izes, macromolecules cannot penetrate completely the pores
f the stationary phase. Certain conformations of the polymer
olecule simply do not fit into the pore. In addition, for a given

olymer conformation, the center of gravity cannot access cer-
ain regions of the pore volume due to steric exclusion of parts
f the molecule with the pore wall. Entering the pore from the
ree mobile phase therefore causes a loss of entropy. If no or
nly very weak enthalpic interaction exists between the polymer

olecule and the pore wall, the above mentioned steric exclu-

ion will result in a distribution coefficient K < 1 and therefore
n an elution volume VR < Vi + VP. The mode of chromatogra-
hy, where the distribution coefficient is determined purely by

F
K
r
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he steric exclusion of the polymer molecule from the pore, is
alled size exclusion chromatography (SEC, GPC). Since the
ize of a linear polymer molecule increases with its molar mass,
arger polymer molecules will be stronger excluded from the
ores than smaller ones, resulting in a decrease of the distri-
ution coefficient and therefore in a decreasing elution volume
ith increasing molar mass.
A decrease in the eluent strength results in attractive inter-

ctions between the pore walls and the repeating units of the
olymer molecule. If this interaction is sufficiently strong, the
acromolecule will be retained in the stationary phase and
ill elute later than the injected solvent band (K > 1). Since

he number of repeating units increases with the molar mass of
he polymer molecule, the total interaction energy increases in
he same direction. Therefore, the elution volume will increase
early exponentially with the molar mass of the macromolecule.
his molar mass dependence of elution volume characterizes the
dsorption mode of chromatography (LAC, liquid adsorption
hromatography). The strong dependence of elution volume on
olar mass often results in a nearly irreversible adsorption of

he macromolecules even for a weak interaction of the repeating
nits and the stationary phase. Therefore, often gradient methods
re applied to systematically vary the adsorption strength.

By varying the eluent composition, it is possible to exactly
djust the eluent strength such that adsorption and size exclusion
ffects cancel out each other. Under these conditions homopoly-
ers of a given type elute irrespective of their molar mass at

he same elution volume, VR = Vi + VP. This elution behaviour
s termed as liquid chromatography under critical conditions
f adsorption (LCCC). The eluent composition at which this
ehaviour is observed is referred to as the critical eluent com-
osition. A schematic depiction of the different molar mass
ependences in polymer chromatography is given in Fig. 1.
rom the previous discussion, it follows that the large size
ig. 1. Schematic representation of the dependences of distribution coefficient,
, on molar mass for size exclusion (SEC), adsorption (LAC) and chromatog-

aphy under critical conditions of adsorption (LCCC).
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re suited to predict retention for polymers and therefore as a
ools for method development in polymer chromatography.

. Retention models

.1. Linear solvent strength model (LSSM)

The most widely used model to predict the retention
ehaviour of low molar mass compounds is the linear solvent
trength model. The LSSM assumes a linear relation between
he logarithm of the retention factor, log k, and the eluent com-
osition, Φ. Here Φ denotes the fraction of the strong eluent in
he binary eluent mixture. The retention coefficient, k, is defined
s [2]:

= tR − t0

t0
(2)

With tR and t0 being the retention time of the analyte and
he retention time of a non-retained low molar mass compound,
hich by multiplying with the flow rate, F, defines the void
olume (V0 = t0 × F).

According to the LSSM:

og k = log kw − S × Φ (3)

For low molar mass compounds, where eluents are often com-
osed of water and an organic modifier, kw defines the retention
actor of the analyte in pure water. However, the limited solubil-
ty of most synthetic polymers prevents using water in polymer
hromatography. Despite that, Eq. (3) can still be applied if kw
s interpreted as the retention factor of the analyte at a suitable

obile phase composition where the relation between eluent
omposition and retention factor (Eq. (3)) is valid.

Using Eq. (3), the analyte specific parameters, kw and S, can
e easily obtained from at least two isocratic runs at different
luent compositions. However, for high molar mass polymers
socratic elution is only possible in a very narrow range of eluent
ompositions, close to the critical eluent composition, defined
bove. Therefore, solvent gradients are frequently employed in
olymer chromatography. Assuming a linear gradient

(t) = Φ0 + bt (4)

tarting at an eluent composition Φ0, and increasing linearly with
slope b = �Φ/tG the retention time of the analyte at gradient

lution is calculated to be [3]

R = 1

S × b
ln

(
1 + k0 × S × b

[
t0 − τ

k0

])
+ t0 + τ (5)

ere τ is the dwell time, i.e. the time the eluent requires to travel
rom the mixer to the column head. b is the gradient slope, i.e.
he rate of change of eluent composition per unit time and k0 is
he retention factor at Φ0. Eq. (5) is valid if the analyte elutes
ithin the gradient. Retention times within the dwell time or
fter ending the gradient can be treated easily. Other gradient
hapes can also be approximated by a series of linear gradients
aving different slopes. However, for the present purpose there
s no need for a more detailed description. Eqs. (2)–(5) allow the
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xtraction of the parameters k0 and S from at least two arbitrarily
elected chromatographic experiments (isocratic or gradient).
epending on the set of experiments, parameter extraction might
ave to be done using non-linear fitting procedures. The fitted
arameters can then be used to predict retention times at any
xperimental conditions.

