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Summary 

The feasibility of the fractionation of (co)polymer blends with multiple 

solven4 gradient elution was studied. 

This HPLC technique separates polymers with different solubility, by the 

precipitation-redissolution mechanism. The polymer components are 

precipitated in standard gradient HPLC equipment. By applying a multiple 

solvent gradient with increasing solvent power of the eluent, the 

components are subsequently redissolved and eluted separately. After 

detection with a UV detector, the fractions can be collected and are 

available for further investigation. 

This technique was applied to commercial blends of PPE/PS (Noryl 110, GEP) 

and PC/ABS (Bayblend T45, T65, TBS, KUl 1441, Bayer; Stapron CV217, DSM; 

Cycoloy C2850, GEP). 

Furthermore, successful fractionations of copolymer systems such as 

polystyrene-acrylonitrile and polystyrene-maleic anhydride were performed. 

From fractionation experiments of blends of aromatic polyestercarbonate 

(APEC 9300, Bayer) and polycarbonate (Makrolon CD 2000, Bayer) it could be 

shown that transesterification occurs after kneading at elevated 

temperatures. 

For PPE and PS quantitative analyses with relative errors of 2 X were 

obtained. 

By applying an on-line LC/FTIR equipment for the separation of a blend of 

polystyrene (PS N 5000, Shell) and EPDM (Keltan 514, DSM), it was shown 

that besides on-line characterization, non-UV-transparent solvents can be 

used and also components that show no UV absorbance can be detected. 

Chromatographic conditions such as injected volume, concentration and 

column material were optimised and the influence of molecular mass was 

studied. Optimal fractionation of (co)polymer blends is performed by 

injecting 5µ1 of a 10 mg/ml solution onto a small-pore CN bonded column 

material and applying a multiple solvent gradient. No prefractionation is 

required to obtain good reproducibility. 

A guideline is given for future fractionation experiments, the choice of 

solvents and gradients, and the interpretation of a typical gradient 

elution chromatogram. 



Differences between the technique applied in this study (small injections 

of relative high concentration and multiple solvent gradients) and gradient 

elution fractionation techniques reported in literature (large injections 

of relative dilute solutions and single gradients) are discussed. 

The examples given, and investigations made, show that although the 

gradient elution technique is applicable to soluble polymers only, it is a 

useful tool for the investigation of (co)polymer blends. 
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1. Introd~ction 

Blending of polymers is an elegant way to thermoplastic moulding compounds 

with performance profiles which are not, or not fully, achieved by the 

unblended base polymers. A growing number of commercial blends is very 

successful in the market, as can be deduced from the many new high volume 

applications. Consequently, a lot of research effort is put into developing 

new blends and in improval of existing blended materials. 

In order to be able to select and evaluate polymer blends for specif ic 

applications, it is essential to know the composition of these blends. 

Techniques like Fourier transform infrared spectroscopy (FTIR) can give 

good indications of the possible components, but don't distinguish between 

a copolymer and a blend of homopolymers. Therefore techniques are developed 

to actually separate the components of a blend. 

1.1. Review 

Ordinary fractionation1 and Baker-Williams fractionation2 are very 

laborious and often don't provide enough information. Size exclusion 

chromatography (SEC) with dual detection can be used to evaluate the 

molecular mass and chemica! composition distribution (MMCCD) of copolymers. 

In the ideal case, one detector should detect the total amount of polymer, 

whereas the other should measure its composition. But this technique bas 

been found too less specific, because only average compositions can be 

measured3 • The MMCCD can also be determined by thin layer chromatography 

combined with a flame ionisation detector4 , but by this detection method 

unknown components can not be characterised properly. 

A very successful way to determine the MMCCD is cross-fractionation5 • First 

the molecular mass distribution (MMD) is determined by SEC and then the SEC 

fractions undergo gradient elution high performance liquid chromatography 

(HPLC) to determine the chemical composition distribution (CCD). The 

gradient elution HPLC technique separates primarily according to 

compositional differences and has been applied successfully for SEC 

fractions of a wide range of self-synthesized copolymers, but no successful 

application to commercial materials has been reported, and also never more 



than one solvent grödient was used. In one case where the technique was 

applied toa commercial SAN sample, reproducibility was very poor5 • 

Prefractionation of the samples according to molecular mass was then said 

to be a prerequisite for successful application of the gradient elution 

technique. 

1.2. Objectives of this study 

2 

Objective of this study was to investigate the possible application of the 

gradient HPLC technique to determine the composition of commercial 

(co)polymer blends. By studying the literature and performing fractionation 

experiments, chromatographic conditions were optimised, and a verdict was 

made on the range of materials that can be analysed by this technique. 
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2. Apparatus and experimental konditions 

Fractiohation experiments were performed at ambient temperature with a 

Waters 600E Multi Solvent Delivery System with a Waters U6K variable volume 

injector. Volumes between 0 and 2 ml may be injected, using a syringe. All 

injections were 5 µ1 unless stated otherwise. All gradient runs and other 

experiments were performed in duplicate. Data were collected and processed 

with a Waters Datastation with Maxima 820 software. 

2 .1. Columns 

The analytica! columns used were all obtained from Waters. The columns are 

listed below, the name between brackets is how they are refered to in this 

report: 

* DELTA PAK C18-100Á; 

15µm spherical particles; 100 A pores; ('the 100 A C18 column'). 

* DELTA PAK C18 -300Á; 

15µm spherical particles; 300 A pores; ('the 300 A C18 column'). 

* NOVA-PAK C18 ; 

4 µm spherical particles; 60 A pores; ('the 60 A C18 column'). 

* µBONDAPAK CN; 

10 µm spherical particles; 125 A pores; ('the CN column'). 

* µBONDAPAK NH2; 

10 µm spherical particles; 125 A pores; ('the NH2 column'). 

* µPORASIL; 

10 µm spherical particles; 125 A pores; ('the silica column'). 

For all columns internal diameter was 3.9 mm and length 300 mm. All 

chromatograms were obtained with the CN column, unless stated otherwise. 

At all times a Waters Guard-pak Resolve pre-column was used. These are 

small disposable column inserts used to protect the HPLC column from 

unwanted contaminations. Resolve CN was used in combination with the CN 

column, Resolve C18 with the C18 columns, and Resolve silica with the 

remaining two columns. All Resolve materials used consisted of 10 µm 

sperical particles with 90 A mean pore diameter. All pre-columns had 6 mm 

internal diameter and 4 mm length. 
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2.2. Solvents 

All solvents used were HPLC grade (LiChrosolv, Merck) except for toluene, 

which was p.a. grade (Merck). The solvents used in the gradients were 

continuously purged with helium. The gradient used is the one in table 2-1 

unless stated otherwise. The elution of 100 % chloroform between t - 20 and 

t - 25 min (table 2-1) is meant to flush the column. 

Table 2-1. Linear gradient progr8.111Dle used. Compositions in % (v/v). 

time (min) iso-octane THF chloroform 

0 100 0 0 

10 0 100 0 

20 0 0 100 

25 0 0 100 

26 100 0 0 

2.3. Detection 

Detection was performed with a variable-wavelength Philips Scientific LC-UV 

detector set at a wavelength of 254 nm. 

2.4. Samples and sample preparation 

Mostly three samples were used for tests in this study. These are (i) a SAN 

mixture containing equal amounts of four SAN copolymers with AN content 7, 

17, 33 and 40 % respectively (provided by G. Werumeus Buning, Philips 

Research, the Netherlands), (ii) a PPE/PS blend (Noryl 110, GEP), and (iii) 

a 1:1 mixture of an aromatic polyestercarbonate (APEC 9300, Bayer) and 

polycarbonate (Makrolon CD 2000, Bayer). Other samples used will be 

described elsewhere. 

Samples were dissolved in chloroform (p.a. grade, Merck) with a 



concentration of 10 mg/ml unless stated otherwise. All solutions were 

shaken for at least 12 hours before further treatment. The solutions were 

then filtrated through a Waters Millex SR 0.5 µm filter unit. All 

injections were portions of this filtrate. 

5 



6 

3. Fractionation of a polymer blend 

When a polymer blend has to be fractionated, a variety of steps has to be 

taken to get a complete view of its constituents. These steps are described 

below. Before one can fully understand the significance of several of these 

steps, it is important to have a general idea of the separating mechanism, 

which is best illustrated by the precipitation-redissolution mechanism. 

This mechanism can be seen independent of whether or not adsorption 

phenomena are necessary for successful fractionation. This is discussed in 

chapter 6. 

a injection 

+ to detector 
eluent " 1 • ... 

4) 

~ column 
0 c. 100 -c: 
4) 
> 
ö 0 en 80 20 

b • " i1 ~ " 

80 20 

c • " 1 ~ ~ " l 

Figure 3-1. Precipitation-redissolution mechsnism. Injection (a), elution 
of first component (b) and second component (c). 



3.1. Tbe precipitation-redissolution mecbanism 

Figure '3-1 shows a schematic view of the steps involved in the actual 

fractionation of a blend. This is often called the precipitation

redissolution mecbanism6 • The upper part of figures 3-la, band c 

represents the HPLC column, wbile the lower part is a grapb tbat shows the 

solvent power of the eluent as a function of the actual place in the HPLC 

column. In time, the gradient travels througb the column, from left to 

right. 

7 

The first step is to precipitate the polymer blend onto the column material 

(figure 3-la). This is done by dissolving the blend in a suitable solvent 

and tben injecting it in a starting eluent with solvent power 0. The sample 

solvent is diluted and tbat causes the blend to precipitate onto the column 

material. 

Then the eluens composition is gradually cbanged tbus increasing the 

solvent power. This can be seen in the lower part of figure 3-la wbere the 

gradient bas not yet reacbed the beginning of the column. When the gradient 

reaches the place where the blend is precipitated, at a certain percentage 

of solvent power (at a certain amount of good solvent) in the eluent, the 

first component redissolves and starts to migrate out of the column to the 

detector. In figure 3-lb this point is reached at a solvent power of 20 %, 

The eluent composition is not yet good enough to redissolve the second 

component too, so it remains precipitated. 

