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Characterization of EO-PO Block Copolymers by

Liquid Chromatography Under Critical Conditions

Bernd Trathnigg,1 Alexei Gorbunov2

Summary: Block copolymers of ethylene oxide (EO) and propylene oxide (PO) are

characterized by liquid chromatography under critical conditions (LCCC) for EO. At the

critical adsorption point (CAP) for one structural unit, the non-critical block can elute

in size exclusion (SEC) or adsorption (LAC) mode. Depending on the molar mass and

architecture of the polymers, different strategies are applied. For samples with a

higher molar mass, the SEC separation is the method of choice, while lower molar

masses also allow a LAC separation. Examples for both situations are given, which

show, that these approaches yield different information. In the SEC mode, homo-

polymers and diblocks can be separated from the triblocks. In LAC mode, a baseline

resolution of individual oligomers can be achieved, in which homopolymers, diblocks

and triblocks with the same number of repeat units of the non-critical block have the

same elution volume.
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Introduction

Block copolymers of ethylene oxide and

propylene oxide are in widespread use in

various other applications, which utilize

their amphiphilic nature: the EO block is

hydrophilic, and the PO block hydropho-

bic. Especially important are EO-PO-EO

triblocks, which are often called poloxa-

mers (the commercial names are Pluronics

or Synperonics). These products are pro-

duced by ethoxylation of polypropylene

glycol (PPG), while PO-EO-PO triblocks

are prepared by propoxylation of poly-

ethylene glycol (PEG).

The desired triblocks will only be

formed, if alkoxylation proceeds on both

ends of the starting material. While the two

primary OH groups of PEG may react with

the same probability and rate, this is not the
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case with PPG. A PPG chain typically

contains one secondary OH groups, which

react more slowly, and sometimes also an

allyl end group, which does not react at all.

Allyl end groups can be present already in

the starting material, but may also be

formed during the alkoxylation by hydrogen

abstraction from the methyl group of the

growing PO chain end, which is thus

terminated[1]. This chain transfer reaction

results in two side products: homopolymers

and diblocks.

Obviously, the properties of these pro-

ducts are strongly influenced by the dis-

tributions of molar mass, functionality,

chemical composition, architecture, and

content of homopolymers and diblocks.

The specification given by the producers

are, however, generally far from complete:

inmost cases the overall molarmass and the

overall composition (the average EO con-

tent) are given, which does not mean, that

they have really been determined: they

are typically calculated from (number)

average molar mass of the starting material

and the monomer consumption in the

alkoxylation.
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Table 1.
Situations in liquid chromatography of EO-PO block
copolymers

Situation Column Mobile phase EO PO

1 RP polar LCCC LAC
2 RP non-polar SEC LCCC
3 NP polar LCCC SEC
4 NP non-polar LAC LCCC
Consequently, there is a strong need for

reliable analytical methods, which allow a

full characterization of such products: this

means an independent determination of the

distributions mentioned above.

This can be achieved by different chro-

matographic techniques, which separate

according to different criteria. The mechan-

ism of chromatographic separation is deter-

mined by the so-called interaction parameter

c, which describes the interaction of a

structural unit with the stationary phase [2].

This parameter is negative in Size Exclusion

Chromatography (SEC) and positive in

Liquid Adsorption Chromatography (LAC).

At the Critical Adsorption Point (CAP)

the interaction parameter equals zero, and

the correponding block becomes ‘‘chroma-

tographically invisible’’. [3–6] This effect is

utilized in Liquid Chromatography under

Critical Conditions (LCCC), which allows a

separation of polymer homologous series

according to their functionality [4,7–9].

In the case of amphiphilic polymers the

interaction parameters cA and cB of the

individual structural units (A and B) may

assume different values.

If both cA and cB are negative, the molar

mass distribution (MMD) can be deter-

mined by Size Exclusion Chromatography

(SEC), with retention decreasing with

increasing molar mass, and only a minor

influence of chemical composition. With

dual detection, the chemical composition

along the peak can be obtained[10–12].

If both cA and cB are positive, a

separation by LAC (with retention increas-

ing exponentially with the number of repeat

units) can be achieved, if one of the blocks

is monodisperse. If, however, both blocks

are polydisperse and cA 6¼ cB, superimposed

series of peaks will be observed, which can

hardly be resolved.

If one of the parameters is positive and the

other one negative, each polymer homo-

logous series will elute in SEC order, but far

behind the void volume of the column. This

mechanism is called Liquid Exclusion-

Adsorption Chromatography (LEAC) [13,14].

It can be utilized in the separation of

monofunctional oligomers with a mono-
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disperse adsorbing block or end group. In

the analysis of block copolymers, LEAC

may only be applied as the second dimen-

sion in two-dimensional chromatography.

