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Abstract 

Polyester resins can be characterized by gradient polymer elution chromatography (GPEC) to obtain information on molar 
mass and chemical composition. The separation can be influenced by size-exclusion, sorption and solubility (precipitation/ 
re-dissolution) effects. The influence of solubility effects was investigated in this study. Due to pronounced dependencies of 
molar mass and concentration on cloud points, solubility effects in GPEC were studied under chromatographic conditions, 
using inert column packings and low polydispersity fractions obtained by size-exclusion chromatography. The investigated 
system was a reversed-phase system, using water and tetrahydrofuran as solvent/non-solvent (S/NS) combination. Bare 
silica, non-porous glass and a stainless steel pre-column filter were compared for the use as an inert medium. A non-porous 
glass column was shown to be the best choice in this respect. By comparison of the results of the various polyester fractions 
on the glass and a C t~ column, respectively, it was shown that the separation on C~8 is solely determined by sorption effects. 
The observed correspondence between values of the %-solvent at the peak-end of the whole, unfractionated polyester on an 
inert and a sorbing column, alone, is therefore no evidence for solubility governing retention in the high molar mass part of 
the chromatogram. A comparison with measurements of maximum solubility under static equilibrium conditions of four 
different polyester fractions in various S/NS combinations revealed that concentrations of the eluting fractions on the glass 
column are considerably lower than maximum solubility. This can be explained by kinetic effects, influencing re-dissolution. 

Keywords: Gradient elution; Polymers; Polyesters; Adipic acid polyesters; Isophthalic acid polyesters; Bisphenol-A, 
dipropoxylated, polyesters 

1. Introduct ion 

In principle, the characterization of polymers by 
liquid chromatography can be performed either in the 
exclusion mode, by size-exclusion chromatography 

Corresponding author. 

(SEC), or in the sorption mode. In the latter case, 

mostly gradient elution has to be applied and in 
practice the separation results from a combination of 
precipitation / redissolution, adsorption/partitioning 
and exclusion effects. Since the contribution of these 
separate mechanisms can be different in each specific 
case, we prefer the use of the name gradient polymer 
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elution chromatography (GPEC) [1,2] rather than 
existing names such as high-performance precipi- 
tation liquid chromatography (HPPLC) [3] or liquid 
adsorption chromatography (UAC) [4] which a priori 
assume a certain separation mechanism. Two main 
fields of application of GPEC include the characteri- 
zation of copolymers according to their chemical 
composition distribution [5-7] and the fingerprinting 
of resins [8-10]. 

Reversed-phase liquid chromatographic techniques 
have been used for the characterization of both 
copolymers and resins [11]. In the first part of this 
series of papers, we clearly demonstrated the ap- 
plicability of GPEC under reversed-phase conditions 
for the characterization of (co)polyester resins ac- 
cording to differences in chemical microstructure [8]. 
Although it was shown that separation is likely 
governed by sorption, precipitation/redissolution 
effects also occur in the investigated system. In this 
second part we will investigate to what extent 
precipitation/redissolution effects influence the sepa- 
ration of amorphous (co)polyesters under reversed- 
phase conditions. 

Studies to the influence of precipitation effects in 
polymer chromatography are mostly concerned with 
the comparison of eluent compositions at the point of 
elution with cloud points, determined by turbidimet- 
ric titrations [12-15]. The relation between the 
solubility of a polymer in a solvent/non-solvent 
(S/NS) mixture with volume fraction ~b of the 
solvent and polymer concentration c is given by [16] 

~b* = C l + C21og(c* ) (1) 

in which C 1 and C z a r e  constants, dependent on the 
S/NS system, the temperature and the molar mass. 
c* and ~b*, respectively, indicate values at the cloud 
point. Therefore, care must be taken that concen- 
trations in both chromatography and cloud point 
titration are comparable. The dependence of the 
volume fraction of solvent at the cloud point, ~bs*, on 
the molar mass is given by [17] 

~bs ~ = C 3 "k- C4 M-0"5 (2) 

where C 3 and C 4 are constants, dependent on the 
S/NS system and on temperature. From Eq. (2) it is 
obvious that especially for relatively low molar mass 
resins, ~bs* for the different oligomeric species will 
strongly depend on molar mass. Even for polyester 

resins with relatively low polydispersity (approxi- 
mately 2), a single determination of the cloud point 
of the complete resin can obviously not be used for 
comparison with chromatographic data to account for 
the retention mechanism. Such a comparison is 
further hampered by the fact that the concentration 
dependence of the cloud point increases with de- 
creasing molar mass, which results in lower values 
of C 2 in Eq. (1). 

An alternative method by which sorption and 
precipitation effects can be separately controlled, 
was presented by G16ckner who used so-called 
sudden transition (ST) gradients for this purpose 
[18-20]. After injection into a strong non-solvent, 
the eluent composition is rapidly changed by addi- 
tion of a solvent of moderate polarity, which causes 
the precipitated polymer to redissolve. However, the 
S/NS composition is changed in such a way that the 
sample is still retained by sorption forces. Finally, a 
chromatographically strong eluent ("displacer"), 
which is not necessarily a solvent, is added, causing 
the polymer to elute. By comparison of these results 
with a true S/NS gradient, the influence of re- 
dissolution effects can be determined. The applica- 
tion of ST gradients for low molar mass polymers, 
however, is restricted by the fact that cloud points of 
different molar mass fractions will vary over a wide 
composition range. Therefore, especially under re- 
versed-phase conditions where interaction forces 
with the stationary phase are weak, mostly no 
composition can be found that will completely 
redissolve the resin and simultaneously causes com- 
plete retention. 