.2. Quadratic solvent strength model

The quadratic solvent strength model (QSSM) assumes a
uadratic dependence of the logarithm of the retention factor
n eluent composition,

og k = A × Φ2 + B × Φ + C (6)

here A, B and C are the analyte specific model parameters. For
inear solvent gradients this results in [3]

R = 1

b
√

A
inverf

{
2b

√
A

π

[
t0 − τ

k0

]
exp

(
AC − B2/4

A

)

+erf

(
Φ0

√
A + B

2
√

A

)}
− AΦ0 + B/2

Ab
+ τ (7)

In Eq. (7), erf and inverf are the error function and the
nverse error function, respectively. In contrast to the LSSM,
he QSSM has three analyte specific parameters (A, B, C) that
ave to be determined in order to predict the retention at differ-
nt chromatographic conditions. Thus, at least three experiments
eed to be performed. The extraction of these parameters from
xperimental data has to be performed using non-linear fitting
lgorithms.

.3. Polymer model (PM)

Both the LSSM as well as the QSSM are applicable to adsorp-
ion chromatography only, i.e. if k > 0. For SEC and LCCC, the
etention coefficient correspond to k < 0 and k = 0, respectively.
hese values of k cannot be described according to Eqs. (3) or

6). In order to develop a suitable model also applicable to SEC
nd LCCC, we describe the retention of a polymer by the general
hromatographic equation (Eq. (1)):

According to the statistical theory of polymers in large slit-
ike pores (R < D) the distribution coefficient, K, can be written
s [8]

K = 1 + 2R

D

[
Y (−cR) − 1

cR
− 2√

π

]
Y (−x) = exp(x2)[1 − erf(−x)]

(8)

ith R being the mean square radius of the polymer molecule, D
he pore diameter and c the interaction parameter describing the
nteraction strength between the repeating unit and the surface
f the stationary phase. For LAC conditions c > 0, while c < 0 if

n SEC-like elution order is observed. At critical conditions of
dsorption c = 0. The value of c depends on eluent composition.
owever, no theoretical description of this dependence exists. In

he close vicinity of the critical composition, Φc, the dependence
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Table 1
Molar masses, polydispersities and suppliers of the samples used

MP (g/mol) Mw (g/mol) D Supplier

PEG (200) Hüls
PEG (400) Hüls
PEG (1000) Hüls
PEG (2010) 1960 1.03 PSS
PEG (3120) 3060 1.03 PSS
PEG (6240) 6000 1.03 PSS
PEG (12,000) 11200 1.51 PSS
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In order to determine the suitability of the different mod-
els to predict the chromatographic behaviour of PEGs, gradient
experiments were performed under conditions that allow sepa-
rating PEGs into individual oligomers. Fig. 2 shows the chro-
M.A. Bashir, W. Radke / J. Ch

f c on eluent composition can be approximated by a power
eries, which might be truncated after the linear term. Thus,

= dc

dΦ
(Φc − Φ) + . . . (9)

Beside c also R/D might vary as a function of eluent com-
osition. However, in gradient chromatography polymers are
luting within a very narrow range of eluent compositions, close
o Φc [13,15,19]. Thus, the effect of Φ on R/D is expected to be
eglectable as compared to the effect of Φ on c. Within these
pproximations, Eqs. (8) and (9) allow calculating the distribu-
ion coefficient in isocratic chromatography as a function of the
luent composition. For a linear solvent gradient with slope b,
tarting from an initial composition Φ0 (Eq. (4)) the following
olution is obtained (see Appendix A)

I(Rc0) − I(Rcfinal) = 2RbtP

D

dRc

dΦ

I(ς) =
∫ ς

0

dx

(Y (−x) − 1)/x − (2/
√

π)

(10)

ith

Rcfinal = dRc

dΦ

(
Φc − Φ0 − b × (VR − Vi − VP)

F

)

Rc0 = dRc

dΦ
(Φc − Φ0)

(11)

The dependence of the distribution coefficient, K, on the
xperimental parameters Φ0 and b is described by Eqs. (8)–(11).
he PM includes three analyte specific parameters, viz. R/D,
c and dRc/dΦ. These parameters have to be determined from

t least three initial experiments using non-linear fitting proce-
ures.

. Experimental

All measurements were performed using an Agilent 1100
eries HPLC system (Agilent Technologies GmbH, Böblingen,
ermany) consisting of vacuum degasser (G1322A), quater-
ary pump (G1311A), auto-sampler (G1313A), column oven
G1316A), and variable wavelength UV-detector (G1314A). In
ddition, an evaporative light scattering detector (ELS 1000,
olymer Laboratories Inc., Church Stretton, England) was
sed. Data collection and processing was performed using PSS
inGPC version 6 software (PSS Polymer Standards Service,
ainz, Germany).

