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PREFACE 

Most synthetic polymers have a molecular weight distribution (MWD) which can 
be measured by size exclusion chromatography (SEC) rapidly and precisely. 
Copolymers have a chemical composition distribution (CCD) in addition to MWD, and 
CCD of the copolymers has mostly been measured by SEC - a dual detector system or 
SEC-IR. Although size exclusion chromatography has established itself as an 
indispensable analytical method for measuring molecular weight averages and MWD 
of polymers, accurate information on both MWD and CCD of copolymers cannot be 
obtained by SEC alone. 

Because separation in SEC is considered, in principle, to be achieved according 
to the effective sizes of molecules in solution, and because molecular weights of 
copolymers are not proportional to molecular size unless compositional variation is 
negligible and the chemical structure is constant across the whole range of molecular 
weights. 

There are other parameters which control the properties of polymers besides 
MWD and CCD. A functionality distribution of end groups of polymers influences the 
properties of polymers, especially low-molecular-weight-polymers and oligomers. 
Blending of polymers of different structures frequently occurs as a technique of polymer 
reforming. Degree of branching of polymers affects the crystallization of polymers. 
Characterization of such complex structures of polymers cannot be achieved only by 
SEC or by hyphenated techniques such as SEC-IR and SEC-NMR. Non-exclusion liquid 
chromatography (NELC), e.g., liquid adsorption chromatography (LAC), precipitation 
liqUid chromatography, normal- and reversed-phase liquid chromatography, LAC at 
critical condition, orthogonal chromatography, field-flow fractionation (FFF), temperature 
rising elution fractionation (TREF) must be used, either separately or coupled with SEC. 

Recent advances in NELC in the past decade for polymer characterization are 
remarkable and we have entered a phase of consolidation. From this point of view, 
the special issue on "Polymer Separation by Non-Exclusion Liquid Chromatography" has 
been planned and edited in this volume. Leading experts in this field have contributed 
and seventeen papers have been compiled in this issue: three papers dealing with 
copolymer separation according to composition; one on polymer separation according 
to functionality; three on the separation of polyethers; four on retention behavior of 

vii 
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homopolymers; one on TREF; two on FFF; and two on the separation of ionic 
polymers. One paper is a review on alternatives to SEC. 

As guest editor of this special issue, I wish to thank all contributors to this issue. 
I hope this special issue provides significant impact to great development of polymer 
liquid chromatography. 

Tsu Uapan) Sadao Mori 
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Review 

ALTERNATIVES TO SIZE 
EXCLUSION CHROMATOGRAPHY 

A. REVILLON 
Centre National de la Recherche Scientifique 

Laboratoire des Materiawc Organiques d Proprietts Specifiques 
B.P.21 

69390 Vemaison, France 

ABSTRACT 

Size Exclusion Chromatography (SEC) is a convenient and 
powerful method for polymer characterization, but alternatives 
have appeared to overcome its limitations or improve its 
responses. These methods are examined, comparing their 
advantages and disadvantages, with a special attention to 
Hydrodynamic Chromatography (HDC). 

INTRODUCTION 

Basic questions in a polymer laboratory are molecular and 
macromolecular characterization in relation with synthesis and 
expected properties. A favourite method for molecular weight 
determination is size exclusion chromatography (SEC), the 
advantages of which are well-known. But some polymer 
characteristics may depend not only on molecular weight, but 
also of particle size, so that analysts are faced to a more 
general problem, the solutions of which are numerous. Nearly 3 
thousand papers have been published on particle size 
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measurements, as reviewed regularly by Barth et al (1-4) for 
actualization of a basic book (5). We first examine limitations of 
SEC, then give an evaluation of other methods and report 
comparative results in HDC. 

SEC AND PERSISTING PROBLEMS 

Separation by SEC suffers practical difficulties for : i) very 
high molecular weights, ii) for complex mixtures, iii) for 
unsoluble polymers. It suffers also theoretical problems for 
getting the accurate molecular weight values. Thirty years of 
practice have lead to improvements of column packings and to 
appearance of new types of detectors, allowing simultaneously 
i) rapid analysis, ii) rather high resolution and iii) absolute 
results, so that this analysis is routinely used in polymer 
laboratory and has appeared in process control. 

Actuality of S.E.C. is continuously proved by its mention in 
every polymer publication and by a series of papers which 
appeared at the Fall ACS Meeting 1993 (6), as well as in the 
1993 ISPAC Summer Meeting (7). These recent papers are 
essentially devoted to calibration 
partially solved with the help 
Absolute weight average molecular 

problems, which may be 
of on-line multidetection. 
weight (Mw) was obtained 

first by coupling a concentration detector with a low-angle 
laser light scattering detector. Moreover, this procedure allows 
to derive true values, whatever is the separation power of the 
columns. Radius of gyration or hydrodynamic radius may be 
measured by using multi-angle or dynamic light scaterring 
detector, respectively. Complementary information on the 
macromolecular chain (branching, solvent thermodynamic 
quality) is obtained by adding a viscometer. 

These papers indicate that, despite these improvements, 
some limitations are remaining : e.g. the difficulty to determine 
volume correspondance and coupling between detectors signals 
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of different width and sensitivity (to c, cM, 11). Other problems 

are the absence of ultra-porous packing (with sufficient 
mechanical properties) for very large molecules, the low 
amplitude of the working volume Vp of the packing (between 
V 0 and 2VO, what means a capacity factor of 2 only), the 

decrease of resolution when molecular weight increases, the 
presence of secondary effects (from enthalpic origine), the high 
shear rate in pores, the evident necessity to have soluble 
samples. The aim of this paper is examination of other methods 
for solving some problems in polymer characterization 
molecular weight, composition, number of components, particle 
diameter, effect of detector type on signal intensity, phase 
volume effectively available for separation, diffusion effects 
altering an effective use for samples with a large size 
distribution. 

ADDITIONAL SEPARATION METHODS 

To the question, "why and when change a technique?" 
answer may be : to improve it or overcome its limitations, 
either without large changes in equipment, keeping 
chromatography in mind, or using other separation principles. 
These attempts may be summarized as : 

Source of limitations : proposed solution 
-high shear rate : greatly increase channel dimensions 
-lack of large internal diameter support (limiting sample size 

or molecular weight) : use of "infinite" one 
-limited porosity : work in unlimited domain 
-interaction with stationary phase : suppress this phase or 

use a liquid one 
-problem with mobile phase : suppress it and use electric 

motion 
-constant flow-rate : variable with time 
-pore size is governing parameter : changing the origin of the 

driving force 
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-constant composition of eluent : gradient of elution 
-constant temperature : programmed T 
-no internal field in the column : add one 
-no external field : add one 
-resolution decreases when elution time increases reverse 

elution order 
-sample in solution : sample in dispersion. 

Some of these difficulties and some of the above suggestions 
may be solved by using other types of chromatography : liquid 

(LC), field-flow fractionation (FFF) normal and steric (SFFF) (8, 

9), hydrodynamic (RDC) (10), respectively packed or capillary 
(CRDC) column, supercritical fluid (SFC) (11, 12), capillary 
electrophoresis. Countercurrent chromatography (CCC or 
Centrifugal Partition Chromatography, CPC) is a potential tool to 
separate copolymers of different structure or nature, but at 
this time, is poor in exemples (13, 14). These methods 
correspond to a large variety of separation mechanisms based 
on kinetics or thermodynamics, where surface, volume, active 
specific sites of materials, or thermal, gravity, electric, 
magnetic applied fields, bring their contribution. They are 
called : "fractionation" and have some similar features with 
chromatography. Basis may be found in ref. 15 and 16. Their 
progress is presented in Symposium and accounted recently for 
instance in ref. 17 and 18. One of the characteristics is the 
absence of stationary phase, which solves the problems of side 
phenomena (adsorption, no active and sometimes disruptive 
interface across which the sample must partition, mass 
transport, column channeling, degradation, shear rate) and 
allows a higher variety for eluent choice. 

Some other solutions are non-chromatographic methods, 
working with or without separation, such as mass 
spectrometry, NMR spectrometry, dynamic light scattering 
(photocorrelation spectroscopy), centrifugation. 
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RESULTS 

Elution 

Figure 1 presents schematically the different elution 
characteristics of several separation modes, in a semi-log plot. 
Three observations may be made. i) We first consider the order 

of elution : increasing volume for decreasing size in classical 
SEC, also in HDC (with packed or capillary columns) and steric 
FFF, and the reverse for LC, FFF and SFC. These curves indicate 
only the tendency for the relation : size-V, and are not true 
calibration curves. ii) Second, independently of elution order, 
we see that LC, SFC, FFF (normal and steric SFFF) may have 
very large elution domain (theoretically unlimited), on the 
contrary of SEC and HDC, which have limited ones (respectively 
2 and about 1.3, as measured by the capacity factor). Wide 
domain is obtained when enthalpic process makes difference 
between molecules and when a gradient can increase the 
effects, either of solvent strength or temperature. iii) Third, 
depending on the mechanism, the sample size domain varies 
from nanometer to several microns (or MW from about 102 to 
more than 1010 mol/g). LC is concerned by the smaller sizes, 
whereas SEC is convenient for polymers, but also for oligomers 
and some low molecular weight compounds, while SFC may also 
cover this domain. Polymers and larger species, soluble or not, 
may be analyzed by FFF under different forms. Finally, the 
number in italic figures indicates approximate ratio of 
maximum to minimum sizes measured by the considered 
technique. The numerous possibilities of FFF allow to cover the 
wider range of sizes. 

After this first approach, we may try to better determine the 
shape of the calibration curve (diameter D or mass M as a 
function of V), which is a semi-log plot in SEC and HDC, whereas 
this relation does not hold for certain other modes. Log plot of 
either M or M square root versus V does not lead to a straight 
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0.11------\---..,,£------

0.01 

elutionv 
2 

Figure 1. Semi-log plot of sample diameter versus elution 
volume for different liquid chromatographic modes (italic 
figures are the ratio of maximum to minimum diameters). 

line. Small molecules are eluted on the effect of chemical or 

physical forces, roughly in increasing order of size, but this 
order is strongly affected by the choice of the two antagonist 
phases. In SFC, M is proportional to yO.5 (low values), then to 

Y (higher values) (19). In thermal FFF with programmed 
temperature (TDE), log MW may be proportional to retention 

time (20), at least in a limited zone (21), but size may vary 

approximately as the square of Y. The calibration difficulty 

may be partly solved by using a continuous viscosity detector 
(20). Log of MW increases with retention time, so as the Log of 
the product "viscosity * MW", but different plots are obtained 
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for polymers of different nature, instead of the unique 
calibration curve, which is observed in SEC. 

When conditions are drastically changed (high flow-rate and 
high temperature gradient between the two walls) the order is 
the reverse : the process is called T hyperlayer FFF (22). Size 
rather than MW is the fundamental factor governing the 
retention, as demonstrate by elution of linear and star 
polymers (23). In (sedimentation) SedFFF, most of the papers 
show exemples of separation, but do not indicate a calibration 
curve (24). "The trend of increasing retention with increasing 
particle size is apparent" (25). In (steric) SFFF, elution time is 
approximately proportional to particle mass (26). 

Resolution 

We are now tourning to comparison of resolution (R) in the 
different processes : we shall examine R value and its variation 
with elution volume. We suggest to define first, a specific 
resolution (Rs) = R/ratio of diameter of considered species and 
second, resolution per unit of time (Rt) Rs/time of 
measurement, in order to compare respectively different 
samples and different elution conditions. To obtain polymer 
dimensions in solution, molecular 
diameter, applying the equation 
MO.6. 

mass is converted to 
diameter proportional to 

R depends on chemical or physical factors, packing size being 
one of them. As a general rule in chromatography, resolution 
increases when packing size decreases (N is inversely 
proportional to the square of particle diameter). Generally LC 
has a very high and constant resolution (corresponding to 
about 100 000 theoretical plates per meter), which is 
interesting to separate compounds of very similar structure. 
Polymers are considered to present continuous distribution of 
species, fitting known theoretical equations and their 
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representative curves. In spite of its rather low resolution, 
even with new small sizes packings (particle diameter lower 
than 5 j.l.m, almost same number of theoretical plates per meter 

as in LC), SEC is sufficient to obtain this molecular weight 
distribution. Yet, "high" resolution is specially interesting for 
separation of oligomers (up to 30-40 mers). This gives 
information on polymerization mechanism and allows to follow 
step-condensation process kinetics. In SEC, calibration is not 
affected by particle size : ratio of elution volumes of two 
compounds is unchanged; the resolution is increased since 
peaks are not so broad. Whereas in HDC with packed column, 
this Rf ratio is increased by using fine packings and resolution 

is increased (27). Figure 2 illustrates such effects. Pore size and 
pore volume being the origin of molecules separation, strongly 
affect elution in SEC, whereas effect of porosity is controversial 
in HDC, where the main phenomenon takes place essentially 
between (and not in the porous part of) particles. Combined 
HDC+SEC action increases separation domain, in terms of sample 
mass and elution volume (28). 

For other separation modes, resolution depends on the 
applied field. In SFC, peak width decreases when V increases, 
so that N is greatly increased with V. The resolution is good for 
polymer standards, but commercial polymers may cover a very 
large elution domain, so that effective separation seems 
difficult (19). Excellent resolution for oligostyrenes (29, 30) has 
been obtained with packed columns (silica, 5 j.l.m, pressure, 

flow rate and composition gradients) and 200 000 plates have 
been claimed, but exemples concern only small species (31). 

In thermal FFF, peak width increases (factor 1.5) with V, but 
N may stay constant or even increases (from 18 to 70), since V 
is greatly increased : three times in this separation of three 
polystyrene standards (21, 32). Even for these narrow 
molecular weight distribution samples, plate number is low 
(about 70), so as Rt : 0.009 (21). Yet, separation of 3 PS may be 
obtained in 2 min (by high speed thermal FFF) as well as in 2 
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Diameter 
l,..m 

Figure 2. Particle size effects on elution volume and 
resolution in SEC (same calibration curves for a and b, b being 
fine particles) and HDC (particle size, Rs and Rf as indicated). 

hrs (33). Plate numbers in both cases are of the same order 
(about 50), so as resolution : 0.8, but Rt is equal respectively to 
0.21 and 0.013. For SEC, HDC, SFC, TFFF, theoretical plate height 
generally increases with flow rate according to van Demter law, 
so that resolution decreases, but sometimes Rt may increase, 
particularly by a proper use of gradient or when mass transfer 
does not play a role. 

For all separations, it is possible to obtain an accurate 
molecular weight by using deconvolution to remove system 
dispersion (34). 

Table 1 indicates meaningful values of R, Rs, Rt and analysis 
time. 
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TABLE 1 
Resolution of Various Fractionation Modes 

mode 
Paramo CBlX lHX DCP TFFF SFFF SK 

Rs 0.15 0.15 1.5 0.7-2 2.2 1.2 

Rt 0.025 0.025 0.15 0.2-0.02 0.07 0.03 

(min) 6 6 10 45 -120 30 20-60 

lj>J.l.m >1 <1 <60 <1 <2 0.05 

Separation mode 

Classical chromatographic separation occurs from the 
difference in partition of a soluble compound between mobile 
and stationary phases. More generally, separation is the result 
of local differences in distribution of the sample compounds in 
the mobile phase. The partition coefficient is related to the 
thermodynamic process : LnK = dGo/RT, relation which 
indicates the possible effects of three factors : enthalpy (dH) or 
entropy (d S) changes and temperature T. Practically, 

separation is achieved under the effect of two forces (or fields) 
in one phase or two phases. One phase is necessary for 
transport and may have a physical or chemical role in the 

separation. It is to be noted that in capillary electrophoresis, 
motion is due to an internal electric field, and not to the liquid 
phase. 

LC is governed by an enthalpic process between two active 
phases, the internal field having only a transport role. SEC is 
governed by an entropic process between two phases a 
stationary inert one, and a mobile one, which creates an 
hydrodynamic field. Nature of phases is chemically and 
physically indifferent. HDC is acting under the effect of one 
hydrodynamic field moving one mobile phase; even if a 
packing is present, its only role is to decrease the capillary size. 
The separation is due to the existence of a flow velocity profile 
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in the channel, in which small particles tend to be closer of the 
external wall, where the flow is stagnant. The nature of mobile 
phase is theoretically indifferent, but differences between 

solvents have been observed. 

In FFF, separation is result of one phase under two fields : 
one hydrodynamic internal field, one other external, 
perpendicular to the flow. Examination of the various 

subtechniques is out of the scope of this presentation and may 

be found in 15, 16, 35, but two exemples will be cited. This 
field may be a thermal one (TFFF), which drives species to one 
wall (accumulation wall). Brownian diffusion acts slightly in the 
opposite direction. Larger species are located in a region of low 
velocity, so that retention increases with size. This soft process 
has been shown to be valuable with ultrahigh molecular weight 

polymers, since there is no shear degradation. Moreover band 

broadening is low, so that true molecular weight distribution 
may be obtained (36). 

At high flow rates, deformation of long polymer chains leads 
to entropy decrease, so that an entropy gradient gives rise to a 

driving force, opposite to the field-driven motion. The result is 

an equilibrium of species at some distance from the wall. This 

distance increases with MW, so that large molecules are in a 
high velocity domain and elute first. This is called hyperlayer 
TFFF (22) or focusing FFF (36, 37). Elution time is greatly 
reduced : some minutes are sufficient for elution of 3 to 20 106 

mol/g polystyrenes. Peak width is rather broad and increases 
for lower MW (22). 

A second source of field is provided by centrifugation. 
Larger species tend to accumulate at the external wall, where 
flow velocity is low : again, elution is in the order of increasing 
size. Yet, for particles larger than 1 j.lm, Brownian motion 

becomes negligible and their bulk becomes the efficient 

parameter, so that largest particles, far from the wall, are 
carried faster than the smaller ones : consequently, they are 

eluted first. A mixture of glass beads is nicely separated in 
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components (10 to 32 Ilm diameter) in a few minutes (26), the 
same for a mixture of polystyrene lattices (2 to 45 Il m 

diameter) (32). 

The existence of an external field allows the possibility to 
monitor the elution, by changing it with time, for instance 

programming the temperature gradient. This can be done 

rapidly and easily. Three effects may be obtained i) 
increasing rapidity of analysis, ii) decreasing peak width, 
leading to better detection sensitivity and constant resolution 

with retention volume and iii) changing retention mechanism, 
from normal to inverse mode. For instance, first and second 
features are obtained by decreasing the temperature according 
to an exponential decay program (constant t) after a given 

time, t (21) : "time-delayed exponential-decay (TDE)". Number 

of plates is increased, capacity factor is decreased from 9 to 5, 
resolution is maintained and Rt is increased from 0.009 to 

0.025. The peak capacity is increased from 3 to 6 in the same 
analysis time. The same profile is applied for centrifugational 
field decrease (39). It appears to be more beneficial than 

simple linear or parabolic or simple exponential field

programmed. 

HYDRODYN~CCHROMATOGRAPHY 

Hydrodynamic chromatography (HDC) is a technique for 
separating solutes or particulates, at high dilution, in the 
micron range and according to decreasing sizes (10). Separation 
mechanisms are taking into account hydrodynamic and 
electrostatic effects. Larger particles are located preferentially 
in the axis of capillaries where the flow-rate is maximum 
(parabolic profile), whereas smaller ones are close to the walls, 

where the rate is mmlmum. Ratio of their respective elution 
volume is called separation factor Rf> 1. Classical capillary 
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(CHDC) columns are operating in the range from I to 30 Ilm. 

Voids between beads in packed columns play the role of small 
channels - of continuously changing diameter - similar to a 

capillary. Packed columns are effective for diameter 30 to 
1000 nm. New capillary columns allow also separation in the 
sub-micron range (40). It is a rapid and convenient method to 
obtain a finger-print of size distribution with an instrument 
similar to those of liquid chromatography, easy to operate. 
There is no limitation of solvent nature. Difficulties are low 

plate number N, so that generally the number of peaks (peak 
capacity n) in a chromatogram is low. Quantitative 

interpretation needs calibration (in elution volume and signal 
intensity). 

Since its introduction by H. Small (10), studies have been 
mainly devoted to packed columns. It has been shown (10) 

that resolution is increased by packing with small 
monodisperse spheres. Nevertheless, the elution domain is 
very limited, defined by a maximum ratio Rf of 1.15 in most 

papers. By using 2 Ilm non-porous silica gel packings, a value 
of 1.21 is obtained for Rf, but the chromatogram has only 5 PS 

peaks (41). Additives, either surfactants or electrolytes may 
vary this limiting value. A recent work indicates that at high 
ionic strength, elution is opposite of "normal" mode. The raison 

could be that very strong van der Waals interactions dominate 
over the hydrodynamic effect (42). Moreover, the chemical 

composition could play a role, so that mixture of latex (PS and 

PMMA) of identical size can be separated. 
Large porous particles are still used (at low flow rate) to 

take profit of the pores as capillaries, with a Rf value of 1.16 

(43). But, combining HDC and SEC, by using porous particles, 
the Rf ratio may be increased to 2.11 (44). Moreover small size 

packing allows to obtain a high plate number, so that expected 
peak number is 66. Considering resolution is unity and 
constant with V, it is easy to express this capacity as : 

n = 1 + (Rf-l) NO.5 /4 Rf. 
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This corresponds to 37 in this case, and the obtained 
number is approximatively 15, which is an excellent value. 
These autors are also using non-porous monodisperse particles, 
leading to the theoretical plate height minimum value, with a 
low dependence of flow rate (45, 46). 

With normal open capillary tube, the resolution is poorer, 
but the Rf may be as high as 1.45, so that the peak capacity is 

the same that with packed columns. (Figure 3). The choice of 
tube or beads diameter corresponds to the different ranges of 
sizes to be separated (47). Table 2 (40, 48-62) summarizes 
conditions of separation by CHDC and typical results (N, RO. It 

can be seen that capillary diameter varies considerably, from 1 
to 1000 (or even 15000) 11m. Most of the initial work has been 
done with 250-500 11m diameter. To reduce extra-column band 

broadening, an optimization of injection-detection system has 
been presented with 50-100 11 m capillaries with exemples of 

results by capillary electrophoresis (63). With microcolumns, 
efficient separation has been obtained for PS 103 to 106 

daltons. The chromatogram is similar to that of SEC, but with a 
limited Rf of 1.1 (instead of 2) and a low number of plates N = 

50 (53). Another work (54, 55) shows a very high number of 
plates : 105 /m, but a more limited Rf: 1.05. Increase of N is 
not accompanied with that of Rf, so that the peak capacity 

remains low (less than 10). More recent work indicates higher 
values of Rf: 1.63 and rather good resolution between latex 

samples (62). Even with 4000 plates, the peak capacity is 
about 7. 

Our effort was mainly devoted to optimize parameters in 
capillary HDC and determine exact diameter values. 

EXPERIMENTAL 

The instrument we used is similar to a liquid chromatograph 
Waters pump 510 (Milford, Mass.), six-port injection valve 



ALTERNATIVES TO SEC 3005 

Figure 3. Peak capacity versus Nand Rf (resolution assumed 
to be 0.6). 

TABLE 2 
Characteristics of Capillary Hydrodynamic Chromatography 

Length, m Int.diam., mm N/m Rf max Ref. 
88-201 250-500 ? 1.3 48 

50 180-450 25 1.5 49 
60-200 250-500 10 1.55 50 

1 5 100 25-200 > 1.2 5 1 
0.45-7 1000 6 1.5 52 

0.15-0.2 1 250 1.1 53 
0.7-3.3 1.2-10 105 1.05 54, 55 
91-168 250-500 16-100 1.4 56 

12 15000 ? 1.15 57 
30-120 250-500 16-250 1.5 58 

2 4 2000 >l.15 59, 60 
2 6.5 ? 1.42 61 
5 7 600 1.63 62 

2.5 1 0 580 >1.46 40 
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Rheodyne 712 (Cotati, Cal.) with external loop 20 ,.d. It may be 

replaced by a 12-port valve with two injection loops (Va1co 
Europe, Vici, Switz.). This allows the injection of two (identical 
or different) samples on one or two consecutive columns. 0 n e 
of the advantages is the Rf accurate determination by the help 

of an internal standard and this avoids peak interfernce. 
Detector is a UV spectrometer Waters 455. A microcomputer 

IBM PCXT Model 286 (RAM 640 Ko), equipped with an 

acquisition card (analogic/digital converter) is directly 
connected to the output of the spectrometer. An IBM 

Proprinter x24, with a buffer memory (16 Ko) allows accurate 

drawing and the rapid transfer of values in a few seconds. 
Software is written in Turbo Pascal 4.0. 

Analysis has been performed either with a packed column 
(crosslinked polystyrene spheres 20 )lm : 50 cm length, 0.78 

cm internal diameter), water being the eluent at a flow-rate 
1.5 mL/min or with capillary stainless steel columns tested 

separately (L=30-60-120 m, internal diameters 2R = 0.25 and 
0.5 mm). An additional fine metering valve (Vernier Handle, 
18/21 Y, Hoke, Creskill, N.J.) was placed before the packed 

column, to divide the main flow into two parts, one entering 
directly into the column and the other through the injection 
valve. It plays an important role on peak symetry. Three 
different eluents were used: H20, CH30H and THF, in presence 

of various additives. The reference sample, used as "marker", 
was Cr2 a 7 K 2. Other reference materials for calibration were 

monodisperse polystyrene latexes (0.84 and 4 )lm), prepared 

by emulsion polymerization in our laboratory. A larger 
(crosslinked) polystyrene was a 10 )lm Microstyragel phase for 

SEC. Other samples were unknown materials (polymers and 
silica beads). Quantitative measurements on peaks were 
height (h), base width (w), half-height width (WI/2), skewing 

factor (sk=a/b, ratio of second to first part of the peak at 
h/lO), absolute (Ve ) and relative (Rf) elution volumes. Samples 

were injected separately and in mixtures. 
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Diameters were determined also by TEM (An Hitachi HU 12-
A transmission electron microscope was used for dried samples 
deposited on a 200 mesh grid.) and quasi-elastic light 

scattering (QELS-PCS, photon correlation spectroscopy 
Brookhaven goniometer and software, a ionized argon laser, 
Spectraphysics 2020, being the light source). In PCS, diameter 

is derived from the instantaneous changes in scattered 
intensity due to Brownian motion. The correlation curve of 
intensity (correlation time 't) gives access to the translational 
diffusion constant D = 't /q2, related to equivalent radius a by 

the Stokes-Einstein law 
D = kB T/ 6 n Tl a 

For sizes larger than one micron, light diffraction (LD) was 
achieved with a Malvern Master Particle Sizer (Malvern, UK). 

Sedimentation measurements were performed with the 
Brookhaven (Holtsville, NY) BI-DCP Particle Sizer (Disc 
Centrifu ge Ph otosedi men tometer). 

RESULTS 

Effect of Additives in Water Clonic Strength. Surfactant and 
Viscosifying Agent) 

With packed columns, several authors (10, 47) have 
observed a change of Rf with ionic strength, due to competition 

mainly between van der Waals (attractive) and double layer 
(repulsive) strengths. Electrolytes affect the critical micellar 
concentration (CMC) of the surfactant, the role of which 
appearing to be more essential. In capillary columns, we did 
not observed any effect of either NaN03 (0 to 28.6 gil ) or NaCl 

(0 to 48.7 gil) on the shape of peak and elution volume of 
samples and marker. 
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Sodium dodecyl sulfate (SDS) from 0 to 4.8 gil has been 
added to the water eluent. Its CMC is 2.5 gIl. This agent 
provides wettability of beads and ensures a low ionic strength 
(0.01) which favors higher Rf and better elution and resolution. 

Another work found that non-ionic surfactants lead to higher 
Rf than ionic ones (61). 

A small amount of ethylene glycol (EG) may prevent 
aggregation. Theoretically, transversal motion must be 
decreased and Rf increased, when the viscosity is increased. In 

this respect, polymers have been used with more or less 
success (64). We did not observed an increase of Rf or a better 

shape of peaks in the range 0 to 6% EG. The pressure is 
markedly increased, according to Darcy's law and a 
permeability Ko coefficient may be derived. For L = 60 m, the 

value of 2.4 10- 8 m2 is far lower than that of filtration 
membranes (10- 12 m2 ), which indicates the low separating 
power of a capillary column. 

In consequence of these observations, only surfactant - SDS : 
3 gil -was used. 

Flow Rate Q and Nature of the Eluent 

Different variations of Nand Rf with flow-rate Q have been 

observed. They depend upon the sample size. Some 
deformation of peaks was observed at low flow-rates. The 
resolution between 0.84 11 m and marker or 4 11 m was 
unchanged, but was decreased for 4 11 m and marker. The 

interpretation may be found in the tubular pinch effect, taking 
account of the Reynolds number of the particle Re p. 

Effectively, the limiting value is 10-3 , which corresponds to 
very different flow-rates : 0.6 and 74 ml/min for 4 and 0.84 
11m sample, respectively. For this latter latex, a change in 
mechanism occurs in the investigated domain - Re p from 1.74 

to 41.7 10- 4 - whereas the smaller latex is not concerned by 
this effect : Re p varies from 1.6 to 39 10-6 . 
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It is known that generally, low flow-rates v favor minimum 
plate height, according to van Demter law (H = LIN = a + b/v + 
cv). Here, this general expression holds with zero as c value, 
since it represents the mass transfert term. Diffusion is b = 7 
c m 4/min and a = 10 cm for longitudinal and eddy terms, 
respectively. These values, far higher than in liquid 
chromatography, mean a high sinuosity coefficient and large 
equivalent beads size. Number of plates increased with flow 
rate, but Rf decreases for the 4 Jlm sample and the resolution is 

slightly affected, which is shown on Figure 4. 
These different results for Rs, Nand Rf show that operating 

conditions must be chosen in function of the analysis and not 

in an absolute way. It may be interesting to obtain either rapid 
results in 1.5 min with a medium resolution or higher number 
of plates, but in 36 min. It is also interesting to note that the 
highest number of plates is obtained not only for the marker, 
but for a largest sample. 

Practical application must take account of Poiseuille law, 
L\P = 8 " L D / II R4 

Pressure increases with flow-rate, viscosity and decrease of 
capillary diameter (Tables 3 & 4). 

In methanol, the number of plates was increased (Table 3). 
Its value was rather constant for 0.84, 4 Jlm and marker, but 
reached a maximum for the 10 Jlm sample, when Q increased. 
The resolution, so as Rf, decreased when Q is increased. 

THF has a low viscosity and a good solvent power. 
Respectively, this may allow higher flow rates and the study of 
polymer in solution. In fact, although excellent base line, very 
high number of plates and fine chromatograms of crosslinked 
polystyrene were obtained, the upper limit of Rf was 

decreased (Table 3). With microequipment, separation has 
been reported with a good efficiency (53, 54). 

Water being a more versatile eluent, and offering a good 
compromise between Rf and N values, will be the main solvent, 

at a flow-rate Q = 1 ml/min. This value also is a compromise 



3010 REVILLON 

1, • .., • • • 
• • 

• • • • • • • 

•••• • • • • ••• • • 
2 Q e~in 

H • em • • 
• • • 

• • • 
• • • • •• •• • 

2 • • 
• · ! I ! 1.1 • ............... 

2 Q eml,A'nin 

2 • R •• • 
• • • • • • • 

• • 
•• • • • • • • • •• • ............ • .. ...... .1 

2 Q c~in 

Figure 4. Effect of flow rate on Rf (for _ 4 11m, - 0.84 11m, 

marker M), H (for. 4 11m, _ 0.84 11m, Jl M) and R (.between 4 11m 

and M,. 4 11m and 0.8 11m, .. 0.8 11m and M). Capillary column, L 
= 60 m, R = 125 11m. 

between higher Rf and lower resolution at the higher flow 

rates. 

Columns characteristics 

Attempts realized with a 30 m column gave insufficient 

results, so that the essential of the work was done with 60 m 



TABLE 3 
Results in Hydrodynamic Chromatography 

Lm 30 60 120 120 60 120 0.5 
R mm 0.125 0.125 0.125 0.125 0.250 0.125 3.7 
Mode capillary packed 

20 11m 
Eluent w w w meth w THF w 

Pres. bar 45 90 175 120 12 60 35 
u cmls 34 0.1 

Shear rate 104 1400 104 10 8 
s - 1 

Rf max 1.4 1.45 1.45 1.45 1.6 1.26 1.15 
N max 500 900 1900 7000 2300* 30000 7000 

N maxim 16.7 15 15.8 58.3 38.3 250 14000 

Range 11m 0.8-20 0.05-
0.8 

TABLE 4 

Effects of Operating Parameters on Peaks Characteristics 

L R Q I) I TA C I. 

Rt 0 --. 0 0 0 ~ 0 0 

RS / ~ 0 "'- "- 0 0 /'\. 
N / "'- ~ "- ~ ~ 0 
n / ~ 0 "- "'- "'- 0 

h 

"'" 
~ ~ 0 "'- / / ?\. 

w / / /'\. 0 ",/' /~ 0 

t / / ~ 0 0 0 0 

AP / ~ / / 0 0 

Re 0 / / ~ 0 0 0 

i 0 ~ / 0 0 0 0 
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and finally optimized with 120 m length. A basic formula 
relating Rf and size of sample is : 

Rf = 1 + 2 a I R - (2 g + 1) (a I R) 2 

where g is a coefficient depending on flowing conditions. As 
expected, Rf must be - and was rather - independent of length 

L. The coefficients of the law are quite far from the theoretical 
values : that of aiR is B =17 and g is 110 (instead of 2 and 2/3 
respectively). This expresses that Rf is higher than expected 

and that particles move not far from the wall, according to ref. 
47, 65. 

The resolution was far better with 120 m, since w increased 
as the square root of Land Ve , proportionally to the length, as 

a general law in chromatography. By going from 60 to 120 m, 
H was found unchanged and N increased from 380 to 800, for 
the 4 ).lm sample. A way to illustrate that increase in resolution 

is to consider the calibration as represented in SEC. A lesser 
slope allows a better separation. 

The second characteristics of the column is its diameter. The 
limit in Rf shows that over a certain sample size, no separation 

occurs. This limit of size may be related to the ratio : average 
radius of sample a to radius of tube R. A third order law, 
relating a to R may have a reasonable approximation in a 
linear one: 

a = f + k R (/lm) 
with f = -7 and k = 0.1, R being in /lm. A column of diameter 
500 /lm may have a medium domain of separation of 18 
instead of 5 /l m for the 250 /l m one. Taking account on 

published results (44), ratio R to a is about 100, and for a given 
diameter of column, the usable aiR range varies roughly from 
10- 3 to 10- 1 . The interest of large diameter is also the 
decrease of y, rate of shear. It is to be noted that the resolution 

is higher for narrow tubes. The corresponding coefficients of 
the calibration curve Rf are B = 10 and g = 25. 

Table 3 summarizes the main effects of column and eluent 
variables on the chromatograms and separation possibilities. 
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These results are in general agreement with those published 
elsewhere. 

Injection - Detection and Interpretation 

Table 4 presents in a synthetic way the effects of all the 
parameters we varied in this study. 

Signal increases linearly with concentration or injected 
volume (5 to 25 Ill), which means that no interaction, 

adsorption or overloading were occuring. Sensitivity is so high 
than a few 25 particles in the detector cell give a noticeable 
signal. Peak characteristics Ve , w, N, Rf, Rs are not affected, but 

the slope of the corresponding curve varies with sample size. 
The result is that quantitative interpretation needs 
preliminary calibration. The reason is that signal depends upon 
absorption and scattering, which vary with sample diameter at 
a power a. Taking into account the number of particles in the 
samples, we found the exponent a being less than 3 for the 4 
Ilm sample. 

A general formula in liquid chromatography for the 
instantaneous detector response at each elution volume V is 

H = I:Ni (V) Dia (V) Ki (V) 

where Ki is the extinction coefficient for particles of diameter 
D i and a = 2 in the Mie scattering regime for a turbidity 
detector. In the Rayleigh regime, valid for A./D < 0.3, a = 6 for 

turbidity and 3 for refractometry (66). This explain the effect 
of A. on signal shape and intensity. Moreover, the intensity 
decreases when there is no absorption at A. = 630 nm, in 

agreement with results in (67). Intermediate values of a may 
correspond to a combination of a and K (V); finally a = 1 holds 
for refractometry and spectrophotometry of polymers in SEC, 
so that the range 1 to 6 will be considered. 

Assuming the formulas 
Dn =I:ND/I:N 

Dw = I:NP4/I:NP3 
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for number- and weight- average diameters and the simplified 
general relationship H o<NDn, (K and a are independent of V), 

then 
Dn = I.(H/Dn-l )/I.(H/Dn) and 

Dw = I.(H/Dn-4)/I.(H/Dn-3). 

For all the investigated polystyrene latexes, number and 
weight average diameters decrease deeply when n is increased 
(an exemple is given on Figure 5 for a PS standard of 106 nm 
diameter). The best agreement with TEM is obtained for n = 3-
4, which is in agreement with theory since their diameters are 
in the range of the wavelength of detection (254 nm). Except 
for n = 2, the polydispersity index P is not affected by n, and is 
the same for all samples. Nevertheless distributions do not 
correspond to true ones. These high polydispersity values as 
compared to that determined by TEM analysis (1.02) clearly 
show the necessity of band broadening correction. 

Dispersion Correction 

There are many approaches for solving the dispersion 
problem. It has been shown (68) that skewed instrumental 
spreading functions derived from the plug-flow dispersion 
model (69) fit data for particle separations by HDC, where the 
spreading function is 

G(V,y) = {4(1tPe- 1(v/y»} -0.5exp { _(v-y)2/4 Pe- 1(v/y)} 

(with the dispersion term as the Peclet number Pe = UL/D'; 
Superficial velocity U, length of the packed bed L, an empiric 
dispersion coefficient D', elution volume v and at the maximum 
of peak y). 

Pe = 100 corresponds to no correction of peak. The effect of 
larger Pe on diameter distribution (latex 106 nm) is shown on 
Figure 6. The results for the other samples are similar. 

Whatever the value of n, Dn increases with Pe, the effect 
being stronger for higher n. On the contrary, Dw increases or 
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Figure 5. Average diameters versus exponent n for a PS latex 
standard, 106 nm (by TEM). 
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Figure 6. Average diameters versus Pe, for different values 
of exponent n for a PS latex standard, 106 nm (by TEM). 
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Figure 7. Effect of Pe on diameter frequence distribution for 
a PS latex standard, 106 nm (by TEM). 

decreases with Pe, depending on n. Quasi-constant value 
corresponds to n = 3-4. More detailed results may be found in 
(70). 

In another representation of results, Dw versus n, for 
different Pe values, curves for all samples have a common 
intercept between n = 3 and 4. A rapid change of D is noted up 
to Pe = 500, then Dn and Dw tend slowly to close values, 
independent of n. 

Practically, considering the whole set of results, n must be 
chosen as 3-4 and Pe 500, for getting best average and 
distribution values, as well as narrow peaks, which means 
enhanced resolution. This effect on diameter distribution is 
shown on Figure 7. 
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It is necessary to have a high accuracy in data acquiSitIOn, 
since the useful elution domain is narrow. A frequent 
calibration procedure is also necessary, with possibility to 
correct small changes in elution volume (70. 

To overcome calibration procedure and use of standards, on
line viscosity has been proposed, but this method "will await 
the development of improved pressure transducers" (71). Our 
approach was discontinuous measurements of sample size on 
eluted fractions. As mentionned earlier, they have been 
operated by TEM, PCS and sedimentometry. Exemple of these 
two last methods are given on Figure 8. It shows the high 
resolution of sedimentometry (time is inversely proportional to 
diameter squared) for a mixture of four latexes and a 
reasonable resolution for HDC. PCS, operated with a proper 
choice of parameters may give an excellent correlation with 
TEM values and an excellent resolution for a similar mixture of 
two latexes. For the three methods the analysis time is similar. 

CONCLUSION 

In capillary HDC, additives effect is low, surfactant being the 
most useful. The Rf is strongly affected by flow rate in 

methanol and is rather constant in water. The high number of 
plates in THF is not accompanied by a high maximum Rf value. 

This separation factor may be higher with 60 m than with 120 
m, but the resolution is not so high. Even with 
microequipments (small diameter capillaries, short columns) of 
enhanced resolution, peak capacity is very limited. They are an 
interesting alternative for packed columns. HDC is rapid and 
very sensitive, but some conditions must be obeyed to obtain 
reliable results. First, the need of an accurate calibration, with 
frequent adjustment of parameters and choice of a column 
giving a low slope. Second, the need of changing the detector 
response factor (exponent n) and third, correcting for axial 
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dispersion by use of a simple equation. As a consequence of 
the combined analysis of the effects of nand Pe, the proposed 
value for exponent n is 3.5 and a Pee let number of 500. Results 
are compared on eluted fractions with those of direct methods, 
for instance photon correlation spectroscopy and 
sedimentometry, this latter being of high resolution. By proper 
use of interpretation parameters, HDC leads to good results, in 
a short time, for a low cost and with a simple procedure. 
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ABSTRACT 
Styreneln-butyl methacrylate (S/nBMA) and styrenelt-butyl 

methacrylate (SItBMA) copolymers were separated by chemical composition 
using HPLC. In the case of normal phase HPLC using acrylamide gel or 
acrylonitrile gel as a stationary phase, S/nBMA and S/tBMA copolymers 
were separated by chemical composition. S/BMA copolymers were eluted 
from higher styrene content using dichloromethaneln-hexane as an eluent, 
while with the opposite elution order with tetrahydrofuranliso-octane eluent. 
The difference of the elution order is explained by hydrogen bondings 
between the gel and the sample or eluent. In reversed phase HPLC using a 
styrene column and nonpolar eluent such as dichloromethane/acetonitrile, 
SIBMA copolymers were eluted from lower styrene content using any kind of 
eluent examined. On the other hand, an octadecyl methacrylate column 
provided no separation based on the composition. The separation using the 
styrene column was ascribed to the specific interaction of the phenyl groups 
in the sample and the gel. By the comparison of the content of good solvent 
in an eluent and clouds point of copolymers, it was confirmed that separation 
was done by adsorption mechanism for both of normal and reversed phase 
liquid chromatography. 
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INTRODUCTION 

Copolymers usually have chemical composition distribution (CCD) 

and molecular weight distribution. It is important for the characterization 

of copolymers to acculately determine CCD, since polymer composition 

plays an important role in the physical and mechanical properties. Recently, 

HPLC has been applied to analyze the chemical composition distribution of 

copolymers1-30. It is found that polymers can be separated by the adsorption 

mechanism either with the combination of polar gel and nonpolar eluent 

(normal phase: NP) or of nonpolar gel and polar eluent (reverse phase: RP). 

Thus far, copolymers studied were mainly those consisting of monomers 

having different polarity, such as, styrene/methyl methacrylate1-12 or 

acrylate l3-15, styrene/ethyl (meth)acrylate16-20, or styrene/acrylonitrile 

copolymers21 -27. 

We reported the separation of several copolymers depending on the 

chemical composition4,8,29-31 and polybutadiene depending on the 

microstructure32. In this paper, we studied the separation of S/nBMA and 

S/tBMA copolymers, which consist of monomers having similar polarity, 

based on the chemical composition using normal and reversed phase HPLC. 

Specific interaction of the gel and the sample is discussed. 

EXPERIMENT 

Samples 

Statistical copolymers of styrene-co-n-butylmethacrylate (S-nBMA) 

and of styrene-co-t-butylmethacrylate (S-tBMA) were prepared using 

benzoyl peroxide as an initiator in bulk. The conversion was regulated to be 
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less than 10% in order to obtain samples with a narrow chemical composition 

distribution. The composition was determined by IH-NMR measurement. 

Number and weight average molecular weights, Mn and Mw, respectively, 

were determined by OPC using a calibration curve for polystyrene. A survey 

of the samples used is given in TABLE 1 and TABLE 2. 

HPLC Columns 

Cross-linked acrylonitrile (AN) and octadecyl methacrylate (ODM) 

gels were prepared by a suspension copolymerization of the monomer and 

ethylene dimetharylate using 2,2'-azobis(2,4-dimethylvaleronitrile) as an 

initiator and poly(vinyl alcohol) as a suspensifier. Cross-linked styrene (St 

gel) was prepared by the smi1ar suspension copolymerization of styrene and 

TABLE 1 Characteristic Data of S/nBMA Coplymers 

sample St unit mole% Yield 

in monomer in polymer (%) Mn x 10-4 MwlMn 

A 84 78 3.7 9.8 1.8 

B 70 64 3.8 10.0 1.9 

C 55 52 4.5 16.0 2.1 

D 29 32 5.3 19.3 1.5 

E 14 21 7.4 23.6 1.4 
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TABLE 2 Characteristic Data of S/tBMA Coplymers 

sample St unit mole% Yield 

in monomer in polymer (%) Mn x 10-4 MwlMn 

F 85 72 2.6 7.0 2.1 

G 70 57 3.0 7.5 2.0 

H 50 46 3.7 7.9 2.0 

I 30 26 4.6 8.7 2.0 

J 15 13 4.9 15.7 1.4 

divinyl benzene. The resulting copolymers were successively washed with 

hot water, methanol, N,N-dimethylformamide (DMF), and chloroform. 

Cross-linked acrylamide gel (AA gel) was prepared by an inverse suspension 

copolymerization of acrylamide and bisacrylamide using 4,4'-azobis(4-

cyanopentanoic acid) as a initiator and a mixture of DMF, water, and 

poly(ethylene glycol) as a diluent, and venton 27 and 34 (NL industries, inc.) 

as disperse reagents. The resulting copolymer was successively washed with 

hot water, acetone, DMF, and chloroform. The copolymer beads having 

diameter of 3-1 OJ..1m were collected by decantation in acetone. Each gel was 

packed into a 4.6mm Ld. x 25cm stainless steel column by the slurry method. 

TABLE 3 shows the survey of HPLC columns. 
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TABLE 3 Characteristic Data of Packing Materials 
and Columns for HPLC 

Gel MlDa) Divinyl Pressure Flow rate Ex.Lb) NTPc) 

monomer (kglcm2) (mllmin.) (x103) 

AA 50/50 BA 200 3.5 6000 2000 

AN 67/33 EDMA 450 4.5 500 1800 

St 64/36 DVB 300 6.4 500 2000 

ODM 50/50 EDMA 90 2.0 500 4000 

a):Volume ratio of monomer and divinyl monomer 

b):Molecular weight at exclusion limit 

c):Number of theoretical platesl25cm 
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AA, acrylamide; BA, N,N'-methylene-bis(acrylamide); AN, acrylonitrile 

EDMA, ethylene dimethacrylate; DVB, divinylbenzene; 

ODM, octadecyl methacrylate 

HPLC Measurements 

HPLC was carried out at room temperature (ca.25OC) using two Jasco 

880-PU pumps, one for providing a poor solvent, and the other for a good 

solvent. The two solvents were mixed together after the pump and were 

delivered to the injector through a line filter. The flow rate was set at 

0.5mllmin and the proportion of good solvent was linearly increased in 

25min. A IO!!l portion of a dichloromethane solution of the sample 

(lOmg/ml) was injected through a Reodyne 7125 injector. The column 
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effluent was monitored with an ACS (United Kingdom) 750114 evaporative 

mass detector. 

RESUL TS AND DISCUSSION 

Separation by Normal Phase HPLC 

It has been reported that styrene/methyl methacrylate copolymers can 

be separated according to the chemical composition by adsorption HPLC. 

By normal phase (NP) HPLC using a polar gel and a nonpolar eluent, the 

sample eluted in order of decreasing styrene content, while in the opposite 

elution order by reversed phase (RP) HPLC, regardless the type of eluent. It 

is interesting to know the elution behavior of the copolymers consisting of 

monomers with similar polarities. 

A mixture of S-nBMA copolymers with different composition was 

separated by NP HPLC as shown in FIGURE 1. When a mixture of 

dichloromethane (DCM)/n-hexane or benzeneln-hexane was used as an 

eluent with AN or AA column, samples were eluted from higher styrene 

content. The AA column retarded the elution more than AN column, 

indicating that the former adsorbed the sample stronger than the latter. On 

the other hand, when tetrahydrofuran (THF)/iso-octane was used with AA 

column, samples were eluted from lower styrene content and with poor 

resolution. With THP/n-hexane or methyl acetateliso-octane eluent, the same 

elution order was obtained as with THFliso-octane eluent. 

This is the first example that the elution order of a copolymer is 

dependent on the type of an eluent. The difference of elution order can be 

explained by the polarity difference among the sample and by the hydrogen 
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o 10 20 30 

Elution Time, min 

FIGURE 1. Separation of S/nBMA copolymers using (a) AN column and 
CH2C12ln-hexane eluent, (b) AA column and CH2C12ln-hexane 
eluent, (c) AA column and THF/iso-octane eluent. The content 
of CH2C12 or THF increased from 30 to 80 vol. % in 25 
minutes. 
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bond between the gel and the sample or the eluent. By using DCM or 

benzene as a component of the eluent, the hydrogen bond was formed 

between the amide hydrogen in the gel and the carbonyl group in the sample. 