Thus, solubility effects of low-molar-mass poly- 
mers under reversed-phase conditions can at best be 
studied, under chromatographic conditions, using 
inert column packings and low polydispersity poly- 
mer fractions. Therefore, a column filled with spheri- 
cal glass beads, a bare silica column and a pre- 
column filter were tested for the use as an inert 
medium for polyester resins. A (co)polyester resin 
which has also been used for earlier experiments [8], 
was separated into several low polydispersity frac- 
tions by SEC. The obtained fractions were subjected 
to GPEC on several inert media and results were 
compared with a C J8 column, thus showing whether 
or not the absence of sorption influences the sepa- 
ration. The used S/NS system, tetrahydrofuran 
(THF)-water, was the same as used in the previous 
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study [8]. Furthermore, for three different polyester 
fractions, results on the glass column were compared 
with maximum solubility measurements in various 
S/NS compositions under static equilibrium con- 
ditions. This evaluation will clearly show the impor- 
tance of dissolution kinetics. Although these effects 
were not likely to influence the final separation result 
of the investigated amorphous polyester on C l s, in a 
future paper we will show the importance of re- 
dissolution effects for crystalline polyesters [21]. 

(Darmstadt, Germany) and tetrahydrofuran (THF), 
HPLC grade from Rathburn (Brunschwig Chemie, 
Amsterdam, Netherlands). To both solvents, 200 pA 
acetic acid, analytical-regent quality from Merck, per 
litre was added. For HPLC, the solvents were 
constantly sparged with helium (20 ml/min). All 
solvent mixtures were made by volumetric mixing by 
the HPLC pump, no premixes were used. 

2.3. Columns 

2. Experimental 

2.1. Polymer sample and narrow disperse fractions 

The polymer sample used is a co-polyester resin 
consisting of adipic acid (A), isophtalic acid (I) and 
dipropoxylated bisphenol-A (D) (sample PE1 from 
[81). The molar ratio A:I:D is approximately 
0.12:0.38:0.50 (NMR), the acid number is 20 mg 
KOH/g and the polystyrene equivalent molar masses 
as determined by SEC are 3500 (number-average 
molar mass, M,) and 7900 (weight-average molar 
mass, Mw), respectively. For more detailed infor- 
mation on the composition and characterization of 
the polyester sample we refer to [8]. 

Low polydispersity fractions were obtained by 
SEC. A 25 mg/ml  solution was injected 200 times 
on the SEC system described in Ref. [8], using an 
injection volume of 200 pA. The total distribution 
which eluted in about 10 min (see Fig. 5 of Ref. [8]) 
was separated into 10 fractions of 1 min, using a 
Gilson (Villiers-le-Bel, France) Model 203 fraction 
collector. The fractions were dried under nitrogen 
and the amount was determined gravimetrically. A 
part of each fraction was redissolved in THF up to a 
concentration of 0.4 mg/ml  and 200 /xl was re- 
injected on the SEC system to determine the respec- 
tive polydispersity values. For gradient elution ex- 
periments where the exact injected amounts had to 
be known, concentrations of these solutions were 
carefully determined by HPLC, as described in Ref. 
Section 2.7. 

2.2. Solvents 

The solvents used for HPLC and solubility experi- 
ments were water, LiChrosolv quality from Merck 

The columns used were a Novapak-C ~8 column 
(Waters, Milford, MA, USA; dp =4  I~m, pore size 60 
,~, 150×3.9 mm, plate count/m ca. 80000), a 
Resolve silica column (Waters, dp= 5 txm, pore size 
90 A, 150x 3.9 ram, plate count/m ca. 55 000) and a 
PL-gel styrene-divinylbenzene (Polymer Labs., 
Shropshire, UK, dp=5 Ixm, pore size 100 ]~, 600x 
7.5 mm, plate count/m ca. 60 000) which was used 
for solubility experiments (see Section 2.7). Further- 
more, for gradient elution experiments a column 
(150X4.6 mm) was dry-packed with non-porous 
glass beads, diameter 40-60 ~m (Phase Separations, 
UK, part No. 750138). The performance of this 
column was tested by the injection of 5 Ixl toluene in 
water. The asymmetry of the resulting peak was 
found to be 1.2. The dead volume (Vo) for each 
column was determined not only by the injection of a 
low molar mass solute (toluene) but also for each 
individual polyester fraction. The thus found values 
were used in further calculations to correct for SEC 
effects. For the silica and the C18 column these 
values were found to vary between 0.89-1.36 ml and 
0.78-1.07 ml, respectively. For the glass column, all 
values equalled 1.00 ml. 

All columns were connected by a 0.02 cm (I.D.) 
tubing of about 50 cm to the injector, which was led 
through the column thermostat to ensure the sample 
to reach the right temperature before entering the 
column. For all experiments a stainless steel in-line 
pre-column filter (Waters, part No. 084560 was 
used. 

2.4. HPLC equipment 

All HPLC experiments were performed using a 
Waters 600E 4 solvent gradient pump and a 717 
autosampler or a 715 WISP from Waters. The 
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detector was a variable-wavelength detector, Waters, 
type 484 or a Jasco (Tokyo, Japan) type 975, which 
was set at 277 nm. The column temperature was 
controlled using a thermostat type Mistral from 
Spark-Holland (Emmen, Netherlands). Chromato- 
grams were recorded using the Baseline-815 system 
from Waters. 