Finally the complete gradient has passed the place of the precipitated 

blend and the second component too is redissolved. In figure 3-lc tbis bas 

occured at 80 % of the solvent power. At tbis stage the fractionation of 

the blend is a fact. Both components are separately redissolved and travel 

with the eluent out of the column. 

3.2. Steps in a fractionation experiment 

The fractionation of polymer blends using gradient HPLC includes the 

following steps. These steps form a logical guideline in a fractionation 
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experiment and may be seen as a description of the total procedure to be 

followed in future fractionation experiments. Of course some blends require 

more or other steps in order to get complete separation of all the 

components. 

Step 1. Knowledge of the components of the blend is a first requirement to 

be able to make the right decision about which solvents to use for 

dissolving the blend and for fractionating the blend. A FTIR spectrum of 

the original sample can give a very good indication of the possible 

components of the blend. Now, with help of literature, the proper solvents 

can be selected. 

Step 2. The polymer blend is dissolved in a suitable solvent. The ideal 

solvent is the solvent that dissolves all components equally well, but as 

this condition can not always be met, solvents that dissolve only the 

components that are of interest in the investigation may be used. Filtering 

of the samples separates the solution from solid particles and undissolved 

polymer. 

Step 3. Again FTIR is used. This time to show which components are present 

in the solution (the filtrate). FTIR of the residue gives additional 

information. Comparing the FTIR spectrum of the original sample with the 

spectrum of the evaporated filtrate often gives enough information about 

the residue if this is not available directly. 

Step 4. Based on the components present in the filtrate, the solvents used 

as eluents for the fractionation are chosen. The HPLC apparatus used in 

this study allows up to four solvents or solvent mixtures to be used in the 

gradient program. The extensive amount of literature available on polymers 

and their solvents and nonsolvents can be of great help. 

Then the gradient can be composed. Attention must be paid to the fact that 

the first solvent in the gradient must be a non-solvent for all injected 

components. Of course the solvents must be used in the order of increasing 

solvent power. The first run can best be performed with a linear gradient 

from 0 to 100 % of each successive solvent. Later the composition and 

duration of the gradient can be adapted to optimise the resolution. The 

resolution is primarily defined by the distance between two eluting peaks. 



Step 5. A 5 µl portion of the solution is injected and simultaneously the 

gradient is started. At the time of injection, the total system contains 

the starting eluent (the non-solvent) and this causes precipitation of the 

polymer substances in the HPLC apparatus. 

9 

Step 6. The HPLC apparatus is then eluted by the multiple gradient solvent 

flow. If the solvents have been chosen correctly the components are 

redissolved during the gradient and migrate out of the HPLC apparatus to 

the detector at different elution times. At this stage the actual 

fractionation of the blend is obtained. If this is not the case, either the 

gradient form must be adapted, or other solvents must be used. 

Step 7. The eluted fractions of the blend are subsequently detected by a UV 

detector. Not all components do absorb UV light and not all solvents are UV 

transparant, so sometimes other detectors must be used. 

Step 8. After detection the separate fractions can be collected. Removal of 

the solvents mekas the components available for identification by FIIR and 

further investigation. 



4. How to interpret a typical gradient elution chromatogram 

This ch~pter is meant to give the reader of this report a general insight 

in what to expect in a gradient elution chromatogram. Tbis, to understand 

the conclusions of this report and to perform future fractionations. The 

values of some elution volumes (which are equivalent with retention time) 

are, as will be shown below, among others dependent on the HPLC equipment 

used. Tbus, other HPLC set-ups will lead to different chromatograms, but 

the essential features are always the same. 

B 1 
A 

Figure 4-1. Schematic set-up of the Waters 600E grsdient HPLC equipment. 

10 

The total HPLC set-up used consists of eight blocks with different 

functions, shown in figure 4-1. The first block (eluent bottles) and the 

last block (detector) are stationed outside the Waters 600E equipment, 

meaning that blocks 2 to 7 are used as purchased from Millipore Waters. The 

mixing valves (block 2) and pumps (block 3) are electronically controlled 

by the gradient programmer. The Waters equipment also allows the flow rate 

and gradient form to be programmed. An example of a linear gradient program 

is shown in table 4-1. 
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Table 4-1. Example of a linear gradient program. Compositions in % (v/v) 

time (min) solvent A solvent B solvent C 

0 100 0 0 

10 0 100 0 

20 0 0 100 

21 100 0 0 

The chromatogram shown in figure 4-2, is a typical chromatogram obtained 

when performing an imaginary fractionation experiment with a gradient as in 

table 4-1. 

~ 
0 ,_ 
'1 
w 
1-
Ll.J 
Q 

0 

1 2 3 

10 

s 6 

'1.0 30 

Ve (ml) 

Flgure 4-2. Typlcsl chromstogra.m of s frsctlonstlon experiment. For details 
see text. 
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Several characteristics of a chromatogram obtained in such a fractionation 

experiment are shown. There are six peaks numbered 1 to 6, an increase in 

detector signal between V8 - 9 min and V8 - 29 min, and two elution 

volumes, VA and VB, the total volumes of regions A and B in figure 4-1. 

Below, these characteristics will be explained, but one should keep in mind 

that not all of these have to appear in a chromatogram and that the f orms 

can differ from experiment to experiment. 

On injection (in block 5) the detector signal is continuously monitored and 

data are saved by a personal computer and simultaneously the mixing valves 

(block 2) start mixing the gradient according to the gradient program. 

Since all blocks and connecting tubes have a certain internal volume, the 

injected solvent, from which the polymer was precipitated, and the initial 

change of eluent caused by the mixing of the gradient, will show up in the 

detector after a certain elution volume. The injected solvent bas to travel 

through the region marked A in figure 4-1, which bas a total volume VA and 

will therefore appear in the chromatogram at an elution volume equal to VA 

(peak 2 in figure 4-2). The internal volume of the HPLC column is the 

largest volume in the region A so VA is approximately equal to this 

internal volume. In the experiments described in this report VA is equal to 

3-4 ml. 

The gradient bas to travel through regions B and A with total volumes VB 

and VA respectively, so it will therefore appear in the chromatogram 

beginning from an elution volume equal to VA + VB. In this report this 

gradient delay is approximately equal to 9 ml. From this moment on, the 

gradient will show up exactly as programmed, meaning that at each point the 

eluent composition can be calculated. Time t - 0 of the gradient program is 

equal to the gradient delay time, so after 21 min (the total programmed 

gradient time) plus the gradient delay time, the gradient bas passed the 

detector and conditions are the same again as before injection. Then the 

next injection can be made. Of course the exact form of the increase of 

detector signal during the gradient, is a function of the UV absorption of 

the solvents used and gradient form programmed. Large signal changes caused 

by the gradient can be prevented by carefully adjusting the UV absorption 

of the solvents to one equal value by for instance s~aining with toluene. A 

few ppm should be sufficient, and do not affect the separation. 
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If a fractionation experiment is successful, the components will show up in 

the chromatogram as sharp peaks at different elution volumes. The peaks 

labeled 4 and 5 in figure 4-2 are examples. Parts of a gradient where no 

components elute are mostly undesired, because they unnecessarily increase 

analysis time. In figure 4-2 this is the case between V
8 

- 19 min and V
6 

29 min. By selecting another solvent C, it may be possible to elute the 

second peak labeled 5 after V
8 

- 19 min thus increasing resolution. If not, 

this part of the gradient is best omitted or shortened, since this will 

decrease the total time required per chromatograa. 

What remains unexplained are the peaks l, 3 and 6. 

Peak 1 is an undesired peak indicating that the polymer material did not 

precipitate completely when it was injected. The polymer remains dissolved 

and appears either before peak 2 or at the same elution volume as peak 2. 

This can be understood as follows. The HPLC column is normally filled with 

a porous column material. The total internal volume is equal to VA if the 

connecting tubes are neglected. But if a polymer of sufficient high 

molecular mass (H) remains dissolved and enters the HPLC column, it is 

excluded from the pores. This way it is restricted to a much smaller 

volume, and will therefore travel through the column faster. This results 

in an elution volume smaller than VA, giving for example peak 1. If the 

molecular mass is lower, the biggest pores can be permeated by the 

dissolved polymer what results in a higher elution volume than peak 1. 

Eventually, if the molecular mass is low enough, the solutes have access to 

the sa.me internal volume as the solvents, and elution volume becomes equal 

to VA. 

Peak 3 indicates that a certain component is not fully retained when it was 

injected. In the first part of the chromatogram (until V
6 

- VA+ VB) only 

the starting eluent of the gradient is eluted. So if components elute 

separately in this region between peak 2 and the start of the gradient, 

they were not fully retained and were therefore separated by an adsorption 

mechanism. 

Finally, peak 6. This is caused by the rapid change in eluent composition 

programmed between t - 20 min and t - 21 ~!n in table 4-1. If the solvents 

involved in this fast change in composition differ to much in refractive 
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index (n0), this will cause a lens effect in the detector measuring cell. 

Then not all the UV light can reach the detecting device and a peak will 

show up in the chromatogram. This effect can be prevented by mixing the 

solvents used with solvents with different refractive indices, thus 

adjusting the refractive indices of all solvents in the gradient to one 

equal value. In the gradient isooctane (n0 - 1.392) to THF (n0 - 1.405) the 

refractive index of the latter can be lowered to that of isooctane by 

mixing with 10 % methanol (n0 - 1.329) 5 • Of course the mixing may not 

worsen the separation. 
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5. Solvents and gradient choice 

'When a fractionation has to be performed the most important choice is which 

solvents should be used in what gradient. Also the gradient form, for 

example linear or exponential, must be selected. The correct choice is 

essential for a successful separation. There are two ways to tackle this 

problem. It is possible to choose solvents based on solubility parameters 

or use the extensive literature available on polymers and their solvents 

and non-solvents. Both ways are discussed briefly below. First, general 

restrictions on the solvent choice are presented. 