Since the polarities of both monomer units are similar, copolymer was 

separated based on the strength of hydrogen bonding with the gel; the sample 

having higher methacrylate unit eluted later. On the other hand, when 

oxygen containing solvent was used in the eluent, the hydrogen bond was 

formed between the gel and the eluent interrupting or reducing the hydrogen 

bond between the gel and the sample. Therefore, the sample is separated by 

the difference of the polarity of the sample or by the strength of the 

interaction between the sample and the eluent. 

In FIGURE 2 the content of good solvent (DCM or THF) in the 

eluent at the peak maximum is plotted against the styrene content together 

with the cloud point. The content of good solvent is more than 20% higher 

than the cloud point. Therefore, it is concluded that the separation was 

governed by adsorption mechanism and not by phase separation one. It is 

also noteworthy that the cloud point curves have positive slopes for both 

solvent system indicating that the sample with lower styrene content is more 

soluble in both eluent. On the other hand, the elution curve for the eluent 

containing THF has a positive slope, while the slope of the curve for the 

DCM eluent was negative. Teramachi et al.28 estimated that the resolution 

of copolymer would be improved when the slope of elution curve agree with 

that of cloud point. However, their estimation is not valid in our experiment. 

It can be concluded that the phase separation, or the solubility does not play 

signigicant role in the separation using adsorption mechanism. 
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FIGURE 2. Good solvent content of the eluent at peak maximum 
(open symbols) and cloud point (filled symbol) for S/nBMA 
copolymers; (open) square: AA column with CH2Cl2ln-hexane 
eluent, triangle: AN column with CH2Cl2ln-hexane eluent, 
circle: AA column with THF/iso-octane eluent. 
(filled) square: CH2CI2ln-hexane, and circle: THF/iso-octane. 

FIGURE 3 shows the separation of S/tBMA copolymer using AA 

column. When DCM was used in an eluent, samples with higher styrene 

content eluted earlier, while opposite elution order was obtained by using 

THF in an eluent. This elution order is the same as that of S/nBMA. 
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FIGURE 3. Separation of S/tBMA copolymers using (a) AN column and 
CH2Cl2ln-hexane eluent, (b) AA column and CH2Cl2ln-hexane 
eluent, (c) AA column and CH2Cl2liso-octane eluent, (d) AA 
column and THF/iso-octane eluent. 
The content of CH2C12 or THF increased from 30 to 80 vol. % 
in 25 minutes. 
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Furthermore, the elution volume of S/tBMA was almost the same as that of 

S/nBMA, if the sample had the same styrene content. 

Separation by Reverse Phase HPLC 

FIGUREs 4 and 5 show the elution patterns of a mixture of S/nBMA 

and S/tBMA copolymers, respectively, on the styrene (St) or octadecyl 

methacrylate (ODM) column using the eluent containing acetonitrile. These 

systems are reversed-phase (RP) HPLC, since a polar eluent was used with a 

nonpolar column. When St column was used, the copolymers eluted from 

the lower St content. This elution order was not changed by the type of good 

solvent such as THF or benzene. On the other hand, ODM column provided 

only one peak from a mixture containing 5 copolymers. The elution volumes 

of S/nBMA and S/tBMA copolymers were almost equal for both columns, 

when the styrene content was equal. It is noteworthy that the elution volume 

for ODM column was larger than that for St column, indicating that the 

sample was adsorbed on the ODM gel stronger than on the St gel. 

GlOckner and Muller also found that retention of S/tBMA copolymer 

increased with styrene content, when THFliso-octane was used with the 

phenyl silica column28. The elution behavior for the styrene column can be 

explained by the specific interaction between the phenyl groups of the gel 

and the copolymer. Thus, the sample was eluted in order of increasing 

styrene content. On the other hand, ODM column exhibited no specific 

interaction due to phenyl group providing only one overlapping peak, 

although it had a stronger hydrophobic interaction between the gel and the 

sample. Therefore, it can be concluded that the specific interaction such as 
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8 A 

a) 

b) 

10 15 20 25 
Elution Time. min. 

FIGURE 4. Separation of S/nBMA copolymers using (a)St column and 
(b)ODM column with CH2Cl:z/CH3CN (20/80-70/30) eluent. 

the hydrogen bonding in NP HPLC or phenyl-phenyl interaction in RP 

HPLC is necessary to effectively separate the copolymer consisting of 

monomers with similar polarity. 

The content of good solvent (DCM) in the eluent at the peak 

maximum is plotted against the styrene content together with the cloud point 

in FIGURE 6. The cloud point curve is lower than the good solvent content 

curve suggesting that the separation for the RP HPLC was also governed by 

the adsorption mechanism. 
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FIGURE 5. Separation of S/tBMA copolymers using St column and (a) 
CH2Clz/CH3CN, (b) THF/CH3CN, and (c) benzene/CH3CN 
eluent, and (d) ODM column and CH2Clz/CH3CN eluent. 
The content of CH3CN decreased from 80 to 30 vol. % 
in 25 minutes. 
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FIGVRE 6. Good solvent content of the eluent at peak maximun (open 
symbols) and cloud point (filled symbols) for S/tBMA 
copolymers;St column with CH2Cl2lCH3CN (square), 
THF/CH3CN(circle) and benzene/CH3CN(triangle). 

The cloud point curve for StlBMA copolymers possessed a positive 

slope for NP and RP eluents. In the case of StlMMA copolymers, the slope 

for NP is negative and that for RP is positive when the cloud point is plotted 

against styrene content31. The solubility behavior of StlnBMA and StltBMA 

copolymers indicates that the sample with a lower St content is soluble in a 

wider range of solvents. For example, a copolymer with 20% of St unit is 

soluble from 6/94 of DCMln-hexane to 33/67 of DCMlacetonitrile and one 

with 80% of St unit from 18/82 of DCMln-hexane to 46/54 of 
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DMClacetonitrile. Since the solubility parameter (SP) values of n-hexane, 

DCM, and acetonitrile are 7.3, 9.6, and 11.8, respectively33, the fonner 

copolymer is soluble in a soluvent with SP value between 7.4 and 11.8, and 

the latter between 7.7 and 10.8. The SP values of the center of the nonpolar 

and polar cloud points for the two copolymers are 9.30 and 9.25, which 

indicates that the St and BMA units has almost the same polarity. 
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ABSTRACT 

A reverse phase HPLC method has been developed for the separation 
of poly(vinyl alcohol) based on the chemical composition of the 
polymer. A fast gradient using water/THF results in elution based on 
both the degree of hydrolysis and the blockiness of the sample. The 
peak widths observed in this methodology are relatively broad 
indicating that partially hydrolysed poly(vinyl alcohol) exhibits a 
compositional distribution. 

INTRODUCTION 

Poly(vinyl alcohol) (PVOH) represents an important class of water 

soluble polymers used extensively in textile and paper treatments. 

adhesive technology and applications as emulsion stabilisers. PVOH is 

produced by the hydrolysis of poly(vinyl acetate) (PVAc) and the 

resultant polymers fall into two categories: fully hydrolysed (greater 

3043 
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than 98% hydrolysis) and partially hydrolysed (50-97% hydrolysis). 

Commercial PVOH grades are not homogeneous products and can be 

considered as a PVOH/PVAc copolymer system. A polymer sample 

consists of molecules exhibiting different degrees of hydrolysis, 

degrees of polymerisation and vinyl acetate sequence length 

distribution, dependant upon the method of hydrolysis. Alkaline 

hydrolysis results in relatively blocky copolymers whereas acid 

hydrolysis yields a more random distribution of vinyl acetate groups 

(1). Hence within a given sample a compositional distribution may 

well be superimposed upon a molecular weight distribution. For many 

applications of partially hydrolysed PVOH, particularly when used as 

an emulsifier, this compositional variation affects its properties and is 

therefore important in the characterisation of such copolymers. 

Conventional methods of PVOH fractionation reported in the 

literature are based on precipitation or cloud point and are relatively 

time consuming methods relying on supportive analytical techniques 

(2). The application of adsorption chromatography to the 

characterisation of macromolecules has been of increasing interest 

over the last decade, mainly in the life science area but more recently 

in the field of synthetic polymer systems. HPLC separations of 

macromolecules generally utilise gradient elution although the actual 

separation mechanisms involved remain the subject of some debate 

(3,4). In the case of proteins it has been shown (5) that a strong 

interaction occurs with HPLC packings based on 

polystyrene/divinylbenzene (PS/DVB) and that the release of the 

protein occurs at a specific water/organic composition dependent on 

it's hydrophobicity. By a similar mechanism (6,7) PVOH polymers 

should be able to be separated as a function of hydrophobicity, that 

is degree of hydrolysis and/or vinyl acetate sequence length 

distribution (blockiness). 

This paper describes the development of an HPLC method for the 

separation of PVOH polymers based on composition. Preliminary 

studies in this laboratory had indicated that under isocratic eluent 
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conditions (water /THF) some PVOH samples below a certain degree 

of hydrolysis did not elute from the column. Therefore the study 

described here concentrated on the development of a gradient elution 

separation in order to widen the applicability of the method. The use 

of THF as an organic modifier in gradient elution HPLC inhibits the 

use of conventional detectors (e.g. differential refractometer, UV 

absorbance) and the method described here employs an evaporative 

mass detector (8). 

EXPERIMENTAL 

HPLC measurements were carried out using a gradient system 

comprising two model 64 pumps controlled by a model 50 HPLC 

programmer, a dynamic mixing chamber (all Knauer, Germany), a 

model 7125 injection valve (Rheodyne, USA) and a model 950/14 

evaporative mass detector (Applied Chromatography Systems, UK). 

The column used was a polymeric based reverse phase packing of 

polystyrene/divinylbenzene with a particle size of 8pm and pore size 

of 4000"\ (PLRP-S 8pm 4000"\ 50x4.6mm, Polymer Laboratories, 

UK). An eluent flow rate of 1.0ml/min was used for all experiments. 

All samples were analysed at room temperature using a linear 

gradient of 99%:1 % (v/v) water:THF to 30%:70% (v/v) water:THF in 

5 minutes. HPLC grade unstabilised THF (Fisons, UK) was used 

throughout. Model samples of PVOH polymers were derived from a 

single source of PVAc by alcoholysis in a methanol/methyl acetate 

medium (Harlow Chemical Company, UK). The degree of hydrolysis 

for each sample was determined by a titration method (9). Solutions 

for HPLC analysis were prepared by stirring an accurately weighed 

sample of the polymer in water and heating to 90°C to give a final 

concentration of 0.2% (w/v) and 50pl was injected. The mass 

detector was operated at an evaporation temperature of 90°C using 

compressed air as nebuliser gas at a flow rate of 161/min. The signal 

from the detector was collected and analysed using a PL Caliber 

Workstation (Polymer Laboratories Ltd, UK). 
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RESULTS AND DISCUSSION 

Typical HPLC chromatograms obtained for alkaline hydrolysed 

samples of different degrees of hydrolysis are shown in figure 1. The 

fully hydrolysed polymer always exhibited a relatively sharp. early 

eluting peak indicating limited interaction with the packing material. 

For the partially hydrolysed polymers broader and later eluting peaks 

were observed indicating stronger interaction for these samples. 

The PVOH samples studied were prepared by alcoholysis of PVAc 

in the presence of methanol/methyl acetate. The resultant polymers 

had similar molecular weight distributions since they were all 

produced by the hydrolysis of one base PVAc polymer. The samples 

studied had different degrees of hydrolysis within the range 72.2%-

100% as determined by the titration method. However it has been 

shown (10) that PVOH obtained by alcoholysis in the presence of 

methyl acetate exhibits relatively wide distribution of degree of 

hydrolysis. This may explain the broad peaks observed for partially 

hydrolysed polymers whereas in the case of the fully hydrolysed 

sample, where no such compositional variation exists. the peak width 

was much narrower. 

To investigate this peak broadening effect further. 50/50 v/v 

blends of alkaline hydrolysed sample solutions were prepared. The 

chromatogram for the blend was compared with those of the 

constituent samples. For two samples of similar degree of hydrolysis. 

72.2% and 77.7% (figure 2). the individual chromatograms revealed 

incomplete resolution of the two peaks. The chromatogram obtained 

after blending exhibited a single. broadened peak such that it 

enveloped the two constituent peaks. These observations would 

indicate that a relatively small increase in the distribution of degree of 

hydrolysis results in peak broadening and that the peak position. that 

is the maximum response. represents the average degree of 

hydrolysis for a given sample. 
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1.0 minutes 5.0 

FIGURE 1 HPLC chromatograms of alkaline hydrolysed PVOH samples 
with different degrees of hydrolysis: 1 = 100.0%, 2 = 87.3%, 
3= 73.7%. 

3 

2.5 minutes 5.0 

FIGURE 2 HPLC chromatograms of alkaline hydrolysed PVOH 
samples: 1 =77.7% hydrolysed, 2=72.2% hydrolysed, 3=50/50 
(v/v) blend of (1) and (2). 
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p 
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2.5 minutes 5.0 

FIGURE 3 Chromatograms of alkaline hydrolysed PVOH and fractions 
collected from HPLC: P = whole polymer 79.6% hydrolysed, 1, 2 and 
3 are fractions. 

Confirmation of this theory was achieved by fractionation of 

alkaline hydrolysed PVOH samples as they eluted from the HPLC 

column. Based on previously observed elution times, three fractions 

were collected across the original whole sample peak after removal of 

the mass detector from the system. Figure 3 shows that the three 

fractions display individual peaks which all elute within the peak 

envelope of the original polymer which in this case was 79.6% 

hydrolysed. These results would suggest that the peak elution time is 

dependent on the degree of hydrolysis and that this sample, which 

was typical of all partially hydrolysed samples studied, exhibits a 

distribution of degree of hydrolysis consistent with alcoholysis in the 

presence of methyl acetate. 

The distribution of acetate groups in partially hydrolysed PVOH 

obtained by acid alcoholysis is more random than that of PVOH 
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(a) 

(b) 

1.5 minutes 4.0 

FIGURE 4 Comparison of HPLC chromatograms of PVOH 89.5% 
hydrolysed: (a) alkaline hydrolysis, (b) acid hydrolysis. 
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obtained by alkaline alcoholysis. A comparison of two polymers 

produced by alkaline and acid hydrolysis having the same nominal 

degree of hydrolysis (89.5%) is illustrated in figure 4. The acid 

hydrolysed sample displays a narrower peak than the alkaline 

hydrolysed sample. This could be due to the fact that the acid 

hydrolysis produces a narrower degree of hydrolysis distribution 

although there is no literature evidence to support this. The difference 

in peak width could be associated with the sequence length 

distribution in the alkaline hydrolysed sample being greater than that 

in the acid hydrolysed sample. 

The basis of sample retention was explored by studying partially 

hydrolysed polymers covering a wide range of degree of hydrolysis, 

including both alkaline and acid hydrolysed PVOH. Typical 

chromatograms for acid hydrolysed samples, shown in figure 5, 

exhibited a similar trend to the alkaline hydrolysed samples shown in 
figure 1. At lower degrees of hydrolysis, the increasing acetate 



3050 REID, MEEHAN, AND DAWKINS 

3 

2 

1.0 minutes 5.0 

FIGURE 5 HPLC chromatograms of acid hydrolysed PVOH samples 
with different degrees of hydrolysis: 1 = 97.2, 2 = 84.6%, 
3= 72.2%. 

content enhances the hydrophobicity of the polymer causing it to 

interact more strongly with the PS/DVB packing material at the start 

of the gradient (99% water/1 % THF). Thus, a higher concentration of 

THF is required to release the sample from the column, resulting in 

increased elution time. It would appear that a specific water/THF 

composition is required to desorb polymers of a particular degree of 

hydrolysis. The elution characteristics observed suggest that the 

separation mechanism is by normal retention, i.e. adsorption, rather 

than precipitation/redissolution (3,4). A strong correlation was 

observed between elution time and degree of hydrolysis (figure 6) for 

both acid and alkaline hydrolysed samples. In general, the alkaline 

hydrolysed (blocky) polymers eluted later than the acid hydrolysed 

(random) polymers for the same degree of hydrolysis. A more blocky 

distribution of acetate groups, that is a longer sequence length, 

presents a more hydrophobic site for column attachment and requires 
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FIGURE 6 HPLC elution time as a function of degree of hydrolysis for 
both alkaline (e) and acid (A) hydrolysed PVOH samples. 

a correspondingly higher THF content to elute the sample. This 

difference is not observed at high degrees of hydrolysis. greater than 

90%. where the sequence length in random and blocky samples is 

similar (9). 

CONCLUSIONS 

An HPLC method has been developed for the separation of PVOH 

polymers based on both degree of hydrolysis and the vinyl acetate 

sequence length distribution (blockiness). Gradient elution using 

water/THF results in the retention of solutes based on their 
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hydrophobicity. The retention mechanism is likely to be normal 

adsorption with polymers desorbing from the column at a specific 

water/THF composition. The peaks observed for partially hydrolysed 

PVOH samples are relatively broad indicating a distribution of 

composition. Fast gradients have been employed in this study but the 

application of slower gradients to yield more information regarding 

this compositional distribution merits further investigation. 
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ABSTRACT 

With stepwise gradient elution of styrene-acrylonitrile co
polymers from an ODS-silica column using chloroform - n-hexane 
mixtures as mobile phases, each copolymer was separated into six 
to eight peaks. The initial mobile phase was n-hexane and the 
content of chloroform in the mobile phase was increased 2% every 
five or ten minutes. Separated peaks were fractionated and the 
acrylonitrile (AN) content and molecular weight averages were 
measured. The copolymers were separated in order of increasing 
the AN content and molecular weight with a few exceptions. This 
explains that the fractions having lower molecular weight have 
lower AN content. 

INTRODUCTION 

Several attempts for the determination of chemical heteroge

neity and chemical composition distribution for styrene-acryloni

trile copolymers peS-AN) by high-performance liquid chromatography 
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(HPLC) have been reported. High-performance precipitation liquid 

chromatography (HPPLC), developed by Glockner was applied to the 

separation of peS-AN) according to composition (1,2). HPPLC uses 

a mixture of a good solvent and a non-solvent for the copolymer 

concerned as the mobile phase: tetrahydrofuran (THF) - n-hexane or 

THF - iso-octane in his work. The initial mobile phase consists 

of a non-solvent and the copolymer which is dissolved in a good 

solvent is injected into a column and is precipitated on top of 

the column. By applying a gradient elution as to increase the 

content of a good solvent in the mobile phase. the copolymer is 

redissolved and is eluted according to its solubility into the 

mobile phase. 

The separation of peS-AN) copolymers by HPPLC was found to be 

dependent on the combination of the stationary phase (RP-C18 or 

silica gel) and the mobile phase (a mixture of n-heptane and 

dichloromethane) (3). A system of silica gel with chemically 

bonded cyanoethyl groups / dichloroethane - heptane - acetonitrile 

has also been applied to the separation of peS-AN) copolymers (4). 

In our previous paper for the separation of peS-AN) copoly

mers, the elution behaviour of peS-AN) copolymers in HPPLC with 

mixtures of chloroform and n-hexane as mobile phases was evaluated 

(5). By applying isocratic elution with chloroform - n-hexane. 

next phenomena have been observed. The copolymers were eluted at 

retention volume corresponding to the interstitial volume (the 

volume of the mobile phase outside the gels in the column = the 

exclusion limit in size exclusion chromatography(SEC» or retained 

in the column, depending on the compositions of the copolymers and 

of the mobile phases. The copolymers having much styrene could 

elute at the interstitial volume with the mobile phase of less 

chloroform. With increasing the content of n-hexane in the 

mobile phase. the copolymers were retained (precipitated) in the 

column. Besides the elution of the copolymers at the interstitial 

volume or precipitation of the copolymers in the column, the 

copolymers were eluted at the retention volume corresponding to 

the volume of the mobile phase in the column (the sum of the 
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interstitial volume and the pore volume of the packing materials 

in the column) with the mobile phase of the intermediate composi

tion and this phenomenon was defined as the pre-precipitation 

state (a transition period). 

In order to separate the copolymers according to composition, 

in other word, to observe different retention volumes among the 

copolymers having different composition, the linear gradient elu

tion from 100% n-hexane to 100% chloroform has been performed and 

the elution was in order of increasing the acrylonitrile content 

in the copolymers. Although a linear relationship between reten

tion volume and acrylonitrile content has been observed, the 

resolution between two copolymers was worse and the composition 

difference between the two copolymers should be more than 10% in 

the acrylonitrile content in order to get the complete resolution 

between two copolymers. 

In the present report, stepwise gradient elution was per

formed for the purpose of increasing the resolution between two 

copolymers of which compositions were close each other. By this 

elution method, each copolymers could be separated into several 

peaks. 

EXPERIMENTAL 

HPPLC was performed with a high performance liquid chromatog

raph Model TRIROTAR-VI (Jasco Corp., Tokyo, Japan) equiped with an 

ultraviolet (UV) absorption detector Model UVIDEC-VI operated at 

270 nm. The packing material was silica-ODS (Develosil, Nomura 

Chemical Co., Aichi, Japan) packed in a column of 250 mm x 4.6 mm 

I.D. The column was thermostated at 25 °c in a Model AO-30C 

column oven (Showa Denko Co., Tokyo, Japan). 

Size exclusion chromatography (SEC) for the measurement of 

molecular weight averages of the fractions of P(S-AN) copolymers 

was performed with the same HPLC apparatus. A column for SEC was 

a Gelpak GL-W550 column (300 mm x 10.7 mm LD.)(Hitachi Chemical 
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Co., Tokyo, Japan) packed with hydroxylated polymethacrylate gels. 

A UV detector was operated at 260 nm. 

Samples used in this experiment were P(S-AN) copolymers pre

pared by suspension polymerization and supplied by Mitsubishi 

Monsant Co. (Yokkaichi, Japan). The acrylonitrile (AN) contents 

of these copolymers were measured by nitrogen analysis and were as 

follows: P(S-AN)-IS, 14.8 wt%; P(S-AN)-20, 19.6 wt%; P(S-AN)-27, 

26.2 wt%; and P(S-AN)-33, 32.3 wt%. These copolymers were 

dissolved in chloroform at a concentration of 0.1% for analytical 

separation and at a concentration of 0.5% for preparative separa

tion. The injection volume for the sample solutions into the 

column was 0.1 mL. 

The mobile phases for HPPLC were chloroform containing 1% 

ethanol as a stabilizer and n-hexan and their mixtures. Elution 

was performed by stepwise gradient. The initial mobile phase was 

n-hexane and ten or twelve minutes after the sample injection, the 

content of chloroform in the mobile phase was increased linearly 

in ten to seventeen minutes to specified concentration. Then the 

content of chloroform was increased 2% every five or ten minutes. 

The detailed programs are listed in Tables 1 (for analytical 

separation) and 2 (for preparative separation). The flow rate of 

the mobile phase was 0.5 mL/min. 

The mobile phase for SEC was THF. Solvent in the fractions 

obtained by preparative separation was removed under reduced pres

sure and the residue was redissolved in THF. 

RESULTS and DISCUSSION 

In the previous report(S), adjacent peaks of the copolymers 

separated by linear gradient elution overlapped somewhat and in 

order to get complete resolution, the composition difference bet

ween the two copolymers should be more than 10 wt% in AN. A 

calibration curve of the peak retention volume vs. the composition 

of the copolymers can be constructed from Figure 6 in the previous 



STYRENE-ACRYLONITRILE COPOLYMERS 3059 

TABLE 1 

Stepwise Gradient Program for Analytical Separation 

Time, min 0 10* 20* 25 30 35 40 45 50 55 

CHC13 , % 0 0 20 22 24 26 28 30 32 34 

Time, min 60 65 70 75 80 85 90 95 100 

CHC13 , % 36 38 40 42 44 46 48 50 52 

Time, min 105 110 115 120 125 130 135 140 

CHC13 , % 54 56 58 60 62 64 66 68 

Time, min 145 150 155* 175* 

CHC13 , % 70 72 72 0 

* Linear gradient elution from 0% CHCla to 20% CHC1
5 

between 10 
and 20 min and from 72% CHC13 to 0% CH 13 between 1 5 and 175 min. 

report(5) and by using this calibration curve, the composition 

range of each copolymers can be calculated as follows: P(S-AN)-20, 

16.5 - (34); P(S-AN)-27, 22.6 - (38)(AN wt%). The composition 

range calculated seems to be too broad and therefore, these peak 

widths must be affected not only by a composition distribution but 

also by a peak broadening effect during the elution in the column. 

One of the possibilities to improve the peak resolution is to 

increase the programming time in the linear gradient elution. 

The difference in retention volume increased with increasing the 

programming time, but peak widths also increased and the improve

ment in the peak resolution was not much observed. 

The second possibility to improve the peak resolution is to 

perform stepwise gradient elution. A stepwise gradient program 

operated in this work is listed in Table 1 for analytical separa-
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TABLE 2 

Stepwise Gradient Program for Preparative Separation 

P(S-AN)-20 copolymer 

Time, min 0 12* 26* 36 46 56 66 76 86 96 

CHC13 , % 0 0 34 36 38 40 42 44 46 48 

Time, min 106 116* 136* 

CHC1 3 , % 50 50 0 

P(S-AN)-27 copolymer 

Time, min 0 12* 24* 34 44 54 64 74 84 94 

CHC1 3 , % 0 0 40 42 44 46 48 50 52 54 

Time, min 104 114 124 134* 154* 

CRC13 , % 56 58 60 60 0 

P(S-AN)-33 copolymer 

Time, min 0 12* 29* 39 49 59 69 79 89 99 

CHC13 , % 0 0 48 50 52 54 56 58 60 62 

Time, min 109 119 129 139 149* 169* 

CRC13 , % 64 66 68 70 70 0 

*Linear gradient elution between 12 and 26 min and between 116 and 
136 min for P(S-AN)-20, between 12 and 24 min and between 134 and 
154 min for P(S-AN)-27, and between 12 and 29 min and between 149 
and 169 min for P(S-AN)-33. 
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tion and chromatograms obtained by the stepwise gradient elution 

are shown in Figures 1 and 2. Figure 1 is those for P(S-AN)-15 

and P(S-AN)-20 and Figure 2 is those for P(S-AN)-27 and P(S-AN)-

33. The programming time of stepwise gradient elution and the 

compositions of the mobile phase at the inlet of pump are also 

shown schematically. The compositions of the mobile phase listed 

in Table 1 and shown in Figures 1 and 2 are those at the system 

controller and the real compositions of the mobile phase in the 

column at the specified time are somewhat lower in the chloroform 

contents than those shown there. The monitoring at wavelength 

260 nm caused the baseline drift and therefore, wavelength 270 nm 

was employed in this work. 

P(S-AN)-20 copolymer was separated into 6 (+2) peaks and P(S

AN)-27 copolymer into 5 (+3) peaks by the stepwise gradient elu

tion. Although some peaks of P(S-AN)-20 copolymer overlapped 

with those of P(S-AN)-15 copolymer, but all peaks of P(S-AN)-20 

copolymer were not superimposed on those of P(S-AN)-27 copolymer. 

These results express that the range of composition for P(S-AN)-20 

copolymer (and P(S-AN)-27 copolymer) is not wider than that calcu

lated with a calibration curve mentioned above and peak broadening 

effect should be considered for the reason of broad peaks. 

Stepwise gradient elution for analytical separation started 

at 20 min after the injection of the sample solution. This 

starting time affected retention volumes of separated peaks. In 

order to get good reproducibility for the elution positions of the 

resolved peaks, the starting composition of the mobile phase at a 

stepwise gradient elution should be lower in the chloroform con

tent than the composition at which the copolymer started to elute. 

Chloroform content in the mobile phase at which the copoly

mers started to elute from the column by linear gradient elution 

was different from that by stepwise gradient elution. P(S-AN)-15 

copolymer started to elute at the composition of 75% chloroform 

in the mobile phase by linear gradient elution (5), while it 

started to elute at the composition of 34% chloroform in the 

mobile phase by stepwise gradient elution. Similarly, P(S-AN)-20 
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FIGURE 1. Chromatograms of peS-AN) copolymers obtained by step
wise gradient elution (l). (a) P(S-AN)-lS, (b) P(S-AN)-20, (c) 
composition profiles for the mobile phase; UV:270 nm, xO.16; 
sample concentration: 0.1%; injection volumne: 0.1 mL. 
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FIGURE 2. Chromatograms of peS-AN) copolymers obtained by step
wise gradient elution (2). (a) P(S-AN)-27, (b) P(S-AN)-33, (c) 
composition profiles for the mobile phase; UV:270 nm, xO.16; 
sample concentration: 0.1%; injectiion volume: 0.1 mL. 
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copolymer started to elute at 82% chloroform in the mobile phase 

by linear gradient elution and 38% chloroform by stepwise gradient 

elution. Stepwise gradient elution required less good solvent 

than linear gradient elution. The composition in the mobile 

phase at which the copolymers started to elute by stepwise gra

dient elution (e.g., P(S-AN)-20, 38% chloroform, P(S-AN)-27, 50% 

chloroform) were nearly equal to those of mixtures of chloroform 

and n-hexane corresponded to cloud points (5) (e.g., P(S-AN)-20, 

36% chloroform, P(S-AN)-27, 52.5% chloroform). 

In order to measure the composition of each peak separated by 

the stepwise gradient elution, the peaks were fractionated by 

preparative separation. Gradient program for preparative separa-

tion is somewhat different from that for analytical separation and 

was indicated in Table 2. Chromatograms for P(S-AN)-20, P(S-AN)-

27 and P(S-AN)-33 copolymers are shown in Figures 3, 4, and 5, 

respectively. Sample concentration was 0.5% and injection volume 

was 0.1 mL. No difference in peak retention volume was found in 

both sample concentrations, 0.1% and 0.5%. Chromatograms obtained 

with the 0.1% sample concentration are shown in Figures 3 and 4 

for comparison purpose. Shaded parts in peaks indicate fraction

ated parts. 

Four peaks of each samples were fractionated, the fractions 

were cast on a KBr disk, and then the infrared spectra of the 

fractions were measured by FTIR. A calibration curve was con-

structed by using the unfractionated peS-AN) copolymers and the 

absorbance ratio of 2260 cm-1 and 1602 cm-1 was plotted against AN 

content. Composition of the fractions was determined by using 

this calibration curve. The results are shown in Table 3. From 

Table 3, it was found that P(S-AN)-33 copolymer was separated 

according to its composition and each peaks have about one percent 

difference in composition. Although fractions No.1, 2, and 3 of 

P(S-AN)-20 copolymer were in order of increasing the AN content in 

the copolymer, fractions 3 and 4 were in reverse order. Fractions 

No. 1 and 2 of P(S-AN)-27 copolymer had the similar composition as 

well as those No. 3 and 4. 
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FIGURE 3. Chromatograms of P(S-AN)-20 copolymer obtained by 
stepwise gradient elution. Sample concentration: (a) 0.5%, (b) 
0.1%; shaded parts in peaks indicate fractionation range and 
figures above the peaks represent the fraction numbers. 
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FIGURE 4. Chromatograms of P(S-AN)-27 copolymer obtained by 
stepwise gradient elution. Sample concentration: (a) 0.5%, (b) 
0.1%; shaded parts and figures above the peaks were the same as in 
FIGURE 3. 
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FIGURE 5. Chromatograms of P(S-AN)-33 copolymer obtained by 
stepwise gradient elution. Sample concentration: 0.5%; shaded 
parts and figures above the peaks were the same as in FIGURE 3. 

TABLE 3 

Composition of Fractions (AN, wt%) 

Fraction number P(S-AN)-20 P(S-AN)-27 P(S-AN)-33 

1 18.0 25.4 30.5 

2 19.2 25.8 31.8 

3 21.8 27.3 32.8 

4 20.5 27.3 34.0 

Unfractionated 19.6 26.2 32.3 
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FIGURE 6. SEC chromatograms of P(S-AN)-20 copolymer and its 
fractions. (a):Unfractionated, (b): fraction number 4, (c):frac
tion number 3, (d):fraction number 2, (e):fraction number 1. 
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a, b, c, d, and e are the same as in FIGURE 6. 
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TABLE 4 

Molecular Weight Averages of Fractions as Polystyrene Equivalent 

Number average Weight average 

P(S-AN)-20 2.4 x 104 11.2 x 104 

Fraction No. 1 2.8 4.7 

Fraction No. 2 5.4 8.7 

Fraction No. 3 11.7 15.5 

Fraction No. 4 21.3 25.8 

P(S-AN)-27 1.83 9.1 

Fraction No. 1 2.6 5.2 

Fraction No. 2 4.7 8.6 

Fraction No. 3 6.6 12.9 

Fraction No. 4 7.1 17.5 

In order to consider this reverse order elution in composi

tion, SEC of these fractions was performed and chromatograms are 

shown in Figures 6 and 7 and the molecular weight averages calcu

lated are listed in Table 4 as polystyrene equivalent molecular 

weight. Elution of these fractions were in order of increasing 

molecular weight. It can be said that this elution method is 

affected by both the composition and the molecular weight of the 

copolymers. It is also possible to say roughly that the frac-

tions having lower molecular weights have lower AN contents. 

REFERENCES 

1. G. Glockner, Pure & Appl. Chern., .22: 1553-1562 (1983). 



3068 MORI AND TAZIRI 

2. G. Glockner, J. H. M. van den Berg, N. L. J. Meijerink, and T. 
G. Scholte, R. Koningsveld, Macromoleclules, ]2: 962-967 
(1984) . 

3. R. Schultz and H. Engelhardt, Chromatographia, 29: 325-332 (1990). 

4. M. Danielewicz, M. Kubln, and S. Vozka, J. Appl. Polym. Sci., 
12: 3629-3631 (1982). 

5. S. Mori and M. Naito, J. Chromatogr., in press. 

Received: October 16, 1993 
Accepted: December 1, 1993 



JOURNAL OF LIQUID CHROMATOGRAPHY, 17(14&15),3069-3090 (1994) 

DETERMINATION OF FUNCTIONALITY 
AND MOLAR MASS DISTRIBUTION OF 

ALIPHATIC POLYESTERS BY ORTHOGONAL 
LIQUID CHROMATOGRAPHY. I. 
OFF-LINE INVESTIGATION OF 

POLY(1 ,6-HEXANEDIOL ADIPATES) 

R.-P. KRUGER, H. MUCH, AND G. SCHULZ 
Centre of Macromolecular Chemistry 

Rudower Chaussee 5 
D-12489 Berlin, Germany 

ABSTRACT 

During polycondensation of polyesters products are formed distributed in molar 
mass and functionality (end groups). Especially in polyurethane chemistry the 
knowledge of the distribution of terminal groups is necessary for correlating 
material properties containing different species in raw materials. The 
characterization of polyesters by "Liquid Adsorption Chromatography at Critical 
Conditions" (LACCC) is a new powerful tool for kinetics and modelling. 
Separation of polyesters according to their terminal groups independently of their 
molar mass is feasible at the critical conditions determined by the chromatographic 
system silicalacetonelhexane. Owing to side reactions, the number of combinations 
of COOR- and OR terminal groups identified was higher than expected. Cyclic 
species, hexanediol ether structures and alkyl-terminated homologues were 
identified. Model substances for all structures were synthesized. For orthogonal 
separation LACCC was combined off-line with SEC . With the help of preparative 
separation enough material was obtained to identifY the species by spectroscopic 
methods (NMR, MALDI-TOF-MS) and to calibrate both the detector response 
and SEC. Finally, an algorithm is proposed for the characterization of end-group 
distributed reactive polymers by orthogonal liquid chromatographic methods. 
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INTRODUCTION 

Polyesters from adipic acid and 1,6-hexanediol with an output of thousands of 

tons are manufactured for a wide field of applications. Polyester as intermediate 

product for polyurethanes are distributed in molar mass and are inhomogeneous with 

regard to end groups. The functionality type distribution (Fill) of these products is 

important for the properties of the final products, e.g. non-reactive cyclic species are 

responsible for the "fogging effect" in polyurethane systems. First ENTELIS et al. 

[1,2] investigated such reactive oligomers by means of liquid chromatography in 

mixed mobile phases near the "critical conditions of adsorption" of polymers and 

used this method for the determination of FTD. V AKTINA et al. [3] and 

TYUTYUNDZHAN et al. [4] separated aliphatic polyesters with OR- and alkyl

terminated groups by means of thin-layer chromatography (TLC) to characterize the 

thermal degradation. FILATOVA et al. [5] separated diethylene glycol adipic acid 

polyester with hexane/methyl ethyl ketone on silica gel by gradient elution and found 

an increasing OR-functionality with increasing elution force. FILATOV A et al. [6] 

were the first to determine "critical conditions of adsorption" in adipic acid 

polyesters using ethylene glycol, diethylene glycol, propylene glycol and dipropylene 

glycol with silica gel as stationary phase and mixed eluents of MEK / chloroform. 

Information about the existence of cyclic species and ether structures is given in the 

paper of WICK et al. [7], however, the quantitative separation and determination are 

not described. The state of the art of gradient HPLC is described by WICK and 

KRUGER [8]. Size-exclusion chromatographic separations of aliphatic polyesters 

are reported in DMF [9], THF [10,11] and toluene [12] with standard polystyrene 

columns. Indications of the cyclic species are included in [10]. A comparison of SEC 

with gradient elution was done by GROS et al. [12] and KROGER [8]. 

The investigation of polymers by liquid chromatographic methods has shown that 

beside SIZE EXCLUSION CHROMATOGRAPHY (SEC) and interaction 

chromatography (LIQUID ADSORPTION CHROMATOGRAPHY, gradient 

HPLC), the Liquid Adsorption Chromatography of polymers at Critical Conditions 

(LACCC) is established and can contribute essentially to increasing the knowledge 

of the determination of the polymer structure [13]. The review on this liquid 

chromatographic mode [14] has shown that the critical conditions for the liquid 

adsorption chromatography of polymers are realized by using solvent mixtures as 

mobile phase. In SEC the chromatographic process of polymers in a good solvent is 

caused by a change in entropy, while the separation process of liquid adsorption 



ALIPHATIC POLYES'IERS. I 3071 

chromatography is based on the change in enthalpy in a thermodynamically poor 

solvent. At the critical point, the change in entropy will be compensated by the 

change in enthalpy. In that case, the basic unit of the polymer chain doesn't 

contribute to the separation process, the main chain has no chromatographic 

influence on retention. Under these conditions the retention is independent of the 

molar mass of the polymers investigated. 

The chromatography at critical conditions of polymers can be used to determine 

the following distributions 

- functionality 

- chemical composition (blend) 

- block length distribution in copolymers 

- distributions according to structural and topological aspects (branching, 

cycles, tacticities) 

The frequent attempts to determine the chemical composition and molar mass 

distribution of copolymers by orthogonal two-dimensional liquid chromatography 

(or so-called chromatographic cross fractionation) are incomplete, because the 

chromatographic mode beside the SEC does not separate independently of the 

molar mass. A purely orthogonal two-dimensional liquid chromatography is 

experimentally feasible by using liquid adsorption chromatography at critical 

conditions in the first dimension and SEC in the second one [15]. Subject of the 

present paper is the investigation of hexanediol adipate polyesters by two

dimensional liquid chromatography. The determination of functionality distribution 

by separation in LACCC is the aim in the first dimension. In the second dimension, 

the molar mass distribution of every functionally different fraction will be 

determined by SEC. All steps beginning with the determination of critical 

conditions up to the two-dimensional chromatography are presented. As a result, 

an algorithm for the systematic investigation by this technique will be proposed. 

EXPERIMENTAL 

Equipment 

Investigations by gradient elution were performed with the modular equipment 
HP 1050 of Hewlett & Packard, consisting ofa quaternary pump with membrane 
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solvent degasser, an auto sampler and a HP 1040 M series 2 diode array detector. 

20 fJ.I samples with a concentration of 5 mg / m1 in acetonitrile were separated on a 

nucleosil column 250 x 4 mm ID with a 5 fJ.m RP 18 phase of the AB type at 303 

K. Data handling and computation was done by the HPLC 3D Chern Station with 

WIN-software. 

The measurements for the determination of "critical conditions of adsorption of 

polymers" were performed on an equipment for isocratic separation mode, 

comprising a Jasco 880 PU pump, an auto sampler Marathon from Sparc 

(Netherlands) and an ERC 7511 differential refractometer detector. The 

chromatographic data were collected by a personal computer with a two-channel 

high special data acquisition with 24 bit resolution. The interactive processing of 

chromatographic data by the software NINA of Nuclear Interface (Germany). 

Stainless steel columns, of Tessek (Czechoslovakia), 250 x 4 mm ID with silica 7 

fJ.m with a mean pore diameter of 120 A were used at 303 ± I K. 

Preparative separation was carried out on an equipment of Shimadzu consisting 

of an LC 8 A pump, an SCL 8 A system controller, a 25 m1 SIL 8 A autoinjector, a 

Waters R 401 differential refractometer detector, and an FCV 100 B fraction 

collector. A Latek Si 60 (20fJ.m) column 500 x 40 mm ID was used with a flow 

rate of 30 m1 min-I. The Shimadzu C-R 4 AX Chromatospac integrator was 

applied for recording the chromatograms. 

The SEC measurements were carried out at ambient temperature. The SEC 

system consisted of an HPLC pump (model 64 Knauer), a rheodyne injection 

valve with a 100 fJ.I loop (Knauer), and a refraction index detector (Knauer). Two 

columns (300 x 8 mm ID), PL-gel, pore sizes of 50 A and 100 A, 5 fJ.m particle 

diameter, separating in the molar mass range up to 10000 g mol-1 were used. 

Acetone was the mobile phase, with a flow rate of 1 m1 min-I. Data acquisition and 

calculation of calibration curves and molar mass distribution was done with the 

SEC software of Polymer Standard Mainz on an Atari computer. 

MATERIALS AND SYNTHESIS 

Chemicals and Solvents 

The chemicals used in this study, were adipic acid (Merck, Darmstadt, 

Germany, for synthesis), caproic acid (Merck, for synthesis, distilled), 1,6-
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hexanediol (Riedel-de Haen, Seelze, Gennany, distilled under reduced pressure), 

thionyl chloride (Merck, destilled), I-hexanol (Merck, distilled), 5-hexen-l-ol 

(Merck, distilled) and 4-toluenesulfonic acid (Merck, Gennany). The solvents 

(methanol, toluene diethyl ether, and N,N-dimethylformamide obtained from 

Merck, pyridine obtained from Riedel-de Haen) were destilled freshly before 

application. Acetone, n-hexane and tetrahydrofuran (Baker, Deventer, 

Netherlands), HPLC grade reagents, were degassed by stitting under vacuum. The 

acid chlorides (adipic acid chloride, caproic acid chloride) were prepared by 

treatment of the corresponding carboxylic acid with thionyl chloride in the 

presence of nitrogen followed by distillation. 

Sample Preparation 

Definite model polyesters were prepared with favoured end groups to identifY the 

HPLC peaks in the LACCC of industrially manufactured OH-terminated adipic acid 

/ hexanediol polyesters. 

For the modification of polyesters, polymer analogous reactions were perfonned. 

Polyesters with different end groups (favourably OHlOH, COOHIOR and 

COOHICOOH) were synthesized from adipic acid and 1,6-hexanediol by variation 

of stoichiometry in solution in the presence of 4-toluene-sulfonic acid and extra dry 

grade nitrogen. The water fonned was pennanently eliminated by toluene (towing 

agent) . The preparation was perfonned by precipitation in methanol or diethyl ether 

followed by sucking, washing and drying at reduced pressure. If adipic acid 

dichloride was applied, the reaction was carried out with hexanediol in the presence 

of pyridine by heating. Precipitation was perfonned in hydrochloric acid / ice water. 

The resulting product was sucked and washed, dissolved in toluene and precipitated 

in methanol followed by drying under vacuum. In all cases, white polyester powders 

were obtained . 

The synthesized polyesters containing different end groups were converted once 

more to produce alkyl end groups. OR end groups were esterified with caproic acid 

chloride. By variation of stoichiometry (solvent pyridine) and heating polyesters 

were obtained containing end groups of different nature (Alk/COOH, Alk/OH, 

Alk/ Alk). The purification was done as described above. An acid polyester 

containing one-sided hexenyl end groups was obtained from a,w-COOR polyester 



3074 KROGER, MUCH, AND SCHULZ 

with 5-hexene-l-ol. Reaction was perfonned by heating in solution catalyzed by 4-

toluenesulfonic acid. Potassium salts were synthesized yielding two excellent 

polyesters by accurate neutralisation ofCOOH-groups. 

Moreover, oligomer diesters with special end groups were synthesized in order to 

facilitate the identification of polyester peaks owing to the excellent purity of those 

substances. These products were the first species of homologous series (six C-atoms 

in each component). All dihexyl adipates were obtained from adipic acid (or adipic 

acid dichloride) and excessive l-hexanol in melt (or pyridine solution). The products 

were absorbed in diethyl ether and washed thoroughly with an aqueous solution of 

sodium carbonate. After the evaporation of ether. the substances were fractionated 

under reduced pressure. The reaction with 5-hexen-l-ol proceeded in the same 

manner. Analogously, all diesters obtained from 1,6-hexanediol and caproic acid 

chloride were prepared with a different excess of components (AlkiAlk-, AlklOH

end groups). The diester with both alkyl and COOH end groups was obtained from 

adipic acid and l-hexanol in melt. 

In the literature [7] it is mentioned that etherdiol structures in polyesters have 

been detected too. Therefore, 1,6-hexanediol was treated with 4-toluenesulfonic 

acid in toluene under the same conditions as for the polyester preparation . The 

evaporated mixture was distributed between diethyl ether and water before the 

isolation of the product. 

RESULTS AND DISCUSSION 

For a complete description of the heterogeneity of polyesters the information of 

SEC and LACCC separation must be combined. Because the analysis of such a 

complex sample as a polyester containing small amounts of undesired structures 

(below three percent) is more difficult. the above-mentioned model polyesters were 

used for identification. For this purpose, the following experimental step must be 

solved. 

Diagnosis of functionality distribution 

Chemical heterogeneity can be recognize by comparing of chromatograms of 

samples with different end groups in SEC or in HPLC with gradient elution. 
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Therefore polyesters of adipic acid and 1,6-hexanediol with different structures were 

synthesized. The content of the expected terminal group combinations HO--OH, 

HO-COOH and HOOC-COOH depends on the molar ratio of dicarboxylic acid 

to diol in synthesis. The data of characterizing at the obtained model polyesters by 

classical mean values from chemical end-group analysis (OH- and COOH-value) and 

vapour pressure analysis are presented in Tab. 1. It reveals that no product has a 

mean functionality of whole numbers. In Tab. 2 the dates of other in this paper used 

AA-HD-polyesters are shown. 

To indicate the influence of terrninal groups on the elution behaviour of 

polyesters with preferred eOOH end groups or OH end groups [Fig. 1] they were 

separated with acetone as above for SEC defined conditions. The high-resolution 

separation system can distinguish between the low-molecular range of both the 

homologous series [Fig. 1] and the raw materials. It must be checked if the reason 

for the differences in the elution volume is caused by adsorption or solvation. The 

calibration function should be controlled for the homogeneous series. 

The gradient elution chromatogram [Fig.2] shows the separation of a sample 

PE2, preferred terminal OH-groups and a small carboxylic content. The shape of the 

eluted species clearly shows all homologues with two OH end groups, since the 

retention increases with molar mass. Between the main peaks there are some small 

peaks which are caused by other terminal groups. These species can't be separated at 

higher polycondensation degrees, because of the small difference of interaction. A 

quantitative determination of all existing homologous series by adding up the peaks 

in the adsorption or gradient mode of LC is not possible. Only in the LACee 

separation mode all species with the same end groups will be eluated in one peak 

and can be determined quantitatively. 

Selection of the phase system 

Polyesters with typical terminal groups resulting from polycondensation and 

polyesters with other end groups caused by side reactions (cyclization, dehydration 

and thermal ester cracking) differ in a wide range of polarity. Silica gel and reversed 

phases were tested to separate HO-QH, HO-COOH and HOOe-COOH 
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TABLE I: Selection of Synthesized Model Polyesters 

Main structure of Acid number Hydroxyl Molar mass Functionality 

synthesized polyesters (mgKOHlg) number Mn 

(mgKOHlg) (g mol-I) 

HOOC-PE-QH 9.2 7.0 6800 1.96 

HO-PE-QH 1.2 86.2 1270 1.98 

HOOC-PE-COOH 123.6 5.8 810 1.87 

Alk-PE-Alk 0 0 2100 0 

Alk-PE-oH 3.1 17.6 2520 0.93 

Alk-PE-COOH 115.7 4.0 450 0.96 

HOOC-PE-Alk(unsatur.) 19.6 0 2600 0.91 

HO-o-oH 0 361 310 1.99 

TABLE 2: Characterization of Polyester Samples 

Polyester samples Acid number Hydroxyl Molar mass Functionality 

(mgKOHlg) number Mn 
(mgKOHlg) (g mol-I) 

PE 1 0.16 110.3 930 1.83 

PE 2 2.36 74.3 1300 1.78 

PE 3 0.63 56.7 1650 1.69 

PE 4 0.76 36.9 2400 1.61 

PE 5 5.43 103.3 1020 1.98 

PE 6 7.09 67.4 1400 1.86 

PE 7 6.13 51.7 1810 1.86 

PE 8 8.45 35.1 2220 1.73 

PE 9 6.6 8.9 5940 1.64 
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FIGURE 1: Separation of AA-HD polyester with preferred OHlOH- and 
COOHICOOH functionalities in SEC mode (see equipment) 
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FIGURE 2: Gradient elution chromatogram ofPE 2 with RP 18, 5!J.m column at 
40°C, flow Iml/min, solvent A: water, solvent B: ACN; gradient 65%B at the 
start, 1 min at 65%, in 15 min to 100%B, 5 min at 100%, detector wave length 
210 nm 
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homologues. The reversed phase system was unsuitable because of unsufficient 

selectivity. The precipitation point was near the critical conditions, that means parts 

of polyester were precipitated on the column. 