.1. Chromatographic conditions

The injected sample volume was 10 �L. Sample concentra-
ions were 1–2 g/L. Column temperature 35 ◦C and flow rate was
mL/min. Mixtures of methanol (MeOH), Chromasolv, HPLC
rade, and water, deionized using Millipore Simplicity 185 (UV)
ater system (Millipore GmbH, Schwalbach, Germany), were

sed as mobile phase. The stationary phase was Nucleosil C18,
article size 5 �m, pore diameter 300 Å, column dimensions
50 mm × 4.6 mm I.D. (Macherey–Nagel, Düren, Germany).
olyethylenglycols (PEG) having different molar masses and

F
u

EG (23,000) 22500 1.60 PSS
EG (40,000) 41500 1.14 PSS

arrow polydispersities were obtained from PSS Polymer Stan-
ards Service GmbH, Mainz, Germany. Table 1 gives the molar
asses at the peak maximum of the distribution (MP), the weight

verage molar mass, Mw, and the polydispersity, D for these stan-
ards. In addition technical PEGs were obtained from Hüls AG,
arl, Germany.
The void volume was estimated from the retention volume of

oluene using tetrahydrofuran as eluent. The dwell volume was
etermined by subtracting the void volume from the onset of the
ncreasing UV-signal due to a linear gradient starting from pure

ethanol and running to methanol containing 0.3% acetone.
Isocratic mobile phases of different compositions were deliv-

red by the pump system. All runs were performed using dupli-
ate injections.

Data evaluations were performed by spreadsheet calcu-
ations using OriginTM software. Extractions of the analyte
pecific parameters was carried out by applying the Origin’s
evenberg–Marquardt routine to self-written scripts.

. Results and discussion
ig. 2. Gradient chromatograms of PEG 200, PEG 400, PEG 1000, PEG 1960
sing a linear gradient from 5 to 100% MeOH in 90 min.
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Fig. 4. Box-plots of the percentage deviation between predicted and experi-
mentally determined gradient retention times of PEGs having molar masses of
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ig. 3. Comparison of experimentally determined (lines) and predicted retention
olumes using PM (×) for PEGs. The arrows indicate the gradients used for
alibration. From upper to lower curve: tG = 120, 90, 60, 30 min.

atograms of PEGs of various molar masses in 90-min linear
radients ranging from 5 to 100% MeOH. As can be seen, a
ood separation into individual oligomers is obtained, allow-
ng precise determination of the retention times for each single
ligomer. The analyte specific parameters were determined (cal-
bration) from 30 and 90-minute gradients for the LSSM and
rom 30, 60 and 90-minute gradients for the other models,
espectively. Using these calibrations, the retentions times for
ther gradients were calculated according to the equations given
bove.

Fig. 3 shows the comparison of the experimentally deter-
ined retention times with those predicted by the PM for gra-

ients from 5 to 100% methanol as a function of degree of
olymerization, P. The calculated and experimentally deter-
ined retentions times differ by less than 1% in all cases. Figures

f similar accuracy were obtained for the LSSM and QSSM.
redictions for gradients ranging from 5 to 100% methanol,
iffering in gradient slope were also analyzed using calibra-
ions with different sets of two or three gradients. In addition
redictions for other composition ranges and slopes were inves-
igated. For all models the errors between the predictions and the
xperiments are also less than 1%. Therefore, a nearly perfect
greement of predicted and experimentally determined retention
imes is observed for all oligomers in all cases investigated, irre-
pective of the retention model used. Exceptions are only those
xperiments where Φ0 is strong enough to result in elution within
he dwell volume. In such cases, higher errors were observed.
he investigations were extended to higher molar mass PEGs,
hich could not be resolved into individual oligomers. For the
igher molar mass PEGs 5–100% methanol gradients with run
imes of 5, 10, 20, 30, 60 and 90 min were carried out. The
arameters were extracted using the three longest gradients for
he QSSM or the PM and the 30 and 90 min gradients for the
SSM. Fig. 4 shows the box-plots of the % deviation between

he calculated and experimentally determined retention times for

hose gradients that have not been used for the calibrations. It can
e seen that the deviations between the experimental retention
imes and the predictions are very low, similar to the results on
he oligomers. While for the LSSM and the PM a nearly perfect

a
i
p
A

010, 3120, 6240, 12,000, 23,000, 40,000 g/mol. Estimation of analyte specific
arameters from gradient runs.

atch is found, the QSSM slightly overestimates the retention
imes. However, the differences are still very low and we can
onclude that a precise prediction of gradient retention times is
ossible by all three models, provided that the analyte specific
arameters were extracted from gradient runs as well.

As already stated in the introduction, isocratic LAC of high
olar mass polymers is possible only within an narrow range of

luent compositions close to the critical one. Thus, establishing
uitable isocratic conditions is a time consuming task. In addi-
ion, isocratic steps might be required in multi-step gradients
o achieve a desired separation. Thus, the precise prediction of
socratic retention times from gradient experiments would be
dvantageous. We therefore predicted isocratic retention times
sing the parameters extracted from gradient experiments and
ompared those with the retention times obtained experimen-
ally. The results for the LSSM, QSSM and the PM obtained
or PEG oligomers in are given in Fig. 5. The QSSM and the
M predictions show good agreement with the experiment with
verage and maximum deviations of 1.2 and 5% or 1.5 and 4%,
espectively. Significantly larger deviations with average and
aximum deviations of 5 and 14% are found for the predictions

f the LSSM.
Similar to the investigations on oligomers, the isocratic reten-

ion times for high molar mass PEGs were determined and
ompared with the predictions of all three models based on
he analyte specific parameters extracted from gradient exper-
ments. As for high molar mass polymers, isocratic elution in
dsorption mode was only possible in close vicinity to the crit-

cal eluent composition. Therefore, isocratic experiments were
erformed in MeOH/H2O mixtures between 65/35 and 100/0.