5.1. General reguirements 

The solvents used in a gradient should meet some requirements in order to 

be applied successfully: 

* starting liquid must be a non-solvent for all components 

* different solubility strength for the components 

* mutual miscible 

* UV transparent 

Furthermore the normal demands on HPLC liquids are applicable. These are 

for instance that a solvent should not be aggressive or reactive, and 

should not contain solid particles larger than approximately 1 µm. 

Often solvents do not meet all these requirements. For some cases the UV 

transparency of the solvents used, such as toluene, is a problem. This can 

be solved by using detectors which detect after removal of the solvent. See 

section 11.3. 

For this study solvents were used that are more often used for HPLC such as 

methanol, chloroform, THF, acetonitrile, isooctane, and n-hexane. For the 

blends under investigation, these solvents give good resolution. 

5.2. Solubilit,y parameters 

In the past, a lot of effort bas been put in trying to describe all kinds 

of phenomena and behaviour of substances in solvents and solvent mixtures 
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with the theory derived with the use of solubility para.meters7 • The use of 

solubility parameters and other cohesion para.meters bas one important aim: 

to provide a simple method of correlating and predicting the cohesive and 

adhesive properties of materials from knowledge of the properties of the 

components only. 

In principle, solubility parameters can be used to select the proper 

solvents and with it the gradient, if all components of the blend under 

investigation are fully known. This is a prerequisite, since the solubility 

para.meters of all components must be included in the calculations. 

However, in practice, it is very difficult to predict which of the 

equations available from literature should be used to calculate the 

solubility parameter of a solvent mixture or a copolymer, since so many are 

available and none are applicable for all copolymers or solvent mixtures. 

It is possible to use the solubility para.meters to predict the relationship 

between the capacity factor k' (the capacity factor represents the mass 

distribution of a component between the stationary and the mobile phase) 

and the solvent composition8 • The rational selection of an optimal gradient 

in reversed-phase liquid chromatography should be possible since elution 

volumes can be calculated and the gradient form adapted if resolution is 

not sufficient. Disadvantages are that the values of the multi-component 

solubility parameters used are not always known for all materials involved, 

the theory does only describe reversed-phase conditions, and again (the 

solubility parameters of) all solutes must be known for accurate 

calculations. 

The conclusion is that the solubility para.meter theories can often be 

applied successfully to polymer-liquid systems, but is not useful for 

fractionation experiments as described in this report. The systems we deal 

with often contain unknown components which are rarely good defined 

materials but rather polydisperse materials with varying compositions. This 

makes the applicability of solubility para.meter theory limited. 

5.3. Solvent choice based on literature 

In all cases the extensive literature available on polymer materials and 



their solvents a~d non-solvents9•10 is more than sufficient to select the 

proper solvents used for a fractionation. If certain combinations do not 

provide enough resolution, another solvent or gradient form could be 

selected fairly fast. This seems to be a rather random way of selecting 

solvents, hut it bas been applied successfully in all cases, and a proper 

gradient could be composed fairly fast. 

17 
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6. Separating mecbanisms 

Despite'tbe great promise of HPLC for the separation of polymerie samples, 

the understanding of these separations lags bebind tbat for the 

cbromatography of small molecules. Tbere is also a lack of agreement among 

many workers as to the processes involved in large-molecule separations, 

and bow these differ from tbose for small molecules. Undoubtedly in some 

respects large molecules have unique chromatograpbic properties. However, 

the basic separation process for these samples differs essentially from 

tbat for small-molecules. 

Among the alternatives to conventional chromatograpbic retention for large 

molecules, four possibilities11 have received frequent comment: (a) the 

"pop-off• proposal, wbicb assumes tbat a solute is desorbed from the column 

inlet at some time during the gradient, and does not re-attacb to the 

stationary pbase during its subsequent migration througb the column; (b) 

multi-site retention, wbicb assumes multiple attacbments between the solute 

molecule and the stationary phase; (c) "critical solution bebaviour"; and 

(d) precipitation-redissolution as described most recently by Glöckner and 

co-workers. 

The first two cases ("pop-off" and •multi-site" retention) are special 

cases, i.e. logical extensions, of normal cbromatograpby, and will be 

commented on very briefly below. 

"Critical solution bebaviour" 12 is a new theoretica! approach to 

bomopolymer and oligomer separation. It can sometimes account for some of 

the observed experimental trends, but its applicability is questionable 

since it bas been sbown tbat arguments on its bebalf are either ambiguous 

or in error11 • So normal cbromatograpbic retention and precipitation

redissolution represent two extreme processes, eitber of wbicb can 

determine chromatograpbic separation in a given case. 

6.1. Pop-off and multi-site retention 

The pop-off mecbanism was proposed to be valid for separations where non

porous column packings or empty steel columns are used13 • The extreme fast 

transition of the capacity factor k' of large molecules from very high to 

very low values, see section 7.1, can be explained with a pop-off 
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redissolution process. The observatiç•&S that shorter columns gave better 

resolution for macromolecule separations14 was also seen as an argument in 

favour ~f the statement that the solutes do not re-attach to the column 

during migration. 

In the multi-site retention theory13 an adsorbed macromolecule is seen as a 

polymer coil where trains of repeat units are adsorbed, assuming 

independent adsorption/desorption equilibrium for each unit of a train. 

This way an equation can be derived for an adsorbed train of n units: 

k'total - (k~ + l)n - 1 (6-1) 

Here k'total is the capacity factor of the total macromolecule and k~ that 

of the unit. The latter only bas to decrease from 0.024 to 0.007 in order 

to change the behaviour of the macromolecule from high to almost no 

retention. 

6.2. Precipitation-redissolution and nonnal retention 

Glöckner and co-workers6 described how precipitation-redissolution 

chromatography is a multi stage process akin to Baker-Williams 

fractionation2 • Instead of a thennal gradient, the exclusion of polymers 

from small pores is used to precipitate the sample continously. In the 

Glöckner model it is assumed that (a) small-pore packings are used that can 

be penneated by solvent molecules, but not by solute molecules, and (b) 

retention is controlled by solute solubility in the mobile phase, i.e. 

solute molecules leave the mobile phase by precipitating onto the surface 

of the column packing. If the volume of mobile phase outside the packing 

pores is ve and the volume inside is vi, then the polymer (solute) 

molecules (in the solubilised state) will move through the column with 

velocity up equal to 

(6-2) 

where L is the length of the column and F is the flow-rate of the mobile 

phase. Similarly, the velocity of solvent molecules moving through the 

column will be 
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(6-3) 

Theref~re, solute molecules in solution will move along the column more 

rapidly than the solvent molecules, and the sample tends to move from a 

stronger ("better") solvent into a weaker ("poorer") solvent because of the 

mobile phase gradient. When this occurs, the solute precipitates, until it 

is overtaken by stronger ("better") solvent and redissolves. This process 

occurs many times during the migration of sample through the column, 

leading to fractionation of the sample. Alternatively, if the polymer 

molecules permeate the pores of the column packing, a sample band will move 

down the column when solvent of the right composition arrives at the column 

inlet. This latter process would presumably be less effective at separating 

sample components than where exclusion of polymers occurs. 

A lot of evidence has been found that indeed precipitation is involved2•15 • 

The turbidimetric curves being equal to plots of eluent composition at peak 

maximum, the fact that elution occurs at the same eluent composition 

irrespective of the gradient form, the same molecular mass dependence as 

with cloud points, and the influence of temperature opposite to that on 

adsorption, are all in favour of a precipitation-redissolution model. 

A relatively large sample of rather low solubility is likely to be 

fractionated via a precipitation-redissolution mechanism while a small 

sample of relatively good solubility is likely to show normal retention 

according to adsorption mechanisms 11 • For these mechanisms theories have 

been developed and proved to be very useful. Assuming linear solvent 

strength12 a lot of useful equations can be derived and if the constants in 

these equations are calculated using the results of the elution of samples 

of very well known molecular mass and composition, the elution volumes in 

gradient elution of some homopolymers can be predicted very accurately16 • 

Under the conditions used in this study, large samples of relatively low 

solubility and small-pore column materials, the separating mechanism is 

probably the precipitation-redissolution mechanism. The contribution of 

adsorption is small, but in some cases essential17 •18 , and may therefore not 

be ignored. 
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7. Influence of molecular mass 

To evaluate correctly the fractionation ability of gradient HPLC according 

to composition it is important to know how molecular mass (H) can influence 

the fractionation results. 

Each homopolymer bas a molecular mass distribution (KMD) that is inherent 

to the polymerisation reaction. The significance of the KMD for gradient 

HPLC fractionations is that it can considerably influence the elution 

volume and therefore the resolution of the fractionation experiments. What 

we want to do is separating solely according to composition and .nQ.t to 

molecular mass. 

The superposition of SEC effects on the gradient HPLC fractionations will 

be discussed in section 8.3. 

In the past the relation between H and chromatographic separations bas been 

studied intensively4- 6 •12 •14 •16 •18- 21 • Depending on whether the separation is 

adsorption or solubility governed, the influence of H varies. 