2.5. Gradient elution experiments 

Gradient elution was performed as follows. A 
gradient was run from water-THF (both containing 
0.02%, v/v, acetic acid) 100:0 to 0:100 in 33.3 min. 
(3%/min). After running each gradient, the system 
was reset to initial conditions in one minute, fol- 
lowed by pumping 15 ml of the starting eluent 
composition to re-equilibrate the column. Prior to the 
analysis of the samples, two blank gradients were 
run. Initial conditions were chosen at 100% water 
because small parts of the low-molar-mass fractions 
were suspected to be already soluble under these 
conditions. Starting at higher amounts of THF would 
cause significant amounts to elute unretained on inert 
columns which would hamper a good comparison 
with elution on C~s. Although it is known that initial 
conditions of 100% water in reversed-phase HPLC 
can sometimes lead to bad reproducibility, no such 
problems were encountered during our experiments. 
All gradients were started at the moment of injection. 
The gradient performance of the pump (linearity and 
reproducibility) was checked by running gradients 
from methanol to methanol +0.1% (v/v) acetone. 
The linearity was found to be excellent, thus allow- 
ing an easy calculation of the eluting eluent com- 
position at each retention time. The system hold-up 
volume was also determined from these experiments 
and was found to be 4.0 ml. Unless indicated 
otherwise, all measurements were carried out at 
21°C. 

2.6. Cloud point titrations 

Cloud points of the unfractionated polyester and 
polyester fractions were determined by visual ob- 
servation at room temperature (21°C). For the poly- 
ester fractions, 0.5 ml of a solution in THF was 
brought into a micro titration vial equipped with a 
magnetic stirrer bar [22]. Concentrations were taken 

such that the final concentration in the cloud point 
was approximately 1.5 mg/ml. By means of a 100 ~1 
syringe, small portions of the non-solvent (water) 
were added until the solution became turbid. The 
point at which turbidity did not disappear after 
stirring was defined as the cloud point. %-Solvent at 
this point was determined gravimetrically. All cloud 
points were determined three times. The standard 
deviation of the three measurements did not exceed 
0.3% solvent, except for the very-low-molar-mass 
fractions where somewhat larger values were found. 

2. 7. Determination of solubility 

The sample preparation for the determination of 
the solubility as function of the S/NS ratio was as 
follows. From a solution of 30 mg/ml (THF) of a 
respective polyester fraction, 100 Ixl was taken with 
a syringe and transferred into a 4 ml vial. After 
drying under nitrogen, water and THF, both con- 
taining 0.02% (v/v) acetic acid were added to a 
volume of 1.0 ml, such that a desired S/NS ratio was 
obtained. All amounts were determined by mass. 
After thoroughly shaking for 10 min, the vial was 
put in a temperature controlled water bath at 21°C. 
After equilibration for one night, the suspension was 
centrifuged for 6 min at 3000 g. From the obtained 
supernatant, 300 Ixl was carefully taken with a 
syringe and centrifuged again. Finally, a small 
amount of the clear solution was injected on a HPLC 
system, to determine the polyester concentration. 
This method resembles that of other workers [23], 
but modifications had to be made due to the much 
lower molar masses of our polymers. 

It is known that determination of solubility of 
polymers from the dry state, especially in the case of 
high-molar-mass polymers can provide different 
results from the more accurate approach of precipi- 
tation from solution [24]. The former procedure was 
preferred in our case, however, since a comparison 
of both methods revealed that for our low-molar- 
mass polymers in the latter method too high values 
were obtained in the low concentration range (<0.05 
mg/ml) probably due to slow precipitation [22]. For 
higher concentrations, identical values for both meth- 
ods were obtained. 

For the HPLC measurements, a PL-gel styrene- 
divinylbenzene column (see Section 2.3) was used, 
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which was held at 21°C. The eluent was THF 
containing 1% (v/v) acetic acid. The injection vol- 
ume was in the range 5-100 I-d, depending on the 
(estimated) polyester concentration. All solutions 
were at least injected twice. The system was cali- 
brated using three independent solutions of the 
unfractionated polyester with known concentrations. 
From earlier experiments it was known that the 
extinction coefficient does not show any significant 
dependence on molar mass at the used detection 
wavelength [8], thus allowing for the chosen cali- 
bration procedure. 

3. Results and discussion 

The "polystyrene equivalent" molar masses, poly- 
dispersity values and amounts of the low dispersity 
polyester fractions obtained by SEC, are given in 
Table 1. Most of the measured polydispersity values 
are close to 1.1, thus making the fractions suitable 
for solubility studies. Since solubility and retention 
in GPEC both strongly depend on molar mass (Eq. 
(2)), polydispersity values must be as low as possible 
to enable a meaningful comparison between solu- 
bility under equilibrium conditions and chromato- 
graphic conditions, respectively. 

As could be expected for low-molar-mass poly- 
mers, the influence of concentration on the cloud 
point composition (CPC) is relatively large. This is 
demonstrated in Fig. 1 where the CPC of the 
unfractionated polyester is plotted as a function of its 
concentration. The variation of CPC with tempera- 
ture, which was also investigated for the unfraction- 

ated polyester, was found to be approximately 
0.15%/°C [22]. Since the concentration and tempera- 
ture dependencies increase towards lower molar 
masses, this situation would even be worse for the 
low-molar-mass fractions. 

