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Abstract

Two different size-exclusion chromatography (SEC) systems, connected in-line either to a low-angle light scattering (LALS) or to a multi-
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ngle light scattering (MALS) detector, are employed for determination of molecular mass distributions (MMD) of poly(ethylene oxid
amples having a weight average molecular mass up to eight millions. The detrimental effect of the presence of strongly scatt
articles in the samples on the light scattering signal can be eliminated using a suitable sample dissolution procedure utilizing silic

n aqueous mobile phase. The selection of flow-rate and sample concentration have a large impact on the obtained results. Hy
etardation phenomena and nonlinearity effects are shown to introduce severe errors in the molecular mass distributions unless fl
ample concentration are kept at sufficiently low levels. Self-compensating ability of the dual detection in flow-rate effects is show
ain advantage here. A good agreement between the results obtained using LALS and MALS detection is found provided that

elected angular extrapolation procedure is used in the case of MALS data. Thus, using carefully selected experimental condition
ight-scattering (LS) and refractometric detection proved to be an efficient technique for MMD characterisation also of ultra-high m

ass (UHM) PEO polymers.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Ultra-high molecular mass poly(ethylene oxide) (PEO) is
idely used in various industrial applications as thickeners,
occulants and flow-improving agents[1]. Commercial prod-
cts, which are not expected to have narrow molecular mass
istributions (MMD), are usually characterized only by ap-
roximate molecular mass and solution viscosity at a fixed
oncentration. Although this may be adequate in large-scale
ses, such as concrete pumping[1], more precise character-

zation of their specific pharmaceutical qualities in terms of
olecular mass and its distribution is highly desirable.

∗ Corresponding author. Tel.: +420 296 809 350; fax: +420 296 809 410.
E-mail address:porsch@imc.cas.cz (B. Porsch).

Size-exclusion chromatography of ultra-high molec
mass (UHM) water-soluble polymers having broad mole
lar mass distributions is still a challenge. General obsta
to be expected here were summarized by Giddings[2]: (1)
flow suppression in pores, (2) shear degradation, (3)
equilibrium transport between mobile and stationary ph
(4) group of hydrodynamic phenomena termed as pola
tion effect, hydrodynamically induced diffusion, stress
duced diffusion, and multipath effect, all of them leading
retardation of large coils, (5) hydrodynamic chromatogra
mode leading to accelerated elution, (6) concentration de
dent partition coefficient (non-linearity).

Flow suppression in pores is necessary to maintain
resolution. Separation of UHM polymers requires sufficie
wide pores that must have sufficient depth to keep s

021-9673/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2005.01.074



250 B. Porsch et al. / J. Chromatogr. A 1068 (2005) 249–260

nant mobile phase. It is easy to calculate that PEO sample
havingMw = 106 andMw/Mn = 3 and, if described by Pear-
son’s distribution, would contain molecules in theM range
from 105 to 2× 107. For the same polymer, described by
Schulz–Zimm distribution, would follow theM range from
103 to 107. From PEO data of Devanand and Selzer[3], gy-
ration radiusrg = 388 nm can be calculated forM= 2× 107

and transformed to hydrodynamic diameter ca. 600 nm us-
ing [4] rg/rh = 1.33, whererh is hydrodynamic radius. Gid-
dings’s calculations[2] then predict a minimum column pack-
ing particle size above 15�m to satisfy the condition of
pore flow suppression for a broad PEO having not excep-
tionally highMw = 106. This should be borne in mind any
time when broad UHM polymers are analyzed by a SEC
technique.

UHM polymers have to be expected to be particularly sus-
ceptible to shear degradation during SEC analysis. There is a
common agreement that shear force, being a product of veloc-
ity gradient and solvent viscosity, is a decisive parameter here.
Thus, water-soluble polymers should be more prone to shear
degradation, when compared with organic polymers of the
sameM in tetrahydrofuran (THF), by a factor of two result-
ing from solvent viscosity difference. A natural requirement
for lowering flow-rate to reduce velocity gradient contradicts
high-speed SEC experiments here. Shear forces generated in
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Briefly speaking, retardation of UHM polymers summa-
rized as a group of hydrodynamic phenomena[2] results from
a complex flow pattern due to hydrodynamic, diffusion and
inertial forces acting on very large coils in SEC columns.
Several authors noticed these effects[2,5,7,9,14]; the domi-
nant mechanism is difficult to distinguish because all of them
yield particle retardation.

