
H
A
p

B
a

b

a

A
R
R
2
A
A

K
H
l
S
P
P
P
P

1

s
t
s
p
a
u
r
t
e
c
u
s
a
s
T

a

h
0

Journal of Chromatography A, 1587 (2019) 88–100

Contents lists available at ScienceDirect

Journal  of  Chromatography  A

jo ur nal ho me pag e: www.elsev ier .com/ locate /chroma

igh-resolution  polymer  high  performance  liquid  chromatography:
pplication  of  a  saw  tooth  gradient  for  the  separation  of  various
olymers

ernhard  Durnera,b,  Thomas  Ehmanna,  Frank-Michael  Matysikb,∗

Wacker Chemie AG, Burghausen, Germany
Department of Chemistry and Pharmacy, University of Regensburg, Regensburg, Germany

 r  t  i  c  l e  i  n  f  o

rticle history:
eceived 5 July 2018
eceived in revised form
0 November 2018
ccepted 28 November 2018
vailable online 29 November 2018

eywords:

a  b  s  t  r  a  c  t

Currently,  a  lot  of  research  effort  in  polymer  analysis  by liquid  chromatographic  techniques,  including
size  exclusion  chromatography  (SEC),  polymer  HPLC  or liquid  chromatography  at  critical  conditions,  is
done  aiming  to  improve  separation  performance.  In  this  study,  novel  gradient  protocols  were  investigated
primarily  based  on gradient  polymer  elution  chromatography  (GPEC).  Starting  with  linear  gradients  and
stepwise  gradients  a new  periodic  saw  tooth  gradient  profile  was  developed  and  optimized.  Optimum
settings  for  the  saw tooth  gradient  design  were  evaluated  by design  of  experiments  (DoE)  based  on
Taguchi’s  methodology  for  various  types  of stationary  phases.  The  gain of peak  resolution  was  dependent
igh-resolution polymer high performance
iquid chromatography (HRP-HPLC)
aw tooth gradient
olystyrene (PS)
oly(vinylchloride) (PVC)
oly(methylmethacrylate) (PMMA)

on  the  effective  gradient  step  height.  The  optimized  protocol  enabled  high-resolution  polymer  HPLC
(HRP-HPLC)  separations  with  common  HPLC  instruments.  The  quality  of  separation  was  evaluated  by
heart-cut  fraction  collection  of HRP-HPLC  and  subsequent  determination  of the individual  fractions  by
SEC or  MALDI-ToF  mass  spectrometry.  Finally,  different  types  of  polymers,  such  as  PVC,  PDMS,  PMMA,
or PPG,  were  studied  with  the  new  method  and  a  universal  applicability  was  shown.

© 2018  Published  by  Elsevier  B.V.

oly(dimethylsiloxane) (PDMS)

. Introduction

The investigation of polymers, with heterogeneous compo-
ition in more than one distribution property, is a challenging
ask. Applying various types of liquid chromatographic techniques,
eparations according to molar mass, chemical composition or
olymeric architecture can be achieved. In recent years, different
pproaches for the separation of complex polymeric materials were
sed, e.g. isocratic or gradient SEC as well as liquid chromatog-
aphy at critical conditions (LCCC) [1,2]. The connection between
hese different modes of polymer separation techniques can be
xplained by thermodynamic treatment [3–6]: Under ideal SEC
onditions the separation depends on entropy changes only, while
nder ideal liquid adsorption chromatography (LAC) conditions the
eparation only depends on enthalpy changes. In SEC, polymers

re separated due to their different hydrodynamic volumes in a
olvent and, thus, a molecular mass distribution can be obtained.
herefore, no interaction between the polymer and the stationary

∗ Corresponding author at: University of Regensburg, Department of Chemistry
nd Pharmacy, 93040, Regensburg, Germany.

E-mail address: frank-michael.matysik@chemie-uni-r.de (F.-M. Matysik).

ttps://doi.org/10.1016/j.chroma.2018.11.075
021-9673/© 2018 Published by Elsevier B.V.
phase should occur or virtually be minimized. In LAC, polymer anal-
ysis is mainly determined by interactions between analyte, mobile
and stationary phase. Therefore, a variety of different parameters
must be adjusted. If enthalpic and entropic changes equalize each
other and thus the change of free Gibbs energy becomes zero critical
conditions are realized. At critical conditions, LCCC for isocratic elu-
tion or critical point of adsorption (CPA) for gradient elution, molar
mass does not contribute to retention volume, enabling separations
solely based on differences in chemical composition. Compared
to LCCC, applying gradient elution for separation of polymers at
critical conditions provides a separation system which is not termi-
nated by the pore size of the stationary phase [1,4,6]. However, each
method has its own advantages and disadvantages. The constraints
of SEC include for example secondary enthalpy driven interactions
or indirect molar mass determination by measuring the hydrody-
namic volume of the polymer. Furthermore, depending on the pore
volume and molecular weight of investigated samples, low sepa-
ration performance with broad peaks may  occur [6]. Nevertheless,
SEC provides an enhanced resolution especially in the high molec-

ular mass range of polymers, compared to gradient LAC where at
the critical point of adsorption no separation due to molar mass
differences is possible [1].