7.1. Adsorption governed separations 

It bas been found that for separations that are a result of adsorption 

phenomena the relationship between the capacity factor k' and the volume 

fraction ; of good solvent in the eluent 

log k' - log kó - s; (7-1) 

originally derived for isocratic elutions, is also valid for gradient 

elutions. In equation (7-1) kó is the capacity factor in the pure starting 

eluent. The slope factor S, which for polymers is in the range between 10 

and 500, is influenced by several factors including H. For polystyrene in 

the system methylenechloride-acetonitrile S varies from 7 for H - 4,000 to 

S - 95 or H - 300,000. This strong H-dependence of the slope factor S 

results in a strong H-dependence of the size of the transition region of 

relativ large k' (total retention) to relative small k' (no retention) 

caused y a change in eluent composition. Figure 7-1 shows how strong this 

effect s. For high-molecular mass substances one can barely speak of a 
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transition region since transition is then very abrupt. In fact it has been 

found that a change in THF content in the eluent as small as 0.001 % indeed 

resulted in a change of k' from a very low to a very high value16 r 
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Figure 7-1. Plot of log k' vs; for PS In• THFjwater mobile phase16 • 

All authors report similar results and therefore draw the same conclusion 

for the H-dependence of elution volumes in adsorption chromatography. Since 

the transition region for polymers is so small, in gradient elution of 

polymers this results in a sort of pop-off behaviour as mentioned in 

section 6.1. Elution volume does not or only slightly increase as H 

increases by a factor 5. For styrene-methylmethacrylate (SMMA) copolymers a 

change in H from 50,000 to 250,000 had no effect at all21 • 

7.2. Solubility governed separations 

For solubility governed separations the fractionation is believed to be an 

effect of differences in solubilty of the different polymers. No influence 
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of column material is assumed and therefore the results of the separations 

are compared directly with those obtained by turbidimetric 

measurements5 •6 •19 • 

For turbidimetry it has been found that cloud points for homo- and 

copolymers vary with H and closely follow the relationship 

"'- - A + Bn-o.s "'NS (7-2) 

In this relationship A and B are constant for a certain polymer/solvent/ 

non-solvent system. The quantity B is characteristic of the efficiency of a 

certain solvent/non-solvent combination in fractionating by molecular mass. 

If B is small the H-dependence of the cloud points is small and that is 

exactly what is desired for a separation solely to composition. For the 

separation of SAN copolymers the system dichloromethane-methanol gives B 

40 but for the system isooctane-THF B - 13 was found6 • From this we can 

conclude that the latter system is much more inefficient in separating 

according to molecular mass than the f ormer and this can be of great 

importance f or the resolution when perf orming separations according to 

composition. 

The dependence of B on copolymer composition has been studied too. For 

styrene-ethylmethacrylate (SEMA) copolymers in a methanol-THF system B 

increased from 3 to 9 when the styrene content increased from 7.5 to 95 

X20 • This means that the separation according to composition is more 

influenced by H if copolymers of high styrene content are under 

investigation. But the relative low B value still means that the peaks 

observed in chromatograms are mainly an effect of differences in 

composition. In fact, for SAN it has been shown6 that a 1 X change in 

composition bas a stronger influence upon peak position than a 20 X change 

in molecular mass. 

The CN bonded column material results in much higher and narrower peaks for 

PS samples in comparison to the other normal phase or reversed phase column 

packing materials (see section 8.2). In order to see whether this is an 

effect of molecular mass, PS standards (Chrompack) with H between 90,000 

and 5,050 were solved in THF and peak position was determined in a linear 

isooctane-THF gradient (0 X to 70 X THF in 10 min). To be sure no SEC 

effects could influence V6 no HPLC columns were used but only the 
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relatively small pre-column. In the set-up presented in ftgure 4-1 this 

would mean that block 7 is removed. The pre-columns are big enough to hold 

the entire precipitated sample and have very small total pore volume so SEC 

effects are negligible. Figure 7-2 shows that for both the C18 and the CN 

column material equation (7-2) is valid, and that there is a strong 

influence of column material on B. 
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11 C1B pre-column .t. CN pre-column 

Figure 7-2. ;NS st peak maximum vs H"0· 5 for PS standards eluted in a linear 
isooctane-THF gradient from two pre-column materials. 

The C18 bonded phase resulted in B - 31 and the CN bonded phase in B - 18. 

Since in chapter 8 the CN bonded phase will be shown to be equally 

effective in separating according to composition as the other columns 

tested, this column material is best used for future fractionations, 

because of the much smaller B value. This means that when styrene is 

involved, H does much less influence the fractionation results . 
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The fact that the elution of PS standards closely follows equation (7-2) 

can be seen as a confirmation that the elution of PS is solubility 

governed. But then it is rather strange that the column material bas such a 

strong effect on the H-dependence of this elution, since one of the 

assumptions made was that the column material does only function as a 

supporting material for the precipitated sample and does not influence the 

separation. So this assumption does not seem valid, hut this does not 

necessarily imply that the separation is not primarily governed by 

solubility effects. 'What is clear is that adsorption effects may not be 

ignored. 



8. lnfluence of column material 

In a cnromatographic process, a mobile phase moves along a stationary 

phase. Substances which can be carried along by the mobile phase, and 

retained by the stationary one, move along the chromatographic bed. They 

move forward rapidly if they prefer to stay in the mobile phase. 

Several features of a column packing material such as polarity and pore 

size are of influence on the distribution between stationary and mobile 

phase and resolution. 
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In the past for low-molecular mass substances often polar stationary phases 

such as silica particles were used. The mobile phase was often a solvent of 

less polarity. Substances of high polarity would then preferably ad.here to 

the stationary phase and therefore the substances would elute in order of 

increasing polarity. A chromatographic system of this kind is called normal 

phase (NP). Also reversed phase (RP) conditions can be applied. This of 

course means the use of a non-polar stationary phase, often silica 

particles where the polar sites have been modified, and polar mobile 

phases. Under these conditions the elution order is the opposite, i.e. the 

most polar substances will elute first. 

If adsorption mechanisms are active the choice of the right chromatographic 

conditions will determine of the elution order, as described above, and are 

also of essential importance to the resolution of the separation. But what 

if the separation is solubility governed? As mentioned in chapter 6 the 

column material, the stationary phase, is then assumed to have little 

effect on the separation and functions only as a supporting material for 

the precipitated polymer. 

Another use of HPLC is separating substances according to molecular size in 

solution, i.e. according to molecular mass. This is performed by isocratic 

elution of the substances through several columns with varying pore sizes 

and is called size-exclusion chromatography (SEC). The largest molecules 

can not permeate all pores and are therefore restricted to a smaller 

internal volume and will elute earlier than small molecules which have 

access to the total internal volume of the columns. Of course superposition 

of this SEC separation mechanism onto compositional separation is undesired 
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and therefore must be prevented. For SEC also the column material, or more 

precisely the pore size distribution of the colWIIl material, is of 

essenttal importance for an effective separation. How to omit SEC effects 

from gradient HPLC is described in section 8.3. 

8.1. Column polarity 

It bas been reported that for high-molecular mass substances the column 

material bas little influence14 • It bas even been shown that SAN copolymers 

can be separated using non-porous glass beads or even empty steel 

columns13 • In general for low-molecular mass substances the longer the 

column, the higher the resolution is. For polymers the opposite is 

observed. These results are all in favour of the assumption that polymer 

separation is solubility governed and column material is of little 

importance. Some adsorption contribution may however be desired since in 

general adsorption chromatography offers superior resolution. 

The separation according to composition of SMMA copolymer samples occurs on 

polar columns with an excess of THF compared to cloid point measurements. 

The excess of the polar solvent THF indicates the adsorption 

contribution13 • For SAN this contribution is minimal, but for SEMA and SMMA 

it is larger and essential for a baseline separation. 

For adsorption chromatography the choice of NP or RP conditions is 

sometimes essential and when switching from NP to RP the elution order will 

reverse. This was not always observed for the separation of copolymers and 

that has been seen as a fact in favor of the precipitation-redissolution 

process. But for certain copolymers such as SEMA and SMMA, for which 

adsorption processes are essential for a good fractionation, this reversal 

of elution order bas been observed17 •18 , thus indicating that some polymers 

do act as low-molecular mass substances. 

But there are more facts that show that column material can not be chosen 

arbitrarily. Several authors reported that for separation of SAN copolymers 

under NP conditions, the eluent composition at peak maximum was similar to 

the cloud point indicating that the separation is primarily solubility 

governed. Experiments showed however that SAN copolymers can not be 

separated under RP conditions and this phenomenon bas been reported 
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earlier13 . 

There a·re of course several restrictions to the column material which are 

important for separating both high- and low-molecular mass substances. The 

column should have enough active sites to be able to have sufficient 

contact with the eluting substances. Non-solvent-column packing 

interactions should be avoided since these can diminish the column 

efficiency. 

8.2. Column selection 

Six different columns have been tested with the NP gradient described in 

section 2.2, to select the best column material for the separation of 

(co)polymer blends. The mixture of four SAN copolymers with different AN 

content, the 1:1 mixture of APEC and PC, and the PPE/PS blend were used as 

model materials. In table 8-1 the elution volumes of these materials with 

the use of the different columns are shown. 

Since all columns have different internal volumes the absolute Ve values 

could not be compared directly (see chapter 4). Therefore the Ve values 

have been compared relative to the peak at the end of the gradient caused 

by refractive index differences, since this peak appears in the gradient 

independent of column material. 

Table 8-1. Elution volumes for several (co)polymers with the use of 
different column materials. See text for details. 

column v~ (ml) 

SAN 1 SAN 2 SAN 3 SAN 4 APEC PC PS PPE 

C1e (100 A) 20.l 19.5 17.8 17.3 17.5 7.8 21.2 8.7 

C1e (300 A) 20.6 19.7 17.9 17.3 17.4 7.7 21. 3 8.7 

C1e (60 Á) 20.3 19.3 17.8 17.0 17.3 7.4 21.1 8.3 

CN 19.9 18.9 17.4 16.9 17.7 8.0 21.0 8.9 

NH2 19.2 18.4 17.1 15.1 17.2 8.0 19.3 8.8 

silica 19.7 19.3 17 .9 17.1 17.6 8.1 20.2 9.2 
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Figure 8-l. Chromstograms of PPE/PS blend eluted from the 100 Á C18 column 
(a), and the CN column (b). 
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Equation (8-1) shows how these values were calculated. 

V~ - Ve(refractive index peak) - Ve (8-1) 

A large V~ in table 8-1 therefore means an early elution. 