A mixture of acetone and hexane as mobile phase and silica gel as stationary 

phase was preferred because of the good solubility of polyesters, the possibility of 

evaporation after preparative separation, and low toxicity. The influence of small 

amounts of water (below 200ppm) could be neglected in the selectivity and retention 

of the peaks. At last, the mean pore diameter of the separation phase has to be 

optimized. Therefore were compared silica gels of different pore size of the same 

producer. It is necessary that all dissolved polymer molecules are able to contact the 

polar SiOH groups on the silica gel surface and that exclusion effects do not occur. 

The retention decreases with the mean pore size diameter of the phases. The phase 

ratio is proportional to the surface area. Nucleosil 50 A, 100 A, 300 A and 500 A 
were tested (Fig.3). Optimal resolution and peak shape were found with phase 

material of 100 A mean pore diameter. For Nucleosil 50 A not all pores of the phase 

were available for the polymer molecules, the transport of macromolecules was 

hindered. In that case the mean fraction was eluated as a broad peak. Retention and 

selectivity of Nucleosil 500 A, however, exclude the separation of all species. For 

the measurements were used columns of Tessek, 120 A, as written in "Equipment", 

with the same resolution. For the first orientation regarding the pore size selection of 

the stationary phase it is necessary that there are no exclusion peaks under 

conditions of SEC separation. Exactly the separation range must be checked by 

inversed liquid chromatography. 

Determination of critical conditions of adsor:ption for AA-HD polyesters 

For the determination of critical conditions it is necessary to separate samples 

with different molar masses. In that case the samples were in the molar mass range 

from 1000 to 6000 g mol-1 (see Tab.2) with preferably two OH groups in isocratic 

mode on the above-described chromatographic equipment. The mobile phase near 

the critical condition had to be premixed by weighing, the water content had to be 

controlled «0.02%). The concentration of the samples in the mobile phase were 

about 1 wt-%. It is favourable to begin the variation of the mobile phase with a 

thermodynamically good solvent in SEC mode thus avoiding precipitation or 
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FIGURE 3: Separation of AA-HD polyester PEl at critical conditions (49 Vol% 
hexane /51 Vol% acetone) on Nucleosil50 A, 100 A, 300 A and 500 A 

irreversible adsorption on the stationary phase. In the size exclusion mode samples 

with higher molecular masses at lower elution volume were eluted in acetone (left 

series of peaks in Fig.4). By the addition of hexane, the difference in the elution 

volume of the used samples decreases. Near the critical conditions, at 47 vol-% 

hexane (Fig.4), the difference is very small. At critical conditions of adsorption, ali' 

standard samples elute at the same retention volume independent of their molar 

mass. The variation of the retention volume of the used standards should be smaller 
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than the measured standard deviation of the dead volume peak. In the right curve at 

53 vol-% hexane the standards were eluted in adsorption mode (Fig. 4). The elution 

is reversed to the SEC mode. The peaks (Fig.5) are asymmetric near the critical 

point of eluent in the LAC mode and with higher molar masses they become very 

broad. The elution volume for a molar mass range can be tuned by the eluent 

mixture. The high-molecular part of the sample is adsorbed strongly, as for instance 

PE 9 in the right group of peaks in Fig. 5. For a complete elution in the adsorption 

mode the column must be washed by acetone between the separations. 

Fig. 5 presents the dependence of elution volumes of polyesters with different 

molar masses (Tab. 2) on the composition of the mobile phase. 

Identification of peaks at critical conditions of adsorption 

Fig. 6 shows chromatograms of AA-IID polyesters with different molar masses 

of 930, 1300, 1650 and 2400 g mol-I. The peaks representing different end-group 

combinations can be found in all four chromatograms independent of the molar 

mass. The relative amount of undesired structures in the products increases with 

higher molar masses. 

The main peak 7 at 13 min. is caused by homologues with two OR-groups. The 

peak 10 eluated at 21 min. is related to 1,6-hexanediol as raw material. The rest of 

the peaks has to be identified by means of model polyesters. Polyesters with defined 

structures (see Tab. I ) are separated at critical conditions for identification (Fig. 7) 

by retention data. The structures of the peaks 1 - 5 in the chromatogram (Fig. 7) 

correspond with the models. After preparative separation, the NMR-spectra 

and MALDI-TOF-MS-spectra of the fractions agree with the proposed structures. 

Peak Band 9 could not be identified in such a way. 

The possibility to synthesize ether structures from 1,6-hexanediol in acid 

medium under dehydration conditions was studied (substance with ether structures, 

Tab. I). In Fig. Ba the chromatogram of the polyester PE 3 is shown. The part which 

was saponified after preparative fractionation is marked. The separation of isolated 

diols after alkaline saponification and purification is shown in the chromatogram Bc. 

The retention of the dimer and trimer structures is identical with the synthesized 
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oligomers of the chromatogram 8b. These ether structures are incorporated in all 

polyesters (Fig. 6). The content of these structures decreases in polyesters with 

higher molecular masses. It is well known that this ether structure is responsible for 

autoxidation processes. 

Preparative fractionation 

The preparative separation of manufactured products of AA-HD polyesters was 

performed on the equipment described above. About 5 g of sample were separated 

to isolate enough substance for the differentiation of alkyl / alkylene end groups by 

NMR. 10 ml of sample solution with about 800 mg of polyester were separated in 

one run. In the chromatogram (Fig. 9) typical overload effects by concentration or 
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volume do not occur. The isolation of polymer fractions from the mobile phase was 

performed in a vacuum rotary evaporator. Degradation by saponification was not 

observed in the mobile phase used During a reclrromatography of fractions the 

impurity peaks observed were ascribed to the mobile phase, they could not be 

observed using an evaporative light scattering detector (ELSD). After controlling 

by LACCC the fractions could be applied as calibration substances for the 

differential refractometer and ELSD. Finally, the fractions were measured by SEC 

to get the molar mass distribution in the second dimension of two-dimensional 

clrromatography. 
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FIGURE 10: SEC calibration curves for AA-HD polyesters with different 
functionality 

The resulting SEC calibration curves were obtained from the oligomer peaks of 

the homologous series of structurally different samples (Fig. 10). Therefore, the 

model substances described above and the synthesized first species of homologous 

series were used. In the case of cycles, substances were applied obtained from the 

former manufacturer of polyesters (Synthesewerk Schwarzheide). 

Comparing the elution volumes of oligomer peaks of different end groups it 

could be observed that the calibration curves are different. The influence of the end 

group is remarkable in the first members of the homologous series. The elution 

volumes of polyesters with alkyl end groups and of cycles are significantly higher 

than of OH- or COOH- terminated polyesters. That means that in the case of 

comparable molar masses the hydrodynamic volumes are much smaller. The 

solvation of the end groups (OH or COOH) with molecules of the mobile phase 

could be the reason for that behaviour. 
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FIGURE 11: SEC chromatograms from LACCC preparative fractions of AA-HD 
polyester PE 1 

TABLE 3: Results of Off-Line Coupling LACCC / SEC (AA-HD Polyester PEl) 

Structure Fraction Mn Mw Content from 

(SFr) (SFr) LACCC(%) 

A1k-Alk 1 806 1740 0.2 

Cycles 2 496 1165 0.5 

A1k-OH 3 945 1190 1.1 

HOOC-COOH 4 938 2071 1.2 

HOOC-OH 5 1194 2863 1.3 

HO-OH 6 986 1720 76.8 

HO-O-OH 7 1400 2074 1 16.3 

HO-O-OH 8 760 1760 J 
lID 9 112 118 2.6 
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Diagnosis for functionality distribution 

Selection of phase system 

Determination of the critical conditions 

Separation in preparative scale 

Identification of the fractions 

Determination of the first species 

Calibration of SEC, determination of the responce factors 

Automated 2D-separation 

Interpretation of the contour diagram 

FIGURE 12: Algorithm of characterization molar mass distribution and chemical 
heterogeneity by two-dimensional liquid chromatography 

In Fig. 11 the SEC curves of preparatively separated fractions are presented. 

The molar masses, calculated from the corresponding calibration curves and the 

content of different species, measured in the LACCC mode by using the ELSD are 

presented in Tab. 3. The results differ strongly in Mn- and Mw-values of the species. 

Further investigations are necessary to cover and to interprete the data by kinetics 

and the technological process of polycondensation. 

With the results of Tab. 3 a complete description of the polyester structure with 

regard to molar mass and functionality is given. 

On the basis of the presented experiences it is possible to characterize other end

group distributed reactive polymers including macromers and telechelics. The 

following scheme for an algorithm is proposed (Fig. 12). 

The last two operations in the algorithm will be discussed in part n, where the 

on-line coupling of the two chromatographic modes and their relations to synthesis 

will be presented. 
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CHROMATOGRAPHIC INVESTIGATIONS OF 
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SchloBgartenstraBe 6 
64289 Dannstadt, Germany 

ABSTRACT 
Alkyloxy and aryloxy terminated polyethylene oxides are analyzed with respect to 
their terminal groups by liquid chromatography at the critical point of adsorption. 
The molar mass distribution of the main functional fraction is determined by a 
modified size-exclusion chromatography technique using matrix assisted laser 
desorption/ionization mass spectrometry as an additional detector. The results are 
correlated with data obtained by supercritical fluid chromatography and mass 
spectrometry . 

INTRODUCTION 

Polyethylene oxides (PEO) are important intermediates in organic and polymer 

chemistry. In particular, alkyloxy and aryloxy terminated PEO's are in widespread 

use as surfactants. Depending on the molar mass and the chemical structure of the 

terminal groups the amphiphilic properties change, thus influencing the surface 

activity. 
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The chemical structure of alkyl/aryloxy PEO's is characterized by distributions in 

molar mass and functionality. Due to the different initiation, chain transfer and 

chain termination mechanisms and possible impurities in the reaction mixture, 

species having different terminal groups bound to the polyethylene oxide chain are 

formed. To elucidate the structure-property relationships of these products, it is 

important to know the chemical structure and the number of these terminal groups 

in addition to the molar mass distribution (MMD). 

It has been shown previously, that the functionality type distribution (FTD) ofPEO 

may be determined by liquid chromatography at the critical point of adsorption [1]. 

In brief, every chromatographic process is associated with the distribution of the 

solute between the mobile and the stationary phase. The distribution coefficient K(} 
relates to a change in free energy, ~G, of the monomer unit when the solute 

molecule passes from the mobile into the stationary phase. ~G depends on the 

energy of interaction of the monomer unit and the stationary-phase surface, and 

starting with a certain critical potential of interaction, Ee, adsorption of the 

macromolecule takes place in the pore of the stationary phase. Therefore, if E>Ee, 

then the macromolecule is adsorbed and vice versa, such that E<Ee" then the 

macromolecule is unadsorbed and remains in the mobile phase. When E"e, the 

interaction energy is exactly compensated by the entropy losses. Corresponding to 

these three cases are the three modes of liquid chromatography of macromolecules: 

adsorption, exclusion, and critical. These modes relate to the different sequences in 

which macromolecules of various sizes elute. At the critical point, ~G is zero, 

irrespective of the size of the macromolecule and all macromolecules elute within 

one retention time. The retention depends exclusively on the inhomogeneities of 

the polymer chain; that is, the nature and number of functional groups, grafts, 

blocks, or branches [2-4]. 

The determination of FTD and :MMD of functional polyethers is possible by using 

two-dimensional chromatographic techniques, where liquid chromatography at the 

critical point of adsorption is carried out in the first dimension. After separating the 

reaction mixture with respect to functionality, the functionally homogeneous 

fractions may be subjected to SFC or SEC, delivering the :MMD of each fraction 

[5,6]. 

In the present report a number of technical polyethylene oxides is investigated. The 

separation with respect to functionality is carried out using liquid chromatography 

at the critical point of adsorption, whereas :MMD is determined by a modified SEC 

procedure and mass spectrometry. 
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MATERIALS AND METHODS 

The polyethylene oxide samples were technical products of BASF, Ludwigshafen 

(Germany). The following average structures were given by the manufacturer: 

Sample 

CIO-PEO 

C12-PEO 

C13-PEO 

C13,ClS-PEO 

Octylphenol-PEO 

Nonylphenol-PEO 

Average Structure 

CloH21(OCH2CH2hoH 

C12H2S(OCH2CH2hOH 

CI3H27(OCH2CH2)SOH 

C13H27,ClSH31(OCH2CH2hOH 

CSH 17C614(OCH2CH2)60H 

C9H 19C614(OCH2CH2h OOH 

Liquid chromatography at the critical point of adsorption and modified SEC were 

carried out on a modular HPLC system, comprising a Waters modelS 10 pump, a 

Waters differential refractometer R401, a Knauer u.v./vis filter photometer, a 

Rbeodyne six-port injection valve and a Waters column oven, keeping the 

temperature for all experiments at 2SoC. The columns used were Macherey-Nagel 

Nucleosil RP-lS or RP-S, 12Sx4mm I.D. or 60x4mm I.D. Some preparative 

separations were carried out on a Nucleosil RP-lS, 2S0x20mm I.D, column. 

All solvents were Ferak HPLC grade. 

The MALDI-MS investigations were conducted on a Kratos Kompact MALDI 3. 

The samples were dissolved in THF or the HPLC solvent and mixed with the 

matrix 2,S-dihydroxy benzoic acid. After drying the mixture of the sample and the 

matrix on the sample holder, the measurements were carried out using the 

following conditions: polarity-positive, flight path-reflection, mass-high (20kV 

acceleration voltage), 100 shots per sample. 

The detailed description of the SFC experiments will be given in a forthcoming 

publication [10]. 

RESULTS AND DISCUSSION 

In agreement with previous investigations, the separation of the functional PEO's 

according to functionality was carried out on a stationary phase RP-lS and 
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acetonitrile-water as the mobile phase [1]. However, using a column length of250 

mm or 125 mm, very strong retention of the functional PEG's was observed at the 

critical point of PEG due to the long hydrophobic chain end. To avoid irreversible 

adsorption on the stationary phase, a shorter column or a packing material of lower 

hydrophobicity was used. 

The critical diagram M vs. retention time for a RP-18 column of 60 mm length is 

shown in Figure 1. At acetonitrile concentrations >47% by volume in the solvent 

mixture, the retention time decreases as the molar mass of the PEG calibration 

sample increases; per definition retention corresponds to a size-exclusion mode. 

The reverse behaviour is obtained at acetonitrile concentrations <45% by volume, 

where the retention time increases with increasing molar mass. At a solvent 

composition of acetonitrile-water 46:54% by volume, the retention time does not 

change with molar mass, and at this "critical point of adsorption" separation is 

accomplished exclusively with respect to functionality regardless of the molar 

mass. 

The critical chromatograms of functional PEG's with different terminal groups at 

the critical point of adsorption of PEG are shown in Figure 2. As can be seen for 

the ClO- and C12-PEG's, two distinctively different fractions are obtained, 

resulting in a very sharp peak at a retention time of about 35 s and a broad peak at 

higher retention times. For the Gctylphenol-PEO RI and UV detection was used 

and the first peak appears only in the RI detector. By comparison with a standard 

sample the first peak was identified as polyethylene glycol, which is known to be 

formed as an unwanted by-product. In the case of the Octylphenol-PEG two 

additional peaks at retention times of 154 s and 303 s are detected, when UV 

detection at a wavelength of 280 nm is used. By comparison with the pure 

compound the peak at 154 s is found to be octylphenol. The second peak at 303 s 

is assumed to consist of Alkyphenol-PEO with a smaller alkyl substituent, which 

might have been formed due to impurities in the starting octylphenol. 

The quantitative determination of the PEG fraction is carried out using a 

calibration curve amount PEG vs. refractive index response. The PEG content of 

the samples is in the magnitude of 1-3% by weight, which is typically for this type 

of commercial products, see Table 1. 

In agreement with the expected behaviour for a reversed-phase column, the 

retention time of the samples increases with increasing hydrophobicity of the 

terminal group. Therefore, the elution order with respect to the terminal group is 
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FIGURE 1 Critical diagram molar mass vs. retention time of polyethylene glycol, 

stationary phase: Nuc1eosil RP-18, 60x4mm 1.0., solvent: acetonitrile

water 

OH (PEG) « ClOH21 < C12H2S < C13H27 < ClSH31. The change of the 

retention times with changing the composition of the solvent mixture is given in 

Figure 3. The dramatic increase of the retention times near the critical point 

suggests, that PE~'s with alkyloxy end groups greater than C 13 may not be eluted 

from the column in reasonable times. In fact, it was found for CIs-terminated PEO 

and all following, that they do not elute from the column within 60 min. 
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TABLE I 

PEG Content of the Polyethylene Oxide Samples Determined by Liquid 
Chromatography at the Critical Point of Adsorption 

Sample PEG 

(% by weight) 

CIO-PEO 3.27 

Cl2-PEO 2.50 

C13-PEO 2.32 

C13,CI5-PEO 1.93 

Octylphenol-PEO 1.32 

Nonylphenol-PEO 1.58 
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FIGURE 3 Diagram of retention time of the main functional fraction vs. 

composition of the solvent, stationary phase and solvent: see Fig. 1, 

samples: PEG (1), CIO-PEO (2), Octylphenol-PEO (3), Cl2-PEO (4), 
C13-PEO (5) 
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In order to decrease the hydrophobicity of the stationary phase and the retention 

times accordingly, a RP-8 instead ofa RP-I8 column is used. In this case C13- and 

CIS-terminated PEO's elute from the column at the critical point of adsorption, see 

Figure 4. In addition to the previously detected peaks, for the aryloxy samples a 

third functionality fraction was eluted, which obviously corresponds to the a.,ro

diaryloxy species. The concentration of this third functionality fraction, however, is 

very low and can be detected in the reaction mixture only with a 30 fold sensitivity 

of the UV detector. 

As was mentioned before, on a RP-I8 stationary phase the retention times of the 

functional PEO's increase dramatically by approaching the critical solvent 

composition. On the other hand, the differences in retention times at higher 

acetonitrile concentrations in the solvent suggest, that even in the size-exclusion 

region a separation into functionality fractions should be possible (see Figure 3). 

Assuming a mixed SEC-adsorption separation mechanism, at acetonitrile 

concentrations of 50-70% per volume at least the separation of the PEG fraction 

from the functional PEO is expected to occur. In order to increase resolution, a 

RP-18 column of 125 mm is used for this experiment. 

The chromatograms of the samples at a solvent composition of acetonitrile-water 

70:30% per volume are summarized in Figure 5. The inspection of the 

chromatograms reveals a separation into oligomer series for the C 12- and the 

C13,C1S-PEO's. Unexpectedly, for the CIO-, C13- and aryloxy PEO's this type of 

separation is not obtained. However, regardless ofthe type of the functional group, 

in all cases a sufficient separation from the PEG and the diaryloxy fractions is 

obtained, thus allowing to determine all functionality fractions. 

As can be seen from Figure 5, the proposed modified SEC separation technique is 

still very sensitive towards the chemical structure of the terminal groups. Even an 

increase of the substituent chain length by one methylene unit in the aryloxy PEO's 

(from octyl to nonyl) results in a significant increase in retention time. With a 

difference of two methylene units in the terminal group a complete separation of 

the functional fractions is obtained, see C13- and CIS-fractions ofC13,ClS-PEO 

in Figure 5. 

From PEO chemistry it is known, that fatty alcohols of different structure are used 

as starting materials. They may not only differ in the length of the alkyl chain but 

also in the isomeric form (n-alcohol vs. iso-alcohol). From the technical point of 

view it is often more feasible to use mixtures of different isomers instead of pure 
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alcohols. The chromatographic behaviour of PEO's having isomeric structures as 

the terminal group is supposed to be different from that of uniform structures. 

Thus, an oligomer separation may be expected for uniform but not for isomeric 

terminal groups. With respect to retention, a higher retention time is expected for 

n-alkyl groups compared to branched iso-alkyl groups due to corresponding 

differences in hydrophobicity. 

Considering these differences in retention behaviour with respect to the terminal 

group, the different chromatographic behaviour of the samples may be explained. 

For the C12- and C13,ClS-PEO's, where oligomer separation takes place, a 

uniform n-alkyl terminal group may be assumed. The CIO- and C13-PEO's are 

assumed to have iso-alkyl terminal groups. This explanation is in agreement with 

the lower retention time of the C13-PEO compared to the Cl3-fraction of the 

C 13,C IS-PEO. 
After separating the PEG fraction from the other functional species, and obtaining 

an oligomer separation for the main functional fraction, it should be possible to 

determine the molar mass distribution of the main functional fractions in the C12-

and C13,CIS-PEO's. Knowing the degree of polymerization or the molar mass at 

each oligomer peak in the chromatogram, a calibration curve log M vs. retention 

time may be obtained, thus allowing to calculate the Mn and Mw values. The molar 

mass at each oligomer peak may be determined by preparatively separating the 

samples into oligomer fractions and determining the molar masses of the individual 

fractions by an independent method. As this is rather time-consuming, a different 

approach was developed. 

A new, most promising technique for the separation of large molecules according 

to their molar mass has been introduced recently. Matrix-assisted laser 

desorption/ionization mass spectrometry (MALDI-MS), developed by Karas and 

Hillenkamp in 1988 [7], has been successfully used to determine the mass of large 

biomolecules and synthetic polymers [8]. In principle, the sample to be investigated 

and a matrix solution are mixed in such a ration that matrix separation of the 

sample molecules is achieved. After drying, a laser pulse is directed onto the solid 

matrix to photo-excite the matrix material. This excitation causes the matrix to 

explode, resulting in the expulsion and soft ionization of the sample molecules 
without fragmentation. Once the analyte is ionized it is accelerated and analyzed in 

a time-of-flight (TOF) mass spectrometer. As a result, the analyte is separated 

according to molar mass of its components and in the case of heterogeneous 



310Z PASCH AND ZAMMERT 

polymers a molar mass distribution may be obtained. In a recent paper it was 

shown by us that epoxy resins may be separated into their oligomers according to 

the degree of polymerization and the type of functional groups [9]. One major 

advantage of the method is, that minimum quantities of the magnitude of a few ng 

are sufficient for a proper analysis. 

In order to assign the oligomer peaks in the chromatograms ofCl2- and CI3,C1S

PEO's, further chromatographic separations using the analytical RP-18 column are 

carried out and the oligomer fractions are collected, resulting in amounts of 5-20 

ng substance per fraction in an acetonitrile-water solution. The solutions are 

directly mixed with the matrix solution and subjected to the MALDI-MS 

experiments. For Cl2-PEO 14 fractions are collected, fraction 1 being the PEG 

and fractions 2-14 containing the CIZ-terminated ethylene oxide oligomers. 

The resulting spectra of some of the fractions are shown in Figure 6. The MALDI

MS spectrum of fraction 1 consists of peaks of major intensity, having a peak-to

peak mass increment of 44 Da, i.e. of one ethylene oxide unit. These peaks 

represent the M+Na+ molecular ions of the PEG oligomers, whereas the peaks of 

minor intensity are due to the formation of M+K+ molecular ions. The intensity of 

the peaks characterizes the relative abundance of the oligomers in the sample and 

from these the oligomer or molar mass distribution of the fraction may be 

calculated. 

The MALDI-MS spectra of fractions 2-14 show one major peak each, representing 

the M+Na+ molecular ion of the corresponding oligomer, and some minor peaks of 

neighbour oligomers due to incomplete separation. In all cases the main peak and 

its corresponding mass is used to assign a degree of oligomerization to the 

corresponding peak in the chromatogram. Similarly, the oligomer peaks in the 

C13,CIS-PEO sample are collected and subjected to MALDI-MS. 

Once all peaks in the chromatograms are assigned to a degree of polymerization., 

the desired calibration curves log M vs. retention time may be obtained for the 

CI2-, C13- and CIs-fractions, see Figure 7. using these calibration curves, the 

average molar masses and polydispersities are determined. They agree well with 

data obtained independently by SFC and MALDI-MS in a stand-alone mode, see 

Table 2. The detailed description of the SFC and MALDI-MS experiments will be 

dealt with in a separate publication [10). 

As is shown in Figure 5, an oligomer separation is not obtained for the CIO- and 

C13-PEO'S as well as the aryloxy PEO's. Corresponding experiments using SFC 
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reveal, that instead of one peak for each degree of polymerization, a number of 

overlapping peaks is obtained. This is a clear indication for the presence of 

isomeric structures, as was assumed from the HPLC behaviour. However, for the 

Octylphenol-PEO this behaviour is not obtained and, therefore, isomeric structures 

are not likely to be present in the sample. 

As MALDI-MS separates exclusively with respect to mass per charge, isomerism 

does not interfer. Therfore, regardless of the isomeric endgroups the ClO-, C13-

and Nonylphenol-PEO's are separated with respect to their oligomer distribution 

and the molar mass can be calculated from the peak intensities, see Table 2. 

The Octylphenol-PEO is investigated on a different column in order to obtain an 

oligomer separation. This is achieved on a preparative column Nucleosil RP-18, 

2S0x20 mm J.D., using a solvent composition of acetonitrile-water 70:30 per 
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TABLE 2 

Molar Masses and Polydispersities ofthe Polyethylene Oxides Determined by 

Modified SEC, MALDI-MS and SFC 

Sample SEC 

Mn Mw 

ClO-PEO ------------

Cl2-PEO 480 530 

C13-PEO ------------

C13,CI5-PEO 

C13-fraction 550 610 

C 15 -fraction 480 520 

Octylphenol-PEO 

460 490 

Nonylphenol-PEO 

-------------

1 experimental details in [l0] 

2U=MwlMn-1 

U 

0.10 

0.11 

0.08 

0.06 

MALDI-MSI SFCI 

Mn Mw U2 Mn Mw U2 

580 620 0.07 -------------

520 580 0.11 480 540 0.12 

690 740 0.07 -------------

580 620 0.07 540 590 0.09 

570 620 0.09 -------------

470 490 0.04 500 520 0.04 

630 660 0.05 --------------

volume, see Figure 8. Again, the different fractions are subjected to MALDI-MS 

and the molar mass is determined via a corresponding oligomer calibration curve. 

As can be seen, the first fraction, which elutes before the main functional fraction, 

consists of a number of oligomers. From the peak-to-peak mass increment of 

44 Da it is clear, that these oligomers represent PEO's. However, the peak masses 

do not agree with the masses, obtained for Octylphenol-PEO oligomers. Instead, a 

mass of 131 Da is calculated for the endgroup. This mass agrees well with 133 Da 

calculated for a butylphenol endgroup and accordingly it is assumed, that the 
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starting octylphenol contained minor amounts of butylphenol. It is interesting, that 

the average molar mass of this fraction with M n-l020 is distinctively higher than 

that of the main fraction. 

Figure 5 shows, that in addition to the PEG and the main functional fraction, at 

higher retention times fractions are obtained, which may be visualized only using a 

very high UV detector sensitivity. These fractions, which are assumed to consist of 

a,ro-diaryloxy species, are separated as well. Unfortunately the amount of these 

fractions is too low for a proper characterization. Therefore, further efforts are 

necessary to accumulate enough material for analysis. 

To summarize, liquid chromatography at the critical point of adsorption and 

modified SEC near the critical region have been shown to provide useful 

information on the functionality of alkyloxy and aryloxy polyethylene oxide. Using 

MALDI-MS as an additional detector, the molar mass distribution of the functional 

fractions may be determined. The average molar masses agree well with data, 

obtained independently by supercritical fluid chromatography and MALDI-MS 

alone. 
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Abstract 

Separation of the polyethylene glycols PEG-200, PEG-300, PEG-600 and PEG-1000 
by gradient high performance liquid chromatography is reported on a C18 as well as a 
Si 80 column in aqueous mixtures of acetonitrile, acetone and methanol as organic 
solvents. Detection was performed by means of evaporative light scattering. Further, 
the Mn and Mw values were determined by gel permeation chromatography and 
refractive index detection. Marked differences in the chromatographic behaviour 
occured between the two stationary phases with all three modifiers. Whereas PEG-
200 and PEG-300 exhibited better peak resolution Rs on the C18 matrix, the inverse 
effect was observed with PEG-600 and PEG-1000, which reveal much better Rs on 
bare silica gel. Further, a dependence of the Rs of the PEG-600 and PEG-1000 
samples (consisting of a substantially higher number of oligomers versus PEG-200 
and PEG-300) from the organic modifier was seen, which increases in the range 
methanol < acetone < acetonitrile. A hypothetical view of the improved separation of 
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PEG-600 and PEG-1000 oligomers is given on the basis of prevailing hydrophilic 
interactions between polar sites of polyethers and silanol groups of the stationary 
phase. Additionally a mechanistic hypothesis, which considers the superiority of 
acetonitrile and acetone versus methanol with respect to the Rs of oligomers is 
discussed by the assumption of different hydrogen bonding mediated solvent
stationary phase interactions implying a preponderance of adsorption (acetonitrile, 
acetone) versus partition chromatography (methanol). 

Introduction 

Polyethers of the polyethylene glycol (PEG) type as well as their derivatives (e.g. 

by substitution of one or both hydroxy groups by alkyl or aryl residues) have a broad 

application range in many different fields of chemistry. Among them important 

applications are the use as so-called non-ionic surfactants as well as emulsifiers for 

pharmaceuticals. 

These facts suggest that elucidation of the molecular composition of 

polyethylene glycols will be of great scientific and industrial importance. For technical 

polymers knowledge of the homologous distribution is crucial because the products 

consist exclusively of oligomeriC mixtures. This fact may essentially contribute to the 

physico-chemical properties of the products. Among chromatographic techniques 

used for characterisation, in general, gas chromatography (GC) is only applicable for 

separation of low molecular weight oligomers, whereas supercritical fluid 

chromatography (SFC) additionally includes measurement of medium sized 

samples. Although thin layer chromatography (TLC) has been frequently used for 

polyethylene glycol analysis and covers a wide molecular weight (Mr) range, peak 

resolution proves to be unsufficient in most cases. Gel permeation chromatography 

(GPC) covers the whole Mr range of polyethers because solute-matrix interactions 

can be neglected. Nevertheless satisfactory peak resolution is only achieved with 

low-molecular weight samples. Owing to the high number of mobile as well as 

stationary phases reversed-phase high performance liquid chromatography (RP

HPLC) is the preponderably used procedure for the separation of PEG oligomers. On 

the other hand chromatography has also been described on bare silica gel and so

called bonded phases, such as diol, aminopropyl and cyanopropyl matrices by use of 

non-aqueous ("normal-phase") solvents. Sufficient separation of the 3,5-

dinitrobenzoyl derivatives of monoalkylated PEG oligomers on C18 and C8 stationary 

phases (1) and of PEG dinitrobenzoyl derivatives on an ion-exchange matrix (2) was 
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reported. Isocratic elution of PEG mono- and dimethylethers as well as of the native 

samples on C18 materials has also been applied successfully (3,4). Similarly normal

phase partition chromatography of the native monoarylalkyl or monoalkyl substituted 

oligomers (5-7) on amino- and cyanopropyl bonded silica gel proved to be a 

reasonable alternative tool, whereas up to 40 oligomers were identified from 

ethoxylated octylphenol applying isocratic RP-HPLC on a C1 matrix (8). Further, 

investigations of Alexander et at (9) revealed that the Rs of PEG oligomers on C18 

materials increased with decreasing carbon content, which may presumably be 

attributable to the influence of "polar sites" on the stationary phase surface. In a 

recent study we compared the chromatographic separation of different types of 

polyether with marked differences in polarity on different reversed-phase materials 

(10). In contrast to polybutylene glycol 1000 and polypropylene glycol 1200, which 

are well-resolved at least on C18 and C8 stationary phases, unsufficient resolution 

was observed with PEG-1000. However, it should be remarked that in this case 

conditions of gradient HPLC had not been optimized for PEG 1000 due to the 

comparative purpose of the study requiring similar chromatographic conditions for all 

three types of polyether, which further markedly differ in polarity. For this reason we 

developed a more suitable chromatographic system for the separation of low

molecular weight PEG samples differing markedly in average molecular weight Mr. 

We applied gradient HPLC on both normal-phase and reversed-phase adsorbents by 

use of aqueous organic solvents prepared from different organic modifiers. Signal 

monitoring was performed by evaporative light scattering detection (ELSD). GPC 

coupled to refractive index detection (RI) was further carried out to evaluate the Mn, 

Mw and polydispersity index (Mw'Mn) values. 

Materials 
- Separation media: 

For HPLC Spherisorb Si 80 bare silica (125 x 4.6 mm 1.0., 5 J.Lm particle size, 80 

A pore diameter) and Nucleosil 5C18 (125 x 4.6 mm 1.0., 5 J.Lm particle size, 100 A 
pore diameter) were purchased from Metrohm-Bischoff (Wallisellen, Switzerland) and 

Macherey-Nagel (Oensingen, Switzerland), respectively. For GPC a series of four 

PLgel columns (each 300 x 7.5 mm 1.0., 5 J.Lm particle size) with pore diameters in 
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the range of 105 A, 103 A. 500 A and 100 A and a PLgel precolumn (50 x 7 mm 1.0., 

5 J.lm particle size, pore diameter 100 A) for protection of the analytical columns were 

purchased from Polymer Labs. (Church Stretton, Shropshire, UK). 

- Reagents and solvents: 

Polyethylene glycol samples PEG-2oo1) PEG-300, PEG-6oo and PEG-1000 

("pract." quality) were purchased from Fluka (Buchs, Switzerland). Narrow-range 

polystyrene molecular weight calibration standards for determination of Mn and Mw 

values were obtained from Polymer Labs. (Church Stretton, Shropshire, UK). 

Acetonitrile, methanol and acetone (aU HPLC grade) were from Fluka. Water for the 

use in HPLC was purified with a MiIIi-Q reagent water system from Millipore-Waters 

(Milford, MA, USA). Tetrahydrofuran ("pro analysi") stabilised with 0.025 % of 2,6-di

tert. butyl phenol (Fluka) was used for GPC. 

Methods 

- Analytical equipment: 

The HPLC apparatus consisted of a combined type SP 8100 system of HPLC 

pump and autosampler with a 10 fLl sample loop, a PC 1000 data acquisition unit, all 

obtained from Spectra Physics (San Jose, CA, USA). For ELSD a type Sedex 45 

apparatus from SEDERE (Vitry sur Seine, France) equipped with a 20 W iodine lamp 

was applied. For GPC a SP 8810 precision isocratic pump, a SP 8875 autosampler 

with a 100 fLl sample loop, a SP 8430 refractive index detector, a SP 4270 integrator 

(aU from Spectra Physics) and a column thermostat from Henggeler Analytic 

Instruments (Riehen, Switzerland) was used. A 2 micron filter (Rheodyne, Cotati, CA, 

USA) was inserted between pump and autosampler in order to avoid clogging of the 

columns by non-soluble solvent and sample impurities. 

- Chromatographic separation: 

Gradient system I (Table 1) was used for the separations on the C18 column, 

whereas gradient system II (Table 1) was applied for the Si 80 column. Separation 

1) The numbers indicate the average molecular weight Mr as specified by the 

manufacturer. 
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Table 1: Gradient Systems I and /I (Organic Solvents: Acetonitrile, Acetone, 

Methanol) 

Gradient Time (min.) Organic Solvent Water(%) 

System (%) 

0 0 100 

40 50 50 

50 50 50 

51 0 100 

65 0 100 

/I 0 10 90 

40 80 20 

50 80 20 

51 10 90 

70 10 90 

was performed at ambient temperature (ca. 22° C) at a flow-rate of 1.5 mVmin. PEG 

samples (2 %, w/v) were dissolved in methanol and 10 1-11 aliquots were injected. For 

detection by means of ELSD the nebulisation chamber was heated to 40° C and the 

nitrogen flow was adjusted to 4.5 Vmin corresponding to an inlet pressure of 200 kPa. 

GPC was performed at a flow-rate of 1 mVmin and the column temperature was 

adjusted to 29° C. Aliquots of 100 1-11 of PEG samples (0.5 %, w/v) were injected and 

signals monitored at a range of 0.02 x 10-3 refractive index units full scale (RIUFS) 

measured against tetrahydrofuran in the reference cell. 

- Calculation of Mn , Mw and M,JMn values: 

This was performed on the basis of "low-molecular weight" calibration by use of 

17 narrow range polystyrene calibration standards covering the Mr range from 104 D 

(styrene monomer) to 120'000 D (approx. n = 1150). 
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Results 
We have investigated the separation of the low Mr polyethylene glycols_ PEG-

200, PEG-300, PEG-600 and PEG-1000 on both bare silica gel (Si 80) and 

octadecylsilyl silica gel stationary phases (C1S) in aqueous organic solvents with 

acetonitrile, acetone and methanol as organic modifiers. All tested samples clearly 

reveal their oligomeric composition and marked differences in the chromatographic 

behaviour of the samples occurred on the two different stationary phases. The 

common feature on both sorbents is that the capacity factor values k' for the 

individual polyether samples show a marked dependence on the type of organic 

solvent and increase in the range methanol > acetonitrile > acetone. From the 

chromatographic patterns it is evident that the peak resolution Rs 2) of PEG-200 and 

PEG-300 (Figs. 1-3a,b) on octadecylsilyl silica gel is better than that of PEG-600 and 

PEG-1000 (Figs. 1-3c,d). In contrast, on bare silica gel the Rs of PEG-600 and PEG-

1000 oligomers increases substantially in comparison to the reversed-phase material 

(Figs. 4-6c,d), whereas the Rs of PEG-200 and PEG-300 decreases on this 

stationary phase (Figs. 4-6a,b). The Rs of PEG-600 and PEG-1000 on the Si 80 

column reveals a dependence on the type of organic modifier and increases in the 

range methanol < acetone < acetonitrile. The protic solvent shows either decreased 

Rs values for PEG-6oo and PEG-1000 or selectivity with respect to the separation of 

the whole series of tested low Mr PEGs. This means that a better distinction between 

the different types of polyether in mixtures is achieved with both aprotic modifiers as 

can be concluded from a superposition of the individual chromatographic patterns. 

Almost complete base-line separation of the whole quantity of PEG-1000 oligomers is 

achieved on a silica column with acetonitrile as organiC modifier (Fig. 4d). It should be 

remarked that the Rs for the different oIigomers of PEG-1Ooo on reversed-phases 

other than C1S decreases gradually in the range Cs > C4 > CPhenyl > C1 and the 

peak width of the poorly resolved peak, which covers the whole entity of oligomers 

becomes more and more diffuse (10). When compared with the elution using 

acetonitrile and acetone as modifier, differences in the chromatographic patterns of 

PEGs between bare silica and octadecylsilyl silica gel are less pronounced with 

2) Rs = (t2-tt)lw2-wt), where tt and t2 are the retention times of two adjacent 

peaks and wt and w2 their base-widths. 
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methanol (Figs. 3a-d, Sa-d). Within the group of investigated PEG oligomers the Rs 

decreases on both kinds of columns in the series PEG-200 == PEG-300 > PEG-600 > 

PEG-1000 and the effect is stronger on the reversed-phase material. This general 

phenomenon can be satisfactorily explained by the higher relative mass difference of 

individual oligomers of PEG-200 and PEG-300 versus PEG-600 and PEG-1000. This 

means that in the case of both low Mr samples an increase of the number of 

repeating units n is associated with a more substantial relative increase of the sample 

surface and, as a consequence, by higher solute-matrix interactions. It should be 

remarked that the capacity factor of PEG-200 and PEG-300 is very low on bare silica 

gel and a decrease in the initial elution strength would surely effect a better 

resolution. However, the principal goal of this study was to improve separation of the 

two "high" Mr samples PEG-600 and PEG-1000. 

The lack of a normally expected "Gaussian-like" distribution in particular of PEG-

200 and partially of PEG-300 oligomers can presumably be ascribed to the high 

volatility of the low Mr members, which do not yield a response by ELSD. In these 

cases derivatisation with e.g. 3,5-dinitrobenzoyl chloride and UV detection would 

provide a more convenient means for signal monitoring. The first peak in PEG 200 

seen in some chromatogrammes may be caused by the "residual" ELSD response of 

a low Mr homologue, which, due its high volatility will not reflect its true amount. 

When compared with HPLC a marked lower separation efficiency of the four 

PEGs is observed by GPC. In our GPC system only PEG-200 and PEG-300 reveal 

at least partial peak resolution, whereas the PEG-600 and PEG-1000 samples elute 

as broad and unresolved peaks (results not shown). The values for the polydispersity 

index Mw'Mn are nearly identical for all four samples ranging from 1.05 to 1.095 

(Table 2). Although the Mn and Mw values were determined with polystyrene 

calibration standards, which may not be an optimum means for an estimation of Mr 

on the basis of their hydrodynamic volumes, a relatively good agreement between the 

"true" Mr values of the PEG samples and those measured by GPC was obtained 

(Table 2). 

Discussion 
Based on our experience described recently (10), we applied gradient HPLC with 

a linear solvent strength (LSS) system and signal monitoring by ELSD, which has 
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been earlier reported for the measurement of signal responses of PEGs. This 

technique allows the additional use of acetone as organic solvent, which cannot be 

applied in UV detection due to its vast self-absorption. Further, detection by UV is 

inferior to ELSD in particular for gradient HPLC even at wavelengths < 200 nm owing 

to substantial baseline deterioration. Nevertheless several authors have described 

addition of trace amounts (5 ppm) of nitric acid (11) or sodium azide (12) to the 

aqueous phase to compensate for the baseline drift invoked by the gradual increase 



3118 

100000 
90000 
80000 

3: 70000 
c 60000 
&. 50000 

a:= 40000 

20000 

RISSLER, FUCHSLUEGER, AND GRETIIER 

30000 \ 

10000 ~ 
o ~~)\-" =t=======t===;:::::=== 

Figure 2a 

180000 
160000 
140000 

3: 120000 
S 100000 
~ 80000 
~ 60000 

40000 
20000 

o 10 20 30 40 50 

Time [min] 

O~====~~~====~======~======~====~ 

o 10 20 30 40 50 

Time [min] 

Figure 2b 

Figures 2a-d: HPLC-chromatogrammes of a) PEG 200 b) PEG 300 c) PEG 600 
d) PEG toOO on a Ct8 column with acetone as organic modifier 

of the concentration of organic modifier. On the other hand pre-chromatographic 

tagging of the a,O)- dihydroxy groups by a chromophoric agent (1,10,13) would make 

the polyethers amenable to the detection at the usual wavelength range. However, as 

shown recently (10), derivatisation of free hydroxy groups of polyethylene glycols with 

3,5-dinitrobenzoyl chloride rather decreases the Rs of oligomers and thus contrasts 

with the results of Desbene et al. (1). Detection of PEG and its alkylated or arylated 
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derivatives by refractive index measurement is restricted to isocratic LC. Although 

isocratic reversed-phase HPLC yields excellent separation of low to medium Mr 

oligomers, the higher Mr sample constituents eluting at higher tR values exhibit 

marked peak-tailing as seen from the investigations of Trathnigg et aL (3,4). Further, 

quantitative elution of PEG samples with Mr > 1000 will be difficultly to achieve in the 

isocratic mode. Thus the gradient technique promises to be the method of choice in 

particular for samples showing a broad Mr distribution of oligomers. 
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Figures 4a-d: HPLC-chromatogrammes of a) PEG 200 b) PEG 300 c) PEG 600 
d) PEG 1000 on a Si 80 column with acetonitrile as organic modifier 

Our aim in searching for a new powerful technique of an efficient separation of 

low Mr polyethylene glycols has been stimulated by the investigations of Alexander et 

al. (9). The authors observed a dependence of the Rs of PEGs on the extent of silica 

gel matrix coverage by octadecylsilyl groups and found that the lower the "saturation" 

of silanol groups by alkyl residues the better the peak resolution. Indeed 

chromatography of PEG-1000 on C18 matrices, which have been used for a high 

number of injections revealed substantial improvement of oligomer separation with 

respect to a new one (results not shown). This may be attributable to a "column 

ageing-invoked" depletion of marked amounts of octadecylsilyl substituents from the 
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silica backbone. Starting from this observation we assumed that a more extended or 

even complete "dissociation" of octadecylsilyl substituents from the RP matrix should 

further increase the Rs of PEG-1000 oligomers. However, aqueous organic solvents 

are rarely used for the separation on "normal-phase" materials, which may primarily 

be attributed to the relatively long equilibration times postulated after changes of the 

solvent composition, as is the case particularly in gradient chromatography. For this 

reason "normal-phase sorbent - reversed-phase solvent" chromatography is usually 

restricted to isocratic LC and the LSS gradient technique would normally be 

associated with poor chromatographic performance due to an expected slow 

adjustment of the sorption-desorption equilibrium during sample elution. On the other 

hand it is known that even small amounts of water in organic mobile phases are able 

to deactivate the stationary phase surface and thus increase the rate of adjustment of 
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Figures Sa-d.· HPLC-chromatogrammes of a) PEG 200 b) PEG 300 c) PEG 600 
d) PEG 1000 on a Si 80 column with acetone as organic modifier 

the sorption-desorption equilibrium (14,15). Nevertheless extended reequilibration 

times should be expected, which would render the HPLC analysis unattractive within 

an adequate time range at least when LSS gradient HPLC is used. Surprisingly we 

did not encounter any of these problems and even reestablishment of initial gradient 

conditions within 1 min (e.g. from 90 % to 10 % of organic modifier) followed by 

reequilibration for 19 min proved to be sufficient and neither Significant changes in tR 



POLYETHYLENE GLYCOL OLIGOMERS 

250000 

~ 200000 illl~ 
=- 100000 I 
8 150000 I ! 
~ 5000~ ~__ J~L 

o 10 

Figure 5c 

200000 

~ 150000· 
c 
&. 100000 
:!l 
~ 50000 

o 

Figure 5d 

o 10 

20 30 

Time [min] 

20 30 

Time [min] 

3125 

40 50 

40 50 

values nor base-line deterioration and peak distortion were observed after a multitude 

of injections of the same sample. The successful use of bare silica gel in LSS 

gradient RP-HPLC may be astonishing at first sight. However, it must be taken into 

account that according to Horvath et aL (16,17) reversed-phase chromatography can 

also be achieved on "naked" silica by use of excessive water in the mobile phase due 

to its extensive silanol-coating effect. The marked increase in band broadening of 

PEG-1000 oligomers at higher tR values in particular by use of methanol and 

acetonitrile may thus be in accordance with their hypothesis of a typical reversed

phase behaviour of "naked" silica at higher concentrations of water. It may be 

explained by the continuous replacement of water by organic solvent during gradient 

elution, which in turn, may lead to a decrease in silanol-coating efficiency. Thus the 

"normal" chromatographic behaviour of acetone (Le. negligible band broadening of 
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Figures 6a-d: HPLC-chromatogrammes of a) PEG 200 b) PEG 300 c) PEG 600 
d) PEG 1000 on a Si 80 column with methanol as organic modifier 

later eluting homologues) may be attributed to elution of the whole amount of 

oligomers at a water content already being sufficient to mask the silanol groups. It is 

worthy to note that isocratic separation of basic drugs was also performed on bare 

silica gel with "reversed-phase" eluents. In these cases solute-matrix interactions 

were suppressed by addition of ammonia to the mobile phase and the excellent 

separation characteristics observed were ascribed to a combination of adsorption and 

ion-exchange. 