The hydrodynamic chromatography mode has been shown
to give similar elution order to that of SEC (the largest coils
eluted first) on nonporous packed beds[15,16]. This may
be relevant in the case of UHM polymers as a transition re-
gion close to and above the exclusion limit of SEC columns
[17,18].

Non-linearity, which manifests itself as a concentration-
dependent elution volume, is related to changes of polymer
hydrodynamic volume as a decisive separation parameter. Be-
cause polymer concentration varies within a polymer peak as
well as along the SEC column due to successive band broad-
ening, this effect, if present, would affect the shape of the
eluted peak in a complex way. The general assumption in
SEC that concentration (variable from the baseline to the
peak top) is low enough to allow the use of infinite dilution
approximation may not be true in the case of UHM polymers.
Model calculations of concentration-dependent elution vol-
umes[19,20] indicate a clear connection to the changes of
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he packed bed are assumed to be the main source of
egradation. Barth[5] pointed out that extra-column sourc
f degradation (injection valve, capillary tubing and colu

rits) cannot be neglected because quite high shear f
an be generated especially in modern hardware optim
o minimize extra-column band broadening. Numerous s
es of polymer degradation during SEC analysis have
ublished, mostly using narrow MMD polystyrenes in T

6–11]. Sometimes contradictory results may be probabl
ribed to the differences in extra-column hardware use
arious authors. The recommended conditions[11] to avoid
egradation of polystyrene (M= 17× 106) in THF were flow-
ate≤0.2 ml/min, column particle size 20�m and injected
oncentration≤0.01%. There is rather general agreement
elow a certain critical molecular mass no chain rupture t
lace at a given shear stress. This implies further difficu

n the case of polymers having broad MMD[2,12]; also, grea
ifferences in sensitivity to shear stress may be observe
ifferent polymers, as shown by easily degradable PEO
on degradable carboxymethyl cellulose under identical
itions[13].

Non-equilibrium in the stationary phase, which is c
rolled by the diffusion into and out of the pores, beco
ncreasingly important for UHM polymers. The relevant
ective diffusion coefficient is proportional to the bulk solu
olvent diffusion coefficient multiplied by an obstructive f
or characterizing pore network of support particles[2]. Be-
ause bulk diffusion coefficient depends onM−α, whereα is
sually between 0.5 and 0.6, this effect must be also exp

o vary along the MMD distribution in the case of broad UH
olymer.
rolymer coil dimensions with concentration as manife
y concentration dependence of reduced viscosity (Hug
quation) or reduction of intensity of scattered light (s
nd virial coefficient term). The coil overlap concentrat
* ≈ 1/[η], where [η] is intrinsic viscosity, means a conce
ration where coils just touch each other in bulk solvent
me; it is mostly used as a criterion of sufficient diluti
odel Brownian dynamics simulations have shown[21] that
significant chain overlap is observed even at concentra
s low as 0.3c* . Hence, the concentration where coil in
ctions become negligible should be considerably low
elowc* . For instance, to obtain concentration-indepen
lution volumes for hyaluronic acid[22], injected polyme
oncentration had to be reduced below 0.01% forM around
06. The value of 0.3c* for PEO havingM= 107 can be
stimated to be around 0.008% using the Mark–Houw
quation for PEO from[1]. Because on-column dilution m
e expected to reduce solute concentration by a fact

en for a broad polymer sample, a very high sensitivity
aseline stability of a differential refractometer (DRI)
equired.