peculiar behaviour is found on the dependence of the iso-
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Fig. 5. Comparison of experimental isocratic retention times (lines) of PEG
oligomers with predictions by LSSM (dotted), QSSM (dashed) and PM (solid).
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Fig. 7. Comparison of experimental (solid symbols) and calculated (lines with
open symbols) isocratic retention times for high molar mass PEGs in different
MeOH/water compositions ((�) 70/30, (�) 75/25, (�) 80/29, (�) 83/17, (�)
87/13). LSSM (solid lines, open symbols), QSSM (dashed lines, open symbols),
P
l

r
a
b
o
b
a
d
d
f
o
a
t
t
w

nalyte specific parameters obtained from linear gradients (30, 90 min for
SSM, 30, 60, 90 min for QSSM and PM). Eluent compositions: MeOH/H2O,
4/46, 53/47, 52/48, 51/49 (from top to bottom).

ratic retention times on MeOH content for different high molar
ass PEGs (Fig. 6). At low MeOH contents, the retention times

ecrease with increasing MeOH content. The higher the molar
ass, the stronger is the decrease in elution time. At a MeOH

ontent of 83% the curves for different molar masses merge.
his behaviour indicates the critical conditions, where the elu-

ion time does not depend on molar mass. A further increase of
he MeOH content reverses the elution order with higher molar

ass samples eluting at lower elution times than those of lower
olar mass, i.e. an SEC like elution order is observed. Only the
M is capable to describe these two modes of chromatography.
owever, at MeOH contents of more than 90% the retention

imes decrease again and the different curves merge once more
t a MEOH content of approximately 98%, indicating a sec-
nd critical point. Such a behaviour for PEGs has been found
or other mobile phases on RP stationary phases as well and has

een attributed to the interaction of residual silanol groups of the
tationary phase with the oxygen atoms of the PEO chain, while
he ethylene structures interact with the C18-chains in the usual

ig. 6. Dependence of elution time on MeOH content in isocratic chromatogra-
hy of high molar mass PEGs. M = 2010 (�), 3210 (©), 6240 (�), 12,000 (�),
3,000 (�), 40,000 (+) g/mol.
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M (dotted lines, open symbols). Calibration of analyte specific parameters by
inear gradients.

everse phase mode [20,21]. The PM as used above does not
ccount properly for two different critical points. Assuming that
oth types of interacting groups interact independently of each
ther, it is possible to describe the U-shaped curves by a com-
ination of two columns having different critical compositions
nd different dc/dΦ values. Beside R/D an additional parameter
escribing the relative lengths of the two columns has to be intro-
uced. Thus, at least six parameters would have to be extracted
rom the experimental data to finally quantitatively describe the
bserved behaviour. The uncertainty introduced by fitting such
large number of parameters would most likely not improve

he predictions. We therefore restrict the following discussion to
he results of isocratic experiments at MeOH content Φ < 90%,
here standard reverse phase behaviour is observed.
Fig. 7 compares the predicted isocratic retention times of high

olar mass PEGs with those determined experimentally. The
alibrations of the analyte specific parameters were performed
sing gradient experiments. It can be seen that significant dif-
erences exist between the calculated and predicted retention
imes for all three chromatographic models. These differences
re more pronounced at lower MeOH contents, i.e. at stronger
dsorption strengths. In addition, it becomes evident that for
eOH contents lower than 83% an increase in retention time
ith molar mass, i.e. LAC behaviour, is observed, while at
eOH contents above 83% SEC-like behaviour is found. At a
eOH content of 83%, a molar mass independent elution time

s established, indicating critical conditions for PEGs. Neither
he LSSM nor QSSM can account for this change in elution
ehaviour. As mentioned in the introduction, this is inherent
n the mathematical formulation of the undefined logarithm for
≤ 0. In contrast to the LSSM and the QSSM, the PM gives
t least a correct qualitative picture of the elution behaviour

n all three modes of polymer chromatography. Although the
M shows significant deviations at SEC and LAC conditions,
et the transition between these two chromatographic modes
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ig. 8. Analyte specific parameters of PM determined from gradient runs R/D
�), Φc (�) and dc/dΦ (×) for PEGs as a function of molar mass.

s observed at the correct eluent composition. The unexpected
eviations in SEC and LAC-mode might therefore reflect the
ow precision of the parameters dc/dΦ and R/D in the parameter
xtraction process.

In order to get a better understanding of this behaviour, the
arameters of the PM, which best describe the experimental
etention times from three gradient runs, are plotted as a function
f molar mass in Fig. 8. The deviations between experimental
nd predicted retention times for the parameter sets were less
han 1% in all cases. As can be seen, the critical composition
redicted from the gradient data, varies between 80 and 90%
eOH content of the mobile phase. The deviation of the critical

omposition calculated from gradient experiments as compared
o the true critical eluent composition (83% MeOH) is larger
or low molar mass samples than for higher molar masses. The
xplanation might be that high molar mass molecules elute in a
omposition close to the critical composition, while lower molar

ass molecules experience only solvent compositions much

ower than the critical one during gradient elution. This can be
nderstood from Fig. 9, where the eluent composition at gradi-
nt elution is plotted versus degree of polymerization. A limiting

ig. 9. Eluent composition at elution for PEGs as a function of degree of poly-
erization at gradient times of tG = 30 (�), 60 (�) and 90 (�) min. The solid

orizontal line corresponds to the critical composition.
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alue, which is very close to the critical composition determined
y isocratic experiments, is approached for high degrees of poly-
erization. This is in agreement with calculations by Brun et al.