Therefore, for comparison of CPC values with 
chromatographic results, care must be taken that 
concentrations in both cases are identical. This 
approach, which can be used for high-molar-mass 
polymers [12] would fail in our case, due to the 
extreme molar mass dependence of retention in the 
low-molar-mass range. Although the polydispersity 
of the fractions in our study is low, they still consist 
of a mixture of related substances differing in molar 
mass and chemical composition, giving rise to 
different elution volumes (see for instance Fig. 2, C~  
column). This results in a considerable chromato- 
graphic dissolution, that would have to be compen- 
sated by the injection of very high concentrations 
which might cause redissolution problems or chro- 
matographic overloading thus influencing the elution 
behaviour. 

Therefore, solubility effects can at best be studied 
under non-sorption chromatographic conditions, thus 
necessitating the availability of inert column pack- 
ings. The use of normal-phase packings, e.g., bare 
silica, under reversed-phase conditions, has been 
suggested for this purpose [15,25]. Non-porous glass 
beads were taken into account as a possible alter- 
native. 

Although it might be expected that acidified water 
would strongly suppress column's residual silanol 
groups, it is known that, even under such circum- 
stances, in certain cases silica as well as glass can be 

Table 1 
Polystyrene equivalent molar masses, polydispersity values and amounts of low polydispersity polyester fractions obtained by SEC 

Fraction number Mo M w Polydispersity Obtained amount (g) 

1 33 300 38 000 1.14 0.0075 
2 21 000 22 500 1,07 0.0707 
3 12 000 12 800 1,07 0.1506 
4 7300 7800 1.07 0.2474 
5 4200 4400 1.05 0.1568 
6 2500 2600 1.04 0.0870 
7 1500 1600 1.07 0.0564 
8 960 I 130 1.18 0.0202 
9 650 940 1.45 0.0120 

10 401 775 1.93 0.0016 
0.8102 (total amount) 
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Fig. 1. Influence of the polyester concentration on the cloud point composition. Temperature = 21 °C, solvent/non-solvent = THF-water. 

retentive [26]. Therefore, the elution behaviour of  the 
polyester fractions was tested in THF containing 
0.02% (v/v) acetic acid and in THF-water  (85:15, 
v / v ) + 0 . 0 2 %  acetic acid, which about equals the 
S /NS composition at which the last part of  the 
polyester elutes [8]. In THF, for both columns parts 
of  the injected fractions were found to elute after the 
column dead volume (Vo), indicating adsorptive 
interactions• In the THF-water  mixture however, all 
fractions completely eluted at V o in the case of  
non-porous glass and before V o in the case of  silica, 
due to SEC effects. Complete elution was further 
confirmed by comparison of  peak areas with results 
obtained on the C]8 column, which is known to 
completely elute the polyester [8]. Since higher 
water contents might even better mask residual 
silanol groups, both glass and bare silica were 
assumed to be inert in the set-up of  our experiments. 

The use of  columns, packed with small metal 
particles was also considered, although it is known 
that even stainless steel is not completely inert in all 
cases [27]. Since the packing of  these columns was 
hampered by the high specific mass of  the materials 
[22], in this respect only the use of  a stainless steel 
pre-column filter was studied. 

Consequently, the retention behaviour of  low 

dispersity polyester fractions was compared using a 
C]8 column, a non-porous glass column, a silica 
column and a stainless steel pre-column filter. The 
injected sample amount was taken as low as pos- 
sible, since it is known that in the case of  solubility 
effects governing retention, retention times may shift 
to higher values with increasing sample load [15]. 
Due to interference with retention differences caused 
by different extents of  column interactions, this 
might hamper comparison of  results from different 
columns. An injected mass of  2 Ixg proved to be a 
reasonable compromise between sample load and 
detectability. Since gradient time was found to have 
only a slight influence on the retention characteristics 
(see also Fig. 7b), for reasons of  detectability and 
analysis time a steepness of 3%/min.  was chosen. 

In Fig. 2, results of  the respective columns are 
shown. Fractions were injected at least twice on each 
column and results were found to be highly re- 
producible. The retention times in all chromatograms 
were corrected for the system hold-up time and the 
column dead time, according to 

tr(corrected) = t r -- t s -- tse c (3) 

w h e r e  t r is the retention time, t~ is the system 
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Pre-column filter, (b) glass column, (c) silica column, (d) C,~ column. Conditions: sample concentration. 0.4 mg/ml in THF; eluent, 
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time-corrected according to Eq. (3). 
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hold-up time and t~c c is the column dead volume (to) 
for the respective fraction. The latter was found to 
depend on the molar mass due to SEC effects (see 
Section 2.3). 

Due to insufficient mixing with the eluent, part of 
the injected sample which was dissolved in THF 
eluted unretained from the glass column and the 
guard filter. Since this cannot be observed in the 
time-corrected chromatograms in Fig. 2, an example 
of an uncorrected chromatogram is shown in Fig. 3. 
Especially for the fractions with lowest molar mass- 
es, this effect was excessive, thus giving rise to a low 
signal-to-noise ratio, as can be observed in the 
chromatograms of fractions 9 and 10. By measuring 
peak areas of the unretained peak and the normal 
eluting peak, the amount of sample which eluted 
unretained, was calculated. Results are shown in 
Table 2. It can be observed that for both columns the 
effect was found to increase upon decreasing molar 
masses. Since these breakthrough effects were not 
observed for the silica and C]8 column and were 
worse for the pre-column filter as compared to the 
glass column, they may be caused by a reduction in 
the surface area available for precipitation. Further- 
more, the columns used will also exhibit significantly 
different internal mixing due to the difference in 
particle diameter, which can also influence the 

Table 2 
Fraction of the sample eluting unretained due to breakthrough on 
the pre-column filter and the glass column 

Fraction number Pre-column filter Glass column 

1 0.14 +_ 0.04" 0.08 +_ 0.04" 
2 0.26 0.14 
3 0.14 0.06 
4 0.19 0.06 
5 0.24 0.06 
6 O.22 0.10 
7 0.25 0.13 
8 0.44 0.34 
9 0.84 O.57 

10 0.86 0.45 

Maximum deviation between average and maximum value of 
duplicate measurements. 

elution behaviour of polymers and the occurrence of 
breakthrough effects [28]. 