https://doi.org/10.1016/j.chroma.2018.11.075
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chroma.2018.11.075&domain=pdf
mailto:frank-michael.matysik@chemie-uni-r.de
https://doi.org/10.1016/j.chroma.2018.11.075
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As well as in SEC, liquid chromatography at critical conditions,
hows disadvantages in reproducibility, susceptibility to fluctua-
ions, sample recovery or overall application to minor changes of
he sample matrices. Beside this, in polymer HPLC, optimizing the
arameters of measurement is often difficult concerning the choice
f proper stationary and mobile phase combinations, e.g. adsorp-
ion promoting and desorption promoting solvents or a retention
romoting column for the investigated polymer. Furthermore, the
iversity of various separation parameters makes method develop-
ent challenging and time consuming [6–9].
Compared to HPLC of small molecules, polymer HPLC especially

iffers in terms of small diffusion coefficients of the constituents
n solution and a different retention mechanism of polymers on
he stationary phase. A further difference between macromolecules
nd small molecules is the objective of the chromatographic sepa-
ation, whereby in HPLC of small molecules, the exact identification
nd quantification is in focus and in polymer HPLC, the fractionation
f macromolecules based on various polymer characteristics, e.g.
olar mass distribution, size in diluted solution, chemical distri-

ution, or chain structure, prevails. In addition, polymer retention
asts as long as at least one repetition unit of the polymer is
dsorbed to the stationary phase. Unlike in HPLC of small molecules,
olymers must be dissolved in very strong solvents, e.g. THF or
oluene, considering reversed phase polymer HPLC. Consequently,
olubility effects become important in addition to adsorption and
artition phenomena. The injection of the dissolved polymers at
he (usually strong adsorption promoting) initial conditions in
radient polymer elution chromatography (GPEC) result in pre-
ipitation or strong adsorption of the analytes on the head of the
olumn [1,10–12]. With increasing amounts of desorption promot-
ng solvent, the (homo-)polymers elute in reversed elution order
ompared to SEC, from low to high molar masses, at least as long
s the critical point of adsorption is not reached. Therefore, it is not
nly sufficient that a solvent is a strong solvent for the investigated
olymer. Additionally, the separation system (mobile and sta-
ionary phase) must provide desorption promoting characteristics
or the used strong polymer solvent. Apart from molar mass dif-
erences, chemical functionalities cause an additional separation,
specially dominating in the low molecular mass region [3,13]. The
eparation occurs predominantly according to adsorption effects
o the stationary phase and precipitation effects depending only on
he solubility in the mobile phase. In addition to LAC, Glöckner et al
7] termed separations without adsorption effects to the station-
ry phase high performance precipitation liquid chromatography
HPPLC). Staal [14] showed the similarities between cloud point
etermination by turbidimetric titration and the precipitation- / re-
issolution processes in the different steps of the chromatographic
eparation for reversed phase systems. In the first step, the polymer
s dissolved in a strong solvent (1), and then the precipitation of the
issolved polymer on the column head occurs (2) in combination
ith the adsorption to the stationary phase (3). By attaining a suit-

ble solvent combination between solvent and non-solvent, e.g. the
loud-point of polymer, the precipitated polymer is re-dissolved
4) but remains adsorbed to the stationary phase (5). In the final
tep, the complete elution of the fully dissolved polymer occurs
rom the stationary phase (6). German et al [13,15,16] showed
n a series of papers the differences between precipitation- / re-
issolution and adsorption mechanisms by analyzing polyesters.
or crystalline polyester, a clear dependence on precipitation- /
e-dissolution mechanism could be shown, as for all other studies
dsorption effects dominated or at least supported the separation.

An overview of different possible setups for gradient elution

s shown by Deyl [17] and Jandera [18]. For a first approach, the
lope variation of a linear gradient is a good choice and may
ometimes lead to multilinear gradients enhancing the separa-
ion. Therefore, Nikitas et al [19–23] presented various approaches
. A 1587 (2019) 88–100 89

for optimizing multilinear gradients. Moreover, software packages
such as DryLab or PREGA use similar theoretical concepts [24]. As
a consequence, concave and convex gradient shapes might also
be a useful alternative [25]. Furthermore, especially for various
types of macromolecules, a step gradient improves peak resolu-
tion and separation performance. The analysis of azeotropic and
low-conversion poly(styrene-stat-2-methoxyethyl methacrylate)
[26], styrene acrylonitrile copolymers [27], lignin [28] or humic like
substances [29,30] was  improved through different types of step
gradients. Applying a step gradient, various isocratic steps result
in an improved peak resolution, which cannot usually be achieved
by a linear gradient. A further improvement of this gradient pro-
file was  presented by Kajdan et al [31] for ion chromatographic
separation of recombinant proteins and by Spranger et al [32] for
the separation of humic like substances with RP-HPLC. They used
a kind of spiked gradient profile, where in an additional step the
elution promoting solvent was reduced at the end of the original
gradient step. This modification results in a much better separation
performance than in previously described gradient profiles. Beside
this, Morris et al [33] optimized with a saw tooth like gradient the
separation of complex protein mixtures.

As the application of step gradients in polymer separation
showed pretty good results [27,34], further investigations concern-
ing the shape of the gradient profile are promising for improving the
separation. In this report, a novel gradient protocol for the separa-
tion of polymers, which allows each individual solvent composition
to perform its unique re-dissolution ability, is evolved. With a saw
tooth gradient protocol, the separation performance significantly
increased. Therefore, the aim of this work was  the development of
a preferably universal saw tooth gradient protocol which allows
high-resolution polymer HPLC (HRP-HPLC) of different types of
polymers over a broad molecular weight range.

2. Material and methods

2.1. Software

The programming of the saw tooth gradient was  possible over
the entire gradient range from 0 to 100% desorption promoting sol-
vent with the chromatographic data system Chromeleon (Thermo
Fisher Scientific, version 7.2), as other investigated chromato-
graphic software packages are limited in the number of possible
entries of the gradient table. Moreover, currently, a complete
saw tooth gradient ranging from 0 to 100% with the correspond-
ing steps can be achieved in combination with Thermo Fisher
Scientific (Waltham, USA) HPLC pumps. The Agilent driver mod-
ule of Chromeleon limits the gradient entries to 69 and Agilent
ChemStation Version C limits the gradient entries to 100 for an
Agilent (Waldbronn, Germany) HPLC system, while the limitation
of WinGPC UniChrom 8.2 (Polymer Standard Service) is 161 entries.
These limitations made it difficult to use the full potential of the saw
tooth profile and, therefore, using an Agilent fraction collector only
a small region of interest could be fractionated.

