
I8O rI YMIN N IINCH 

binary mixlures, conprining the nolvent and non-solvent in e ration. Inhould be nolcd thnt the mixture having the loweat dere 
olve 

having the highosl ralio will havo the highent solvent power. Ne; 

to-non-solvent ratio will have the loast nolvont power and the one 
he binary mixture of the lowest nolvent power in added to t 

dered polymer sample. The polymer in ullowed to awell fully P 
hen the entire content is stirred ell to enhance the proKcee n 

solution of the lowest molecular wcight species in the solvent mizture Depending on the quantity of tho polymor taken, the stirring time should be adjusted to achievo the complete dissolution of all 
Boluble components. At this stage, the stirring is stopped, the alu. 
tion filtered off and the fltralo collected. The flrst fraction is reco 
vered by completely cvaporating the solvent from the filtrate. T 
the swollen mass left undissolved by the firat lot of the binary 
mixture (i.c., to the solid obtained by filtration), the binary mixture 
with the next higher solvent power is added and stirred and the 
whole process repeated til the second fraction is recovered. In this 
way, by successive dissolution with binary mi»tures of increasing 
solvent powers, a series of fractions with increasing average mole 

cular weights can be separated. 

and 

13.3.3 Gradient Elution Technique 
The gradient elution technique too works on the partial dissolution 

principle explained above. In this technique, the polymer is precip 

tated on glass wool packed at the top of a column filled with sillca 

or alumina, as shown in Fig. 13.4. The polymer is eluted succe 

sively with solvent/non-solvent mixtures of increasing solvent power. 
The lowest molecular weight fraction will be eluted frst and ine 

bighest one will emerge last from the column. The efficiency or 
method is increased by maintaining a temperature gradient in ne 
column. The upper end of the column is kept at a slightly highcr bo 

es 

temperature than the lower end. The temperature gradient 
cach molecular species undergo a series of dissolutions and precipk 

be di 
Tations at different levels of ihe column and, hence, improve

efficiency of fractionation. 
or 

TH 

13.3.4 Gel Permeation Chromotographic Techny innatiun n 
A rather quick and eficient method for polymer iractoon curi 

and 

simultaneous computation of the molecular weight 
distribution 

cur 

's provided by the gel permeation chromotography (GR" 
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Hot Solvent /non-solvent 
mixture 

Glass wool 

containing 
the precipitated 

polymer 

silica or 
alumina 

packing 

cold 
stop cock to 

control flow 

of solvent 

Fraction 

collector 

Fig. 
12.4 

A simple 

laboratory 

set-up 
used for 

gradient 
elution 

method of fractionation. 

The 
principle 

of 
GPC is as 

follows. 

In auy 
columa 

chromotogra- 

phic 
process, 

as 
the 

solute 
tra 

vels 
inside 

the 
column 

from 
one 

end to 

veen 

two 
phases, 

one 

remaining 

station- 

stationa 
phase is a 

solid 
(such 

as 
silica, 

alumina or 
sintered 

the solvent 
used to 

elute 
the solu 

ther, it 
is 

transferred 

between 

two 
phases, 

one 
remainlng 

stauo 

mobile. 

In 

solid-liquid 

chromotography, 
the 

uch 
as 

silica, 

alumina 

or 

sintered 

glass 

)and 

the 

mobile 

phase is a 
liquid 

(i.e, 

lute). 

In 

liquid-liquid 

chromotography, 

wo 

being 

iamiscible 
with 

each 

ary and the 
other 

mobile. 

In 

solid-liquid 

chromotograpny, 
u 

both the pba 
are 

liquids, 

the 
two 

being 

iramiscible 

wlIn 

cau 

powder pe packed 
in the 

column) 

other. mobile 

phases. 