The high frequency noise in the chromatograms 
from the pre-column filter is probably caused by 
parts of the sample that were not completely re- 
dissolved and therefore eluted as small polymer 
particles, causing light scattering in the UV detector. 
The effect becomes worse when sample load is 
increased (result not shown here) thus supporting this 
assumption. Since these effects are absent in results 
from the glass column, it is obvious that due to 
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Fig. 3. Blank-corrected chromatogram of polyester fraction 3 on the glass column, before time correction. GPEC conditions: see Fig. 2. 
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mix ing  ef fec ts  in the co lumn,  the sample  is bet ter  

able to redisolve .  

To enable  a more  accurate  compar i son  of  results  

f rom the d i f ferent  co lumns ,  f rom all ch roma tograms ,  

the %-so lven t  at the beg inn ing ,  m a x i m u m ,  and end 

o f  the dis t r ibut ion were  de te rmined ,  using Eq. (4), 

%So lven t  = ((t  r - t~ - t s e c ) ] t g ) "  100 (4) 

where  t r is the re tent ion  t ime,  t~ is the sys tem 

hold-up  t ime,  t~e c is the co lumn  dead  vo lume  for the 

respect ive  fract ion and tg is the gradient  t ime. 

All values were  de t e rmined  as the average  value 

f rom two inject ions.  The m a x i m u m  devia t ion  be- 

tween  the average  and the lowest  or h ighes t  value of  

a dupl icate  m e a s u r e m e n t  was found  to be about  

1 .5%-solvent  for  peak starts and peak ends  and 

Table 3 
%-solvent at peak start, peak top and peak end of low polydispersity polyester fractions on the investigated columns and in the cloud point 

Fraction %-Solvent ~ 
number 

Pre-column Glass Silica C ~ Cloud 
filter column column column point 

Peak start 

I 63.5 66.0 68.0 82.5 
2 57.5 64.0 67.0 82.0 
3 54.0 55.0 63.0 80.0 
4 47.0 50.0 55.5 76.5 
5 38.5 38.5 50.0 73.0 
6 29.0 28.5 44.0 63.0 
7 16.0 10.5 34.0 60.0 
8 4.5 1.5 I 1.0 50.5 
9 1.0 0.0 5.0 43.5 

10 1.0 1.0 3.5 25.5 

Peak top 

1 82.0 82.0 82.0 
2 77.0 80.0 80.5 
3 73.0 73.0 74.0 
4 66.5 66.0 70.0 
5 58.5 58.5 62.5 
6 49.5 49.0 55.0 
7 37.5 38.5 48.5 
8 27.0 28.0 39.5 
9 15.5 22.5 25.4 

I 0 13.0 18.5 24.5 

85.5 
85.0 
83.5 
81.5 
more than 1 peak 

Peak end 

I 88.5 89.0 89.5 89.5 80.5 
2 86.5 87.0 87.0 88.0 79.5 
3 85.0 86.0 85.0 86.5 75.5 
4 81.0 81.5 83.5 86.5 72.0 
5 74.5 73.5 76.0 83.5 66.0 
6 65.5 63.5 67.0 81.5 60.0 
7 55.5 58.5 60.0 80.0 51.0 
8 45.0 45.5 55.5 72.5 43.5 
9 26.5 38.5 39.5 65.5 

10 25.5 35.0 33.5 66.0 

All values are average values of two determinations. Maximum deviation between average and maximum value of duplicate measurements: 
1.5%-solvent for peak starts and peak ends and 0.5% for peak tops and cloud points. 
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0.5%-solvent for peak tops. Results are shown in 
Table 3. 

From Fig. 2 and Table 3 it is clear that results on 
the glass column and the pre-column filter are 
roughly comparable. Since peak start and peak ends 
cannot be determined unambiguously in all cases, 
most differences are within experimental error of  
determination. Fractions 9 and 10 seem to elute 
somewhat later from the glass column as compared 
to the pre-column filter. This can probably be 
ascribed to the relatively high amounts of  sample 
eluting unretained from the pre-column filter (Table 
2). Since the fraction eluting in the gradient is 
significantly lower, elution is shifted to earlier re- 
tention times. Peak tops, which are more accurate to 
determine coincide in the other cases, which con- 
firms that the retention on the glass column under 
experimental conditions, is only determined by solu- 
bility effects. This is further confirmed by the fact 
that retention time of  the peak top increases when 
sample load is increased, which is illustrated in 
Table 4. When sorption effects would contribute to 
the separation, no dependency or decreasing reten- 
tion times due to overloading should have been 
observed [16,29]. 