If one of the interaction parameters (cA
or cB) equals zero, the corresponding block

becomes ‘‘chromatographically invisible’’,

and a separation according to the other

block can be achieved (Liquid Chromato-

graphy under Critical Conditions: LCCC).

Depending of the corresponding interac-

tion parameter, this separation may follow

a SEC [15–17] or LAC [18–20] mechanism.

In the case of triblock copolymers, the

influence of architecture has to be taken

into account [21–26]: while the triblock A-B-

A behaves like the diblock A-B at the CAP

for A, the B-A-B triblock shows a very

different pattern. Even at the CAP for the

center block (A), a separation according to

its size will be observed, as long as A is

rather short. For higher polymers, the

difference between A-B-A and B-A-B

structures may be rather small. Depending

on the architecture, molar mass and

chemical composition of block copolymers,

there are different strategies for their

characterization.

SEC yields the overall molar mass

distribution (MMD); with dual detection

one may obtain information on the chemi-

cal composition along the MMD [12,27,28].

SEC can, however, not discriminate the

polymer homologous series in mixtures of

diblocks, triblocks, and homopolymers!

At the CAP for the EO unit, a separa-

tion according to the PO block(s) may be

achieved by a SEC or a LAC mechanism,

and vice versa.

The possible situations in LCCC of EO-

PO copolymers are summarized in Table 1.
www.ms-journal.de
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Critical conditions for the (more polar)

EO block have been found on reversed

phase columns in aqueous methanol, acet-

one, or acetonitrile. In such systems, the

less polar PO block elutes in LAC mode

(situation 1 in Table 1).

In the literature, there are numerous

papers on critical conditions for the EO

unit: most of them use C18 columns, on

which a critical adsorption point (CAP) for

EO is observed (typically at 258C) in

methanol-water (80–90%),[20,29] aceto-

nitrile-water (35–45%)[18,19,30,31] and acet-

one-water (25–30%).,[22,24] On CN

columns, critical conditions for EO

have been reported in methanol-water

(85%)[20] or 44% at 508C[20]), acetonitrile-

water (28%),[31] and dimethoxyethane-

water (21.5%).[31]In all of these systems,

PO elutes in LAC mode.

This approach is, however, not very

favorable, if themolar mass of the PO block

is high, as molecules with a long PO block

may be strongly retained. Obviously, gra-

dient elution cannot be used to solve this

problem, regardless the nature of the

gradient: mobile phase composition or

temperature[23]: in both cases the critical

conditions would be lost.

One may also find critical conditions for

the PO unit on a RP column in a different

mobile phase composition (with a higher

content of organic solvent): in this case EO

elutes in SECmode. The opposite is possible

on normal phase columns: at the CAP for

the EO unit, PO elutes in SEC mode, while

EO elutes in LAC mode at the CAP for PO

(provided that such critical points exist).

For the typical molar mass range of

poloxamers, situations 1 and 4 are not very

favorable, as the retention of the adsorbing

blockmay be too high (or the resolution not

sufficient).

As we have shown previously[32], situa-

tions 2 and 3 can be successfully applied in

the analysis of poloxamers: a separation of

the non-critical blocks by SEC allows not

only the determination of their MMD, but

shows also the presence of homopolymers,

if they are sufficiently separated from the

block copolymers.
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Experimental

These investigations were performed using

the density detection system DDS70

(CHROMTECH, Graz, Austria). Data

acquisition and processing was performed

using the software package CHROMA,

which has been developed for the DDS70.

The columns and density cells were placed

in a thermostatted box, in which a tempera-

ture of 25.08C was maintained for all

measurements on both systems (A and B).

In System A, the mobile phase was

delivered by a JASCO880 PUpump (Japan

Spectrosopic Company, Tokyo, Japan) at a

flow rate of 0.5 ml/min. Samples were

injected manually using a Rheodyne 7125

injection valve (Rheodyne, Cotati, CA,

USA) equipped with a 50 ml loop. A

Bischoff 8110 refractive index (RI) detector

(Bischoff, Leonberg, Germany) was con-

nected to the DDS 70.

Columns were connected to two column

selection valves (Rheodyne 7060).

In system B, the mobile phase was

delivered by an ISCO 2350 HPLC pump

and an ISCO 2360 gradient programmer

(from ISCO, Lincoln, Ne, USA) at a flow

rate of 0.5 ml/min. Samples were injected

using an autosampler Spark SPH 125 Fix

(from Spark Holland, Emmen, The Nether-

lands) equipped with a 20 ml loop.