To find conditions of a correct SEC analysis of UHM PE
ree of all effects discussed above, seems impossible
ystem used is equipped with a DRI unit only, because no
ow standards exist in this range. The addition of a mol
ar mass-sensitive detector will allow differentiating betw
ossible shear degradation and other flow-rate and mo

ar mass-dependent detrimental effects. These effects s
ead to distortions of the logM versus elution volume ca
ration, accessible when a combination of a light-scatte
LS) and DRI detection is used. The use of a SEC col
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set or a mixed bed column optimized to provide linear logM
versus elution volume calibration in a sufficiently wide inter-
val of M (in the case of SEC experiment free of the above
obstacles) should then facilitate the optimization of SEC
conditions.

The angular dependence of scattered intensity becomes
increasingly important in the case of UHM polymers having
particle sizes in the range of several hundreds of nanometers
(see above). Two possibilities exist here to obtain the desir-
able values of scattered intensity corresponding to zero angle.
The first is to use LALS detection at an angle low enough to be
able to neglect the effect of angular dependence. The second
one is to use a MALS detector measuring scattered inten-
sity at many fixed angular positions and to extrapolate the
obtained values to zero angle. Because the extrapolation of
LS intensity to zero angle may be affected by various errors
[23], the use of both LALS and MALS detectors for the same
samples may provide additional information concerning re-
liability of angular extrapolation of LS intensity in the case
of UHM polymers.

An additional difficulty, related to the extreme sensitiv-
ity of LS detection to solid dense particles/impurities, must
be taken into the account in the case of UHM PEO poly-
mers, known to contain around 3% of fumed silica particles
[24]. Such particles, having broad particle size distribution
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2. Experimental

2.1. Materials

POLYOX® PEO samples WSR-205, WSRN-12k, WSRN-
60k, WSR-301and WRS-308 having nominal molecu-
lar masses 600 000, 1 000 000, 2 000 000, 4 000 000 and
8 000 000, respectively, were products of Union Carbide
Corp. (Danbury, CT, USA). According to the manufacturer,
they contain butylated hydroxytoluene (< 0.1%), calcium
as mixed salts (< 1%) and fumed silica (< 3%). Analytical
reagent grade NaCl was obtained from Merck (Darmstadt,
Germany) and used without further purification. Water was
from a Millipore Milli-QPLUS

UF ultrapure water purification
unit (Millipore Corp., Bedford, MA, USA).

2.2. Chromatography

2.2.1. SEC–LALS/RI system (Prague)
Modular chromatograph consisted of a Pharmacia P-500

pump (Pharmacia & Upjohn, Uppsala, Sweden), a Pharma-
cia injection valve V-7 with 200�l loop (Pharmacia & Up-
john, Uppsala, Sweden), a Chromatix KMX-6 LALS detector
(LDC/Milton Roy, Sunnyvale, CA) and a Waters 2410 differ-
ential refractometer (Waters Assoc., Milford, MA) connected
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nd an average size 200–300 nm are strong scattere
ust be somehow removed before light-scattering ex
ent. However, the low-angle light-scattering (LALS)

ector can see spikes from individual particles smaller
00 nm[25]: preparative ultracentrifugation cannot be
ected to remove all of them. Fortunately, amorphous s

s known to be sparingly soluble in water[26], essentially
n the form of monosilicic acid, at the level 70–150 ppm
5◦C, depending on sample history and its porosity. Ki

cs of dissolution may be very slow unless the sample
rather high specific surface[26]; this requirement shou

e satisfied in the case of fumed silica[27] component o
EO samples. Because the injected concentrations of
EO have to be below 0.01% to prevent the obstacles

ioned above, the silica concentration would be about 3 p
.e., much below its equilibrium solubility. Hence, a prom
ng way to circumvent LS detection problems is outlin
ere.

It will be shown in this work that silica solubility allow
rouble-free UHM PEO analysis using LS detection provi
hat a proper sample dissolution procedure is used.