The use of a silica column gives rise to additional 
retention as compared to the pre-column filter, which 
is generally more manifest for the lower molar mass 
components as can be concluded from Fig. 2. This is 
somewhat surprising, since no retention due to 
sorption effects was observed in isocratic experi- 
ments using a THF-water  composition of  85:15. The 
additional retention at higher water contents can 
probably be ascribed to solvophobic effects due to 
minor affinity of  polyester towards the mobile phase 

at the point of  re-dissolution. The different behaviour 
of  silica as compared to non-porous glass was also 
observed by other workers [15]. Due to the large 
differences in surface area, this can probably be 
attributed to the differences in phase ratio (l",/Vm) 
which, in the case of  glass, will be orders of  
magnitude lower. Furthermore, differences in chemi- 
cal composition and silanol activity of the surface 
may also contribute to a different retention behav- 
iour. 

From the above discussion it is obvious that a 
bare-silica column cannot be used as an inert column 
packing for our experiments. The use of  a non- 
porous glass column seems to be the best choice in 
this respect, since problems caused by breakthrough 
or insufficient re-dissolution are lower as compared 
to the pre-column filter! 

Furthermore, it must be mentioned that the polyes- 
ters used here, are relatively extreme samples due the 
highly polar carboxylic end groups. Since non-po- 
rous glass with a very low phase ratio can be used 
even for these samples without sorption effects 
occurring, it is probable that this approach for 
studying solubility effects in polymer chromatog- 
raphy under reversed-phase conditions can be ap- 
plied to a rather wide range of  polymers. 

A comparison with results on the C18 column 
(Table 3), immediately reveals that separation on C]8 
is dominated by sorption effects, which again is 
more manifest for the lower-molar-mass compo- 
nents. Furthermore, especially for the low-molar- 
mass fractions a distinct separation into different 
peaks can be observed. This is not the case when a 
glass column is used and must therefore be the result 
of  sorption. Furthermore, from a comparison of  peak 

Table 4 
Influence of sample load on the elution of low polydispersity polyester fractions on the glass column 

Fraction number Injected amount Peak start Peak top Peak end 
(~g) (%-S) (%-S) (%-S) 

2 2 64.4_ + 1.5 a 69.0_+ 0.5 a 85.5_+ 1.5" 
15 64.4 69.8 89.5 

4 2 47.5 67.0 71.2 
15 47.4 69.1 79.5 

6 2 32.2 49.0 59.7 
15 32.4 51.5 64.7 

a Maximum deviation between average and maximum value of duplicate measurements. 
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starts (Table 3), it is obvious that elution on a C~8 
column occurs at a much higher %-solvent of the 
eluent as compared to the glass column. Since 
solubility capacity is high enough in such a case, 
re-dissolution effects, although present in the used 
system, will not dominate the final separation on a 
C~8 column. This is in accordance with our previous 
results [8] for which no noticeable retention differ- 
ence with increasing sample load was found. Obvi- 
ously, the influence of sample load on a C~8 column, 
is determined by the sorption capacity of the column, 
rather than the solubility capacity of the eluent. 

From the present results, however, it is also 
obvious that the retention difference for a separation 
which is controlled by solubility effects as compared 
to a separation based on sorption, decreases for 
increasing molar mass. This can be observed from 
Fig. 4 in which %-solvent at the peak-ends (~be) on 
different columns are compared. 

This can be explained as follows. During gradient 
elution, the increase of %-solvent will both influence 
solubility and sorption. The retention factor, k', 
which expresses the contribution of sorption is 
initially very high and gradually decreases until it 
drops below a value at which the sample starts 
migrating [30]. Therefore, in the case of gradient 

elution generally an average retention factor, Kay is 
used, which is given by [31]: 

Kay = (t gF /1.15VmA~hS ) (5) 

in which tg is the gradient time (min), F is flow-rate 
(ml/min), V,, is the column dead volume, A~b is the 
change in the volume fraction of the strong solvent 
during the gradient and S is an isocratic parameter 
determined by the strong solvent and the sample 
compound which is defined as - d ( l n  k ') /dfb.  S 

further depends on molar mass, for which it is 
sometimes found [29,30] 

S = a M  h (6) 

For polystyrenes under reversed-phase conditions, 
using a THF-water  system values of a=0 .22  and 
b =0.5 are reported [29,30]. 

Therefore, for increasing molar masses, Kay will 
decrease to a very low value. The range of solvent 
composition over which polymer solutes migrate 
becomes very narrow, thus resulting into narrow 
peaks. Physically this also means, that after reaching 
the point at which migration starts, the sample will 
elute almost unretained without significant distribu- 
tion into the stationary phase. Retention in reversed- 
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Fig. 4. Cloud points and peak ends on different columns, of the respective polyester fractions. ([~) Cloud point; (O) filter; (A) glass; ( + ) 
silica; (©) C~. GPEC conditions: see Fig. 2. 
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phase systems is to a large extend determined by 
interactions between the sample and mobile phase, 
which are the same interactions that determine 
solubility. Thus, for increasing molar masses, espe- 
cially on reversed-phase systems, the retention dif- 
ference for a separation dominated by solubility as 
compared to a separation governed by sorption, 
decreases. 

Therefore, the finding of corresponding values of 
~be on an inert and a sorbing column, which can also 
be found for the unfractionated polyester in this 
study (Fig. 2) is certainly no evidence for solubility 
dominating retention in the high-molar-mass part of 
the chromatogram. Experiments using narrow dis- 
perse fractions as shown in this study, a careful study 
on the effect of sample load, as suggested by other 
workers [29] or measurements under isocratic con- 
ditions in the narrow S/NS range over which a 
polymer solute migrates [30], are necessary to dis- 
criminate between solubility and sorption. 