13,15] and the experimental findings that the critical composi-
ion can be effectively estimated from a single gradient run using
single high molar mass polymer [19]. During gradient elution

ow molar mass polymers experience only eluent compositions
f much lower eluent strengths than the critical composition,
orresponding to certain positive values of cR. Therefore, the
rediction of the critical composition requires the extrapolation
o zero value of cR over a significantly larger range of mobile
hase compositions, as compared to high molar mass polymers.
s a consequence the errors in the determination of the critical

omposition are larger for lower molar masses than for higher
nes. While the critical eluent composition for high molar mass
olymers can be predicted quite accurately, the errors are sig-
ificant for lower molar masses. The situation is different for
he other parameters of the PM. The estimated values of R/D
ncrease with molar mass (Fig. 8). For the scaling behaviour of
/D on M an exponent of 0.42 is found, slightly lower than the
alue of 0.5, expected for a Gaussian coil. Although the abso-
ute values of R/D still can be in error, this indicates that the
alues of R/D extracted from gradient experiments only are not
ompletely meaningless. As will be discussed later, a good fit
f experimental data can also be obtained for a fixed value of
= 0.5, indicating that the quality of the fit does not depend

trongly on the value of a. For the parameter dc/dΦ, no sys-
ematic variation with molar mass can be found. The values
catter significantly, indicating that reliable estimation of this
arameter only from gradient experiments is not possible. One
ossible explanation for the impossibility of reliable estimates
f dc/dΦ might be that the assumption of a linear dependence
f c (or cR) on Φ is not valid, questioning applicability of the
M in general. However, as will be shown below, the proper
election of the model parameters allow description of the elu-
ion behaviour for a wide variety of experimental gradient and
socratic conditions and large range of molar masses. This indi-
ates that the PM is suitable to predict the retention behaviour of
EGs. Therefore, the explanation of the poor predictions of the

socratic experiments is not a general failure of the model, but
ight be due to the parameter extraction itself. In order to test
hether reliable parameter extraction only from gradient exper-

ments is possible, retention times were calculated using a given
et of model parameters of the PM. Using these retention times
nd the corresponding gradient conditions we tried to determine
he parameters by non-linear fitting. However, even from the
imulated error free gradient experiments, the original parame-
ers could not be obtained. The extracted parameters depend on
he starting values used to initialize the non-linear fitting pro-
ess. This indicates the existence of a number of local minima.
he absolute minimum, i.e. the correct parameter values can be

ound by performing the initialization several times. However,
uch an approach is undesirable from a practical point of view.

n addition, the experimental errors also contribute to the uncer-
ainty of the extracted parameters. All these factors contribute to
he fact that the model parameters extracted using merely three
radient runs are not very reliable although they are good for gra-
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Fig. 10. Comparison of the percentage deviations between experimental and PM
model based calculated isocratic retention times for high molar mass PEGs. The
box-plots correspond to different sets if initial experiments used for calibration.
Set 1: linear gradients of tG = 30, 60, 90 min, set 2: isocratic data at 80, 82 and
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0% MeOH; set 3: isocratic data at 80 and 90% MeOH and a linear gradient of

G = 30 min; set 4: isocratic data at 78 and 80% MeOH and a linear gradient of

G = 30 min.

ient predictions. For high molar mass polymers this is easily
nderstood. Since high molar mass polymers elute at an eluent
omposition very close to Φc, irrespective of gradient slope, the
nly information needed to predict the retention times during
radient elution is Φc. In other words, irrespective of the values
f R/D and dc/dΦ the predictions of gradient retention times are
f similar precision, as long as Φc is correct. Since the other
arameters have no significant impact on the gradient retention
imes, their reliable extraction is impossible.

It therefore seems useful to select other types of starting
xperiments in order to obtain better estimates for R/D and dc/dΦ

nd thus more reliable predictions. While gradient experiments
ost strongly depend on Φc, it can be expected that isocratic

xperiments at SEC and adsorbing conditions will depend on
he parameters R/D and c, thus via Eq.(9) on dc/dΦ, to different
egrees. In order to prove this hypothesis, parameter extrac-
ion was performed using different sets of isocratic and gradient
xperiments. Using the so obtained parameters, predictions were
ade and compared with the experimental results.
Similar to Fig. 7, strong deviations were found for strong

dsorbing conditions in all cases, while the agreement between
redictions and experimental data in weak adsorbing or under
EC-conditions depends on the selection of the calibration
xperiments. Fig. 10 compares the box-plots for the percentage
eviations between the experimental and calculated retention
imes based on the PM for different sets of calibration exper-
ments. While the calibration based purely on gradient exper-
ments show quite large differences even for small deviations
rom the critical composition (set 1 and Fig. 7), the most reliable

esults are obtained if only isocratic runs are used for calibration
Fig. 10, set 2). However, from a practical point of view the selec-
ion of isocratic runs at weakly adsorbing, weak SEC and critical
onditions is only possible when a large number of additional