Then, the appearance of the above mentioned obs
ill be shown to be dependent on flow-rate, sampleM and

ts concentration and the SEC–LALS–RI experimental
edure will be optimized to obtain a correct SEC separa
echanism giving non biased molecular mass distribut
he results of comparable SEC experiments using m
ngle light-scattering detector (MALS–RI) with optimiz
ngular extrapolations of light scattering data will be sh

o agree with LALS–RI measurements under optimum S
onditions.
hrough a Black Star (Huntingdon, UK) 2308 A/D conve
o an IBM-compatible computer. On-line RI–LALS arran
ent allows the simultaneous determination ofM andc at
ny elution volume (“slice”). The following relation is va

or Rayleigh scattering from polydisperse polymer/solv
ystem at low angle (6–7◦):

K∗c
RΘ

= 1

Mw
+ 2A2c (1)

herec is the concentration of scattering species,RΘ the
xcess Rayleigh scattering factor,Mw the weight averag
olecular mass of scattering species andA2 the second viria

oefficient.K* = (2πn2/NAλ4)ν2 wheren is the refractive in
ex of the solvent,λ the wavelength in vacuo (633 nm),NA

he Avogadro constant andν the refractive index increme
f the scattering species in the solvent used. If correct s
ation takes place, the polymer seen at a slice is assum
e monodisperse. Angular dependence of the scattered

s omitted at the low angle used. Polydispersity and col
and broadening dilutes the sample considerably; henc

erm A2c may be neglected if the concentration of the
ected solution is low enough. Conventional calibration loM
ersus elution volume (Ve) is thus directly obtained. Hom
ade software (M. Netopilı́k, Institute of Macromolecula
hemistry) allows on-line data accumulation and all ca

ations of molecular mass distributions and their avera
TSKgel GMPW linear (7.5 mm× 600 mm) column, pa

icle size 17�m, in series with (7.5 mm× 75 mm) TSKge
uard column (both Watrex, Prague, CR) were used. No

olumn filter was between the column and LALS as we
ALS detector.
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2.2.2. SEC–MALS/RI system (M¨olndal)
The separation column was a TSK-GEL GMPWXL

7.8 mm× 300 mm, particle size 13�m, a linear mixed
bed size exclusion column. The pump was a Shimadzu
LC10AD liquid chromatography pump (Shimadzu Corp.,
Tokyo, Japan). The degasser used was a Gastorr 154 (Gastorr,
Japan). The polymer samples were injected with a Perkin-
Elmer 200 LC autosampler (Perkin-Elmer Corp., Norwalk,
CT, USA) equipped with a 100�l sample loop. The mobile
phase was 0.10 M sodium chloride (p.a., Merck, Darmstadt,
Germany) solution filtered with a 0.22�m mixed cellulose
ester filter GSWP (Millipore Corp., Bedford, MA, USA). The
temperature in the carrier was approximately 297 K. A stain-
less steel high-pressure filter holder, 25 mm, (Millipore Corp.,
Bedford, MA, USA), with a 25 mm× 0.025�m VSWP filter
(Millipore Corp., Bedford, MA, USA) was connected directly
to the pump on-line.

The light scattering photometer was a DAWN–EOS multi-
angle light scattering instrument (Wyatt Technology, Santa
Barbara, CA). Simultaneous concentration detection was per-
formed using an Optilab DSP interferometric refractometer
(Wyatt Technology, Santa Barbara, CA). Both detectors used
a wavelength of 690 nm. Filtered toluene (Merck, Darmstadt,
Germany) was used for calibration of the MALS detector and
sodium chloride (Suprapur, Merck, Darmstadt, Germany) for
c rs at
d zed
t -50
( an).
B O.)

was used to determine the interconnection volume between
the detectors (0.129 ml). The signals from the two detectors
were analyzed by ASTRA software (ASTRA for Windows
4.73) (Wyatt Technology, Santa Barbara, CA, USA). Berry
plot ([(K*c)/RΘ]1/2against sin2(θ/2)) and random-coil-forced
fit available in the software were used to extrapolate angu-
lar dependence of the (K*c)/RΘ term (Eq.(1)) to zero angle
according to recommendations following from recently pub-
lished model calculations[23]. The recovery was obtained
from the ratio of the mass eluted from the column (deter-
mined by integration of the refractometer signal) to the mass
injected.

The value of PEO refractive index increment dn/dc= 0.135
[3] was used in both cases.