Whereas separation improvement of PEG-200 and PEG-300 on a Si 80 column 

should approximate to the similar pattern obtained with the C18 matrix by use of a 

more shallow gradient starting with e.g. 0 % of organic modifier, sUbstantial 
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refinement of peak resolution of PEG-600 and particularly of PEG-1000 on a C1S 
column, as compared with bare silica, could be achieved with difficulty. Therefore we 

have concentrated on a possible hypothesis of the excellent separation of PEG-600 

and PEG-1000 oligomers on silica gel adsorbents with acetonitrile and acetone as the 

organic modifier. The observations of Alexander et al. (9) imply that the separation 

characteristics are essentially governed by the polar superficial layer of free matrix 

silanols rather than by interactions with ether-like oxygens of the polysiloxane 

backbone, which in turn, may be responsible for distinct "modulating" effects during 

the separation process. This view is further corroborated by the observation that a 

better accessibility of solute molecules to polysiloxane oxygens as it should be the 

case with the "short-chain" substituted silica gels, such as Cs, C4, CPhenyl and C1 
matrices did not result in improvement of the Rs of PEG-1000 oligomers (10). 
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Table 2: Mn , Mw and Polydispersity Index (M.../MnJ Values of Polyethylene Glycol 

Samples 

PEG 200 

244 

265 

1.086 

PEG 300 

326 

357 

1.095 

PEG 600 

673 

724 

1.075 

PEG 1000 

1205 

1265 

1.050 

Further, the Rs seems to be preponderably influenced by interactions between the 

polyether backbone of the PEGs and the hydrophilic stationary phase and only to a 

small extent by those between the silica matrix and the hydroxy endgroups of the 

solute. This is supported by an almost identical chromatographic pattern after 

conversion of the PEGs to their diacetates (results not shown). 

The marked delay of oligomer elution with methanol as organic modifier versus 

acetone and acetonitrile may be attributed to a partial sorbent-invoked demixing of 

methanol from the aqueous organic phase. Effects like these, presumably due to 

strong adsorption of the more polar component of binary mixtures of pure organic 

solvents to the hydrophilic silica gel matrix are well-known in liquid solid 

chromatography (LSC) and are often responsible for vast discrepancies from the 

theoretically calculated tR values (18). Thus in order to explain the increased 

retention with methanol both a delay in gradient onset and/or a more shallow gradient 

profile of organic solvent concentration at the start of sample elution (18) should be 

considered. On the one hand 'selective retention" of methanol on the polar sorbent 

would be facilitated by very tight hydrogen bonding to either silanol groups or ether

like oxygens of the polysiloxane backbone. On the other hand "extraction" of water 

should be favoured due to its excess at the gradient starting conditions as well as by 

the assumption of a better compatibility in polarity towards the stationary phase 

compared with methanol. However, the marked hydrophobic properties of the 

siloxane backbone (19,20) should also be taken into consideration, which in tum, 

imply a preferable interaction with the organic solvent component. Substantially lower 
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k'- values of PEG 1000 are observed with ethanol and isopropanol .as organic 

modifiers, although it might be expected that their lower polarities with respect to 

methanol would yield an increase in retention at least on bare silica (results not 

shown). This observation would thus be in accordance with a preferable "extraction" 

of methanol and may be ascribed to a lower actual concentration in the mobile phase 

as calculated from the gradient profile at the start of chromatographic separation. 

Acetonitrile as well as acetone are also able to undergo hydrogen bonding at least 

with silanol groups, which implies a "fine-tuning" effect of both modifiers on 

separation characteristics. 

In order to attempt an explanation of the marked separation improvement on 

bare silica gel with the aprotic modifiers acetonitrile and acetone compared with 

methanol we have developed a possible mechanistic hypothesis, which will be 

discussed briefly. As already mentioned above the polar solvents are able to mask 

residual silanol groups in reversed-phase materials and according to Horvath et al. 

(16,17) this effect is stronger with methanol than with acetonitrile. Whereas methanol 

is a proton acceptor, i.e. in terms of Pearson's classification (21,22) a hard base, 

acetonitrile and acetone are weak dipolar bases. Methanol exhibits hydrogen bonding 

by interactions of either its free pair of electrons on the oxygen with silanol protons or 

by the inverse interaction between its hydroxy proton with free pairs of electrons on 

the ether-like siloxane oxygens. These synergistic effects may lead to a strong 

attachment of methanol molecules to the silica gel surface. Thus possible 

"localisation" of methanol on the silica surface will favour partition of the solute 

between this dense surface layer and the neighbouring solute transporting aqueous 

methanolic layer in a corresponding way as stated for normal bonded phase liquid 

chromatography (NBP-LC) on aminopropyl silica gel (23). Owing to their lack of 

exchangeable ("acidic") protons, which will cause a less marked coverage of surface 

silanols, acetonitrile as well as acetone are only able to undergo hydrogen bonding 

with silanol groups and adsorption chromatography may prevail in this case. A 

simplified presentation of the hypothetic solvent-stationary phase hydrogen bonding 

sites is given in Figure 7. 

It should be stated that effects quite different from the afore-mentioned may also 

be of importance. This would include a differential "solvation" of polyether samples in 

the mobile phase by hydrogen bonding between the hydroxy protons of methanol and 
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Figure 7: 
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silanol groups and polysiloxane oxygens at the surface of bare silica 
gel stationary phases 

ether oxygens of the solute, which is not achievable with the aprotic solvents and 

thus additionally may "superimpose" solute-matrix interactions. Further, a continuous 

transition from a "reversed-phase-like" behaviour to "normal-phase" (adsorption) 

chromatography owing to the gradual replacement of water by organic solvent during 

gradient elution may also be operating. Nevertheless at the moment the hypothesis 

discussed above may represent a reasonable preliminary attempt to explain the 

separation improvement of PEG 600 and PEG-1000 with the change from a 

reversed-phase to a normal-phase matrix. 

Conclusions 
To our knowledge, gradient HPLC of polyethylene glycol samples with aqueous 

organic solvents typically used in classical RP-HPLC on bare silica gel has not 

previously been reported. The feasibility of the method with respect to its analytical 

power has been demonstrated and thus offers an attractive alternative way to the 

generally used reversed-phase materials. From the investigations it is evident that the 
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higher the number of oligomers within a PEG sample the better the peak resolution 

compared with reversed-phase matrices. The main advantage of the silica stationary 

phase over its octadecylsilyl derivative consists of its higher selectivity with respect to 

an assigment of the resulting chromatographic patterns to individual PEG samples, 

which will be of great technical importance due to "recognition" of the type of PEG 

within mixtures. In contrast to the findings with bare silica the more pronounced 

overlap of peaks from different samples by use of reversed-phase separation media 

would make a selective attribution more difficult. Improvement of chromatographic 

performance on bare silica may presumably be attributed to specific interactions 

between polar sites on the polyethers and the vast amount of silanol groups on the 

stationary phase surface. Owing to the high water content at the start of gradient 

elution a "reversed-phase like behaviour" of the silica gel can additionally be 

postulated, which is also in agreement with the marked hydrophobic properties of the 

polysiloxane backbone, whereas, at higher concentrations of organic solvent 

adsorption may prevail. Taken together the improved separation characteristics of 

polyethylene glycols on "naked" silica opens up an efficient tool for characterising the 

Oligomeric distribution of polar polyethers. 
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ABSTRACT 
The isocratic retention behaviour of a homopolymer at a specific 

temperature and varying solvent compositions can be divided into three modes: 
exclusion mode, transition mode (critical conditions) and adsorption mode. 
Under critical conditions (a specific non-solvent/solvent composition at a 
specific temperature) the retention of a homopolymer is independent of the 
molar mass. The critical conditions depend upon the temperature, the type of 
polymer and the type of non-solvent/solvent mixture. A difference in the 
critical conditions between polystyrene standards and polybutadiene standards 
was found. No significant influence of different types of column packing on 
the critical solvent composition was noticed. The exact mechanism of the 
retention of a polymer under critical condition is not clear yet. 

In order to determine the critical conditions, a new method has been 
developed. The method can be easily performed on existing equipment. The 
method contains a different setup of the data acquired by isocratic HPLC than 
methods described in literature. Therefore, less experiments need to be 
performed to determine the critical conditions compared to the current method. 
The newly developed method is more efficient than the methods described in 
the literature. 

* Author to whom correspondence should be sent. 

3133 

Copyright @ 1994 by Marcel Dekker, Inc. 



3134 COOLSETAL. 

INTRODUCTION 

The interest in the separation of polymers by liquid chromatography 

has grown during the last decade. New high performance liquid 

chromatography (HPLC) methods have been developed to characterize 

polymers. 

In order to obtain the chemical composition of a polymer the HPLC 

method gradient Qolymer selution ~hromatography (GPECj can be used. 

Methods resembling GPEC~ have been described in literature as high 

uerformance Qrecipitation liquid ~hromatography HPPLC [1] or liquid ~dsorp

tion ~hromatography [2]. The separation of polymers by GPEC is based on 

the differences in solubility of polymers. The molar mass distribution (MMD) 

of a polymer can be determined by the isocratic HPLC method liize sexclusion 

~hromatography (SEC). 

The isocratic retention behaviour of a homopolymer can be divided into 

three different modes: an exclusion mode, a transition mode and an adsorption 

mode. The isocratic retention behaviour of a homopolymer depends on the 

solvent conditions at a specific temperature. By changing the non

solvent/solvent composition at a constant temperature the three retention 

modes can be observed. 

In the exclusion mode a strong solvent is used. Therefore no interaction 

between the column packing and the polymer occurs. The polymer molecules 

move through the column and are excluded from the pores of the column 

packing. As can be seen in figure l(A), the retention increases with decreasing 

molar mass of the polymer molecules. 

By increasing the volume percentage of non-liolvent (vol % NS) at a 

specific temperature the solvent strength decreases. The retention mode 

changes from exclusion mode to the adsorption mode. At high %NS the 

GPEC· is a registered trademark of Millipore, Waters Chromatography Division 
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(A) (B) 

(C) 

Retention volume em!) 

FIGURE 1 

Plot of log Mw Versus Retention Volume (ml) at Different Vol % NS; (A) 
%NS < csc, (B) %NS is CSC and (C) %NS > CSC. 

solvent strength is so low that interaction between the column packing and the 

polymer molecules occurs. As a result the sequence of retention in adsorption 

mode is proportional to the increase of the molar mass of the polymer 

molecules (see figure 1(C). 

In between the two modes a transition mode exists. If the polymers 

differ in molar mass but not in chemical structure a non-solvent/solvent 

composition is reached at which the polymer molecules elute simultaneously. 

The combination of the non-solvent/solvent composition and the particular 

temperature is called the critical conditions [3] and the composition is referred 

to as the critical solvent composition (CSC). 

The CSC depends upon the temperature, the non-solvent/solvent 

mixture and the type of polymer. At the CSC, the separation is independent 

of the molar mass of the polymer molecules (see figure l(B». 

Gorshkov et al. [3-7] have studied the critical retention behaviour and 

the influence of the temperature on the critical conditions of a solvent/column 

system. The same authors have also described the three isocratic retention 

modes in thermodynamic terms. 
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The isocratic HPLC method performed at the critical conditions is 

called s<ritical12olymer s<hromatography (CPC). Polymers which only differ in 

functionality or end-groups can be separated by CPC [3-7]. Additionally, poly

mers which differ in topology (e.g. grafted, linear) can be separated under 

critical conditions [8,9]. 

A method to determine the critical solvent conditions at a specific 

temperature is described by Gorsllkov et al. [3-7]. Many experiments are 

necessary to obtain the critical conditions of a specific system (column, 

solvents, polymer). The retention volume of polymer standards at different 

non-solvent/solvent compositions at a constant temperature are obtained. The 

molar mass of each polymer standard is plotted versus the retention volume 

of the polymer standards at a certain non-solvent composition. The curves of 

the molar mass of the polymer versus the retention volume at different non

solvent/solvent compositions can be plotted in one figure (see figure 1). Under 

critical conditions the retention volume is independent of the molar mass. 

Therefore, the slope of the critical curve becomes infinite. 

In order to determine the critical conditions using the method according 

to Gorshkov et ai. [3-7], many experiments are needed and therefore the 

method is time consuming. In order to reduce the time and number of 

experiments a new simple method of determining the critical conditions will 

be introduced. 

EXPERIMENTAL 

Materials 

Equipment : the equipment consisted of a Waters 600E gradient 

controller and pump, a Waters U6K variable loop injector and a column oven. 
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Two detectors were used: the Waters 484 variable wavelength ultra violet 

absorbance (UV) detector (254 run) and the ACS 750/14 mass detector. The 

mass detector is an evaporative light-scattering detector [10] and was used to 

detect polybutadiene (polybutadiene has no significant UV absorbance). The 

eluent flow was established at 0.5 mllmin. 

Columns: the used columns were Deltapak C18 100 A (pore size= 

100 A, <4= 5 JLm, 3.9x150 mm, Waters Part No. 11795), Deltapak C18 300 

A (pore size= 300 A, <4= 5 JLm, 3.9x150 mm, Waters Part No. 11793), 

Novapak C18 (pore size= 60 A, <4= 4 JLm, 3.9x300 mm, Waters Part No. 

11695), JLStyragel HT (pore size= linear, '4= 10 JLm, 7.8x300 mm, Waters 

Part No. 3554). The column temperature was (in all experiments) 30°C. 

Solvents: the used solvents were tetrahydrofurane (THF) Westburg 

HPLC grade (not stabilized) and water of the Milli-Q water system of 

Millipore. During the experiments Helium was sparging the solvents. 

Polymer samples : the polymers used in the experiments were 

polystyrene standards of TSK (Mw: 500, 3000, 5600 and 9100 g/mol). The 

polybutadiene standards are from Polymer Labs (Mw: 900, 3000, 8000 and 

9300 g/mol). It is important that the standards used for each experiment have 

the same functionalities, because under critical conditions the adsorption of the 

functional group effects the retention. In order to guarantee the same end

group of each standard type the standards used for one experiment had to be 

of the same company. The concentration of the polymer solutions in THF was 

0.1 % (gil). The injected volume of the sample was 25 JLl. 

Methods 

The retention volumes of the different polymer standards were obtained 

isocratically at different volume %NS, starting with 100% solvent at constant 



3138 COOLSETAL. 

temperature. By increasing the non-solvent composition the retention volume 

increases. The retention volume of each polymer standard can be plotted 

versus the non-solvent composition. 

The curves (k' versus non-solvent composition) of all polymer 

standards can be plotted in one figure (see figure 2). This figure is called the 

CSC plot. The intersection point relates to the non-solvent composition at 

which the polymer standards with the same chemical structure but with 

different molar mass elute simultaneously. The critical conditions or the 

critical solvent composition (CSC) can be defined by this particular non

solvent composition and the specific temperature. 

RESULTS AND DISCUSSION 

Method to determine the critical conditions 

Few experiments are necessary to determine the critical conditions in 

contrast to the method of Gorshkov et ai. [3-7]. The retention volumes of the 

polymer standards of the same chemical type but with different molar mass are 

obtained at different non-solvent/solvent compositions at a specific 

temperature. In the figures 2 and 3 the retention volume (VR) is replaced by 

a coefficient k' which is defined as (VR-VO)/Vo' Vo is the zero retention 

volume of the system. 

The accuracy of the determination is about ± 1 %NS. The exact critical 

solvent composition is defined more accurately than within 1 %. Especially 

near the critical solvent composition, small variations in the %NS have great 

influence on the retention behaviour. Since the solvent composition can not be 

established more accurately than 1 %, the exact critical solvent composition 

can be obtained by fine tuning of the temperature. 
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FIGURE 2 

CSC Curve of Polystyrene in the Solvent System Water/THF on a Novapak 
C18 Column at 30°C and a Flow Rate of 0.5 mllmin; Detection: UV 254 nm; 
Polystyrene Standards: (a) M w =9100, (b) M w=5570, (c) Mw=2980 and (d) 
Mw=500 g/mol. 

In order to compare the method described in literature and the 

introduced method, the acquired data (figure 2) are presented in figure 4 

according to the technique developed by Gorshkov et al. [3-7]. The curves 

show the relation between the molar mass and the retention volume at certain 

%NS. As can be seen in figure 4 the critical solvent composition cannot be 

determined. No curve is obtained with infinite slope. More specific 

experiments have to be performed when using the method of Gorshkov et al. 

[3-7] . 
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FIGURE 3 

CSC Curve of Polybutadiene in the Solvent System Water/THF on a Novapak 
C18 Column at 30°C and a Flow Rate of 0.5 mllmin; Detection: Mass 
Detector; Polybutadiene Standards: (a) M w=9300, (b) Mw = 8000, (c) 
Mw=3000 and (d) Mw=900 g/mol. 

Polystyrene 

The CSC plot of the polystyrene standards is shown in figure 2. The 

used column is the Novapak C18 (4.0x300 mm). The increase of the flow in 

the range form 0.5 - 1.0 mllmin had no influence on the critical solvent 

composition. The critical solvent compositions determined for water/THF 

systems using different types of column packing were determined (see Table 

1). With respect to the pore size distribution and the type column packing 

similar critical solvent compositions were obtained. 
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FIGURE 4 

Log Mw Versus the Retention Volume of Polystyrene Standards at Different 
Vol% NS ; (a) %NS=O, (b) %NS=5, (c) %NS=11, (d) %NS=15 and (e) 
%NS=16; Solvent System Water/THF at 35°C on a Novapak C18 Column; 
Detection: UV 254 nm; Polystyrene Standards: Mw=9100, Mw=5570, 
Mw=2980 and Mw=500 g/mol. 

TABLE 1 

Critical Solvent Composition (CSC) of Polystyrene Standards in the Solvent 
Mixture Water/THF at 30°C and Different Types of Columns. 

Column CSC (%water) 

Novapak C18 13 

/-tStyragel HT 11 

Deltapak C18 (lOOA) 11 

Deltapak C18 (300A) 12 
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Polybutadiene 

In order to determine the influence of the chemical composition of the 

polymer on the critical solvent composition, polybutadiene was studied. The 

critical solvent composition in the system water/THF, Novapak CI8 of 

polybutadiene (see figure 3) was determined. The CSC of polybutadiene 

appeared to be different from the CSC of polystyrene in the system 

water/THF, Novapak CI8. The CSC of polybutadiene is 8% water and the 

CSC of polystyrene is 13 % water. 

CONCLUSIONS 

The new method is accurate in determining the critical conditions at a 

certain temperature. By presenting the results as in the figures 2 and 3 the 

transition from exclusion mode to adsorption mode can easily be noticed. The 

newly introduced method is more efficient as compared with the existing 

method. 

The critical solvent composition depends on the following parameters: 

the temperature, the type of polymer, and the solvent/non-solvent mixture. 

The exact contribution of each parameter in respect to the mechanism of 

critical polymer chromatography is still unclear. Especially the role of the 

temperature is not completely understood. Moreover, the theory of adsorption 

of polymer molecules does not satisfactorily describe the critical retention 

behaviour. 

Additionally no significant differences in the critical solvent 

composition occur when different types of column packing are used. This 

implies that the adsorption of a polymer molecule is more dependent on the 

polymer type than on the type of column packing. 
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In conclusion, in order to understand the mechanism, the contributions of the 

column, temperature and eluent mixture should be studied. 
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ABSTRACT 

The theory of homopolymer fractionation in mixed mobile phase 
solvent, high performance liquid chromatography (HPLC) developed 
previously by Boehm, Martire, Armstrong and Bui [12-14] for strongly 
adsorbed homopolymers is modified for the case where weak polymer 
adsorption and/or sorption prevails in the stationary phase. A weakly adsorbed 
homopolymer of degree of polymerization, M, is assumed to consist of a 
single adsorbed contiguous train of M"Y segments where 
o < 'Y < I ('Y = I corresponds to strong adsorption) and a tail of M - M"Y 
segments which protrudes into the mobile phase. The analysis predicts that the 
homopolymer capacity factor, k', depends upon the mobile phase composition, 
r/>, of the better polymer solvent in the vicinity of the critical composition, 
r/>c == r/>c(M), which renders k' = I for an M-unit homopolymer, according to 

in k' = S(r/>c(M) - r/» 

where the slope, S = -Jink' /Jr/>c - M"Y. Experimental measurements of S for 
different chromatographic systems are discussed within the framework of the 
theory. 

I. INTRODUCTION 

Considerable interest exists in the analysis and separation of synthetic 

macromolecules by high performance liquid chromatography (HPLC). For 
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instance, Armstrong and Bui [1-4] and Snyder and coworkers [5-11] have 

demonstrated that molecular weight separation of synthetic homopolymers such 

as polystyrene can be achieved by reversed-phase gradient elution HPLC using 

a mixed solvent mobile phase such as MeCliMeOH or THF/H20. In contrast 

to size exclusion chromatography (SEC), a single reversed phase column can 

be utilized to separate homopolymers over essentially the entire molecular 

weight spectrum (oligomer-high polymer) by gradient elution HPLC. 

A statistical thermodynamic theory of homopolymer fractionation and 

its application to gradient elution HPLC has been developed by Boehm, 

Martire, Armstrong and Bui (hereafter BMAB) to describe the retention 

behavior of an isolated flexible chainlike homopolymer molecule distributed 

between a binary mixed mobile phase and an idealized stationary phase of 

sorbed solvent(s) forming a monolayer on a chemically homogeneous planar 

surface [12-14]. The BMAB theory assumes that a retained polymer molecule 

is strongly sorbed in that the number of surface-polymer segment contacts is 

directly proportional to the degree of polymerization, M. The present 

investigation seeks to ascertain the modifications required of the original 

BMAB theory when the retained polymer molecule is weakly sorbed having 

only a fraction of its M segments in contact with the stationary phase surface 

monolayer. 

Of general interest is the predicted dependence of £nk' on mobile phase 

composition, ¢, where k' is the solute capacity factor and ¢ is the volume 

fraction of the better polymer solvent. Of even greater significance are the 

predicted dependences on M of the critical mobile phase composition, ¢e, at 

which k' =1 Unk' =0) and the local slope, S = -a£nk'la¢e, of the £nk' - ¢ 

isotherm at ¢ = ¢e' The ¢e-M and S-M dependences are important 

components in the BMAB description of homopolymer retention and 

fractionation and they are experimentally accessible from isocratic £nk'-¢ 

measurements performed on several different molecular weight homopolymers 
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on the same HPLC column [15,16,17]. Less reliable estimates of cPc and S 

and their variation with M can also be obtained from gradient elution 

measurements [16,18,19]. 
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Isocratic measurements of ink' - cP isotherms have been performed for 

several polystyrene standards of different molecular weights with narrow 

distributions by several different groups. For example, Lochmiiller and 

McGranaghan [15] have employed both THF/H20 and MeCl21 ACN mobile 

phases with a C-8 300 A mean pore diameter chemically bonded phase; 

Alihedai et. al. [16] have utilized MeCl2/MeOH mobile phases with both 100 

A and 300 A mean pore diameter C-18 chemically bonded phases and 

Northrup et. al. [17] have used both THP/ACN and MeCl2/MeOH mixed 

mobile phases and a C-4 bimodal pore diameter reversed phase column 

consisting of a 48%-52% blend of 80 A and 500 A silica [20]. Generally a 

monotonic increase of cPc and S with M is observed although variations in the 

cPc - M and especially the S-M dependences have been determined from 

isocratic measurements performed on these different chromatographic systems. 

Experimentally one finds that S - M'Y (or inS - -yinM) where the positive 

exponent, -y, typically ranges between 0.35 < -y < 1 (see Table 1 which 

summarizes the experimental data). 

The BMAB theory predicts that ~ 1 as M~ 00 if strong polymer 

sorption prevails on an idealized planar stationary phase surface with a sorbed 

solvent monolayer compositionally enriched in the better polymer solvent. 

Experimentally determined values of -y < 1 suggest that for those 

chromatographically relevant values of k' where 0 < k' :::; 1 weak adsorption 

of the polymeric solute with considerable penetration into the mobile phase 

may be more realistic physically. 

In Sec. II we present a brief summary of the original BMAB theory. 

In Sec. III a statistical thermodynamic treatment is given for the adsorption 

behavior of an ideal isolated polymer chain which interacts with a chemically 
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homogeneous adsorption surface with a segment-surface contact free energy, E. 

The analysis reveals that there is a transition region between the strong 

adsorption (e < 0) and desorption (e > 0) limits where the average number of 

polymer segment-surface contacts is proportional to M';' (rather than M for 

strong adsorption). The range of e values over which the transition from 

strong adsorption to desorption occurs is found to decrease as M-';'. 

In Sec. III we also discuss the Monte-Carlo calculations performed by 

Lal and Stepto [21,22] on the configurational behavior of adsorbed freely 

rotating polymer lattice chains where excluded volume interactions are 

included. The average configurational behavior is described in terms of the 

fraction of segments adsorbed, thickness of the adsorbed layer and the average 

lengths of train, loop and tail sequences of segments. Under conditions where 

weak (strong) adsorption prevails it is found that the average number of 

segment-surface contacts goes as M·S8 (Ml.l) for 30 ~ M < 100. Also for 

weak adsorption the adsorbed layer was determined to be dominated by the 

lengths of the tail segments. 

In Sec. IV we utilize the results and insights obtained in Sec. III to 

develop a modified BMAB theory of homopolymer retention which applies 

under conditions where weak polymer sorption is anticipated. It is assumed 

that the average configurational behavior of a weakly sorbed chain can be 

described by a single adsorbed train sequence of M"Y segments where 0 < 'Y < 
1 and a single tail of M-M"Y segments which extends into the mobile phase. 

The subsequent analysis predicts that S - M"' for large M and that the 

predicted dependence of <Pc on M is somewhat sensitive to the assumed 

behavior of the adsorbed train of M"Y segments. However, the basic physical 

description of the homopolymer retention process and mechanism in the 

modified BMAB approach remains similar to the original treatment. 

Finally in Sec. V we compare and discuss the predictions of the 

modified BMAB analysis and the experimental results and suggest possible 

extensions. 
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II - SUMMARY OF THE BMAB THEORY OF HOMOPOLYMER 

RETENTION IN THE STRONG SORPTION LIMIT 

The BMAB theory applies statistical thermodynamics to predict the 

equilibrium distribution of an isolated flexible chainlike homopolymer 

molecule between a binary solvent mobile phase and an idealized planar 

stationary phase surface with sorbed solvent(s). The relative phase preference 

of the polymer molecule depends on M, cP, all possible types of nearest 

neighbor interactions such as solvent molecule-polymer segment, solvent 

molecule-solvent molecule, polymer segment-polymer segment, solvent 

molecule and/or polymer segment-stationary phase surface site, and also the 

configurational entropy of the flexible polymer molecule in each 

chromatographic phase. The flexible polymer coil plus the entrained solvent 

molecules are assumed to behave as a swollen spherical (thin cylindrical) gel 

in a favorable mobile (stationary) phase environment. Also it is assumed that 

strong polymer molecule sorption prevails upon retention in the stationary 

phase with M polymer segment-surface contacts. 

In its simplest form, the BMAB theory predicts 

fn k' = S(cPc - cP) == IAIIM(cPc - cP) 

or 

k' = exp[S(cPc - cP)] = exp[ I All M(cPc - cP)] (II-I) 

where S == -afn k' / acPc = I Al I M and Al asymptotically approaches a constant 

value independent of M for large M which is typically negative for 

chromatographically reasonable selections of the mixed solvents. When 

sorption of the better polymer solvent onto the stationary phase dominates, the 

following predictions for cPc and Al result: 

cPc == cPc(M) = cPc 00 - I a I M·'h + bM-415 + cIM·I + c2M·I fnM 

(11-2) 

and 

(11-3) 
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Here, ¢Jc'" (0 ~ ¢Jc '" ~ 1) is the asymptotic limiting value of the critical 

composition as M -+ 00 and Xij == (3cm (Wij - (Wij + wjj)/2), (i,j = 1-3) 

represents the reduced interchange energy (in units of «(3Cm>-1 == kT/cm where 

cm is the mobile phase coordination number) required to form an i-j nearest 

neighbor pair with energy wij from i-i and j-j nearest neighbor pairs with 

energy W ll and wjj • The indices 1 and 2 respectively denote the better and 

poorer mobile phase solvents and 3 corresponds to a monomeric segment of 

the homopolymeric solute. The quantities a, b, c1, ~, d and e introduced in 

eqs. (II-2) and (II-3) are independent of M and depend on the interchange 

energies and weakly upon the mobile phase composition. 

Eq. (II-I) indicates that for large M polymers, k' == exp[/A1/M(¢Jc

¢J)] undergoes an abrupt transition from a very large to a very low value 

within a very narrow mobile phase composition range centered at ¢Jc' Thus a 

very small change in the mobile phase composition from ¢Jc(1 - ..:l) to ¢Jc(l + 
..:l) where ..:l is a small positive infinitesimal (lim ..:l -+ 0 as M -+ (0) generates 

an increasingly abrupt change from very large to very low solute retention as 

M increases. Eq.(I1-2) predicts that ¢Jc becomes a monotonically increasing 

function of M for large M which asymptotically tends to ¢Jc'" as M -+ 00. 

The BMAB analysis indicates that fractionation of homopolymers with 

respect to M is possible over a wide spectrum of M values (oligomer-high 

polymer) on a single column provided certain conditions are satisfied: (1) The 

polymer molecules are flexible; (2) A combination of a good (1) and a poor 

(2) solvent for the polymer is employed for the mobile phase such that X l2 + 
X13 - X23 < 0; (3) The better solvent is preferentially sorbed onto the 

stationary phase. Fractionation of the higher M homopolymers usually 

requires gradient elution which commences at an initial mobile phase 

composition that is less than the critical composition of the lowest molecular 

weight homopolymer in the sample and the mobile phase composition is then 

temporally enriched with the better solvent to a value which exceeds the 

critical composition of the highest M homopolymer present. For very high 
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values of M, cPc increases only slightly with M making fractionation more 

difficult. 

In a linear gradient, the temporal variation of the mobile phase 

composition is 

cP(t) = cP(O) + Bt t2.0 (11-4) 

where cP(t) (cP(O)) is the mobile phase composition at the column entrance at 

time t (time t = 0) and B is the rate of increase of the volume fraction of the 

favorable solvent. The solute retention time, tR , in linear gradient elution and 

if Eq. (II-i) applies for k' is 

(II-5) 

where to represents the column dead time. When 

eq. (11-5) simplifies to 

(11-6) 

where S "" I Al I M. This result can be utilized to determine ¢c and S by 

gradient elution measurements provided the linear approximation to en k' 

given by eq.(II-l) is valid over the entire mobile phase composition range 

where chromatographically significant values of k' are encountered (10 2. k' 

2. 0.1) [14]. A linear relationship between enk' and ¢ over the relevant 

composition is likely to become more accurate as M increases. 

The BMAB theory predicts in general that 

~nk' = iA1 iM(4)c - 4» + r: AjM(4)c - 4» j 
)=2 

(II-7) 
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where the Aj jL2 are monotonically decreasing functions of M which vanish 
00 

as M ~ 00. Non-linear corrections to ink' appearing in the sum l~f'jM(,p, . 
,p)i contribute whenever the difference l,p - ,pc I becomes appreciable and M is 

sufficiently small so that k' is chromatographically measurable over a 

considerable composition range. 

III. STATISTICAL THERMODYNAMIC BEHAVIOR OF A CHAINLIKE 

POLYMER MOLECULE NEAR A PLANAR ADSORPTION SURFACE 

Here we consider the statistical thermodynamic behavior of a 

completely flexible chainlike homopolymer molecule near a chemically 

homogeneous planar adsorption surface. The polymer chain consists of M 

freely rotating links each of length b confined to the halfspace z> 0 by an 

impenetrable adsorption surface with which the polymer can interact on a per 

segment basis. Both the diffusion equation - Green's function approach 

[23,24] and the Monte Carlo calculations performed by La! and Stepto [21] for 

determining the equilibrium configurational behavior of an adsorbed polymer 

chain will be discussed. 

The equilibrium configurations of a flexible homopolymer chain 

without intrachain interactions can be simulated from the trajectories assumed 

by a particle undergoing an unrestricted three dimensional random walk 

[23,24]. This means that the probability density (i.e. Green's function) 

Ger, 0; M) that one end of a chain of M segments is located in a small volume 

element centered about r given that the other end is located at the origin can be 

obtained by solving a diffusion equation in a local one-particle potential (3,p(r) 

(in units of (3-1 = kT) 

(III-I) 

subject to the initial condition G(r,O; M=O) = o3(r) == o(x)o(y)o(z). When 

,p(r) = 0, 
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(III-2) 

which is the familiar Gaussian solution of Eq.(III-l), and it represents the 

probability density that an ideal chain has an end-to-end separation, r, when it 

assumes an equilibrium distribution of configurations. The mean square end

to-end separation is <r2> = S o"'4'll"I"'G(r,0;M)dr = Mb2 and <r>'h = 

M'hb where b is the length of a (statistical) segment. 

When a chainlike polymer molecule interacts with a surface, the 

number of accessible configurations is reduced relative to a completely isolated 

coil. If the interaction between a polymer segment and the surface is a contact 

potential 

PcP (r) pe'bO(z) 

(III-3) 

where E' has the units of energy and the delta function, o(z), has units of 

reciprocal length, then the probability density for a polymer chain which 

interacts with the surface is obtained by solving the differential equation 

aG Cr., 0 ; M) 

aM 
{ b2 ~ 
(-)[-- + 

6 ax2 

(III-4) 

where for an impenetrable surface z .2.. O. It is possible and convenient to 

remove the constraint that z > 0 by including polymer configurations which 

penetrate through the surface and then removing them by the device of 

introducing a 'sink' term to the diffusion equation. This loss term has the 

form -(In v)b5(z) G(r,O;M) where v represents the ratio of the number of ways 

a given segment of the polymer chain can be generated from a random-walk 

trajectory starting at the surface to a point above the surface (z > 0) (and 

hence generate an allowed configuration) to the total number of ways the 

segment could be generated in the absence of the surface. For a completely 
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flexible one-dimensional polymer chain v = 1/2 [25,26] which means that 

whenever a chain segment makes contact with the surface the next segment 

must be diverted away from the surface. For a three dimensional polymer 

chain whose configurations are simulated by a particle taking a random walk 

on a cubic lattice, v = 5/6 for a chain which can fold back on itself and v = 

4/5 when only one segment is allowed per lattice site. 

The modified diffusion equation which incorporates the 'sink' term is 

congruent to eq. (III-4) when e' is replaced by 

E: • E:' - kTl!nu O<u~l 

(111-5) 

and with the restriction z > 0 removed. The solution of eq.(III-4) with the 

modification (III-5) subject to the initial condition G(r,O; M=O) = o3(r) gives 

the probability density G(r,O; M) that an isolated polymer chain of M links 

without intrachain segment-segment interactions (i.e. excluded volume 

interactions) has its terminal segment between r and r + dr given that its 

initial segment is at the origin in contact with the surface. 

The behavior of G(r,O; M) depends on E. When e < 0 adsorption of 

the chain occurs since contact with the surface is energetically favored and 

overcomes the loss of configurational entropy. If E = 0, that is, e' = kTfnv, 

the polymer chain behaves as if the surface were absent, and when e > 0, the 

polymer molecule is essentially desorbed from the surface except for the initial 

segment which becomes irrelevant for long chains. Once G(r,O;M) is obtained 

the canonical partition function, Q == Q(M, (3), is determined from 

(111-6) 

and from Q, the statistical thermodynamic properties of the ideal polymer 

chain-surface system can be extracted. 
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The solution of eq.(III-4) with eq. (111-5) is facilitated by taking the 

Laplace transfonn of eq. (111-4) with respect to M and then the Fourier 

transform with respect to the x and y coordinates which are parallel to the 

plane of the adsorption surface. These transformations convert eq. (111-4) to 

(_b
2

) d2G* _ (' + (_b
2

) (kx2 2) R b"( )) -* "( ) A + ky + "e u Z G = -u Z 
6 dz 2 6 
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(III-7) 

where 

G* !!! G* (kx ' k y , z; A) 

i: dx i: dy exp [i (k,?' + kyY)] G* (x, y, z; A) 

(III-8) 

and 

G* G*(X,y,Z;A) = L~dMe-AM GLJ:,O;M) 

(III-9) 

Eq. (III-7) has the general solution 

G* = A exp[-Kz]8(z) + llexp[Kz]8(-z) 

(III-lO) 

where" == ,,(A,k,.,ky) = (6b-2(A + (b2/6)(k,.2 + ky2»)'A has the units of inverse 

length, A and B are constants, and 8(z) = 1 for z > 0 and 8(z) = 0 for z < 

o is the Heaviside unit step function. The constants are determined by 

requiring that G* be continuous at z = 0 and that 
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which is obtained by integrating (111-7) across the singularity at z=O. These 

conditions are satisfied if A=B=(Kb2/3 + ,Bebyl 

and O*=(Kb2/3 + ,Beb)"l{exp[-Kz]8(z) +expIKz]8(-z)}. 

Performing the inverse Laplace transformation on 0* gives 

G=G(kx ' ky, z;M) = 

exp [-Mb 2 (k;+k~) /6]{ ( 3 ) 'hexp [-3z 2 /2Mb2] 
(21tMb 2 ) 

-~exp [(~) (z+M/3eb/2)] erfc( (_3_) 1/2 (z+Mb(3e»] 
2b b 2Mb 2 

(III-ll) 

is the complementary error function. 

Taking the inverse Fourier transformation gives 

xh-pe( 31tM)'/oexp( 3(3e) (z+~) +~] 
2 b 2 2Mb 2 

x erfc( (_3_)'h(z+Mbpe»} 
2Mb2 

(III-12) 

When E'=e'-kTfnv=O, eq. (III-12) reduces to eq. (III-2) which is the 

Gaussian distribution for an unperturbed three dimensional polymer coil. 

When ,Be < < 0 which corresponds to strong polymer adsorption the last term 
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on the RHS of eq. (I1I-12) dominates and as erfc(u)-2 for u-+-oo, eq. (I1I-12) 

reduces to 

G(.r.,O;M)=( 21t~2) 3P~elexp[ 3M(~e)21exp[ -3P~elzl 
x exp [-3 (X2+y2) /2.Mb 2 ] 

(1II-13) 

The average thickness of the strongly adsorbed polymer molecule normal to 

the surface is 

d'"<z>= J d 3 r6 (z) zG(.r., o;M) / J d 3 r6 (z) G(.r., 0 ;M) =b/3P lei 

(1II-14) 

The average thickness of the polymer layer varies inversely with {31 € I and the 

polymer assumes configurations in the strong adsorption mode which are 

closely associated with the surface and the polymer assumes a geometry which 

resembles a thin cylindrical disc or pancake. 

When {3e> > 0 the asymptotic expansion 

for large positive u applies and 

(III-1S) 

The average value <z> = (M/6)'hb is independent of e and the polymer 

molecule assumes dimensions characteristic of a coil removed from the 

surface. 

The configurational partition function for the adsorbed polymer 

molecule is obtained from eq. (III-6) with G(r,O;M) given by eq. (Il1-13) and 
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Q-Q(M, 13) = (Y2) exp [3MfPe:2 /2] erfc( ( 3:) 1/213e:) 

(III-16) 

The partition function assumes the following limiting forms 

{3e < < 0 Q - exp[3M{32e2/2] 

{3e> >0 Q-l/(6'7r-M)'h{3e 

o ~ (3MI2)'h{31 e I < 1 Q::: J/2 [1-(6MhrY'{3e] 

(III-17a) 

(III-17b) 

(III-17c) 

The average energy of adsorption in units of kT is calculated from {3 < E > 

-afnQlafn{3 and has the following limiting forms 

{3e< <0 {3<E> :::-3M({3e)2 

{3e> >0 

0~(3M/2)'h{3lel <1 

{3<E>:::l 

{3 < E > ::: (6Mhr)'h{3e 

(III-18a) 

(III-18b) 

(III-18c) 

Clearly in the strong adsorption limit where - 00 < {3e < < -(2/3M),h, {3 < E > is 

proportional to the number of chain segments or degree of polymerization, M 

which indicates that the average number of contacts with the surface, 

C={3<E>I{3e, is also proportional to M. Thus in the limit of strong 

adsorption, the polymer molecule assumes trainlike configurations which 

extend over the entire length of the chain and are in contact with the surface. 

For 0 ~ {31 e I < (2/3M),h a transition from strong adsorption to 

desorption occurs and, in this region of weak adsorption which narrows as 

M-'h, C oc M'h. Also, the probability distribution given by eq. (III -12) reduces 

to a Gaussian distribution for sufficiently large values of z (z~(2M/3)'hb). 

These results suggest that a weakly adsorbed polymer chain assumes 

configurations which consist of an adsorbed train of - M'h segments and one 

or two terminal tails which involve M-M'h segments which are desorbed from 

the surface. Finally when {3e> > 0, {3 < E > ::: 1 becomes independent of M 

which indicates that only the initial segment is attached to the surface and 

hence desorption of the remainder of the polymer chain has occurred. 

The above results essentially have been obtained by many investigators 

employing both discrete and continuum (diffusion) models for determining the 
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configurational behavior [27, 28, 29]. This model of an adsorbed polymer 

chain, however, fails to include excluded volume interactions between chain 

segments. 
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Lal and Stepto [21] have performed Monte Carlo calculations of the 

configurational behavior of an adsorbed polymer chain which include excluded 

volume interactions. They analyzed freely rotating lattice chains consisting of 

30, 50, 75 and 100 bonds adsorbing from athermal solutions onto an 

impenetrable planar adsorption surface for different adsorption energies which 

are defined as the energy changes, ~E" for breaking a segment-solvent 

interaction to form a segment-surface bond. Strong and weak adsorption were 

respectively simulated by the selections ,B~E.=-0.9 and ,B~e.=-0.5. When the 

chains are strongly adsorbed they are found to possess extended configurations 

dominated by trains and loops and short tails. For weak adsorption, however, 

the chain configurations develop longer tails and the thickness of the adsorbed 

homopolymer layer is dominated by the lengths of the tails. Indeed, 

proportionality was obtained between tail length and chain length for the 

chains investigated (M=30, 50, 75, 100) in the weak adsorption case with 

about one third of the segments in each tail at all chain lengths. 

The average number of contacts, C, obtained by Lal and Stepto as a 

function of M (the number of bonds) in their Monte-Carlo calculations satisfy 

the following relationships obtained by linear regression over the range 

30:o;M:o;lOO (See TABLE I of ref. 21 ) 

,B~E.=-0.9; C=.38 MI.08; c.c=.999 

,B~E.=-0.5; C=.99Mo.582; C.c. =.997 

(III-19a) 

(III-19b) 

where c.c. == correlation coefficient. These results determined from the 

Monte-Carlo calculations in the strong and weak adsorption limits reinforce 

and agree rather well with the predictions of the ideal chain-surface analysis 

based on the diffusion equation. 
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IV. MODIFICATION OF THE BMAB THEORY FOR THE CASE OF 

WEAK POLYMER SOLUTE ADSORPTION IN THE STATIONARY 

PHASE 

Here we apply the insights and results discussed in III to modify the 

original BMAB theory (see sec. II) when weak polymer adsorption or sorption 

characterizes its retention in the stationary phase. In general, the 

configurations of an adsorbed polymer chain can be described in terms of (1) 

trains which are contiguous sequences of segments in contact with the surface; 

(2) loops which are successive segments which protrude into the solution or 

solvent phase and connect adjacent trains, and (3) tails which represent 

terminal sequences of segments that extend away from the surface into the 

solvent phase [21,22]. When strong adsorption prevails the chain 

configurations are dominated by long train sequences connected by loops and 

short or nonexistent tails with the average number of segment-surface contacts 

proportional to M. For weak adsorption the chain configurations develop 

longer tails which determine the thickness of the adsorbed layer and a 

concomitant decrease in the number and length of the train-loop sequences 

with an average number of segment-surface contacts proportional to M'Y where 

O<-y< 1. 

In the subsequent proposed modification of the original BMAB theory 

to weak polymer sorption, we assume an average configurational behavior 

which is characterized by a single adsorbed train of M'Y segments and a single 

tail of M-M'Y segments which extends into the mobile phase environment 

beyond the surface-sorbed solvent monolayer. Thus when a polymer molecule 

exits from the stationary to the mobile phase (or vice versa) a concomitant 

displacement of M'Y monomeric solvent molecules from the mobile to the 

stationary phase is assumed to occur. Other configurations for the weakly 

adsorbed homopolymer are viable possibilities such as one which consists of 

an adsorbed train of M1' segments and two tails comprised of a total of M-M1' 

segments which can be apportioned between the tails in (M -M1' + 1 )/2 « (M-
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M'Y)/2) + 1) distinguishable ways if M-M'Y is an odd (even) integer. It turns 

out, however that if each configuration composed of one train and one or two 

tails is equally probable, then it suffices for the subsequent analysis to consider 

the single train-single tail adsorbed configuration since all other configurations 

of this class will generate the same result. Those configurations for which the 

M'Y (M-M'Y) segments in contact (not in contact) with the surface appear in 

multiple train-loop sequences and thus shorter tails are expected to be 

energetically and entropically less favorable for rt"al polymer chains with 

definite bond angles and steric hindrances and are not considered in the present 

investigation. 

In ref. [14] (see eq. (22» the following expression was derived for the 

capacity factor (k3~k') of a chainlike homopolymer solute (component 3) of M 

monomeric units distributed between a mobile phase (m) consisting of a binary 

solvent mixture of components I and 2 and a stationary phase (s) consisting of 

a planar chemically homogeneous support surface with a monolayer of sorbed 

solvents 1 and 2. 

(IV-I) 

where 

fi = 

xisexp [J~~e(i, 3; s) + ((J.-xis) (cs/em) - (J.-xim » (Xi";+X1rr;.-XI';) 1 

(IV-2) 

(i= 1,2 j ;t:i). Eq. (IV-I) was derived in the strong adsorption (or sorption) 

limit where all M units of the homopolymer reside in the surface monolayer 

when retained in the stationary phase and M (monomeric) solvent molecules 
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are exchanged between chromatographic phases whenever a polymeric solute 

makes a concomitant transition. In eqs. (IV-I) and/or (lV-2), cf> represents the 

phase ratio; c. (a""m,s) represents the coordination number in phase a; N. 

(a""m,s) denotes the volume (or area) occupied by the polymer molecule and 

entrained solvent molecules in chromatographic phase a; p. "" P .(NJ represents 

the probability that a polymeric solute molecule and entrained solvent 

molecules occupies a volume (or area) given by N.; ,B~e(i,3;s) "",B(t;.-~s+Wi3-

wiJ i=I,2 represents the free energy change associated with removing a 

polymer segment from the stationary phase surface to the mobile phase with 

the corresponding exchange of a type i (i = 1,2) solvent molecule; the eis i = 1,2 

and ~s respectively represent the interaction free energy of a type i solvent 

molecule and a polymer segment with the surface while Wjj and Wi3 i = 1,2 

respectively denote nearest neighbor solvent i-solvent i and solvent i-polymer 

segment interaction energies; Xii"' "" ,Bc01(wij - (Wii + Wj)/2) (i,j = 1-3) 

represents the reduced interchange energy required to form an i-j nearest 

neighbor pair from an i-i and aj-j nearest neighbor pair; the Xi. i=I,2 a=m,s 

represent the volume fractions of solvent component i in phase a; and finally 

2 
Il XiaXi~ + X1aX2aX1~ (Xia+X2a = ~) a-m, S. 

i""l. 

We seek to modify eq. (IV-I) for k' to make it applicable when weak 

homopolymer adsorption (and/or sorption) characterizes the retention behavior 

in the stationary phase. The weakly adsorbed chain is assumed to consist of a 

single train of MY segments (actually the nearest integer to M") where 0 < 'Y < 1 

and then a tail of M-M" segments which is desorbed from the surface 

monolayer and penetrates into the mobile phase. In the present treatment the 

configurational behavior of the train and tail portions are taken to be 

independent. Also polymer desorption from the stationary phase is 

accompanied by the sorption of MY solvent molecules. 

The proposed generalization of eq. IV -1 in the weak adsorption case is 
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2 
xexp[(%-gm) (M-MY)2/N;' + (%-gS) (MY)2/N;1 <,Efi)M" 

z=l 

(IV-3) 
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where N; and Nm* respectively represent the area and volume occupied by the 

train and tail portions of the weakly sorbed polymer molecule and entrained 

solvent molecules and Nm is the volume of the solvent swollen polymer coil in 

the mobile phase, N:, Nm * and Nm are determined by free energy 

minimization of the respective polymer train, tail or coil entrained solvent 

system. The minimization conditions are 

( MY ) 2 [%-g ] =0 • s 
Ns 

(IV-4a) 

+ (N") -1 - W [~- (M-MY) 1 
m • 

Nm 

- ( M-MY ) 2 [%-g 1 =0 
• m 

Nm 

(IV-4b) 

and 

(IV-4c) 

Employing the approximations Ps(Ns') = M"Yexp[-N;/M'Y] , Pm(Nm*) = (M_M'Y)'312 

exp[-3Nm "2/3/2(M_M'Y)] and Pm(N,J =M·3I2exp[-3Nm2/3/2Ml in eqs. (IV-4a)- (IV-
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4c), respectively, give N.·=g/'M3-y/2, N m·=gm3/S(M-M"Y)9IS and Nm=gm3/SM9IS 

and whenever M"YfN: < < 1, (M-W)fNm• < < 1 and MfNm < < 1, which 

corresponds to polymer swelling in good solvent environments. These results 

for N:, Nm• and Nm are the standard Flory predictions [29, 30, 31] for the 

dimensions of a solvent swollen cylindrical disc or spherical coil. 