2
r
r
T
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xperiments are performed first. Reasonable agreement of pre-
iction and experiment was found, however, if a single gradient
un in addition with two isocratic experiments (SEC and LAC
r two LAC experiments) was used for calibration (set 3 and set
). Therefore, for the proper selection of initial experiments, a
ystematic approach is proposed below, based on additional sup-
ort by simulations. For the simulations a hypothetical set of PM
arameters and column parameters D = 30, Φc = 0.8, R/D = 0.5,
c/dΦ = 0.2, Vi = 1.0 and VP = 1.5 mL was selected. For this set
f parameters “error free” retention times were calculated for
ifferent isocratic and gradient conditions. In order to simulate
he effect of experimental uncertainties, a random error taken
rom a Gaussian distribution having a 5% standard deviation
as added to the respective error free elution volumes. The so
efined values were treated as experimental results, to develop
protocol for selecting a suitable set of initial experiments. The
rtificial error of 5% is large compared to the errors in retention
imes found experimentally. However, if the calculations result
n a reasonable agreement even for errors of this magnitude,
maller errors can easily be tolerated.

As the first initial experiment, a 20 min linear gradient from
to 100% of solvent B was simulated. The error free retention

ime was calculated to be 13.27 min, while the “experimentally
etermined” retention time (i.e. the retention time with the sta-
istical error) was found to be 13.79 min. From this retention
ime, the eluent composition at the time of elution was calcu-
ated to be 56% B. Since a polymer molecule is expected to
lute at a composition slightly below or at the critical compo-
ition, an isocratic experiment performed at the composition of
radient elution is expected to result in a reasonable retention
ime. Therefore, an isocratic experiment at 56% B was simu-
ated. The error free and “experimentally” determined retention
imes were 4.64 and 4.96 min, respectively. Thus, the experi-

entally determined retention time is larger than retention time
f the pure solvent and therefore corresponds to an experiment
nder adsorbing conditions. Since it was expected that the most
eliable information on the parameter R/D would result from
n additional experiment in SEC mode, the conditions for the
hird experiment were therefore selected such that SEC like elu-
ion was expected to result. An eluent of 61% B was selected,
endering error free and “experimental” retention times of 3.93
nd 3.86 min for the third experiment. However, these reten-
ion times still correspond to adsorbing conditions. Using the so
elected three initial experiments, the analyte specific parame-
ers were extracted by non-linear fitting. The resulting parameter
et was: Φc = 0.78, R/D = 0.44; dc/dΦ = 0.28. In order to get
nformation on the quality of the extracted parameters a pre-
iction was made. The isocratic experiments performed so far
esulted in adsorbing conditions we therefore selected condi-
ions which should result in SEC behaviour. Since the critical
omposition was estimated to be Φc = 0.78, SEC like elution was
xpected at higher % B than Φ = 0.78. Thus, an isocratic experi-
ent at Φ = 82% of the strong solvent was simulated, resulting in
.41 and 2.32 min for the true and “experimentally determined”
etention times, respectively. From the extracted parameters, a
etention time of 2.31 min was expected for these conditions.
hus, a nearly perfect agreement was found between the “exper-
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Fig. 11. Comparison of isocratic dependences of elution volume on MeOH
content. Solid line: error free, dashed: predicted from one gradient (tG = 20 min)
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nd two isocratic experiments, dotted: predicted from one gradient and four
socratic runs. The solid symbols represent the “experimental” data points, labels
ndicate the number of the isocratic run.

ment” and the prediction for the given approach. Fig. 11 shows
comparison of the true (i.e. the curve based on the parameter

et Φc = 0.8, R/D = 0.5; dc/dΦ = 0.2) and the predicted (based
n three experiments) dependence of elution volume on MeOH
ontent in comparison to the “experimental” data points. It can
e observed that the experimental data points are better described
y the predicted curve than by the true curve. This seems to be
contradiction at first glimpse. However, this apparent contra-
iction is due to the errors associated with each “experimental”
ata point. If predications have to be made for very weak elu-
nts, it is advisable to select a reasonable retention time of, e.g.
0.5 min based on the given parameter set. This retention time
s expected to occur for a composition of 43% B. The true and
xperimental retention times were found to be 8.41 and 8.18 min,
espectively. Using now all six runs, the parameters were esti-
ated to be Φc = 0.79, R/D = 0.49, dc/dΦ = 0.21.
Therefore, the following proposed procedure represents a

ystematic approach to select suitable initial experiments.

. Run a linear gradient and determine the eluent composition
at the time of elution.

. Perform an isocratic run at the composition determined in
step 1.

. If step 2 results in elution under adsorbing conditions, per-
form a third run using a slightly stronger eluent composition.

. If step 2 results in elution under SEC conditions, perform a
third run at slightly weaker eluent (1%).