3. Results and discussion

The evidence that a proper silica dissolution procedure
can be utilised to remove detrimental spiking of LS signal
follows fromFig. 1.

The LS signal from two consecutive injections of PEO
4 000 000 sample dissolved for 48 h to 0.2% solution, diluted
1:19 and stirred for 20 min to givecinj 0.01%, is presented
in Fig. 1a. No spikes are observed before PEO peak after the
fi tion
s the
S tion
o ed at
l line

F tion an % solution
(

alibration of the refractive index detector. The detecto
ifferent angles in the MALS instrument were normali

o the 90◦ detector using low polydisperse pullulan P
Shodex STANDARD P-82, Showa Denko, Tokyo, Jap
ovine serum albumin (Sigma Chemical Co., St. Louis, M

ig. 1. LS response of PEO 4 000 000 dissolved for 48 h to 0.2% solu

b) without any post-column filter at 0.32 ml/min.
rst injection and a lot of them appeared when PEO elu
tarts. The elution of silica particles continued far after
EC elution interval as illustrated by the second injec
f the same sample. Then, the column had to be rins

east with five column volumes to restore the LS base

d injected 20 min after dilution 1:19 (a) and dissolved for 48 h to 0.01
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Fig. 2. Evidence of the presence of monometric silica in 0.04% solution of PEO 600 000.

free of spikes. The LS response of another sample solution
prepared by direct 48-h dissolution to 0.01%, completely free
of spikes, is compared with the previous solution inFig. 1b.
Because molecular masses of this sample (calculated from
repeated experiments) remained constant for next 5 days, it
was concluded that 48 h is a sufficient time to obtain complete

silica dissolution. A qualitative evidence of the presence of
monomeric silica in the sample solution follows fromFig. 2.
Monosilicic acid is seen in the PEO solution as a small pos-
itive peak following small negative NaCl peak here. Hence,
the 48-h dissolution of PEO samples to 0.01% (or lower)
solution was used as a standard procedure in this work.
Fig. 3. RI (a) and LS (b) signal of PEO 4 000 000 as a
 function of injected polymer concentration at 6 ml/h.
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Fig. 4. logM= f(Ve) calibrations of PEO 4 000 000 as a function of injected polymer concentration at flow-rate 6 ml/h (a) and 12 ml/h (b).

The effect of variation of injected concentration of PEO
4 000 000 as seen with RI detector at flow-rate 6 ml/h is de-
picted inFig. 3a. The corresponding LS traces are presented
in Fig. 3b.

A clear shift of both signals indicating nonlinear SEC con-
ditions at higher concentrations is seen. The corresponding

straight line plot of logM= f(Ve) (expected for the linear col-
umn used) is obtained only at the lowest injected concentra-
tion (0.0061%) and distortion of these calibrations increases
with increasing injected concentration as shown inFig. 4a.
The respective calibrations obtained at 12 ml/h are shown in
Fig. 4b.

a funct
Fig. 5. logM= f(Ve) calibrations of PEO 4 000 000 as
 ion of flow-rate at injected polymer concentration 0.0061%.



B. Porsch et al. / J. Chromatogr. A 1068 (2005) 249–260 255

Table 1
Molecular masses and polydispersities of PEO 4 000 000 as a function of flow-rate and concentration (SEC–LALS–RI)

Flow-rate (ml/h) Concentration (%); (A2 effect, %)

0.0061 (3.8) 0.0084 (5.1) 0.013 (8.3)

Mw × 10−6 Mw/Mn Mw × 10−6 Mw/Mn Mw × 10−6 Mw/Mn

6 3.95 4.9 3.91 5.0 4.08 13
12 4.02 5.7 4.02 5.7 3.97 7.5
20 4.16 4.2 – – 5.62 1.8

A detectable deviation from linear plot obtained at 6 ml/h
is visible here even at the lowest concentration and may be
interpreted as the manifestation of non-equilibrium in the sta-
tionary phase and/or hydrodynamic retardation conditions.
The effect of increased injection concentration at this flow-
rate is somewhat smeared out indicating that concentration,
non-equilibrium and hydrodynamic retardation effects are
coupled to some degree. BecauseFig. 4a indicates reduc-
tion of the concentration effect below the detection level at
cinj = 0.0061%, the flow-rate was varied at this concentra-
tion (Fig. 5). Let us note that salt peaks on RI trace were
always used as flow-rate markers in experiments at different
flow-rates. NeitherVe changes nor salt peak broadening were
observed.