2.2. Hardware

2.2.1. LC systems and detectors
The optimization of the saw tooth gradient with design of exper-

iments (DoE) by Taguchi was  done on a Thermo Fisher Scientific
(Waltham, USA) Vanquish UHPLC with UV detection at 215 nm and
a 385 ELSD, equipped with an enhanced parallel-path MiraMist®
poly(tetrafluoroethylene) nebulizer from Burgener Research Inc.
(Mississauga, Ontario, Canada) at 40 ◦C evaporator temperature,
90 ◦C nebulizer temperature, and a gas flow of 1.2 SLM (standard
liter per minute, see [35]). The investigated parameters for the
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Table 1
Investigated parameters for the design of experiment according to Taguchi’s L16(45) approach.

Group 1 2 3 4 5
Poroshell C18
50 x 4.6 mm,
2.7 �m

Poroshell C18
100 x 4.6 mm,
2.7 �m

Hypersil BDS C18
100 x 4.6 mm,
2.4 �m

Luna C18
100 x 4.6 mm,
5 �m

Hypersil Gold C18
aQ 100 x 10 mm,
5 �m

Label Parameter Level 1 Level 2 Level 3 Level 4
A  height of the negative

backward gradient step [%]
3.0 6.0 9.0 12.0

B  effective step height [%] 0.2 0.5 0.8 1.0
C  retardation of negative slope 0.5 1.0 2.0 3.0
D  lower plateau 0.5 1.0 2.0 3.0
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E  retardation of positive slope 0.1 

ptimization of the saw tooth gradient profile by DoE are given
n Table 1 and were performed from 0% THF (100% methanol) to
00% THF (0% methanol) considering different types of stationary
hases.

The other analytical measurements of different types of poly-
ers were performed on an Ultimate 3000 HPLC of Thermo Fisher

cientic with the modified 385 ELSD.

.2.2. Studies of the real shape of the gradient profile
The actual gradient profile was measured with an Ultimate 3000

iode array detector at 265 nm,  following the recommendation of
hermo Fisher Scientific for operational/ performance qualification
OQ/PQ) for gradient accuracy with 100% pure water as starting
ondition against 0.1% acetone in water [36]. As test columns an
gilent Poroshell C18 EC (50 x 4.6 mm,  2.7 �m),  an Agilent Poroshell
18 SB (150 x 4.6 mm,  2.7 �m),  and a restriction capillary of 15 m

ength and 0.18 mm ID from OQ/PQ Kit of Thermo Fisher Scientific
ere used.

.2.3. Semi preparative LC systems
Fraction collection of PVC was performed on an Agilent 1100

eries LC system with a THF resistant 3115� degasser from ERC
Riemerling, Germany) equipped with an Agilent fraction collec-
or. For adjusting the separation pattern at an Agilent Poroshell C18
C (50 x 4.6 mm),  a 385 ELSD modified with an enhanced parallel-
ath MiraMist® poly(tetrafluoroethylene) nebulizer from Burgener
esearch Inc. (Mississauga, Ontario, Canada) was used at 40 ◦C
vaporator temperature, 90 ◦C nebulizer temperature, and 1.2 SLM
as flow. The LC flow rate was set to 1.0 mL  min−1 and the injection
olume was 10 �L (1 mg  absolute sample amount). The saw tooth
radient was started at 26% THF and 74% methanol and ended at
6% THF and 44% methanol with an effective step height of 2% and

 height of the negative backward gradient step of 9%. After each
eparation, the column was flushed with 100% THF for 8 min  in
rder to remove not eluted polymer from the column. For suffi-
ient amount of sample per fraction, 50 injections were performed.
he SEC measurements were performed with an Agilent 1260 SEC
ystem and a Shodex (Munich, Germany) RI101 detector on a set of
our Styragel® columns (HR1, HR3, HR4 and HR5, Waters, Eschborn,
ermany) and THF as eluent at 1.2 mL  min−1.

Fraction collection of PS was performed on a 1260 series LC
ystem of Agilent with a THF resistant 3115� degasser from ERC
Riemerling, Germany). UV detection was performed at a wave-
ength of 215 nm A Poroshell C18 EC (50 x 4.6 mm)  was  used as
tationary phase. The gradient profile was started at 0% THF and
00% methanol, within 15 min  a linear gradient was set to 31% THF
nd then the actual saw tooth gradient started with an effective

tep height of 0.2% and 9% height of the negative backward gradi-
nt step up to a final concentration of 39% THF and 61% methanol.
fter each separation, the column was flushed with 100% THF for

 min  in order to remove not eluted polymer from the column. A
0.5 1.0 2.0

flow rate of 1.0 mL min−1 and an injection volume of 15 �L (0.75 mg
absolute sample amount) were applied. To get sufficient sample
amount per fraction 100 runs were performed. For evaluation of
the collected fractions MALDI-ToF-MS measurements were per-
formed on a Shimadzu Axima Performance MALDI-ToF-MS (Kratos,
Manchester, UK). As cationization reagent a solution of 100 mol L−1

sodium trifluoroacetate (Sigma-Aldrich, Darmstadt, Germany) in
THF was used and 10 mg  mL−1 trans-2-[3-(4-tert-butylphenyl)-
2-methyl-2-propenylidene]malononitrile (DCTB) (Sigma-Aldrich)
was used as MALDI matrix. Various mixing ratios between sam-
ple solution: matrix solution: cationization solution of 10:10:1,
10:20:10, 10:50:1 and 10:100:1 (v/v/v) were used in order to obtain
an appropriate spectrum because the actual concentrations of the
collected fractions were unknown.