Finally, it was investigated whether all experiments on PEGs
an be fitted with a single parameter set, irrespective of the
ype of experiment (isocratic or gradient). In order to do so,
ll gradient as well as all isocratic experiments at MeOH con-
ent <90% for a single molar mass were fitted. The relative

eviations between the calculated and the experimental data are
epresented as box-plots in Fig. 12. It becomes clear that more
han 95% of all data points show a deviation of less than 5%,
0% show a deviation of less than 3%, indicating that the PM

t
s
m
F

ig. 12. Box-Plots of relative deviations between experimentally determined
nd calculated retention volumes for all isocratic and gradient experiments for
EGs of different degree of polymerization.

llows a good quantitative description of the retention behaviour
f PEGs in gradient and isocratic elution. This strongly sup-
orts that the errors observed in Figs. 7 and 10 are not due to
he generally poor description of chromatography by the PM,
ut to a poor parameter extraction. In addition Fig. 12 indicates
hat the parameter extraction and therefore the description of
he chromatographic behaviour are significantly improved by
he use of isocratic experiments in the parameter extraction pro-
ess. The larger scattering at higher molar masses might be due
o the increasing peak width in isocratic elution with increas-
ng molar mass, resulting in a larger uncertainty in the precise
etermination of the peak maximum. In addition, peak maxima
etermined at different chromatographic conditions (especially
ifferent isocratic conditions) correspond to different degrees of
olymerization. This is due to the different slopes of the cali-
ration curves of molar mass versus elution volume at different
hromatographic conditions.

Apparently, the PM describes the elution behaviour for each
egree of polymerization. However, Fig. 12 was derived by sep-
rately fitting all experiments associated with a particular molar
ass. The parameters Φc and dc/dΦ of the PM are expected to

e independent of molar mass. In contrast the parameter R/D
escribes the molar mass dependence of the elution volume.
he radius, R, is assumed obey the scaling relation of typical
aussian coils, R ∼ M½. Thus, fitting of all experiments, irre-

pective of molar mass, was performed with a single parameter
et. The PEG sample having a molar mass of M = 40,000 g/mol
as selected as reference sample. The parameters R/D for other
olar masses were calculated according to

R

D
=

(
R

D

)
ref

(
M

Mref

)1/2

(12)

By this procedure, it is possible to fit all experiments irrespec-

ive of molar mass or experiment (isocratic or gradient) with a
ingle three parameter set, Φc, dc/dΦ and (R/D)ref. A total of
ore than 360 experiments were used for the fitting procedure.
ig. 13 shows the histogram of the % deviation between exper-
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ig. 13. Histogram of % deviation obtained for all PEG samples and experi-
ents. All experiments and errors were fitted to result in Φc = 0.83, dc/dΦ = 3.98

nd (R/D)ref = 0.29.

mental retention volumes and those calculated by fitting the
M to all experimental data points. The majority (66%) of all
ata points show deviations of less than 5%. Fig. 14 shows the
ercentage deviation between the fitted and the experimental
ata points as a function of degree of polymerization. It can
e observed that the larger errors are found especially in the
egion of low degree of polymerization (P < 10), especially for
radient experiments. This might be due to the fact, that for low
egrees of polymerization the molar masses might be too low to
escribe the molecules by Gaussian chains. On the other hand
or high degrees of polymerization that can be described by coil-
ike structures, the PM describes the elution behaviour of PEGs
ver a wide range of experimental conditions.

Accepting the suitability of the PM to quantitatively describe
he retention behaviour of polymers it becomes possible to sys-
ematically study the errors of the LSSM and QSSM predictions.
s has already been stated above, on principle neither the LSSM

or the QSSM can describe elution in SEC or under critical
onditions. However, it has been proposed that these models
ight be applicable if the void volume is redefined to account

or the large size of the polymer [22]. The void volume is typ-

ig. 14. Percentage error of all experiments (©: isocratic, ×: gradients) as
unction of degree of polymerization. All experiments and errors were fitted to
esult in Φc = 0.83, dc/dΦ = 3.98 and (R/D)ref = 0.29.

i
i
o
s

F
(
s

ogr. A 1131 (2006) 130–141 139

cally determined from the retention volume of a non-retained
ow molar mass molecule. In order to account for the large size
he macromolecule the void volume should be redefined as the
etention volume of the non-retained macromolecule, i.e. for
onditions, where no interaction between the macromolecule
nd the stationary phase exists, thus it would be identical to the
lution volume in pure SEC conditions. However, its determi-
ation would require additional experiments to determine this
lution volume and to assure that no interaction exists between
he polymer and the stationary phase. An alternative is to treat the
oid volume of the macromolecule as an additional adjustable
arameter in LSSM and QSSM. In order to calculate the error
ssociated with the use of the LSSM and to prove whether the
pproach of an adjustable void volume is suitable, the following
nvestigation was performed. First, the analyte specific param-
ters of the PM were estimated using all gradient and isocratic
uns with MeOH content <90% for PEGs having 23,000 and
0,000 g/mol. Using these parameters, retention volumes for
socratic experiments at various eluent compositions were cal-
ulated using the PM. These retention volumes were assumed to
orrectly describe the retention behaviour of the PEGs, which
ccording to Fig. 12 is true within approximately 2–3%. The
btained data therefore represent error free experiments based
n realistic parameters of the PM. From these data sets, the
arameters of the LSSM were estimated, once in the classical
ay, using the void volume of a low molar mass substance and

econdly allowing for an adjustable void volume in the fitting
rocess. From the so obtained parameters the retention volumes
ere predicted for the conventional and the modified LSSM.
ig. 15 shows the deviations of the retention volume predic-

ions. Unacceptably high errors were found for both samples
f the void volume of a low molar mass compound was used.
he adjustable void volume approach significantly reduces the
rrors. However, for a molar mass of 40,000 g/mol the error still

s too high to be acceptable, despite the fact that isocratic exper-
ments were used for both, parameter extraction and prediction
f retention times. This clearly shows that for high molar mass
amples only the PM is capable to properly describe and predict

ig. 15. Percentage deviation isocratic retention volumes of the LSSM for fixed
open symbols) and variable adjustable void volume (closed symbols) from
imulated data based on the PM for PEG 23,000 (��) and PEG 40,000 (©�).
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he isocratic retention behaviour. The addition of an additional
odel parameter, through the use of the QSSM with or without

djustable void volume does not change the results significantly.