But 

how 
can 

this 
be 

a 

material, 

called 

gel' 

both 
possible?.7 

stationary 

The column 

as 
well 

in 
GPC 

as 

fine 

m 

is 
filled 

ical 
with. 

benepe sie 

or glass) con taining 
a 

large 

amount 
of 

micropore 

In GPC, however, 
a 

Single 

liquid, 

viz., 

the 

solvent 

itseli, 

acts 

as 

ne 

spherical 
beads 

(usually 

100 u 
in 

benzene copolymer 

he latter is in the 
form d 

styrene-0ares 
of ned 

in 

meter and 
made of 

cross-lin 
ked S ic ropores 

oreDared 

n 

e 

amount 
of 

micropores 

gel beads are 

bard and incompress 

iferent

from 

the 

one 

used 

eariier

in 

Section 
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0tm 50 A 
different porosity grades, 1.e., having a pore size ranging for. 

to 1,000 A. The column can be packed either with gel beadeA th gel beads 
the same pore size or with beads of different porosities. When the e 

column is filled with a suitable solvent, the solvent OCC Occupies not 
also the 

only the free volume between the beads (void volume) but 
volume of the pores (pore volume) inside the gel beads. The The solveat 
phase occupying the void volume acts as the mobile phase, while that occupying the pore volume acts as the stationary phase 

13.5). 
(Fig

E 

Mobile phase 
(void volume) 

Stationary phase 
(pore volume) 

Fig. 13.5 Schematic diagram showing gel beads, the pore 
volume and void volume in a GPC column. 

The GPC operates on the principle that polymer moleculesn 
solution separate according to their size and not chemical interaction 

or chemical retention. The separation is based on the difference in 

the hydrodynamic volumes of polymer molecules of varying moi 

cular weights, in their dissolved state. When a dilute solution (S4 

0.5, concentration) of the polymer sample in a suitable solvent 
injected at the top of the columa and the column is eluted w 

h the 

"eam Solvent, the polymer solution along with the solvent starts str 

ing down the column. The mobile phase around the gel beads 
now 

the gel beads does not contain any. Due to this differensha5 
poly contains polymer molecules, wheieas the stationary pual 

within

mer concentration between the mobile and the stat1ona 
the polymer molecules start diffusing into the stationaryleculs 
as to equalise the concentration. Athough all the poiy entry and 

to enter 

molec 

try to enter the pore volume, the pore size restricts the t 
allows molecules up to a certain hydrodynamic size only to en 

the pores. Molecules of bigger size are thus 
'excluded" 

solven 

from enter 

ing the pores and are washed down the column by lumn by the 
solven 

phy 

*Tor this reason, GPC is also termed size exclusion cni 
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ar Weight fraction therefore elutes out of the column 

ong 
the molecules that can enter the pores the lowest 

olecu 
ble to 

diffuse 
faster into the pores and, hence, occupy the 

est molecular 

irst. ist. A eight species, due to their lowest hydrodynamic size, 
molec 

are able 

mum part of the pore lume; while those of intermediate 

sizes 

pa ffuse slowly and are able to occupy only a part of the pore 

.ume. As the column is eluted further with a pure solvent, the 

volume. As th 

obile phase 
becomes void of polymer molecules, whereas the 

mob 

dationary phase 
conta a large quantity. This difference in con 

entration drives the pslymer 
molecules in the opposite direction, 

which now start diftusing out of the pores. In this diffusion process 

in and out of the pore volume), the smallest molecular weight 

sDecies are 
retained in the column for the maximum period and, 

hence, elute last. The molecules of intermediate sizes elute in bet 

ween. 