Fraction collection of PDMS with a viscosity of 350 mPa·s was
performed on a 1260 series LC system from Agilent with a THF resis-
tant 3115� degasser from ERC. For adjusting the separation pattern,
a 385 ELSD modified with an enhanced parallel-path MiraMist®

poly(tetrafluoroethylene) nebulizer from Burgener Research Inc.
was used at 40 ◦C evaporator temperature, 90 ◦C nebulizer tem-
perature, and 1.2 SLM gas flow. An Accucore C18 (50 x 4.6 mm)
column was  used, the LC flow rate was set to 1.0 mL  min−1 and
0.4 mg  sample amount were injected 100 times, to get sufficient
amount of sample per fraction, for separation with a saw tooth gra-
dient (effective step height 1.0%, effective step length 1.50 min) and
a linear gradient with methanol and THF as mobile phase compo-
nents, respectively. The multilinear gradient was started at 100%
methanol and reached 30% THF after 15 min, 65% THF after 78 min,
and 100% THF after 79 min. Each fraction (16 fractions, starting
from 37 min  up to 61 min) was  collected within 1.50 min  intervalls,
for both gradients. For fractionation evaluation, MALDI-ToF-MS
measurements were performed according to the above-mentioned
protocol, but in place of sodium trifluoroacetate, silver trifluoroac-
etate was  used as cationization reagent.

2.3. Stationary phases

For preparative fraction collection of PS and PVC, an Agilent
Poroshell C18 EC (50 x 4.6 mm,  2.7 �m)  was used. For the DoE
approach (see Table 2) an Agilent Poroshell C18 EC (50 x 4.6 mm,
2.7 �m),  an Agilent Poroshell C18 EC (100 x 4.6 mm,  2.7 �m),  a
Thermo Fisher Scientific Hypersil BDS C18 (100 x 4.6 mm,  2.4 �m), a
Thermo Fisher Scientific Hypersil Gold C18 aQ (100 x 10 mm,  5 �m),
and a Phenomenex (Torrance, USA) Luna C18 (100 x 4.6 mm,  5 �m)
were used as superimposed group for the parameters of the saw
tooth gradient profile.
The investigations of various polymer standards were done
under optimized gradient conditions on a Thermo Fisher Scientific
Accucore C18 (50 x 4.6 mm,  2.6 �m)  and an Agilent Poroshell HILIC
(50 x 4.6 mm,  2.7 �m).
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Table  2
DoE confirmation experiments for different stationary phases for the optimum shape settings of the saw tooth gradient.

Column A [%] B [%] C D E

Poroshell C18 50 x 4.6 mm,  2.7 �m 6.0 0.2 1.0 3.0 2.0
Poroshell C18 100 x 4.6 mm,  2.7 �m 6.0 0.2 0.5 2.0 2.0
Hypersil BDS C18 100 x 4.6 mm,  2.4 �m 6.0 0.2 1.0 3.0 2.0
Luna  C18 100 x 4.6 mm,  5 �m 6.0 

Hypersil Gold C18 aQ 100 x 10 mm,  5 �m 6.0 

ideal  settings independently of column type 6.0 

Table 3
Overview of used polymer standards.

Polymer Mp [g·mol−1] Polydispersity

PS 8995 8995 1.03
PS  19600 19600 1.02
PVC 23900 23900 1.21
PVC 45400 45400 1.30
PVC 92100 92100 1.32
PVC 202000 202000 1.34
PDMS 1300 1300 1.34
PDMS 2000 2000 1.42
PDMS 5400 5400 1.67
PDMS 8300 8300 1.83
PDMS 20700 20700 3.02
PDMS 36500 36500 2.98
PDMS 71200 71200 4.35
PDMS 130000 130000 6.09
PDMS 250000 250000 10.94
PMMA  19700 19700 1.09
PMMA  107000 107000 1.1
PMMA  690000 690000 1.09
PMMA  1600000 1600000 1.33
PPG 4850 4850 1.10
PPG 13300 13300 1.14
PPG 19600 19600 1.25
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dard of molar mass at peak maximum of 19 600 g mol−1. Methanol
was used as weaker or rather non-solvent and THF as strong or des-
PPG 27100 27100 1.61

.4. Polymer samples and chemicals

All solvents used were HPLC grade. Acetone, acetonitrile
ACN), methanol (MeOH), toluene, n-hexane, and non-stabilized
etrahydrofuran (THF) were purchased from Merck (Darmstadt,
ermany) and used without further purification. Water of a Milli-
-Advantage A10 water system (Merck Millipore) was  used. The
nalyzed polymer standards and samples are summarized in
able 3. PS 19 600 standard was purchased from PSS (Mainz,
ermany), PDMS standards were obtained from Wacker Chemie
G (Burghausen, Germany), PPG standards were purchased from
merican Polymer Standards Corporation (Mentor, OH, USA) and
ll other standards listed in Table 3 were purchased from Agilent
Church Stretton, UK).

. Results and discussion

Beginning with linear and stepwise gradients, the development
f a saw tooth like gradient profile was done for improving sepa-
ation performance of polymer HPLC. For optimization of the new
radient profile, design of experiments (DoE) according to Taguchi’s
pproach were applied. Additionally, the limitations of the con-
ept regarding laminar flow profiles and therefore mixing accuracy
ere evaluated. The separation performance of the saw tooth gra-
ient was studied by heart-cut fraction collection with subsequent
ALDI-ToF-MS or SEC measurements of each fraction. Finally, the

niversal application of this high-resolution polymer HPLC (HRP-

PLC) approach to various types of polymers, e.g. PS, PVC, PMMA,
DMS, and PPG, was demonstrated.
0.2 1.0 3.0 2.0
0.2 0.5 0.5 2.0
0.2 1.0 3.0 2.0