The effect of column material on elution volume Ve is in most cases small, 

as can be seen in table 8-1. In those cases when Ve differs, the peaks 

would be broader or the baseline was irregularly shaped. This was 

especially pronounced for the NH2 column. This was probably caused by 

specific adsorption of the THF in the eluent. Irregular or steep baselines 

make detection of small peaks very difficult. 

In general peak form did not change much when switching from one column to 

another, but this was certainly not the case for the PPE and PS peaks 

eluted from the 300 A Cis column and the SAN and PS peaks eluted from the 

CN column. The former will be discussed in more detail in the next section, 

the latter seems to be caused by a decreasing ability for separating 

according to molecular mass, see section 7.2. In figure 8-1 the 

chromatograms of the PPE/PS blend are shown eluted from the 100 A Cis 

column and the CN column to demonstrate the effect on the width of the PS 

peak. 

8.3. SEC effects 

For separating copolymers by composition, the stationary phase should be 

the same for all constituting macromolecules irrespective of their size. 

With porous packing materials, the pores must not exclude a certain 

fraction of the solute. This condition can be fulfilled either by using a 

packing material with very large pores, which is capable of housing even 

the largest solute molecules, or by using a packing with pores so small 

that none of the solute molecules can enter. At a first glance the latter 

choice seems to be rather unf avourable because the sample under 

investigation remains outside the grains and does not come into contact 

with the internal surface of the packing which is so important in most 

chromatographic processes. But with a grain size small enough, this is not 

too severe a drawback. 
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That sometimcs SEC effects are superimposed onto compositional separation, 

can be seen in figure 8-2, which shows the PPE/PS blend eluted from the 100 

A and 300 A C18 columns. lt can be seen that when the pores are 300 A, part 

of the solute penetrates the pores and elutes later than the excluded part. 

This results in broader and lower peaks. 

In figure 8-3 elution volumes of PS standards are shown for three columns. 

It can be seen that the exclusion limit, i.e. the H above which all solutes 

elute in the same volume, is considerably lower for the 100 A and 125 A 
columns than for the 300 A column. This makes it more plausible that the 

effect seen in figure 8-2 is indeed a SEC effect. Similar results have been 

reported for elution from a 100 A CN column which gave much better results 

than a 300 A CN column16 • 
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Since the SEC effect h&s to be omitted, it is best to use column materials 

with pores of ±125 A or smaller. This way most commercially available 

polymers are excluded from the pores, thus minimising the superposition of 

SEC effects. The use of very large pores is not very wise since then the 

precipitation-redissolution mechanism is not a multi-stage process anymore, 

because then solute molecules have access to the same volume as the 

solvent. See section 6.2 for a more detailed description of this multistage 

precipitation-redissolution mechanism. 

'When choosing a certain column the solvents used should be taken into 

account, as well as functional groups present in the polymers, since these 

can interact or even react with the material so that the column efficiency 

diminishes sometimes irreversibly. 

In conclusion, it can be said that indeed there seems to be a rather free 

choice of column material when fractionating polymers, since influence on 

Ve is only small, even when switching from polar to non-polar column 

materials. But for certain special cases, mostly those which need a large 

amount of adsorption phenomena for an efficient separation, literature 

reported that only some specific combinations can be used. 

For the separation of commercial blends, the CN column is the most 

suitable, since it provides sharp SAN and PS peaks, and bas a suitable pore 

size (125 Á) which assures that SEC effects are minimised. Furthermore it 

bas been reported that on this NP material also the separation of SEMA 

copolymers is possible19 • Usually styrene-alkylmethacrylates can only be 

separated when adsorption phenomena can occur under NP conditions, and are 

seen as copolymers which are rather difficult to separate. So this even 

more expands the range of polymers that can be separated on this CN column 

material and this is an extra reason to choose this column as the standard 

one used for separating polymer blends. 



9. Influence of amount of injected material 

The amount of sample used in an experiment, is important for the 

separation. It bas an upper and a lower limit which are discussed below. 
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In all HPLC experiments the f inal steps of the separation are detection and 

characterisation of the components. Often detection is performed with a UV 

detector which of course bas a detection limit which dependends on the UV 

absorbance of the components. Also the characterisation of the components 

with FTIR requires a minimum amount of sample in the collected fractions in 

order to get IR-spectra of sufficient intensity. 

Another effect that should be taken into account is column overloading. 

When the injected amount of polymer becomes too large caused by too large 

injected volumes of relatively high concentration, unpredictable events may 

occur. This can give unreproducable chromatograms, as shown in figure 9-1. 
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Figure 9-1. Continued on next page. 
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The components did not only elute at unpredictable elution volumes but also 

the baseline showed an irregular shape. Nearly every time when such an 

injection was made, the background pressure in the HPLC apparatus 

increased, indicating partial blocking of the eluent flow. When the 

injected amount was halved, no problems arised. So far no explanation has 

been found for the strange effect column overloading has on the baseline 

pat tem. 

The conclusion may be that the injected mass is limited only by the 

detection limit of UV detector or FTIR equipment on one side and, by column 

overload on the other. But also the injected volume is of influence, see 

chapter 10. 

The fact that sample mass can affect peak form and sometimes elution volume 

is also important. lt was reported11 that elution volume of a 35000 dalton 

sample of polystyrene in a water-THF gradient did slightly vary with sample 

amount. For isocratic elution of polystyrene16 , 10 µl injections of 

concentrations varying between 20 mg/ml and 2xl0-3 mg/ml had no effect at 

all on elution volume, hut for SAN elution volume increased slightly with 

sample mass6 • 

The effect on peak form was found to be much larger11 • lnitially peaks are 

Gaussian, hut at a certain sample size (approximately 50-100 µg) the peak 

starts to show tailing which increases with sample size. 

So one should not only be aware of the danger of column overload, hut also 

of the effect a large injected mass can have on peak form and elution 

volume and therefore on resolution. 
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10. L9cation and form of the iniLial precipitate 

In order to understand the chromatographic behaviour of polymers in a 

precipitation-redissolution process it is important to know where and how 

the initial precipitate is formed and how this can influence the 

fractionation results. Injection volume is of great influence on the shape 

of the precipitate, because the speed of the decrease of the thermodynamic 

quality of the initial solvent of the solutes is controlled by the amount 

of initial solvent injected. The thermodynamic quality of this injected 

volume has to decrease so far that a certain threshold is passed and the 

solutes precipitate. 

10.1. Large injection volumes 

Large injection volumes (~ 100 µl) are often used in cross-fractionation 

experiments, where rather dilute SEC fractions are injected in the HPLC 

equipment. 

The use of small pore column materials of which the pores are accessible 

for the eluent only has two consequences, both of which are essential for 

effective separation. The first is that it controls the mechanism of 

separation (chapter 6) and the second, which is more important here, is 

that it strips the sample solvent from the polymer injected causing 

precipitation right at the top of the column. 

If a stepwise change of the thermodynamic quality of the sample solvent is 

assumed, the resulting layer thickness can be calculated and compared to 

the thickness of a monolayer. In the past22 several experiments showed that 

the average maximum amount of polymer in a monolayer precipitated from 

dilute solutions is 1 mg/m2 • 

G. Glöckner15 calculated the amount of non-solvent needed to dilute the 

injected sample solution to such an extent that the precipitation threshold 

is passed and the polymer precipitates on the outer surface of the porous 

silica particles which provide this amount of non-solvent from their pores. 

The calculation resulted in a layer density of 0.11 mg/m2 which is much 

lower than the value for a monolayer. Further calculations6 showed that a 

very small amount of porous column material can provide this non-solvent. 

The first few millimeters of an analytical column with 3.9 mm internal 
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diameter are sufficient to obtain a very s~àll band of precipitated polymer 

material with low layer thickness and low layer density at the beginning of 

the colnmn. 

Although the consideration above ignores the more gradual change in solvent 

composition, it explains why in cross-fractionation experiments column 

blocking was never observed. The gradual change in solvent composition is 

due to the simultaneity of transport and distribution. It already causes 

some fractionation of the polymer during the initial precipitation, and 

makes the formation of a monolayer more plausible. 

10.2. Small injection volumes 

The events observed when applying small injection volumes (approximately 

5µ1), are in sharp contrast to the gradual change in solvent composition 

and the formation of a low density monolayer observed with large injection 

volumes. 

Under carefully calibrated conditions22 from concentrated solutions up to 

90 mg/ml a multilayer can precipitate with a layer density up to 3 mg/m2 • 

But the injection of a small amount of sample solvent in a flow of non

solvent, does not exactly provide carefully calibrated conditions. In fact 

it can be said that injection of such small volumes, makes the assumption 

valid that the composition of the sample solvent does change stepwise. The 

precipitated layer is then no more a regular mono- or multilayer, but will 

probably consist of collapsed coils. The following observations are in 

support of this assumption. 

Sometimes making an injection turned the tip of the syringe white. This was 

caused by a tiny amount of precipitate, indicating immediate precipitation 

of the sample on the moment of injection. 

In several cases after injection, a sudden increase in backpressure was 

observed, i.e. the pressure needed in the HPLC system to maintain a 

constant flow. This was more often observed if large amounts of polymer 

were injected. Pressure became normal again after the gradient front had 

passed the injector, so it can be ~oncluded that the precipitate did cause 

partial blocking of the eluent flow. 
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But if the solutes do precipitate on injection, where does the precipitate 

attach? Does it remain mobile and is it transferred onto the column 

material by the high speeds in the solvent flow caused by the narrow tubes 

used in the HPLC equipment? Or does it completely remain in the injector 

precipitated onto the stainless steel tubing it was injected in? 

Disassembling the equipment after injection seemed to be the only way to 

locate the precipitated material. 

10.3. I..ocating the initia! precipitate 

In order find the exact location of the initial precipitate, the following 

procedure was followed for 20 mg/ml solutions in chloroform of the SAN 

mixture, PPE/PS blend and the 1:1 APEC/PC mixture. After injection of 5 µl 

sample solution, the solvent flow was maintained at the initial composition 

and flow rate for about 9 minutes, thus simulating the circumstances during 

the period caused by the gradient delay. Afterwards the flow was stopped. 