Substitution of the above results for P,(N,,), Pm(Nm"), Pm(Nm>, N:, Nm• 

and Nm into eq. (IV-I) gives after some simplification [e.g. replacing 

for large M"'] 

C
s

(C
s
-l)M"-1 

c m (Cm-l) M"-1 

(IV-5) 

where ~.6.E(i)=~(Ei,-~,+Wi3-wJ+£n[(cs-I)f(cm-I)] i=I,2. The solvent 

compositions Xim and Xi, are related by the equilibrium adsorption isotherm of 

the solvents distributed between the binary solvent mobile phase and the 

adsorbed surface monolayer, which is [14] 

(IV-6) 

In many applications of interest ~(~,-~J < < 0, exp[-~(e1s-~s)] > > 1 and 

x2s < < Xl, = 1 and to an excellent approximation XIs = uf(1 +u) and X2, = (1 +uyl 

where with xlm=cP and X I2 =X12
m 



TIIEORY OF HOMOPOLYMER RETENTION 3165 

u == u(c/» =c/>(I-c/>tlexp[Xn<1-2c/>+c,lc.J-{3(els-~') + {3(wu-w22)12] (IV -7) 

In this approximation eq. (IV-5) can be expressed directly as a function of the 

mobile phase composition of the better solvent, C/>, 

(IV-8) 

where g,=ll2 -(c,lc.J[u(1 +ut1X13 +(1 +ut1X23-u(1 +ut2XnJ and we have 

deleted the Om' superscript from the [Xij] (i,j, = 1-3). 

The last three terms on the RHS of both eq. (IV-5) and (IV-8) depend 

on M and they vanish as M~oo. The retention behavior for sufficiently large 

M solutes depends on whether M--rink' is positive (high retention) or negative 

(low retention). A transition from high to low retention is anticipated to occur 

abruptly for sufficiently large M solutes as c/> is systematically increased. If, 

for example, when c/>=c/>c<l, ink' = 0, a transition from high to low retention 

occurs whenever the mobile phase composition changes from c/>c(l-.l) to 

C/>c(l +.l) where .l == .l(M) is a small positive number which becomes smaller 

as M increases. Also, C/>C depends on M since M--rink' depends on M and this 

suggests that fractionation of homopolymers by molecular weight should be 

viable by gradient elution HPLC [1] and in some systems even isocratic elution 

[15-17]. 

In the immediate vicinity of c/>c, where F(c/>c) ==M--rink'(c/>c) =0, the 

capacity factor can be expressed as 

kl=exp [MY:E Dj (<1>-<1>0) j] 
j-l. 

(IV-9) 
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where Dj == G!)·I<3iF(ci>c)/aci>cj
• If I DM-ci>J I < < I Dl(ci>-ci>c) I for all j 22, then 

a linear approximation M-rlnk' =Dl(ci>-ci>J is sufficiently accurate. In general, 

determining F(<pc)=0 requires numerical methods as does the evaluation of Dl 

and if necessary the remainirlg coefficients Dj for j,L2. When the stationary 

phase exhibits a decided preference for the better solvent than Xis = 1 which 

corresponds to u> > 1 (strictly u ... oo as xls ... 1) and (IV-8) reduces to: 

F == M-Ylnk/={3~(1)-(1-ci»[X12+X13-X23]-M-r12 ig,V. 

(N-lO) 

where F,lnk' and g. indicates that the xls ... l or u"'oo limit has been taken. 

The mobile phase composition, <Pc, which renders F(<pc)=0 satisfies 

<Pc = <Pc'" + (X23-X12-x13yl [_2g,'hM-r/2+ Ihgm
2/5M-4/5 

+ M-r In[<I>( 1_M"Y·l)3/lOMYl2g,'hll (IV-ll) 

where 

ci>c'" = 1 + (X23-X12-X13yl{3.6E(l) (IV-12) 

A physically meaningful result requires that 

-1 ~(X23-XI2-X13yl{3.6E(1) ~ 0 for O~ci>c"'~l. Also 

ii ali" x x _ X ..!.g-3/SM-4/5 agm 
1" c3c1>c = 12 + 13 23 + 5 m c3c1>c 

(N-13) 

(IV-14) 

As M--+oo Dl--+ X12 + X13 - X23 and OJ...Q for all j 22. Furthermore, as 

M--+oo eq. (N-lO) can be expressed as 

F = M-rln k' = (X23-XI2-X13) (ci>."'-ci» (IV-15) 

When M is large but finite it still remains an excellent approximation to use 

(IV-16) 

where <Pc==<Pc(M) and 0 1 are given by eqs. (IV-H) and (N-13), respectively. 

If X23-X13-XI2 > 0, <Pc is a monotonically increasing function of M which 
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asymptotically approaches 4Jc'" as M-+oo. Provided 0 < 4Jc ~ 4Jc'" ~ 1 a 

transition from high to low solute retention is predicted to occur over a mobile 

phase composition interval centered about 4Jc which becomes narrower as M 

increases. 

Inspection of eq. (lV-ll) reveals that the dependence of 4Jc on M 

enamates from contributions of the form -Ia I M-yI2+ bM415+ cM-YinM which 

depend sensitively upon the value of the exponent -y (0 < -y < 1). Comparison 

can be made with eq. (11-2) for the strong adsorption case. Also from the 

linear approximation for in k' given by eq. (IV-16) we obtain 

S = -an k'/a4Jc = IDIIM'Y 

or inS =-ylnM + in I DII (IV-I?) 

This result predicts that measurements of S as a function of M plotted as in S 

vs. in M should be linear with slope given by the exponent -y (0<1'< 1). 

Thus the predicted slope of a in S-in M plot becomes smaller when weak 

adsorption prevails since for strong adsorption ainS/ainM-+l when M is 

large. If -y=1f2, which corresponds to an 'ideal' adsorbed chain 

ainS/ainM=lh for sufficiently large M and 4Jc=4Jc"· + 

(X23- Xw Xd·1 [-ii, 'hM·1I4 + 1f2gm
2l5M415 + M''h i n[ 4> M 1I4g, 'h( 1-M-·h )3/Io:J]. 

An explicit expression for the retention time, tR, as a function of M for 

linear gradient elution where 4J ... 4J(t) is temporally increased in linear fashion, 

4J(t) = 4J(0) + Bt, can be obtained readily when k' = I Dli M-Y(4Jc-4J) and is 

tR = to +( I D1IM'YBy1in[1 + I D1IM'YBtoexp[ I Dli M'Y(4Jc-4J(O»]] 

(IV-I 8) 

Here to is the time required for unretained solute to pass through the column, 

4J(0) is the mobile phase composition at the start of the gradient and B is the 

time rate of change of the composition gradient. Whenever 

IDll M"YBtoexp[jDll M"(4Jc-4J(O»] > > 1 eq. (IV-18) reduces to 

(lV-18*) 

Clearly for large M and rP(O) <rPc, tR= ta+B-1(rPc-rP(0»=t,,+tc where 10 is the 

time required for the mobile phase composition at the inlet to develop to rPc 

when a linear gradient is sustained. Also, utilization of eq. (IV-18*) allows 
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one to express asymptotically for large M that In tR "'" in tR 00 -const.M-'I'/2 

where tR 00 == to + B-1 (¢c-¢(O)). 

Equations (IV-18) or (IV-18*) provide a relationship between tR and M 

and predict that a very dilute homopolymer mixture can be separated into 

molecular weight fractions by linear gradient elution HPLC when ¢(O) is less 

than the critical composition of the lowest M homopolymer present. The 

order of elution then proceeds successively from the lowest to the highest 

molecular weight constituent since ¢c(M)-¢(O) monotonically increases with M. 

If the adsorbed train of M"Y contiguous segments behaves as a 'rigid' 

moiety whose dimensions are unaltered by solvent uptake, then eq. (IV-3) for 

k' is modified by replacing the factor(s) 

by unity and kR' becomes 

k~=CP ( c s -1 ) My N;Pm(N;) (1- (M-W) IN;) (M-M"-N;'l 

cm-1 NmPm(Nm) (l-MIN
m

) (M-Nml 

(IV-19) 

where t; is again given by eq. (IV-2) and the 'R' subscript on k' indicates the 

rigidity of the adsorbed train. Employing the same approximations for Nm , 

Nm", Pm(Nm> and Pm(Nm') as in eq. (IV-5) for eq. (IV-19) gives after some 

manipulations which assume M"y-1 < < I: 

(IV-20) 
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where again (jAE(i)=(j(Eia-~.+Wi3-wJ+tn[(c.-l)/(cm-l)] i=I,2 and eq. (IV-6) 

must be utilized to obtain the XIs-X1m adsorption isotherm. 

If Xis = 1, X2.=O and x1m-4>, eq. (IV-20) simplifies to 

FR • 
M-Y@n~=Qn [exp [!3AE(l) -1- (l-eJl) (X13+X12-X23)]] +Vzg;'/SM-4 / S 

(IV-21) 

where the 'bar' above the kR ' again indicates the limit Xis = 1 has been taken. 

Also k a' may be expressed as 

(IV-22) 

where DjE (lIj)(aiFala4>j) if tnka'=O when 0.::;. 4> = 4>c'::;' 1. The critical 

composition is given by the solution of 

4>c =4>c 00 + (X23-XI3-Xd·1 [IhM-415gm2IS(4)c) + M-ytn[cI>(1-M-r·1)31Io:J] 

(IV-23) 

where 

(IV-24) 

which differs slightly from eqs. (IV-l1) and (IV-12). In linear approximation 

with respect to 4>c-4>, eq. (IV-21) (or IV-22) reduces to 

WYQn~= 

( '" "') [X X X (1/5) gm- 3/ S ("'e) aa:meM-4/S1 +0 ("'e-"') 2 'l'e-'I' 23- 13- 12- 'I' 'I' 'I' 'I' 

(IV-25) 

and 

a~nP dg 
S R 'I"I[X X X (1/5) M-4/Sgm-3/S("'e) d""m

e
1 R=- atl>e =.". 23- 13- 12- 'I' 'I' 

(IV-26) 

which establishes that Sa oc M'Y for sufficiently large M. 
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v. DISCUSSION AND COMPARISON OF THEORY AND 

EXPERIMENTAL RESULTS 

Several sets of experimental measurements which can give the 

dependence of the slope S = -aink'lacpc on M have been performed on 

polystyrene standards using both isocratic and gradient elution HPLC using a 

variety of mixed solvent combinations and chemically bonded stationary phases 

of different pore sizes and hydrocarbon chain lengths. 

A summary of the experimentally determined S-M results are recorded 

in Table I along with the mixed mobile phase solvents and the stationary 

phases employed. Linear regression was utilized to obtain the best empirical 

fit of the form inS = ina + I'inM or S = aM'" to the experimental S-M 

data, where a and l' are optimally selected empirical parameters. Inspection 

of Table I reveals considerable variation in the experimental S-M results which 

depend upon the mobile phase mixtures, stationary phases, molecular weight 

range and number of homopolymer solutes utilized and the methodes) used to 

obtain the S-M data-isocratic or linear gradient elution or some combination 

thereof. 

Whenever possible or feasible, measurements of S 55 -aink'lacpc 

derived from isocratic measurements of ink' -cp isotherms for a given 

homopolymeric solute are more reliable than the corresponding linear gradient 

elution measurements. If the ink'-cp dependence were strictly linear over the 

relevant mobile phase composition range centered about CPc, then the isocratic 

and gradient elution measurements of S and CPc should agree. In general such 

agreement does not occur although it improves as M increases since the 

transition from high to low retention occurs over a decreasing mobile phase 

composition range. Specifically for ¢ - ¢c linear ink'-¢ behavior is observed 

irrespective of the value of M. However, as I ¢ - CPc I increases, departures 

from linearity develop especially for the lower M solutes. These non-linear 

contributions to ink' for cp < ¢c can generate a compositionally averaged 

gradient determined slope, SG, which overestimates S = -aink'la¢c [16]. 
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TABLE I 

Solute Bonded 
Molecular Mobile Stationary 

S = aM> Weight Phase Phase 
Reference "( a Range (kD) Solvents (Pore Size A) 

11, 18' 0.50 2.25 2-233 THF/HP C-18 (150 A) 
15b 0.654 0.472 4-300 MeCl2/ACN C-8 (300 A) 
15b 0.669 1.03 17.5-35 THF/HP C-8 (300 A) 
16' 0.472 3.41 2-390 MeCl,lMeOH C-18 (100 A) 
16' 0.517 2.03 2-390 MeCl2/MeOH C-18 (300 A) 
16b 0.730 0.452 2-100 MeCl2/MeOH C-18 (100 A) 
16b 0.586 0.668 2-100 MeCl,lMeOH C-18 (300 A) 
16° 0.732 0.446 2-390 MeCI/MeOH C-18 (100 A) 
16° 0.735 0.334 2-390 MeCI/MeOH C-18 (300 A) 
16° 0.770 0.343 17.5-390 MeCI/MeOH C-18 (100 A) 
16° 0.877 0.124 17.5-390 MeCl,lMeOH C-18 (300 A) 
16° 0.768 0.345 50-390 MeCI/MeOH C-18 (100 A) 
16° 0.994 0.0515 50-390 MeCl2/MeOH C-18 (300 A) 
17b 0.55 0.0054 4-390 THF/ACN C-4" 
17b 0.35 0.201 30.7-390 MeCl,lMeOH C-4" 

'Gradient elution measurements 
blsocratic measurements 
°Isocratic measurements for 2-100 kD polystyrene samples. Gradient elution measurements for 

polystyrene samples greater than 100 kD. 
"Bimodal pore diameter column composed of a 48 % 80 A and 52 % 500 A mixed silica 
support surface. 

The first S-M measurements on a series of polystyrene homopolymers 

were performed by Snyder and coworkers using THF/H20 mixed mobile 

phases and a 150 A mean pore diameter C-18 chemically bonded phase and 

linear gradient elution HPLC [11, 18]. They obtained the empirical fit SG = 

2.25 M·50 where the subscript 'G' denotes gradient elution. The best linear 

regression fits to the SG-M measurements obtained by Alihedai et. al. on 

pOlystyrene solutes ranging from 2-390 kD using gradient elution HPLC with 

MeCl2/MeOH mixed mobile phases and either a 100 A or 300 A mean pore 

size diameter C-18 stationary are SG. = 3.41 M·4
72 (c.c. = 0.982) and SG = 

2.03 M·517 (c.c. = 0.977), respectively. These results compare favorably with 
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those of Snyder et. al. although different chromatographic phases were 

utilized. 

Measurement of S for any M taken from isocratic ink'-¢ measurements 

in the vicinity of and including ¢c(M) are more reliable and Alihedai et. al. 

[16] obtained the following best linear regression fits for solutes between 2 -

100 kD; S = 0.452 M·730 (c.c. = 0.993) and S = 0.668 M 586 (c.c. = 0.995) 

for the 100 A and 300 A C-18 columns respectively using MeCliMeOH 

mobile phases. For comparison the isocratic measurements of the slopes of 

ink'-¢ isotherms reported by Lochmiiller and McGranaghan [15] for five 

polystyrene solute samples with molecular weights between 4 kD and 300 kD 

eluted with MeCli ACN mobile phases and a C-8 bonded phase of 300 A mean 

pore diameter can be fit by linear regression to S = 0.472 M·654 (c.c = 

0.994). Also their isocratic measurements of the slopes for three polystyrene 

solute samples of 4, 17.5 and 35 kD using THF/H20 mobile phases and a 300 

A C-8 bonded phase can be represented by S = 1.03 M·669 (c.c. = 0.993). 

When the isocratic measurements performed by Alidhedai e. al. in 

MeCl2/MeOH mobile phases for 2-100 kD polystyrene standards are 

supplemented by gradient elution determined Sa for 233 kD and 390 kD 

polystyrene solute standards, then S = .446 M·732 (c.c. = 0.994) for the 100 

A C-18 column and S = .334 M·735 (c.c. = 0.980) for the 300 A C-18 

column. Also recorded in Table I are the linear best fits of the isocratic S-M 

data reported in [16] for smaller sets of solute standards which include the 

highest molecular weights studied. The exponent 'Y in the best fit of the form 

S = aM")' tends to increase towards unity for the 300 A C-18 column when the 

set of polystyrene standards is limited to molecular weights between 50 kD and 

390 kD. This perhaps suggests that strong adsorption may be the dominant 

mode of retention for these higher M solutes. 

Utilization of MeCl2/MeOH mobile phases with a C-18 column tends to 

generate ink'-¢ isotherms which change rather abruptly from high to low 

retention over a narrow composition range about ¢c(M) even for the lower M 
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polystyrenes. As a result, isocratic measurements of the £nk'-tJ> isotherms in 

the vicinity of tJ>c(M) become extremely difficult and uncertain for M > 103 

(i.e., mol. wt. > 100 kD) polystyrenes. Northrup et. al. [17] observed, 

however, that by selecting THF/ACN mobile phases and a bimodal pore size 

C-4 stationary phase [20], isocratic measurements of £nk'-tJ> isotherms for five 

polystyrene standards with 4 kD ~ mol. wt. ~ 390 kD were possible. These 

isocratic measurements lead to the linear regression best fit S = .0054 M'sS 

(c.c. = .997). Northrup et. al. [17] also utilized MeCI2/MeOH mobile phases 

along with the same C-4 bimodal stationary phase to obtain £nk'-tJ> isotherms 

isocratically for the same five polystyrene standards. Their corresponding best 

linear regression fit is S = .201 M·3s (c.c. = .973) for the four highest 

molecular weights (30, 50, 100 and 390 kD). These results are obtained from 

lower capacity columns and none of the isocratic £nk'-tJ> measurements 

involved the region where £nk' .L 0 and thus did not include compositions 

where tJ> ~ tJ>c(M). Hence the relevant tJ> range for determination of S == -

a£nk'/atJ>c was not probed directly by the measurements and only values of S 

extrapolated to the relevant composition, tJ>c(M), from higher compositions tJ> 

> tJ>c(M) for each solute were obtained. 

The experimentally determined S-M behaviors exhibit considerable 

variation and clearly depend on the chromatographic conditions and the range 

of M values probed. The values of the exponent 'Y in the relationship S - M"Y 

were obtained from linear regression fits to the various experimental 

measurements and have been found to range between 0.35 ~ 'Y < 1 with 

most of the results confined to the range 0.5 < 'Y < 0.75. These results 

suggest that the polymeric solutes are generally weakly adsorbed and/or sorbed 

in the stationary phase with a considerable portion of the solute penetrating 

into the mobile phase environment over the composition range of 

chromatographic significance where 0 < k' ~ 10. The experimental results 

for 'Y agree reasonably well with the theoretical estimates 'Y = I/Z for an ideal 

adsorbed chain and 'Y = 0.582 [21] for the Monte-Carlo generated adsorbed 
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chains with excluded volume interactions included. The modified BMAB 

theory introduced in the previous section predicts that S - MY where M'Y 

corresponds to the number (to the nearest integer) of polymer segments sorbed 

contiguously as a single train sequence onto the idealized stationary phase 

monolayer. The case 'Y = 1 corresponds to the strong adsorption limit treated 

in the original BMAB analysis. 

A more realistic model of the adsorption surface which explicitly 

incorporates the pore structure and the bonded alkyl chains would clearly be a 

desirable improvement of the BMAB theory. It is anticipated that 

configurations where trains of adsorbed segments reside in neighboring pores 

connected by a loop or bridge sequence of segments protruding into the mobile 

phase might contribute significantly to the retention in real systems, especially 

for large M solutes and small diameter pores. Despite its shortcomings, 

however, the present model does suggest that consideration of weak adsorbed 

and/or sorbed states can rationalize the numerous experimental observations 

from many chromatographic systems that S - M'Y where 'Y < 1 rather than 

the strong adsorption prediction that S - M for sufficiently large M. 

Since the 4>. - M dependence is predicted to depend on the exponent 'Y, 

this dependence also correlates with the extent of sorption of the polymeric 

solute in the stationary phase especially for the lower M solutes. The 4>. - M 

dependence on 'Y is sensitive to whether the adsorbed train sequence is solvent 

swollen or is better characterized as a rigid chain skeleton which is more likely 

for smaller M. 

For chromatographic conditions where k' > > 1 homopolymer 

retention is anticipated to be determined by strong adsorption. However, 

under chromatographic conditions where 0 < k' < 1 weaker adsorption 

modes are more likely to dominate. The transition from strong to weak 

adsorption behavior for large M homopolymers may be abrupt or rather 

gradual functions of 4> depending upon the chromatographic system involved. 

An abrupt transition for a fixed M solute is more likely to occur if the mobile 
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phase consists of a mixture of a good and relatively poor solvent for the 

polymeric solute, and there exists a strong preference for sorption of the better 

solvent and a preference for the solute in the stationary phase. Mixed mobile 

phases of MeC12/MeOH and THF/H20 and well end-capped C-18 chemically 

bonded stationary phases tend to exhibit increasingly abrupt transitions from 

high to low retention as M increases which suggests strong polymer adsorption 

for tP < tPc(M) and weaker adsorption for tP > tPcCM). If, however, the 

mobile phase solvents have similar affinities for the polymeric solute and the 

stationary phase exhibits only slight preference for the better solvent and has 

lower capacity for the solute, then low retention 0 < k' < 1 may prevail over 

a considerable range of tP and weak adsorption of the polymeric solute is 

anticipated. The THFI ACN mixed mobile phase and C-4 stationary phase 

utilized by Northrup et. al. [17] represents a chromatographic system where 

weak polymer sorption behavior is likely to dominate. Indeed isocratic ink'-cP 

measurements have been performed directly for polystyrene standards up to 

390 kD with this system. 

Finally it should be mentioned that explicit a priori determination of the 

actual mobile and stationary phase conditions which lead to weak 

homopolymer adsorption is beyond the scope of the present investigation. 
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ABSTRACT 

The reversed-phase liquid chromatographic retention behavior of poly(l
tryptophan)s and poly(d,l-tryptophan)s) whose molecular weight ranged from 5.4 
kD to 37.25 kD is examined using a C-8 chemically bonded stationary phase and 
binary mobile phases oftetrahydrofuran (THF)-water and ternary mobile phases 
ofTHF-water-methanol. The retention ofpoly(l-tryptophan)s is compared with 
that ofpoly(d,l-tryptophan)s. Linear-Solvent-Strength (LSS) model is examined 
in describing the retention behavior. The effect of adding a third solvent to the 
binary mobile phase is also discussed. 
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INTRODUCTION 

The use of reversed-phase liquid chromatography (RPLC) in polymer 

separation and characterization has drawn considerably large interest since 1980s 

1-14. The reversed-phase chromatographic method, which involves no size

exclusion, complements the widely used size-exclusion chromatographic method 

in which polymers are separated according to their sizes. It has been shown that 

using RPLC it is possible to separate a variety of polymers, especially 

copolymers 15 which has been a difficult task with size-exclusion 

chromatography. However, the retention mechanism of polymers in RPLC 

remains unclear and several models have been suggested 3,6,7,8,9,10,11,12,13. A 

true and clear retention mechanism is needed in order to fully exploit the power of 

RPLC, such as optimizing separation and predicting retention. Central to the 

debate on polymer retention mechanism is that whether or not isocratic retention 

can be obtained. Lochmillier and McGranaghan 14 found that retention behavior 

ofpoly(styrene) that is similar to that found in small molecules could be obtained 

only when the sample was adequately mixed with the mobile phase using a low 

dispersion, crocheted mixer before the solute-column contact occurred. They 

reported that isocratic retention of polystyrenes of molecular weight ranged from 

2000 Daltons to 2,800,000 Daltons could be obtained with binary mobile phases 

oftetrahydrofuranlH20 and dichloromethanel acetonitrile. Finite, non-zero k' 

values and linear relationships in the plots oflog k' versus the volume percentage 

oftetrahydrofuran and dichloromethane were observed 14. 

Characterization of rigid polymers with size-exclusion chromatography is 

difficult because the calibration curve that is derived from flexible polymers is no 

longer applicable 16,17,18,19. If a polymeric sample contains both rigid and 
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flexible polymers, it is even more difficult to assign the peaks in the size

exclusion chromatogram. RPLC can be a good method for characterizing rigid 

polymers because of its partition/adsorption retention mechanism and its 

independence of calibration. It is also highly desirable to be able to control the 

retention with current available separation optimization knowledge developed 

from small molecules, such as the "third solvent" strategy 20. In this report, 

Poly(l-tryptophan)s and poly(d,l-tryptophan)s are chosen as model polymers 

because (1). the former is a rigid and helical polymer which is rod-like, and the 

later a flexible and globular one; (2). a very small amount (less than 0.5 

nanogram) ofpoly(tryptophan)s can be detected with fluorescence detection and 

this insures that solution ofpoly(tryptophan) is close to infInitely dilute; (3). 

poly(tryptophan)s are actually synthetic peptides and this study may shed some 

light on the future study of separation of synthetic peptides and proteins. It is 

found that poly(l-tryptophan)s show longer retention times than poly(d,l

tryptophan) of the same molecular weight. For all poly(tryptophan)s samples, 

linear plots of the logarithm of the capacity factor (k') versus volume fraction (cj» 

of the strong solvent are obtained. The LSS model is examined via inter-relating 

isocratic and gradient elution. With the volume fraction ofTHF kept constant, 

the effect of adding a small amount of methanol in THF -water mobile phase on 

the retention time is discussed. 

EXPE~ENTALSECTION 

BPLC. A Perkin-Elmer Series 4 liquid chromatograph and 420B autosampler 

(Perkin-Elmer, Norwalk, CT) was used. Detector used was a Perkin-Elmer 850-
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10LC Fluorescence Spectrometer with excitation wavelength at 280 nm and 

emission wavelength at 350 nm. Flow rate was 1 mL/min. A sample loop of 5 

~L was used. Retention data were collected using a Nelson Analytical 

Chromatography package (Nelson Analytical, Inc., Cupertino, CA). Samples 

were dissolved in the mobile phase collected right before injection. The 

concentrations of all samples were 50 ~glmL. Before each injection the samples 

were vigorously agitated by a shaker for 10-20 minutes. Capacity factor k' was 

calculated by the equation ofk'=(trto)/to, where tr is the retention time of 

polymer peak maximum and to is the void time. The standard deviation ofk' 

calculated from three measurements was within 2% error. 

Materials. Columns used were 25cmX4.6mm ones with Partisil 10 C8 bonded 

phase (Whatman, Clifton, NJ). HPLC grade methanol, tetrahydrofuran (THF) 

and water were used as received. Poly(tryptophan) standards were purchased 

from Sigma (St. Louis, MO, USA). Their molecular weights are: poly(l

tryptophan) 5,400 Daltons (MwlMn=1.45), 115,000 Daltons (MwlMn=1.24), 

37,250 Daltons (MwlMn=1.11) and poly(d,l-tryptophan) 5,700 Daltons 

(MwlMn=1.47) and 14,500 Daltons (MwlMn=1.42). 

RESULTS AND DISCUSSION 

In reversed-phase chromatography of polymers, a pair of good and poor 

solvents are often used 1-15. In this study, THF and H20 were used. THF is the 

"good" solvent and H20 is the "poor" or hostile one. The sample chromatograms 

from isocratic elution are shown in Figure 1. It is interesting to observe that at the 

same mobile phase composition, poly(l-tryptophan) 11.5 kD has longer retention 
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FIGURE 1. Chromatograms ofpoly(tryptophan)s Mobile phase THF:water 
77:23, (a). 11.5 kD poly(l-tryptopahn), (b). 14.5 kD poly(d,l-tryptophan). The 
sharp peaks are from oligomers. 

time than its counterpart 14.5 kD poly(d,l-tryptophan)s within the range of mobile 

phase compositions used in the experiments. The difference in retention time 

between 5.4 kD pcly(l-tryptophan) and 5.7 kD poly(d,l-tryptophan)s is small. It 

has been reported that the predicted order of solute retention is: rigid-rod 

solutes>plate solutes>flexible chain solutes 21. There have been many reports and 

debates on whether the retention mechanism for small molecules is an adsorption 

process ("Solvophobic" model), or a partition process, or both 22. For the high 

molecular weight polymer case, if retention only involves adsorption mechanism 
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in which solute-stationary phase interaction only takes place at the surface of the 

stationary phase, the retention ofpoly(l-tryptophan)s should be shorter than that 

ofpoly(d,l-tryptophan)s because the average surface area of the polymer solute in 

contact with the stationary phase of poly(l-tryptophan) is smaller than that of 

poly(d,l-tryptophan). The bulky globular poly(d,l-tryptophan)s may not be able to 

enter the bonded phase of alkyl chains, whereas a part of the rod-like poly(l

tryptophan)s may get intercalated in the bonded alkyl chains. If the molecular 

weight is low, there may not be dramatic difference in retention time as we 

observed in 5.4 kD and 5.7 kD poly(tryptophan)s. Therefore, the rationale can be 

suggested as that high molecular weight poly(d,l-tryptophan)s may experience a 

mechanism of adsorption, on the other hand, poly(l-tryptophan)s and low 

molecular weight poly( d,l-tryptophan)s may have a combined partition and 

adsorption mechanism. The results here support that for RPLC of polymers the 

stationary phase plays a very important role. More mechanistic study can be done 

by varying the alkyl chain length of stationary phase and studying the retention of 

polymers of different size and/or shapes. 

In Figure 2 are shown the plots of log k' versus the volume fraction of THF (cj» 

in binary THF-water mobile phase. These plots fit linear relationships (log k'= A

S</» where A is the intercept and S is the slope. 

Linear-Solvent-Strength has been applied to optimization of separation and 

prediction of retention 23,24,25. From the LSS theory, gradient retention time tg 

is given by: 

tg = tolog[2.3kolk']+to+tD 

where tD is the dwell time of the gradient system ( the time between the 

beginning of the gradient at the pump and its reaching the inlet of the column), k' 
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FIGURE 2. Plots of log k' versus volume fraction of THF Poly(l-tryptophan)s: 
(*) 37.25 kD; (+) 11.5 kD; (x) 5.4 kD; Poly(d,l-tryptopahn)s: (0) 14.5 kD; (-) 
S.7kD. 

is the average capacity factor of gradient elution and ko is the capacity factor from 

pure weak solvent. Since 

k' 1 = tG/(.6.cj>Sto) 

where tG is the gradient time and ~cj> is the change of mobile phase composition. 

With two gradient runs, k'l can be calculated as: 

k'l = [tgl-(tg2/[3)-(to+tn)([3-1)/[3]1(to1og[3) 

[3 = tG2/tGl 

Given a known k'l, S can be calculated as: 

2 

3 

4 

5 
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TABLE 1: Predicted S Values from LSS Model and Actual S Values * 

37.25 leD (I) 11.5 leD (I) 5.4 leD (I) 14.5 leD (d,l) 5.7 leD (d,l) 

predicted S 6.68 4.2 4.5 7.5 5.5 
actual S 6.42 3.6 5.1 6.94 5.1 

* In the table, (1) stands for poly(1-tryptophan)s, (d,l) for poly(d,l tryptophans). 

If the gradient retention time from two runs is known, S can be calculated by 

equation 5. The predicted and actual S and tr values are listed in Table 1. The 

prediction is moderately accurate, considering the fact that the plot of log k' 

versus cj> is not perfectly linear over a large range of mobile phase composition 

and LSS model is a empirical model. 

Mobile phase plays an important role in RPLC 20,22. Many optimization 

techniques center around using combinations of different mobile phase. Using 

ternary solvent mixture as mobile phase to precisely control the elution strength 

and polarity of mobile phase has been studied for a long time 20. However, to 

our best knowledge there is no report on studying the effect of ternary mobile 

phase on the polymer retention. In this work, methanol is added into THF -water 

mobile phase as the third solvent. Methanol is a poor solvent for 

poly(tryptophan)s, but it is a better solvent than water. This is verified by mixing 

the same amount of poly(l-tryptophan) 11.5 kD with the same volume of 

methanol, and water and taking fluorescence intensity measurements of the 

supernatant. The normalized fluorescent intensities at 350 nm indicate that 

methanol and acetonitrile are better solvents than water, e.g., the intensity at 

350nm for methanol solution is 7 times larger than that for water. While the 

volume fraction ofTHF is kept constant, the fraction of water is decreased with 

the increase of the fraction of methanol. Since methanol is a better solvent than 
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FIGURE 3. Plot oflog k' versus volume fraction of methanol in THF-water
methanol tenery mobile phase. 

water, one would expect that replacing water with methanol should decrease 

retention ofpoly(l-tryptophan) 11.5 kD. However, we observed the opposite. 

The plot of log k' versus the volume fraction of methanol shows a linear 

relationship (Figure 3). This unusual retention behavior was observed in small 

molecules by Lochmuller and co-workers26. They found that water actually was 

freed from the methanol-water associates when a small amount of acetonitrile or 

THF was added into the methanol-water mobile phase and the increased content 

of "free" water led to the increase of the retention time within a certain range. The 

small addition of methanol into THF-water mixture also frees water from the 
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associated THF-water complex and caused the increase in retention time. More 

study will be directed to understand the selectivity and optimization of separation 

of polymers with different mobile phases. 

CONCLUSION 

The retention behavior ofpoly(l-tryptophan)s and poly(d,l-tryptophan)s were 

examined. It is found that their retention behavior can be explained in terms of 

LSS model. It is observed that retention time for high molecular weight poly(l

tryptophan)s is longer than that ofpoly(d,l-tryptophan)s under the same mobile 

phase composition. When methanol is added into THF-water mobile phase, the 

retention time becomes larger. The mechanism and explanation are suggested for 

such retention behavior. 

REFERENCES 

1. Barth, H. G.; Mays, J. W. eds Modern Methods of Polymer Characterization Wiley, New 
York,1991. 

2. GIClckner, G. Polymer Characterization by Liquid ChrornatQtuaphy; Elsevier, 1987. 

3. Armstrong, D.W.; Bohern, R.E. J. Chromatogr. Sci., 22: 378 (1984). 

4. Jandera, P.; Rozkosna, J. J. chrornatogr. 122: 325 (1986). 

5. Kirkland, J. J. J. Chromatogr., ill: 231 (1976). 

6. Stadalius, M. A.; Quarry, M.A.; Mourey, T. H.; Snyder, L. R. J. Chromatogr., ill: 
1 (1986). 

7. Stadalius, M. A.; Quarry, M.A.; Mourey, T. H.; Snyder, L. R. J. Chromatogr.,~: 
17 (1986). 



POLY(L-TRYPTOPHAN)S AND POLY(D,L-TRYPTOPHAN)S 

8. Snyder, L.R.; Stadalius, M.A.; Quarry, M.A. Anal. Chern., ~: 1412 A (1983). 

9. Glockner, G.; VanDen Berg, J. H. M. Chromatographia,~: 55 (1984). 

10. Glllckner, G.; Van Den Berg, J. H. M. J. Chromatogr., ill: 615 (1984). 

11. Armstrong, D.W.; Bui, K. H. Anal. Chem.,~: 706 (1982). 

12. Glllckner, G.; Van Den Berg, J. H. J. Chromatogr., ill: 511 (1986). 

13. Bohem, R. E.; Matire, D. E.; Armstrong, D. W.; Bui,K.H. Macromolecules,...1.1: No. 
3, 400 (1984). 

14. Lochmllller, C. H.; McGranaghan, M. B. Anal. Chem., Ql: 2449 (1989). 

3189 

15. Barth, H. G., Janca, J., Polymer Analysis and Characterization, Wiley, New York, 1992. 

16. Yau, W.W.; Kirkland, J. J.; and Bly, D.D., Modern Size Exclusion ChromatQ~l"jijmy. 
Wiley, New York, 1979. 

17. Hager, D., J. Chromatogr., ill: 285 (1980). 

18. Grubistic, Z.; Rempp, P., and Benoit, H., Polymer Lett., 5.: 753 (1967). 

19. Giddings, J. C.; Kucera, E.; Russell, C. P.; and Myers, M.N., J. Phy. Chem.,:I2.: 
4397 (1968). 

20. Snyder, L.R.; Kirkland, J. J., Introduction to Modern LiQuid ChroroatolWlPhy, 
Wiley, New York, 1979. 

21. Matire, D. E. and Bohem, R. E., J. Phys. Chern., ..n, 1045 (1983). 

22. Lochmllller, C. H., and Wenzel, T. J., in Physical Methods ofChemjstry 2nd ed., Vol. X., 
eds. Rossiter, B. W. and Baetzold, R.C., pp 85-161, Wiley, New Nork, 1993. 

23. Snyder, L.R.; Stadalius, M. A.; Quarry, M. A. Anal. Chern., ~, 1413A (1983). 

24. Snyder, L. R.; Dolan, J. W. DrylabG Users Manual; LC Resources; California, 1986. 

25. Quarry, M. A.; Grob, R. L.; Snyder, L. R. Anal. Chern., 5.£: 907 (1986). 

26. Lochmllller, C. H.; Hamzavi-Abedi, M.A.; and Du, Chu-Xiang, J. Chromatogr., 
ill: 105 (1987). 

Received: January 19, 1994 
Accepted: February 1,1994 





JOURNAL OF LIQUID CHROMATOGRAPHY, 17(14&15), 3191-3199 (1994) 

MONITORING OF ORIGINATED POLYMER IN 
PURE MONOMER WITH GRADIENT POLYMER 

ELUTION CHROMATOGRAPHY (GPEC)®* 

W. J. STAAL!, P. COOLS2, 

A. M. VAN HERK2, AND A. L. GERMAN2 

lWaters Chromatography Group 
Penningweg 33 
P.D. Box 166 

4870 AD Etten-Leur, The Netherlands 
2 Eindhoven University of Technology 

Laboratory of Polymer Chemistry and Technology 
P.D. Box 513 

5600 MB Eindhoven, The Netherlands 

ABSTRACT 

The analysis of the amount of polymer in pure monomer with cloudpoint 
measurements gives, only a qualitative answer. Now by use of a liquid 
chromatograph and gradient elution the amount of polymer can be measured fully 
automated. Also an impression of the molar mass can be achieved. 

INTRODUCTION 

One of the important parameters in polymerization is the purity of the 

monomers.The factors that have a negative influence on the polymerization 

process are, contaminants and polymer formed during storage. One of the most 

* GPEC is a registered trademark of the Waters chromatography group 
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common tests to check the precense of polymer in the monomer is the c1oudpoint 

test. This test is described in the ASTM method 2010, polymer content of styrene 

monomer [1]. 

By adding a nonsolvent to the monomer the polymer will precipitate. This can 

be visually observed as a c1oudpoint. This test gives a qualitative answer. In this 

case polystyrene and its monomer are taken as example. As a nonsolvent, 

methanol is used the most for this application. The problem with methanol is that 

the oligomers of polystyrene are soluble up to n = 5. Therefore these oligomers 

are not detectable with the methanol c1oudpoint test. Another reason that this test 

is just a qualitative one is because of the amount of methanol, required for the 

precipitation, is dependent of the molecular mass of polystyrene [2]. 

Chromatography can also be applied for this application. With Gel Permeation 

Chromatography (GPC) a separation can be achieved on molecular mass. The 

problem with this technique is the limited separation. For separating traces of 

polymer from the monomer, the monomer must be injected without dilution. This 

leads to an overload ofthe column and as result a bad separation. With Gradient 

Polymer Elution Chromatography (GPEC) traces of polymer and oligomers [3] 

can be separated from the pure monomer. 

The styrene monomer is injected pure in a stream of a nonsolvent (water). In 

this nonsolvent, monomer, oligomers and polymer are retained on the top of the 

column or a guard column [4] as suspension. 

By adding a solvent (THF) to the nonsolvent (water) in a gradient the 

monomer, oligomers and polymer will redissolve and elute from the column [5]. 

The separation is so good that even oligomers are also separated from the 

monomer. Very small amounts of polymer can be detected with this method. 

Also the molecular mass can be calculated referring to well de:fmed polymer 

standards [4], [6]. 
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EXPERIMENTAL 

HPLC Equipment 

Gradient elution was performed with a 4 solvent gradient pump (Waters Model 

600E). A Waters intelligent sample processor (WISP, Model 712B) was used to 

inject 5fil pure styrene. A Waters photodiode array detector (Model 996) was used 

to monitor the formed polystyrene scanning from 200 to 345 nm. The chromatogram 

was reproduced by the Waters Millennium 2010 photodiode array software 

and recorded by a NEC Powermate 486/33i computer. The Waters group is 

located in the U.S.A. 

The water was purified with a Milli-Q system from the Millipore Corporation. 

Tetrahydrofuran (THF) without stabilizer was obtained from Rathburn U.K. 

HPLC Conditions 

The injection volume of the monomer samples was 5 fil without dilution. A linear 

gradient was used starting with 100% water (as nonsolvent) to 100% THF (as 

good solvent) in 30 min. The eluent flow was 1 mllmin. The temperature was 

30°C. 

The column was a Waters Nova-Pak CN, 3.6 x 150 mm, column packed with 

spherical 4fi, 60A particles. The polystyrene sample was the DOW 1683 broad 

standard (U.S.A.). The polystyrene narrow standards were obtained from Polymer 

Laboratories (U.K.). The styrene monomer (polymer free) was obtained from 

Nevcin Polymer, the Netherlands. With this monomer all dilutions were made. 

The stored styrene (containing polymer) was obtained from the University of 

Technology, Eindhoven, the Netherlands. 

Cloudpoint Observations 

The micro cloudpoint titrations were performed in a 4 ml Waters WISP vial, sealed 

with a self sealing septum. The temperature was at roomtemperature (24°C.). The 
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nonsolvent, methanol was added with a 100 Jll syringe, Hamilton (U.S.A.) The cloud

cloudpoints were observed visually, using a black background. The mixing was 

performed by intensive shaking during titration. The methanol was obtained from 

Rathburn (U.K.). 

RESULTS AND DISCUSSION 

It is demonstrated in Table 1 that the cloudpoint is strongly dependent ofthe 

molecular mass and a little dependent of the amount of polymer. With spectro

photometers the intensity of the cloudiness can be measured as indication of 

the amount of polymer except for the oligomers [1]. The problem is that this 

suspensions are not stable. In some cases it takes 5-15 min. before the suspension 

is formed. With polymers at the level of molecular mass a million and more 

immediately flocculation takes place. This makes a quantitative spectrofotometric 

method complicated. 

With the gradient method the concentration (peak hight or peak area of 

oligomers and polymer) can be calculated. Also an indication of the molecular 

mass can be achieved. In Figure 1 the contour plot of a test mixture of styrene and 

polystyrene standards is shown. This is a good demonstration of the separation 

power of a water/THF gradient between monomer, oligomers and polymer. 

Figure 2 is a contour plot of one month stored destillated styrene at _4°C. 

Oligomer formation (A) and polymer formation (B) has already taken place. The 

level is about 1500 ppm (calculated from Figure 1). 

In Figure 3 polystyrene (Dow 1683 Mw = 250,000) has been spiked to the styrene 

sample from Figure 2. The benefit of using a photo diode array detector is to 

monitor differences in the UV spectrum. Normally the UV spectrum from a 

molecular mass 1000 up to 20 million g/mol polystyrene is uniform. When the 

UV spectrum is different, other response factors have to be applied with GPEC. 

Two different response factors have to be applied. One for dissolved polystyrene 

and one for a turbid suspension of polystyrene in a nonsolvent water-THF 
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TABLE! 

Cloudpoints of polystyrene in styrene* 

Sample Cone. Sample volume AddedNS Nonsolvent 
Mglml p.l styrene p.l methanol % methanol 
(PPM) (Containing at 

polymer) cloudpoint* 
Polystyrene 
Dow 1683 12,000 400 130 24,5 
(Mw 250,000) 

1,200 400 150 27,3 
120 400 200 33,3 

12 400 Not visually 
detectable 

Polystyrene 10,000 400 265 39,8 
(Mw 11,600) 

1,000 400 370 48,1 
100 400 520 56,5 

10 400 Not visually 
detectable 

Styrene TUE unknown 400 150 27,3 

* Visual observation of the cloud point at a temperature at 24, O°C. 

combination. This colloidal suspension formation from molar mass 50,000 g/mol 

and larger was described by Engelhart and others [7]. 

In figure 3 the appearance of this colloidal suspension is clearly demonstrated 

by the spiked Dow 1683. This peak gives a response, far in the visual wavelength 

area. Comparing with dissolved polystyrene, the normal UV absorption spectrum 

of polystyrene is from the maximum at 261 nm to 300 nm. 

CONCLUSIONS 

Gradient Polymer Elution Chromatography is an easy technique to monitor the 

amount of polymer in pure monomer. Also an indication of the molar mass of the 

polymer can be achieved. No sample preparation is needed, pure monomer can be 
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FIGURE 1. Retention time behaviour of styrene monomer and narrow polystyrene 

standards. Styrene monomer (1), oligomer Mw 2,020 (2), polymer Mw 50,000 (3), 

Mw 340,000 (4) and the summation ofMw 3,000,000 and Mw 8,000,000 (5). 

Concentration 2.7 mg/ml THF. 
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FIGURE 2. Stored styrene monomer and formed oligomer and polymer. Styrene 

monomer (A), oligomer content (B) and polymer content (C). 
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FIGURE 3. A mixture of stored styrene monomer and polystyrene (Dow 1683 

Mw 250,000, 12,000 ppm). Styrene monomer (A), oligomer (B) and polymer 

(C / Dow 1683) 
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injected. With the use of an autosampler large numbers of samples can be handled. 

With the use of a photodiode array detector differences in response factors can be 

monitored. In the case of non absorbing polymers a mass detector can be used. 

This method can be very useful to monitor the start of a polymerization process, if 

no initial inhibition takes place. 

FUTURE OUTLOOK 

For detection at a level of 10 PPM and lower, more UV transparant solvents 

like dich10romethane and cyclohexane are advisable. In the case of non-UV 

absorbing polymers an Evaporative Light Scattering Detector (ELSD) can be 

applied. 
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ABSTRACT 

The fractionation by temperature rising elution fractionation (TREF) of 
poly(propylen~thylene) copolymers containing a minor fraction of ethylene was 
described. A method was developed to determine the ethylene concentration 
distribution in these copolymers. A poly(propylene--ethylene) copolymer 
containing 29% wt. ethylene was fractionated by preparative TREF. The fractions 
were analyzed by analytical TREF, and by BC NMR spectroscopy to determine the 
average ethylene concentration in each fraction. A calibration curve relating 
analytical TREF elution temperature and ethylene concentration was established. It 
was shown that the weight-average TREF elution temperature was the appropriate 
average elution temperature to correlate with the weight percent ethylene determined 
by Be NMR spectroscopy. This calibration curve was used to obtain the ethylene 
concentration distribution for a series of poly(propylene--ethylene) copolymers from 
their analytical TREF elution temperature chromatograms. The average ethylene 
concentration was calculated from these ethylene concentration distributions and 
found to be in good agreement with the ethylene concentration determined by l3e 
NMR. Extrapolation of the calibration curve to 0% ethylene yielded a predicted 
analytical TREF elution temperature of 108.7°e, which was in excellent agreement 
with the experimental elution temperature for isotactic polypropylene of I08.7°C. 
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INTRODUCTION 

The development of polymeric materials has increasingly been in the 

direction of more complex mixtures of polymers. This has emphasized the need for 

methods to separate the components of such mixtures, and to fractionate component 

polymers in order to reveal their structural distribution by subsequent analysis and 

characterization. For example, a formulation of A, B, C, etc. polymers can be 

separated into each polymer type in order to gain an understanding of the basic 

composition of the formulation. Each polymer type can be further fractionated into 

a sufficient number of narrow fractions based on chemical composition in order to 

gain an understanding of the copolymer composition distribution, stereochemical 

distribution, monomer sequence distribution, etc. Separations and fractionations of 

these types have been accomplished by a variety of techniques. However, the 

technique which has emerged as that of choice is temperature rising elution 

fractionation (TREF). This technique has been highly developed for both analytical 

and preparative fractionations over the last 40 years with the major developments 

occurring during the last 15 years.! 

The TREF technique is based on the crystallizability of the polymer for the 

purpose of achieving a compositional separation of molecular species. It is 

composed of two basic steps. In the rU'St step a very slow crystallization is done to 

predispose the molecular species to sequential elution from low to high 

crystallizability. In the second step the crystallized sample is loaded onto a steel 

column through which a good solvent is passed, as the temperature is uniformly 

increased. When each molecular species is subjected to its melting temperature in 

the presence of the solvent, it melts and rapidly dissolves, and elutes from the column 

to be detected by a concentration detector. The separation is based on composition, 

as the major determining parameter of crystalizability, and is little influenced by 

molecular weight for high polymers. A recent review considers details of the 

technique.! 