3.1. Fundamental studies of the saw tooth gradient

3.1.1. Development – from linear gradient to saw tooth gradient
As aforementioned, the resolution of HPLC for polymer analysis

especially in the high molecular mass region is limited. In adsorp-
tion dominated gradient separation, no separation according to
molecular mass is achievable above the point of critical adsorp-
tion. Only by means of a dominating precipitation- / re-dissolution
mechanism or by absence of a point of critical adsorption fur-
ther separation in this higher molecular mass range are possible
[1]. Our current research is primarily directed to the yet unre-
solved, or rather poorly resolved molecular mass range above low
molecular oligomer separation. In case of the investigated PVC stan-
dards (molar masses in peak maximum from 23,900 g mol−1 up
to 202,000 g·mol−1, see Table 3) with linear gradients in polymer
HPLC, a poorly resolved peak could be measured. The multimodal-
ities in the peak were also present on other stationary phases,
other solvent combinations or at injecting lower sample amounts.
Therefore, even by optimizing mobile and stationary phases, no sig-
nificant improvements were possible. Comparing a high-resolution
stepwise gradient with 0.2% step height with a linear gradient
starting from 100% MeOH to finally 100% THF did not show any
appreciable differences (see Fig. 1 a + b for PVC 45,400). Applying
the saw tooth gradient, where in an additionally step a negative
gradient slope interrupts the elution of the polymer, resolution
was significantly improved (see Fig. 1 c). The back and forth strat-
egy of the gradient profile led to repeated fractionated elution
steps, enabling selective elution of different polymer fractions.
Therefore, the improvement of resolution, which was highly repro-
ducible (compare, e.g. the set of measurements described in chapter
3.2.1 for preparative studies), was  achieved to get a more detailed
overview of the investigated polymer samples. An actual oligomer
separation was  not the primary target. According to these experi-
mental results, two main questions arose:

1) Was  this a real separation result or the recording of artefacts
corresponding to the chosen gradient profile?

2) What is the optimum adjustment of the saw tooth profile and
where are the limitations?

A detailed answer to the first question will be given in chap-
ter 3.2.1 and briefly, it is a HPLC-like separation from low to high
molecular masses. For the second question, further considerations
were necessary which were regarded in a DoE by gradient spe-
cific parameters. Furthermore, the accuracy of mixing system and
gradient profiles were examined.

3.1.2. Investigation of the gradient profile of the saw tooth
approach
3.1.2.1. Design of experiments according to the methodology of
Taguchi.
The optimization measurements were carried out with a PS stan-
orption promoting solvent with a gradient range from 0.0 to 100.0%
THF (100.0 to 0.0% MeOH). Five different types of C18 columns
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ig. 1. Development of saw tooth gradient profile for the separation of PVC 45400
olvent and THF as desorption promoting solvent; detection with ELSD; chromato
.5  min  and step height of 0.2% and a saw tooth gradient with effective step length 

ere used varying in length, internal diameter, particle size and
otal porous particles as well as superficially porous particles (see
able 1).

Using DoE, instead of one-factor-at-a-time offers the advantage
f simultaneously varying several parameters and, thus, reduc-
ng the number of necessary experiments [37,38]. According to
aguchi’s transformation of the response value into a signal-to-

oise value, the variability of the different types of columns was

ncluded in the evaluation resulting in a higher reliability and
ptimization. Particularly, the advantage of Taguchi’s approach
s the reduced number of experiments necessary for considering
 Accucore C18 (50 x 4.6 mm,  2.6 �m) column with MeOH as weaker or rather non-
 corresponding to a linear gradient (a), a stepwise gradient with step length (b) of
min  and effective step height of 0.2% (c).

the investigated parameters at different levels when compared to
other approaches used in chemometrics. Furthermore, in Taguchi’s
approach the influence of a disturbance on the system is minimized
without eliminating its reason. Further information of Taguchi’s
methodology is given in [39–41]. Fig. 2 gives an overview of the
investigated and optimized parameters. The parameters A and B
describe the ratio of desorption promoting solvent THF in the dif-

ferent steps of the saw tooth profile: A depicts the height of the
negative backward gradient step, and B the effective step height
between the consecutive upper plateaus. Initially, the experiments
started based on interstitial column volumes using the column vol-
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Fig. 2. Scheme of a general saw tooth gradient protocol, presented at one explicit
effective step length and described by the amounts of column volumes (CV). Param-
eter A [in %] represents the height of the negative backward gradient step for the
drop of the mobile phase composition, B [in %] represents the effective step height
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f the saw tooth gradient; the variation in several regions of the saw tooth shape is
escribed by parameters C, D and E, as retardation of negative slope, duration of the

ower plateau, and retardation of the positive slope, respectively.

me  (CV) as scale up / down factor. The parameters C, D, and E
etermine the step length of the retardation of the negative slope,
he one of the lower plateau and the one of the retardation of the
ositive slope, respectively. The investigated parameters and cor-
esponding levels of Taguchi’s L16 (45) are summarized in Table 1.
ata evaluation based on number of peaks detected by the exper-

ment, lowest peak resolution, asymmetry and peak width at half
eight of the highest peak. The confirmation experiments consid-
ring the five investigated stationary C18 phases are presented in
able 2. The confirmation experiments considered each column
lone as well as all columns together resulting in a set of param-
ters, which are independent of column dimension, particle size,
r type. These observations were in good agreement with the lit-
rature [1,13]. The prominent response factors for the saw tooth
radient profile are number of discriminable peaks, the larger the
etter, peak resolution, also larger the better because the inherent

imited resolution of polymer peaks, and peak asymmetry, which
hould be around one. As depicted in Table 2 the height of the neg-
tive backward gradient step (parameter A), effective step height
parameter B) and retardation of positive slope (parameter E) show
he same behavior at all investigated columns. Parameter B, the
ffective step height alone, dominates the number of peaks and the
eak height while parameter A accounts for asymmetry and resolu-
ion. Furthermore, the retardation of the positive slope (parameter
) was ideal at its highest investigated level of one column volume
hile the retardation of the negative slope (parameter C) should

e one column volume. The length of the lower plateau (parameter

) shows the greatest variability, especially in considering analyt-

cal and semi-preparative columns. However, due to the analyses
f variances (ANOVA), this parameter is only of minor significance
or the saw tooth gradient profile and, thus, can be arbitrarily cho-
. A 1587 (2019) 88–100 93

sen. Although not considered by the DoE, the time of measurement
should always be kept as short as possible maintaining a reason-
able peak resolution. The number of steps applied in the saw tooth
gradient directly affects the run time: If high resolution with maxi-
mum  number of peaks is sought, the corresponding run time will be
rather long. For the investigated types of columns, a set of param-
eters can be chosen being independent of the type of particles and
column dimensions allowing a nearly universal approach. Based
on these results, it is assumed that the back- and forth change in
solvent composition, which caused the fractionated elution, is in
general the most effective parameter for the enhancement of the
separation.