Non-equilibrium and hydrodynamic retardation increas-
ing with flow-rate is seen here as an almost parallel shift of
calibrations toward higher elution volumes without any pro-
nounced curvature.Table 1summarises SEC results obtained
for PEO 4 000 000 as a function of flow-rate and injection
concentration in terms ofMw and polydispersitiesMw/Mn.

As expected, the weight average molecular masses (they
should be always correct being proportional to the ratio of
integrated LS and RI signals) are constant within the ex-

pected experimental error unless extremely wrong experi-
mental conditions (20 ml/h,cinj = 0.013%) are used. The er-
ror introduced at higher flow-rates and/or injected concentra-
tions affects polydispersity through biasedMn value. Clearly
incorrectMw/Mn values are obtained only atcinj = 0.013%.
The rest of results may be said to be close to the experimen-
tal error. This is corroborated by a comparison of molecular
mass distributions obtained at 6 and 12 ml/h inFig. 6.

These distributions reasonably match each other despite
of 16% difference in polydispersity. This is a natural conse-
quence of the definition of number–average determining its
extreme sensitivity to the presence of low-molecular mass
components. The example inFig. 6shows that a comparison
of broad polymers only in terms ofMw/Mn may be mislead-
ing and a comparison of their molecular mass distributions
should be always preferred. The results inFigs. 3–6and in
Table 1clearly indicate that the main advantage of dual de-
tection arrangement when compared with single RI detec-
tion setup consists in its significant self-compensation ability
of flow-rate effects. Having a single SEC–RI system, there
might be a temptation to interpret the RI traces inFig. 3a
as a result of shear-induced degradation. This is, of course,
incorrect as follows fromTable 1.

obtain
Fig. 6. Molecular mass distributions of PEO 4 000 000
 ed at 6 and 12 ml/h (injected polymer concentration 0.0061%).
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Fig. 7. logM= f(Ve) calibrations of PEO 8 000 000 as a function of injected polymer concentration at flow-rate 6 ml/h.

LALS or MALS/RI data are usually evaluated assuming
zero second virial coefficient, i.e., infinite dilution conditions.
Because second virial coefficient of PEO in water is known
[3], its values were introduced into the software used and the
data inTable 1were recalculated. The obtained changes of
Mw, expressed in % of difference fromMw calculated as-

suming zero second virial coefficient inTable 1, show that
this error is reduced well below 5% only at concentration
cinj = 0.0061% but may be evaluated as not exceptionally
high. It should be borne in mind that this data evaluation
procedure uses the slice concentrations (variable along the
concentration peak) obtained after the column passage, i.e.,

F
c

ig. 8. Molecular mass distributions of PEO 8 000 000 as a function of inject
oncentration 0.003% (b).
ed polymer concentration at 6 ml/h (a) and of flow-rate at fixed injected polymer
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Table 2
Molecular masses and polydispersities of PEO 8 000 000 as a function of flow-rate and concentration (SEC–LALS–RI)

Flow-rate (ml/h) Concentration (%); (A2 effect, %)

0.0030 (3.5) 0.0045 (5.6) 0.0055 (6.5) 0.009 (8.5)

Mw × 10−6 Mw/Mn Mw × 10−6 Mw/Mn Mw × 10−6 Mw/Mn Mw × 10−6 Mw/Mn

6 6.95 4.2 7.48 3.4 6.94 3.0 7.49 1.3
12 7.10 2.3 – – 7.06 2.5 – –

it includes on-column dilution. Because this dilution factor is
ca. 10, theA2 effect may be roughly 10 times larger when the
separation according to size starts on the column top. Hence,
it can be concluded that the distorted calibrations at higher
concentrations (Fig. 4) originate mainly from the initial phase
of separation (close to the column inlet) where changes of coil
size with injected polymer concentration should be relevant.