The TREF technique has been frequently applied to the fractionation of 

poly(ethylene--a:-olerm) copolymers, which are rich in ethylene, in order to 
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detennine the short-chain branching distribution (SCBD).l The lREF technique 

was used to elucidate the structure of such ethylene copolymers.2-4 Other 

applications have been to the detennination of the composition distribution of low 

density polyethylene, ethylene-vinyl acetate copolymers and polypropylene, as 

discussed in the review by Wild. 1 The structure of a high impact strength 

ethylene/propylene copolymer was comprehensively detennined with the use of 

preparative and analytical lREF, as the central techniques for separating and 

characterizing the components of this complex mixture of copolymers. S In that work 

the components of the impact poly(ethylene-propylene) were separated by 

preparative TREF and identified as isotactic polypropylene, essentially amorphous 

ethylene/propylene rubber (EPR), polyethylene with a small fraction of propylene 

comonomer and a distribution ofpoly(ethylene-propylene) copolymers with partial 

crystallinity. Further, analytical and preparative TREF were used to fractionate and 

subsequently characterize the stereoregularity distribution of the polypropylene 

homopolymer and the chemical structure distribution of the EPR and semicrystalline 

poly( ethylene-propylene) copolymers. 

The purpose of this work was to develop additional applications of the TREF 

technique. Specifically, the characterization of ethylene/propylene copolymers was 

extended to the fractionation of statistical copolymers of ethylene and propylene in 

order to detennine the distribution of ethylene over all copolymer chains. 

EXPERIMENTAL 

Materials 

A series of commercial poly(propylene-ethylene) copolymers with a small 

fraction of ethylene comonomer and a commercial isotactic polypropylene 

homopolymer were used in this study. Relevant data are given in Table I for these 

polymers. 

Preparative TREE 

Large fractions of the resin sample E/P-A were obtained by preparative 

TREF. The apparatus and procedure have been described elsewhere.s Specifics of 
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4 

IIL----
Figure 1- Preparative temperature rising elution fractionation apparatus: 

1. sample chamber, 2. heating mantle, 3. temperature sensor, 4. 
solvent reservoir, and 5. take-off valve. 

FractloD 
Num.ber 

I 

2 

3 

4 

5 

Whole 
Polymer 

TABLE 2 

Characterization Data on the Preparative TREF Fractions of the 
Random Polypropylene Resin ElP-A 

WelgbtP ........ Welght Avera.e Calculated 
MaDmum Fractl.oll Ethylene Molecular Weight Analytical Elution Weight Perc:l!Dt 
Preparative Welpt 13CNMR ,,10-' Temperature Ethylene From 

TREJo' Temperature Perc_t E lIIn ~ .. Te(w)"C Equation 6 

86 35.7 4.9 2.8 17.4 83.6 5.2 

90 9.4 4.6 2.2 4.8 90.0 3.8 

94 8.5 3.0 3.2 9.6 92.8 3.3 

98 15.5 2.0 6.7 22.1 97.7 2.3 

104 24.0 1.7 10.8 46.2 101.0 1.6 

- - 2.9 '.6 40.0 95.3 2.8 
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13C Nuclear Magnetic Resonance 

l3C nuclear magnetic resonance was done on a Varian Gemini 200 

super-conducting NMR system. Typical conditions were: 300 scans, 90° pulse 

angle, 10 sec. pulse delay (ca. 1 h scan accumulation); 10 mm tubes were used for 

relatively small sample mass (ca. 400 mg). Samples were swelled with a minimum 

volume (ca. 2 ml) ofTCB. Data were handled according to standard techniques.6 

Gel permeation Chromatography 

Molecular weight distributions were determined on a Waters 150C GPC at 

140°C in trichlorobenzene. 

RESULTS AND DISCUSSION 

Modem polymer formulations routinely produced by the plastics industry 

have tended to become more complex in the number of chemically different polymer 

components and the structural distributions of each of the polymer components. The 

TREF technique is ideally suited to the compositional separation of the components 

and to fractionate the individual components to reveal their structural distribution. 

The TREF technique is effectively insensitive to molecular weight variations for 

polymer species with> 1 04 molecular weight. 1 

Polypropylene and its copolymers represent such a complex array of 

formulations. In previous work it was shown that polypropylene homopolymer and 

copolymers were readily separable by TREF.S The analytical TREF technique was 

used to separate the components and to tentatively identify each component by 

developing a list of elution temperature ranges for a set of known polymer types. 

Preparative TREF was then used to obtain large fractions of polymer from a series 

of elution temperature ranges. The fractions were then characterized to confirm the 

identity of the components and the structural distributions within each component, 

as previously indicated by the analytical TREF. 

Currently, the only calibration of analytical TREF is for the determination of 

the comonomer distribution [Le. the short-chain branching distribution (SCBD)] in 
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Analytical TREF temperature chromatogram of random 
poly(propylene-ethylene) copolymer EIP-A. 

120.0 

determine the correct "average" elution temperature from the analytical TREF 

curves (Figures 4 and 5). This may be accomplished by making the following two 

critical assumptions. First, it is assumed that the average weight percent ethylene in 

the fractions determined by NMR spectroscopy (E) is the summation of the ethylene 

concentration (Ei) in all concentration "slices" of the distribution (Ci): 

E (1) 

Second, it is assumed that the correlation of analytical TREF elution 

temperature (T.) with average weight percent ethylene for the fractions is 

represented by a straight line equation: 
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Analytical TREF temperature chromatograms of preparative TREF 
fraction 4 ll., fraction 5 +, and whole polymer E/P-A O. 

Expanding equation 3 and dividing by ~ Ci• which is normalized to 
1 

unity. yields: 

E = a ~ C i Te/~ C i + b (4) 
1 1 

Equation 4 shows that the average weight percent of ethylene determined by 

NMR spectroscopy (E) is correlated with the weight-average TREF elution 

temperature (Te(w» where Te(w) = ~ CiTeJ ~ Ci . The data obtained from the 
1 1 

analytical TREF is in tenns of concentration "slices" from the infrared detector (i.e. 
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as linear low density polyethylene (LLDPE). Such studies of the crystalline 

morphology of random polypropylene should prove useful for the correlation of the 

solid-state structure with mechanical properties, such as stiffness, impact, hardness, 

hot tack, etc. 
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ABSTRACT 

The retention of both underivatized and carboxylated polystyrene 
latex beads by electrical field-flow fractionation (ElFFF) was 
investigated using a 2 mM aqueous solution of quinone
hydro quinone as the carrier liquid. The quninone-hydroquinone 
redox couple passes current with less polarization of the electrodes 
than carrier liquids previously employed. Underivatized beads, 
ranging in diameter from 0.15 to 0.74 11m eluted in the normal 
mode, while carboxylated beads larger than 1 11m eluted in the 
steric mode. Normal mode retention increases with flow rate, 
probably due to shearing of the polarization layer, which increases 
the working field. At a constant field and flow rate, normal-mode 
retention is inversely related to the product of a particle's size and 
electrophoretic mobility, in accordance with retention theory. 
Thus, ElFFF can be used to obtain both the size and electrophoretic 
mobility of particle suspensions. 
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INTRODUCTION AND BACKGROUND 

Electrical field-flow fractionation (ElFFF) was introduced in 1972 as a 

promising method for the separation of proteins (1). However, retention and 

resolution fell short of theoretical predictions. One problem was polarization of 

the electrodes by buffers used to dissolve the proteins and carry current across the 

channel. Polarization caused the channel to behave like a capacitor, with most of 

the potential drop occurring within a short distance from the channel walls, leaving 

a very weak field in the bulk of the channel. Polarization was overcome by 

increasing the field, but the electrodes had to be separated from the channel proper 

by a porous surface, which allowed current to flow while minimizing the effect of 

electrolysis products. Unfortunately, the porous surface reduced uniformity in the 

channel walls and resolution remained poor (2). Later channels were designed 

with more rigid surfaces (3) to improve channel uniformity, but performance 

remained significantly below expectations, and the method remained unproductive 

for over a decade. 

In 1990, renewed interest in E1FFF was stimulated by the work of Gau and 

Caldwell, who developed a new channel design and the methodology for 

separating charged particles (4). In their design, current-conducting walls serve as 

electrodes for generating the electrical potential across the channel. Polarization is 

reduced by adding the redox couple quinone-hydro quinone to the aqueous carrier 

liquid. 

O=< )=0 + 2H+ + 2e HO-( )-OH 

Since no new products are generated in electrode reactions with this redox couple, 

concentration gradients are not established and polarization of the electrodes is 

reduced. Using a simple 1.5 volt battery as a power supply, the new system was 

used to separate underivatized polystyrene particles. 

Motivated by their success, Caldwell and Gau built their next-generation 

channel of resin-impregnated graphite (5), which has the advantage of being both 

rugged and inexpensive while offering low resistance to current flow. Although 

the graphite channel failed to yield consistent retention with the quinone-
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hydroqumone carner liquid, other electrolyte solutions were shown to produce 

efficient separations as long as the ionic strength was kept low. Using the graphite 

channel, Caldwell and Gau separated a wide range of particles sizes, and 

demonstrated the expected linear dependence of retention time on field strength. 

In the work reported here, we further characterize the retention behavior of 

underivatized polystyrene latex beads, as well as carboxylated polystyrene, using 

the qumone-hydroqumone carrier liquid. Our experimental configuration is based 

on the original design of Gau and Caldwell (4), using gold-coated glass plates as 

the channel walls. We characterize the dependence of retention on field strength, 

flow rate, and the size and electrophoretic mobility of the particles. 

THEORY 

Retention in ElFFF, like other FFF techniques, is based on the application of a 

force field perpendicular to the separation axis of a thin channel. The field, which 

is applied across the thin dimension of the channel, interacts with analyte, forcing it 

to one of the walls (referred to as the accumulation wall). Due to viscous drag, 

the velocity is reduced toward the walls, and therefore the volume V r of carrier 

liquid required to flush the analyte through the channel is related to analyte 

interactions with the field. Several comprehensive summaries of FFF retention 

theory can be found in the literature (see for example references 5,6), including 

those specific to ElFFF (7). Below is a condensed summary of the relevant 

concepts and equations applicable to ElFFF. 

There are two forms of particle retention in FFF; they are referred to as the 

"normal" and "steric" modes. In both forms, a zone of injected particles is forced 

to the accumulation wall through interactions with the field. In the normal mode, 

Brownian motion of the particles cause them to back-diffuse from the 

accumulation wall toward the center of the channel. A balance is struck whereby 

the field-induced motion and back-diffusion are balanced, and the zone relaxes into 

a dynamic but steady-state distribution of particles in which the concentration is 

highest at the accumulation wall and decreases exponentially toward the center of 

the channel. The thickness I ofthe compressed zone is related to the magnitude of 

the voltage drop "'V applied across the channel and to the diameter d and 

electrophoretic mobility f..l of the particles 
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kT 1 
(1) 

w 31tf\ J..ld AV 

Here kT is the thermal energy, w is the channel thickness (typically 0.1-0.2 mm), 
and 1l is the viscosity of the carrier liquid. The ratio liw is termed the retention 

parameter A., and is fundamental to all FFF techniques. 

Because flow of the carrier liquid is laminar, A. can be related precisely to the 

volume V r of carrier liquid required to flush the zone through the channel 

R = VONr = 6A.[coth(1I2A.) - 2A.] (2) 

Here VO is the geometric volume of the channel and R is termed the retention 

ratio. When retention is sufficiently strong (R < 0.2), equation 1 simplifies to 

R= 6A. (3) 

Equations 1 and 3 can be combined to yield 

(4) 

As indicated by equation 4, smaller particles generally elute ahead oflarger ones in 

the normal mode (i.e. they have a smaller retention volume). This is because their 

Brownian motion carries them further from the accumulation wall, where the 

carrier liquid is moving at a higher velocity through the channel. Larger particles, 

on the other hand, move more slowly through the channel because they are 

compressed more tightly against the accumulation wall, where the velocity of the 

carrier liquid is reduced. 

Previous studies indicate that much of the applied voltage A V is lost by 

polarization of the electrode walls, so that the working field responsible for particle 

retention is significantly reduced. For example, when the carrier liquid is a 49 J..lM 

aqueous solution of NaCI (conductivity 5 J..lS/cm), more than 99% of the applied 

potential is dropped across the polarization layers (5). As the ionic strength of the 

carrier liquid is increased, polarization becomes more severe, and retention 
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decreases accordingly. A potential method for combating the buildup is to 

increase the flow rate of carrier liquid in order to perturb the polarization layers via 

shearing action of the carrier flow. 

When the paqicle size and/or voltage drop is sufficiently large, the particles are 
forced to the wall so strongly that the magnitude of t approaches the size of the 

particles. When this occurs, Brownian motion is negligible and the physical size of 

the particles governs how far they protrudes into the faster flow lines. In this 

steric mode of retention, the elution order reverses, with larger particles eluting 

ahead of smaller ones. The relationship between steric-mode retention and particle 

size is given by the following approximate expression (8) 

wVO I 
--.-

3 d 
(5) 

In order to quantifY the ability of FFF to separate particles according to their 

size, we define the size-based selectivity sd as follows 

-ldlnVrl sd - dlnd (6) 

In both the normal and steric mode, V r is related linearly to particle diameter, so 

that sd is expected to have a value of unity. The transition between the normal and 

steric modes is fairly abrupt. In the transition region, selectivity is diminished. At 

the inversion diameter (9), which is the particle size where the elution order 

reverses, sd falls to zero. Particle size distributions that span the inversion 

diameter are difficult to characterize because two different particle sizes coelute. 

Fortunately, the inversion diameter can be shifted somewhat by adjusting 

experimental conditions (10), such as flow rate and field strength. However, for 

separating samples having extremely broad size distributions, it may not be 

possible to shift the inversion diameter outside of the distribution, and a pre

fractionation must be performed in order to obtain two or more fractions that can 

be subsequently separated individually. 
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MATERIALS AND METHODS 

The ElFFF channel is illustrated in Figure l. A 76 J.LDI:"thick mylar spacer is 

sandwiched between two glass plates that have been coated with gold by vacuum 

deposition. The glass plates are clamped between two sheets of Plexiglass using 

several bolts to provide a leak-proof seal. Holes in the plates provide an inlet and 

outlet to the channel, which is 37 cm long, 2 cm wide and 76 ~ thick; the 

resulting void volume VO is 0.65 mL. Sample and carrier liquid enter and exit the 

channel through pieces of Teflon tubing that are fiiction fit to the holes. An 

injection valve with a 3 ilL loop for sample loading is connected to a four-way 

manual switching valve and mounted near the channel inlet. The switching valve 

allows the flow of carrier liquid to be routed around the channel during a stop-flow 

procedure, in which flow in the channel is halted after sample injection to allow the 

particles to reach their equilibrium distribution at the accumulation wall in the 

absence of downstream flow. The stop-flow procedure eliminates band 

broadening associated with sample relaxation (11), resulting in more efficient 

separations. By comparing retention times and peak areas using different stop

flow times, we found that 6 minutes of stop-flow time was sufficient for all 

experiments. 

The gold faces of the channel are charged with a 20-voh adjustable power 

supply whose output is attenuated 20: 1 by a voltage divider buih in-house. The 

voltage supply is wired to five contact points along the length of each glass plate 

to provide a uniform field. The channel is placed in a vertical position so that 

gravitational forces do not affect retention. The carrier liquid is delivered with a 

single-piston HPLC pump, and the channel eflluent is monitored with a variable 

wavelength UV detector set at 270 nm. The detector signal is sent to a chart 

recorder for visual display of the fractogram. 

The carrier liquid was a solution of2 mM quinone in deionized water, adjusted 

to pH 4.7 with HCI; the resulting solution has a conductivity of 18 mS/cm. The 

polystyrene latex standards were obtained from Polysciences, Inc. (Warrington., 

PA). Electrophoretic mobilities were determined on several of the standards 

(Table 1) using an electrokinetic sonic analyzer (Maytec Instruments, Hopkington, 

MA), which relies on the generation of a pressure wave by the sample in response 

to an oscillating electric field. 
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Injection port 

FIGURE 1. Schematic of the ElFFF channeL 

TABLE 1. 

Mylar 
spacer 
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Electrophoretic Mobility ~ ofUnderivitized and Carboxylated Polystyrene 
Latex Standards. 

Diameter Mobility 
(~m) (104 cm2s- IV- I) 

Underivitized Polystyrene 0.15 1.77 
0.22 2.26 
0.37 2.35 
0.48 1.83 
0.74 1.40 

Carboxylated Polystyrene 0.10 2.05 
0.21 2.53 
0.55 2.29 
0.79 2.12 
1.07 1.32 
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RESULTS AND DISCUSSION 

Accorcling to equation 4, retention parameter 'A should vary inversely with the 

magnitude of the working field when the normal mode of retention is at work. 

Consequently, as the field is increased, 'A should decrease toward a limiting value 

equal to the radius of the particle. Figure 2 plots a series of Iv-values, measured at 

various field strengths, on an underivatized polystyrene (UPS) standard having a 

diameter of 0.37 11m. Fields above I V lead to irregular peaks and an irregular 

baseline, presumably due to gas bubbles formed by the electrolytic decomposition 

of water. Between 0.3 V and 1.0 V, the expected linear increase in 'A with IN is 

observed. However, the slope is much larger than predicted by equation I because 

the working field is much less than the applied field. Thus, the abscissa in 

Figure 2, which reflects the applied field, is greatly compressed compared to the 

range of working IN-values. Based on the particle's electrophoretic mobility, 

equation 1 predicts a slope of 5.6 x 10-4 V for normal-mode retention of the 0.37 

11m-diameter standard. The slope in figure 2 is 5.0 x 10-3 V, or 9 times the 

predicted value, which indicates a working field that is only 11 % of the applied 

field. This compares favorably with the use ofNaCI solutions as the carrier liquid, 

where the working field is only 0.2% of the applied field (5). The precipitous drop 
in retention (increase in 'A) below 0.3 V (3.33 V-I in Figure 2) presumably signifies 

the charging potential of the two electrode surfaces. 

As we discussed above, an increase in flow rate should raise the working field 

by shearing the polarization layers. We tested this hypothesis on the 0.37 !lID UPS 

standard using a field of 0.3 V. As illustrated in Figure 3, Vr continues to increase 

with flow rate up to a flow rate of 2.0 mL/min. Further flow increases were not 

possible due to leakage of the channel. The increase in retention with flow rate is a 

new factor to ElFFF separations that is not present in other FFF techniques, or in 

chromatography-like techniques in general. The major outcome of the flow rate 

dependence of retention is the need to use consistent flow rates in applying 

calibration curves to the analysis of unknown samples. However, this is a minor 

inconvenience--consistent flow rates are commonly used anyway. The flow rate 

dependence must also be considered in methods development. For example, in 

characterizing an unknown sample by FFF, a preliminary fractogram is often 

obtained at a high flow rate to determine the proper field strength. The higher 

flow rate minimizes development time. (One of the advantages ofFFF is that the 
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FIGURE 2. Dependence of retention parameter A on the inverse of the applied 
voltage V. The sample is a 0.37 !-lm UPS standard; the flow rate is 1.82 mL/min. 

field can be readily controlled and optimized for a given separation.) Once the 

preliminary run is completed, the required field is easily determined, and the flow is 

reduced for sample analysis. With ElFFF, either the flow rate used in the 

preliminary run will need to match that of the analytical run, or the retention 

dependence will have to be accounted for in determining the proper field strength. 

In characterizing sub-micron particles by FFF, a low flow rate is typically used 

« 1.0 mL/min) in order to minimize band broadening and thereby maximize 

resolution. However, the recent trend has been to utilize faster flow rates and/or 

lower fields in order to decrease run time at the expense of resolving power. 

Figure 4 illustrates the separation of two polystyrene standards in about 3 minutes 

using a flV of 0.3 V and a flow rate of 1.50 mL/min. Here, the run time was made 

as short as possible without losing the indication of a bimodal distribution. 

According to equation 4, normal mode retention is governed by both size and 

electrophoretic mobility. For colloidal particles, the electrophoretic mobility in a 
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FIGURE 3. Dependence of retention volume on flow rate. The sample is a 
0.37 ~ UPS standard; the applied potential is 0.30 V. 

given medium is fairly insensitive to particle size, provided the surface composition 

is relatively invariant (12). However, in the submicron size range, a sm.a1l but 

measurable size effect on mobility is predicted. Fortunately, the size effect is 

consistent for a given type of particle, and therefore ElFFF retention can be 

calibrated to particle size without knowing the electrophoretic mobilities. This is 

illustrated in Figure 5, where retention volume is plotted against UPS particle size 

at both low and high flow rates. The cwvature in these plots is due to the effect of 

size on electrophoretic mobility, particularly for the sm.a1lest particle (d = 0.15 

~), which has a significantly reduced l-l-vaIue. The two plots diverge initially, 

then parallel one another. The divergence is expected because the magnitude of 

the working field increases with flow rate and equation 4 predicts an increase in 

Vr/d with increasing field strength. It is unclear why the plots do not continue to 

diverge beyond particle diameters of 0.4 J.llIL 
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FIGURE 4. ElFFF fractogram illustrating the separation of two UPS standards. 
The applied potential is 0.30 V; the flow rate is 1.50 mLlmin. 

Next, we evaluate the retention behavior of several carboxylated polystyrene 

(CPS) standards ranging in diameter from 0.15 to 4.55 J.lm Figure 6 illustrates the 

dependence of retention on particle size at a flow rate of 1.82 mL/min and a ~ V of 

0.3 V. The sterlc transition occurs at an inversion diameter of 1.0 J.Lm As 

discussed in the Theory section, when particles are compressed into layer 

thicknesses approaching the size of the particle, their retention is determined by 

physical exclusion from the wall. When this happens, the elution order is reversed, 

and larger particles elute ahead of smaller ones. Based on the value of A, (0.03) 

where inversion occurs, the most highly retained particles are still 2 J.Lm from the 

channel wall, a distance which is significantly greater than their radins of 0.5 J.Lm 

The additional exclusion distance is due to two factors -- a large double layer on 

the particles, as a result of the low ionic strength of the carrier liquid, and lift 

forces at the accumulation wall Although lift forces are not well understood, they 

are known to elevate the particle from the wall, resuhing in decreased retention. 
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FIGURE 5. Dependence of retention volume on particle size of UPS standards at 
low and high flow rates. The applied potential is 0.30 V; the flow rate is 
1.82 mLimin. 

In the normal mode, lift forces are not a factor; in the sterlc mode, the lift force is a 

function of many factors, including the particle size and flow rate of the carrier 

liquid. The increase in lift force with particle size is responSible for the non-linear 

dependence of retention on particle diameter in the sterlc mode, as illustrated in 

Figure 6. 

As we mentioned in the Theory section, we expect a size-based selectivity of I 

in both the normal and sterlc modes, based on the definition given in equation 6. 

(In the sterlc mode, lift forces cause the selectivity to drop from a maximum of I 

with increased particle size.) Experimentally, we obtain selectivities that are only 

about 0.6 in the normal mode for both UPS and CPS. In the sterlc mode, the data 

is limited, but the selectivity is approximately 0.6 near the inversion diameter. 

While the size-based selectivity is affected by a slight dependence of 

electrophoretic mobility on size, this does not account for the discrepency. The 
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FIGURE 6. Dependence of retention volume on particle size of CPS standards. 
Both normal- and steric-mode retention are illustrated. The applied field is 0.30 V; 
the flow rate is 1.82 mL/min. 

reason for the reduced selectivity remains unclear. However, one contributing 

factor is the presence of double layers surrounding the particles, which should add 

significantly to their effective size in the low ionic strength mediums used in this 

work. The double layer thickness should be fairly uniform over the size range 

examined, so the apparent selectivity, which is calculated using core diameters, will 

be artificially low. 

A mixture of particles having a size range that spans the inversion diameter can 

lead to erroneous information on particle size. As an example, the fractogram 

illustrated in Figure 7 was obtained on three CPS standards; the particle sizes are 

0.10 f..IJD, 0.55 f..lm, and 2.1 f..Lm The center peak contains the larger standard, 

which elutes in the sterlc mode with a retention volume that is intermediate 

between the other two standards. Suppose the particle sizes were unknown and 

this fractogram was used to establish the size distribution based on the calibration 



3234 SCHIMPF, RUSSELL, AND LEWIS 

o 100 200 300 400 

Elution Time (sec) 

FIGURE 7. ElFFF fracto gram illustrating the separation of three CPS standards. 
The center peak contains a standard that has eluted in the steric mode. The 
applied field is 0.30 V; the flow rate is 1.02 mUmin. 

curve in Figure 6. One might assign the center peak a diameter of 0.2 IJ.lll, which 

coelutes in the normal mode with 2 J.UD. particles eluting in the sterlc mode. An 

experienced FFF practitioner might suspect the center peak because it is 

particularly narrow compared to the other two. Often, however, po1ydisperse 

samples elute as a single broad peak, which mayor may not contain particles 

coeluting in both modes of retention. Fortunately, an experienced FFF user can 

also identifY coe1ution in broad distributions by a steep edge on the high-Vr side of 

the elution profile. For a detailed discussion on the coelution of particles in the 

normal and steric modes, the reader is referred to reference 10. 

Ifwe compare the normal-mode retention of CPS to that of UPS, we find that 

CPS retention is slightly greater than that of similarly sized beads of UPS, at the 

same flow rate and field strength. For example, the retention volume of 0.21 J.UD. 
CPS particles is 2.08 mL, while that of 0.22 ~m UPS particles is only 1.96 mL. 
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FIGURE 8. Dependence of retention parameter A. on the inverse product of the 
electrophoretic mobility J..l and particle diameter d. The applied potential is 0.3 V; 
the flow rate is 1. 82 mLlmin. 

The difference lies in their electrophoretic mobilities, which are slightly higher in 

CPS. The larger electrophoretic mobilities translate into a stronger force driving 

the CPS particles to the accumulation wall, hence greater retention in the normal 

mode. If the electrophoretic mobilities are known, retention of different particle 

types can be represented by a single calibration plot of retention parameter A. 

versus the reciprocal product of particle diameter and electrophoretic mobility. 

Such a plot is illustrated in Figure 8. Here, the retention data on CPS is combined 

with the UPS data taken at the same flow rate of 1. 82 mL/min. Since the field 

strength, flow rate, and carrier-liquid composition were held constant for all the 

data, a linear relationship is obtained, in accordance with equation 1. The slope of 

the plot in Figure 8 is 1.4 x 10-11 ccN-sec; equation 1 predicts a slope of 

1.6 x 10-12 ccN-sec. As was the case in Figure 2, the discrepancy lies in the 

magnitude of the working field, which is greatly reduced from the applied potential 
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by polarization of the electrodes. Comparing the slope in Figure 8 with that 

expected from theory indicates a working field that is II % of the applied field, 

consistent with previous indications. 

Caldwell and Gau demonstrated that polarization differs with the nature and 

conductivity of the carrier liquid. As we have shown, the flow rate is also 

important, and certainly we can expect the nature of the electrode surface to be a 

factor. However, by careful control of the field strength, as well as the nature and 

flow rate of the carrier liquid, Figure 8 illustrates the potential of ElFFF for 

characterizing charged particles. If the particle size is known, ElFFF can be used 

to obtain electrophoretic mobilities, and even distributions in 11. By measuring 

retention under several different sets of experimental conditions, both size and 

electrophoretic mobilities could be obtained by ElFFF. Finally, ifElFFF is used in 

combination with a light scattering detector, both the size and electrophoretic 

mobility could be obtained from a single fractogram. 

CONCLUSIONS 

The newly designed ElFFF channel shows potential as an alternative method 

for analyzing charged particles. The channel is inexpensive and easy to assemble. 

The major difficulty with the technique lies in the dependence of retention on 

parameters that influence polarization of the electrodes. As a result, several 

parameters associated with the carrier liquid must be carefully controlled in 

addition to the field strength. With the 2 mM quinone-hydroquinone carrier used 

in this work, critical parameters include the flow rate, pH, and conductivity. 

Although 89% of the field is lost at the electrode surface due to polarization of the 

electrodes, applied potentials of less than one volt still result in efficient 

separations of both micron and sub-micron sized particles whose electrophoretic 

mobilities are in the range of 10-4 cm2N-s. 

In the work reported here, we obtained a size-based selectivity of -0.6, which 

is significantly lower than the expected value of unity predicted by retention 

theory. Caldwell and Gau reported a selectivity of-0.7 using a solution ofNaCI 

as the carrier liquid. However, the apparent discrepancy between theory and 

experiment probably arises from the double layer on the particle, which is not 

accounted for in empirical determinations of selectivity. If instead of using core 
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diameters to calculate selectivity, the thickness of the double layers were known 

and accounted for, the apparent selectivity would increase. Nevertheless, for 

measuring core diameters, the selectivity is lower than other FFF teclmiques, 

including flow FFF and sedimentation FFF. Yet, flow and sedimentation 

instruments are significantly more expensive than ElFFF equipment, so the reduced 

selectivity may well be worth the cost savings for many applications. 

The unique feature of ElFFF is its ability to separate particles based on their 

charge, or electrophoretic mobility. While the resolution of the teclmique is 

comparable to that of capillary zone electrophoresis (CZE) (5, 13), the speed of 

CZE is significantly greater. However, ElFFF can deal with much higher sample 

loadings than CZE, which is conducive to sample collection and subsequent 

analysis by secondary methods, such as photon correlation spectroscopy. The 

two-dimensional capability that becomes available when fractions can be collected 

may be critical for analyzing unknown samples of a complex or polydisperse 

nature. 
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ABSTRACT 

Polysaccharides are complex polymers of great biological and industrial 
importance. The fractionation and determination of molecular weight distributions 
of these substances are required for many applications. Thermal field-flow 
fractionation (thermal FFF) is shown to be applicable to the separation and 
characterization of a variety of polysaccharides in dimethyl sulfoxide (DMSO). 
Samples of pullulans, dextrans, and Ficolls are readily fractionated according to 
differences in molecular weight. Calibration plots have been developed to obtain 
molecular weight distributions. More complex polysaccharides, such as starch and 
cellulose, have also been investigated. This study is complicated by the poor 
solubility of these materials. Nonetheless, starch can be successfully separated into 
amylose and amylopectin fractions, the latter consisting of an ultrahigh molecular 
weight polymer with a highly branched structure. A cationic com starch has also 
been resolved into its components. These examples suggest that thermal FFF is 
widely applicable to polysaccharides. 

INTRODUCTION 

Polysaccharides are biopolymers of both biological and industrial importance. 

The occurrence and applications of polysaccharides are ubiquitous [1-4]. These 

polymers usually exhibit a wide molecular weight distribution (MWD). Many 

applications require the isolation, fractionation, and molecular weight determination 
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of these substances. For this reason, we have investigated the applicability of field

flow fractionation (FFF) to the separation of a variety of polysaccharides. 

Specifically, pullulans, dextrans, Ficolls, and starch polymers dissolved in 

dimethyl sulfoxide (DMSO) are fractionated by thermal FFF. 

Pullulan, dextran, and Ficoll span a broad range of polysaccharide branching 

structures, and have been the subject of some extensive studies [5-7]. Pullulan is a 

linear polymer of glucose, produced by enzymes secreted by Aureobasidium 
bacteria. The chain is linked by one a-o-(1-6)-glycosidic bond and two a-o-(1-4)

glycosidic bonds alternating regularly. Pullulan is manufactured commercially by 

enzymatic fermentation processes. In medicine, pull ulan solutions can be used to 

extend plasma supply and pullulan gel can be used to purify enzymes. In addition, 

pullulan can be used in diet foods as a starch substitute because pullulan cannot be 

degraded by in vivo digestive enzymes. In industry, pullulan fllms are used as 

packaging materials for drugs and coatings for electrodes [5]. Pullulan can be used 

as a gelling agent in food [8] and a protective coating on stainless steel during 

annealing [9]. 

Dextran is a partially branched, high molecular weight polymer of glucose, 

synthesized by the enzyme on the cell surface of Leuconostoc or Streptococcus 
bacteria. The backbone of dextran is linked through a-o-(1-6)-glycosidic bonds 

and the branches are linked by a-o-(1-3)-glycosidic bonds. Dextran also has many 

uses [6]. Dextran fractions of relatively low molecular weights (-40,000) are used 

in blood substitutes. Dextran crosslinked with epichlorohydrin, called Sephadex, 

has been widely used for the fractionation of proteins, nucleic acids, and 

polysaccharides. The "salting-out" effect of dextran on proteins makes dextran 

very useful for tests of antigen-antibody reactions. Dextran is also used to stabilize 

isolation media for subcellular species. It is reported that dextran can be used in 

veterinary work [10] and in human immunization [11]. 

Ficoll is a densely branched copolymer of sucrose and epichlorohydrin (1-

chloro-2,3-epoxypropane). Ficoll is widely used as a material to form density 

gradient in various centrifugations of biological species such as blood granulocytes 

[7, 12, 13] and as a polysaccharide antigen for clinical tests [14]. Ficoll is also 

used as model for inert spheres in aqueous SEC calibrations [15]. 

The physical, biological, and clinical properties of these polysaccharides vary 

with MWD. For example, native dextrans are too high in molecular weight (up to 

108) to be used in blood substitutes [6]. 
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Apart from our interest in the foregoing polysaccharides, we have also 

investigated some more complex industrial polysaccharides such as starch, 

cellulose, and their derivatIves. Starch contains amylose and amylopectin in 

different proportions depending on the plant source. About 97% of all the 

industrial starch is obtained from corn [16]. Cellulose occurs in cotton, wood, and 

other plant cell walls [17]. Amylose is a linear polymer of glucose linked by a-o

(1-4)-glycosidic bonds [16]. Amylopectin is linked by both a-o-(l-4)-glycosidic 

and a-o-(l-6)-glycosidic bonds, probably with random-branching structure [18]. 

Some researchers believe starch is a giant macromolecule, and that the appearance 

of amylose and amylopectin is the result of polymer degradation occurring during 

sample processing [16]. Cellulose is also a linear polymer of glucose but differs 

from amylose in that it is linked by 13-o-(1-4)-glycosidic bonds [17]. Derivatives of 

starch and cellulose generally have backbone configurations resembling those of 

their parent polymers [16, 17]. Because the processing rheology and the quality of 

end products are correlated with MWD, techniques for determining MWDs for 

these polysaccharides are needed by industry for both processing equipment design 

and quality control. 

MWD can be crudely estimated by some non-fractionation methods such as 

dynamic light scattering (DLS) [19], which generally requires some assumption 

about the distribution function, thus often eliminating the possibilities of detecting 

multimodal distributions or the existence of tails in MWD. In many engineering 

applications, the presence of a small fraction of ultrahigh molecular weight polymer 

can strongly influence key material properties, such as normal stresses [20], drag 

reduction [21], and fracture strength [22]. 

For the past three decades, size exclusion chromatography (SEC) has been the 

standard method for polymer separation and MWD determination. However, SEC 

is not ideally suited for separating ultrahigh molecular weight polymers, due in part 

to the difficulties in preparing robust packings with sufficiently large pores to allow 

the permeation of large macromolecules [23-24]. The possibility of the shear 

degradation of large, fragile macromolecules in porous media [24-27] is another 

shortcoming of SEC. Cationic polymers may experience sample adsorption on the 

packing of SEC [27-30]. SEC columns are vulnerable to clogging. Filtration is 

generally required prior to SEC, which can leave out tails in MWD. Other 

limitations of SEC for ultrahigh molecular weight applications have been described 

[31]. 
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Several attempts have been made to use SEC to separate starch polymers [32-

36], but the results are still being debated. In order to overcome the drawbacks of 

SEC, other alternatives have been considered for application to starch polymers, 

such as flow separation [37], thin-layer chromatography (TLC) [38], radial 

migration [39], multi cell membrane dialysis [40], capillary hydrodynamic 

chromatography (CHDC) [41, 42], and continuous sedimentation-velocity 

separation [43]. 

Field-flow fractionation (FFF) is a relatively new family of elution methods 

that offer a promising solution to some of the problems of ultrahigh molecular 

weight polysaccharide separation. In FFF, separation is achieved in a ribbon-like 

thin channel with no packing inside. A parallel-plate Poiseuille flow is established 

in the channeL An external field is applied across the channel thickness to drive 

molecules to different velocity streams and cause separation [44-52]. First 

proposed in 1966 [44], FFF has now evolved to many techniques, including 

thermal FFF, sedimentation FFF, flow FFF, and electric FFF [51]. 

Of all the FFF techniques, thermal FFF has been most widely applied to 

polymer separations [45-48, 50, 51]. Thermal FFF offers some unique advantages 

for the study of polymers. Because thermal FFF utilizes an open channel, it has a 

minimal surface area exposed to polymer molecules. The choice of surface material 

(or coating) is quite freely made and therefore the problem of sample adsorption can 

be controlled. Polymer recovery is high. There is no need for sample filtration. 

Shear degradation is also minimized. Most important of all, thermal FFF can be 

extended into the ultrahigh molecular weight range. 

Despite its broad potential for polymer analysis, much of the research on 

thermal FFF to date has been devoted to the separation of well-understood synthetic 

linear polymers. These polymers permit the use of conventional solvents and 

detection systems [45, 47, 50]. The existence of narrow molecular weight 

standards has allowed the development of calibration procedures for many of these 

polymers [50]. A great deal of work has been done on polystyrene standards, 

some with molecular weights up to 20 million daltons, by thermal FFF [47]. Very 

little FFF work has been performed on polysaccharides. Myers et al. first subjected 

a water-soluble blue dextran to thermal FFF, but observed no retention in water 

because the thermal diffusion effect in water was too weak. They found that the 

thermal diffusion of blue dextran was enhanced in a mixed solvent of water and 

DMSO [45]. The lack of retention in water was confirmed by Kirkland and Yau for 
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polysaccharides [48]. More recently, Wahlund and Litzen used flow FFF to 

fractionate an aqueous solution of a fluorescent dextran [49]. 

The objective of this work is to examine and expand the breadth of 

applicability of thermal FFF to the separation of polysaccharides. The solvent 

chosen is DMSO, although similar separations are expected in other solvents except 

water for polysaccharides. 

The separations of starch and cellulose are complicated by their poor 

solubility. A preferred solvent for starch is DMSO [32-36]. However, even in 

DMSO, starch polymers are difficult to dissolve; all the procedures reported in the 

literature involve vigorous heating, stirring, and filtering. These steps may cause 

both mechanical and thermal polymer degradation. The sample filtration step can be 

bypassed using thermal FFF. 

THERMAL FFF PRINCIPLES 

The separation of polymers in thermal FFF is realized by the coupling of the 

thermal diffusion (induced by a temperature gradient) and the nonuniform flow of 

the carrier along the channel axis. A schematic view of differential polymer 

retention in a thermal FFF channel is shown in Figure 1. After a polymer sample is 

injected into the FFF channel inlet, the thermal diffusion, driven by the temperature 

gradient, and the normal diffusion, driven by the concentration gradient, are usually 

balanced within a fraction of a minute. As a result, an exponential equilibrium 

concentration profile will be formed against the cold wall (designated as the 

accumulation wall) for each component. Because of the non uniformity of the flow 

velocity profile in the FFF channel, components with different mean elevations 

(designated as .e1 and .e2 in Figure 1) above the accumulation wall will occupy 

different velocity regions and will thus be swept through the channel at different 

velocities and emerge at different times. Therefore, the degree of polymer retention 

in FFF is directly related to the mean elevation.e. For well-retained polymer 

samples, the FFF retention time t,. is given by the theoretical equation [51] 
t,. _ 1 1 
to = 6(.eJw) = 6). (1) 

where to is the void time (the emergence time of a nonretained species), w is the 

channel thickness, and). is the dimensionless mean elevation .e/w. An approximate 

relationship between the dimensionless mean elevation and the polymer's normal 
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FIGURE L Schematic view of polymer components undergoing differential 
flow transport in the thermal FFF channeL 

diffusion coefficient D, thermal diffusion coefficient D T, and the temperature drop 

.6.T across the channel thickness is [51] 
D 

"'.6.T = D (2) 
T 

The polymer diffusion coefficient is found to obey the following scaling law [53, 

54] 

D=AM-b (3) 

where M is the polymer molecular weight and A and b are constants for a given 

polymer-solvent system at a given temperature. For example, b approaches 0.6 for 

a linear flexible polymer in a good solvent [54]. Although no satisfactory theory 
has been developed to predict DT, the thermal FFF results of Schimpf and Giddings 

for polystyrene and a few other polymer standards showed that DT is essentially 

independent of the polymer molecular weight [50]. Since DT may have a slight 

dependence on molecular weight for some polymer-solvent systems, we use the 

exponent n instead of b: 

"'.6.T = <\>M-n (4) 

According to Equation 4, plotting the logarithm of MT against the logarithm 

of the polymer molecular weight M should yield a straight line whose slope is -n 

and intercept is log<\>. This logarithmic linear relation has been confirmed by 

experiments on several synthetic polymers [50]. Therefore, Equation 4 provides a 
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basis for thermal FFF molecular weight calibration. Unlike the universal calibration 

parameters of SEC [30], the calibration parameters of Equation 4 are solely the 

properties of the polymer-solvent system and not dependent upon the characteristics 

of the individual separation system. By substituting Equation 4 into Equation 1, we 

get 
t,. _LlTMn 

10=6$ (5) 

This tells us that the retention in thermal FFF is controlled by the imposed 

temperature drop and the molecular weight of the polymer sample. The higher the 

molecular weight, the longer the retention time. However, a rigorous relationship 

between t,. and M requires a more sophisticated calibration procedure. 

The thermal FFF calibration procedure will not be described in detail here. It 

should be noted that the flow velocity profile in the thermal FFF channel differs 

slightly from the well-known parabolic profile because the viscosity varies across 

the channel thickness with the temperature variation. This complicates the 

relationship between the mean elevation and the retention time lr. More rigorous 

equations for retention as a function of dimensionless mean elevation have been 

derived by Gunderson, et al. [46] and amended more recently by Asten, et al. [52]. 

In these treatments the velocity profile is calculated using a temperature-dependent 

solvent viscosity. The reciprocal viscosity, called the fluidity, is approximated by a 

cubic polynomial expression in absolute temperature. The viscosity data for DMSO 

used in this work were obtained from Gaylord Chemical Corp. [55] The fluidity of 

DMSO can be described by the following equation 

.!.. = 1035 - 9.128 T + 0.02536 T2 - 0.00001973 T3 (6) 
11 

where 11 is the viscosity in poises and T is absolute temperature. This equation 

shows that there is a large variation of viscosity across the FFF channeL For 

example, the viscosity of the carrier near the cold wall held at 30°C is about 2 

centipoise whereas it is only about 0.74 centipoise near the hot wall at a temperature 

of 100 T. 

EXPERIMENTAL 

Apparatus and procedures 

The thermal FFF apparatus used in this work was of conventional design [47, 

50]. The surfaces of the copper bars enclosing the channel were chrome plated and 
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finely polished. Two L5-kilowatt cartridge heaters were inserted into the hot bar. 

Passages were drilled in the cold bar to allow tap water to run through as a coolant. 

The temperature drop between the bars was maintained through the control of the 

power duty cycle of the inserted heaters with a single-board computer. A 127-lJ.m 

thick Kapton polyimide spacer was clamped tightly between the bars by 20 evenly 

spaced bolts. The center of the spacer was cut out to leave a ribbon-like flow 

channel measuring 2 cm in breadth and 35.6 cm in tip-to-tip length. 

In previous work, the channel inlet and outlet consisted of holes drilled 

directly into one of the copper bars [47,50]. However, in the course of this study, 

we observed corrosion of the bared copper by DMSO. To avoid the exposure of 

copper to the solvent, we modified the inlet and outlet by inserting 1/16" (0.159 

cm)-OD Teflon tubes with an inner diameter of 305 IJ.m into the hot bar all the way 

to its surface. The tubes were mounted with Swagelog fittings. 

A Kontron (London, England) Model 414 LC pump was used to deliver 

chromatography-grade DMSO solvent to a Rheodyne (Cotati, California) sample 

injector, which was connected to the inlet of the thermal FFF channeL The 

injection loop was 20 IJ.L. The dead volume between the channel and the injector 

was 25 IJ.L. This requires a minimum time delay of 13.5 s after injection to allow 

the sample to reach the channel at a flow rate of 0.2 mUmin. After arrival of the 

sample at the head of the channel, the solvent flow was switched to bypass the 

channel for 30 s to allow the polymer components to relax into their equilibrium 

exponential distributions under stop-flow conditions. Channel flow was then re

started to carry out the run. A detector was connected to the channel outlet using a 
305 IJ.m-ID Teflon tube. Both a Wyatt (Santa Barbara, California) Dawn F laser 

photometer and a Varex (Burtonsville, Maryland) Model A evaporative light 

scattering detector (ELSD) were used in this study. 

Because the pump was not designed for working steadily for the flow rates 

under 0.1 mUmin, we used a circulatory loop, consisting of a 6-meter-Iong 254 

IJ.m-id stainless steel tube, an solvent filter, and a back pressure regulator, to split 

the carrier flow from the pump into two streams and send one of them back to the 

solvent container and the other to the injector. In this way, we were able to adjust 

the flow rate in the FFF channel to well below 0.1 mUmin while allowing the 

pump to run at a higher flow rate setting. The flow rate was always calibrated with 

a well-sealed burette and a stopwatch. 
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Materials 

Model polysaccharides including pullulans, dextrans, and Ficolls were 

examined in this work. The characteristics and original source of each of these 

samples are shown in Table 1. Samples of corn starch, cationic corn starch, and 

isolated amylose and amylopectin, provided by H. D. Scobell of A. E. Staley 

Manufacturing Co. (Decatur, Illinois), were also subjected to the thermal FFF. A 

sample of potato starch purchased from Sigma Chemical (St. Louis, Missouri) was 

also studied. Most of these samples were supplied in the form of amorphous white 

powder. Some starch samples, however, were also supplied in solutions. 

Chromatography-grade DMSO, identical to that used as the carrier, was 

employed as the solvent for preparing solutions of these polysaccharide samples. 

Reagent-grade lithium nitrate (LiN03) was used to enhance the thermal FFF 

retention of the cationic starch in DMSO. 

Sample preparation 

To prepare polysaccharide solutions from the solid powder form, samples 

were first weighed and then put in vials. DMSO was then added to the vials. 

While the samples of pullulan, dextran, and Ficoll were all readily dissolved in 

DMSO at room temperature, the starch samples required a much higher temperature 

(in the range 100 ° to 160 0c) to dissolve. A silicone oil bath and a Haake (Berlin, 

Germany) Model FE-2 water bath were thus used to heat the vials containing the 

mixture of the starch powder and DMSO. In addition, nitrogen was bubbled into 

the vials through an immersed 1116"(0.15875 cm)-OD Teflon tube to help remove 

O 2 and mix the starch powder with DMSO. All the vials were mounted on a 

custom-built tilted rotor that rotated slowly until the polymers were completely 

dissolved. Once the solutions were made, they were all cooled to room 

temperatu-c. T~e final concentration of the solutions for injection to the FFF 

channel was adjusted to 0 1 % (w/v). This concentration is below the overlap 

concentrations [54] of all these polysaccharides. 

RESULTS AND DISCUSSilO!\' 

Model polysaccharides (pullulaus, dextrans, and Ficolls) 

Figure 2 shows sets of thermal FFF fracto grams (detector response versus 

time) of different molecular weight samples (see Table 1) of pullulans, dextrans, 



3248 LOU, MYERS, AND GIDDINGS 

TABLE 1. Model Polysaccharide Samples 

Sample NominalM ~n ['Il], dl/g 

pullulan #1 100,oooa 1.10 -

pullulan#2 186,oooa 1.13 -

pullulan#3 853,OOOa 1.14 -

dextran #1 l50,000b - 0.350 

dextran #2 506,000b - 0.530 

dextran #3 2,000,000e - 0.700 

Ficoll #1 132,000 - 0.013 

Ficoll#2 321,000 - 0.172 

Ficoll #3 461,000 - 0.194 

Ficoll#4 741,000 - 0.237 

Ficoll#5 1,130,000 - 0.282 

FicollA - - -

aFrom ultracentrifugal sedimentation equilibrium 

bFrom light scattering 

eFrom intrinsic viscosity 

-Lot label 400-QC-113347 

Original Source 

Polymer Laboratories, Ltd. 

Polymer Laboratories, Ltd. 

Polymer Laboratories, Ltd. 

Pharmacia Fine Chemicals 

Pharmacia Fine Chemicals 

Pharmacia Fine Chemicals 

KABI Pharmacia Ophthalmics 

KABI Pharmacia Ophthalmics 

KABI Pharmacia Ophthalmics 

KABI Pharmacia Ophthalmics 

KABI Pharmacia Ophthalmics 

KABI Pharmacia Ophthalmics* 

and Ficolls. For these particular FFF runs, the temperature drop ~ T of the system 

was set at 27.8 °C and the carrier flow rate was adjusted to 0.2 mLlmin. The 

observation of differential retention beyond the void time to confirms the 

applicability of thermal FFF to these three classes of polysaccharides. The 

relatively broad peaks (which are broader than those generated by SEC) are a result 

of the high selectivity of thermal FFF (much higher than SEC) and do not imply 

inferior resolution [51]. Rather, these broad peaks represent the broad molecular 

weight distributions of the polymers (see later). 
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FIGURE 2. Thermal FFF fracto grams of various model polysaccharides in 
DMSO. Conditions: sample concentration, 0.1 % (w/v); flow rate, 
0.2 mLimin; temperature drop, 27.8 T; cold wall temperature, 
30.0°C; detector, Varex ELSD Model A, used with 40 psi. helium 
carrier gas. 