A SEDEX 45 ELSD (Sedere, France)

was connected to the DDS 70. Nitrogen was

used as carrier gas, the pressure at the

nebulizer was set to 1.0 bar. Evaporator

temperature: 308C
The following columns were used in

both systems:
� J
ordi Gel DVB 500 RP: 100% poly(di-

vinylbenzene); 250� 4.6 mm; particle

diameter¼ 5 mm; nominal pore size¼
500 Å, (Jordi, Bellingham, MA, USA)
� D
iscovery HS PEG, silica-based PEG

phase; 250� 4.6 mm; particle dia-

meter¼ 5 mm; nominal pore size¼
120 Å (Supelco, Bellefonte, PA, USA)
� N
ucleosil 100-5 OH 5 mm, silica-

based diol phase; 250� 4.6 mm; parti-

cle diameter: 5 mm; nominal pore
www.ms-journal.de
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Fig

M

ge

�

size¼ 100 Å (Macherey-Nagel, Dueren,

Germany)
� N
ovapak C18: silica-based octadecyl

phase; 300� 3.9 mm; particle dia-

meter¼ 4 mm; nominal pore size¼
60 Å (Waters, Milford, MA, USA)
SEC measurements were performed on

a modular SEC system comprising of a

Gynkotek 300C pump equipped with a

VICI injector (sample loop 100 ml), two

column selection valves Rheodyne 7060, a

density detection system DDS 70 (Chrom-

tech, Graz, Austria) coupled with an ERC

7512 RI detector. Data acquisition and

processing was performed using the soft-

ware CHROMA.

SEC measurements were performed on

a set of two columns PLgel (10 mm),

103þ 104 Å, 300� 7.8 mm each (Agilent)

at a flow-rate of 1.00 ml/min and a column

temperature of 30.08C. Sample concentra-

tions were 3.0–10.0 g/l.

The solvents (chloroform, acetone,

methanol and water, both HPLC grade)

were purchased from Roth (Karlsruhe,
ure 1.

MD and chemical composition of Pluronic F 108, as obt

l 103 þ 104Å, CHCl3).

2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
Germany) and Merck (Darmstadt, Ger-

many).

Mobile phases were mixed by mass and

vacuum degassed, their composition was

controlled by density measurement using a

DMA 60 density meter equipped with a

measuring cell DMA 602M (A. Paar, Graz,

Austria).

PEG and PPG samples were purchased

from Sigma-Aldrich and FLUKA (Buchs,

Switzerland), EO-PO block copolymers

from Sigma-Aldrich, BASF and SERVA.

Several polymer samples were also

provided by ‘‘Blachownia’’ Institute of

Heavy Organic Synthesis, (Kędzierzyn-

Koźle, Poland).
Results and Discussion

If triblock copolymers are analyzed by SEC

with coupled density and RI detection, one

can often observe a shoulder with lower

molar mass and a different chemical

composition compared to themain fraction.

Figure 1 shows the MMD thus obtained

for Pluronic F 108.
ained by SEC with coupled density and RI detection (PL

www.ms-journal.de
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According to the specification given by

the producer (BASF), this sample contains

141 EO and 44 PO units (corresponding to

an overall molar mass of 14960 or 2552 for

the PO block and 12408 for the sum of the

EO blocks).

As can be seen, this shoulder has a

considerably lower molar mass and a lower

EO content than the main fraction. SEC

can, however, not identify this fraction: It

may be a diblock, but can as well contain

the homopolymers PEG or PPG (as is also

the case for the main fraction!).

This information can only be obtained

by combination with a different separation

mechanism: LCCC. As the individual

blocks in this polymer are quite large,

one would need a system, in which critical

conditions for one block exist, while the

other block elutes in SEC regime (corre-

sponding to situations 2 and 3 in Table 1).

On most RP columns, two critical points

for PEG are observed in acetone – water

mobile phases (Figure 2): at the first one

(around 25–30 wt-% acetone) PO elutes in

LAC mode with a much too high retention

to separate higher oligomers. The second

CAP (at about 90 wt-% acetone) is also
Figure 2.

Elution volumes of PEG with different molar mass on th

different composition (in wt.%).
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close to critical conditions for PO and thus

not useful in the analysis of poloxamers.

The reason for this second critical point is

the existence of residual silanol groups,

interaction of which with the polar EO

group is compensated by exclusion.

On polymer-based RP columns, which

do not contain silanol groups, the CAP for

PO (at about 90% acetone) can be utilized,

as PEG elutes under these conditions in

SEC mode, as can be seen in Figure 3.

In a previous paper[32]we have shown,

that this system allows a separation accord-

ing to the length of the EO blocks (situation

2 in Table 1).

In Figure 4 a comparison of polox-

amers from different producers, but with

similar specification is shown: the peak of

the copolymer in Synperonic F 108 is

somewhat wider than that in Pluronic F

108, and both polymers do not contain

PPG homopolymer (as could be expected:

it is not very likely, that none of the end

groups in the starting material reacts at all

with EO).