As expected, the effect of injection concentration is more
pronounced in the case of PEO 8 000 000 (Fig. 7).

The distortions of calibration plots logM= f(Ve) disap-
pear only whencinj is reduced to 0.003%. Moreover, an ap-
proximately parallel shift against the calibration obtained for
4 000 000 sample (Fig. 7) indicates that the flow-rate effect is
not negligible in this case (cf.Fig. 5). At least a twofold re-
duction of flow-rate would be necessary to obtain a common
linear calibration for both samples. Such experiments (dura-
tion 10 h) were performed but the difficulties with LS noise
and especially RI baseline stability became too large to obtain
non-biased logM= f(Ve) plots. Fortunately, a comparison of
molecular mass distributions, obtained at two lowest injec-
tion concentrations (Fig. 8a) at 6 ml/h, and atcinj = 0.003%
and flow-rates 6 and 12 ml/h (Fig. 8b), indicates that the er-
ror in MMD obtained atcinj = 0.003% and 6 ml/h should be

rather small. The calculated values ofMw andMw/Mn in
Table 2support this conclusion. Molecular masses are con-
stant within the experimental error and a gradual reduction of
polydispersity up tocinj = 0.0055% and 12 ml/h is seen. Nev-
ertheless, a too high injection concentration, 0.009%, leads to
incorrect logM= f(Ve) calibration (Fig. 7) and to completely
erroneous results inTable 2.

Fig. 9 shows that the concentration disturbance of
logM= f(Ve) calibration appears in the case of PEO 600 000
as well. As anticipated, the only difference is that higher in-
jection concentration is allowed in this case. Thus, the general
requirements for reliable SEC analysis of these PEO samples
result as follows:cinj ∼ 0.1c* or less and a maximum flow-
rate 6 ml/h (even less if possible). The use of linear mixed
bed column is highly recommended.

A comparison of logM= f(Ve) calibrations obtained for
all PEO samples investigated at flow-rate 6 ml/min is pre-
sented inFig. 10. It is seen that calibrations completely coin-
cide up to the 2 000 000 sample. Such a common calibration
should be obtained for all SEC experiments free of disturbing
effects. Non-equilibrium in the stationary phase and/or hy-
drodynamic retardation become visible for the next sample,
being more pronounced for the last one at flow-rate 6 ml/h.

a func
Fig. 9. logM= f(Ve) calibrations of PEO 600 000 as
 tion of injected polymer concentration at flow-rate 6 ml/h.
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Fig. 10. Comparison of logM= f(Ve) calibrations of all investigated PEO samples obtained at 6 ml/h and optimized injected polymer concentrations.

The respective molecular masses and polydispersities of all
samples investigated are presented inTable 3. The effect of
the second virial coefficient term is shown to be low enough
in all cases at injection concentrations used in the table. The
molecular mass distributions of all samples obtained under
optimized conditions are compared inFig. 11 showing an
increased asymmetry whenMw goes up.

SEC experiments with single RI detection were simulated
at 6 ml/h using the average straight line fit of calibrations ob-
tained for 600 000, 1 000 000 and 2 000 000 samples to cal-
culateMw andMw/Mn of all samples using the respective RI

Table 3
PEO molecular masses and polydispersities obtained at 6 ml/h and optimized
concentrations (SEC–LALS–RI)

NominalM cinj (%) Mw × 10−6 Mw/Mn A2 effect (%)

600 000 0.0103 0.859 3.8 1.6
1 000 000 0.0107 1.29 4.5 2.5
2 000 000 0.0100 2.09 4.1 2.9
4 000 000 0.0061 3.95 4.9 3.8
8 000 000 0.0030 6.95 4.2 3.5

ted PEO samples obtained at 6 ml/h and optimized injected polymer concentrations.
Fig. 11. Comparison of molecular mass distributions of all investiga
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Table 4
Molecular masses and polydispersities of PEO samples investigated obtained from SEC–MALS–RI experiments at 0.1 ml/min and their deviations from
SEC–LALS–RI data inTable 3