In Fig. 4, also the cloud points of the individual 
fractions are plotted. As might be expected, because 
of the low molar masses the cloud points do not 
coincide with &~ values on the inert glass column. It 

is surprising, however, to see that %-solvent in the 
cloud points is considerably lower than ~b e, whereas 
concentrations under chromatographic conditions are 
much lower due to dilution effects. To further 
investigate this effect, a comparison was made 
between measurements of maximum solubility of 
four different polyester fractions in varying S/NS 
compositions and the concentration profiles of the 
eluting fractions on the glass column. In Fig. 5, 
results of measurements of solubility under static 
conditions are shown. 

As could be expected from Eq. (1), a near linear 
dependence is found between log(concentration) and 
%-solvent in the high concentration range. At low 
concentrations, deviations from this dependence 
occur, which may be due to limitations of the 
method itself. Because of the relatively low molar 
masses of the polyester fractions, a swollen, gel-like 
polymer-rich phase is formed, rather than a distinct 
solid precipitate. Thus, for low %-solvent, it was 
difficult to obtain a non-turbid supernatant phase. 
Furthermore, due to low concentrations, the relative 
influence of the injection solvent in the HPLC 
measurements, which were carried out in the SEC 
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Fig. 5. Maximum solubility of several polyester fractions versus solven/non-solvent composition at 21°C. (U) Fraction 2; (O) fraction 3; 
( + )  fraction 4; (Y) fraction 4 (2); (~) fraction 6; ((3) cloud point measurement. 
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mode, increased, thus complicating an accurate 
quantification. For fraction 4, measurements were 
carried out twice with a time difference of 6 months, 
using freshly obtained fractions. As can be observed 
from Fig. 5, reproducibility is satisfactory for our 
purposes. 

It is also interesting to note that CPC values of the 
respective fractions obtained by cloud point titrations 
fit well in the solubility curves (open symbols in Fig. 
5). This confirms the reliability of the used titration 
method despite of low sample amounts and visual 
observation of the cloud points. 

For decreasing molar masses, a more gradual 
increase of solubility with %-solvent is obtained 
which is also predicted by Eq. (1). The observed 
strong concentration dependences explain the broad 
peaks obtained on a glass column, where separation 
is only governed by solubility effects (Fig. 2). 
Furthermore, the steeper lines for higher-molar-mass 
fractions in Fig. 5 can also be recognized in Fig. 2, 
where peak width decreases with increasing molar 
mass. 

In Fig. 6, solubility measurements for fractions 2, 
4 and 6 are compared with concentrations eluting 
from the glass column. Since known amounts were 
injected, the eluting masses at respective %-solvent 

compositions could be calculated from the fractional 
peak areas, after correction for breakthrough. Hereto, 
slice widths of 0.5 min were taken. By dividing 
eluting mass by the volumetric slice width (0.5 
min.F), eluting concentrations were obtained. 

As can be observed, concentration profiles ob- 
tained from chromatographic measurements do not 
coincide with the curves of maximum solubility. For 
the high e/e-solvent part of the distribution this is 
trivial, since the available mass gets exhausted, 
which is represented by a final decrease in con- 
centration in the eluate. However, for the low %- 
solvent part this is remarkable, since this part 
represents the beginning of the gradient elution 
experiment, where enough mass is available to 
obtain saturated solutions! 

The observed "elution delay" cannot be the result 
of sorption effects, as has been shown earlier. 
Furthermore, small errors in the system hold-up 
volume, which is necessary to calculate the %-sol- 
vent at each elution time provide by no means an 
explanation for this phenomenon. Therefore, the 
eluate indeed is not saturated, indicating that no 
thermodynamic equilibrium was reached during re- 
dissolution which is probably due to kinetic effects. 

In order to confirm this assumption, several practi- 
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cal parameters which can influence re-dissolution 
kinetics, e.g., temperature and gradient steepness 
were varied. For reasons of available amounts, 
fraction 3 was used for these experiments. 

From Fig. 7a it can be observed that a temperature 
increase gives rise to higher concentrations of the 
eluting polyester, at a fixed %-solvent. This is due to 
increased solubility of the polyester in the mobile 
phase causing earlier elution, which is a thermo- 
dynamic rather than a kinetic effect. The curve of 
maximum solubility at these temperatures, which 
was not measured for reasons of practical difficulties, 
would, however, also shift to higher concentrations. 
It is therefore obvious, that even at 60°C, which is 
about the highest temperature that can practically be 
applied for the chosen S/NS system, the influence of 
re-dissolution kinetics cannot be avoided. 

A decrease of gradient steepness causes the end of 
the distribution to elute at somewhat lower %-solvent 
(Fig. 7b), which is an indication for the importance 
of re-dissolution kinetics. The concentration differ- 
ences at low %-solvent, however, are within ex- 
perimental error and it is obvious that a decrease of 
steepness to l%/min,  which is frequently used in 
practice [8], does not avoid kinetic effects. 

Finally, the increase of the injected amount causes 
an increase of the eluting concentrations (Fig. 7c), 
which is another result proving that the eluate is not 
saturated? Furthermore, a slight shift of the con- 
centration maximum towards higher %-solvent can 
be observed, which confirms the importance of re- 
dissolution kinetics. 