3.1.2.2. Constraints by sample loading per injection.
The saw tooth gradient basically depends on consistency of the pro-
grammed gradient profile to the actual gradient because of mixing
accuracy and the system diffusion. The actual gradient profile was
evaluated by measurements based on 0.1% acetone in water against
pure water at 265 nm detection wavelength. In a first approach, the
effect of various column dimensions compared to a restriction cap-
illary of 15 m x 180 �m was  studied concerning the actual gradient
profile. On basis of a very symmetric (which means each gradi-
ent step is of equal duration) saw tooth gradient a pretty good
correlation or rather similar shape between calculated and effec-
tive profile was found, independently of the column dimensions
or pathway within the LC system (Fig. 3a). The major drawback
of such a saw tooth gradient was  its very poor separation perfor-
mance. If the parameter settings obtained in a DoE are optimal,
a more asymmetric gradient profile is necessary for a better sep-
aration performance. Applying a generic optimal gradient setting
(Fig. 3 b + c) by only varying the effective step length (cf. Fig. 1) the
overlay between calculated and actual gradient showed distinct
deviations. Fig. 3b and c depict the impact of effective step height
on the match or mismatch between both curves. No considerable
dependence of the effective step height was noticeable between
both measurement series (Fig. 3b vs. c). At effective step lengths
above 0.60 min  (chromatograms IV – VI) the alignment between
actual and calculated gradient curve at the right edge (at increas-
ing positive slope) improved as well as the separation performance.
Besides an appropriate congruence of theoretical and practical gra-
dient profile, the analysis time should possibly be shortened. Thus,
the gradient setup IV in Fig. 3 represented a good compromise
between profile alignment and analysis time. For the specification
of the optimized saw tooth gradient settings and for illustrating the
calculation of different possible saw tooth gradients, a Microsoft
Excel file is shown in the supplementary material (S1).

A further important influencing factor on peak resolution is the
amount of polymer sample. In Fig. 4 the impact of injection volume
and, thus the sample amount of PMDS is shown. Similar results
were found while varying sample concentration at constant injec-
tion volume. The height of the small double-headed arrow in Fig. 4
represents a qualifier of separation performance. For injection vol-
umes up to 5 �L or absolute sample amounts up to 100 �g nearly
baseline resolved polymer peaks were obtained on the investigated
stationary phase, while for higher sample amounts a prolonged
effective step length would be necessary.

As conclusion, sample concentration or respectively absolute
sample amount had to be adjusted carefully to the saw tooth gradi-
ent profile to achieve a good separation performance in the shortest
possible analysis time. In addition to general overloading effects,

caused by oversized injection volumes or absolute sample amounts
with respect to stationary or mobile phase, it is important to avoid
mass overloading and volume overloading with respect to the gra-
dient profile.
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Fig. 3. Comparison between programmed saw tooth profile and real gradient shape at different columns and step lengths of the saw tooth profile; a) shows the overlay of
t t with
c mme
h fic [36

3

e

he  programmed almost symmetric (each step of similar length) saw tooth gradien
olumn, the distinctions depended on the effective step length between the progra
eight; measurements were done according to the PQ/OQ of Thermo Fisher Scienti

.2. Application to polymer samples
With the developed and optimized saw tooth gradient, sev-
ral polymer standards, e.g. PS, PVC, PMMA,  PDMS, and PPG were
 a restriction capillary, a 50 x 4.6 mm column, a 150 x 4.6 mm column and without
d and the actual gradient profile are shown for 0.2% (b) and 1.0% (c) effective step
] for gradient accuracy.

studied. PS, PVC, and PDMS were further investigated by fraction

collection evaluating the degree of separation of the applied saw
tooth gradient profile while for the other polymers just the applica-
bility was demonstrated. Methanol and THF were used as eluents;
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Fig. 4. Variation of injected sample amount and influence on the separation performance of the saw tooth gradient, showed for PDMS of viscosity of 1000 mPa·s and a sample
concentration of 20 mg mL−1; Measurements were done with MeOH as weaker or non-solvent and THF as desorption promoting solvent on a Poroshell HILIC (50 x 4.6 mm,
2.6  �m).
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cetonitrile as weak or non-solvent did not show any significant
dvantage compared to methanol. Substituting THF as desorption
romoting solvent was not investigated because of extraordinary
issolving properties of THF for the used polymers.

.2.1. Preparative HRP-HPLC
For fraction collection by heart-cut technique, polymeric stan-

ards were chosen with a polydispersity of about 1.1. to 1.5.
e-analyzing each single fraction showed that separation depended
n molecular mass differences: The low molecular mass analytes
lute first and with elution time the molar masses increase.

.2.1.1. Heart-cut HRP-HPLC x SEC for PVC analysis.
s depicted in Fig. 5 PVC was fractionated on a Poroshell C18 EC
ith methanol and THF as eluents. The effective step height of the

aw tooth gradient was 2.0%, simplifying the gradient profile and
educing the necessary time as well as overcoming the restraints
ue to limited entries in the gradient timetable for the used LC sys-
em. Afterwards, the 15 collected fractions were investigated by
EC and the results are presented in Table 4. Compared to the orig-
nal PVC sample of a specified molar mass of Mp = 23,900 g mol−1,
he polydispersity of all fractions became narrower from fraction

 up to fraction 15. These results proved that the HRP-HPLC sep-
ration of the investigated homopolymer only depended on the
olecular weight. As consequence, the separation using the saw

ooth gradient profile is a real separation and not caused by arte-
acts (to answer question 1 from Section 3.1.1). This novel approach
o the analysis of synthetic polymers considerably improved the
eparation performance for polymeric samples.