NominalM cinj (%) Berry 1st degree Random coil

Mw × 10−6 �Mw (%) Mw/Mn �(Mw/Mn) (%) Mw × 10−6 �Mw (%) Mw/Mn �(Mw/Mn) (%)

600 000 0.01 0.869a +1.1 3.3 −13 0.930a +8.2 4.3 +13
1 000 000 0.01 1.20a −7.0 2.9 −36 1.31a +1.5 3.6 −20
2 000 000 0.01 1.87a −10.7 1.9 −54 2.13a +1.9 2.3 −44
4 000 000 0.01 3.78b −4.4 3.1 −37 3.85b −2.5 5.0 + 2
8 000 000 0.006 4.82b −31 1.8 −57 4.93b −30 2.8 −33

MALS detectors: superscripts (a) 4–18 and (b) 4–9.

peaks. As expected, very good agreement (within 5%) was
obtained for the first three samples. The last two samples gave
Mw = 3.28× 106 (−17.1%) andMw/Mn = 7.4 and 4.66× 106

(−33%) and 7.5, respectively. Hence, the dual detection, be-
ing more tolerant to the side effects discussed above, should
be always preferred in SEC of UHM polymers.

The same set of PEO samples was investigated using
MALS/RI detection. Similar distortions and/or shifts of
logM= f(Ve) calibrations as shown above in the case of
LALS detection were observed when injection concentration
and/or flow-rate was varied. A typical example of distorted
calibration obtained for PEO 4 000 000 at 0.2 ml/min and
cinj = 0.025% can be found in ref.[23]. Hence, the optimized
injection concentrations found in LALS experiments were
used at flow-rate 0.1 ml/min also here. The results in terms of
Mw andMw/Mn are summarized and compared with LALS
results (Table 3) in Table 4. An additional difficulty was found
in a lower RI sensitivity of the MALS/RI setup used. The in-
jected concentration of the highest molecular mass samples,
PEO 4 000 000 and 8 000 000, had to be somewhat increased
to obtain reasonable signal-to-noise values of RI traces. It

follows from the table that the increased injection concentra-
tion is acceptable only in the case of PEO 4 000 000 where
a good agreement with LALS experiment was obtained. The
MALS result for PEO 8 000 000 is obviously in error when
compared with LALS values due to RI sensitivity/baseline
problems. Hence, only remaining samples should be com-
pared. Two angular extrapolation procedures were used as
recommended in ref.[23]: the most robust Berry 1st degree
plot and a forced random coil fit, certainly applicable to PEO.
A good agreement between MALS and LALSMw values is
found inTable 4independent of the choice of an extrapola-
tion procedure. The random coil fit seems preferable improv-
ing somewhat the agreement of bothMw andMw/Mn values.
Nevertheless, theMw/Mn values remain underestimated in
two cases, also in the case of the random coil fit.

Molecular mass distributions obtained from MALS data
are compared with LALS results inFig. 12. A satisfactory
agreement is found concerning the shape of the distributions,
including their low-molecular mass side, despite of some un-
derestimated values ofMn in Table 4. The extreme sensitivity
ofMn to the presence of low-molecular mass component dis-

000, 2 ents.
Fig. 12. Comparison of molecular mass distributions of PEO 600
 000 000 and 4 000 000 obtained from LALS/RI and MALS/RI experim
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cussed above should be mentioned here as an explanation.
Somewhat higher MALS distributions of PEO 2 000 000 and
4 000 000 are difficult to explain. Intuitively, it seems that this
difference might result from the baseline error of RI signal
rather than from the extrapolation error of LS signal. Thus, a
reasonable agreement between LALS/RI and MALS/RI re-
sults (Table 4and Fig. 12) can be obtained here provided
that an optimized dissolution procedure, flow-rate, sample
injection concentration and LS extrapolation procedure (in
the case of MALS) are used.
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