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THE EFFECT OF THE CONCENTRATION AND INJECTED V O L W  
OF’ POLYMER SOLUTION 

IN SIZE EXCLUSION CHROMATOGRAPHY 

Josef Janza 
Institute of Macromolecular Chemistry, 
Czechoslovak Academy of Sciences, 
162 06 Prague 6, Czechoslovakia 

ABSTRACT 

The concentration and total injected volume of 
polymer solution affect elution volumes in size exclu- 
sion chromatography. When selecting optimal experimental 
conditions for both analytical and preparative separa- 
tion, it must be considered wheter it is more advanta- 
geous to inject a smaller volume of solution of higher 
concentration, or vice versa. Theoretical analysis by 
means of derived equations and experimental results 
showed that if the injection conditions are chosen so 
that the contribution to the total width of the elution 
curve due to injection width is negligible within the 
limits of experimental error, and the total amount of 
the injected polymer is constant, the ratio of concen- 
tration to the injected solution volume may be chosen 
within broad limits without affecting the results of 
separation to any considerable extent. 

INTRODUCTION 

Important experimental factors which should be 

considered in choosing optimal experimental conditions 

in size exclusion chromatography (SEC), particularly 

in the separation of polymers, are the concentration 
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182 JANCA 

and total injected volume of polymer solution. In ana- 

lytical separations it is important to reach a high- 

quality signal o f  the detector used, i.e. a sufficient 

difference between the detector response to the elua- 

ting polymer. solution, on the one hand, and the noise 

of the base-line on the other, to make results of the 

calculation of molecular weight distribution sufficien- 

tly reproducible. In preparative separation it is de- 

sirable to have the highest possible amount of the fra- 

ctionated polymer sample in one injection, so that it 

would not be necessary to inject a limited amount of 

the polymer repeatedly, which makes the fractionation 

considerably more labour- and time-consuming. It is 

generally known that the injection of the sample must 

be as short as possible, or in other words, the injec- 

ted volume of polymer solution must be as small as 

possible to prevent an additional broadening of the 

elution curve. In such a case the concentration must 

be sufficiently high to satisfy the requirement on the 

detector response. It is also well known that with in- 

creasing concentration of the injected polymer solution 

the elution volumealsoincreases. This phenomenon is 

usually called the concentration effect and has been 

investigated by many authors (cf.ref.1). A complete the- 

oretical model quantitatively describing concentration 

effects in the SEC of polymers has been reported in an 
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POLYMER SOLUTION IN SEC 183 

earlier paper (1). Hence, f o r  experimental purposes one 

must choose an optimal compromise between the contraaic- 

tory requirements just outlined, 

Let us start with the maximal acceptable injected 

volume of polymer solution. For  the overall width of 

the elution curve, wT, we have, according to the rule 

of additivity of second central moments or variations 

2 2 2 2  
W T  = WI + wp + ws 

where wI is a contribution due to injection, proportio- 

nal to the injected volume, wp is a contribution due to 

the polydispersity of the sample, and ws is a contribut- 

ion due to spreading in separation columns, connecting 

capillaries and in the detector. 

Instead of w, the width of the chromatogram may 

alternatively be described by using the standard deviat- 

ion,U. If the elution curve and injection function may 

be approximated by the Gaussian curve, the width of each 

contribution, w, is equal to fourfold standard deviation 

u .If we consider a certain per cent experimental error 

in SEC, we may calculate the highest wI so as to put its 

contribution to wT within the limits of this experimental 

error. First, we determine the upper limit of wI, and 

thus the maximal injected volume, which is still accep- 
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184 JANCA 

table with respect to experimental error.Further, we 

find out whether it is better to inject such a maximal 

solution volume at a minimal concentration at which the 

ratio of detector response to the noise of the base-line 

is sufficient, or a smaller solution volume at a higher 

concentration, and examine the role of concentration 

effects in this case. 

Thus, f o r  analytical SEC we have to determine if 

in the case of injection of a certain amount of polymer 

in solution acceptable with respect to the sensitivity 

of detection one has to prefer injection of a larger so- 

lution volume at a lower concentration, or vice versa. 

For preparative fractionation by means of SEC in those 

cases where the maximal capacity of the separation should 

be employed, one has to determine the upper limits of 

concentration and injected volume at which the influen- 

ce of spreading caused by injection and of concentration 

effect on the results of fractionation is still accept- 

able. Similarly to the analytical SEC, in those cases 

where it is not necessary to employ the maximal capacity 

of the separation system, one has to determine optimal 

conditions with respect to the concentration and total 

volume of the injected polymer solution. 