.2.1.2. Heart-cut HRP-HPLC x MALDI-ToF-MS for polystyrene
nalysis.
or the separation of polystyrene, an extended saw tooth gradient
ith an effective step height of 0.2% was chosen. Through-

ut 20 injections of PS with molar mass of Mp  = 8995 g·mol−1,
50 mg  mL−1, 15 �L) a continuous increase of column backpressure
ccurred. Flushing the column with THF, toluene, or n-hexane as
ell as flushing the column in reversed direction overnight did not

educe the high backpressure. Thus, it was assumed that the analyt-
cal stationary phase was not an ideal choice for semi-preparative
PLC measurements with such high sample loads on the column.
he same characteristics were observed for the later (chapter 3.2.2)
entioned PDMS sample with an analytical Accucore C18 column.

herefore, further research will be done with different types of sta-
ionary phases, which are more suitable for preparative separation.
ig. 6 depicts the chromatogram obtained with the corresponding
aw tooth gradient and the collected fractions, which were mea-
ured by MALDI-ToF-MS (Table 5 and S2a-d). Compared to the
EC measurements for PVC analysis, where polydispersity might
e overestimated through band broadening effects, MALDI-ToF-MS
ften leads to under estimating polydispersity due to discrimi-
ation by the ionization process [42]. In this study, beside these
ifferences, both techniques led to the same conclusion of decreas-

ng polydispersities by fractionation with a saw tooth gradient.
eginning from fraction one to twenty the molar mass continuously

ncreased, while this was not found for higher fraction numbers.
resumably, the separation performance was reduced because of
he use of the analytical stationary phase, which was  not ideal for
emi-preparative separation with the applied system. Especially

he used high sample amounts may  have caused these problems.
evertheless, by heart-cut fraction collection it was proven that
VC and PS were separated due to their differences in molar mass
aused by the same principle of separation.
. A 1587 (2019) 88–100

3.2.2. Application to various polymer types
All measurements of Fig. 7 and Supplementary Material S3 were

performed with a reduced resolution associated with choosing 1%
effective step height in the saw tooth gradient reducing the run-
time. An economical approach is first to apply a saw tooth gradient
with low resolution for obtaining an overview and then applying
a gradient with higher resolution if necessary. For several poly-
mers, e.g. PVC (Fig. 7a), PMMA  (Fig. 7b), PDMS (Fig. 7c) and PPG
(Fig. 7d), screening measurements were performed. In each case,
the determination was  done on an Accucore C18 column with
methanol as weaker or non-solvent and THF as desorption pro-
moting solvent. In future measurement series, the influence of
different weaker or non-solvents with respect to the dissolving
property of the investigated polymers will be further investigated.
For comparison, the inset on the left-hand side of Fig. 7 shows the
separation performance of a linear gradient, respectively. Evaluat-
ing the performance of preparative linear and saw tooth gradients
on analytical columns, PDMS with an average molar mass of
20,800 g mol−1 was  fractionated with a screening saw tooth gradi-
ent of 1.0% effective step height and a corresponding linear gradient.
Subsequent analysis of the fractions at the maximum of the original
PDMS distribution (about MP = 22,000 g·mol−1) with MALDI-ToF-
MS showed even for the screening saw tooth gradient an improved
separation performance (fraction 13, Supplementary material, S4).
Apart from a more symmetric polymer distribution, the saw tooth
gradient resulted in a better separation, particularly at the bound-
aries (compare the inlets in S4) of the polymer distribution. For the
fraction of the linear gradient, the mass resolution was decreased
over the whole mass spectrum. Furthermore, in the mass range
between 24,000 and 25,000 g·mol−1 a shoulder in the distribution
occurred. This might be caused by a more unprecise fractionation
at the linear gradient compared to the saw tooth gradient. Based on
these results, further research with semi-preparative equipment is
planned to show further applicability of the combination of saw
tooth gradient and heart-cut two-dimensional liquid chromatog-
raphy.

The main contribution of the stationary phase is primarily its
capability of retention of the analyte. Replacing a C18 column by
a Poroshell HILIC column (c.f. supplementary material S3) PVC,
PMMA  and PDMS showed the same separation behavior. Interest-
ingly, PPG could not be separated on a HILIC column applying the
same conditions because of missing retention. However, comparing
C18 with HILIC for HRP-HPLC, peak resolution of various polymers
corresponded to each other and showed the minor significance of
stationary phase in HRP-HPLC. Adapting an appropriate separation
system, e.g. eluent combination, nearly each homopolymer can be
separated in a distinct peak distribution. In fractionating polymers
of the same kind, the distribution can be simplified for further
investigations with other techniques such as mass spectrometry
or size exclusion chromatography. Particularly, for the molar mass
range greater than 200,000 g mol−1 an unprecedented separation
performance regarding peak resolution was achieved by HRP-HPLC
(cf. Fig. 8).

4. Conclusion

Based on GPEC and HPPLC a novel technique termed high-
resolution polymer HPLC (HRP-HPLC) was introduced. The
HRP-HPLC is based on the application of a saw tooth gradient
profile, which was  developed, optimized, and validated for anal-
ysis of polymers. The profile of an optimum saw tooth gradient

was evaluated by design of experiments. Special attention has to
be taken choosing the appropriate sample amount for injection
because peak resolution and effective step length of the gradient
profile depend on the sample concentration. Regarding analysis
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Fig. 5. Chromatogram and cutting pattern for preparative PVC analysis, PVC 23900 (c = 115 mg·mL−1) was analyzed with a saw tooth gradient of 2.0% effective step height,
because  of the limitation to only 69 gradient time table entries for the used HPLC pump; analysis was done with MeOH as weaker or non-solvent and THF as desorption
promoting solvent on a Poroshell 50 x 4.6 mm Poroshell C18 EC; fractions 1–15 were analyzed with SEC.