4.00 a 
PPE 

3.00 

-1.00 

0.00 1.00 2.00 3.00 4.00 

x 101 minutes 

Figure 10-1. Continued on next page. 
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Flgure 10-1 (contlnued). Elutlon of the PPE/PS blend Erom the injector (a), 
pre-column (b) and HPLC column (c). 
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Assuming the precipitate would be distributed between the injector, the 

pre-column, and the HPLC column, see blocks 5 to 7 in figure 4-1, the 

latter two were removed to apply a gradient run to solely the injector 

first, thus removing the polymer precipitated in it. Secondly, the 

precolumn was reinstalled and again a gradient run was applied, now eluting 

the material present in the precolumn. Thirdly, after completing the HPLC 

equipment again by reinstalling the HPLC column too, the precipitated 

material present in the HPLC column was eluted. 

Figure 10-1 shows the three chromatograms obtained for the PPE/PS blend, 

when the injector, pre-column and HPLC column were eluted. The spikes in 

figure 10-la area result of solid particles eluting13 • The peak areas 

indicate that the precipitate was for approximately 50 % present in the 

injector and the other 50 % could be found on the pre-column. This rather 

surprising result was also found for the other two test samples, with the 

same 1:1 distribution which means that the precipitate distribution appears 

to be independent of the suhstance under investigation. 

'What seems to happen is that the sample solvent is stripped immediately 

from the polymers and the coils collaps onto the stainless tubing in the 

injector or form small agglomerates which are either retained by the tubes 

or transported by the solvent flow to the pre-column and precipitated 

there. The fact that in none of the experiments any material was found 

precipitated onto the HPLC column, can be seen as additional evidence for 

the assumption that the polymer material that reaches the pre-column is not 

in solution as separate coils any more, hut arrives as agglomerates that 

are seeved out of the eluent by the pre-column. 

All observations mentioned above support the assumption that for small 

injection volumes the precipitation behaviour differs from that observed 

for large injection volumes. The solvent composition changes much more 

rapidly and this leads to precipitates which do not seem to have such a 

regular shape. The experiments mentioned above do not provide enough facts 

to describe this irregular shape properly, hut the collapsing of coils onto 

the tuhings surface together with the formation of agglomerates has been 

ohserved22 • 



ll. Quantitative analysis 

Chromatographic techniques in combination with optical or other detectors 

have proved to be very useful in quantitative analysis. With the use of 

internal standards or a linear plot of peak area vs amount of sample, 

obtained with solutions of known concentrations, it was possible to 

quantify components very accurately. 

Prerequisite of quantitative analysis in chromatagraphy is equivalence of 

sample composition and detector signal. This includes complete retention 

and proper elution of all sample constituents. In polymer HPLC, complete 

retention requires a poor starting eluent, a sufficiently active column, 

and a low ratio of injected volume to column volume. Proper elution means 

that all precipitated polymer must elute completely when a gradient is 

applied. 

11.1. Incomplete retention 
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Incomplete retention of polymer samples can result in (i) excluded elution, 

(ii) elution in a peak immediately following the solvent peak, or (iii) 

elution together with the sample solvent. (For more details of these 

elution peaks see chapter 4). The last instance is the worst one because it 

makes quantifying falsely eluted polymer by an optical detector impossible. 

Incomplete retention occurs on injection into a starting eluent whose 

solvent power is too high. Then the thermodynamic quality of the sample 

solvent does not decrease fast enough for immediate precipitation. 

Retention can be improved either by increasing the fraction of non-solvent 

in the starting mixture, by selecting a stronger precipitant, by increasing 

the difference in polarity between the polymer under investigation and the 

starting eluent, or by using a column of higher activity. 

Incomplete retention is likely to occur especially when large injection 

volumes are applied to short columns. In none of the experiments described 

in this report incomplete retention was observed. 

11.2. Incomplete elution 

Incomplete elution bas of course the same negative effect on quantitative 

analysis as incomplete retention. Incomplete retention can be observed in 
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the chromatogram as extra peaks, but incomplete elution can not, so this is 

much more difficult to observe. 

Incomplete elution is often caused by irreversible adsorption or very slow 

desorption. This makes quantification impossible and also modifies the 

column material itself, which may lead to more unreproducable results. lt 

bas been found23 that for silica columns the deviation from linearity in 

plots of peak area vs amount of injected sample and poor reproducibility 

may be interpreted by the presence of a specific site where irreversible 

adsorption occurs or desorption of the polymer is very slow. 

From this may be concluded that for good retention behaviour the column 

must have enough active sites to retain the complete sample but the 

interaction with these sites should not be too strong because this can 

result in incomplete elution and/or modification of the the surface of the 

column material. 

11.3. Detectors 

The sensitivity of an optical detector is depending on the composition of 

the solute. For instance, for SEMA copolymers, UV detection at 259 nm 

monitors only the styrene units. In addition to this, it is known that UV 

adsorption of dissolved substances is influenced by the solvent. This 

causes a fundamental problem in UV quantifying during gradient elution. 

This means that plots of peak area vs amount of sample may only be used at 

the concentration they have been obtained, i.e. only if the substance under 

investigation elutes at the same Ve (in a similar gradient) as the polymer 

used to construct the plot. 

The composition of a copolymer can also influence its optical properties in 

a non-linear manner. This behaviour bas been found with SAN and SMMA 

copolymers24 where the absorption of styrene units is diminished by the 

hypsochromic effect of the co-units. 

Thus, the question must be raised whether UV detection is the best way to 

quantitative results in polymer separation. When aiming at very accurate 

quantitative results at all times during the gradient, the possible answer 

must be no, unless the pure components are available which makes it 

possible to construct plots of peak area vs amount of sample. lf these 

plots are used for quantifying substances containing the same absorbing 



units but eluted at another composition of eluent, i.e. at another time 

during the gradient, one must be careful with these results, because they 

may be in error. 

The most suitable detectors for gradient HPLC of synthetic polymers are 

detectors where the non-volatile polymer is monitored after evaporization 

of the eluent, such as the evaporative light scattering detector and the 

rotating disc LC/FID detector24 • This avoids not only the limitations of 

gradient elution concerning transparency of the solvents and the 

absorptivity of the solutes but also the effect of sequence length or 

solvent composition on signa! intensity. Last but not least, these 

detectors even would allow quantification of non-retained polymer eluting 

together with the sample solvent. A disadvantage is however the relative 

low sensistivity of these detectors. 
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Another detector which is very often used in LC is the refractive index 

(RI) detector. This detector monitors the refractive index of the eluent. 

In gradient elution fractionation the RI detector can not be used because 

of the big differences in refractive index between the solvents used in the 

gradient. 

11.4. Qn-line LC/FlIR detection 

At the PMF CCP an on-line LC/FTIR detector bas been developed25 which 

enables on- and off-line detection and characterisation by infrared 

spectroscopy of solutes in a LC eluent. By heating the eluent after it bas 

passed through the column, a supersonic solvent jet is created consisting 

of fine droplets of solvent in which the solutes are dissolved. These are 

deposited on a moving metal tape, and the residual solvent is evaporised by 

an infrared lamp. Subsequently, either on- or off-line, the tape is scanned 

by diffuse reflectance FTIR, which enables detection and immediate 

characterisation of the solutes, as a function of elution time V
6

, which is 

very convenient. By detecting absorbance in time, chromatograms can be 

reconstructed and also quantification should be possible. 

Using this detector allows the use of any solvent in the gradient (like 

toluene and MEK which are not transparant for UV light and therefore make 



the use of a UV detector impossible) because the solutes are detected and 

characterized after removal of the solvent. Also solutes which do not 

absorb VV light, such as polybutadiene and EPDM can be detected. 
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The need to carefully control the heat transported into the eluent, thereby 

controlling the quality of the vapour jet, takes a lot of time and prevent 

this detector from being applied as a rule. For isocratic elutions with a 

constant flow this does not hold, but for gradient elution it bas been 

found that it requires a lot of time and effort to carefully control the 

heat flow because of the differences in heat of evaporation of the 

solvents. But in spite of this disadvantage, with for instance PS/EPDM 

blends (see section 12.4), the LC/FTIR detector has proven to be extremely 

useful. 

11.5. Quantitative analysis of a PPE/HIPS blend 

When applied properly the UV detector provides quantitative data. This was 

tested on material provided by B. de Jong, Eindhoven University of 

Technology, the Netherlands. He led strands of glass fibers through a 1:1 

mixture of PPE and HIPS powder suspended in water to make a composite 

material. The question was whether the powder adhered to the fibers was 

still a 1:1 mixture of PPE and HIPS particles. 

Solutions of 10, 2, 1 and 0.2 mg/ml chloroform of PPE (PP0-800, GEP) and 

HIPS (Shell BPM) were used to construct a plot of peak area vs amount of 

polymer injected, see figure 11-1. The data perfectly matched straight 

lines. Linear regression gave a correlation coefficient of 0.9994 for PS 

and 0.9997 for PPE. 

Extrapolation of the lines to 0 µg resulted in a very small positive value 

for peak area for PPE and a small negative one for HIPS. These values were 

very small and lie well within the scatter of the measurements so it can 

not be concluded that for instance the negative value for HIPS is caused by 

incomplete elution. Filtering of the HIPS, thereby removing the rubber 

particles which are present at about 1 X, could be of influence. But 

strictly this would only influence the slope, because the amount of 

injected material is actually 1 X less than calculated. 
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Injection of PPE gave a peak area of 7.32x105 µVs/µg, and for HIPS a value 

of 1.29xl05 µVs/µg was found. Injection of 5 µlof a solution of 13.2 mg 

compostte material per ml chloroform resulted in the following values for 

the composition of the composite: HIPS 23.5 %, PPE 26.6 %, and glass fibers 

49.9 %. All values have a relative error of 2 %. These results were 

confirmed by DSC measurements performed by B. de Jong at the Eindhoven 

University of Technology. 