In order to express quantitatively the dependence 

of the elution volume Ve on concentration gI and on the 
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POLYMER SOLUTION IN SEC 185 

total amount of the injected polymer solution (which may 

be characterized by the standard deviation of the injec- 

tion function 

ved in our earlier papers (1-3). At infinite dilution, 

the linear part of the dependence o €  the elution volume 

on the hydrodynamic volume, v * E O ,  of separated ma- 'eo 9 

cromolecules may be described by an empirical equation 

a I ) ,  we employ theoretical relations deri- 

where P,Q are constants, v is the volume of an unswollen 

coil and c o  is a dimensionless swelling factor at infini- 

te dilution (4).The elution volume Ve depends on concen- 

tration according to a relation 

UT -ln - ) ( 3 )  

derived in our earlier papers ( 2 , 3 )  f o r  a change in Ve 

with concentration due to a change in the effective di- 

mensions of separated macromolecules and dynamic vis- 
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186 JANCA 

cosity phenomena. In Eq.(3), A and B are constants de- 

fined by 

(4) 
Eo 

where gx is a critical concentration (4) at which di- 
mensions oi' the macromolecules in solution are the same 

as under. the theta thermodynamic conditions; [rl]is in- 

trinsic viscosity, kH is the Huggins constant and k'is 

a constant characterizing the given separation system 

with respect to the contribution of the dynamic visco- 

sity phenomenon (1-3) and still having an empirical cha- 

racter. In addition to the mentioned contributions, i.e. 

to the change in the dimensions of separated macromole- 

cules and viscosiiy phenomena, some complementary contri- 

butions may also be taken into account (1) .  Since the 

physical meaning and the absolute value of these contri- 

butions have not yet been explained unambie;uously (5), 
they are not considered here. The above relations may be 

employed i ' o r  a theoretical estimate of the effect of con- 

centration, gI, or of the injected volume of polymer so- 

lution characterized by uI on the elution volume Ve whi- 
le maintaining the total constant amomt of the injected 

sample characterized by the product gI x (TI. 
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POLYMER SOLUTION IN SEC 187 

EXPERIMENTAL 

All SEC measurements were performed using an appa- 

ratus built at this Institute. A differential refracto- 

meter R-403 (Waters Associates, Inc., Milford,Mass. USA) 

was used as the concentration detector. The separation 

columns were packed with silicagel Porasil (Waters), ty- 

pes B, D, E, and connected in a series consisting of 

two columns of each type in the order 2xE, 2xD, and 

2xB. The whole separation column system was thermostated 

at 25f 0 . 5 O C .  Tetrahydrofuran distilled from cuprous chl- 

oride and potassium hydroxide was used as solvent, with 

the flow-rate 0.375 ml/min. The elution volumes were mea- 

sured by using a siphon, 1.704 m l  in volume. The separa- 

tion system was calibrated by means of polystyrene (PS) 

standards (Waters). The calibration plot is shown in Fig. 

1. Solutions of PS standards at concentrations of 0.05 % 

(w/v) were injected using a six-way injection valve (Wa- 

ters) provided with a loop, 1.636 m l  in volume. The ef- 

fect of the ratio of concentration to the injected vo- 

lume at a total constant injected amount of the polymer 

was determined with a PS standard, molecular weight Mw= 

694 000 (Xnauer, Oberursel, FRG). The injected concentra- 

tions in this case were 0.2, 2, m d  4% (w/v), the cor- 
responding injected volumes were 1.25, 0.125, and 0.0625 
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188 JANCA 

ml,i*espectively. These volumes of solutions of the PS 

standard were injected with the loop switched into a hy- 

draulic circuit T o r  200, 20, and 10  sec.Hence, the total 

injected amount of the PS standard was 2.5 mg in all ca- 

ses. 

RESULTS AND DISCUSSION 

The attainable reproducibility of elution volumes 

in liquid chromatography, and hence in SEC, lies approx- 

imately in the limits 0.1%. This means that if the wi- 

d t h  of the injection wI is to affect the resulting wT on- 

ly within the limits comparable with experimental errors 

o f  the elution volumes, wT/wllo must be equal to the ma- 

ximal value 1.001. wTo is a hypothetical width o f  the 

elution curve for a case where wI = 0. WLth respect to 

Eq. (1) it holds that 

2 
w+ -1- 1 = (1.001) 2 

To W 
( 5 )  

Since it holds approximately that wTm w 
after the rearrangement of Eq.(5) 

, we obtain 
To 

Hence, under the given condi-tions the maximal injection 
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width characterized by 

In a theoretical 

189 

wI is approximately 4.5% of wT. 