Although the changes in elution behaviour, with 
changing experimental parameters are significant, the 
observed effects are rather small. This might be 
expected, since the dependence between kinetic 
effects and parameters such as temperature are 
generally described by exponential functions [32]. 
Therefore, for a further verification of re-dissolution 
kinetics, a more pronounced change in practical 
parameters by one or more decades, would be 
necessary. Since practical parameters in chromatog- 
raphy, e.g., temperature and flow-rate can only be 
varied within small limits this cannot be realized. 

Although it is obvious that re-dissolution is in- 
fluenced by kinetic effects, these effects apparently 
do not affect the separation on a C~8 column. 
Obviously, after time-dependent re-dissolution, adhe- 

sion forces are replaced by sorption forces, ensuring 
normal retention behaviour, governed by sorption 
effects. It is imaginable, however, that the separation 
on a less retaining column, for instance a silica 
derivatized cyanopropyl phase, could indeed be 
dominated by re-dissolution effects. Especially for 
the high-molar-mass part this might be expected 
since it has been pointed out in this study that the 
retention difference between a non-retaining column 
and a C~8 column is already very small? This 
difference would even be smaller, or non-existing 
when a less retaining column is be used. 

The effect of re-dissolution kinetics influencing 
polymer separations has also been observed by other 
workers [19,20,23]. Furthermore, in a future study 
we will clearly show re-dissolution effects influenc- 
ing the separation of crystalline polyesters, even 
when a C18 column is used [21]? 

4. Conclusions 

Solubility effects in GPEC under reversed-phase 
conditions of polyester resins using THF-water  as 
S/NS combination, were investigated using low 
polydispersity fractions obtained by SEC. Due to 
pronounced dependencies of molar mass and con- 
centration on cloud points, these effects can at best 
be studied under chromatographic conditions, using 
inert column packings. Bare silica, non-porous glass 
and a stainless steel precolumn filter were compared 
for the use as an inert medium. The use of glass was 
shown to be the best choice in this respect. Bare 
silica causes additional retention which is probably 
caused by hydrophobic effects. A precolumn filter 
gives rise to problems due to breakthrough, which is 
due to a reduced surface area available for precipi- 
tation, and insufficient redissolution. By comparison 
with the results on the inert glass column, the 
separation on C L8 throughout the whole investigated 
molar mass range was shown to be solely determined 
by sorption effects. The observed correspondence of 
~b e on C1s and glass for the high-molar-mass frac- 
tions can be explained by the fact that, due to low 
values of Kay, the distribution in the stationary phase 
will be minor, after the retention factor has decreased 
below a certain value. This point is in reversed-phase 



H.J.A. Philipsen et al. / J. Chromatogr. A 761 (1997) 147-162 161 

1! 
0,1 7 

0,01 "l 

E 0,001 

t~ 0,0001 
O 

('~0,00001 

1E-6 

x 
BOo X 

• • O 

,iF 
v 

v 

v 
y v 

v 

xxXXW,-iloSmm 
x x x  oO_¢~mx o o -  

o m m x • x X  o o  • x o 
x x x X o  ° 8 • ' •  x • 

X l i :  : I n •  X x  ° 
88  ~ 

3'o 4.0 5.0 6.0 7.0 8.0 0.0 
% - S o l v e n t  a )  

0,1 

E 0.01 

E 0,001 v 

¢3 
~ 0,0001 
c~ 

0.00001 

1E-6 

V 

V V 

V v 

o o ~ = a ~ O ° o  • u 

• ° o  ° • 

o • °m • 
o ~ ~ o  

310 4.0 5.0 6mO 7.0 8.0 0.0 

%-So lven t  b) 

1, 

0,1' 

E 0,01 

E 0,001 

¢~ 0,0001 t -  
O 

0,00001 

1E-6 

• V 

V 

• V ,mr v mmmmm| 

mmm m • 
n m 00o o m 

mmm mm ° oo o 

m on o o o 
mm o ° °  

o 
o 

o ° o 

% - S o l v e n t  
c) 

Fig. 7. Influence of temperature (a), gradient steepness (b) and injected amount (c) on the eluting concentrations of polyester fraction 3. 
GPEC conditions: see Fig. 2 unless indicated below. (a): (V) maximum solubility at 21°C; (m) 21°c; (©) 40°c; ( × )  60°c. (b): (T)  
maximum solubility; (m) 5%/min; (©) 3%/min; ( x )  l%/min.  (c): (V) maximum solubility; (m) 60 i~g; (©) 6 p.g. 



162 H.J.A. Philipsen et al. / J. Chromatogr. A 761 (1997) 147-162 

systems mainly determined by interactions between 
sample and mobile phase, which are the same 
interactions that determine solubility. The finding of 
corresponding values of ~b e on an inert and a sorbing 
column of the whole, unfractionated polyester alone, 
is therefore no evidence for solubility governing 
retention in the high-molar-mass part of the chro- 
matogram. 

A comparison with measurements of maximum 
solubility under static equilibrium conditions of four 
different polyester fractions in various S/NS combi- 
nations revealed that concentrations of the eluting 
fractions on the glass column are considerably lower 
than maximum solubility. This can only be explained 
by redissolution kinetics. The contribution of kinetic 
effects was confirmed by the effect of temperature 
and gradient steepness on the elution behaviour, 
although the observed changes were rather small. 
Re-dissolution kinetics do not influence the sepa- 
ration of the investigated polyester on C~8. This, 
however, is not the case for all types of polyesters, as 
will be pointed out in a future study. 
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