If we denote the pore 
volume by Vp and the void volume by V. 

ihen the largest 
molecules, 

which are totally 
excluded from tbe 

pores, elute out of the column when a solvent volume equal to V 

elutes out after the injection of the sample. The smallest 
molecules 

Which permeate the 
maximum 

volume of the pores 
elute out at a 

volume of (V, ++ V,). The 
intermediate 

size molecules elute between 

o and (V, +V). Hence, the elution 
volume directiy gives an esti 

mate of the molecular 
size. In practice, 

however, 
no attempt is 

made to actually compute V, or Vp. 
Calibration 

curves in the 
form 

standards' of known 
molecular 

weights 
and narrow 

molecular 

weight distribution. 
Chromotograms 

of these 
standards 

are run and 

obtained for each 
'standard' 

sample (Fig 13.6) is read. 
From the 

versus 
elution 

volume Vs are 
drawn using a series of 

Obtain 
the elution volume 

corresponding 

to the peak 
position 

of bands 

bration nethod has been found to give 
reliable 

results. provided 
the 

knowledge of the 
molecular 

weight 
of the 

standards 
and their 

of 
corresponding elution 

volume (see 
Table 

13.2), a 
calibration curve 

MM.< T.2) 
and the 

chemical types 
of the 

'standard' 

and the 

volume (see 
Table 

13.2), a 
calibration 

curve 

against Ve is drawn (Fig. 13.7). 
This peak 

position 
cali. 

of log M 

MI 
standards used are of 

narrow 

molecular 

weight 

distribution (i. e. 

of 
narrow 

molecular 

weight 

distribution 

(i.e. 

Sample are the same. 

one for 
apparatus 

(Figs. 
13.8 a 

and b) 
consists 

of iwo 

columas: 

olumn. The 

The GPC apr 

Column 

one for injecting the 
sample 

and 
other 

serving 
as a 

reference 

the sample 
and 

other 
serving 

as a 
reference 

he 
solvent 

elutes 
through 

both the 
columns. 

A 
differential 

refractometer is leter 
is used to 

measure 

the 
refractive 

index 

ditference 
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AMAL 
36 35 33 7 

45 44 43 42 41 40 39 38 37 
ELUTION VOLUME,VE (ml ) 

Solvent: Toluene Instrument: Waters ALC/GPC-244 
Column: 4 Styragel 105, 104, 103, 500 and 1c0 Ä Concentration: 0.59% Injection volume: 100 Sensitivity: (RI) 2x 

each Temperature: 25°C 
Pressure: 700 psi 

Fig. 13.6 Gel permeation chromotograms of a number of standard polystyrene samples sbowing elution volumes correspond. ing to diferent molecular weights (Figures given in brackets are molecular weights). 

60 

5.0 

8 40 

3-0 

2.0 30 32 34 36 38 40 42 44 46 48 50 50 52 
ELUTION VOLUME VE (ml) Fig.13.7 GPC cAlibration curve showing the relation bee log M and Ve (Data from Fig, 13 

tween 
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00 Semple vatve 
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Reference 
cokumn 

Semple 
column 

Relrectome 

Control 

Fihe Syphon 

Light 
source DDK Photocel 

Control 
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Fraction colector 

Fig. 13.8 (a) GPC apparatus. 
(Couriesy: 

Waters 

Associates 
Ltd., 

(b) 

Singapore.) 
chromotograph. 

(b) Flow 
scheme 

of a gel 
permeation 
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Table 13.2 GPC data for calibration standards (polystyre in toluene solutions at 25°c* 

Polystyrene 
standards, 
serial no. 

Average molecular 

weight of the 

standard, M 

Elution volume cutre 
ponding to the standari 

log M 

Ve (ml) 

450,000 5.6532 31.80 1 

240,000 5.3802 33.00 2 

100,000 5.0000 34.80 3 

50,000 4.6990 36.00 
19,000 4 2788 38.00 5 

9,000 3.9542 40.00 
4,000 3.6021 41.50 7 

2,000 3.3010 43.10 8 

Data computed from Fig. 13.6. 