investigation of the effect of 

the ratio of concentration gI to the injected solution 

volume characterized by the standard deviation of the 

injection function UI, Eq.(3) was employed, The total 

weight amount of the injected polymer was constant. The 

model calculations were performed with the experimental 

parameters of Eq.(3) from our  earlier paper (3). These 

values are summarized in Table 1. The separation system 

used in this paper was designed in order to cover a wi- 

de range of molecular weights of the polymers (cf. cali- 

bration plot in Fig.l), and has already been employed be- 

cause of its high efficiency in the determination of mo- 

lecular weight distribution of many polymers. At the sa- 

me time, such a system is most frequently used in many 

laboratories. In our case we had no suitable polymer 

standard with narrow molecular weight distribution and 

with a sufficiently high molecular weight which would 

allow us  to determine reliably the constant k’necessary 

for the calculation of Ve using Eq.(3). This empirical 

constant is determined by measuring the concentration 

dependence of Ve for a totally excluded polymer sample 

(2). The results of model calculations are summarized 

in Table 2, which also gives changes (in per cent) of 

the elution volumes AVe due to the particular contribu- 

ting processes, as well as the total change (again in 
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POLYMER SOLUTION IN SEC 191 

t l U I l O N  Y O l U Y €  

FIGURE 1. Calibration plot of the column separation 

system 

per cent) of the elution volume AVe caused by a change 

in gI/UI at a constant gIxUI.In the first set of AVe va- 

lues in Table'2, the value o f  gIx UI= 0.05; up to U I = 0 . 0 5  

the requirement that 

of UT=1.75 is fulfilled. It can be seen that within the 

whole rmge O.OOl~UI~O. 1 or in the respective concentrat- 

ion range covering two orders of magnitude, 0.5%fg155% 

( w / v > ,  the total change AVe and the particular changes 

corresponding to the contributing processes are almost 

constant; AVeslightly decreases from approximately 6.5% 

UI should be approximately 4.5% 
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POLYMER SOLUTION IN SEC 193 

to approximately 5.8% with concentrations ranging between 

50% and 0.5% (w/v). Only if GI distincly exceeds the li- 

mit of 4.5% from UT, i.e. for (TI = 0.1 and 0.5 at UT = 

1.75, and if the concentrations are lower than 0.5% (w/v) 

the decrease inAVe with concentration is distincly stee- 

per. In the second set ofAVe values in Table 2, gIxoI = 

0.25, which is five times higher than in the preceding 

case. The AVe values expressed in per cent are therefore 

also correspondingly higher. In this case the dependence 

of AVe on concentration is evidently steeper than in the 

preceding case, even though, e.g., an increase in concen- 

tration from gI = 5% to 10% (w/v) causes a change in AVe 

from c. 35% to c. 3776, i.e. a relatively small change. 

Similarly to the preceding case, a steeper decrease in 

this dependence occurs in the range of low concentrations 

or o f  high GI. Of course, the UI values in the second 

set are higher in most cases than 4.5% f r o m  UT. It may 

be inferred from the results of the theoretical calcula- 

tion that a rise in concentration compensated by a si- 

multaneous decrease in the injected volume of polymer 

solution (with the same total injected wight amount of 

the polymer) leads to an increase in the elution volume. 

However this change in most of the practical applicati- 

ons is almost comparable with experimental errors,and 
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194 JANCA 

hence almost negligible, providing that UI compared with 

cJT lies within the limits determined in advance with re- 

spect to the required precision of fractionation. 

The results of an experimental study 01 the ef€ect 

of the ratio of concentration to the injected volume of 

the PS standard at a constant total weight amount of the 

injected polymei. are summarized in Table 3 .  The experi- 

mental procedure has been desribed in the ExperimentaL. 

The concentration rmge exceed one order of magnitude 

f’rom 0.2% (w/v) to 4% ( w / v ) ,  with the respective injec- 

ted volumes of the solution of the PS standard 1.25 to 

0.0625 ml. A s  documented by the results in Table 3 ,  the 

elution volume Ve remained the same within the limits 

0 1 ’  experimental error in all these cases. A similar ex- 

perimental finding has been described by Moore (6). 

Alsc,, the polydispersity Mw/Mn of this stmdard calcul- 

ated from direct experimental data without corrections 

is virtually unaffected by variation of the experimental 

conditions of injection. F o r  the sake of comparison, w e  

also injected 1.25 ml of a solution of the PS standard 

at the concentration 2% (w/v ) ,  i.e. a tenfold weight 

amount of the polymer (35 rng). The resulting elution 

volume is higher by more  than 3% compared with the pre- 
ceding measurements. The experimental results confirmed 
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excellent agreement with the preceding theoretical cal- 

culations. They a l s o  demonstrated that in the range whe- 

re the width of injection within the limits of' experi- 

mental error. is negligible, (compared with the width of' 

the elution curve), the injection conditions, i.e. con- 

centration arid the total volume 01 injected ::elution, 

may be broadly varied (if the total weight amount of the 

polymer remains constant,), without any p1,onounced effect 

on the remlls o f  i'ractionation by the SEC method, 
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