Table 4
Results of SEC measurements after separation and fraction collection of PVC 23900 with the saw tooth gradient (determined on a set of Waters Styragel® (HR1, HR3, HR4
and  HR5) with THF as eluent at 1.2 mL  min−1).

Sample name Mw [g·mol−1] Mn [g·mol−1] Polydispersity Mz [g·mol−1] Mp [g·mol−1]

PVC 23900 26 000 20 600 1.26 30 500 28 100
F1  18 600 17 100 1.08 19 900 18 400
F2  20 300 18 500 1.10 21 900 20 700
F3  22 900 20 600 1.11 24 800 23 800
F4  24 900 22 200 1.12 27 400 26 100
F5  26 400 23 200 1.14 29 300 27 000
F6  27 000 23 600 1.14 30 100 27 600
F7  27 700 24 200 1.15 30 900 28 200
F8  28 400 24 700 1.15 31 700 29 000
F9  28 800 25 100 1.15 32 300 29 300
F10  29 400 25 600 1.15 33 000 30 200
F11  29 900 25 800 1.16 33 700 30 700
F12  29 900 25 700 1.16 33 800 30 700
F13  30 500 26 300 1.16 34 400 31 300
F14  30 600 26 400 1.16 34 500 31 300
F15  31 600 27 200 1.16 36 200 32 500

F 0 mg·
b H as w
E

t
o
c
e
s
e

ig. 6. Chromatogram and cutting pattern for preparative PS analysis, PS 8995 (c = 5
y  the given mixing accuracy of the used HPLC pump; analysis was  done with MeO
C  (50 x 4.6 mm,  2.7 �m);  fractions 1–30 were analyzed with MALDI.

ime, a screening approach with reduced run time and resolution
r a high-resolution approach with an extended run time can be

hosen by only adjusting the effective step height of the gradi-
nt profile. Compared to common liquid chromatographic methods
uch as SEC, HRP-HPLC is characterized by a superior resolution
specially in the high molecular mass range. Despite the highly
mL−1) was  analyzed with a saw tooth gradient of 0.2% effective step height, limited
eaker or non-solvent and THF as desorption promoting solvent on a Poroshell C18

increased resolution, the new gradient technique currently does
not allow a separation of single oligomers. However, the number

of oligomers per single saw tooth gradient step could be consider-
ably reduced through the fractionated elution. A major constraint
of typical chromatographic software packages is the possibility of
generating gradient tables with up to 2000 entries for exploita-
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Fig. 7. Application of screening saw tooth gradients (effective step length of 0.6 min, effective step height 1.0%) for separation of various polymer types over a broad molecular
weight  range, the picture-in-picture chromatogram shows the separation with application of a standard linear gradient; HRP-HPLC applied to PVC (a), PMMA (b), PDMS (c)
and  PPG (d) on an Accucore C18 (50 x 4.6 mm,  2.6 �m)  column with MeOH as weaker or non-solvent and THF as desorption promoting solvent.
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Table  5
MALDI-TOF-MS-Results of fraction collection of PS8995 after HRP-HPLC.

Sample name Mw [g·mol−1] Mn [g·mol−1] Poly-dispersity Mz [g·mol−1] MP [g·mol−1]

FC01 7427 7385 1.0057 7469 7453
FC02  7589 7550 1.0051 7627 7662
FC03  7726 7690 1.0048 7763 7664
FC04  7873 7838 1.0045 7910 7873
FC05  8044 8009 1.0043 8079 7975
FC06  8214 8180 1.0042 8249 8183
FC07  8272 8241 1.0038 8303 8186
FC08  8404 8374 1.0035 8434 8290
FC09  8497 8467 1.0035 8528 8288
FC10  8709 8681 1.0033 8738 8497
FC11  8844 8816 1.0031 8871 8600
FC12  8860 8833 1.0031 8888 8704
FC13  9077 9051 1.0029 9103 9019
FC14  9166 9136 1.0033 9197 9125
FC15  9370 9340 1.0031 9398 9331
FC16  9499 9468 1.0032 9528 9644
FC17  9639 9604 1.0036 9671 9855
FC18  9713 9669 1.0046 9754 9956
FC19  9912 9860 1.0053 9961 10270
FC20  10009 9944 1.0065 10069 10478
FC21  10073 9994 1.0079 10146 10374
FC22  9799 9689 1.0114 9905 9643
FC23  9882 9753 1.0131 10003 9643
FC24  9629 9504 1.0131 9753 9122
FC25  9426 9311 1.0123 9541 9331
FC26  9160 9070 1.0099 9249 8917
FC27  9174 9090 1.0092 9258 9125
FC28  9307 9216 1.0099 9396 9226
FC29  9146 9064 1.0091 9227 9123
FC30  9244 9154 1.0098 9331 9120
PS  8995 8939 8855 1.0094 9020 8914
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ig. 8. High-resolution saw tooth gradient applied to PMMA 1,600,000 on an Acc
esorption promoting solvent.

ion of the entire potential of this technique – from 100% weaker or
on-solvent to 100% stronger or desorption promoting solvent with
.2% effective step height. Presently, this approach for example is
ossible with Chromeleon 7.2.2 in combination with HPLC systems
rom Thermo Fisher Scientific. Preparative HRP-HPLC on analytical
olumns showed some limitations concerning sample amount, run-
ime, and column overloading. Therefore, further improvements
f the preparative measurements are in progress. The universal
pplicability of HRP-HPLC was demonstrated by the separation of
arious types of polymers, e.g. PVC, PDMS, PMMA,  or PPG, using

 conventional “ordinary” HPLC system. In conclusion, the newly
eveloped HRP-HPLC paves the way for comprehensive studies of
olymeric materials.
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