between the polymer solution and the pure solvent eluting out ot 
the sample and reference columns, respectively. This refractive inde 
difference directly gives the concentration of the polymer being 
eluted at diferent elution volumes. From a kaowledge of elution 

volume and refractive index and by comparison with the calibra 
tion curve, we can directly get the weight and the molecular weight 
of different fractions eluting at different elution volumes. In the 
case of completely automated equipments, th: data are procesed 
and recorded in the form of a plot of elution volume versus recor 
der output of the differential refractometer. The elution volume 
corresponds to the molecular weight and the recorder output to the 
weight concentration of the polymer. This plot directly gives the 
molecular weight distribution. Such a distribution curve for a 

polystyrene sample is given in Fig. 13.9. This curve can also oe 
used to find out the M, and M, values of the polymer sample 
now expiained. From the curve., the heights (h) of the recorder ou 
put axis corresponding to different elution volumes (VE) are rea and from the calibration curve, molecular weights correspondg to these elution volumes are noted. The values are tabulated 
showo in Table 13.3. The height of the curve in Fig. 13.9 at a 
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On 

Om2 

5 
N 

530 

10 41 40 39 38 37 35 34 33 n 31 

ELUTION VOL UME VE (ml) 

Instrument: Waters ALC/GPO-244 Solvent: Toluene 
Concentration: 1.0% 

Column: 4 Styragel-105o24 
500 and 100 A 

Sensitivity: (R) 3x 

Pressure: 700 psi 

Fig. 13.9 

Injection volume: 500 pul 
Temperature: 25°C 

GPC chromotogram. 
of a polystyrene sample. 

cules 
of 

the 

correspond 

molecu/ar weigbt. This hejght h 

efore, 
be equated to m M; and the 

molecular weight M to M,of 

volume is a measure of the concentration of 

nding 
molecular weight. This height h ca0, 

to n M and the molecular weight M to Mof 

have come 
across in Chapter 3. The M, 

narticular 

elution 

volume 
Is a measure of the con 

the 
various 

equations 

we 
hav 

and M, of the 
sample 

can be calculated as follows 

From 

Table 
13.3, 

we 
have 

h=452.40, 

Xh/M) 
x 

10= 16.2107 and 2/h 
M)=29,532,925 

Now, 

452.40 X 10-27907 (or, say) 
Eh 

M.n 
16.2107 28,000 

M 
452.40 

M, 

= 
49_ 

952925s 

(or, say) 65,300 

13.4 

MOLECULAR 
WEIGHT 

DETERMINATION 

n 
Chapter 

3 we 

have 

referred 

to 
various 

molecular 

weigbis 
viz., 

umber-average 
(M,), 

weight-average 
(M), 

viscosily-a 

verage 
(H) 

etc. 
Let us now 

see 

how 

they 
are 

experimentally 

deteranined. 
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Table 13.3 GPC data for a polystyrene sample 

Recorder out- Molecular Elution 
volume, Pe 

(ml) 
put height, h 

(mm) 
weight, 

M (h/M)x 109 
mm) h M 

31.5 0.5 500,000 0.0010 
250,0 32.0 3.0 395,000 0.0075 1,185,0 32.5 6.0 310,000 0.0193 1,860 00 33.0 9.5 240,000 0.0395 2,280.00 33.5 14.0 190,000 0.0736 2,660,000 

34.0 19.0 150,000 0.1266 2,850,00 
34.5 24.5 120,000 0.2041 2,940,00 
35.0 30.0 94,000 0.319) 2,820.00 
35.5 35.0 74,000 0.4729 2,590,00 
36.0 38.5 58,000 0.6637 2,23,000 
36.25 39.0 52,000 0.7500 2,028,% 
6.5 38.75 45,500 0.8516 1,763,125 
37.0 36.75 36,000 1.0208 1,323,00 

37.5 33.5 971,500 29,000 1.1551 
38.0 29,0 6352500 22,500 1.2888 
38.5 

25.0 431,500 17,500 1.4285 39.0 
20.9 292,620 14,000 1.4928 39.5 
16.5 181,500 11,000 1 5000 40.0 
13.0 111,800 8,600 1.5116 40.5 
11.0 74,800 

6,800 1.6176 41.0 
9.0 48,600 

5,400 1.6666 
Data computed from Figs. 13.7 and 13.9. 
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