The other case is much more important:

on a normal phase column, PO would elute

in SECmode aat the CAP for EO (situation
e Novapak column in aceton-water mobile phases of

www.ms-journal.de
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Figure 3.

Elution volumes of PEG and PPG with different molar mass on the Jordi column in aceton-water mobile phases of

different composition (in wt.%).
3 in Table 1). This can be achieved on a diol

column in about 80 wt-% acetone, as we

have shown previously[32].

Under these conditions, one can see,

that there is some PEG in these samples,
Figure 4.

Chromatograms of PPG 1000, water, and two poloxamers,

– water. Detection: RI.
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but also a shoulder, which should contain

the diblock.

For samples with rather short PO blocks,

one might prefer the situation 1 (LAC for

PO at the CAP for EO).
as obtained on the Jordi column in 91.73 wt-% acetone

www.ms-journal.de
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Figure 5.

Chromatograms of poloxamers and PEGs, as obtained on the Diol column in 78.54 wt-% acetone - water.
This can be achieved on RP columns at

the first critical point in acetone – water

with about 30 wt-% acetone. In such a

mobile phase, retention is rather high,

which allows a separation just of the lowest

PO oligomers in a reasonable time.

The main question is here, whether the

prediction of the theory[24,33] is correct: at

the CAP for A and LAC conditions for B,
Scheme 1.

Reaction scheme of sequential alkoxylation of a monod
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the elution behaviour of ABA triblocks and

AB diblocks should be the same.Moreover,

one could ask, whether symmetry in tri-

blocks has to be taken into account.

For this purpose, various block copoly-

mers with one monodisperse EO block

were synthesized at ICSO by stepwise

alkoxylation of triethylene glycol mono-

methyl ether according to Scheme 1.
isperse EO oligomer.

www.ms-journal.de
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Figure 6.

Chromatograms of different diblock and triblock oligomers and dipropylene glycol monomethyl ether, as

obtained on the Jordi column in 30 wt-% acetone – water. Detection: RI.
The synthesis will be described in full

detail in another communication.

Obviously, the individual oligomers with

the same number of PO units elute at the

same position, regardless their EO content

and architecture. The double peak of

dipropylene glycol monomethyl ether is

due to the existence of isomers.

If this technique shall be applied to EO-

PO_EO triblocks with longer PO blocks, a

different mobile phase must be used: as can

be seen in Figure 7, a CAP for EO exits on

the Novapak column in 80 wt-% methanol.

In such a mobile phase, PPG with an

average molar mass of up to 1000 can be

separated by LAC almost to the baseline.

Compared to the chromatograms

obtained with two EO-PO-EO triblocks

with a similar PO block, but different EO

blocks shows a remarkable pattern: The

peaks of the individual oligomers with the

same number of PO units elute at the same

position, only for the polymer with long EO

blocks they are slightly shifted towards

lower elution volumes. This may be due to

the fact, that the Novapak column has a

rather low pore diameter. In the sample
� 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
with 10% EO the peaks of the lower

oligomers are considerably higher, which

might indicate, that the coversion of the

lower PO oligomers with EO could be

higher than that of the higher ones. It must

be mentioned, that the sensitivity of the

ELSD for EO is somewhat higher than that

for PO (at least in such a mobile phase).
Conclusions

In the characterization of EO-PO block

copolymers different strategies have to be

chosen. Size exclusion chromatography

with coupled density and RI detection

provides information on the overall molar

mass distribution as well as the chemical

composition along the MMD. An unambig-

uous identification of low molecular frac-

tions as homopolymers of diblocks can only

be achieved by a combination of SECwith a

different chromatographic separation

under critical conditions for one of the

blocks, while the other one elutes in SEC or

LAC mode. For samples with higher molar

mass, the first option is the method of
www.ms-journal.de
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Figure 7.

Elution volumes of PEG with different molar mass on the Novapak column in methanol-water mobile phases of

different composition (in wt.%).
choice. This situation (CAP for one block

and SEC for the other one) can be observed

on different columns. Lower di- and tri-

blocks can also be analyzed at the CAP for

EO under LAC conditions for PO. In
Figure 8.

Chromatograms of PPG 1000 and different triblock copoly

acetone – water. Detection: ELSD.
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methanol-water a baseline separation of

oligomers in PPG up to an average molar

mass of 1000 can be achieved. At the CAP

for A, the same elution behaviour is

observed for ABA triblocks, AB diblocks
mers, as obtained on the Novapak column in 80 wt-%

www.ms-journal.de
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and B homopolymers, as is predicted by the

theory.
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