As described earlier, thermal FFF retention is dependent upon both the 

thermal diffusion coefficient DT and the normal diffusion coefficient D. From 

Figure 2, it is clear that these polysaccharides, especially the pullulans, are well 

retained which demonstrates that the thermal diffusion effect for these 

polysaccharides in DMSO is quite strong, or, in other words, that the DT values are 

quite high in DMSO. Kirkland and Yau reported a very weak retention (thermal 

diffusion) effect for the same type of polysaccharides in an aqueous carrier [48]. 

Thus we conclude that an organic solvent is a better choice for the carrier in the 
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separation of polysaccharides using thermal FFF. As mentioned above, we lack 

theoretical guidelines about the dependence of DT on solvent characteristics and 

must rely on such empirical evidence. 

According to the scaling law for D (see Equation 3), the diffusion coefficient 

is a function of both molecular weight M and conformation. A branched polymer 

assumes smaller geometric chain dimensions and hence greater values of the 

diffusion coefficient than a linear polymer [54]. The fact that dextrans have 

partially branched structures provides a tentative explanation for why dextrans are 

less retained than pullulans in thermal FFF for a given molecular weight (see Figure 

2). Furthermore, among these three categories of model polysaccharides, highly 

branched Ficolls are the least retained in thermal FFF for a given molecular weight. 

These observations support the assumption that the diffusion coefficient D and not 

DT is the parameter that dominates the changes in thermal FFF retention of these 

model polysaccharides. Further work is needed for verifications. 

It is necessary in most FFF work to check the fracto grams and retention data 

for any possibility of sample overloading. Once an FFF channel is overloaded with 

a polymer sample, the eluted polymer peak will change in position and shape with 

the sample amount and will thus no longer reflect properties of the polymer 

components such as the molecular weight. For this reason, FFF runs were carried 

out for several different injected sample amounts. Figure 3 shows such an 

"overloading" test for the sample dextran #2. For this particular sample and for the 

conditions used, the onset of sample overloading occurs at about 20-40 Ilg. The 

results reported below are all free from overloading effects. 

In order to derive the MWD from the FFF retention data, several steps must 

be taken. First, the polynomial expression for DMSO fluidity shown in Equation 6 

is used for determining the accurate velocity profile in the thermal FFF channel. 

Following this, the treatment developed by Gunderson et al. [46, 52] has been used 

to calculate the dimensionless mean elevation A. from measured 1rs. Thermal FFF 

molecular weight calibration plots are then established for each of the three kinds of 

polysaccharides according to Equation 4. Figure 4 shows a logarithmic plot of 

M T as a function of the molecular weight M for pullulans, dextrans, and Ficolls. 

Data for this plot were acquired at a fixed cold wall temperature but at several 

different temperature drops (27.8 °C, 37.0 T, 44.2 T, and 53.4 0C). The 

calibration parameters, n and log</>, obtained from the least square fit are tabulated in 

Table 2. 
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o 20 40 60 

TIME (min) 

FIGURE 3. Investigation of overloading for dextran #2. Conditions: same as 
Figure 2. 

A.6.T + 

lO·' L-_~_~_~ __ -'-___ ~ ___ ~...J 
10' 10· 107 

M 

FIGURE 4. Thermal FFF molecular weight calibration plots: calculated A.~T 
values as a logarithmic function of the molecular weight M for 
pUllulans, dextrans, and Ficolls at a fixed cold wall temperature of 
30 "C but at several temperature drops (27.8 ·C, 37.0 ·C, 44.2 "C, 
and 53.4 .C). 
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TABLE 2. Molecular Weight Calihration Parameters* 

Sample Slope, -n Intercept, log<\> 

Dullulans -0.568 3.057 

dextrans -0.539 3.079 

Ficolls -0.475 2.746 

*Refer to Equation 4 

pullulan#l 

o 5 10 15 
MxlO-S 

FIGURE 5. MWD curves calculated from the thermal FFF fractograms for 
pullulans #1, #2, and #3. 

Using these calibration parameters, we have calculated the MWDs from the 

thermal FFF fracto grams. Figures 5 to 9 show the MWD curves, the relative mass 

as a function of molecular weight, calculated from the fracto grams using a computer 

program developed at our research center (the FFFRC). 

Starch polymers 

The cationic com starch was well retained and fractionated in DMSO by 

thermal FFF, as shown in Figure 10. The amylose content is estimated from the 
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FIGURE 6. MWD curves calculated from the thermal FFF fracto grams for 
dextrans #1 and #2. 

dextran #3 

10 7 10· 
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FIGURE 7. MWD curve obtained for dextran #3. 
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FIGURE 8_ MWD curves obtained from the thermal FFF fractograms for 
Ficolls #1, #2, #3, #4, and A 

Ficoll #S 
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10 7 

FIGURE 9_ MWD curve calculated for Ficoll #5. 
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without salt with salt 

o 20 40 60 80 100 120 140 
TIME (min) 

FIGURE 10. Separation of a cationic corn starch in DMSO (left) by thermal 
FFF. Conditions: sample concentration, 0.28 % (w/v); channel 
flow rate, 0.1 mUmin; temperature drop, 70 T; detector, Wyatt 
Dawn F laser photometer, signal displayed at 90°. At the right, 
separation in DMSO with addition of 1.0xlO-4M LiN03. 

FFF fracto gram peak areas to be about 30%, which is consistent with information 

from the supplier. 
It was found that at an ionic strength of 10.4 M (LiN03 dissolved in DMSO), 

the thermal FFF retention was significantly enhanced, approximately doubled, as 

compared with that in pure DMSO (see Figure 10). Below tltis ionic strength, the 

enhancement of retention was also observed but to a lesser extent. At an even 

higher salt concentration, such as 10-2 M, we observed the reversible adsorption of 

cationic starch in the channel; the cationic starch peak did not elute out of the 

channel, even when run for a few hours, until the field (the temperature gradient) 

was removed. The explanation of the salt effect is not entirely clear due in part to 

the lack of knowledge on how Dr varies with the ionic strength. Three effects are 

expected to playa role. One is the unknown variation in DT. Another is that the 

salt ions will reduce the thickness of the electrokinetic double layer on the 

accumulation wall, which tends to exclude the polymer molecules. Therefore, the 

addition of a salt will tend to lower the mean elevation and increase the retention 

time at a given external field strength (temperature gradient). The other change due 

to the addition of a salt is the well-known polyelectrolyte screening effect [56]. 

Here the added ions act as a screen to reduce the repulsion between the charged 
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f' amylose 

o 20 TIME (min) 40 60 

FIGURE 11. Separation of underivatized com starch in DMSO by thermal 
FFF. Superimposed are the thermal FFF fractograms of com 
starch and both an amylose and an amylopectin fraction isolated 
from corn starch. Conditions: sample concentration, 0.28 % 
(w/v); channel flow rate, 0.05 mUmin; temperature drop, 65 ·C; 
detector, Wyatt Dawn F laser photometer, 90 • angle. 

chain segments. The geometric dimensions of the polyelectrolyte chain are thus 

reduced and the diffusion coefficient increased as salt is added. This will lead to a 

higher mean elevation and a shorter retention time. The salt effects shown in Figure 

10 suggest that the former effect ("wall exclusion") dominates, assuming there is no 
large change in DT. Such salt effects require further investigation, probably using 

better understood model polyelectrolytes. 

Both com and potato starches show relatively weak retention in DMSO. No 

observable salt effect was found on the retention of these starch samples. The 

partial separation of com starch was achieved in DMSO as shown in Figure II. 

The amylose and amylopectin components of the study can be identified with the 

first and second peaks, respectively, because isolated amylose and amylopectin 

samples have the same retention characteristics. The superimposed fracto grams of 

Figure 11 illustrate this. 

The thermal diffusion of starch in DMSO appears to be relatively weak. In 
order to achieve higher resolution in thermal FFF, a higher ~T will be required. 

Another possibility includes the use of alternate solvents. 
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ABSTRACT 

Elution profiles of a series of polymer standards such as sodium poly(styrene 
sulphonate), poly(acrylic acid) and poly(L-glutamic acid) have been obtained from 
size-exclusion chromatography experiments using separately two types of 
hydrophilic supports. A variety of mobile phase compositions have been performed 
to enhance adsorption effects in order to study how this phenomenon can affect to 
the chromatographic separation mechanism of polyanions. Distribution coefficient 
values, in general greater than unity, have served to quantify the adsorption effect, 

as well as to analyze their dependence on eluent ionic strength, on the ionic groups 
of the support and on the chemical nature and molar mass of the polyion. The 
physical basis of the weak polymer-gel attractive interaction have been attributed to 
hydrogen-bonding and to hydrophobic effects. We present basic equations derived 
from the Flory-Huggins theory of polymer solutions to explain the adsorption 
process in terms of preferential interaction, being this description consistent with the 
expected values assigned to the interaction parameters involved in the above theory. 

3261 

Copyright © 1994 by Marcel Dekker, Inc. 



3262 CAMPOS ET AL. 

INTRODUCfION 

Aqueous size-exclusion chromatography (ASEC) of water soluble polymers 

and biopolymers has been an emerging field in the last decade due to the mild and 

non-destructive character as well as to the short-time consuming of this separation 

technique (1-4). In contrast with the elution mechanism of polymers in organic 

media (5,6), the understanding of the separation mechanisms of hydrophilic ionic 

polymers in aqueous media demands much more theoretical and experimental 

contributions, mainly due to the diverse nature of the so-called secondary effects 

referred to as polymer-gel interactions distorting pure ASEe (7-17). 

Similarly to the elution of non-ionic polymers in organic media (18,19), 

polyelectrolytes in aqueous solutions can be early or retarded eluted relative to the 

elution of an equivalent uncharged polymer at the same experimental conditions. 

The early elution has been termed as ion-exclusion effect and it is generally assumed 

to be caused by electrostatic repulsion between the charges along the polyion and 

the residual charges of the gel packing. Recently, considerable efforts have been 

devoted to study this secondary effect, including chromatographic and physico

chemical parameters accounting for it, as well as practical recommendations for the 

total suppression in both rigid and soft gels, by means of the addition of a simple 

electrolyte to the eluent (8,10.14.20). Simultaneously. most chromatographers 

involved in biochemical separap.ons have detected the same effect when peptides, 

proteins and complex macromolecular structures have been eluted using water

compatible porous packing materials (16.17.21). 

The opposite effect leads to displacements towards elution volumes higher 

than those of the non-ionic polymers taken as reference, as a consequence of 

attractive solute-gel interactions. The nature of these interactions has been treated in 

depth. being classed as: i) electrostatic attraction, ii) hydrogen-bonding, and iii) 

hydrophobic interaction (22-24). It is a difficult task to elucidate what of these 

contributions is responsible for the adsorption effect because more than one type of 

forces can affect to the separation mechanism. The partial or total prevention of this 

secondary effect has been directed towards the addition of some components to the 

mobile phase. such as a few p.p.m. of neutral surfactants (25.26). 
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The abovementioned displacements of the elution volumes towards lower or 

higher values have been advantageously employed for separation of biological 

macromolecules (27). Moreover, it is well-known that one packing can be used for 

several types of liquid chromatography by a suitable selection of the eluent 

components. In this context, at present ion-exchange chromatography (IEC) (28) 

and hydrophobic interaction chromatography (HIC) (29-31) are two important 

branches of liquid chromatography, being both carried out on a given gel packing at 

low or high mobile phase ionic strength, respectively. To date, both IEC and HIC 

techniques are widely implanted in separation of pep tides and proteins rather than in 

the characterization of ionic polymers. 

This paper concerns to the adsorption secondary effect evidenced by means of 

the elution of synthetic polyelectrolytes which differ in chemical nature and molar 

mass. Two hydrophilic and organic-based conventional packings such as TSK 

PW4000 and Ultrahydrogel have been used separately, and the obtained results 

compared between them. The influence of eluent pH and ionic strength has also 

been considered in order to regulate adequately the intensity of the adsorptive 

effects. In addition, a semi-quantitative analysis of the SEC results of polyions, 

when a weak hydrophobic interaction takes place, is developed in the framework of 

the Flory-Huggins (FH) theory in terms of polymer-gel network compatibility. 

MATERIALS AND METHODS 

Chemical and Reagents 

Sodium acetate, acetic acid, sodium monohydrogen phosphate and sodium 

dihydrogen phosphate involved in the preparation of buffer solutions were all 

analytical grade from Merck (Darmstadt, Germany). Water was distilled and 

deionized in a Milli-Q system (Millipore, Mildford, MA, USA) and its conductivity 

was daily tested. The non-ionic water-soluble polymers were dextran standards 

purchased from Pharmacia (Uppsala, Sweden) with molecular weights (MW) of 
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10, 17.7, 40, 66.9, 83.3, 170, 500 and 2000 (blue dextran) kg·mol- l . The 

chromatographic low-molar-mass range was covered by poly(ethylene oxide) 

(PEO) from Fluka (Darmstadt, Germany) with MW of 2 and 4 kg·mol- l . Used 

polyelectrolytes were narrow-distribution samples (polydispersities lower than 1.1 

in all instances) of poly(L-glutamic acid) (PGA) from Sigma (St. Louis, MO, USA) 

with MW of 13.6, 43 and 77.8 kg·mol- l ; sodium poly(styrene sulphonate) (PSS) 

from Pressure Chemical (Pittsburgh, PA, USA) with MW of 1.6, 16,31,88 and 

177 kg·mol- l ; and poly(acrylic acid) (PAA) from Aldrich (Milwaukee, WI, USA) 

with MW of 5,90 and 250 kg·mol- l . 

Size-Exclusion Chromatography 

All chromatographic measurements were performed on a Waters liquid 

chromatograph (Mildford, MA, USA) equipped with an M-45 solvent delivery 

system, a U6K universal injector and an R-401 refractive index detector, coupled to 

a Yokogawa Electric Works dual-channel recorder (Tokyo, Japan). 

Two organic-based column were used in this work. A Spherogel TSK 

PW4000 (30 x 0.75 cm I.D.) packed with hydroxylated polyether copolymer of 

500 A nominal pore diameter from Beckman Instruments (Galway, Ireland) and an 

Ultrahydrogel 250 (30 x 0.78 cm J.D.) packed with hydroxylated 

poly(methacrylate)-based gel of 250 A nominal pore diameter from Waters. Both 

columns will be hereinafter referred to as TSK and UHG, respectively. The 

interstitial packing volume and total volume were 5.15 and 10040 mL for the TSK 

and 5.48 and 10.46 mL for the UHG column, as measured with blue dextran and 

2H20, respectively. 

The mobile phase for non-ionic polymers was distilled and deionized water 

and for the polyelectrolytes it was made up from NaAc/HAc buffer (pH 5.0) and 

from Na2HP04/NaH2P04 buffer (pH 7.0) to the desired ionic strength ranging 

from 0.01 to 0.20 M. In all instances, mobile phases were filtered and degassed 

through regenerate cellulose OA5-llm filters from Micro Filtration Systems (Dublin, 
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CA, USA). All pH measurements were made with a Crison pH-meter model 

MicropH 2000 (Barcelona, Spain). 

All chromatographic measurementss were conducted at room temperature and 

the columns were equilibrated at least 12 h prior to starting any experiment. 

Chromatograms were obtained at a flow-rate of 1 mL·min-1 in isocratic mode, by 

injection of 100 J.!L of 0.1 % (w/v) solute solutions freshly prepared using the 

corresponding mobile phase as solvent. Flow-rates were measured and found to be 

constant within ±0.5% by weighting the collected effluent. Each sample was 

injected three times as a check on the reproducibility. 

Viscometry 

Measurements were made with an automatic Ubbelohde-type A VS 440 

capillary viscometer from Schott Gerate (Hofheim, Germany) at 2S.0±0.1 °C. 

Efflux times were obtained with precision of ±0.01 s as an average of five or six 

measures. At least five dilutions were obtained by adding the appropriate aliquots of 

solvent. Kinetic energy corrections were included in the calculation of specific 

viscosities. Intrinsic viscosity, [11], was determined by the usual extrapolation to 

zero solute concentration. For uncharged polymers, dextran and PEO, [11] was 

evaluated from their viscometric equations (32,33) in pure water because the 

influence of ionic strength and pH on the viscosity of non-ionic polymers may be 

neglected (11,13,20). 

RESULTS AND DISCUSSION 

Let us first present calibration curves logM[11h against elution volume (M, 

molar mass; [11l!, intrinsic viscosity at a given ionic strength) for charged and 

uncharged standards as a function of eluent pH and ionic strength, I; chemical 

architecture of the macromolecules and some features of the gel packings. Figure 1 
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FIGURE 1. Calibration plots, 10gM[l1h against retention volume in acetate 
buffer (pH 5.0) as eluent at diverse ionic strengths: (.6.) 0.01; (-) 
0.02; (D) 0.05; ( • ) 0.1 and (0) 0.2 M. Solid lines refer to dextran 
calibrations in pure water. The following polyion/gel packing pairs 
are depicted: (a) PGA{I'SK; (b) PSS{I'SK; (c) PAA{I'SK; (d) 
PGA/UHG; (e) PSS/UHG and (f) PAA/UHG. 

compiles these calibration graphs for PGA, PSS and PAA (from top to bottom) 

using TSK and UHG (from left to right) as packing columns in acetate buffer (pH 

5.0) with different ionic strength values ranging from 0.01 to 0.20 M. Because this 

paper is mainly concerned with solute adsorption as a non-exclusion effect in 

ASEC, in this Figure we have selected suitable experimental conditions that pennits 

to emphasize this particular secondary effect. So that, other experimental conditions 

allowing an early elution of polyions relative to the non-ionic polymers have been 

omitted. We see that PGA and PAA calibration curves (parts a and c) follow a 

similar trend with respect to the reference one (dextran and PED in the present 
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work), they are placed slightly on the right-hand side owing to a weak adsorption of 

the polyion by the gel. In contrast, the corresponding curves for PSS at 1;;::0.05 M 

show that all polymer samples are practically eluted at the same elution volume 

independent of their molar masses, reaching the column total pore volume. Notice 

that this anomalous behavior is caused by a strong adsorption of the PSS by the 

TSK gel under the assayed mobile phase compositions. The same measurements 

have been carried out using UHG column (Figures Id-f). In general, calibration 

graphs approach to the reference one with increasing I, cross it, and then diverge on 

the other side. From the comparison between both sets of curves, for TSK and 

UHG, seems that the solute retention or adsorption effects are more pronounced 

when the former is used. However, at 1=0.20 M, PSS shows a great retention 

irrespective the nature of the packing material. The same experiments have been 

carried out using phosphate buffer (pH 7.0) as mobile phase (not shown here). The 

results obtained in this case are similar but all curves were shifted to lower elution 

volumes denoting an increase in ion-exclusion secondary effects. 

Basically, the retention volume of an ionic polymer depends on three major 

variables: mobile phase composition (pH and I), chemical nature of the stationary 

phase and chemical structure of the analyte, besides other chromatographic 

variables, not considered here, such as injected volume, sample concentration, 

flow-rate, etc. that can also interfere the separation process. The influence of the pH 

and I on the elution of a polyelectrolyte in aqueous media has been extensively 

studied in the past (11,13,34-36). For this reason, we next proceed to discuss the 

observed retention differences exclusively on the basis of the chemical nature of 

both polyion and gel. Figure 2 depicts calibration curves for PSS, PGA and PAA as 

well as the non-ionic polymers on TSK (part a) and on UHG (part b) in a common 

buffer solution at 1=0.2 M (pH 5.0). In the light of the relative position of the 

calibration graphs respect to the reference one, it is easy to observe that the intensity 

of adsorptive effects increase according to the following order: PGA<PAA<PSS in 

both stationary phases. 

Assuming that at pH 5.0, near to the pKa(COOH)' the -COOH lateral 

functional groups of PGA and PAA are partially dissociated, c.a. 50%, both the 

protonated and dissociated forms will coexist. The protonated species will be 
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susceptible to bind to the -OH groups strategically located on the network of TSK 

or UHG via H-bonding, whereas the unprotonated forms will be fully screened by 

the counter-ions because of the high salt concentration (1=0.2 M) of the eluent. In 

the light of this argument, the adsorption forces will depend on the density of the 

-eOOH groups by polymer chain. For instance, at a given molecular mass of the 

polymer, PAA posses twice as much carboxylic groups as PGA since their 

monomer molar masses are 72 and 147 g·mol-1, respectively. For this reason, it can 

be expected that PAA adsorbs onto the gel stronger than PGA. This behavior is 

corroborated by the calibration graphs depicted in Fig. 2. In addition, the 

divergence between both calibration curves is more pronounced in UHG than in 

TSK, denoting the existence of additional specific interactions between the carbonyl 

ester group of methacrylate (the monomer base ofUHG gel) and the -eOOH group 

of PGA and P AA samples. 

Unfortunately, the above arguments cannot be invoked to explain the 

anomalous retention exhibited by PSS. Under the experimental conditions assayed 

(pH 5.0; 1=0.2 M), the charges of the sulphonic groups are fully screened by the 

counter-ions, hence the observed adsorption can be exclusively caused by 

hydrophobic interaction between the hydrocarbon patterns of the PSS and those of 

the TSK or UHG gel packings. In this case, the polymer-gel attractive interaction 

becomes more intense due to the unlocated nature of the driving forces involved, 

which affects to the overall domain of the macromolecule. 

In order to analyze more in-depth the influence of the chemical nature of the 

gel packing, Figure 3 depicts calibration graphs for PSS in both gels. For the sake 

of comparison, we have selected in the present example a mobile phase ionic 

strength of 1=0.1 M. From the inspection of this figure, it is clearly evidenced that 

PSS samples are eluted very close to the uncharged polymers when UHG column is 

used, denoting that the macromolecular separation is carried out according to a pure 

size-exclusion mechanism. In contrast, PSS suffers a strong adsorption on the TSK 

column. In the light of this behavior, it can be inferred that UHG gel is innerter than 

TSK one. However, if one whishes employ advantageously the hydrophobic 

character of this gel for separation of biomacromolecules, proteins for instance, the 

TSK packing will be preferred. In conclusion, when the remaining variables (pH, I, 

type of solute) are fixed, the packing hydrophobicity observed will be TSK>UHG. 
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FIGURE 2. Comparison between the calibration plots obtained from charged 
(symbols) and uncharged (solid line) standards polymers in acetate 
buffer (pH 5.0) at 0.2 M, using TSK (part a) and UHG (pan b) as 
gel packings. 

To date, considerable efforts have been devoted to give a theoretical 

description of the secondary effects in SEC, including organic, aquoorganic and 

aqueous mobile phases (4,19,23). Most of them consider a unique force as the 

origin of the interactions between adsorbent (gel packing) and solute 

(polyelectrolyte). In this way, for instance, physico-chemical treatments accounting 

for electrostatic effects (8,12), solid-liquid adsorption and hydrophobic interaction 

(23,31) can be examples of the abovestated. However, in the particular case of the 
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FIGURE 3. Comparison between the calibration curves for diverse polymer/gel 
packing pairs as specified in the legend plot, using acetate buffer (PH 
5.0) at 0.1 M as eluent. 

elution of polyanions through the gel packings used here, more than one force 

resembles to contribute to the overall adsorption effect, being more difficult to 

perform a theory predicting properly this effect. A temptative to explain, at least 

semiquantitatively, adsorption in ASEC has been developed in the frame of the 

Flory-Huggins theory of polymer solutions for multicomponent systems. 

The first assumption deals with the fact that adsorption effects can be viewed 

as a reversible adsorption-desorption equilibrium between solute (S) and gel (G), 

expressed as follows: 

if the activity coefficients corresponding to occupied (SG) and unoccupied (G) sites 

are supossed to be the same (37), the adsorption equilibrium constant can be 

defined as: 

K _ [SG] 
ad - [S][G] (1) 
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where [G] and [SG] are the molar concentrations of the free and occupied gel active 

centers, respectively, in the volume of the stationary phase available to the solute, 

and [S] is the molar concentration of free solute. According to Laurent and 

Killander (38) and following the development proposed by Janado (23), the elution 

volume of a polymer can be expressed as: 

V, V, [1 Kad[G]O Jv' e= 0 + KSEC + p 
1+ Kad[S] 

(2) 

being V' e' Vo and Vp' the elution volume of a polyelectrolyte sample, the 

interstitial packing volume and the pore volume, respectively. [G]o refers to the 

total concentration of stationary phase accessible to the solute and KSEC to the 

chromatographic distribution coefficient when the solute partition is due solely to 

steric exclusion effect. 

On the other hand, when secondary effects in SEC become important, the 

elution volume of a polymer sample can be defined as (11,39): 

(3) 

being Kp the partition coefficient accounting for secondary effects, adsorption in 

the present case. Comparison of eqns. 2 and 3 leads to: 

(4) 

Notice that Kp is a partition coefficient obtained by conventional elution 

chromatography, Kp=(V'e-VO)/(Ve-Vo), whereas Kad refers to an equilibrium 

constant. Moreover, the physical meaning of the former parameter corresponds to a 

ratio of polymer concentrations between the mobile and the stationary 

chromatographic phases, whereas Kad denotes the ratio of molar concentrations of 

the species involved in a true chemical equilibrium. At this point, when the injected 
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polymer solution becomes highly diluted, it can be assumed that [S] ~ 0, and then 

eqn. 4 transformed into: 

Kp = 1+ Kad[G]O = I+K'ad (5) 

since [G]O is a constant for a given chromatographic gel, K' ad = Kad[G]O' 

Therefore, K' ad or Kp can be used to quantitatively evaluate adsorption effects. 

Thus, positive values of K' ad imply Kp > I (see eqn. 5) or V' e> Ve, in other 

words, calibration curves for polyelectrolytes shifted towards the right-hand side of 

the reference one obtained for uncharged polymers. 

In Table I we present Kp values extracted from calibration curves at pH 5.0 

and 7.0 for PSS in both TSK and UHG columns. The eluent ionic strength was 0.1 

M in both sets of experiments. In general, the Kp values increase as the molecular 

weight goes up and pH decreases, according to previous reported data for aqueous 

and organic SEC (11,18). From the comparison of Kp data obtained in both 

columns at pH 5.0, it can be observed strong adsorption in TSK whereas in UHG 

this effect vanishes, yielding Kp values close to unity which denotes that the elution 

occurs mainly according to a pure size-exclusion mechanism. In the light of this 

behavior, UHG packings will be more convenient for polymer characterization via 

conventional SEC, whereas TSK columns seem to be more appropriate to elute 

solutes according to hydrophobjc interaction chromatography (HIC). Similar trends 

have been found for the remainder polyelectrolyte/gel systems studied here. 

In order to investigate the quantitative variation of Kp values within each 

calibration curve, Figure 4 depicts its dependence on both sample molecular weight 

and eluent ionic strength, for PSS in TSK at pH 5.0 as an example. Lines 

connecting points have been drawn to guide the eye. On the one hand, at a given 

molecular weight, Kp shows a linear dependence on the inverse of the square root 

of ionic strength, 1-112, in accordance with the functionality exhibited by other 

variables such as the chromatographic radii of a macromolecule, R (14), the 

electrostatic repulsion barrier between the polyion and the charged pore, Xe (8), the 

ion-exclusion or repulsion volume (10), KSEC (40), the persistence length, Le (41) 

or the elution volume (36,42) among others. On the other hand, at a fIxed ionic 
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TABLE 1 

Values of the Distribution Coefficient, Kp, obtained from SEC Measurements as a 
Function of the PSS Molar Mass at Different Mobile Phase Compositions. The 
Ionic Strength of the Buffer Solutions used as Eluents was 0.1 M in all 
Experiments. 

M2 
(kg·mol- I ) 

1.6 
16 
31 
88 
177 

Column TSK 

pH 5.0 pH 7.0 

1.40 1.24 
1.60 1.41 
1.91 1.68 
2.80 2.46 
4.81 3.60 

Column UHG 

pH 5.0 pH 7.0 

0.99 0.80 
1.07 0.87 
1.08 0.81 
1.22 0.88 
1.95 1.68 

FIGURE 4. Plot of Kp dependence on both M2 and 1- 1/2 for PSS in a TSK 

PW4000 column using acetate buffer (pH 5.0) as eluent. 
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strength, Kp values seem to follow an exponential variation with the molecular 

weight, mainly at high Kp values. Theoretical prediction of this last dependency 

has been made in the framework of the Flory-Huggins (PH) polymer solutions 

theory (43-46). On this regard, some authors consider a ternary system formed by a 

solvent(I) (the eluent), a polymer(2) (the eluite) and a polymer(3) (the crosslinked 

polymeric network or gel chromatographic packing) yielding a master equation 

which correlates Kp with the polymer molecular weight, M2, through: 

being P2 the density of the injected polymer solution, VI the molar volume of 

solvent, <1>3 the volume fraction of gel involved in the ternary phase, and gij the 

Flory-Huggins interaction parameters. 

To date, the validity of the above equation has been exclusively tested for 

uncharged polymers in organic media (44). For ionic polymers such as 

polyelectrolytes and proteins in aqueous media, a non-unique dependence has been 

postulated. Thus, Hjerten (47) proposed the relationship 10gKp oc M for low 

molecular weight compounds, whereas for globular and flexible macromolecules 

the functionality log Kp oc M2/3 worked better. In previous papers, our group has 

reported the accomplishment of In Kp oc M-I/2 for synthetic polyelectrolytes at low 

ionic strengths (see Figs.5 and 2 from refs. I I and 13, respectively). However, at 

moderate and high ionic strengths, we believe that eqn. 6 could be an appropriate 

functionality to quantitative analyze adsorption secondary effects in ASEC. This 

aseveration can be supported a priori by the fact that at high ionic strength, most 

charges on the polyion are screened by counterions increasing the chain flexibility 

and reaching the polymer a random-coil conformation similar to that for synthetic 

polymers in organic media. 

Figure 5 depicts plots of eqn. 6 for: (a) PSS in TSK, (b) PSS in UHG and (c) 

PAA in TSK using acetate buffer (pH 5.0) at different ionic strengths. The 

horizontal line drawn on these plots at zero value in ordinates (Kp=I) denotes the 
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location of the pure size-exclusion mechanism, corresponding upper and lower 

zones to electrostatic polymer-gel repulsion (Kp<l) and to polymer-gel adsorption 

(Kp>l), respectively. Firstly, it deserves to be remarked that experimental Kp 

values fit weB to a straight line in all cases in spite of the marked structural 

differences of polyelectrolytes and gels used. These results support the validity of 

eqn. 6, at least under the chromatographic conditions and molecular weight range 

assayed here. Second, the absolute slope values increase as the mobile phase ionic 

strength does, in accordance with previously reported experiments, where Kp>l 

were often obtained at high I values (9,48,49). Moreover, the slope val~es could be 

regarded as a quantitative measure of how intense becomes the driving forces 

involved in the adsorption phenomena between the network links on the gel packing 

and links of the eluted linear polyion. 

Figure 6 shows similar plots of eqn. 6 for PSS (part a) and PGA (part b) in 

TSK using phosphate buffer (pH 7.0) and different 1 values, as mobile phase. 

Some comments supporting the selected experimental conditions on this Figure 

deserve to be made: (i) pH 7.0 was used because most biopolymers display a 

practical activity in biological fluids streamed in living tissues at a pH values close 

to neutrality; (ii) the selection of an appropriate 1 values becomes important in order 

to minimize secondary effects; (iii) the above experimental conditions can also serve 

to test the fulfillment of eqn. 6 when size-exclusion and electrostatic repulsion 

besides adsorption effects take place. From the inspection of Figure 6a, as 

expected, for ~O.l M the adsorption effects govern the chromatographic elution of 

PSS whereas at 1==0.01 M the ion-exclusion seems to be the predominant effect. 

Elution mechanisms in ASEC are not only controlled by ionic strength but also by 

the chemical nature and pKa of the ionic group of the polyelectrolyte. To 

corroborate this argument, Figure 6b shows plots of eqn. 6 for PGA in the same 

range of I. In contrast with that displayed in part a, at 1 ~O.l M neither adsorption 

nor electrostatic repulsion are evidenced, whereas at 1==0.01 M strong polymer-gel 

repulsions occur. Again, good linear fits are always obtained corroborating the 

validity of eqn. 6 for charged polymers in aqueous media. 

Following our inspection of Figures 5 and 6, it seems that the slopes of the 

straight lines depicted are closely related to the binary gij interaction parameters. On 
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FIGURE 6. Plot of eqn. 6 for the systems: PSSrrSK (a) and PSS/UHG (b) in 
phosphate buffer (pH 7.0) as mobile phase. Symbols stand for 
eluent ionic strength and have the same meaning as in Fig. 1. 

this regard, recent contributions (50,51) have also analyzed the swelling and 

collapse of soft gels in polymer solutions (charged or not) in terms of the interaction 

of components (compatibility) within the FH approximation. Note that for a 

quantitative interpretation of the elution mechanisms on the basis of polymer-gel 

compatibility through the slope values of eqn. 6, it is necessary the availability of 

the gij experimental values. Owing to the lack of gij data in the literature for 

polyions in buffer solutions, we can only speculate about the sign of the slope, 

directly related to the elution mechanism governing the SEC separation process. In 
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the particular case that polye1ectrolytes are eluted according to the pure size

exclusion mechanism, the slope of eqn. 6 approaches to zero (see Figure 6b). From 

a thermodynamic viewpoint, this behaviour implies that the g23 parameter is close to 

zero because neither favorable (g23<0) nor unfavorable (g23>0) polymer-gel 

interactions are involved in the separation mechanism. However, a more plausible 

explanation could be given for ionic polymers in hydrophilic gels if one assumes 

that both favorable and unfavorable interactions exist but cancel each other. 

Therefore, under chromatographic conditions in which the elution data are slightly 

shifted from the pure SEC, g23 '" 0, and the slope of the above plots will be 

proportional to (1- g12 - g13) and eqn. 6 for these cases can be transformed into: 

(7) 

For this particular situation, the entity (1- gI2 - g13) is coincident with the 

numerator of the following expression (45): 

- 1- gI2 - g13 A = v3 ----"'-'-"'--=""'---
1-2gI2 -2(dg12/d(l>t) 

(8) 

being A the preferential solvation parameter, widely studied in polymer-mixed 

solvent systems (see eqn. 20 from ref.45), and v3 the partial specific volume of 

component 3. Assuming that the denominator of eqn. 8 is always positive (52), 

valid for random-coil conformations, the sign of the A parameter and the sign of 

(1- gI2 - g13 ) will be coincident, allowing us a more comprehensive analysis of the 

secondary effects in ASEC in terms of A instead of the gij interaction parameters. 

First of all, it is important to understand the physical meaning of the sign of A. On 

this regard, favorable or preferential eluent-gel interactions are represented by A.>O 

and favorable polymer-gel interactions by A<O. These statements can also be 

associated to the polymer-gel incompatibility and compatibility, respectively. 

Obviously, when both types of interactions are counterbalanced A vanishes meaning 

that macromolecules are eluted according to a pure SEC mechanism. In the light of 

this formalism, Kp>1 corresponds to A<O denoting that the adsorption effect can be 



SOLUTION PROPERTIES OF POL YELECTROL YTES. XI 3279 

viewed as a polymer-gel compatibility. In contrast, when the main secondary effec 

is the electrostatic repulsion, Kp<l or 1.>0 closely related to polymer-gel 

incompatibility. 

CONCLUSIONS 

It has been selected the partition coefficient, Kp, or its related equilibrium 

constant K' ad (see eqn. 5), to quantify the intensity of the polymer-gel packing 

adsorption. The values of this parameter have been extracted from basic 

chromatographic equations dealing with elution of polyelectrolytes. In most of the 

experiments reported here, Kp> 1 denoting that adsorptive effects take place. Some 

speculations about the driving forces involved in the polymer-gel packing 

interactions reveal that H-bonding can be the origin of this phenomenon when PAA 

and PGA are eluted. However, in the case of PSS the adsorption effect can be 

assigned to hydrophobic interaction between some regions on the surface of the 

polyelectrolyte and those on the stationary phase. This behavior has been conrmned 

in the two hydrophilic packings studied here, being the adsorption effects more 

intense on the TSK column than on the UHG one, for the same polymer eluted 

under fixed experimental conditions. Therefore, it seems that UHG gel packing is 

innerter than TSK for size-exclusion separation purposes. 

Finally, we have presented in this contribution an attempt to explore 

adsorption secondary effects in ASEC by means of the Flory-Huggins theory of 

polymer solutions extended to the eluent(1)/polymer(2)/gel packing(3) ternary 

system. Some transformations of the original equations allow us to introduce the A. 

parameter (see eqn. 8) in order to justify the adsorption effects in terms of polymer

gel compatibility. Within the limits of the accuracy of the data, we conclude that 

linear plots depicted in Figures 5 and 6 support the validity of the functionality 

obtained in eqn. 6 through the FH theory. 

Additional experimental and theoretical contributions, beyond the 

chromatographic scope, must be done, mainly to evaluate the gij parameters for 

ionic species. 
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ABSlRACT 

The chromatographic behaviour of cationic poly(meth)acrylates was investigated in HPLC 
using salt gradients as the mobile phase. A quantitative correlation was found between 
retention time and number of charges per macromolecule. Information on the 
copolymerization behaviour of binary systems could be derived from the chromatograms. 
Insight into the chromatographic mechanism was gained by temperature dependent 
HPLC. 
Thus the method is suitable for the characterisation of cationic polymethacrylates. The 
influence of parameters like ionic strength, pH-value, temperature, and poresize of the 
stationary phase corresponds widely with physico-chemical data and models of ionic 
macromolecules. The results offer a basis for setting up standard methods for the 
chromatographic characterisation of polyelectrolytes of similar structure. 
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INTRODUCTION 

Detailed knowledge about the correlation between molecular structure and properties 

of polymers is one of the main prerequisites for their preparation and technical production 

aiming at a tailor-made behaviour and an optimised process of synthesis. The properties of 

cationic copolymers e.g. depend on whether the charge distribution along the polymer 

chain is random or blocked. Therefore it is of major interest to get information on the molar 

mass and the heterogeneity of copolymers. 

Up to now NMR-spectroscopy has been the method of choice for investigations on the 

chemical structure of copolymers [1]. In principle this method provides conclusions about 

the microstructure and the mean composition of polymers. However, it is not possible to 

discover details about the distribution of the chemical composition by NMR. 

For some time past chromatographic methods like HPLC and SEC have gained 

increasing importance for the characterisation of polymers [2]. Gradient-HPLC of poly

electrolytes was performed by HUANG [3], who investigated copolymers of the cationic 

monomer diallyldimethylammoniumchloride with acrylamide with the aim of getting 

information on the structural heterogeneity of these copolymers of low charge density with 

not more than 10 per cent of charged comonomer. HUANG found after ultrasonic 

treatment that the polymers showed reduced retention times, a fact he attributed to a lower 

number of charges per molecule due to chain fragmentation. HUANG expected 

information about the chemical heterogeneity within single polymer chains based on the 

hypothesis that after fragmentation chains with a homogeneous charge distribution would 

give rise to a single sharp peak in the chromatogram whereas chains with a hetero

geneous charge distribution would show two broad peaks, the first one relating to frag

ments with lower charge density and the second one covering fragments with higher 

charge density. HUANG, however, reported only very few results that were not able to give 

strong evidence for his hypothesis. 

Regarding these interesting aspects it seemed worth to start a systematic investigation 

on the correlation between retention time and charge number of cationic polyelectrolytes. 

Using well characterised samples of cationic poly(meth)acrylates the chromatographic 

mechanism was to be investigated. 

Another intention of the study was to test whether the method was suitable to get 

insight into the behaviour of copolymerization by characterising the chemical hetero

geneity of the resulting copolymer samples. Because this group of polyelectrolytes proved 

easily soluble in water, aqueous solutions were used as mobile phase. Due to the 
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presence of ionic charges along the polyelectrolyte chaines it seemed consequent to 

count on the interactions of these groups with the stationary phase as the main separation 

mechanism [4]. Selecting the stationary phase, however, it had to be taken into account 

that strongly polar packings were likely to cause quasi irreversible adsorption originating 

from a cooperative action of multiple charges along the chain; in contrast on less suface 

active packings the polymers might not be retarded sufficiently. 

MATERIALS 

The chromatographic investigations were performed with four different types of 

polymers composed of the monomers trimethylammoniumethylmethacrylate-chloride (1), 

trimethylammoniumethylacrylate-chloride (2), and acrylamide (3). In the following the 

homopolymer poly-trimethylammoniumethylmethacrylate-chloride and the copolymers 

poly-trimethylammoniumethylacrylate-chloride-co-acrylamide and poly-trimethyl

ammoniumethylmethacrylate-chloride-co-acrylamide are named poly-1, poly-2-co-3 and 

poly-1-co-3 respectively. For the experiments ten samples of poly-1 (A1 to A10), thirteen 

samples of poly-2-co-3 (81 to 810 and D1 to D3) and one sample of poly-1-co-3 (E3) were 

used. The polymerization of samples 81 to 810 was not conducted to complete conver

Sion, but interrupted at a small degree of conversion, G. 

The molar masses were determined by size exclusion chromatography in aqueous 

solution using poly-1-calibrants. The maximum MMax of the differential molar mass distri

bution W(lnM), was used for the calculation of the charge number Z; as this charge 

number is related to the maximum of the molar mass distribution it refers to the correspon

ding polymer fraction only and not to the whole sample. When correlating these Z-values 

with peak maximum retention times from gradient HPLC, it is assumed that it is the same 

polymer fraction eluting with the peak maximum in SEC and in HPLC. Furthermore, it has 

to be assumed that the copolymers, too, follow the calibration curve and that in HPLC the 

peak maximum fraction corresponds to the average composition of the sample. It is not 

claimed that these assumptions were close to correct, so that an error of up to about 10 

percent has to be taken into account. 

The charge number Z is calculated for homopolymers using eq.1 and for copolymers 

eq. 2. with M 1• M2 and a1. a2 being the molar masses and mole fractions of the charged 

(1) and uncharged (2) co monomers respectively. 



3288 LEHMANN, AUGENSTEIN, AND NEIDHART 

MMax 
Z= (1) 

M1 

MMax 
Z= a1 (2) 

a1 M1 + a2 M2 

Table 1 summarizes the SEC-results and the charge numbers for ten homopolymer 

samples poly-1, three samples of poly-2 and eleven copolymer samples investigated in this 

study. 

Samples which were polymerized up to complete conversion normally show a broad 

distribution of their composition, especially if at the beginning of the reaction one of the 

monomers is consumed preferably; in any case the mean composition is identical to that 

of the monomers in the reaction mixture. For the high conversion binary copolymers (01 

to 03 and E3) it can be estimated from the copolymerization diagrams [5) how the 

composition of the resulting polymer chains changes during the course of the reaction. 

Samples B4 to 810, however, show a narrow distribution of their chemical composition 

because in this case the polymerization was interrupted at a small degree of conversion so 

that all polymer chains were formed under similar conditions. The composition of 

monomer units in the polymer, however, differs from the composition in the reaction 

mixture depending on the values of the copolymerization parameters. From the 

copolymerization parameters r1 and r2 the instantaneous mole fraction x1P of the 

monomer 1 in the polymer can be calculated as a function of the mole fraction x1M of the 

monomer 1 in the reaction mixture by using eq. 3 [6,7). 

(3) 

For the copolymerization of monomer 2 with monomer 3, TANAKA [6) determined the 

copolymerization parameters to be r2 = 0.48 and r3 = 0.64 corresponding to a non-ideal 

azeotropic copolymerization. Other authors like BAADE et al. [7) determined values which 
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TA8LE 1 

Weight average molar mass Mw, peak maximum molar mass MMax, charge number Z, 
polydispersity U = (Mw/Mn) - 1, degree of conversion G and mole fraction x3P of 
acrylamide in the polymer calculated according to eq.3 for samples of poly-1 (A 1-A 10), 
poly-2 (81-83), poly-2-co-3 (84-03) and poly-1-co-3 (E3) 

Sample Mw MMax U G/% Z/103 x3P 

1(103g/mol) 1(103g/mol) 

A1 6 5 0,9 0,02 

A2 45 34 2,2 0,16 

A3 44 39 1,5 0,19 

A4 79 75 1,6 0,36 

A5 137 93 2,0 0,45 

A6 320 240 3,8 1,2 

A7 765 570 3,1 2,8 

A8 2.500 2.000 1,6 9,8 

A9 6.350 5.400 2,0 26,0 

A10 8.300 7.600 1,5 37,0 

81 4.500 2.700 1,6 4,3 13,9 0,00 

82 3.800 2.600 1,1 4,3 13,5 0,00 

83 4.700 3.200 1,3 4,3 16,6 0,00 

84 4.700 2.400 1,9 4,3 11,7 0,14 

85 6.100 3.400 1,6 3,9 14,8 0,34 

86 5.800 3.100 1,9 1,8 12,3 0,45 

87 7.100 3.800 1,5 2,8 14,1 0,53 

88 6.200 3.400 1,6 3,9 11,4 0,60 

89 5.600 3.000 2,9 3,0 8,2 0,71 

810 4.200 2.200 2,0 3,0 2,9 0,89 

01 5.000 3.400 8,1 100,0 15,3 0,30 

02 4.300 3.000 7,9 100,0 11,2 O,SO 

03 6.100 4.100 3,1 100,0 11,4 0,70 

E3 7.700 5.800 2,1 100,0 20,8 O,SO 
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differed only slightly from the former. In Tab. 1 the mole fractions of acrylamide x3P for the 

8-samples are given as calculated from eq. 3. 

Synthesis of Polyelectrolyte Samples 

Poly-l: 

An aqueous solution of 1 (c = 1.2 mol/L) is adjusted to pH 4 with dilute H~04. At a 

temperature of 60"C an aqueous solution of 2,2'-azobis(2-amidinopropane)dihydrochloride 

(c = 0.65 mollL) is added under exclusion of oxigen, resulting in a concentration of the 

initiator in the reactor of 9.2*10-4 mol/L After a reaction time of 30 min the reaction 

mixture is preCipitated into acetone I ethanol (6/1 (v Iv» and dried at 50"C under vacuum. 

Poly-2-co-3 (81 to 810): 

The monomers 2 and 3 are weighed in the desired amounts and dissolved in water, 

resulting in a solution with a total concentration of the monomers of 2 mol/L. At a 

temperature of 45°C and by excluding oxigen an aqueous solution of peroxidisulfate (c = 
0.02 mol/L) is added to this solution, resulting in a concentration of the initiator of 

0.005 mol/L After a reaction time of 20 min the reaction mixture is precipitated into 

acetonelethanol (6/1 (v/v» and the precipitate dried at 5O"C. The polymerization of these 

samples was stopped at low degree of conversion by pouring the reaction mixture quickly 

into the precipitation bath. 

The samples poly-l-co-3, E3, and poly-2-co-3, 01 to 03, are standard products of 

Rohm GmbH, which are produced in technical amounts also by radical polymerization. 

METHODS 

All HPLC-columns contained a macro porous hydroxyethylmethacrylate-gel (HEMA) 

crosslinked with ethylenglycoldimethacrylate. Aqueous solutions of sodium chloride were 

applied as the mobile phase, the ionic strength of which steadily increased in the course of 

a gradient program. The pH-value of the mobile phase was kept constant at 7.4 by means 

of a phosphate buffer system. The gradient program described by HUANG [3] could not 

be used, as the salt concentration obviously was too low and not compatible with the 

highly charged polymers investigated in this study. Therefore new gradient programs had 
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to be developed which were based on the results of separations under isocratic 

conditions. A detailed description of the programs is given by Tab. 2. When applied to 

separations with the shorter column, the program P1 lead to peaks sufficiently sharp so 

that the maxima could be read from the chromatograms with good precision. Program P2 

was used for runs with the two longer columns. 

In order to achieve sufficient reproducibility of the retention times a buffered mobile 

phase turned out to be necessary. With unbuffered media the retention times became 

shorter with the number of runs; this effect was attributed to uneluted polyelectrolytes 

which reduced the activity of the stationary phase. Complete reconstitution of the column 

after each chromatographic run turned out to be indispensable for reproducible separa

tions and was achieved by washing the column intensely with the solution of lowest salt 

concentration. 

HPLCSystem 

The chromatographic system consisted of a gradient HPLC-pump (L-6200), an 

autosampler (AS-6000), and a UV-detector (L-4000) from E.Merck (Darmstadt, F.R.G). The 

chromatogram s were registered by a recorder (Abimed Linear) from Linear Instruments 

Corp. (Irvine/California). For thermostatic control a kryostat (Lauda UKT 600) from 

MeBgeratewerk Lauda (Tauber, F.R.G.) and a waterbath (Julabo HC5) from Julabo 

Labortechnik GmbH (Seebach, F.R.G.) were applied. The detector signals were recorded 

digitally by the central computer of Rohm GmbH. 

Separation columns were from Polymer Standard Service (Mainz, F.R.G.). The dead 

time/dead volume was determined by injection of an aqueous solution of sodium nitrate. 