. Conclusions

It was shown that the LSSM and the QSSM allow to predict
radient retention volumes if the determination of the analyte
pecific parameters is done by gradient experiments. However,
oth models cannot adequately describe the isocratic reten-
ion behaviour. This is due to the fact that the description of
he logarithmic retention factor fails if critical conditions are
pproached, which correspond to a value of k = 0. The use of
n adjustable void volume to account for the large size of the
acromolecules does not solve this problem. In contrast to the

wo classical models the PM is designed to account properly for
AC, LCCC and SEC mode of chromatography. However, the
apability of the PM to predict the chromatographic behaviour
f polymers crucially depends on the suitable selection of the
nitial experiments, used for the determination of the analyte
pecific parameters. Based on simulations an experimental pro-
ocol is proposed which allows for a purposeful selection of the
nitial experiments.
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ppendix A

The elution volume in chromatography can be described by
he general chromatographic equation

VR = Vi + KVP

tR = ti + KtP
(A1)

here VR, Vi, and VP are the elution volume, interstitial and pore
olume of the column under investigation, while K is the distri-
ution coefficient for the polymer. By dividing by the constant
ow, F, we can also write the equation in time space rather than
olume space. tR is the retention time required, while ti and tP are
he times, which needed to replace the eluent in the interstitial
olume and pores, respectively.

The time required per unit length is the reciprocal velocity of
he polymer molecule, i.e.

dt = tR = ti + KtP (A2)

dx L L

The retention time for the polymer is obtained from (A2)
y integrating from the time t = 0, corresponding to x = 0 to
he retention time tR corresponding to the column length L.
togr. A 1131 (2006) 130–141

owever, for a solvent gradient K is a function of the sol-
ent composition surrounding the analyte. This composition will
hange with time and distance from the column inlet.

According to the statistical theory of polymers in large slit-
ike pores (R < D) the distribution coefficient, K, can be written
s

K = 1 + 2R

D

[
Y (−cR) − 1

cR
− 2√

π

]
Y (−x) = exp(x2)[1 − erf(−x)]

(A3)

ere R, D and c are the radius of gyration, the pore diameter
nd the interaction parameter, respectively. In order to correlate
he interaction parameter, c, with the solvent composition, Φ,
he unknown function c(Φ) is approximated for small values of
, i.e. close to the critical solvent composition, Φc, by a power
eries, which is truncated after the first term.

= dc

dΦ
(Φc − Φ) + . . . (A4)

The parameter R/D might vary with solvent composition via
ariation in R or D or both. However, during gradient experi-
ents high molar mass polymers elute in a very narrow range of

olvent compositions close to the critical one. Thus, the effect
f solvent composition in retention volume due to the variation
n R/D is expected to be much smaller than the effect of varying
luent composition due to a change in c. Combining (A2)–(A4)
ields the dependence of the reciprocal velocity of the polymer
olecule with solvent composition. Due to the adsorption of the

olymer molecules, their velocity is lower or equal to that of the
olvent in gradient chromatography. Thus, upon changing the
olvent composition at the column inlet the polymer molecule
ill experience different solvent compositions during its way

hrough the column. The solvent composition which surrounds
he molecule is a function of time, t, and distance x from the
olumn inlet (Φ = Φ(t, x)).

Since the velocity of the solvent front is given by L/(ti + tP),
he composition at a time t found at the distance x from the
olumn inlet has entered the column at a time t − �t = t − x(ti +
P)/L. Thus,

(x, t) = Φ

(
x = 0, t − x(ti + tP)

L

)
(A5)

The composition introduced at a time t into the column is
iven by

(0, t) = Φ0 + bt (A6)

here Φ0 is the initial composition of the solvent and b = d/Φ/dt
s the rate of change in eluent composition.

Combining (A4)–(A6) results in

c = R
dc

dΦ

[
Φ0 − Φc + bt − bx(ti + tP)

L

]
(A7)
Taking the derivative with respect to x it follows

dRc

dx
= R

dc

dΦ

[
b

dt

dx
− b(ti + tP)

L

]
(A8)
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Using (A2) and (A8) results in the following differential equa-
ion

dRc

dx
= BtP

L

dRc

dΦ
[K − 1] (A9)

Upon combination with (A3) the solution to this differential
quation is given by:

I(Rc0) − I(Rcfinal) = 2RbtP

D

dRc

dΦ

I(ς) =
∫ ς

0

dx

(Y (−x) − 1)/x − (2/
√

π)
=

(A10)

here

Rcfinal = dRc

dΦ
(Φc − Φ0 − B(tR − ti − tP))

Rc0 = dRc

dΦ
(Φc − Φ0)

(A11)

A10) and (A11) are identical to Eqs. (10) and (A11).
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