From the results shown above it may be concluded that gradient HPLC using a 

UV detector, provides quantitative data without the effects of incomplete 

retention or elution disturbing the results. But one must be careful, since 

this has only been checked for PS and PPE. But incomplete elution can very 

easily be detected by constructing a plot of peak area vs sample amount, 

and checking whether extrapolation to a zero amount results in a negative 

value that lies well out of the scatter of the measurements. Incomplete 

retention can often be seen in the chromatogram. 

The accuracy of the quantification is good and more than sufficient for 

calculating the composition of polymer blends, if the results obtained 

above may be generalized. 



12. Examples of fractionations 

In this· chapter several examples are given to demonstrate the wide 

applicability of the gradient elution technique. There are of course many 

more cases which the technique may be applied to. 

12.1. SAN and SHA copolymers 
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In figure 12-1 the separation of the four SAN copolymers used as a testing 

sample is shown. In the past, SAN copolymers have been used extensively to 

demonstrate the precipitation-redissolution mechanism, since they have 

almost no adsorption contribution in the separation. 
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Figure 12-1. Separation of four SAN copolymers with different AN content. 
Figures near the peaks are the % AN of the eluting copolymer. 
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Figure 12-2. Chromatograms of three SHA copolymers with different HA 
content. The figures near the peaks are the % HA of the 
eluting copolymer. 
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In figure 12-2 the chromatograms of three copolymers of styrene and maleic 

anhydride (SMA) on the 100 A C18 column with a isooctane-THF gradient (0 to 

100 % THF in 10 min) are shown. These materials were provided by M. van 

Duin, DSM Research, the Netherlands. 

The separations of the SAN and SMA copolymers show that f or polymers that 

have not been prefractionated according to molecular mass first, resolution 

in fractionation experiments still suffices. 

12.2. PPE/PS blends 

The separation shown in figure 12-3 was already mentioned in the previous 

chapters, but since the PPE/PS blend is used very widely, the very good 

fractionation is shown here again. It is a perfect example of a 

fractionation where the first component (PS) elutes in the first gradient, 
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and the second component (PPE) will not elute until the second gradient is 

applied. In such cases resolution is very good. 
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Figure 12-3. Fractionatlon of a PPE/PS blend (Noryl 110). 

12.3. APEC/PC blend 

30 

The fractionations shown in figures 12-4a and b are an example of how the 

gradient elution technique can be used to support results obtained with 

other techniques such as DSC. 

In order to obtain a random copolymer by way of transesterification G. 

Yerumeus Buning (Philips Research, the Netherlands) mixed an aromatic 

polyestercarbonate (APEC 9300, Bayer) and polycarbonate (Makrolon CD 2000, 

Bayer) at 300°C for 15 minutes (sample A) and 180 minutes (sample B) 

respectively. DSC measurements showed a single Tg at 162°C for both 

samples. 
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Figure 12-4. Separation of two APEC/PC blends, (a) sample A, and (b) sample 
B. See text for details. 
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By annealing sample A for two hours at 220°C phase separation takes place, 

and two Tgs (145 and 194°C) were found. This phase separation could not be 

induced for sample B, so it was concluded that here the transesterification 

had occured. As can be seen in figure 12-4, the fractionation of these 

samples completely supports these findings. 

12.4. PS/EPDM blend 

The separation of the PS/EPDM blend shown in figure 12-5 is an example of 

the use of the on-line LC/FïIR equipment described in section 11.4. This 

equipment enables the use of solvents like toluene which are not 

transparent for UV light. This expands the possible use of the gradient 

elution technique. 

A 4:1 blend of polystyrene (PS N 5000, Shell) and EPDM (Keltan 514, DSM) 

was provided by L. Nelissen, Eindhoven University of Technology. A solution 

of the blend in toluene was prepared. The solution was treated for two 

hours in an ultrasonic bath (40 kHz, 200 W) to enhance dissolution. It is 

unclear whether this seriously affects chain length. The gradient applied 

is shown in table 12-1. 

Table 12-1. Gradient used tor the PS/EPDH blend. Compositions in % (v/v) 

time (min) methanol toluene 

0 100 0 

1 70 30 

16 0 100 

21 0 100 

22 100 0 

The chromatogram was reconstructed by measuring the adsorption at two 

wavenumbers (700 cm-1 for PS and 1460 cm-1 for EPDM) as a function of time, 

and combining these to one graph. The result is shown in figure 12-5. 
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Clearly, a baseline resolved separation of the two components is obtained. 
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Figure 12-5. Reconstructed chromatogram of the separation of PS and EPDH. 

12.5. PC/ABS blends 

Commercial blends of PC and ABS are widely used. For the PMF CCP it is 

important to look whether the components of these blends can be determined 

with the gradient elution technique. 

Mostly the commercial PC/ABS blends consist of 'ordinary' ABS (grafted 

polybutadiene and SAN) and PC mixed with additives. So all chromatograms of 

these materials are comparable to that shown in figure 12-6. The PC and SAN 

are eluted separately, after the unsoluble part (grafted polybutadiene) was 
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separated by filtration. The first PC peak is probably caused by elution of 

oligomers. 
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Figure 12-6. Fractionation of a PC/ABS blend (Stapron CV217). 

PC 

2.50 3.00 

Rather surprising results were obtained with the fractionation of Bayblend 

KUl 1441 (Bayer) and Cycoloy C2850 (GEP). This can be seen in figure 12-7. 

Besides the fact that these blends result in a completely different 

chromatogram compared to figure 12-6, they also show a completely different 

solubility behaviour. 

All other PC/ABS blends formed a suspension after being dissolved in 

chloroform, but for these two materials the unsoluble components formed 

large lumps that floated in the clear chloroform. For the Bayblend KUl 1441 

this matrix material was found to be polyacrylonitrile and for the Cycoloy 

C2850 polybutadiene-acrylonitrile. 
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(b) Cycoloy C2850. 



What seemed to be similar blends with the use of FTIR, appeared to be 

completely different materials when they were fractionated. 
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From the fractionation experiments it may be concluded that not all PC/ABS 

blends consist of blended 'ordinary' ABS (grafted polybutadiene and SAN) 

and PC. What remains unclear is whether the results can be used to relate 

the production process used for the ABS to the eluting components. Future 

experiments on a variety of ABS materials must clarify this. 
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13. Conclusions 

The fractionation of commercial (co)polymer blends with the gradient 

elution technique is possible and if performed correctly, it results in 

baseline resolved and reproducible chromatograms. Prefractionation 

according to molecular mass is not necessary. The method described provides 

a useful tool for the investigation of soluble polymer blends. 

The mechanism of separation is described by the precipitation-redissolution 

mechanism6 • In this mechanism adsorption effects should be incorporated, 

since some adsorption is desired and sometimes necessary for successful 

fractionation. 

Initia! precipitation occurs in the injector and pre-column, instead of in 

the HPLC column. This is caused by the different way of applying the 

gradient elution technique compared to past experiments5 , which is 

necessary for separating unprefractionated commercial blends. 

The best way to apply the gradient elution technique is with small 

injection volumes (5 µl) of relative high concentration (10 mg/ml) and with 

multiple solvent gradients. In this way complete retention and good 

reproducibility is always obtained. Of course accurate gradient HPLC 

equipment should be used, and the choice of the right solvent gradient 

stays essential for good fractionations. 

For PPE and PS quantitative analyses were obtained with relative errors of 

2 %. 

Solvents and gradients are best chosen from the available literature on 

polymers and their solvents and non-solvents, instead of using calculations 

with solubility parameters. The latter can not be used when dealing with 

blends with unknown components, and is very difficult to apply. 

lnfluence of molecular mass is small compared to compositional differences, 

so unprefractionated materials provide good resolution. In this study, with 

a µBondapak CN column with 125 Ä pores, a lot of successful fractionations 

have been performed without SEC effects, and more have been reported in 

literature". 
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COMPETENCE CENTRE PLASTICS 

FRACTIONATION OF (CO· )POLYMER BLENDS BY MULTIPLE SOLVENT GRADIENT ELUTION 
J.A.J. JANSEN. J.H.J. VAN DEN BUNGELAAR AND A.J.H. LEENEN 

Philips PMF, Competence Centre Plastics 
P.O. Box 218. 5600 MD Eindhoven, The Netherland1 

INTRODUCTION 

Polymer blends can be fractionated 1n a precipitation
red1ssolut1on process. Following prec1p1tat1on of the blend 
in a non-solvent lf1g. 1 a). fract1onat1on is achieved w1th 
multiple solvent grad1ent elut1on Table 1 shows the 
grad1ent used. By 1ncreasmg the solvent power the 
components of the blend are success1vely redissolved (fig. 
1 b. c). Alter detect1on the fractions can be collected and 
are ava1lable for further 1nvestigation. 
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Ftgure 1. Prec1f"tstion-rediss°'ut1on process. ln1ect1on (a). elut10n of first 
componenr fOJ and second componenr (c). 