Column 1 was PSS HEMA Bio 40 (dimensions: 8 x 50 mm; pore diameter 4 nm) with a 

dead time of 1.4 min. Columns 2 and 3 were PSW HEMA 40 and 1000 resp. (8 x 250 mm; 

pore diameters 4 nm and 100 nm resp.) with dead times of 9.0 and 9.3 min resp. The 

particle diameter of all columns was 10 Ilm. 

Buffer-solution (ionic strength I = 0.1 molfL; pH 7.4) : 

In a 1 L measuring flask 1.18 g KH2P04 p.a. (Fluka, Switzerland) and 10.85 g Na2HP04 

p.a. (Fluka) were dissolved and filled up to the mark with water Lichrosolv (Merck) [11]. 

Buffered solution of sodium chloride (I = 2.0 molfL; pH 7.4) : 

In a 1 L measuring flask 1.18 g KH2P04 p.a., 10.85 g Na2HP04 p.a., and 111.04 g NaCI 

p.a. (Merck) were dissolved and filled up to the mark with water Licrosolv. 
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TABLE 2 

Course of ionic strength I with time for the gradient programs P1 and P2 (the delay time 
with respect to the detector amounted to approximately 5 min) 

gradient program P1: gradient program P2: 

time/min I/(mol/L} time/min I/(mol/L} 

0 0.1 0 0.1 

2 0.1 20 1.1 

22 1.1 21 0.1 

24 0.1 50 0.1 

40 0.1 

Samples for HPLC-separation: 

About 100 mg of the polymer were weighed in a 20 mL measuring flask and filled up to 

the mark with a solution of sodium chloride (c = 0.2 mol/L) prepared with water Ucrosolv 

(Merck). The resulting polyelectrolyt concentration was about 5 gIL. 

Size Exclusion Chromatography 

The apparatus consisted of an HPLC-pump from Bischoff Analysentechnik und -gerll.te 

GmbH (Leonberg, F.R.G.). Four separation columns (Ultrahydrogel) with pore sizes of 200, 

100,50, and 25 nm from Waters Chromatography Division (Eschborn, F.R.G.) were applied 

(dimensions: 7.8 x 300 mm). A differential refractometer from Knauer Wissenschaftliche 

Gerll.te KG (Oberursel, F.R.G.) was used, the signals of which were recorded by the central 

computer of Rohm GmbH. The separation columns were connected in series with 

decreasing pore sizes and run with an acetate buffer (acetic acid (c = 0.5 mol/L) / sodium 

acetate (c = 0.5 mol/L)} in water at a flowrate of 0.8 mLlmin according to OTT [12]. The 

concentration of the polymers in the injected solution was 0.25 gIL; the injection volume 

was 300 ilL at a temperature of 22"C. 

Preparation of samples for SEC: 

About 5 mg of the polymer were weighed in a 20 mL measuring flask and filled up to the 

mark with the above acetate buffer. The samples were kept for about 12 h and then 



HETEROGENEITY OF POL YELECfROL YTES 3293 

injected onto the column after addition of a small amount (spatula) of sodium acetate as 

an internal standard (dead time: 38.2 min). 

The SEC system was calibrated using fifteen samples of poly-1 prepared by 

radical polymerization with molar mass from 6.000 to 107 glmol and polydispersity 

U = {Mw/Mn)-1 varying from 1 to 5. The molar masses of these samples were determined 

by light scattering and ultracentrifuge measurements [13]. The calibration function was 

calculated by iterative optimization on the basis of the chromatogram and the Mw-value 

of all calibrants. 

RESULTS 

Peak Assignment 

Fig.1 shows a typical chromatogram which was obtained with the gradient program P1 

for the homopolymer sample A6. The positive baseline drift is caused by the increasing 

concentration of sodium chloride along the gradient when the UV-detector is set to 220 

nm. Peak 1 appears with the dead volume (tR = 1.5 min) and stems from the solvent of the 

sample. Peak 3 has a retention time of 16 min, is much broader and related to the polymer. 

Peak 2 is also found in the blank sample (deionised water); it might be suspected that with 

increasing salt content in the mobile phase impurities from the eluent are eluted, which 

before had been enriched in the stationary phase at low salt concentrations. 

Fig. 2 shows a typical chromatogram for a sample of poly-2-co-3 with peak 3 

corresponding to the copolymer. Peak 1 could be due to an elution of excluded polymer 

without or with only few charges because its retention time is shorter (1.2 min) than that of 

the solvent peak. As stated above, peak 2 possibly is caused by impurities from the eluent. 

Peaks 4 and 5 occur within the isocratic part of the chromatogram and may be attributed 

to polymer with low charge denSity, to low molar mass oligomers, or to residual monomer. 

Problems with Column Overloading 

Whereas in size exclusion chromatography the retention times decrease proportionally 

with the logarithm of the molar mass of the polymers, in gradient-HPLC of polyelectrolytes 

it can be expected that the retention times increase with the number of ionic charges. For 
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FIGURE 1 : Chromatogram for (I) the homopolymer poly-1 (sample A6; Mw = 320.000 
g/mol) and for (II) a blank sample; column: PSS HEMA Bio 40; injection volume: 5 1Jl.; 
analyte conc.: 5 gIL; flow rate: 1.0 mLlmin; gradient Pl; UV-detection: 220 nm. 
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FIGURE 2 : Chromatogram for (I) the copolymer poly-2-co-3 (sample B9; Mw '" 5.6 • 106 
g/mol); and for (II) a blank sample; (for conditions see Fig.l) 
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homopolyelectrolytes the charge number is proportional to the molar mass, which means 

that under ideal conditions the chromatogram from HPLC, as an image of the charge 

distribution, should correlate with the distribution of the molar mass. However, such a 

comparison turned out to be difficult because the evaluation of the gradient-HPLC

chromatograms is complicated by the baseline drift. After subtraction of the baseline the 

chromatogram from HPLC (Fig.3a) of the sample A6 (poly-l) looks like a reflection of the 

respective distribution of the molar masses (Fig.3b) with a "tailing" for the first and a 

"fronting" for the latter. The asymmetric shape of the HPLC-peak may be due to an over

loading of the column caused by an insufficient column capacity. Overloading of the sepa

ration column can easily occur because the large number of charges along each polymer 

chain will lead to an early occupation of the active sites of the gel surface even at low 

polymer concentrations. 

The fact of increasing peak maximum retention times with decreasing analyte concen

tration supports the supposition of column overloading (Fig.4). The range of concentration 

independent retention times would be expected for concentration c below 0.2 gIL and 

could not be reached because of too low peak intensities. At constant analyt concentration 

decreasing injection volumes, too, lead to increasing retention times (Fig.5), an effect 

which also supports the hypothesis of column overloading. 

These correlations make clear that in the following discussion it must be kept in mind 

that peakshapes and retention times may be effected by overloading of the column. 

Furthermore it has to be taken into account that multiple retention mechanisms and 

chromatographic effects from the polydispersity of the samples might be influencing the 

peakshape. 

Retention limes of Homopolyelectrolytes and Copolyelectrolytes - Effect of Number 

and Density of Ionic Groups 

Irrespective of their molar masses the homopolymer samples of poly-1 show similar 

retention times under isocratic conditions (at constant ionic strength). When the gradient 

Pl is applied, however, the retention time of peak 3 (Fig.l) increases from 13.2 min to 15.1 

min with increasing molar mass (sample A2 to Al0). From this a linear correlation between 

'R and log MMax can be derived (Fig.6): the more repetition units a polymer chain has, the 

longer is its retention time. 

Furthermore, in Fig.6 the logarithms of the calculated charge numbers Z for the 

copolymers poly-2-co-3 (B-samples) from Tab.l are plotted versus the corresponding 
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FIGURE 3 : Section-chromatogram (peak 3) of poly-1, sample A6, after subtraction of the 
baseline (a); (for conditions see Fig.1); 
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FIGURE 4 : Influence of the analyte concentration c on the retention time tR for poly-1, 
sample A3 (Mw = 44.000 g/mol); injection volume: 10 iJl (for other conditions see Fig. 1) 
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retention times of peak 3 (Fig.2). Due to similar charge numbers the data pOints for 

samples B4 to B7 cumulate within a small area, whereas for samples B8 to B10 the 

retention times show the expected dependency: tR increases with increasing charge 

number. In this case the slope of the curve, however, is much steeper than that for the 

homopolymers. The reason for this may be that these samples of poly-2-co-3, in contrast 

to those of poly-1, not only have different charge numbers but also different charge 

densities. At a given charge number the homo polymers have longer retention times and 

the difference to the retention times of the copolymers is increasing with decreasing 

charge density of the latter. 

As the Mw-values of these copolymer samples do not differ much from each other, it 

may be assumed that all copolymers approximately have the same chain length as far as 

the peak maximum fraction is concerned; it therefore can be expected that the retention 

times of the copolymers decrease with decreasing mole fraction x2P of the charged 

comonomer. For low contents of the charged comonomer Fig.7 reveals a strong 

dependency of the retention time on the mole fraction of the co monomers; at high 

contents the curve flattens like a saturation function. 

These results suggest that above a certain charge density the interaction of the chain 

with the stationary phase is at its optimum so that a further increase of the charge density 

cannot intensify the interactions. The fOllowing consideration may explain this: Polymer 

molecules with high charge density like poly-1 and the poly-2-co-3-samples B1 to B7 have 

many charged groups in close vicinity to each other which can interact cooperatively with 

the active centers of the stationary phase. Desorption of some of the groups is easily 

compensated for by the adsorption of adjacent groups which results in long retention 

times. However, excessive charges of the polyelectrolyte situated close to the active 

center of the stationary phase cannot intensify the binding of the analyte any more. In the 

case of polymer molecules with low charge density like the samples B8 to B10 (poly-2-co-

3) less ionic groups can interact simultaneously with a particular binding Site of the 

stationary phase with the result of a shorter retention time as compared to a macro

molecule with the same number, but higher density of charges. 

Information from the Chromatograms on the Copolymerization Behaviour 

Fig.8 shows the chromatogram for sample 03 (poly-2-co-3). From the shape of peak 3 -

also displayed in the insert after subtraction of the baseline - conclusions should be 
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FIGURE 7 : Influence of the mole fraction x2P of the charged comonomer according to 
Tab.2 on the retention time 'R (poly-2-co-3; B-samples); (for conditions see Fig.1) 
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after substraction of the baseline (for conditions see Fig.1) 
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FIGURE 9 : Chromatogram of poly-l-co-3 (sample E3; x1P = 0.5); insert: peak 3 after 
substraction of the baseline and amplification; (for conditions see Fig.l) 

possible about the copolymerization behaviour of the monomers 2 and 3. In agreement 

with the copolymerization parameters it is expected that a reaction mixture deficient in the 

charged monomer 2 leads to a polymer with relatively high contents of 2 and therefore a 

high charge density (peak 3b). During the course of the polymerization the decreasing 

concentration of monomer 2 supports the reaction of the uncharged comonomer giving 

rise to a fraction with lower charge density (peak 3a). It is unexpected however that the 

alleged distribution curve exhibits a distinct bimodality; this probably is related to 

overloading of the separation column resulting in a strongly pronounced peak 3a. 

Similarly the chromatogram for sample E3 (Fig.9) provides information on the 

copolymerization behaviour of the monomers 1 and 3. Again, peak 3 is shown in the insert 

after subtraction of the baseline and amplification and presents a distinctly flat slope 

despite of a possible overloading of the column. As to the copolymerization parameters 

(rl = 1.71 and r3 = 0.25) according to TANAKA [6] it must be expected that during the 

polymerization of comonomers 1 and 3 the charged comonomer 1 polymerizes much 

faster than the uncharged comonomer 3; consequently the production of polymer chains 

with high charge density - corresponding to long retention times - is favoured at the 

beginning of the reaction. In the course of the reaction the mixture becomes more and 

more deficient in the charged comonomer 1 resulting in polymer chains with decreasing 
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number of charged groups and decreasing retention times. At the end of the reaction the 

charged comonomer is totally consumed and pure polyacrylamide is formed; this may be 

the reason for the intensive peak 1 with tR equal to about 3 min. These results lead to the 

conclusion that the peakshape in the chromatogram - with some reservations due to 

overloading effects - contains information on the copolymerization behaviour of the 

respective comonomers. 

Temperature Dependency of the Retention Times 

The kinetics and thermodynamics of chromatographic interactions are known to be 

influenced by temperature [8], which also influences the solubility of the polymers in the 

mobile phase. For the investigation of the influence of temperature on the separation of the 

polymers the column was placed in a water bath at seven different (8, 15, 22, 29, 36, 43, 

and 50"C) but constant temperatures. Whereas the retention times for polymers with low 

charge density (samples B9 and Bl0) did not vary significantly with temperature, its 

influence proved more and more pronounced with increasing charge density of the 

polymers (samples B8 and Al0): retention times increased with increasing temperature 

(Fig.l0). Obviously it is the charge density which controls the elution behaviour at different 

temperatures. This supports the assumption that the charged groups of the polymer 

mOlecules cause interactions between the polyelectrolyte molecules and the stationary 

phase. Within the temperature interval from 22 to 29"C the slope of the resulting curve is 

remarkably steeper compared to the other temperature intervals which suggests a change 

in the separation mechanism. 

Influence of Column Length and Pore Size on the Chromatographic Separation 

As to the homopolymer samples poly-l application of the gradient program P2 results 

in a linear correlation between retention time and log Z both for short (50 mm) and long 

(250 mm) columns. However, on the longer column the net retention time starts at lower 

values (9.2 min) and increases more rapidly with the charge number (up to 12.8 min). Con

sequently, the resolution Rs calculated for the samples A2 and A9 (poly-1) is better for the 

long column (Rs = 0.82) than for the short column (Rs = 0.55). This result is in disagree

ment with investigations on the chromatographic separation of proteins by SNYDER et al. 
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[9], who found the retention time influenced by the salt concentration of the mobile phase, 

but not by the column length. These differences in retention time and resolution observed 

for columns of different lengths in this study may be caused by a slightly different column 

packing material and they underline that - in contrast to proteins - polyelectrolytes 

interact intensely with the surface of the stationary phase. 

For the experiments described so far column packings with a pore size of 4 nm were 

used in order to ensure the same separation conditions for all polymers by excluding the 

analytes from the pore volume. On packing materials with a pore size of 100 nm, however, 

the shorter chain molecules of A1 and A2 (poly-1; Mw = 6.000 and 45.000 glmol rasp.) 

had longer retention times than sample A 10 (Mw = 8.300.000 gl mol) despite of their much 

lower charge number. This indicates that short chained polymer molecules can also 

interact within the pores of the stationary phase. The longer the polymer chains are the 

better they are excluded from the pores. Thus, for the high molar mass samples A6, AS, 

and A 10 a linear correlation between retention time and log Z is found for these large pore 

materials as well as for the small pore materials discussed above. 

From these results the conclusion is drawn that interactions of the ionic groups of the 

polymers with the surface of the stationary phase may occur in the pores as well as in the 

outer grain spheres. Therefore, it is recommended that for comparative investigations the 

pore size of the packing material has to be chosen in a way that either all sample consti

tuents can get into the pores or all are excluded from the pores. 
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DISCUSSION 

Concluding. it can be stated that moderately polar HPLC-separation columns of the 

type PSS HEMA are suitable for the characterization of cationic poly(meth)acrylates. The 

ionexchange capacity of this stationary phase is much lower than that of typical 

ionexchange materials of commercial standard; this helps to avoid irreversible sorption. 

The interactions of the polyelectrolytes with the stationary phase and their retention times 

depend on the ionic strength of the mobile phase. Therefore it turned out to be 

advantageous to vary the ionic strength by application of a gradient. 

The retention time of the polymers depends on the number of charges per molecule 

and on the charge density along the polymer chain. A linear correlation between the 

retention time and the logarithm of the charge number was found. 

The dependency of the retention time on the charge density of the polyelectrolytes can 

be explained by a qualitative model where in the case of macromolecules with high charge 

density the active centers of the stationary phase are attacked by many charges simul

taneously; this makes the desorption of the macromolecule more difficult than in the case 

of molecules with lower charge density. Satisfactory reproducibility of the retention times 

was achieved by applying buffered media as mobile phases in order to prevent retention 

times from increasing with increasing pH. It may well be that the stationary phases contain 

anionic residues from initiator fragments which interact with the analyte molecules. Such 

anionic groups underlie an aCid-base-equilibrium so that ionization is enhanced at higher 

pH-values. As a consequence of the presumably low consumption of initiator during the 

production process a very small number of active centers on the stationary phase would 

be expected - this could be the reason for the observed effects of column overloading. 

Different separation mechanisms may be dominant in the chromatography of polyelec

trolytes with moderately polar stationary phases. The total activation energy Ea of the 

interaction process can be estimated from the variation of the capacity factor k' with 

temperature by plotting the In k'-values versus 1fT (eq.4) [10). The order of magnitude of 

Ea allows conclusions about the predominant mechanism. 

In k' ~ In ko -
Ea 

RT 
(4) 
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As an example Fig.ll shows an Arrhenius plot for a homopolymer and a copolymer 

sample. Roughly, three areas can be distinguished: i} between 8 and 22"C k' is almost 

constant and happens to be identical for copolymer and homopolymer, ii} between 22 and 

29"C the value of k' strongly increases, especially for the homopolymer sample, iii} within 

the temperature interval from 29 to 50"C k' steadily increases and a regression line can be 

drawn from which the activation energy is calculated equal to 1.8 kJfmol and 2.1 kJfmol 

for samples A6 (poly-l) and B6 (poly-2-co-3) respectively. From the fact that the activation 

energies for both samples were determined to be equal within the limits of error it can be 

concluded that in both cases the same chromatographic mechanism is predominant. The 

energy values lie in the lower range of what is expected for an adsorption mechanism. 

Although the properties of polyelectrolytes are known to be very complex it seems not 

inconsiderate to state that adsorption interactions play an important role in gradient 

chromatography of polyelectrolytes. However, the temperature dependency (Fig.11) is not 

as simple as to exclude the existence of other mechanisms and it seems very likely, 

indeed, that the predominant mechanism changes within the temperature interval investi

gated. 

The chromatogram obtained by gradient-HPLC can be taken as an image of the charge 

distribution of the polymer given by the distribution of molar mass and chemical 
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composition. Moreover, the chromatograms contain information about the 

copolymerization behaviour of the different pairs of monomers. As far as the 

copolymerization parameters for the respective comonomers were known, qualitative 

agreement was found between experimental and expected results. Unfortunately, it cannot 

be ruled out that the chromatograms were influenced by overloading effects; from this 

point of view it would be appropriate to increase the relative detector sensitivity by 

applying salt solutions as mobile phases which are more transparent, whereby it would be 

possible to further decrease the absolute amounts injected. Even more information would 

be accessible by cross fractionation via coupling of SEC and HPLC so that the single SEC

fractions of a polyelectrolyte sample could be separated subsequently according to 

charge numbers by gradient-HPLC. 
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PART II: DETECTION IN CAPILLARY ELECTROPHORESIS 

Chapter 7 Optical Detection Techniques for Capillary Electrophoresis, S. L. 
Pentoney, Jr. and J. V. Sweedler, (147). 

Chapter 8 Capillary Electrophoresis Mass Spectrometry, R. D. Smith, 
D. R. Goodlett and J. H. Wahl, (185). 

PART III: GENERAL CAPILLARY ELECTROPHORESIS APPLICATIONS 

Chapter 9 Electrophoretic Capillary Ion Analysis, W. R. Jones, (209). 

Chapter 10 Capillary Electrophoresis in the Evaluation of Pharmaceuticals, 
C. Silverman and C. Shaw, (233). 

Chapter 11 Carbohydrate Analysis by Capillary Electrophoresis, J. D. Olechno 
and K. J. Ulfelder, (255). 

Chapter 12 Capillary Zone Electrophoresis of Peptides, R. M. McCormick, 
(287). 

Chapter 13 Protein Capillary Electrophoresis: Theoretical and Experimental 
Considerations for Methods Development, R. Palmieri and J. A. 
Nolan, (325). 

Chapter 14 Capillary Gel Electrphoresis for DNA Sequencing: Separation and 
Detection, N. J. Dovichi, (369). 

PART IV: SPECIALIZED CAPILLARY ELECTROPHORESIS APPLICA nONS 

Chapter 15 Capillary Electrophoresis for the Analysis of Single Cells, S. Sloss 
and A. G. Ewing, (391). 

Chapter 16 Capillary Electrophoresis for the Routine Clinical Laboratory, G. 
L. Klein and C. R. Jolliff, (419). 

Chapter 17 Monitoring Drug Metabolism by Capillary Electrophoresis, S. 
Naylor, L. M. Benson and A. J. Tomlinson, (459). 

PART V: PRACTICAL AND THEORETICAL CONSIDERATIONS IN CAPILLARY 
ELECTROPHORESIS 

Chapter 18 Modification of Capillaries and Buffers for Enhanced Separations 
in Capillary Zone Electrophoresis and Capillary Isoelectric 
Focusing, J. R. Mazzeo and I. S. Krull, (495). 
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Chapter 19 The Impact of Column Technology on Protein Separations by Open 
Tubular Capillary Electrophoresis: Past Lessons, Future Promises, 
S. A. Swedberg, (513). 

Chapter 20 Effects of Sample Matrix on Separation by Capillary 
Electrophoresis, Z. K. Shihabi and L. Garcia, (537). 

Chapter 21 Temperature Control in Capillary Electrophoresis, R. J. Nelson and 
D. S. Burgi, (549). 

Chapter 22 Control of Electroosmotic Flow in Capillary Electrophoresis, 
T. Tsuda, (563). 

Chapter 23 Future Prospects for Capillary Electrophoresis, J. P. Landers and 
T. C. Spelsberg, (593). 

INTELLIGENT SOFTWARE FOR CHEMICAL ANALYSIS, Edited by L. M. C. 
Buydens and P. J. Schoen makers, Data Handling in Science and Technology, 
Volume 13, Elsevier Science Publishers, Amsterdam, The Netherlands, 366 pages, 
1993. Price: $200.00. 

Various emerging techniques for automating intelligent functions in the 
laboratory are described in this book. Explanations on how systems work are given 
and possible application areas are suggested. The main part of the book is devoted 
to providing data which will enable the reader to develop and test his own systems. 
The emphasis is on expert systems; however, promising developments such as self
adaptive systems, neural networks and genetic algorithms are also described. The 
editors' goals can be summarized as follows: 

(i) to demonstrate the applicability of expert systems and other "intelligent 
software" in analytical chemistry, and 

(ii) to provide the reader with sufficient detailed information to initiate and 
conduct his or her own projects. 

The editors identify four groups of scientists for whom the book has been written: 

(i) Practicing analytical chemists, in industry or elsewhere, who wish to learn 
about the various exciting new types of software discussed in this book. 
They may want to find out more about possible applications, potential pitfalls 
and potential benefits. All of this they can find in this book. 

(ii) Chemometricians or, in more down-to-earth terms, all chemists with an 
interest in developing software systems for use in the laboratory. The present 
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book will tell them a lot about what can be done and how. It will also give 
them numerous ideas for directing research and development efforts. 

(iii) (Post-) graduate students in (analytical) chemistry or chemometrics can study 
this book to come to grips with one of the most promising areas of their 
science and can use the information provided here for their own projects. 

(iv) Software engineers or scientists will find, in this book, many possible 
applications of technologies they may be familiar with. As will be explained 
in the book, 
analytical chemistry offers a very fertile soil for turning abstract new 
technologies into systems of great practical value. 

The book is well written by experts in their fields. Although the price of 
$200.00 is in the range of other scientific books, it is a little bit expensive for 
students. 

Table of Contents: 

Chapter 1 

Chapter 2 

Chapter 3 

Chapter 4 

Chapter 5 

Chapter 6 

Chapter 7 

Chapter 8 

Chapter 9 

Introduction, (1). 

Knowledge-based Systems in Chemical Analysis, P. Schoen makers, 
(13). 

Developing Expert Systems, H. van Leeuwen, (79). 

Expert-System-Development Tools, L. Buydens, H. van Leeuwen and 
R. Wehrens, (121). 

Validation and Evaluation of Expert Systems for HPLC Method 
Development - Case Studies, F. Maris and R. Hindriks, (153). 

Self-adaptive Expert Systems, R. Wehrens, (225). 

Inductive Expert Systems, R. Wehrens and L. Buydens, (261). 

Genetic Algorithms and Neural Networks, G. Kateman, (281). 

Perspectives, (311). 

CAPILLARY ELECTROPHORESIS THEORY AND PRACTICE, P. Camilleri, Editor, 
CRC Press, Boca Raton, FL, 495 pages, 1993. Price: $89.95. 

Capillary Electrophoresis (CE) is unique among separation techniques since it 
combines the separation mechanisms of electrophoresis and chromatography, the 
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detection techniques of liquid chromatography and the column surface modification 
procedures of gas chromatography. Capillary electrophoresis is attracting the 
attention of an ever-broadening spectrum of scientists of diverse backgrounds. f\( 

present, capillary electrophoresis encompasses the widest scope of applications in 
comparison to other microseparation techniques. 

Several books covering the subject have appeared in the last year, of which 
this book is one of the latest. The chapters have been written by experts who have 
been working in the field for some time, and were designed to be general in order 
to appeal to scientists of diverse backgrounds. Chapter 1 presents the history and 
development of capillary electrophoresis. Chapter 2 gives an excellent textbook
style discussion of instrumentation and detection systems, and Chapter 8 completes 
the presentation on detectors with interfacing capillary electrophoresis and mass 
spectrometry. Micellar electrok;netic capillary chromatography is discussed in 
Chapter 4. The other chapters cover applications as is outlined in the following 
Table of Contents. 

The book is mainly about capillary zone electrophoresis and that is not 
clearly reflected in the title. Isoelectric focusing, isotachophoresis and other 
electrophoresis techniques are only briefly discussed in a few sections scattered 
across the various chapters. Furthermore, since theory is part of the book title, one 
would have hoped to see at least a chapter devoted to the systematic presentation 
of the theoretical basis of the technique. 

One useful feature of the book is the compilation presented in Appendix II, 
which lists buffer constituents, additives and pH for different practical situations. 
The book is a useful addition to the libraries of laboratories that practice capillary 
zone electrophoresis. 

Table of Contents: 

Chapter 1 

Chapter 2 

Chapter 3 

Chapter 4 

Chapter 5 

Chapter 6 

Chapter 7 

History and Development of Capillary Electrophoresis, P. Camilleri, 
(1 ). 

General Instrumentation and Detection Systems, N. J. Dovichi, (25). 

Separation of Small Organic Molecules by Capillary 
Electrophoresis, W. C. Kuhr, (65). 

Micellar Electrokinetic Capillary Chromatography, K. R. Nielsen and 
J. P. Foley, (117). 

Separation of Enantiomers by Capillary Electrophoresis, C. N. 
Okafo and P. Camilleri, (163). 

Separation of Proteins and Peptides by Capillary Electrophoresis, 
H. E. Schwartz, R. H. Palmieri and R. Brown, (201). 

Oligonucleotides, C. Schomburg, (255). 
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Chapter 8 Interfacing Capillary Electrophoresis with Mass Spectrometry, 
S. Pleasance and P. Thibault, (311). 

Chapter 9 

Appendix I 
D. 

Appendix II 
Separation, 

Capillary Electrophoresis in Biomedical and Pharmaceutical 
Research, D. Perrett, (371). 

Manufacturers and Suppliers of CE Equipment and Components, 
Perrett, (409). 

List of Buffers and Additives for Capillary Electrophoresis 

G.N. Okafo, (413). 

Appendix III Examples of Capillary Electrophoresis Separations, (445). 

Reviewed by: 

Dr. George M. Janini 
Chemical Synthesis and Analysis Laboratory 
Program Resources, I nc./DynCorp 
NCI-Frederick Cancer Research and Development Center 
Frederick, Maryland 
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LIQUID CHROMATOGRAPHY CALENDAR 

1994 

AUGUST 14 - 17: Summer National Meeting & Particle Technology Forum, 
AIChE, Denver, Colorado. Contact: AIChE Express Service Center, 345 East 47 
Street, New York, NY 10017, USA. 

AUGUST 21 - 23: Australasian Plastics & Rubber Inst. 7th Technology 
Convention, Melbourne, Australia. Contact: APRI, P. o. Box 241, Mont Albert 
3127, Australia. 

AUGUST 21 - 26: 208th ACS National Meeting, Washington, DC. Contact: 
ACS Meetings, ACS, 1155 16th Street, NW, Washington, DC 20036-4899, USA. 

AUGUST 29 - SEPTEMBER 2: Synthetic Membranes in Science & Industry, 
University of Tubingen, Germany. Contact: Dechema e.V., Exhibitions & 
Congresses, Theodor-Heuss-Allee 25, P. o. Box 150104, 0-60486 Frankfurt am 
Main, Germany. 

SEPTEMBER 4 - 9: 4th European Rheology Conference, Seville, Spain. 
Contact: C. Gallegos, Dept. de Ingenieria Quimica, Universidad de Seville, 
41071 Seville, Spain. 

SEPTEMBER 5 - 7: 25th International Symposium on Essential Oils, Grasse, 
France. Contact: Assoc. des Ingenieurs et Techniques de la Parfumerie 
(A.I.T.P.), 48 ave. Riou-Blanquet, 06130 Grasse, France. 

SEPTEMBER 8 - 10: Surfaces in Biomaterials 1994, Scottsdale, Arizona. 
Contact: Surfaces in Biomaterials Foundation, c/o Ardel Management, P. O. Box 
26111, Minneapolis, Minn, USA. 
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SEPTEMBER 12 - 15: 3rd International Conference on Separations in 
Biotechnology, University of Reading, U.K. Contact: SCI, Conference Office, 
14/15 Belgrave Square, London SW1 X 8PS, U.K. 

SEPTEMBER 25 - 28: Future of Spectroscopy: From Astronomy to Biology, 
Ste.-Adele, Que., Canada. Contact: Doris Ruest, Conference Mgr., NRC 
Canada, Ottawa, Ont., Canada K1 A OR6. 

SEPTEMBER 27 - 29: CCPC International Conference on Chemical Process 
Automation, Houston, Texas. Contact: AIChE Express Service Center, 345 East 
47th Street, New York, NY 10017, USA. 

OCTOBER 3 - 4: Course on Capillary Electrophoresis, Budapest, Hungary. 
Contact: Dr. F. Kilar, Central Research Laboratory, Medical School, University 
of Pecs, Szigeti ut 12, H-7643 Pecs, Hungary. 

OCTOBER 5 - 7: 9th Inetrnational Symposium on Capillary Electrophoresis, 
Budapest, Hungary. Contact: Dr. F. Kilar, Central Research Laboratory, Medical 
School, University of Pecs, Szigeti ut 12, H-7643 Pecs, Hungary. 

OCTOBER 9 - 14: 186th Meeting of the Electrochemical Society. Contact: 
Electrochem. Soc., 10 S. Main St., Pennington, NJ 08534-2896, USA. 

OCTOBER 16 - 19: 46th Southeastern Regional Meeting, ACS, Birmingham, 
Alabama. Contact: L. Kispert, Chem Dept, Univ of Alabama, Box 870336, 
Tuscaloosa, AL 35115, USA. 

OCTOBER 17 - 19: 3rd Int'l Symposium on Supercritical Fluids, Strasbourg, 
France. Contact: Int'l Soc for the Advancement of Supercritical Fluids, 1 rue 
Grandville, B. P. 451, F-54001 Nancy Cedex France. 

OCTOBER 18 - 22: 30th ACS Western Regional Meeting, Sacramento, 
California. Contact: S. Shoemaker, Calif. Inst of Food & Agricultural Res., Univ. 
of Calif-Davis, 258 Cruss Hall, Davis, CA 95616-8598, USA. 

OCTOBER 23 - 27: Annual Meeting of the American Association of Cereal 
Chemists, Nashville, Tennessee. Contact: J. M. Schimml, MCC, 3340 Pilot 
Knob Road, St. Paul, MN 55121-2097, USA. 

OCTOBER 24 - 26: 2nd Internat'l Conference on Chemistry in Industry, 
Bahrain, Saudi Arabia. Contact: SAICSC-ACS, P. O. Box 1723, Dhahrain 
31311, saudi Arabia. 

NOVEMBER 2 - 5: 29th Midwestern Regional Meeting, ACS, Kansas City, 
Kansas. Contact: M. Wickham-St. Germain, Midwest Res. Inst, 425 Volker Blvd, 
Kansas City, MO 64110, USA. 
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NOVEMBER 3: Anachem Symposium, Dearborn, Michigan. Contact: Paul 
Beckwith, Program Chairman, Detroit Edison Co., 6100 W. warren, Detroit, MI 
48210, USA. 

NOVEMBER 7 - 10: 13th Int'l Conference on the Application opf 
Accelerators in Research & Industry, Denton, Texas. Contact: J. L. Duggan, 
Univ. of N. Texas, Dept. of Physics, P. O. Box 5368, Denton, TX 76203, USA. 

NOVEMBER 10 - 11: 17th Int'l Conference on Chemistry, Biosciences, 
Pharmacy & Environmental Pollution, New Delhi, India. Contact: V. M. 
Bhatnagar, Alena Chem of Canada, P. O. Box 1779, Cornwall, Ont., Canada 
K6H 5V7. 

NOVEMBER 11 - 12: 3rd Conference on Current Trends in Computational 
Chemistry, Jackson, Mississippi. Contact: J. Leszczynski, Jackson State 
University, Dept. of Chem., 1400 J. R. Lynch St., Jackson, MS 39217, USA. 

NOVEMBER 13 - 16: 50th Southwest Regional Meeting, ACS, Fort Worth, 
Texas. Contact: H. C. Kelly, Texas Christian Univ, Chem Dept, Ft. Worth, TX 
76129, USA. 

NOVEMBER 13 - 18: Annual Meeting of the A.I.Ch.E., San Francisco, 
California. Contact: AIChE Express Service Center, 345 East 47th St., New York, 
NY 10017, USA. 

NOVEMBER 14 - 17: 33rd Eastern Analytical Symposium, Somerset, New 
Jersey. Contact: Sheri Gold, EAS, P. O. Box 633, Montchanin, DE 19710, USA. 

NOVEMBER 16 - 18: Envirosoft'94, 5th Int'l Conference on Development 
and Application of Computer Techniques to Environmental Studies, San 
Francisco, California. Contact: Computational Mechanics, Inc., 25 Bridge St., 
Billerica, MA 01821, USA. 

DECEMBER 4 - 6: IBEX'94, International Biotechnology Expo & Scientific 
Conference, Moscone Center, San Francisco, California. Contact: Cartlidge & 
Associates, Inc., 1070 Sixth Avenue, Suite 307, Belmont, CA 94002, USA. 

1995 

MARCH 6 - 10: PittCon'95: Pittsburgh Conference on Analytical Chemistry 
& Applied Spectroscopy, New Orleans, Louisiana. Contact: Pittsburgh 
Conference, Suite 332, 300 Penn Center Blvd., Pittsburgh, PA 15235-9962, 
USA. 
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APRIL 2 - 7: 209th ACS National Meeting, Anaheim, Calif. Contact: ACS 
Meetings, ACS, 1155 16th Street, NW, Washington, DC 20036-4899, USA. 

APRIL 25 - 28: Biochemische Analytik '95, Leipzig. Contact: Prof. Dr. H. 
feldmann, Inst. fur Physiologische Chemie der Universitat, Goethestrasse 33, 0-
80336 Munchen, Germany. 

MAY 28 - JUNE 2: HPLC'95, 19th International Symposium on Column 
Liquid Chromatography, Convention Center, Innsbruck, Austria. Contact: 
HPLC'95 Secretariat, Tyrol Congress, Marktgraben 2, A-6020 Innsbruck, Austria. 

MAY 31 - JUNE 2: 27th Central regional Meeting, ACS, Akron Section. 
Contact: J. Visintainer, Goodyear Research, D415A, 142 Goodyear Blvd, Akron, 
OH 44236, USA. 

JUNE 6 - 8: 28th Great Lakes Regional ACS Meeting, LaCrosse-Winona 
Section. Contact: M. Collins, Chern. Dept., Viterbo College, La Crosse, WI 
54601, USA. 

JUNE 14 - 16: 50th Northwest/12th Rocky Mountain Regional Meeting, ACS, 
Park City, Utah. Contact: J. Boerio-Goates, Chern Dept, 139C-ESC, Brigham 
Young Univ, Provo, UT 84602, USA. 

JULY 9 - 15: SAC'95, The University of Hull, UK, sponsored by the Analytical 
Division, The Royal Society of Chemistry. Contact: The Royal Society of 
Chemistry, Burlington House, Picadilly, London W1V OBN, UK. 

AUGUST 20 - 25: 210th ACS National Meeting, Chicago, Illinois. Contact: 
ACS Meetings, ACS, 1155 16th Street, NW, Washington, DC 20036-4899, USA. 

SEPTEMBER 12 - 15: 5th International Symposium on Drug Analysis, Leuven, 
Belgium. Contact: Prof. J. Hoogmartens, Inst. of Pharmaceutical Sciences, Van 
Evenstraat 4, B-3000 Leuven, Belgium. 

OCTOBER 18 - 21: 31 st Western Regional Meeting, ACS, San Diego, Calif. 
Contact: S Blackburn, General Dynamics, P. O. Box 179094, San Diego, CA 
92177-2094, USA. 

OCTOBER 22 - 25: 25th Northeastern Regional Meeting, ACS, Rochester, 
New York. Contact: T. Smith, Xerox Corp, Webster Res Center, MIS 0128-28E, 
800 Phillips Rd, Webster, NY 14580, USA. 

NOVEMBER 1 - 3: 30th Midwestern Regional ACS Meeting, Joplin, Missouri. 
Contact: J. H. Adams, 1519 Washington Dr., Miami, OK 74354-3854, USA. 
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NOVEMBER 1 - 4: 31st Western Regional ACS Meeting, San Diego, 
California. Contact: T. Lobi, Tanabe Research Labs, 4450 Town Center Ct., San 
Diego, CA 92121, USA. 

NOVEMBER 5 - 7: 30th Midwestern Regional Meeting, ACS, Joplin, Missouri. 
Contact: J. H. Adams, 1519 Washington Dr, Miami, OK 74354, USA. 

NOVEMBER 29 - DECEMBER 1: Joint 51 st Southwestern/47th Southeastern 
Regional Meeting, ACS, Peabody Hotel, Memphis, Tenn. Contact: P.K. 
Bridson, Chern Dept, Memphis State Univ, Memphis, TN 38152, USA. 

DECEMBER 17 - 22: 1995 International Chemical Congress of Pacific Basin 
Societies, Honolulu, Hawaii. Contact: ACS Meetings, 1155 16th Street, NW, 
Washington, DC 20036-4899, USA. 

1996 

FEBRUARY 26 - MARCH 1: PittCon'96: Pittsburgh Conference on Analytical 
Chemistry & Applied Spectroscopy, Chicago, Illinois. Contact: Pittsburgh 
Conference, Suite 332, 300 Penn Center Blvd., Pittsburgh, PA 15235-9962, 
USA. 

MARCH 24 - 29: 211th ACS National Meeting, New Orleans, LA. Contact: 
ACS Meetings, ACS, 1155 16th Street, NW, Washington, DC 20036-4899, USA. 

JUNE 16 - 21: "HPLC '96: Twentieth International Symposium on High 
Performance Liquid Chromatography," San Francisco Marriott Hotel, San 
Francisco, California. Contact: Mrs. Janet Cunningham, Barr Enterprises, P. O. 
Box 279, Walkersville, MD 21793, USA. 

AUGUST 18 - 23: 212th ACS National Meeting, Boston, Mass. Contact: ACS 
Meetings, 1155 16th Street, NW, Washington, DC 20036-4899, USA. 

OCTOBER 16 - 19: 52nd Southwest Regional ACS Meeting, Houston, Texas. 
Contact: J. W. Hightower, Dept. Chern. Eng., Rice University, Houston, TX 
77251, USA. 

OCTOBER 24 - 26: 52nd Southwestern Regional Meeting, ACS, Houston, 
Texas. Contact: J. W. Hightower, Chern Eng Dept, Rice Univ, Houston, TX 
77251, USA. 

NOVEMBER 6 - 8: 31 st Midwestern Regional Meeting, ACS, Sioux Falls, 
South Dakota. Contact: J. Rice, Chern Dept, S. Dakota State Univ, Shepard Hall 
Box 2202, Brookings, SO 57007-2202, USA. 
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NOVEMBER 9 - 12: 48th Southeast Regional ACS Meeting, Greenville, South 
Carolina. Contact: H. C. Ramsey, BASF Corp., P. O. Drawer 3025, Anderson, 
SC 29624-3025, USA. 

1997 

APRIL 6 - 11: 213th ACS National Meeting, San Antonio, Texas. Contact: 
ACS Meetings, ACS, 1155 16th Street, NW, Washington, DC 20036-4899, USA. 

SEPTEMBER 7 - 12: 214th ACS National Meeting, Las Vegas, Nevada. 
Contact: ACS Meetings, 1155 16th Street, NW, Washington, DC 20036-4899, 
USA. 

1998 

MARCH 29 - APRIL 3: 215th ACS National Meeting, st. Louis, Missouri. 
Contact: ACS Meetings, 1155 16th Street, NW, Washington, DC 20036-4899, 
USA. 

AUGUST 23 - 28: 216th ACS National Meeting, Orlando, Florida. Contact: 
ACS Meetings, 1155 16th Street, NW, Washington, DC 20036-4899, USA. 

1999 

MARCH 21 - 26: 217th ACS National Meeting, Anaheim, Calif. Contact: ACS 
Meetings, 1155 16th Street, NW, Washington, DC 20036-4899, USA. 

AUGUST 22 - 27: 218th ACS National Meeting, New Orleans, Louisiana. 
Contact: ACS Meetings, 1155 16th Street, NW, Washington, DC 20036-4899, 
USA. 

2000 

MARCH 26 - 31: 219th ACS National Meeting, Las Vegas, Nevada. Contact: 
ACS Meetings, 1155 16th Street, NW, Washington, DC 20036-4899, USA. 
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AUGUST 20 - 25: 220th ACS National Meeting, Washington, DC. Contact: 
ACS Meetings, 1155 16th Street, NW, Washington, DC 20036-4899, USA. 

2001 

APRIL 1 - 6: 221 st ACS National Meeting, San Francisco, Calif. Contact: ACS 
Meetings, 1155 16th Street, NW, Washington, DC 20036-4899, USA. 

AUGUST 19 - 24: 222nd ACS National Meeting, Chicago, Illinois. Contact: 
ACS Meetings, 1155 16th Street, NW, Washington, DC 20036-4899, USA. 

2002 

APRIL 7 - 12: 223rd ACS National Meeting, Orlando, Florida. Contact: ACS 
Meetings, 1155 16th Street, NW, Washington, DC 20036-4899, USA. 

SEPTEMBER 8 - 13: 224th ACS National Meeting, Boston, Mass. Contact: 
ACS Meetings, 1155 16th Street, NW, Washington, DC 20036-4899, USA. 

The Journal of Liquid Chromatography will publish, at no charge, 
announcements of interest to liquid chromatographers in every issue of 
the Journal. To be listed in Meetings & Symposia, we will need to 
know: Name of the meeting or symposium, sponsoring organization, 
when and where it will be held, and whom to contact for additional 
details. Incomplete information will not be published. You are invited 
to send announcements to Dr. Jack Cazes, Editor, Journal of Liquid 
Chromatography, P.o. Box 2180, Cherry Hill, NJ 08034-0162, USA. 





Give your students a solid foundation in analytical chemistry and 
the ability to select the most appropriate techniques with the new edition of ... 

Undergraduate Instru alysis 
Fifth Edition, Revised and Expanded 

JAMES W. ROBINSON 
Louisiana State Unrverslty, Baton Rouge 

August. 1994 
872 pages. illustrated 
$65.00 

International praise for 
previous editions ... 
"The book will be of value not only for 
undergraduate students. but it can be 
recommended to every analytical chem
ist who wants to refresh his [or her] 
knowledge." -Analytica Chimica Acta 

..... provides a very solid basis for an 
undergraduate course .... its modular 
chapters. comprehensive list of tech
niques, and good coverage of topics .. 
make it useful as an undergraduate text." 

-Journal of the American 
Chemical Society 

.. The level of treatment and the writ
ing style are particularly suited to intro
ductory courses in this topic in chem
istry and related areas." 

-Chemistry In Australia 

..... In a book of this type it is refreshing 
to find such a wide range of analytical 
techniques, each comprehensively 
described. All the needs, in terms of 
these techniques, of any undergraduate 
would easily be satisfied by this book." 

-Chemistry and Industry 

Marcel Dekker, Inc. 
270 Madison Avenue 
New York, NY 10016 
(212) 696-9000 

Hutgasse 4. Postfach 812 
CH-4001 Basel, Switzerland 
Tel. 061-261-8482 

I This thoroughly rewritten and enlarged 
new edition of an incomparable text pro
vides detailed discussions of the major 
chemical analytical techniques-includ
ing the latest innovations-used in all 
phases of the field, shows how each 
technique relates to the others, and illus
trates the benefits and limitations of 
each-clemonstrating the specific infor
mation that individual techniques provide. 

Contains helpful chapters devoted 
to general concepts such as Beer's 
law, the Boltzmann distribution, 
error analysis, single- and double
beam optiCS, signal-to-noise ratios, 
emission and absorption of radia
tion, calibration techniques, and 
semiconductors! 

Maintaining the fluidity of style and 
quality of coverage that made the previ
ous editions so successful, Undergrad
uate Instrumental Analysis, Fifth Edl
lion, Revised and Expanded, otters 
• updated chapters on mass spec

trometry chromatography, Fourier 
transform infrared spectroscopy, 
nuclear magnetic resonance, plasma 
emiSSion, atomic absorption, and 
hyphenated techniques 

• a new section on the spectral inter
pretation of infrared spectroscopy, 
MS, and NMR 

• a host of additional review ques
tions in each section (with all 
answers in the Solutions Manual) 

• and much more! 
Undergraduate Instrumental Analysis, 
Fifth Edition, Revised and Expanded is 
the text of choice for all second-semes
ter courses on quantitative analysis and 
more advanced courses on instrumental 
analysis for students in chemistry; 
chemical engineering; biochemistry; 
agriculture; environmental, marine, 
food, and veterinary science; as well as 
premedical and predental students. 

Here are just a few of the 
colleges and universities that 
have benefited from previous 
editions ... 
Alfred Un'versity 
American International College 
Auburn University 
Bowling Green State University 
Brock Un:versity, Canada 
Carroll College 
Chestnut Hill College 
Claflin Co.lege 
Corpus Christi State UniverSity 
Drury CoPege 
Fayetteville Technical Institute 
George Washington University 
Johnson C. Smith University 
Lafayette College 
Louisiana State University 
Loyola University 
Luther College 
Manst Co:lege 
Medical College of Pennsylvania 
Northwestern College 
Ohio Northern University 
University of Pittsburgh 
Rice University 
SI. Francis Xavier University, Canada 
SI. Norbert College 
College of SI. Rose 
Southern Arkansas University 
Susquehanna University 
Syracuse University 
University of Tennessee at 

Chattanooga 
University of Texas at Ar:ington 
Texas State Technical Institute 
Washington and Jefferson College 
Williams College 
University of Wisconsin-Madison 
and many others! 



Undergraduate Instrumental Analysis CONTENTS 
Fit'th Edition, Revised and Expanded 

What Is Analytical Chsmlstry? 

Concept. 01 Analytical Chemistry 
Qualitative Analysis 
Quantitative Analysis 
Reliability of Results 
SiQnal and Noise (Sensitivity) 
Bibliography 
Problems 

Introduction to SpectrolcoPY 
The Interaction Between Radiation 
and Matter ' 

The Absorption 01 Energy by Atoms I 
The Absorption of EnerQY by 

Molecules 
The Emission of Radiant Energy by 
Atoms and Molecules; Methods 01 
ElectroniC Excitation of Atoms 

Absorption Laws 
Methods of Calibration 

~~b~~~;t~h~xperiments 
Problems 

Concepts 0' Spectroscopy 

0G~i;;1r~~~~~~S Used in 
Analytical Methods Used in 
Spectroscopy 

Bibliography 
Problems 

Nuclear Magnetic Resonance 
Properties of Nuclei 
Quantization of lH Nuclei in a 

w~cit~n~ii~~!~~Ption Lines 
Chemical Shifts 
Spin-Spin Splitting 
Equipment 
Typical Spectra: Applications to 
Analytical Chemistry 

Solid-State NMR Techniques 
Interpretation of Spectra 

Analytical limitations of NMR 

~~~i~~;~~P~xperiments 
Problems 

Infrered Absorption 
RequIrements for Infrared 
Absorption 

Energy Levels in Vibrating and 
Rotating Molecules 

Equipment 
Analytical Applications 
Raman Spectroscopy 
Photoacoustic Spectrometry 
Interpretation of IR Spectrum 
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