EXAMPLES 

PPE1PS 

Fig. 2 shows the chromatograms of a commercial poly 
(2.6-dimethyl-1 ,4-phenylene ether)/poly(styrene) blend 
(PPE 1PS, Noryl 110) and the gradient blank run. 
Excellent reproducibility of the PPE 1PS chromatograms 
was obtained. 
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Fig. 3 shows the chromatograms of two aromatic poly(ester 
carbonate) poly (carbonate) (APEC PC) blends and Jhe 
gradient blank runs. Both blends were mixed at 300°C. 
sample A (fig. 3a) lor 15 minutes and sample B (tig. 3b) for 
180 minutes. In DSC expenments both samples showed 
one Tg at 162°C. By annealing at 220°C sample A could 
be demixed, i.e. two Tg's were observed. This phase 
separation could not be induced lor sample B and since no 
PC eluted, it can be concluded that a random copolymer 
was formed by way of transesterificat1on. 
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CONCLUSION 

Fractionation of polymer blends by a precipitat1on
redissolution process via muttiple solvent gradient elution 
results in reproducible baseline resolved chromatograms. 
The method described provides a useful tool lor the 
investigation of polymer blends. 
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FRACTIONATION OF (CO-)POLYM.ER BLENDS BY MULTIPLE SOLVENT GRADIENT ELUTION 

J.A.J. JANSEN, J.H.J. VAN DEN BUNGELAAR AND A.J.H. LEENEN 
Philips PMF, Competence Centre Plastics, 

P.O. Box 218, 5600 MD Eindhoven, The Netherlands 

ABSTRACT 

Polymer blends were fractionated in a precipitation-redissolution process 
via high performance precipitation liquid chromatography (HPPLC). Following 
precipitation of the blend in a non-solvent, fractionation was achieved 
according to solubility by multiple solvent gradient elution with increa
sing solvent power. Reproducible baseline resolved HPPLC fractionation of 
commercial poly(2,6-dimethyl-l,4-phenylene ether/poly(styrene) (PPE/PS), 
poly(styrene)/ ethylene-propylene-diene monomer (PS/EPDM) and aromatic 
poly(estercarbonate)/ polycarbonate (APEC/PC) blends was obtained. 

INTR.ODUCTION 

Blending of polymers is an elegant way to thermoplastic moulding compounds 

with performance profiles which are not, or not fully, achieved by the 

unblended base polymers. Consequently, numerous types of polymer blends are 

commercially available and probably even more are under development. In 

order to be able to select and evaluate polymer blends for specific 

applications, it is essential to know the composition of these blends. For 

this purpose fractionation of polymer blends by a precipitation - redisso

lution process may be a valuable tool. 

The use of mixtures of thermodynamically good and poor solvents for 

batch or column-elution fractionation of synthetic polymers is well known 

[1,2]. This fractionation phenomenon has been successfully used in combina

tion with gradient elution liquid chromatography and extensively applied to 

study the heterogeneity (i.e. differences in chemical composition) of 

(block) copolymers [3 - 11]. 



With this solubility-based high performance precipitation liquid 

chromatography (HPPLC) [12], there is no separation in the classical sense 

as there is with size exclusion chromatography (SEC), which achieves 

separanion according to the sizes of molecules in solution. Rather, a 

separation according to composition is obtained and in HPPLC the packing of 

the column serves only as a support for the precipitated sample from which 

the various polymers are successively dissolved, because of the increasing 

solvent power of the eluent. In fact, a competitive SEC effect has to be 

omitted since it has been found to have an unfavourable effect on composi

tional fractionation [4, 13]. 

In this study we investigated several polymer blends by performing 

HPPLC experiments with multiple solvent gradient elution. Experimental 

conditions and procedures are described and results are presented. 

EXPERIMENTAL SECTION 

HPPLC 

Fractionation experiments were performed at ambient temperature with a 

Waters 600 E Multi Solvent Delivery System, operating at a constant flow 

rate of 1 ml/min. A variable-wavelength Philips Scientific LC-UV detector 

was used, set at a wavelength of 254 run. A Waters normal phase µ-Bondapack 

CN analytica! column (300 x 3. 9 mm i. d.) was used in combination with a 

Waters Guard-PAK Resolve CN precolumn (4 x 6 mm i.d.). Data were collected 

and processed with a Waters Maxima 820 Data System. 

5 µl samples of filtered (0.5 µm Millipore Millex SR) polymer solution 

were introduced on the column assembly via a Waters U6K variable-volume 

injector with a loop volume of 2 ml. All mobile phase solvents were HPLC 

grade (LiChrosol v, Merck) except toluene, which was p.a. grade (Merck) . 

Solvents were continuously purged with helium. Two multilinear solvent 

gradients were used. Effective times and solvents are listed in table 1. 

The time for the mobile phase to arrive at the detector from the gradient 

mixing chamber, the gradient lag time, was 9.0 min. Elution time for a non

retained sample was 3.5 min. 

Polymer blend solutions were injected into the running eluent at the 

starting composition of its gradient, causing precipitation of the polymer 

blend in the HPPLC equipment, from which the various polymers were 

successively redissolved by the gradient eluent. 



TABLE 1 
Linear HPPLC gradient programmes (v/v) 

Gradient A Gradient B 

time iso-octane THF chloroform time methanol toluene 
(min) (min) 

0 100 0 0 0 100 0 
10 0 100 0 1 70 30 
20 0 0 100 16 0 100 

Materials and Sample Preparation. 

A modified blend of poly(2,6-dimethyl-l,4-phenylene ether)/poly(styrene) 

(Noryl 110) was obtained from General Electric. A 20 mg/ml solution of 

PPE/PS in chloroform was prepared. 

A blend (80/20 wt%) of poly(styrene) (PS N 5000, Shell) and EPDM 

(ethylene-propylene-ethylidenenorbornene, Keltan 514, DSM) was provided by 

L. Nelissen, Eindhoven University of Technology, the Netherlands. The 

PS/EPDM blend was prepared on a Berstorff ZE25 twin screw extruder at 

200°C with a residence time of 2 min. at 100 rpm. A 10 mg/ml solution of 

PS/EPDM in toluene was prepared. The solution was treated for 2 hours in an 

ultrasonic bath (40k.Hz, 200W) to enhance dissolution. 

Blends (47/53 wt%) of aromatic poly(estercarbonate) (APEC 9300, Bayer) 

and bisphenol-A poly(carbonate) (Makrolon CD 2000, Bayer) were provided by 

G. Werumeus Buning, Philips Research, the Netherlands. The APEC/PC blend 

was mixed at 300°C in a Brabender mixer W-30EH at 100 rpm, with mixer 

residence times of 15 and 180 min. (for samples A and B respectively). 

Glass transition temperatures (Tg), measured by DSC (Perkin Elmer DSC-2, 

heating rate 20°C/min), were 162°C for both samples. 10 mg/ml solutions of 

samples A and B in chloroform were prepared. 

RESULTS AND DISCUSSION 

PPE/PS 

Gradient A was used for fractionation of the PPE/PS blend. Figure 1 shows 

the elution patterns of the PPE/PS blend and the gradient blank run, 

slightly shifted for clarity. Since the gradient lag time was 9.0 min., in 

figure 1 gradient A started at t-9 min. From 0 to 9 min, pure iso-octane 

was eluted. A clear baseline separation of PS and PPE was obtained. 



PS eluted at 12. 5 min., i.e. at an eluent composition of 35% THF in the 

iso-~ctane/THF gradient. PPE eluted at 25 min., i.e. at an eluent composi

tion of 60% chloroform in the THF/chloroform gradient. This was confirmed 

by inf~ared spectroscopy (Philips PU 9800 FTIR) of the collected fractions 

after removal of the solvents. The UV baseline pattern of a gradient run 

depends on the UV transmittance of the solvents used and on their refracti

ve index gradient [ 4] .. The peak at about 3. 5 min. after inj ection was due 

to the solvent of the injected sample (i.e. chloroform). 

Reproducibility of HPPLC chromatograms of commercial styrene-acrylo

nitril polymers has been reported to be less satisfactory [5]. For PPE/PS 

we found excellent reproducibility, i.e. there was no visible difference 

between HPPLC chromatograms from successive injections in time intervals up 

to 24 hours. 

Following injection of the PPE/PS sample into the running iso-octane 

eluent, successive HPPLC experiments were performed after removing the 

column assembly or the analytical column. It was found that PPE/PS precipi

tated both near or in the injector and in the precolumn, but not in the 

analytical column. 
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Figure 1 (left). Elution pattern of PPE/PS and baseline record. 

Figure 2 (right). Infrared absorbance vs. elution time of PS/EPDM. 

PS/EPDM 

Gradient B was used for fractionation of the PS/EPDM blend. Since EPDM has 

no absorption at 254 nm, the eluent of the analytical column was deposited 

via a thermospray on a moving steel tape, as described elsewhere [ 14] , 



thereby removing the solvents. The steel tape (width 13 mm, thickness 

0. 02 mm) was cut into samples with a length of 5 mm. These samples were 

measured via diffuse reflection infrared spectroscopy (14, 15]. 

Infrared absorbance, i.e. peak height above baseline, was measured at 

700 cm-i (PS) and 1460 cm-1 (EPDM). Figure 2 shows infrared absorbance as a 

function of elution time. A clear baseline separation of the components of 

the PS/EPDM blend was obtained. The same peak positions were obtained after 

separate injections of the single components. 

APEC/PC 

Gradient A was used for fractionation of the APEC/PC blends (samples A and 

B). Figure 3 shows the elution patterns of the APEC/PC blends (3a, sampie A 

and 3b, sample B) and the gradient blank run. For sample A a clear baseline 

separation of APEC and PC was obtained. APEC eluted at about 15 min. and PC 

at 27 min., which was confirmed by infrared spectroscopy. The same peak 

positions were obtained after separate injections of the single components. 

For sample B, elution of PC was not observed. The elution peak at about 15 

min. is slightly shifted, by about 0.4 min., to shorter elution times. 
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Figure 3. Elution pattern of a solution of APEC/PC and baseline record, 
(a) sample A and (b) sample B. 
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DSC investigations revealed that sample A could be demixed by 

annealing for 2 hours at 220°C, i.e. two Tgs (145°C and 194°C) were 

observed after annealing, indicating that the blend studied here shows UCST 



[16) behaviour. For sample B such a phase separation could not be induced. 

It can be concluded that, in sample B, a random copolymer was formed by way 

of transesterification [17 19]. This is in full agreement with the 

results of the HPPLC fractionation experiments shown in figure 3. 

CONCUJSION 

Fractionation of polymer blends by a precipitation-redissolution process 

via HPPLC multiple solvent gradient elution results in reproducible 

baseline resolved elution patterns. The HPPLC fractionation method 

described provides a useful tool for the elucidation of the composition of 

polymer blends. 
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